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Amie Esslinger (b. 1984), Hydro Vents and Other Difficult Places (2016). Acrylic, ink, paper, gel medium, thread, 30 in x 22 in/76 cm x 56 cm. Digital image courtesy of the artist.
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Bacillus cereus—-Attributable
Primary Cutaneous Anthrax-Like
Infection in Newborn Infants, India

Lahari Saikia," Navonil Gogoi, Partha Pratim Das, Arunjyoti Sarmah,
Kumari Punam, Bipanchi Mahanta, Simi Bora, Reeta Bora

During March 13—-June 23, 2018, anthrax-like cutaneous le-
sions attributed to the Bacillus cereus group of organisms de-
veloped in 12 newborns in India. We traced the source of in-
fection to the healthcare kits used for newborn care. We used
multilocus sequence typing to characterize the 19 selected
strains from various sources in hospital settings, including the
healthcare kits. This analysis revealed the existence of a ge-
netically diverse population comprising mostly new sequence
types. Phylogenetic analysis clustered most strains into the
previously defined clade |, composed primarily of pathogenic
bacilli. We suggest that the synergistic interaction of nonhe-
molytic enterotoxin and sphingomyelinase might have a role
in the development of cutaneous lesions. The infection was
controlled by removing the healthcare kits and by implement-
ing an ideal housekeeping program. All the newborns recov-
ered after treatment with ciprofloxacin and amikacin.

he Bacillus cereus group includes ecologically di-

verse gram-positive and endospore-forming bacilli
that are ubiquitous in the environment. The prominent
members of this group are B. wiedmanii, B. anthracis, B.
cereus sensu lato, B. cereus sensu stricto, B. thuringiensis,
B. weihenstephanensis, B. mycoides, B. pseudomycoides,
B. cytotoxicus, and B. toyonensis. Because the endospores
of these species can resist extreme environmental condi-
tions and thermal treatments, they are difficult to elimi-
nate from processing chains of healthcare products and
from clinical settings (/). The pathogenic potential of the
B. cereus group varies from strains used as probiotics in
animal feed to lethal and highly toxic strains (2,3). Thus,
determining the degree to which pathogenic strains can
be distinguished from nonpathogenic strains is essential.

B. cereus is well-known as a foodborne pathogen. In
recent years, this bacterium was reported to cause several
systemic and local nongastrointestinal infections in im-
munocompromised and immunocompetent persons (4,5).

Author affiliation: Assam Medical College & Hospital, Dibrugarh,
India

DOI: https://doi.org/10.3201/eid2507.181493
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Specific populations, including intravenous drug abusers
and patients with postsurgical or posttraumatic wounds,
are at risk for these infections (6,7). In addition, numerous
cases of fulminant infections similar to anthrax have been
reported in healthy persons (8,9). Skin lesions of B. anthra-
cis infection begin with a papule, which eventually becomes
serosanguinous and develops a black eschar similar to some
of the B. cereus skin lesions described by Henrickson et al.
(10). Infections caused by B. cereus in newborns have been
reported occasionally (/7,/2). We describe a cluster of 12
cases of severe anthrax-like cutaneous infections in other-
wise healthy newborns attributed to the B. cereus group.

Materials and Methods

Case Study and Investigation

The Assam Medical College & Hospital (AMCH) is a ter-
tiary care hospital in Dibrugarh, Assam, in northeastern In-
dia. During March 13—June 23, 2018, extensive cutaneous
vesicles or bullous lesions, mostly on the face, neck, and
arm, developed in 12 newborns (8 boys, 4 girls); gas gan-
grene—like lesions eventually developed in 2 of the infants
(Figure 1). All had been born healthy. All 12 newborns had
a positive indication of sepsis. The initial clinical diagno-
sis was early-onset sepsis with staphylococcal scalded skin
syndrome. Retrospectively, when records of these cases
were analyzed, blood cultures were sterile or had growth of
coagulase-negative Staphylococcus aureus.

This investigation focused on the labor room and
the attached baby room because skin lesions developed
within a few hours after delivery. Samples from exposed
healthcare products, including the healthcare kits that
contained items used during delivery, were cultured in
nutrient broth and incubated at 37°C for 24 h. Upon con-
firmation of visible growth in nutrient broth, the samples
were subcultured in blood and nutrient agar and incubated
at 37°C for 24 h. Hand swab samples from hospital staff

'Current affiliation: Gauhati Medical College & Hospital, Guwahati,
India.
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F Figure 1. Newborn infants with
cutaneous lesions mostly on face
*" (A), left upper chest (B), neck (C),
and hand (D), Assam Medical
College & Hospital, Dibrugarh,

| India, 2018. This outbreak was

. later determined to have been
caused by Bacillus cereus.

and the environment were cultured both aerobically and
anaerobically. We obtained samples from the skin, arm-
pit, and umbilical cord stump of newborns just after de-
livery at 2-day intervals. All samples from infants, staff,
and the environment showed substantial growth of Bacil-
lus species. All the bacteriology work was conducted in
a Biosafety Level 3 laboratory. The institutional ethics
committee (human) of AMCH approved this study.

Intervention

On May 19, 2018, after confirmation of B. cereus group
in the healthcare kits, the infection control officer from the
AMCH Department of Microbiology advised using these
kits only after they were autoclaved in a validated steam
autoclave and terminal cleaning (i.e., extensive cleaning
of all detachable objects in the room, cleaning of air duct
surfaces in the ceiling, and thorough cleaning of everything
downward to the floor) of the labor and the attached baby
room was performed. However, on June 23, the same type of
lesion developed in another newborn. When B. cereus out-
breaks occur, obtaining control is difficult because these ba-
cilli can survive long periods in the environment and are re-
sistant to many commonly used sanitizing agents (/3). After
the June 23 case, an extensive terminal cleaning of the unit
was done, along with staff training on appropriate house-
keeping practices. All the instruments and containers were
autoclaved, and surfaces were cleaned in 2 steps: first, with
alkaline detergents, then with a disinfectant (D-125, Micro-
gen, http://microgenindia.co). Beds were manually cleaned
with detergent and water followed by heat treatment. Rooms
were fogged with a sporicidal disinfectant containing hydro-
gen peroxide and silver nitrate (ECOSHIELD; Johnson &
Johnson, https://www.jnj.com). All the healthcare kits were
removed, and staff were advised to discontinue their use.
Since June 23, 2018, no additional cases have been reported.

1262

Identification of B. cereus Group

Based on the colony characteristics, B-hemolysis in blood
agar, motility, production of lecithinase in egg yolk media,
inability to ferment mannitol, and penicillin resistance, the
isolates were designated as B. cereus. We subjected 4 repre-
sentative strains to sequencing using the universal primer PF
(5'-AGAGTTTGATCATGGCTCAG-3') and PR (5-GGAC-
TACCAGGGTATCTAAT-3') for the 16s TRNA gene (/4).

PCR Detection of Toxin-Encoding Genes

We performed PCR detection for toxins (cytK, nheA, nheB,
nheC, hblA, hbIC, hblD, entFM, pi-plc, and sph) and plas-
mid-encoding B. anthracis virulence factors (cap, lef pag,
and cya) encoding genes. The primer sequences used for
PCR are listed in the Appendix Table (https://wwwnc.cdc.
gov/ElD/article/25/7/18-1493-App1.pdf).

Multilocus Sequence Typing Data Analysis

We selected 19 strains for molecular characterization. We
used the B. cereus multilocus sequence typing (MLST) web-
site (https://pubmlst.org/becereus) that contains the partial se-
quences of the 7 housekeeping genes (glp, gmk, ilv, pta, pur,
pye, and tpi) (15). We conducted Sanger sequencing using
Genetic Analyzer 3500 (Applied Biosystems, https://www.
thermofisher.com). We compared the allele sequences with
those available in the MLST database for assignment of al-
lele numbers and sequence type (ST). We submitted all new
alleles, MLST profiles (STs), and isolates to the MLST data-
base. We obtained the population snapshot of the 1,795 STs
available in the MLST database using goeBURST imple-
mented in Phyloviz 2.0 using the default single-locus variant
level (sharing at least 6/7 alleles) (/6). The goeBURST Full
MST (minimum spanning tree; http://www.phyloviz.net/
goeburst) was done to identify BURST groups (BGs) among
the STs identified in this study.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 25, No. 7, July 2019



Phylogenetic Analysis

The concatenated MLST sequences available at the MLST
database were used for constructing maximum-likelihood
trees. We used RAXML version 8 (/7) implemented in
RDP4 version 4.66 (/8) with the GTRCAT model and a
bootstrap resampling of 1,000 replicates.

Diversity and Recombination Analysis
We calculated the length of each MLST locus, number of
alleles, average nucleotide diversity (m), and number of
polymorphic sites using DnaSP version 6.11.01 (/9) based
on the allelic sequences of the STs. We calculated the ratio
of nonsynonymous to synonymous substitutions (dN/dS)
to determine the selective pressure at each locus using the
Nei and Gojobori method in START?2 (20). The parameters
dN and dS indicated average nonsynonymous and synony-
mous substitutions per site, respectively.

We conducted phylogenetic network analysis us-
ing Splits Tree version 4 (27) to identify lineages and re-
combination events within and across the lincages. We

ST142 clonal complex @

-

B. cereus Infection in Newborns

constructed the Splits Tree networks based on the concat-
enated sequences of STs using the neighbor-net algorithm
with bootstrap resampling of 1,000 replicates. The result-
ing networks were analyzed using pairwise homoplasy in-
dex (PHI) test implemented in Splits Tree. A p value <0.05
indicated significant evidence of recombination.

We evaluated the linkage disequilibrium for the allelic
data using LIAN version 3.7 (http://guanine.evolbio.mpg.
de/cgi-bin/lian/lian.cgi.pl/query) (22). The standardized in-
dex of association (/,°) used for estimating linkage disequi-
librium between alleles of the 7 MLST loci was calculated
using the Monte Carlo method with 10,000 burn-in itera-
tions. The /,° values >0 and p<0.05 indicated significant
linkage disequilibrium.

Results

Population Structure and BURST Group
MLST identified 14 STs among the selected 19 strains, in-
cluding 5 predefined STs (ST75, ST127, ST266, ST380,

@ Diarthea

@ septicemia

. Pneumonia
@ Vomiting

. Wound infection

. Pyrexia

. Vomiting and diarrhea

. Other

@ Notapplicable
. Not defined

ST365 clonal complex

~

@é

Figure 2. Population snapshot obtained using goeBURST (http://www.phyloviz.net/goeburst) of the 1,795 STs available to date in the
Bacillus cereus multilocus sequence typing database overlaid by isolate data of human diseases. Each circle represents an ST. Size of
the circle is logarithmically proportionate to the number of isolates represented by a given ST. Two ST clonal complexes are enlarged;
STs highlighted in red circles were identified during investigation of an outbreak at Assam Medical College & Hospital, Dibrugarh, India,

2018. ST, sequence type.
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Figure 3. goeBURST full MST
analysis (http://www.phyloviz.net/
goeburst) at triple-locus variant
level illustrating the evolutionary
relationship within the 3 BGs
identified during investigation

of an outbreak at Assam

Medical College & Hospital,
Dibrugarh, India, 2018. Each
circle represents a sequence
type (ST), and its size is
logarithmically proportionate

to the number of isolates
represented by that ST. The
numbers over the line connecting
2 STs indicate the number of
allele difference between them.
The colors of the circles indicate
the source of isolation. BG,
BURST group.

. Cutaneous lesion

D Healthcare kit

. Hospital storage facility
. Skin colonizer

. Environment (baby room)
. Umbilical cord stump

and ST1465) and 9 new STs (ST1659, ST1660, ST1661,
ST1662, ST1663, ST1664, ST1665, ST1667 and ST1668).
Most (64.3%) identified STs were new.

The B. cereus MLST database clusters the available
1,795 STs into 10 major clonal complexes (CCs); a CC is
a group of STs defined by goeBURST using the stringent
group definition of single-locus variant level. The popula-
tion snapshot obtained using goeBURST identified 3 STs
(ST1465, ST1662, and ST1663) from the ST142 CC and
1 ST (ST75) from ST365 CC among the 14 STs identified
in this study (Figure 2). The remaining STs were not a
part of these major CCs. With a less stringent group defi-
nition of double-locus variant (DLV, sharing at least 5/7
alleles) or triple-locus variant (TLV, sharing at least 4/7
alleles) level, all of the STs in a goeBURST group can-
not be considered as members of a single CC and hence
referred to as BGs in our study. The goeBURST full MST
analysis using the 14 STs from this study identified 3 BGs
at TLV level (sharing at least 4/7 alleles) (Figure 3). The
BGI1 with ST1465, ST1662, ST1664, and ST1665 com-
prised strains from storage facilities and healthcare kits
with ST1662 assigned as the putative primary founder.
The BG2 included STs 266, 380, and 1661 with ST380 as-
signed as the putative primary founder. The BG2 consist-
ed of strains from skin colonizers, umbilical cord stumps,
healthcare kits, and cutaneous lesions. The doubleton
BG3 consisted of ST1660 and ST1665 with isolates re-
covered from healthcare kits and cutaneous lesions. We
identified 5 singletons (not linked to any other ST): ST75,
ST127, ST1659, ST1662, and ST1668.
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Phylogenetic Origin of the Strains

The taxonomic identification of the 14 STs found in this
study was done by constructing a phylogenetic tree with
18 B. cereus group species type strains (Figure 4). To illus-
trate the virulence potential of the strains, we constructed
a phylogenetic tree (Figure 5) using the 14 STs from this
study along with 38 STs representing 55 virulent isolates
of B. cereus based on the selection made by Hoffmaster et
al. (23). The STs clustered into 3 phylogenetic clades and
were named to be consistent with previously defined phy-
logenetic clades by Priest et al. (24). Among the 14 STs we
identified, 10 STs representing 14 strains were assigned to
clade I, which comprised primarily pathogenic bacilli and
mostly represented strains from healthcare kit and cutane-
ous lesion (24). Out of the 10 STs, 3 STs clustered into the
cereus Ill/clade I lineage, 3 STs into a new cluster/clade
I represented by ST144, 1 ST in cereus I/clade I lineage,
and 2 STs in cereus II (emetic)/clade I lincage. None of
the clade I-designated 10 STs grouped into the cereus IV
lineage. Clade II consisted of 4 STs representing 5 strains
grouped in tolworthi/clade II lineage and were representing
strains mostly from the environment. None of the 14 STs
identified in this study clustered in clade I1I (others).

Distribution of Enterotoxins, Sphingomyelinase,

and Phosphatidylinositol Phospholipase C

Encoding Genes

The cytK, sph, and pi-plc genes encoding cytotoxin K,
sphingomyelinase (SMase), and phosphatidylinositol phos-
pholipase C (Pi-Plc), respectively, were commonly detected
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Figure 4. Phylogenetic
relatedness of the 14 STs
identified during investigation of
an outbreak at Assam Medical
College & Hospital, Dibrugarh,
India, 2018, with 18 Bacillus
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nucleotide substitutions per site.
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in 73.7% (n = 14) of the 19 selected strains, followed by
nhed and nheC in 68.4% (n = 13), nheB in 52.6% (n = 10),
and entFM in 42.1% (n = 8) (Table 1). Of the 14 strains
previously designated to clade I, the nheABC gene complex
(nheA, nheB, and nheC) encoding the nonhemolytic entero-
toxin (Nhe) was detected in 8 strains and entFM gene en-
coding enterotoxin FM was also detected in 8 strains. None
of the clade II-assigned strains were detected positive for
the nheABC gene complex and the entF'M gene. The hbl
gene complex (hblA, hbIC, and hbID) encoding hemolysin
BL (HBL) was found in only 1 strain designated to clade II,
whereas none of the clade I-assigned strains harbored this
complex (Table 2). Both 4#b/4 and hbIC were detected in 1
each of the 19 strains. None of the strains were positive for
genes encoding B. anthracis plasmid-mediated virulence
factors (Table 1).

Sequence and Allelic Diversity

Sequence alignment of each of the 7 MLST loci showed
no insertion or deletion with sizes ranging from 348 bp
(pur) to 504 bp (gmk). The number of alleles at each
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locus ranged from 4 (gmk) to 11 (ilv and pi). The dN/
dS values indicate selective pressure on protein-coding
genes; dN/dS >1 indicates positive and dN/dS <1 nega-
tive selective pressure. The dN/dS ratio for each locus
varied from 0.0076 (ilv) to 0.0547 (pur), indicating
strong negative/purifying selective pressure on these
genes (Table 3).

Recombination Analysis

The Splits Tree network for the 14 STs representing the
19 selected strains identified 2 lineages among them (Fig-
ure 6). Lineage 1 comprised STs 75, 127, 266, 380, 1660,
1659, 1661, 1665, 1667, and 1668 previously designated
to clade I. The STs 1465, 1662, 1663, and 1664 previously
designated to clade II were in lineage 2. We observed ex-
tensive reticulations across the lineages and within lineage
1. The PHI test also provided significant evidence of re-
combination for the whole population (14 STs) and lineage
1 (p<0.05). However, the /,3 values, for estimation of link-
age disequilibrium, differed significantly from 0 for the en-
tire population, as well as for the lineages, indicating the
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Figure 5. Maximum-likelihood tree constructed on the basis of concatenated sequences of the 51 Bacillus cereus STs illustrating the
phylogenetic relatedness of the 14 STs identified during investigation of an outbreak at Assam Medical College & Hospital, Dibrugarh,
India, 2018, and the 37 STs representing clinical isolates. The bootstrap support values for the nodes are indicated in decimals. The STs
represented in bold letters are identified in this study. The color gradient boxes represent the various lineages found within the clades.
The colored circle plot represents the number of isolates from various human diseases assigned to a particular ST, and each color
represents a different human disease. The size of each circle is proportionate to the number of isolates. The multicolored bar indicates
the number of toxin-encoding genes found in isolates represented by an ST and each color represents different toxin-encoding genes.
The length of each colored bar is proportionate to the number of isolates positive for that toxin-encoding gene. Gl, gastrointestinal; ST,
sequence type. Scale bar indicates nucleotide substitutions per site.
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Table 1. Toxin-encoding gene profile of 19 selected Bacillus cereus strains, Assam Medical College & Hospital, Dibrugarh, Assam,

India, 2018*
nheABC hbICDA

Strain Source ST Clade cytK nheA nheB nheC hblA__hblC hbID entFM pi-plc _sph
AMCER1 Healthcare kit 1659 | + + + + - - — + + +
AMCER2 Healthcare kit 1660 | + + - + - - - + + +
AMCER3 Cutaneous lesion 1660 | + + + + - - - + + +
AMCER4 Healthcare kit 1661 | + + + + - - + + — —
AMCERS Cutaneous lesion 1661 | + + + - - - - + - -
AMCERG6 Healthcare kit 1465 1l + - - + - - + — + +
AMCER7 Healthcare kit 1667 | + + + + - — — _ _ +
AMCER8  Hospital storage facility 1662 1l + - - + - - + - + +
AMCER9  Hospital storage facility =~ 1663 Il + + - + + - + - + +
AMCER11 Healthcare kit 1663 1l + - - - + + + - + +
AMCER10 Hospital storage facility = 1664 1l + + - + - - + - + +
AMCER12 Healthcare kit 1665 | + + + + - - + + + +
AMCER15 Cutaneous lesion 1665 | + + + + — — + — + +
AMCER13  Umbilical cord stump 266 | - - - - - - - - + -
AMCER14 Environment 75 | + + + + - + — + + +
AMCER18 Skin colonizer 266 | - + - — — — — — + —
AMCER19 Cutaneous lesion 380 | - + + + - - - - + +
AMCER20 Skin colonizer 1668 | - - - — - — — — — +
AMCER21 Skin colonizer 127 | - - + - - - - + — _

*ST, sequence type; +, positive; —, negative.

existence of linkage disequilibrium between the loci or a
clonal population structure (Table 4).

Discussion

MLST data analysis identified a genetically diverse popula-
tion of 14 STs representing the 19 selected B. cereus strains
because most of the STs were identified as new. Population
snapshot using goeBURST illustrated the rare occurrences
of clinical cases among the B. cereus group. Among the 14
STs, 3 were from the ST142 CC and 1 from the ST365 CC,
indicating evolutionary descent from worldwide clones.
The goeBURST Full MST analysis of the 14 STs identified
only 3 BGs even at the TLV level; the rest were identified
as singletons, which again illustrates the high genetic diver-
sity. Most of the strains isolated from healthcare kits and
cutaneous lesions were represented by new STs, suggesting
that greater diversity was possibly because of adaptation to
the new niche.

The phylogenetic origin of the 19 strains was deter-
mined to investigate whether any of the 14 STs represent-
ing these strains clustered into the previously described
clade I, composed primarily of pathogenic bacilli (24).
The clade I-designated 10 STs were distributed into vari-
ous lineages of clade I and were closely related to the
Anthracis lineage, as described by Hoffmaster et al. (23).
Among them, ST1659, a new ST representing a strain iso-
lated from a healthcare kit, had the closest relationship to
the Anthracis lineage and shared the same gmk, pta, pur,
and pyc alleles with the Ames anthracis strain (ST1). The
ST75 isolate from ST365 CC, which has been reported
earlier for representing a severe septicemic B. cereus
strain, shared the same gmk and pta alleles with the B.
anthracis strains (25).
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Several studies have demonstrated that B. cereus iso-
lates closely related to B. anthracis are of clinical rather
than environmental origin (26,27). All the clade I-desig-
nated strains were negative for genes encoding B. anthra-
cis virulence factors. Alternatively, these factors might
not be necessary for severe nongastrointestinal infections
because isolates from severe cases have been reported to
be negative for plasmids (§). Most of the clade I-assigned
STs represented strains recovered from healthcare Kkits,
suggesting these strains might be responsible for cutane-
ous lesions. Three clade II-assigned STs were from ST142
CC, comprising mostly foodborne isolates with potential to
cause foodborne illness (28). Hence, the potential role of
the strains represented by these 3 STs in the development
of cutaneous lesions is arguable.

Phylogenetic network analysis using Splits Tree iden-
tified 2 lineages among the 14 STs identified in this study.
All the clade I-designated STs clustered in lineage 1,
whereas all the clade II-designated STs clustered in lineage
2. Extensive reticulations in Splits Tree networks and PHI

Table 2. Interclade variability of Bacillus cereus toxin—encoding
genes and gene complexes, Assam Medical College & Hospital,
Dibrugarh, Assam, India, 2018

Phylogenetic group, %*

PCR characterization Clade | Clade 11
pi-plc 9 (64.3) 5(100)
sph 9 (64.3) 5 (100)
cytK 9 (64.3) 5 (100)
entFM 8 (57.1) 0
nheABC 8 (57.1) 0
hbICDA 0 1(20)
Total 14 5

*The percentage of each cell corresponds to the number of strains within a
given clade positive for the encoding gene. Strains were classified as
positive for a gene complex if all the genes in a given complex were
detected by PCR.
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Table 3. Sequence and allelic diversity of the 7 multilocus sequence type loci of Bacillus cereus, Assam Medical College & Hospital,

Dibrugarh, Assam, India, 2018

Locus Size, bp Guanine + cytosine content, % Allele Polymorphic site b dN/dS
Glp 372 38.3 10 18 0.01607 0.0312
Gmk 504 38.2 4 24 0.02546 0.0214
Iv 393 451 11 58 0.06283 0.0076
Pta 414 40.5 8 21 0.02088 0.0077
Pur 348 38.5 9 42 0.05388 0.0098
Pyc 363 40.6 8 48 0.05460 0.0301
Tpi 435 441 11 18 0.01492 0.0547

test provided significant evidence of recombination across
the lineages and within lineage 2. Even though the /,° and
dN/dS values predicted an overall clonal population struc-
ture, the high genetic diversity and recombination might
have enabled the population to enhance fitness and survive.

To evaluate the interclade variability of toxin-encod-
ing genes, we performed PCR detection of these genes.
The nheABC gene complex and entF’M gene were detected
only among the clade I-designated strains, whereas none
of the clade II-identified strains were positive for the nhe-
ABC gene complex and the entF'M gene. The Nhe entero-
toxin is considered to be the major virulence factor in B.
cereus diarrheal disease (29). The synergistic interaction
of Nhe and SMase in in vitro cytotoxicity has been dem-
onstrated (30). All the members of the nhe4ABC gene com-
plex are required to form functional transmembrane pores
for the entry of SMase into the epithelial cell membrane,
otherwise inaccessible, and could result in cell membrane
destabilization, as well as cell apoptosis through the ce-
ramide intracellular signaling pathway (37,32). This case
might be valid in our study because the clade I-designated
strains harbored the nheABC gene complex, as well as the
sph gene. Several findings have suggested that enterotoxin
FM might be a potential cell wall peptidase involved in mu-
tant bacterial shape, impairment in motility, and adhesion

Lineage 2
(clade I)

Lineage 1
(clade 1)

Figure 6. Phylogenetic network analysis using Splits Tree (27)
identified 2 lineages among the whole population of 14 STs,
Assam Medical College & Hospital, Dibrugarh, Assam, India,
2018. ST, sequence type.
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to eukaryotic cells and thus might be responsible for the
virulence of the clade I-assigned strains because most
of them harbored this gene (33). The hblA gene encod-
ing the binding subunit C component and the 4#b/C gene
encoding the L, lytic component were sparsely detected
among the 19 strains. The tripartite HBL enterotoxin re-
quires all its components for maximum enterotoxic activ-
ity (34). Moreover, the cytK and hbl enterotoxin genes
are often absent in B. cereus strains isolated from disease
outbreaks, which argues against its potential role to elicit
disease (35,36).

In this investigation, only 12 newborns were in-
fected, even though the kits also were used for other
newborns. Thus, development of nongastrointestinal
infections in newborns is complex and might depend
on factors such as the number of spores exposed, the
presence of a virulent and avirulent cluster of micro-
organisms, toxin expression and interaction, and host
conditions. Moreover, seasonal variation of increased
count and germination of B. cereus spores in spring and
summer have been reported (37-39). In this outbreak,
lesions occurred during April in 6 newborns, May in 4,
and March and June in 1 each. However, a thorough in-
vestigation is needed to understand the complexity of
these infections. Our findings, along with previous re-
ports, reinforce the idea that the members of the B. ce-
reus group are underestimated emerging pathogens that
can be involved in fatal nosocomial infections.

The cutaneous infections attributed to the B. cereus
group in most of the cases in this study occurred in the
exposed areas of the skin because they are often in contact
with the environment and are prone to microscopic skin
abrasions (39). The spores from the healthcare kits might
have invaded the skin of newborns through these micro-
scopic skin abrasions formed during baby cleaning (39).
Moreover, vernix caseosa, a waxy substance covering the
skin of newborns, often requires cleaning and might also
be the cause of microscopic skin abrasions. Once in con-
tact with skin, spores germinate and enterotoxin produc-
tion occurs (39). In addition, toxicoinfection can occur
because the kits contain all the items required to conduct
labor, including contaminated gloves. Among the infants
in this report, duration of labor ranged from 6 to 10 hours,
so germination and toxin production might have occurred
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Table 4. Estimation of linkage disequilibrium of Bacillus cereus,
Assam Medical College & Hospital, Dibrugarh, Assam, India,
2018

Linkage disequilibrium

Group N p value
Lineage 1 0.3800 <0.05
Lineage 2 0.3471 <0.05
Whole population 0.4573 <0.05

in the birth canal and accounted for the initial lesions that
later extended from contact with the cleaning linens in-
side the kit and led to additional spore germination and
toxin production.

Clinically, the lesions started as bullous or ruptured
bullous lesions with extensive and rapidly spreading cel-
lulitis. Two lesions eventually developed into gas gan-
grene—like infections as reported previously (4,40). How-
ever, in all 12 cases, blood culture was negative for B.
cereus. Henrickson et al. reported the primary cutaneous
infections caused by B. cereus in the absence of positive
blood cultures (/0,39). Extensive soft tissue involvement
with gas gangrene infections in the first few newborns
might have resulted from the initial use of B-lactam an-
timicrobial drugs because the existence of f-lactamase in
sporulated Bacillus species has been predicted (47). All
newborns recovered after treatment with ciprofloxacin
and amikacin.

In conclusion, B. cereus primary cutaneous infection
in newborns without bacteremia can occur from contami-
nated environments in hospitals. Bullous lesions or cellu-
litis during or just after delivery should be included in the
differential diagnosis, and caution should be taken in initi-
ating pB-lactam antimicrobial drug treatment.
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SYNOPSIS

Surveys suggest that clinicians diverge from guidelines
when treating Mycobacterium avium complex (MAC) pulmo-
nary disease (PD). To determine prescribing patterns, we
conducted a cohort study of adults >66 years of age in On-
tario, Canada, with MAC or Mycobacterium xenopi PD dur-
ing 2001-2013. Using linked laboratory and health admin-
istrative databases, we studied the first treatment episode
(>60 continuous days of >1 of a macrolide, ethambutol,
rifamycin, fluoroquinolone, linezolid, inhaled amikacin, or,
for M. xenopi, isoniazid). Treatment was prescribed for 24%
MAC and 15% of M. xenopi PD patients. Most commonly
prescribed was the recommended combination of macro-
lide, ethambutol, and rifamycin, for 47% of MAC and 36% of
M. xenopi PD patients. Among MAC PD patients, 20% re-
ceived macrolide monotherapy and 33% received regimens
associated with emergent macrolide resistance. Although
the most commonly prescribed regimen was guidelines-rec-
ommended, many regimens prescribed for MAC PD were
associated with emergent macrolide resistance.

Nontuberculous mycobacteria (NTM) pulmonary dis-
case (PD) is increasing in North America (/—3). The
2 most common causes of NTM PD in Ontario, Canada,
are Mycobacterium avium complex (MAC) and M. xenopi
(). Treatment guidelines detailing evidence-based treat-
ment regimens for MAC PD have been published; the
first-line recommendation is a 3-drug combination of a
macrolide, ethambutol, and a rifamycin (hereafter referred
to as standard triple therapy) (4). Although there are no ev-
idence-based treatment regimens for M. xenopi PD, expert-
supported regimens have been suggested (4). Physician
surveys suggest that, when treating MAC PD, clinicians
frequently diverge from guideline recommendations (35,6).
However, population-based data on treatment practices for
MAC PD or M. xenopi PD are lacking. Our study objective
was to examine antimicrobial drug prescribing patterns for
MAC PD or M. xenopi PD in older Ontario residents.

Methods
Our retrospective cohort study used population-based
linked laboratory and health administrative databases in
Ontario, Canada, described previously (7). These datasets
were linked by using unique encoded identifiers and ana-
lyzed at ICES (Toronto, Ontario, Canada). Ontario is Can-
ada’s most populous province; the population in 2013 was
13.5 million residents. Ontario has a single-payer health-
care system that provides universal access to medically
necessary inpatient and outpatient services and prescription
drugs to adults >65 years of age. Ontario also has a refer-
ence mycobacteriology laboratory that processes >95% of
NTM specimens for the province (8).

Our study cohort consisted of adults >66 years of age
with incident MAC PD or M. xenopi PD, defined according
to American Thoracic Society/Infectious Diseases Society
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of America (ATS/IDSA) microbiological criteria (4), dur-
ing 2001-2013; observations ended December 31, 2014.
The date of diagnosis was defined as the date of collection
of the first positive culture sample. To avoid confusion re-
garding the species for which the treatment was intended,
we excluded patients who met ATS/IDSA microbiological
criteria for infection with >1 NTM species during follow-
up. We also excluded patients who died within 1 year of
NTM PD diagnosis (and in a sensitivity analysis those who
died within 2 years of diagnosis) and patients who had cul-
ture-confirmed tuberculosis (TB) after NTM PD diagnosis.
We looked back 3 years before the study period to find pre-
existing isolation of NTM and M. tuberculosis complex;
we excluded patients for whom NTM had been isolated
during the 3-year look-back period and M. tuberculosis
complex within 18 months of NTM PD diagnosis.

We studied the first treatment episode after NTM PD
diagnosis, defined as >60 continuous days of treatment
(either daily or intermittent) with >1 drug or class com-
monly used to treat MAC PD or M. xenopi PD (macro-
lide, ethambutol, rifamycin, fluoroquinolone, linezolid,
inhaled amikacin, or, for M. xenopi PD, isoniazid), started
within 1 year of any culture positive for the causative
NTM species/complex and ended at the time of a >60 day
treatment interruption. To allow for patients who refilled
their prescriptions late, we defined treatment as continu-
ous if they filled their next prescription for the same anti-
microbial drug class within 1.5 times the number of days
supplied in their last prescription. We also examined anti-
microbial drug treatment given in the first 18 months after
the start of the first treatment episode (i.e., not ending at
a treatment interruption of >60 days) to capture breaks in
therapy and switches between regimens (each defined as
lasting >60 days).

We collected data about patient demographics and un-
derlying conditions at the time of NTM PD diagnosis, pre-
scribing physician specialty, treatment details, and medi-
cation use and healthcare use associated with asthma and
chronic obstructive pulmonary disease (COPD) at the time
of NTM PD diagnosis (Appendix, https://wwwnc.cdc.gov/
ElD/article/25/7/18-1817-Appl.pdf) (9-16). To compare
patient characteristics, we used analysis of variance for
continuous variables and y? tests for categorical variables.
To determine patient characteristics associated with initial
prescription of macrolide monotherapy for >60 continuous
days versus other regimens, we also performed bivariate
and multivariable logistic regression analyses among MAC
PD patients; included variables were selected a priori on
the basis of clinical relevance. We used SAS version 9.4
(SAS Institute, https://www.sas.com) for all analyses and
considered a 2-sided p value of <0.05 to be significant. This
study was approved by research ethics boards at University
Health Network and Public Health Ontario.
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Results

Of the 3,163 patients with MAC PD and 1,048 with M.
xenopi PD, we excluded 329 (10.4%) MAC PD and 120
(11.4%) M. xenopi PD patients because they also met mi-
crobiological criteria for infection with another species
of NTM PD or had TB. Treatment was received by 688
(24.2%) of the 2,834 patients with exclusively MAC PD
and 142 (15.3%) of the 928 with exclusively M. xenopi PD.
A sensitivity analysis limited to patients who survived >2
years after NTM PD diagnosis indicated that treatment was
received by 622/2533 (24.6%) of MAC PD patients and
114/785 (14.5%) of M. xenopi PD patients. Compared with
MAC PD patients who did not receive treatment, those who
did receive treatment were younger (mean age 75.6 vs. 76.9
years); more likely to be female (59.4 vs. 54.8%); more
likely to reside in neighborhoods in the higher income quin-
tile and rural settings; more likely to have bronchiectasis,
COPD, and interstitial lung disease; and less likely to have

Treatment of Mycobacterium Pulmonary Disease

diabetes mellitus, chronic kidney disease, and lung cancer
(Table 1). Compared with M. xenopi PD patients who did
not receive treatment, those who did receive treatment were
more likely to have COPD (83.1 vs 63.0%) (Table 1).

The median time from NTM PD diagnosis to start of
the first treatment episode was 77 (interquartile range [IQR]
28-239) days for MAC PD and 79 (IQR 40-199) days for M.
xenopi PD patients. Among MAC PD patients who received
treatment, the most commonly prescribed drug in the first
treatment episode was a macrolide (87.1%), followed by eth-
ambutol (70.2%), a rifamycin (58.6%), and a fluoroquinolone
(33.7%) (Table 2). These drugs were prescribed with similar
frequency for M. xenopi PD patients. No linezolid was pre-
scribed. Isoniazid, assessed for M. xenopi PD disease only,
was rarely prescribed (<5 [<3.5%] patients). Amikacin, as
recorded in our databases, was dispensed for inhalation and
was rarely used; for <5 (<0.7%) MAC PD and 0 M. xenopi
PD patients, inhaled amikacin for >60 days was prescribed.

Table 1. Baseline characteristics of patients who did and did not receive treatment for MAC PD and M. xenopi PD, Ontario, Canada,

2001-2013*
MAC PD M. xenopi PD
Characteristic Treated, n =688t Untreated, n=2,146 p value Treated, n = 1421 Untreated, n=786 p value
Sex 0.031 0.248
F 409 (59.4) 1,175 (54.8) 61 (43.0) 380 (48.1)
M 279 (40.6) 971 (45.2) 81 (57.0) 407 (51.8)
Age, mean + SD 75.6 £5.94 76.9 £ 6.65 <0.001 75.1+£5.92 76.1 £6.50 0.077
Income quintile 0.018 0.932
1 (lowest) 142 (20.6) 550 (25.6) 32 (22.5) 164 (20.9)
2 146 (21.2) 428 (19.9) 33 (23.2) 178 (22.6)
3 124 (18.0) 425 (19.8) 26 (18.3) 131 (16.7)
4 117 (17.0) 354 (16.5) 24 (16.9) 157 (20.0)
5 (highest) 155-159 382 (17.8) 22-27 153-158
(22.5-23.1) (15.5-19.01) (19.5-20.1)
Missing <5 (<0.7) 7(0.3) <5 (<3.5) <5 (<0.7)
Residencyt <0.001 0.288
Rural 37 (5.4) 53 (2.5) <5 (£3.5) 8 (1.0)
Suburban 89 (12.9) 159 (7.4) 9-14 (6.3-9.9) 38 (4.8)
Urban 562 (81.7) 1,934 (90.1) 129 (90.8) 740 (94.1)
ADGs, mean + SD 10.4 + 3.49 10.4 + 3.67 0.775 11.3 +3.52 10.8 +3.77 0.117
Underlying conditions§
Asthma 265 (38.5) 751 (35.0) 0.094 64 (45.1) 311 (39.6) 0.219
Bronchiectasis 169 (24.6) 335 (15.6) <0.001 19 (13.4) 90 (11.5) 0.511
Chronic kidney disease 40 (5.8) 199 (9.3) 0.004 12 (8.5) 66 (8.4) 0.983
COPD 462 (67.2) 1,209 (56.3) <0.001 118 (83.1) 474 (60.3) <0.001
Cystic fibrosis <5 (<0.7) <5 (<0.2) 0.327 <5 (<3.5) <5 (<0.6) 0.172
Diabetes mellitus 121 (17.6) 518 (24.1) <0.001 28 (19.7) 206 (26.2) 0.101
GERD 139 (20.2) 429 (20.0) 0.903 31(21.8) 158 (20.1) 0.638
HIV infection <5 (=0.7) <5 (<0.2) 0.087 0 0 NA
Interstitial lung disease 81 (11.8) 138 (6.4) <0.001 14 (9.9) 62 (7.9) 0.430
Lung cancer 19 (2.8) 135 (6.3) <0.001 9(6.3) 74 (9.4) 0.237
Prior TB <5 (<0.7) 17 (0.8) 0.161 <5 (<3.5) 12 (1.5) 0.915
Rheumatoid arthritis 27 (3.9) 79 (3.7) 0.770 6 (4.2) 31 (3.9) 0.875

*Values are no. (%) except as indicated. According to privacy regulations, values representing <6 persons are reported as <5, and data are presented as
a range of values for categorical variables where back-calculation is possible. ADGs, aggregated diagnostic groups (from the adjusted clinical group case
mix system); COPD, chronic obstructive pulmonary disease; GERD, gastroesophageal reflux disease; MAC, Mycobacterium avium complex;, M. xenopi;
Mycobacterium xenopi; NA, not applicable; PD, pulmonary disease; TB, tuberculosis.

tTreated defined as >60 continuous days of treatment with >1 drugs/classes commonly used to treat MAC or M. xenopi PD (macrolide, ethambutol,
rifamycin, fluoroquinolone, linezolid, inhaled amikacin, or, for M. xenopi, isoniazid), started within 1 y of any positive culture for the causative

nontuberculous mycobacteria species/complex.

iDerived from rural index for Ontario group, a measure of rurality designed for Ontario (9).
§Defined according to inpatient and outpatient diagnostic codes in databases of hospital discharges and physicians’ services claims, respectively; see
Appendix (https://wwwnc.cdc.gov/ElD/article/25/7/18-1817-App1.pdf) for definitions. Definitions have been validated for all underlying conditions with the

exception of bronchiectasis and interstitial lung disease.
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SYNOPSIS

We examined the proportion of patients for whom
particular regimens had ever been prescribed for >60 days
during their first treatment episode. Among patients with
treated MAC PD, the guidelines-recommended standard
triple regimen (macrolide/ethambutol/rifamycin) was the
most commonly prescribed (47.4%), followed by nonmac-
rolide monotherapy (29.2%) and macrolide monotherapy
(20.5%) (Table 2). Drug regimens associated with develop-
ment of macrolide-resistant MAC (macrolide monotherapy,

macrolide/fluoroquinolone, and macrolide/rifamycin) (/7,18)
were prescribed for 224/688 (32.6%) of MAC PD patients.
Among M. xenopi PD patients who received treatment, stan-
dard triple therapy was prescribed for 35.9%, followed by
nonmacrolide monotherapy for 28.2%, and macrolide mono-
therapy for 23.9% (Table 2).

The flow of antimicrobial drug treatment during the
first 18 months (i.e., regimen sequence, duration, and
transitions) revealed that, among MAC PD patients who

Table 2. Proportion of patients with MAC PD and M. xenopi PD who had ever received each antimicrobial drug and select drug

combinations and duration during first treatment episode, Ontario,

Canada, 2001-2013*

MAC PD, n = 688

M. xenopi PD, n = 142

Treatmentt No. (%) Mean duration + SD, d No. (%) Mean duration + SD, d
Individual drug
Macrolide
Any 599 (87.1) 447 + 367 120 (84.5) 359 + 312
Clarithromycin 318 (46.2) 369 + 364 66 (46.5) 319 + 367
Azithromycin 354 (51.5) 424 + 348 66 (46.5) 335+ 244
Rifamycin
Any 403 (58.6) 437 + 366 69 (48.6) 349 + 228
Rifampin 384 (55.8) 434 + 363 61 (43.0) 351+ 233
Rifabutin 30 (4.4) 323 £ 285 9(6.3) 294 + 217
Ethambutol 483 (70.2) 456 + 357 84 (59.2) 363 + 284
Fluoroquinolone
Any 232 (33.7) 369 + 353 63 (44.4) 312+ 189
Moxifloxacin 82 (11.9) 318 + 382 27 (19.0) 251 +195
Levofloxacin 56 (8.1) 226 + 239 11(7.7) 240 + 282
Ciprofloxacin 137 (19.9) 328 + 333 36 (25.4) 283 + 181
Gatifloxacin <5 (<0.7) 126 + 163 0 NA
Norfloxacin 8(1.2) 197 + 288 0 NA
Linezolid 0 NA 0 NA
Isoniazid NA NA <5 (<3.5) 160 £ 110
Drug regimen
Standard triple: macrolide + ethambutol + 326 (47.4) 369 +269 51 (35.9) 241 +173
rifamycin + others
Macrolide + ethambutol 91 (13.2) 315 + 283 11(7.7) 159 + 83
Macrolide + rifamycin 49 (7.1) 284 + 392 10 (7.0) 251+ 208
Macrolide + fluoroquinolone 65 (9.4) 267 + 278 20 (14.1) 228 + 153
Other macrolide-containing combinationst 115 (16.7) 346 +276 31(21.8) 295 + 156
Nonmacrolide combination§ 63 (9.2) 258 + 298 19 (13.4) 198 + 187
Macrolide monotherapy 141 (20.5) 262 + 358 34 (23.9) 330 £ 509
Nonmacrolide monotherapy 201 (29.2) 206 + 226 40 (28.2) 253 + 207
No. drugs given, mean + SD 25+0.9 24+1.0
No. drugs given
1 142 (20.6) 37 (26.1)
2 121 (17.6) 24 (16.9)
3 372 (54.1) 69 (48.6)
4 53 (7.7) 12 (8.5)
No. switched regimensf|
0 401 (58.3) 85 (59.9)
1 177 (25.7) 33 (23.2)
2 72 (10.5) 14 (9.9)
>3 38 (5.5) 10 (7.0)
Maximum no. drugs used at any 1 time, mean 24+09 23+0.9
+SD

*MAC, Mycobacterium avium complex; M. xenopi, Mycobacterium xenopi; PD, pulmonary disease.
1>60 continuous d of treatment with >1 drugs/classes commonly used to treat MAC PD or M. xenopi PD (macrolide, ethambutol, rifamycin,

fluoroquinolone, linezolid, inhaled amikacin, or for M. xenopi PD, isoniazid),

started within 1y of any positive culture for the causative nontuberculous

mycobacteria species/complex. Patients may have received >1 drug from an antibiotic class, and/or>1antibiotic regimen during their first treatment
episode, so values do not add up to 100%. According to privacy regulations, values representing <6 persons are reported as <5, and data are presented
as a range of values for categorical variables where back-calculation is possible.

1>2 drugs excluding: macrolide + fluoroquinolone, macrolide + EMB, macrolide + rifamycin.

§>2 drugs (e.g., ethambutol, a rifamycin, a fluoroquinolone (or for M. xenopi PD, isoniazid), without macrolide.

f[Change in treatment lasting >60 d, in the first treatment episode.
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received treatment, the most common starting regimen
was standard triple therapy (290/688; 42.1%) (Figure),
prescribed for a mean (+ SD) of 315 (+ 167) days (me-
dian 334; IQR 151467 days) before a regimen switch or
discontinuation. Among MAC PD patients for whom the
initial regimen was associated with development of mac-
rolide resistance, these regimens were prescribed for the
following mean (+ SD) durations before a switch or discon-
tinuation: macrolide monotherapy, 230 (£ 167) days; mac-
rolide/fluoroquinolone, 216 (£ 147) days; and macrolide/
rifamycin, 197 (+ 139) days (Figure). For a large minor-
ity of MAC PD patients, therapy was switched during the
first treatment episode; >1 regimen was switched for 41.7%
(Table 2; Figure). Among MAC PD patients who received
treatment, 50.2% received treatment for >12 months be-
fore discontinuation. Among M. xenopi PD patients who
received treatment, 31.0% initially received standard triple
therapy and 40.1% underwent >1 regimen switch (Table 2).

Among MAC PD patients who received treatment,
for their first regimen, the specialties of the main prescrib-
ing physicians varied. The prescriber was a pulmonologist
for 55.7%, an infectious diseases specialist for 10.0%, an

Macrollde * nfamycm~

40 Macrolide -+ ﬂuoroqulnolone

Macrolide monotherapy

Standard triple therapyx

E/

70l Other macrolide-based'cogipinationf, e

I _

Treatment of Mycobacterium Pulmonary Disease

internal medicine specialist for 7.4%, a family physician/
general practitioner for 12.3%, and another specialist or of
unknown specialty for 14.5% (Table 3).

According to bivariate analyses, patients with MAC
PD whose initial regimen was macrolide monotherapy
were more likely than those whose initial regimen was any-
thing else to have asthma or COPD , to have received a
long-acting bronchodilator or oral corticosteroid in the pri-
or year, to have visited an emergency department or been
hospitalized in the prior 2 years for an asthma or COPD
exacerbation, to have received oxygen at home, and to
have received pulmonary function tests in the previous 5
years (Table 4). However, according to adjusted analyses,
only use of oral corticosteroids in the prior year was sig-
nificantly associated with a starting regimen of macrolide
monotherapy (adjusted odds ratio 2.01, 95% CI 1.16-3.50).

Discussion

In this population-based study of treatment practices for
MAC PD and M. xenopi PD in adults >66 years of age,
we found that a minority of patients received antimi-
crobial therapy: 24% of MAC PD patients and 15% of

No treatment| |470

27
33
AN \ _— .
N \;\\Nonmacrolide regimen| |76
\“ . ——

" \Macrolide + ethambutol l 26

N -
= _)<—\‘\ \ *\Mgcrohde + nfamycm.z1

- T ~— standardtnpletherapyl:l

e ——

Macrolide + fluoroquinolone|_| 8

Figure. Flow of therapy for 688 patients with Mycobacterium avium complex pulmonary disease, depicting transition between first and
second regimens during first 18 months of treatment, Ontario, Canada, 2001-2013. Values are the number of patients receiving each
treatment regimen in each epoch of therapy. An epoch is defined as >60 days of the therapy. The width of the lines is proportional to
the number of patients receiving and transitioning between each regimen. Mean (+ SD) duration of treatment, in days, for each starting
regimen is as follows: standard triple therapy 315 (£ 167), other macrolide containing combination 331 (+ 157), macrolide-ethambutol
274 (£ 172), macrolide monotherapy 230 (+167), nonmacrolide containing regimen 176 (+ 178), macrolide-fluoroquinolone 216 (+ 147),

macrolide-rifamycin 197 (+ 139). *Macrolide, ethambutol, and a rifamycin, +

other drugs; tmacrolide + >2 additional drugs (other than

standard triple therapy); fethambutol, a rifamycin, or fluoroquinolone, either alone or in combination.
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SYNOPSIS

Table 3. Initial treatment regimen, by prescriber specialty, for 688 patients with Mycobacterium avium complex pulmonary disease,

Ontario, Canada, 2001-2013*

Specialty, no. (%) patients

Respirology, FP/GP, n = 85 Other/unknown,
Regimen n = 383 (55.7) ID,n=69(10.0) GIM,n=51(7.4) (12.3) n =100 (14.5)
Standard triple therapy 166 (43.3) 37 (53.6) 22 (43.1) 34 (40.0) 31(31.0)
Macrolide monotherapy 55 (14.4) 7(10.1) <5 (<9.8) 14 (16.5) 15 (15.0)
Macrolide + rifamycin or 38(9.9) <5 (s7.2) <5 (<9.8) 6(7.1) 8(8.0)
fluoroquinolone
Other 124 (32.4) 20-25 (29.0-36.1) 20 (39.2) 31 (36.5) 46 (46.0)

*Includes the regimen dispensed for at least the first 60 d of treatment. According to privacy regulations, values representing<6 persons are reported as
<5, and data are presented as a range of values for categorical variables where back-calculation is possible. GIM, general internal medicine; FP/GP,

family practice/general practice; ID, infectious diseases.

M. xenopi PD patients. During the first treatment episode,
the most commonly prescribed regimen, initially and over-
all, was standard triple therapy. However, it is concerning
that many MAC PD patients received >60 days of treat-
ment with regimens associated with macrolide resistance,
a situation that is extremely difficult to treat and associated
with high mortality rates (/7—/9). Macrolide monotherapy
was prescribed for 20% of MAC PD patients, and other
regimens associated with facilitating macrolide resistance
(macrolide/fluoroquinolone, macrolide/rifamycin) were
also frequently prescribed. Although standard triple ther-
apy was prescribed initially for 42% and ever (during the
first treatment episode) for 47% of patients, regimens that
facilitate macrolide resistance were prescribed initially for
23% and ever for 33%. Treatment flow was complex, and
switches between regimens were common.

In our study, the proportion of patients with MAC PD
who received antimicrobial drug treatment (24%) was low-
er than that described by others. Studies from South Korea
(20) and Germany (27) reported treatment rates within 3
years of diagnosis of 65% for MAC PD and 74% for NTM
PD patients. In Oregon, USA, treatment was initiated
within 2 years of diagnosis for 54% of NTM PD patients
(22). According to physician survey studies, antimicrobial
drug treatment was received by 55% of MAC PD patients
in the United States (5), 68% of NTM PD patients from 5
countries in the European Union (6), and 43% of NTM PD
patients in Japan (6). The reasons why a relatively small
proportion of MAC PD patients in our study received treat-
ment are probably many. First, our definition of NTM PD
(based on microbiological criteria only) probably more of-
ten misclassified patients from whom NTM were repeat-
edly isolated as having disease, compared with the Oregon
study, which reviewed all diagnostic criteria (22), and the
Germany study, which used diagnostic codes (27). Second,
our study was population based and thereby included the
full spectrum of disease severity and physician expertise,
compared with specialty clinic-based studies (20), which
probably comprise patients with more severe disease and
physicians who may be more likely to treat NTM PD be-
cause of greater experience. Third, we included only adults
>66 years of age; older patients may be less likely to
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receive treatment, as was noted among the MAC PD patients
in this study and has been described by others (20). Some
patients may not have been prescribed treatment because of
a limited life expectancy resulting from underlying condi-
tions; however, when we performed a sensitivity analysis
limited to patients who survived >2 years after NTM PD di-
agnosis, we found no notable change in the proportion who
received treatment. Fourth, we required | positive culture
for the causative NTM within 1 year of treatment initiation
and >60 continuous days of dispensed prescriptions, which
were not requirements for the other studies. Of note, the
proportion of patients who received treatment in our study
was similar to the 18% of NTM PD patients who received
treatment at 4 integrated US healthcare delivery systems
(23), in which patients were identified by using a combi-
nation of culture results and codes from the International
Classification of Diseases, Ninth Revision.

We found associations between baseline characteris-
tics and receipt of MAC PD treatment. Income distribution
was significantly associated with treatment; patients resid-
ing in neighborhoods in lower income quintiles seemed
less likely to receive treatment. Although Canada provides
universal access to medically necessary health services,
including prescription drugs for adults >65 years of age,
socioeconomic disparities in access to specialist care have
been observed (24) and may play a role. We also found that
patients living in urban settings were less likely to receive
treatment; this finding is somewhat surprising in that others
have shown that urban patients are more likely than rural
patients to receive ambulatory care, including specialist
care, for other chronic medical conditions (25,26). Whether
a disparity in the proportion of patients with true disease
exists when comparing patients with MAC isolates from
urban versus rural settings is not clear.

We found prescription of standard triple therapy for
MAC PD to be more common (47% ever received it and
42% received it as initial therapy) than that reported in
the United States (13% ever received) (5), the European
Union (9% for >6 months) (6), and Germany (19%) (21)
but similar to that reported in Japan (42% for >6 months)
(6). The possible reasons for these differences include dif-
ferences in study methods, prescribing physician specialty,
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Table 4. Characteristics of MAC PD patients according to initial treatment regimen, Ontario, Canada, 2001-2013*

Macrolide Other regimen,  Unadjusted OR Adjusted OR
Characteristic monotherapy, n = 951 n =593 (95% CI) p value (95% Cht p value
Sex
F 52 (54.7) 357 (60.2) 0.80 (0.52-1.24) 0.314 0.92(0.57-1.48) 0.738
M 43 (45.3) 236 (39.8) Referent NA Referent NA
Age, mean + SD 76.21 + 6.67 75.52 £ 5.81 1.02 (0.98-1.06) 0.292  1.03 (0.99-1.07) 0.123
Income quintile
1 (lowest) 19 (20.0) 123 (20.7) Referent 0.682 NA NA
2 22 (23.2) 124 (20.9) 1.15(0.59-2.23)  0.470 NA NA
3 13 (13.7) 111 (18.7) 0.76 (0.36-1.61)  0.945 NA NA
4 16 (16.8) 101 (17.0) 1.03 (0.50-2.10)  0.752 NA NA
5 (highest) 21-25 (22.1-26.3) 134 (22.6) 1.11 (0.58-2.14)  0.986 NA NA
Missing data <5 (=2.1) NA NA NA
Residency§
Rural <5(<2.1) 35(5.9) 0.33(0.08-1.40) 0.132 NA NA
Suburban 8-12 (8.4-12.6) 79 (13.3) 0.73(0.36-1.47) 0.378 NA NA
Urban 83 (87.4) 479 (80.8) Referent NA NA NA
ADGs, mean + SD 10.45 + 3.90 10.36 + 3.42 1.01 (0.95-1.07)  0.805 NA NA
Underlying conditionsq
Asthma 47 (49.5) 218 (36.8) 1.68 (1.09-2.60) 0.019 1.22(0.72-2.07) 0.451
Bronchiectasis 27 (28.4) 142 (23.9) 1.26 (0.78-2.05)  0.347 1.19(0.71-1.99) 0.504
Chronic kidney disease 7(7.4) 133 (5.6) 1.35(0.58-3.15)  0.486 NA NA
COPD 75 (78.9) 387 (65.3) 2.00 (1.19-3.36) 0.009 1.47(0.81-2.66) 0.208
Diabetes mellitus 21 (22.1) 100 (16.9) 1.40 (0.82-2.38) 0.214 NA NA
GERD 21 (22.1) 118 (19.9) 1.14 (0.68-1.93)  0.619 NA NA
Interstitial lung disease 14 (14.7) 67 (11.3) 1.36 (0.73-2.53)  0.335 NA NA
Lung cancer <5(<2.1) 17 (2.9) 0.73(0.17-3.21)  0.676 NA NA
Rheumatoid arthritis <5(<2.1) 25 (4.2) 0.49 (0.11-2.10)  0.335 NA NA
Drug exposure within 1 y#
Short-acting BD 49 (51.6) 271 (45.7) 1.27 (0.82-1.95)  0.287 0.69(0.38-1.26) 0.225
Long-acting BD 52 (54.7) 248 (41.8) 1.68 (1.09-2.60) 0.019 1.16 (0.56-2.39) 0.694
ICS 55 (57.9) 287 (48.4) 1.47 (0.95-2.27) 0.087 0.89(0.42-1.87) 0.754
oCSs 38 (40.0) 130 (21.9) 2.37 (1.51-3.74) <0.001 2.01(1.16-3.50) 0.013
Methylxanthine 9 (9.5) 28 (4.7) 2.11(0.96-4.63) 0.062 1.52(0.64-3.57) 0.340
ED visit/hospitalization for 22 (23.2) 88 (14.8) 1.73(1.02-2.93) 0.042 0.92 (0.48-1.77) 0.799
asthma or COPD within 2 y#
Prior/current home oxygen 12 (12.6) 31(5.2) 2.62(1.30-5.31) 0.007 1.83(0.84-3.98) 0.128
therapy
PFTs within 5 y# 78 (82.1) 416 (70.2) 1.95(1.12-3.39) 0.018 1.52(0.82-2.78) 0.180
Pulmonologist prescriber 55 (57.9) 328 (55.3) 1.11(0.72-1.72)  0.638 1.03 (0.66-1.63) 0.889

*Values are no. (%) except as indicated. According to privacy regulations, values representing <6 persons are reported as <5, and data are presented as
a range of values for categorical variables where back-calculation is possible. ADGs, aggregated diagnostic groups (from the adjusted clinical group case
mix system); BD, bronchodilator; COPD, chronic obstructive pulmonary disease; ED, emergency department; GERD, gastroesophageal reflux disease;
ICS, inhaled corticosteroid; MAC, Mycobacterium avium complex; NA, not applicable; NTM, nontuberculous mycobacteria; OCS, oral corticosteroid; OR,

odds ratio; PD, pulmonary disease; PFTs, pulmonary function tests.

tMacrolide monotherapy was the first antibiotic regimen given after NTM PD diagnosis, and was considered 260 d with no companion drugs of interest.
tVariables were selected for inclusion in the multivariable model a priori, based on clinical relevance.

§Derived from rural index for Ontario group, a measure of rurality designed for Ontario (9).

{Defined according to inpatient and outpatient diagnostic codes in databases of hospital discharges and physicians’ services claims, respectively.
Definitions have been validated for all underlying conditions with the exception of bronchiectasis and interstitial lung disease.

#Before NTM PD diagnosis.

financial coverage for medications, and familiarity with
ATS/IDSA guidelines. Regarding physician specialties, the
proportion of MAC PD patients receiving treatment from
a pulmonologist in our study (57%) was similar to that in
Japan (54%) (6) but higher than that in the European Union
(29%) (6) and in the United States (37%) (5). Pulmonolo-
gists may be more aware of the ATS/IDSA guidelines than
are other specialists. However, pulmonologists in Ontario
(43%) seemed more likely than those in the United States
(18%) to prescribe standard triple therapy for MAC PD
(5), which may result from different patient populations
and medication coverage. We included only adults >66
years of age because this population has comprehensive
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medication coverage. Pulmonologists in the United States
may prescribe nonstandard antimicrobial drug regimens
for patients who do not have prescription drug coverage
because of cost.

In our study, 20% of MAC PD patients who received
treatment were prescribed >60 days of macrolide mono-
therapy, 9% >60 days of macrolide/fluoroquinolone, and
7% >60 days of macrolide/rifamycin therapy. Findings
of studies of physicians in the United States (5) and Ger-
many (27) were similar. These regimens are associated
with development of macrolide resistance (/7,/8); re-
sistance developed in 20% of 59 patients who received
macrolide monotherapy for 4 months compared with 4%
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of 303 patients who received standard triple therapy (/7).
In our study, among 95 MAC PD patients whose initial
regimen was macrolide monotherapy, the mean duration
was 230 days; macrolide/fluoroquinolone and macrolide/
rifamycin regimens were given for similar durations.
Therefore, the regimen duration was long enough to con-
stitute a risk for macrolide resistance.

For some patients, these drugs may have been pre-
scribed for other conditions. This possibility applies es-
pecially to macrolide monotherapy, which may have been
prescribed to treat exacerbations of asthma, COPD, or
bronchiectasis and may not have been prescribed to treat
MAC per se. This possibility is supported by our analyses;
bivariate analysis indicated that presence of asthma and
COPD were associated with receipt of macrolide mono-
therapy versus another regimen. Although bronchiectasis
was not associated with receipt of macrolide monotherapy,
our databases contain no validated bronchiectasis defini-
tion, and the definition we used (1 physician billing claim
or hospitalization with bronchiectasis diagnosis) seems to
be of very low sensitivity, given the small number of pa-
tients with NTM assigned a code for bronchiectasis. Also,
some treatments for asthma/COPD (long-acting broncho-
dilators, oral corticosteroids, home oxygen), as well as
emergency department visits/hospitalizations for asthma/
COPD, were associated with prescription of macrolide
monotherapy. According to multivariable analyses, the
only variable associated with prescription of macrolide
monotherapy was receipt of oral corticosteroids <1 year be-
fore MAC PD diagnosis, which is consistent with the pos-
sibility that macrolide monotherapy was prescribed to pre-
vent asthma/COPD exacerbations. It is possible that some
patients for whom macrolide monotherapy was prescribed
for asthma, COPD, or bronchiectasis did not have clinical
or radiologic findings of MAC PD. However, these patients
did fulfill microbiological criteria for MAC PD and had >1
positive culture within 1 year before filling the prescription.
No data describe the risk of inducing macrolide resistance
in persons with positive sputum cultures who do not meet
full diagnostic criteria for MAC PD. However, the fact that
one fifth of patients in our study who received treatment
and met microbiological criteria for MAC PD received this
regimen for >60 days is concerning. Given the increasing
use of macrolides for asthma, COPD, and bronchiectasis,
further research into the safety of these drugs in patients
with NTM isolation is needed.

Few data exist regarding prescribing patterns for pa-
tients with M. xenopi PD. A retrospective study of 136 pa-
tients in France who had M. xenopi PD meeting full ATS/
IDSA diagnostic criteria found that 59% received treatment
(27) compared with 15% in our study. That study found that
patients’ initial treatment regimens contained an average of 4
drugs among rifamycins (88%), ethambutol (75%), isoniazid
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(66%), clarithromycin (30%), and fluoroquinolones (21%).
In our study, patients received fewer drugs (mean 2.4 + 1.0
SD) and were more likely to receive a macrolide (84%) or
a fluoroquinolone (44%) and less likely to receive a rifa-
mycin (49%), ethambutol (59%), or isoniazid (<4%). The
difference between prescribing patterns for M. xenopi PD
in France versus Ontario may be partially explained by the
periods of the studies (1983-2003 in France vs. 2001-2013
in Ontario); evidence supporting the efficacy of macrolides
for treating M. xenopi infection emerged in the mid-1990s
(28-31). Also, the study in France was not restricted to
older adults and included only patients at 1 of 13 hospitals,
which may have limited them to more severe cases. Another
possible explanation relates to differences in the more geo-
graphically proximal treatment guidelines; the 1999 British
Thoracic Society guidelines recommended treatment with
rifampin and ethambutol £ isoniazid (32), whereas the 1997
and 2007 ATS/IDSA guidelines recommend a regimen of
clarithromycin, rifampin, and ethambutol (4,28), £ isoniazid
+ moxifloxacin (4).

For MAC PD and M. xenopi PD patients who re-
ceived treatment, regimen switches were common (42%
of MAC PD patients underwent >1 regimen switch).
Others have reported similar findings; in 2 case series of
MAC PD patients who received standard triple therapy,
regimens were switched for 46%—71% of patients receiv-
ing daily therapy and 3%-21% of patients receiving in-
termittent therapy (33,34). We did not study daily versus
intermittent therapy and are not able to draw conclusions
regarding tolerability of different drugs or combinations.
However, our finding of frequent regimen switches sug-
gests that drug intolerance was common and may partially
explain the frequent use of regimens not recommended in
treatment guidelines.

Our study has several limitations. We based our defi-
nition of NTM PD on microbiological criteria alone and
therefore probably misclassified some patients as having
true disease, possibly contributing to the observation that
a low proportion of patients received treatment. We de-
fined treatment as >60 days of an antimicrobial drug of
interest being dispensed; this definition may not capture
some patients in whom there was an intent to treat, such
as patients who had medications prescribed but never dis-
pensed and patients who received treatment for NTM PD
but stopped taking the medication in <60 days. Because
we included only adults >66 years of age, our findings
may not apply to younger patients. Last, we were not able
to study the use of clofazimine or injectable aminoglyco-
sides because the relevant information is not contained
in our databases. This omission may have caused us to
erroneously label some patients as having received an in-
appropriate regimen when the regimen was strengthened
by clofazimine or an aminoglycoside. However, because
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clofazimine is not approved for use in Canada and was
difficult to access during the study period, we think that
these patients are probably few.

The use of inhaled amikacin seemed to be rare. We
also excluded patients who met diagnostic criteria for NTM
PD associated with >1 species. The proportion was small,
combined with exclusions for TB amounting to 10.4% for
MAC PD and 11.1% for M. xenopi PD. Given the species
distribution of NTM in Ontario (MAC PD and M. xenopi
PD comprising the overwhelming majority of treated NTM
episodes), the very high similarity between MAC PD and
M. xenopi PD treatments, and our lack of data for intrave-
nous treatments needed to analyze M. abscessus therapy,
we elected to exclude these patients.

In summary, the most commonly prescribed regimen
for MAC PD and M. xenopi PD in Ontario was standard
triple therapy. This finding is somewhat reassuring; how-
ever, a large minority of patients with MAC PD received
regimens that may lead to macrolide resistance. Physicians
who treat patients with NTM PD should take care to fol-
low established treatment guidelines for management of
this condition.
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Pseudomonas aeruginosa is intrinsically resistant to many
antimicrobial drugs, making carbapenems crucial in clini-
cal management. During July—October 2015 in the United
States, we piloted laboratory-based surveillance for car-
bapenem-resistant P. aeruginosa (CRPA) at sentinel facili-
ties in Georgia, New Mexico, Oregon, and Tennessee, and
population-based surveillance in Monroe County, NY. An
incident case was the first P. aeruginosa isolate resistant to
antipseudomonal carbapenems from a patient in a 30-day
period from any source except the nares, rectum or perirec-
tal area, or feces. We found 294 incident cases among 274
patients. Cases were most commonly identified from respi-
ratory sites (120/294; 40.8%) and urine (111/294; 37.8%);
most (223/280; 79.6%) occurred in patients with healthcare
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facility inpatient stays in the prior year. Genes encoding car-
bapenemases were identified in 3 (2.3%) of 129 isolates
tested. The burden of CRPA was high at facilities under sur-
veillance, but carbapenemase-producing CRPA were rare.

Pseudomonas aeruginosa is an opportunistic pathogen
that causes an estimated 51,000 healthcare-associated
infections (HAI) in the United States annually and was
the third most common gram-negative cause of selected
HALI reported to the National Healthcare Safety Network
(NHSN) during 2011-2014 (/,2). Infections caused by P.
aeruginosa are associated with substantial morbidity and
mortality rates; a recent study of bloodstream infections
showed that patients with a Pseudomonas bloodstream in-
fection had a higher mortality rate than patients with infec-
tions caused by members of Enterobacteriaceae or other
non-lactose fermenting gram-negative bacilli (3). Infec-
tions with P. aeruginosa are often challenging to treat be-
cause of its intrinsic nonsusceptibility to many commonly
used antimicrobial drugs; =13% of isolates causing HAI
are multidrug resistant (MDR) (2). For these reasons, car-
bapenems have become important antimicrobial drugs for
clinical management of serious P. aeruginosa infections.

Carbapenem resistance among Pseudomonas spp. is a
concern; in 2014, 19.1% of P. aeruginosa associated with
selected HAI and reported to the NHSN were not suscep-
tible to carbapenems (4). Although this proportion has
remained stable since 2009 (/,5), some reports have sug-
gested recent increases in the prevalence of carbapenem-
resistant P. aeruginosa (CRPA) among certain subpopula-
tions, including children (6).

Carbapenem resistance in P. aeruginosa is due pri-
marily to chromosomal mutations that alter porins, modify
efflux pump activity, and derepress intrinsic 3-lactamases.
However, carbapenemase genes, commonly carried on
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mobile genetic elements, have the potential for rapid dis-
semination. A study of isolates from 14 countries in Eu-
rope showed that the prevalence of metallo-p-lactamase
(MBL)—producing P. aeruginosa increased from 12.3% in
2010 to 30.6% in 2011 (7).

In the United States, carbapenemase-producing
CRPA (CP-CRPA) was first reported in 2001 in an iso-
late producing the Verona Integron Mediated (VIM) MBL
from a cancer patient in Texas (§). CP-CRPA express-
ing the Klebsiella pneumoniae carbapenemase (KPC) (9),
the active-on-imipenem (IMP) MBL (/0,/1), and New
Delhi MBL (NDM) have also been identified (/0,/2,13),
and healthcare-associated outbreaks of VIM-producing
CRPA have occurred (/4). Recent data from a conve-
nience sample of CRPA tested through the Antibiotic Re-
sistance Laboratory Network found that 1.9% of isolates
produced a carbapenemase (15).

To date, the epidemiology of CRPA in the United
States has not been systematically evaluated. Through the
Centers for Disease Control and Prevention (CDC) Emerg-
ing Infections Program, we piloted surveillance for CRPA
in 5 US metropolitan areas with the objective of develop-
ing a laboratory-based surveillance system to describe the
epidemiology of CRPA.

Methods

During July 1-October 31, 2015, we performed sentinel
surveillance for CRPA in Georgia (2 laboratories serv-
ing 3 acute care hospitals and multiple outpatient clinics),
New Mexico (1 commercial laboratory serving the 3 larg-
est healthcare systems in the state, including the regional
cystic fibrosis [CF] referral center), Oregon (1 laboratory
serving 8 acute care hospitals, multiple long-term care
facilities, and >100 outpatient and specialty clinics), and
Tennessee (2 laboratories serving 17 inpatient or residen-
tial facilities, including short-stay and long-term acute care
hospitals and long-term care facilities, and 70 outpatient
clinics). We conducted population-based surveillance in
Monroe County, NY, which is served by 3 clinical labo-
ratories. Laboratories that serve CF care centers were not
recruited in Georgia, Oregon, or Tennessee.

We defined a CRPA case as isolation of P. aeruginosa
resistant to >1 carbapenems with antipseudomonal activity
(doripenem, imipenem, or meropenem) from any specimen
source except the nares, rectum or perirectal area, or feces,
because these excluded sources often represent surveillance
rather than clinical cultures. We defined carbapenem resis-
tance as MIC >8 pg/mL or zone diameter <15 mm using
the results from the local clinical laboratory’s primary anti-
microbial drug testing methodology. Cases were identified
through monthly queries of the automated testing instruments
of participating laboratories for CRPA isolates; laboratories
performing testing using the Kirby-Bauer disk diffusion
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method were asked to query the Laboratory Information
System. To determine the percentage of P. aeruginosa resis-
tant to carbapenems, we divided the number of CRPA by the
total number of unique P. aeruginosa isolates from partici-
pating laboratories during the surveillance period.

We classified a patient’s first CRPA case in a 30-day
period as incident. For incident cases, we completed a case
report form documenting patient characteristics, healthcare
exposures, and provider-determined diagnoses through re-
view of available medical records. If a patient had CRPA
isolated from >1 specimen source at the time of incident
culture, we classified their case as a single incident case
from multiple specimen sources. We classified cases as
healthcare-associated if the incident culture was collected
from inpatients after hospital day 3 or from patients with a
history of hospitalization, surgery, or residence in a long-
term care facility during the previous year; an indwelling
device in the previous 7 days; or chronic dialysis at the time
of assessment. If none of these risk factors were present,
we classified cases as community-associated. Death within
30 days of incident culture collection was determined by
searching vital records for death certificates matching pa-
tient name, date of birth, and sex.

We calculated a Charlson Comorbidity Index score us-
ing underlying conditions abstracted from the medical record
(16,17). We classified cases as associated with urinary tract
infection if the urine sample was positive for >10° CFU/mL P.
aeruginosa and if signs and symptoms consistent with urinary
tract infection (UTI) were documented. We classified cases
from lower respiratory tract specimens or with physician-di-
agnosed pneumonia as associated with pneumonia if all 3 of
the following criteria were met: radiologic evidence of pneu-
monia from the chest image obtained closest to the culture col-
lection and <2 calendar days before or after the day of culture
collection; documentation of fever, leukocytosis, leukopenia,
or, in persons >70 years of age, altered mental status; and
documentation of >2 of the following: changes in character of
sputum or increased respiratory secretions; new onset or wors-
ening cough, dyspnea, or tachypnea; rales or bronchial breath
sounds; and worsening gas exchange. We defined isolates as
MBDR using the clinical laboratory antimicrobial susceptibility
testing results and a consensus definition (/8).

Each site was asked to submit to CDC a convenience
sample of <40 CRPA isolates from incident cases; we ex-
cluded isolates from CF patients. At CDC, we tested iso-
lates for antimicrobial susceptibility by reference broth
microdilution and screened them for carbapenemase ac-
tivity by CarbaNP according to Clinical and Laboratory
Standards Institute guidelines (/9). We used the carbape-
nem inactivation method (CIM) to test isolates that were
positive by CarbaNP and screened for the presence of
carbapenemase-encoding genes (bla, ., ., bla and bla

KpPC? NDM” K VIM)
by PCR. We performed whole-genome sequencing on all
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isolates using HiSeq (Illumina, https://www.illumina.com;
2 x 100-bp paired-end chemistry). We screened sequences
for the presence of antimicrobial resistance genes, includ-
ing carbapenemase genes and plasmid-mediated colistin
resistance genes (mcr-1, mcr-1.2, and mcr-2) using Res-
Finder (20) and used the P. aeruginosa multilocus sequence
type (MLST) database (https://pubmlst.org/paeruginosa) to
identify strain types. We performed long-read sequencing
on isolates harboring carbapenemase genes using RSII (Pa-
cific Biosciences, https://www.pacb.com) and submitted
raw sequencing reads under BioProject ID PRINA483044.

We analyzed data using SAS version 9.3 (SAS Insti-
tute Inc., https://www.sas.com). We calculated crude inci-
dence as the number of cases per 100,000 population, on
the basis of the 2015 US Census population for Monroe
County. We determined 95% Cls using Poisson regression.
We assessed differences in frequency using the y? test or
Fisher exact test for small cell sizes; we considered p<0.05
in a 2-tailed test statistically significant.

The human subjects advisors in the National Center
for Emerging and Zoonotic Infectious Diseases at CDC re-
viewed this activity. The advisors determined that the ac-
tivity constituted public health surveillance.

Results
During July—October 2015, we identified 384 (9.1%)
CRPA cases among 4,243 P. aeruginosa isolates (Table 1).
The percentage that were carbapenem resistant ranged from
4.6% (26/560) at the Oregon site to 12.0% (68/566) at the
Georgia site. During this period, we determined 294 inci-
dent cases from 274 unique patients; 14 (5.1%) patients had
2 incident cases and 3 (1.1%) had 3 incident cases. Among
the sentinel sites, New Mexico (n = 85) and Tennessee (n =
79) had the most incident cases. In Monroe County, where
we conducted population-based surveillance, we identified
60 incident cases, resulting in an overall crude incidence
per 100,000 population of 8.02 (95% CI 6.23-10.33) for
the 4-month period.

The 274 unique patients had a median age of 66 years
(range <1 year to >89 years), and 114 (41.6%) were female
(Table 2). Among the 226 patients with race recorded in
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the medical record, 181 (80.1%) were white. We completed
case report forms for 281 (95.6%) incident cases; of those,
263 (96.0%) patients had a case report form completed for
>1 incident case. Patients had a median Charlson Comor-
bidity Index score of 2 (range 0—14); the most frequently
reported underlying conditions were chronic obstructive
pulmonary disease (n = 95; 36.3%) and diabetes (n = 90;
34.4%). Six (2.3%) patients had no underlying conditions.

Cultures were collected in an acute care setting for
158 (53.9%) incident cases; among these, 132 (83.5%)
were from a short-stay acute-care hospital and 26 (16.5%)
were from a long-term acute-care hospital. Cultures were
collected outside of acute-care settings for 135 (46.1%)
incident cases, of which most were collected in outpatient
settings (n = 83; 61.5%), followed by emergency depart-
ments (n = 33; 24.4%) and long-term care facilities (n =
19; 14.1%). Normally sterile sites were the source for 21
(7.1%) incident cases; among 273 cases associated only
with nonsterile sites, the most frequent sources were re-
spiratory specimens (n = 120; 44.0%) and urine (n=111;
40.7%) (Table 3). The provider-diagnosed infections most
frequently associated with the incident culture were UTI
(n = 85; 31.7%) and pneumonia (n = 78; 29.1%). Among
76 patients with provider-diagnosed UTI, 17 (22.4%)
met our criteria for UTI, and 6 (8.1%) of 74 patients with
provider-diagnosed pneumonia met our pneumonia crite-
ria. No provider-diagnosed infection was recorded for 35
(13.1%) cases.

Among 280 incident cases with patient healthcare ex-
posure history available, 257 (91.8%) were healthcare as-
sociated and 23 (8.2%) were community associated (Table
3). The most common healthcare risk factors were acute-
care hospitalization in the year before collection of the
incident culture, reported for 83.0% (205/247) of cases,
and presence of an indwelling device in the 7 days before
culture collection, reported for 194 (69.3%) cases. Of 155
cases that occurred in hospitalized patients and had infor-
mation available, 101 (65.2%) had received intravenous
or oral antimicrobial drugs in the 14 days before culture
collection; of those, 83 (82.2%) had received >1 B-lactam
antimicrobial drug.

Table 1. Carbapenem-resistant Pseudomonas aeruginosa isolates identified through Emerging Infections Program sites, United

States, July—October 2015*

No. carbapenem-resistant P. Total no. P. aeruginosa No. incident
Site aeruginosa isolates isolates % Carbapenem resistant casest
Georgia 68 566 12.0 49
Tennessee 91 890 10.2 79
New Mexico 116 1,295 9.0 85
New Yorkt 83 932 8.9 60
Oregon 26 560 4.6 21
Total 384 4,243 9.1 294

*Isolates are P. aeruginosa isolated from any specimen source except nares, rectum, perirectal area, or feces; carbapenem-resistant P. aeruginosa are
isolates resistant to >1 carbapenem with anti-pseudomonal activity (doripenem, imipenem, or meropenem).

tIncident case defined as first carbapenem-resistant P. aeruginosa case in a patient in a 30-day period.

FCases in New York were identified through population-based surveillance; all other sites performed sentinel surveillance.
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Hospitalization at the time of culture collection or in
the following 30 days occurred in 61.8% (173/280) of inci-
dent cases. Of 121 cases in hospitalized patients who were
not in the ICU before their positive culture, 31 (25.6%)
were admitted to the ICU on the day of culture collec-
tion or in the following 7 days. The patient died within 30
days of incident culture collection in 34 (12.1%) of 281
cases with information available. Univariate analysis did
not show a difference in death rate among patients with
incident cases from sterile sites (2/16, 12.5%) compared
with those from nonsterile sites (31/258, 12.0%; p = 1.0).

Antimicrobial susceptibility testing at the local clinical
laboratory showed that most isolates remained susceptible
to >1 aminoglycoside (246/276; 89.1%); of note, nearly two

Table 2. Carbapenem-resistant Pseudomonas aeruginosa
patient demographics and clinical characteristics, United States,
July—October 2015*

Characteristic Value
Patient demographics N =274
Sex
F 114 (41.6)
M 160 (58.4)
Median age, y (range) 66 (<1-98)
Age group, y
0-18 9 (3.3)
19-49 57 (20.8)
50-64 67 (24.5)
65-79 91 (33.2)
>80 50 (18.2)
White ethnicity 181/226 (80.1)
Underlying clinical conditionst N =262
None 6 (2.3)
Chronic obstructive pulmonary disease 95 (36.3)
Diabetes 90 (34.4)
Chronic renal insufficiency 59 (22.5)
Decubitus ulcer 55 (21.0)
Congestive heart failure 51 (19.5)
Neurologic problems 49 (18.7)
Urinary tract problems/abnormalities 49 (18.7)
Obesity 44 (16.8)
Stroke 40 (15.3)
Dementia 37 (14.1)
Hemiplegia/paraplegia 35(13.4)
Chronic skin breakdown 29 (11.1)
Prolonged surgical wound 15 (51.7)
Burn 1(3.4)
Other type of chronic skin breakdown 14 (48.3)
Peripheral vascular disease 27 (10.3)
Solid tumor (nonmetastatic) 27 (10.3)
Other underlying conditionst 125 (47.7)
Median CCI score (range) 2 (0-14)

*Values are no. (%) patients except as indicated. For patients with >1
incident case, demographics and clinical characteristics reflect those
reported at the time of first incident case. CCI, Charlson Comorbidity
Index.

tTotal number of patients with a completed case report form and
information available for underlying conditions.

FUnderlying conditions reported for <10% of patients are included in the
other underlying conditions category: current smoker (n = 23), myocardial
infarct (n = 18), metastatic solid tumor (n = 13), alcohol abuse (n = 10),
chronic liver disease (n = 10), transplant recipient (n = 9), connective
tissue disease (n = 8), chronic bronchiectasis (n = 6), liver failure (n = 6),
hematologic malignancy (n = 5), spina bifida (n = 5), cystic fibrosis (n = 4),
inflammatory bowel di /Crohn’s di (n = 3), peptic ulcer disease
(n=3), HIV (n = 1), and intravenous drug user (n = 1).
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thirds (181/275; 65.8%) were susceptible to ceftazidime or
cefepime (Table 4). Isolates from 181 (67.5%) of 268 cases
were MDR. For all antimicrobial drugs, the percentage
susceptible was higher among isolates from community-
associated cases than among isolates from healthcare-as-
sociated cases, even though the difference was not statis-
tically significant for amikacin, ceftazidime, levofloxacin,
or tobramycin (Table 4). Similarly, 167 (71.4%) of 234
healthcare-associated cases were MDR, compared with 4
(20.0%) of 20 community-associated cases (p<0.01).

Of'the 129 isolates from incident cases in Georgia (n =
23), New Mexico (n = 26), New York (n = 25), Oregon (n
=20), and Tennessee (n = 35) submitted to CDC for further
characterization, 106 (82.2%) were carbapenem-resistant
by reference broth microdilution antimicrobial susceptibil-
ity testing. Five (3.9%) isolates showed carbapenemase ac-
tivity by CarbaNP; among these, bla,,,, , and bla,,  were
each identified in 1 isolate. One other isolate had a puta-
tive carbapenemase gene that encodes a protein with 90%
amino acid identity to Hamburg MBL (HMB) 1, recently
identified in a P. aeruginosa isolate in Germany (27); we
called this homologue HMB-2 (Table 5). Of note, bla
and bla,,,, , were located on the chromosome; bla,,, , was
part of a Class 1 integron with 5 resistance gene cassettes,
and bla,, . , was located on a unique transposon similar to
Tn3. The bla,,, . gene was localized to a Class 1 integron
on a plasmid with an unknown plasmid replicon type and
lacking sequence similarity to plasmid sequences in pub-
licly available databases. The patients with CRPA express-
ing VIM-2 or IMP-18 had documented prior healthcare
exposure in the United States and no known international
travel; the patient with HMB-2 was a traveler from Mexico.
Two isolates that exhibited weak carbapenemase activity
by CarbaNP but were negative for carbapenemase produc-
tion by CIM did not harbor genes encoding any known or
putative carbapenemases based on PCR and whole-genome
sequencing analyses.

One of the 129 isolates was determined to be resistant
to colistin by reference broth microdilution, but we iden-
tified no mcr genes; the isolate was susceptible to piper-
acillin/tazobactam, ceftazidime, cefepime, and aztreonam.
Thirty-five isolates that were resistant to ceftazidime or
harbored a carbapenemase gene were tested for susceptibil-
ity to ceftazidime/avibactam and ceftolozane/tazobactam;
24 (68.6%) were susceptible to ceftazidime/avibactam and
28 (80.0%) to ceftolozane/tazobactam (/9). Among 128 se-
quenced isolates, 16 isolates did not match a sequence type
(ST) in the database, and 45 unique STs were identified.
The most common were ST235 (n=13; 11.8%); ST298 (n
=10; 9.1%); and ST27, ST111, and ST395 (n = 6 for each;
5.5%). ST235, which has been associated with plasmid-
mediated carbapenemases and rapid expansion, was the
only ST identified in >1 isolate from each surveillance site.

VIM-2
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All ST235 isolates were healthcare associated, and 11/13
(84.6%) were MDR.

Discussion

During this 4-month surveillance pilot, we identified 384
cases of CRPA across 9 clinical labs performing surveil-
lance; 294 were incident cases. Although 9% of P. aerugi-
nosa isolates from these sites were carbapenem-resistant,
only 2% of CRPA isolates tested had an identified car-
bapenemase, suggesting that these resistance mechanisms
are rare in P. aeruginosa at the surveillance sites. Nearly
one third of CRPA were not MDR, and more than half ap-
peared susceptible to ceftazidime or cefepime, according to
current Clinical and Laboratory Standards Institute break-
points. Although nearly half of cases were from specimens
collected outside of acute-care settings (outpatient clinics,
emergency departments, and long-term care facilities),

Carbapenem-Resistant Pseudomonas aeruginosa, USA

92% of patients had healthcare exposures before their posi-
tive culture, and 98% had >1 underlying condition, indicat-
ing that CRPA remains primarily a healthcare-associated
pathogen affecting persons with serious medical issues.

CRPA is an opportunistic pathogen and was identified
primarily in persons with underlying conditions, such as
chronic obstructive pulmonary disease and diabetes. Al-
though CRPA is frequently associated with CF, we identi-
fied a low number of CF patients, likely because the sur-
veillance pilot was not optimally designed to capture cases
from CF patients at sentinel sites. Community-associated
cases were rare, comprising only 8% of identified CRPA
cases, and some of these community-associated cases
might represent misclassification due to limited documen-
tation of previous medical encounters.

The overall crude mortality rate was substantial at 12%
but lower than in a single-center study of CRPA bloodstream

Table 3. Culture source, provider-reported infection type, and prior healthcare risk factors in incident carbapenem-resistant

Pseudomonas aeruginosa cases, United States, July—October 2015

Characteristic

No. (%) cases

Culture source N =294
Any sterile site* 21(7.1)
Blood 10 (47.6)
Internal abscess 7 (33.3)
Pericardial fluid 1(4.8)
Peritoneal fluid 1(4.8)
Joint/synovial fluid 1(4.8)
Other normally sterile sites 1(4.8)
Nonsterile sitet 273 (92.9)
Respiratoryt 120 (44.0)
Urine 111 (40.7)
Wound 35(12.8)
Other nonsterile sites 9(3.3)
Infection type§ N =268
Urinary tract infection 85 (31.7)
Pneumonia 78 (29.1)
Septic shock 20 (7.5)
Bacteremia 20 (7.5)
Internal abscess 11 (4.5)
Other infection typesq 57 (21.3)
>1 Infection type 38 (14.2)
No infection 35(13.1)
Risk factors
Any healthcare exposure, n = 280# 257 (91.8)
Indwelling device placed <7 d before culture, n = 280 194 (69.3)
Surgery in prior year, n = 280 111 (39.6)
Long-term care facility resident in prior year, n = 280 84 (30.0)
Culture collected after hospital day 3, n = 280 64 (22.9)
Long-term acute care hospitalization in prior year, n = 280 40 (14.3)
Current chronic dialysis, n = 280 29 (10.4)
Hospitalization in prior year, n = 247 205 (83.0)
Antimicrobial drug <14 d before culture collection, n = 155** 101 (65.2)

*Includes 5 cases with CRPA from both sterile and nonsterile sites collected at time of incident culture (1 blood and tracheal aspirate; 1 blood and

catheter tip; 1 blood and urine; 1 internal abscess and sputum; 1 pericardial fluid and wound).

tTotal number of nonsterile sites is >273 because 2 case-patients had CRPA in multiple nonsterile sites at time of incident culture (1 sputum and tracheal
aspirate; 1 urine and tracheal aspirate).

FIncludes sputum (n = 70), tracheal aspirate (n = 38), and bronchoalveolar lavage (n = 12).

§Total number of incident cases with completed case report form, excluding 13 cases with unknown infections.

{IOther infection types include the following: cellulitis (n = 9), decubitus/pressure ulcer (n = 7), chronic ulcer/wound (n = 6), bronchitis (n = 6), osteomyelitis
(n = 6), surgical incision infection (n = 4), infection, not specified (n = 3), upper respiratory tract infection (n = 3), pyelonephritis (n = 2), cystic fibrosis
exacerbation (n = 2), surgical site infection (n = 2), catheter site infection (n = 1), peritonitis (n = 1), skin abscess (n = 1), empyema (n = 1), septic arthritis
(n = 1), wound (n = 1), other infection (n = 1).

#Total number of incident cases with completed case report form, excluding 1 case with unknown healthcare risk factors.

**Total number of incident cases with completed case report form and their culture collected in a short-stay or long-term acute care hospital.
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Table 4. Antimicrobial susceptibility of carbapenem-resistant Pseudomonas aeruginosa isolates from incident cases based on testing
at local clinical laboratory, by epidemiologic classification, United States, July—October 2015*

No. susceptible/total no.

Antimicrobial agent tested (%)

Epidemiologic classification, no. susceptible/
total no. tested (%)*

Healthcare-associated  Community-associated p value

Cephalosporins

Any cephalosporin 181/275 (65.8) 153/241 (63.5) 18/21 (85.7) 0.04

Ceftazidime 101/151 (66.9) 89/136 (65.4) 6/6 (100) 0.181

Cefepime 146/273 (53.5) 120/239 (50.2) 17/21 (81.0) 0.01
Aminoglycosides

Any aminoglycoside 246/276 (89.1) 212/241 (88.0) 21/21 (100) 0.141

Amikacin 203/237 (85.7) 179/213 (84.0) 17/17 (100) 0.081

Gentamicin 162/268 (60.5) 134/234 (57.3) 17/20 (85.0) 0.02

Tobramycin 118/180 (65.6) 104/164 (63.4) 7/7 (100) 0.101
Fluoroquinolones

Any fluoroquinolone 96/274 (35.0) 74/240 (30.8) 16/20 (80.0) <0.01

Ciprofloxacin 93/266 (35.0) 71/233 (30.5) 16/19 (84.2) <0.01

Levofloxacin 29/142 (20.4) 23/128 (18.0) 3/5 (60.0) 0.05t
Other antimicrobials

Aztreonam 63/168 (37.5) 46/146 (31.5) 12/15 (80.0) <0.01

Piperacillin/tazobactam 134/266 (50.4) 106/231 (45.9) 19/21 (90.5) <0.01
Resistance No. multidrug-resistant/total no. tested (%)

Multidrug-resistant isolates} 181/268 (67.5) 167/234 (71.4) 4/20 (20.0) <0.01

*Antimicrobial susceptibilities by epidemiologic classification are restricted to the 281 incident cases with a completed case report form. Healthcare-
associated is defined as a case with >1 healthcare risk factor reported; community-associated is defined as a case with no healthcare risk factors

reported.
1By Fisher exact test.

IDefined as an isolate resistant to 1 carbapenem (doripenem, imipenem, meropenem) and nonsusceptible to >1 antimicrobial drug in >2 of the following
classes: cephalosporin (ceftazidime, cefepime), aminoglycoside (amikacin, gentamicin, tobramycin), fluoroquinolone (ciprofloxacin, levofloxacin),
B-lactamase inhibitor combination (piperacillin-tazobactam), and monobactam (aztreonam).

infections, in which 30-day mortality rate was 30% (22).
The difference could be due to the inclusion of nonsterile
sites in our surveillance case definition, which might not
represent true infections; however, mortality rates did not
differ between patients with isolates from sterile sites and
patients with only non-sterile site isolates. Although the
crude mortality rate was similar to the rate observed in pop-
ulation-based surveillance for CRE (9.0%) and lower than
for carbapenem-resistant Acinetobacter baumannii (17.9%)
(23,24), these comparisons do not account for differences in
culture sources and could reflect biases at the sentinel labo-
ratories included in this pilot. Population-based surveillance
in the same catchment areas is needed to further explore
differences in mortality rates associated with carbapenem-
resistant gram-negative rods.

A known or putative carbapenemase was only identi-
fied in 2.3% of isolates tested. The IMP-18— and VIM-2—

producing isolates were both from the New Mexico senti-
nel site, where they accounted for 7.7% of isolates tested.
P. aeruginosa with IMP-18 was previously identified in a
motorcycle accident victim from the southwestern United
States (/0); the only additional reports of P. aeruginosa
with IMP-18 have been 1 case in a patient in Mexico (25)
and in multiple clinical isolates from hospitals in Puerto
Rico (11). P. aeruginosa expressing VIM-2 has been as-
sociated with sporadic cases in the United States and with
outbreaks among acutely ill patients at healthcare facili-
ties in Illinois (/4) and Florida (CDC, unpub. data). The
patients with P. aeruginosa expressing VIM-2 or IMP-18
in this surveillance both had documented prior healthcare
exposure in the United States but not elsewhere, raising
concern for undetected transmission of CP-CRPA in US
healthcare facilities. bla,,,, , is identical to a gene found in
a P. aeruginosa isolate from a military medical facility in

Table 5. Characteristics of carbapenemase-producing isolates of carbapenem-resistant Pseudomonas aeruginosa from incident

cases, United States, July—October 2015

Isolate Carbapenemase gene
no. Site Carbapenemase location ST Antimicrobial resistance pattern*
1 New Mexico IMP-18 Plasmid ST179  AMK, CAZ, CAZ/AVI, CIP, DOR, FEP, GEN, IMI,
LEV, MER, CEF/TAZ, TOB
2 New Mexico VIM-2 Chromosomal ST308 CAZ,t CAZ/AVI, CIP, DOR, GEN, IMI, LEV,
MER, CEF/TAZ, TOB
3 Tennessee HMB-2 Chromosomal ST235 AMK, CAZ, CAZ/AVI, CIP, DOR, FEP, GEN,

LEV, MER, PIP/TAZ, CEF/TAZ, TOB

*Resistance pattern based on reference broth microdilution testing using 2019 Clinical and Laboratory Standards Institute interpretative criteria. AMK,
amikacin; CAZ, ceftazidime; CAZ/AVI, ceftazidime/avibactam; CEF/TAZ, ceftolozane-tazobactam; CIP, ciprofloxacin; DOR, doripenem; FEP, cefepime;
GEN, gentamicin; HMB, Hamburg metallo-B-lactamase; IMI, imipenem; IMP, active-on-imipenem; LEV, levofloxacin; MER, meropenem; PIP/TAZ,
piperacillin/tazobactam; ST, sequence type; TOB, tobramycin; VIM, Verona integron mediated.

TIntermediate antimicrobial susceptibility.
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San Antonio (GenBank accession no. KYO71936.1); iden-
tification of this novel carbapenemase gene highlights the
importance of combining phenotypic testing for carbapen-
emase activity with whole-genome sequencing analysis to
identify new resistance mechanisms.

Although we found drug susceptibilities similar to
those reported in previous studies of CRPA in the Unit-
ed States (20), it is nevertheless notable that only 68%
of CRPA identified through this surveillance were MDR,
including 71% of healthcare-associated cases. Moreover,
89% of isolates remained susceptible to >1 aminoglyco-
side, whereas two thirds were susceptible to ceftazidime
or cefepime. This high proportion of non-MDR isolates,
in combination with the low proportion of carbapenemase
producers, suggests that most carbapenem resistance is
conferred by other mechanisms, such as mutation of the
porin D gene oprD; changes in efflux pump expression; or
inducible or mutational changes in expression of intrinsic,
chromosomally encoded B-lactamases, such as AmpC.

This evaluation is subject to several limitations. First,
our data are from a 4-month pilot study of 5 sites, 4 of
which conducted sentinel surveillance. Although sentinel
sites were primarily laboratories with diverse catchments,
some settings, such as long-term care and outpatient clin-
ics, might be underrepresented. At 3 sites, laboratories
serving CF centers were not enrolled, which may have
inadvertently skewed our catchment away from large aca-
demic medical centers that often care for the most acutely
ill patients. For these reasons, the results cannot be gener-
alized to the metropolitan areas in which the sentinel labo-
ratories were located. Second, some of the cases identi-
fied probably represent colonization and not true infection.
However, pneumonia, skin and soft tissue infections, and
UTTIs are common syndromes caused by CRPA, and there-
fore it was important that we include isolates from sources
that could represent these infections. To provide context
about the clinical relevance of isolates from these sites, we
abstracted information from the medical records to deter-
mine whether infection was diagnosed by a physician; we
also applied surveillance definitions for pneumonia and
UTIs. However, both of these methods are imperfect for
differentiating true infection from colonization. UTI and
pneumonia definitions were designed to be specific but
might have limited sensitivity. Finally, we were able to
collect and test only 44% of isolates from incident cases.
Because carbapenemase-producing P. aeruginosa appear
to be rare in the United States, the small sample limited our
ability to precisely characterize carbapenemase-production
among CRPA.

This surveillance pilot provides a snapshot of the epi-
demiology of CRPA at 5 US sites and shows a large burden
of CRPA that occurs primarily among persons with under-
lying conditions and recent exposure to healthcare. The
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CRPA we identified displayed varied antimicrobial sus-
ceptibilities, ranging from extensively drug-resistant to re-
sistant only to carbapenems, and whole-genome sequence
analysis indicates that the CRPA population at these sites is
diverse. Carbapenemase production was rare in the isolates
tested, and because of the high burden of CRPA, a more
specific phenotypic definition might be needed for more
targeted identification of carbapenemase-producing iso-
lates. Based on findings from this pilot study, the Emerging
Infections Program began population-based surveillance at
8 US sites in August 2016 to better describe the epidemi-
ology of CRPA and monitor changes in the incidence of
CRPA and carbapenemase-producing strains.
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Added Value of Comprehensive
Program to Provide Universal
Access to Care for Sputum
Smear—-Negative Drug-Resistant
Tuberculosis, China

Fei Huang, Susan van den Hof, Yan Qu, You Li, Hui Zhang, Lixia Wang, Miaomiao Sun, Wei Lu,
Shuangyi Hou, Tianhua Zhang, Shitong Huan, Daniel P. Chin, Frank Cobelens

The increase in drug-resistant tuberculosis in China calls
for scaling up rapid diagnosis. We evaluated introduction of
rapid resistance testing by line-probe assay for all patients
with a diagnosis of pulmonary tuberculosis in 2 prefectures
in middle and eastern China. We analyzed sputum samples
for smear-positive patients and cultures for smear-negative
patients. We used a before—after comparison of baseline and
intervention periods (12 months each) and analyzed data for
5,222 baseline period patients and 4,364 intervention period
patients. The number of patients with rifampin resistance in-
creased from 30 in the baseline period to 97 in the interven-
tion period for smear-positive patients and from 0 to 13 for
smear-negative patients, reflecting a low proportion of posi-
tive cultures (410/2,844, 14.4%). Expanding rapid testing for
drug resistance for smear-positive patients resulted in a 3-fold
increase in patients with diagnoses of rifampin-resistant tu-
berculosis. However, testing smear-negative patients had
limited added value because of a low culture-positive rate.

rug-resistant tuberculosis (TB) poses a major threat
to TB control and elimination (/). China, where an
estimated 73,000 patients showed development of
rifampin-resistant TB (which requires longer and more
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toxic second-line treatment) during 2017, contains 13% of
new cases of rifampin-resistant TB worldwide (2). Howev-
er, of the 778,390 TB patients reported in 2017, only 14%
were tested for drug resistance. Only 13,069 patients were
reported to have rifampin-resistant TB, leaving >80% of
cases undetected.

Recognizing the threat of rifampin-resistant TB, the
Chinese Ministry of Health and the Bill & Melinda Gates
Foundation have collaborated since 2009 to develop an im-
proved TB control program to expand access to diagnosis,
quality treatment, and affordable treatment for rifampin-
resistant TB (3). In the first phase of the program dur-
ing 20092011, pilot studies were conducted in 4 cities.
In each city, 1 hospital was designated for diagnosis and
treatment of rifampin-resistant TB and equipped with the
Genechip line-probe assay (LPA; CapitaBio, http://www.
capitalbiotech.com) for rapid molecular testing for isonia-
zid and rifampin resistance for all patients given a diag-
nosis of smear-positive pulmonary TB, rather than only
those for whom rifampin-resistant TB was suspected (pre-
sumptive rifampin-resistant TB). In addition, collaborative
mechanisms between the hospital, the local Center for Dis-
ease Control (CDC), and community health centers were
set up to avoid loss of patients, specimens, and informa-
tion as patients moved among these facilities. These pilot
studies showed a 10-fold increased number of diagnoses of
rifampin-resistant TB, a decrease in time from resistance
testing to initiation of second-line treatment (by 90%), and
an increased retention in treatment by 6 months, from 8%
to 80% (3).

The Genechip LPA and the World Health Organiza-
tion—endorsed GenoType MTBDRplus LPA (Bruker-Hain
Lifesciences, https://www.hain-lifescience.de) were ap-
proved only for smear-positive sputum samples and culture
isolates at the time of this study. A systematic review (3,451
samples in 4 datasets) of LPA performance for detecting TB
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showed a pooled sensitivity of 94% on smear-positive sam-
ples but only 44% on smear-negative samples (4). Because
sputum cultures were not routinely performed in China,
rapid resistance testing in the first phase of the program was
limited to smear-positive TB patients.

In China, most (68% in 2017) reported patients with
pulmonary TB are smear negative and given treatment
without bacteriological confirmation and drug resistance
testing. Therefore, China introduced a policy to scale up
mycobacterial culture and rapid resistance testing. Its Na-
tional TB Control Plan for 2016-2020, issued in February
2017, set targets of bacteriological confirmation for >50%
of all reported patients with pulmonary TB and drug resis-
tance screening for >95% of all patients with pulmonary
TB at high risk for rifampin-resistant TB (5). In 2017, only
32% of TB cases in China were bacteriologically con-
firmed, 14% of pulmonary TB cases were tested for drug
resistance, and 18% of estimated rifampin-resistant TB
cases were diagnosed. The second phase of the program
during 2012-2015 piloted a policy of adding sputum cul-
ture and LPA-based resistance testing of culture isolates to
the diagnostic algorithm for smear-negative patients with
pulmonary TB.

An alternative to culture and LPA testing might have
been Xpert MTB/RIF (http://www.cepheid.com), an au-
tomated within-cartridge molecular assay, which tests for
Mycobacterium tuberculosis and rifampin resistance and
has been recommended by the World Health Organization
as the primary diagnostic test for pulmonary TB where it
can be afforded (6,7). Xpert can be used directly for smear-
positive and smear-negative samples, and showed a pooled
sensitivity similar to that for solid media culture (89%)
when used as an initial test, but a lower sensitivity (67%)
when used as an add-on test for smear-negative samples
(6,8). Moreover, the sensitivity and specificity of Xpert
MTB/RIF for detecting rifampin resistance are high and
similar to that for LPAs (9), although it does not detect
isoniazid resistance (/0). However, because Xpert MTB/
RIF has not yet been approved in China for case detec-
tion, it was not included as an alternative test in the study.
Also, because the price for end-users is high (/7), its scale-
up as a first-line test in the TB and rifampin-resistant TB
algorithm was considered less affordable than scaling up
culture and LPAs.

In this study, we established the added value of ex-
panding the diagnostic algorithm for diagnosis and treating
bacteriologically confirmed pulmonary TB and rifampin-
resistant TB. Specifically, we quantified the additional di-
agnostic yield, the number of case-patients needed to test
to find 1 case of rifampin-resistant TB, the time to initia-
tion of second-line treatment, and the number of patients
lost in the diagnosis and treatment cascade for the culture-
based algorithm.

1290

Methods

Study Design and Population

The pilot studies combined innovative methods and
tools with proven effectiveness, as evaluated in the first
phase of the program, with health sector changes. These
changes are being implemented by the Chinese National
Health and Family Planning Commission. In addition to
sputum culture and LPA-based resistance testing of cul-
ture isolates for smear-negative pulmonary TB, this sec-
ond program phase introduced several other components.
To reduce financial barriers to access to treatment, efforts
were made to use health insurance reimbursement and
other forms of social protection payment to reduce out-
of-pocket costs for treatment of TB to 30% and for treat-
ment of rifampin-resistant TB to 10%. As TB diagnosis
and treatment tasks were being shifted from local CDCs
to designated hospitals, a case-based payment mechanism
was designed, which aimed for cost containment and stan-
dardized good clinical practice in care for patients with
TB or rifampin-resistant TB (/2,13).

We quantified the effect of implementation of the
second phase of the program on the diagnosis of bac-
teriologically confirmed smear-negative pulmonary TB
and rifampin-resistant TB in a before—after design. The
program was designed to select 1 prefecture, respec-
tively, from the eastern and middle regions of China
as pilot study sites. Zhenjiang City (Jiangsu Province)
and Yichang City (Hubei Province) were also selected
based on good performance of features of the National
TB Program in China (i.e., funding, laboratory capacity,
and case detection). Prefectures consisted of the main
municipality (city) and surrounding counties. The to-
tal population size in this pilot study was 6.9 million
in 15 counties. Details of these prefectures have been
described elsewhere (/4). We assessed changes in num-
bers of patients given a diagnosis and compared a 1-year
intervention period after implementation of the program
(April 2014—March 2015) to a baseline period (January—
December 2012). Both pilot study sites introduced all
health sector changes.

Diagnosis and Treatment

During the baseline period, presumptive TB patients
(i.e., patients who had TB symptoms) underwent a chest
radiograph and smear examination by Ziehl-Neelsen
staining according to usual clinical routine. Clinical
management was based on judgment of the clinician
and national guidelines: clinical smear-negative TB di-
agnosis requires TB symptoms, chest radiograph abnor-
malities indicative of TB, and 3 negative sputum smear
examinations. Both prefectures had experience with di-
agnosis and treatment of multidrug-resistant TB (MDR
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TB), which was defined as resistance to rifampin and
isoniazid, through an earlier project supported by the
Global Fund to Fight AIDS, Tuberculosis, and Malaria
(GFATM) that included drug-resistance screening of
patients at high risk for MDR TB by using sputum cul-
ture and phenotypic drug susceptibility testing (DST).
However, after the GFATM project ended, the degree of
implementation varied among sites.

During the intervention period, patients with pre-
sumptive pulmonary TB had a chest radiograph and smear
examination. In addition, culture (1 sputum specimen in
Lowenstein-Jensen medium) was used in county-level
laboratories for smear-negative patients. Smear-positive
samples and culture isolates were tested in city-level
laboratories with Genechip or GenoType MTBDRplus
assays. The Genechip test, a domestically developed di-
agnostic test, has a sensitivity of §7.6% and a specificity
of 98.0% for rifampin resistance in this setting and a sen-
sitivity of 80.3% and a specificity of 95.8% for isoniazid
resistance (/5). A systematic review of the GenoType as-
say showed a pooled sensitivity of 94.6% and a specific-
ity of 98.2% for rifampin resistance, and a sensitivity of
83.4% and a specificity of 99.6% for isoniazid resistance
(9). We compiled additional details of the diagnostic al-
gorithm (Table 1).

Data Collection and Analysis

We extracted data for the baseline and the intervention pe-
riods from the routine electronic recording and reporting
system for notification and management of TB patients
(TBIMS) (/6). This system contains data about demo-
graphic characteristics of patients, laboratory test results,
TB diagnosis, treatment provided, and treatment out-
comes. Patient data were entered at the clinic where the
patient was registered for treatment. The system is main-
tained by the national-level CDC, which also provides
supervision and data quality checks. Data collection and
data capture format was similar for the 2 periods except
for results of molecular tests, which were captured only
for the intervention period. TBIMS data for diagnosis
and treatment for patients with TB or rifampin-resistant
TB were exported and merged by using unique identifica-
tion numbers.

Program to Provide Access to Care for Tuberculosis

Pulmonary TB was defined as a diagnosis of pulmo-
nary TB in the TBIMS. Bacteriologic confirmation was
defined as TB confirmed by smear examination or culture.
Rifampin resistance was determined by LPA or phenotypic
DST on Léwenstein-Jensen medium.

We performed analyses by using Stata version 13
(https://www.stata.com). We compared numbers and
proportions of patients given a diagnosis of any type of
pulmonary TB, bacteriologically confirmed pulmonary
TB, and rifampin-resistant TB between the baseline and
intervention periods. We calculated reporting rates by di-
viding the number of observed cases by the population
size, available by age and sex on district level, in 2012 for
the baseline period and in 2014 for the intervention pe-
riod. We used MDR TB patients in the baseline period as
the comparison group for rifampin-resistant TB patients
in the intervention period because rifampin-resistant TB
patients and MDR TB patients were treated and managed
the same way in the intervention period. Patients with TB
resistant to isoniazid but not rifampin received the stan-
dard first-line treatment.

We tested distributions for categorical data by using
2-sided Fisher exact tests and for numerical data by using
the nonparametric Wilcoxon rank test. We used logistic
regression to determine patient characteristics associated
with culture positivity for smear-negative pulmonary TB
patients given a diagnosis during the intervention period,
and characteristics associated with rifampin resistance for
all bacteriologically confirmed pulmonary TB patients dur-
ing the intervention period. Potential characteristics avail-
able and included in univariable and multivariable regres-
sion were age, sex, treatment history, disease severity, and
migrant status. All statistical testing used 0.05 as the sig-
nificance level.

Results

A total of 4,553 pulmonary TB patients were reported dur-
ing the intervention period and 5,269 during the baseline
period. These findings reflected a 15% decrease in the
annual reporting rate for all cases of pulmonary TB from
72.6 cases/100,000 persons to 61.7 cases/100,000 persons,
which was consistent across the 2 prefectures (Yichang
9.2%, Zhenjiang 21.8%). After excluding 256 patients who

Table 1. Diagnostic algorithm used during baseline and intervention periods in study of added value of comprehensive program to
provide universal access to care for sputum smear—negative drug-resistant TB, China*

Level Baseline Intervention
County Light microscopy (Ziehl-Neelsen staining), smear LED fluorescence microscopy (auramine staining), smear
examination, and chest radiograph for all presumptive  examination, and chest radiograph for all presumptive TB patients;
TB patients culture for all patients with a diagnosis of smear-negative TB
City Culture and phenotypic DST only for patients at Line-probe assay (Genechip; CapitaBio,

high risk for MDR TB; culture for smear-positive
patients in Zhenjiang

http://www.capitalbiotech.com) used in Yichang; GenoType
(Hain Lifesciences, https://www.hain-lifescience.de/

en/company/contact.html) used in Zhenjiang for all bacteriologically

confirmed pulmonary TB

*DST, drug susceptibility testing; LED, light-emitted diode; MDR TB, multidrug-resistant tuberculosis; TB, tuberculosis.
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had only pleural TB, we included 5,222 (99.1%) patients
for the baseline period and 4,364 (95.8%) for the interven-
tion period: overall, 1,808 (34.6%) smear-positive patients
and 3,414 (65.4%) smear-negative patients during the base-
line period, compared with 1,509 (34.6%) smear-positive
patients and 2,805 (65.4%) smear-negative patients during
the intervention period (Figure).

Culture Confirmation

During the baseline period 0.5% (12/2,258) of smear-
negative patients were culture-confirmed in Yichang
and 1.6% (19/1,156) in Zhenjiang. These propor-
tions increased to 17.4% (358/2,055) in Yichang and
6.5% (52/800) in Zhenjiang, or 14.4% overall (95% CI
13.0%—-15.7%), during the intervention period (p<0.001
for both prefectures) (Table 2). In Yichang, 5% of re-
sults were indeterminate, compared with 12% in Zhen-
jiang. The analysis of determinants of culture positiv-
ity among smear-negative patients showed strong effect
modification by prefecture. Therefore, analysis was per-
formed separately for each prefecture. In Yichang, the
proportion culture-positive was independently associ-
ated with a history of previous TB treatment (adjusted
odds ratio [aOR] 7.7, 95% CI 4.2—14.1), more severe
disease (aOR 2.1, 95% CI 1.5-2.9), and being an internal
migrant (aOR 3.1, 95% CI 2.2—-4.1). In Zhenjiang, none
of these determinants showed a significant association
with culture positivity (Table 3).

Drug Resistance Testing
The proportion of smear-positive patients tested for drug
resistance increased from 42.3% (899/2,126) to 83.0%

(988/1,191; p<0.001) overall between the baseline and
intervention periods, from 3.1% to 90.9% (p<0.001) for
Yichang, and from 74.5% to 92.5% (p<0.001) for Zhen-
jiang (Table 2). In contrast, for smear-negative patients,
the proportion tested for drug resistance increased be-
tween the baseline and intervention periods from 0.7%
(23/3,414) to only 14.2% (405/2,855) (p<0.01); overall,
from <0.1% (1/2,258) to 17.1% (352/2,055) (p<0.001)
in Yichang and from 1.9% (22/1,156) to 6.6% (53/800)
(p<0.001) in Zhenjiang.

Drug Resistance Results

For smear-positive patients during the intervention pe-
riod, rifampin resistance was detected in 7.1% (67/949;
95% CI 5.5-8.9) in Yichang and 5.4% (30/560; 95% CI
3.6-7.6) in Zhenjiang (Table 2). Overall, the number of
smear-positive patients with rifampin resistance more
than tripled from 30 during the baseline period to 97 dur-
ing the intervention period.

For smear-negative patients during the intervention
period, a drug resistance result was available for 16.1%
of smear-negative patients in Yichang and for 5.9% of
smear-negative patients in Zhenjiang. Rifampin resis-
tance was detected in 13 patients with a smear-negative,
culture-positive result: 3.5% of those tested with results,
and 0.5% of all smear-negative patients. Two addition-
al smear-negative patients who were culture negative
showed rifampin resistance by LPA directly on sputum;
thus, the physicians ordered the LPA directly on sputum,
contrary to the guideline, to have the result as quickly as
possible, because the patients had been considered at high
risk for MDR TB.

Baseline period
2012 Jan—Dec

Intervention period
2014 Apr—2015 Mar

Figure. Flow diagram of TB
patients given diagnoses at pilot
prefectures in a baseline and

intervention study of added value

Pulmonary TB diagnosed

(n=5,269) (n=4,553)

Pulmonary TB diagnosed

of a comprehensive program to
provide universal access to care
for sputum smear—negative

Excluded:
Treatment refused (n =7)
Diagnosis changed (n = 31)

No smear examination (n =9) No smear examination (n = 29)
v v

Excluded:
Treatment refused (n = 62)
Diagnosis changed (n = 98)

drug-resistant TB, China.
TB, tuberculosis.

Smear-negative (n = 3,414) Smear-positive (n = 1,808)

Smear-positive (n = 1,509)

Smear-negative (n = 2,855)

v v
Culture-positive Culture-positive
(n=31) (n=410)

‘ v v ‘
Drug-resistance result Drug-resistance result Drug-resistance result Drug-resistance result
(n=22) (n=489) (n=1,285) (n=377)

+ v v v
Resistant to rifampin Resistant to rifampin Resistant to rifampin Resistant to rifampin
(n=2) (n=30) (n=97) (n=13)
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Table 2. Drug resistance testing and results by prefecture and smear status in study of comprehensive program to provide universal
access to care for sputum smear—negative drug-resistant tuberculosis, China*

Yichang, no. (%)

Zhenjiang, no. (%)

Characteristic Baseline Intervention Baseline Intervention
Smear-positive patients
Patients given a diagnosis 1,177 (100) 949 (100) 631 (100) 560 (100)
Patients tested for drug resistance 36 (3.1) 863 (90.9) 470 (74.5) 518 (92.5)
Rapid resistance result available 36 (3.1) 828 (87.2) 453 (71.8) 457 (81.6)
Drug resistance test result
No resistance to rifampin and isoniazid 24 (2.0) 715 (75.3) 405 (64.2) 389 (69.5)
Resistance to only isoniazid 3(0.3) 46 (4.8) 26 (4.1) 38 (6.8)
Any rifampin resistance 9(0.8) 67 (7.1) 21 (3.3) 30 (5.4)
MDR TB 6 (0.5) 30(3.2) 14 (2.2) 18 (3.2)
Resistance to only rifampin 3(0.3) 37 (3.9) 70.1) 12 (2.1)
Smear-negative patients
Patients given a diagnosis 2,258 (100) 2,055 (100) 1,156 (100) 800 (100)
Cultures performed 14 (0.6) 1,842 (89.6) 19 (1.6) 749 (93.6)
Cultures positive 12 (0.5) 358 (17.4) 19 (1.6) 52 (6.5)
Patients tested for drug resistancet 1(<0.1) 352 (17.1) 22 (1.9) 53 (6.6)
Rapid resistance result available 1(<0.1) 330 (16.1) 21 (1.8) 47 (5.9)
Drug resistance test result
No resistance to rifampin and isoniazid 0 299 (14.5) 19 (1.6) 43 (5.4)
Resistance to only isoniazid 1(<0.1) 19 (0.9) 0 3(0.4)
Any rifampin resistancext 0 12 (0.6) 2(0.2) 1(0.1)
MDR TB 0 10 (0.5) 2(0.2) 1(0.1)
Resistance to only rifampin 0 2 (0.1) 0 0

*Differences in numbers of patients tested and numbers with a test result reflect indeterminate test results. MDR TB, multidrug-resistant tuberculosis (i.e.,

resistant to rifampin and isoniazid); TB, tuberculosis.

tIncluding 10 smear-negative patients who had no culture results and 24 smear-negative culture-negative patients for whom a line-probe assay was

performed directly for sputum.

FIncluding 2 smear-negative patients for whom a line-probe assay was performed directly for sputum.

The proportion of patients that showed rifampin resis-
tance among those tested was significantly higher for smear-
positive patients (97/1,381, 7.0%) than for smear-negative
patients (13/405, 3.2%) (p = 0.005). Overall, the addition of
culture and rapid resistance testing during the intervention
period yielded 10.9% (13/119; 95% CI 5.9%—18.0%) addi-
tional diagnoses of rifampin-resistant TB and no significant
difference between prefectures (p = 0.180). For isoniazid-
monoresistant TB, the additional increase was 20.8%
(22/106; 95% CI 13.5%-29.7%). A total of 13/2,591 patients

were determined to have rifampin-resistant TB, and 22/2,591
were determined to have isoniazid-monoresistant TB.

Second-Line Treatment

Of the 110 (including 13 smear-negative) rifampin-resis-
tant patients with MDR TB given a diagnosis during the
intervention period, 94 (85.5%) started second-line treat-
ment, compared with 20 (60.6%) of 33 during the base-
line period (p<0.001) (Table 4). The proportion that started
treatment during the intervention period was 100% (13/13)

Table 3. Patient characteristics associated with culture positivity for smear-negative TB patients, Yichang and Zhenjiang prefectures,

China*
Yichang Zhenjiang
Culture, no. (%) Unadjusted Adjusted OR Culture, no. (%) Unadjusted Adjusted OR

Characteristic Negative  Positive  OR (95% CI) (95% CI) Negative  Positive  OR (95% Cl)  (95% CI)
Age, y

0-39 401 102 (20.3) Referent Referent 166 12 (6.7) Referent Referent

40-59 565 129 (18.6) 0.9(0.7-1.2) 0.9(0.7-1.2) 215 14 (6.1) 0.9(0.4-2.0) 1.0(0.4-2.3)

>60 507 127 (20.0) 1.0(0.7-1.3) 1.0(0.8-1.4) 316 26 (76) 1.1(0.6-2.3) 1.3(0.6-2.8)
Sex

M 1,001 260 (20.6) Referent Referent 514 38 (6.9) Referent Referent

F 472 98 (17.2) 0.8 (0.6-1.0) 0.8 (0.6-1.0) 183 14 (7.1) 1.0(0.6-2.0) 1.1(0.6-2.0)
TB treatment history

New 1,455 325 (18.3) Referent Referent 604 42 (6.5) Referent Referent

Retreatment 18 33(64.7) 8.2(4.6-14.8) 7.7 (4.2-14.1) 93 10(9.7) 1.5(0.8-3.2) 1.6 (0.8-3.3)
Disease severity

Not severe 1,313 284 (17.8) Referent Referent 645 48 (6.9) Referent Referent

Severe 160 74 (31.6) 2.1(1.6-2.9) 2.1 (1.5-2.9) 52 4(71) 1.0(0.4-3.0) 1.0(0.3-2.9)
Citizenship

Local 1,326 267 (16.8) Referent Referent 523 34 (6.1) Referent Referent

Migrant 147 91(38.2) 3.1(2.3-4.1) 3.1(2.2-4.1) 174 18(9.4) 1.6(0.9-2.9) 1.8(0.9-3.3)
Total 1,473 358 (19.6) NA NA 697 52 (6.9) NA NA
*Values in bold indicate a statistically significant association (p<0.05). OR, odds ratio; NA, not applicable; TB, tuberculosis.
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Table 4. Smear results for patients who did and did not start SLD treatment and outcomes for baseline and intervention periods in
study of added value of comprehensive program to provide universal access to care for sputum smear—negative drug-resistant TB,
China*

Baseline, no. (%) Intervention, no. (%)

Characteristic Smear-positive  Smear-negative Smear-positive Smear-negative
Initiated SLD treatment 18 2 83 11
Cure 9 (50.0) 1(50) 14 (16.9) 0
Treatment completion 1(5.6) 1 (50) 27 (32.5) 6 (54.5)
Death 2(11.1) 0 9(10.8) 1(9.1)
Treatment failure 3(16.7) 0 5(6.0)t 1(9.1)
Lost to follow-up 0 0 6 (7.2) 0
Stop treatment because of side effects 0 0 8 (9.6) 0
Other 3(16.7) 0 14 (16.9) 3(27.3)
Did not initiate SLD treatment 13 0 14 2(18.2)
No regimen change, continued first-line treatment 11 (84.6)% 0 2(14.3) 0
Death 1(7.7) 0 4 (28.6) 0
Lost to follow-up 0 0 3(21.4) 0
Treatment refusal because of nonfinancial reason 0 0 1(7.1) 1 (50.0)
Other 1(7.7) 0 4 (28.6) 1(50.0)
Total 31 2 97 13

*SLD, second-line drug; TB, tuberculosis.

tIncludes 10 patients with TB resistant to rifampin but not isoniazid, who were not eligible for SLD treatment during the baseline period.
FIncludes 2 patients given treatment for extensively drug-resistant tuberculosis.

for smear-negative patients and 83.5% (81/97) for smear-
positive patients (p = 0.243).

For smear-positive patients, the median delay between
presentation for diagnosis and initiation of second-line
drug treatment decreased from 16 weeks during the base-
line period to 16 days during the intervention period. For
smear-negative patients, the median delay decreased from
21 weeks to 7 weeks. Among patients given second-line
treatment, 12 (60.0%) of 20 patients during the baseline
period and 47 (50.0%) of 94 patients during the interven-
tion period had treatment success (cure or completion) as
the outcome (p = 0.572). The proportion with treatment
failure or death did not differ significantly between the in-
tervention (16 patients, 17.0%) and baseline (5 patients,
25.0%) periods (p = 0.603). During the intervention period,
6 patients did not return for follow-up appointments and
8 stopped treatment because of side effects (total 14.9%),
whereas neither finding was reported during the baseline
period (p = 0.143). Three (9.1%) eligible patients during
the baseline period and 16 (14.5%) patients during the in-
tervention period were known not to have started second-
line treatment (Table 4).

Discussion

In this pilot study, expanding drug resistance testing for
smear-positive TB patients suspected of having only
MDR TB to all smear-positive TB patients resulted in a
3-fold increase in the number of patients identified having
rifampin-resistant TB and a 5-fold increase in the num-
ber of patients given second-line treatment. This distinct
increase was observed despite a reduction in numbers of
pulmonary TB patients given a diagnosis at the 2 pilot
study sites, which is consistent with decreased TB report-
ing in China (2). Introduction of rapid testing for rifampin
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and isoniazid resistance by LPA clearly was a decisive
factor. The addition of mycobacterial culture, which en-
abled line-probe testing for smear-negative patients (i.c.,
those with low bacterial load in their sputum), yielded
only 11% more cases of rifampin-resistant TB. This find-
ing is a low yield given that smear-negative diagnosis ac-
counted for 62% of all pulmonary TB cases; 199 cultures
were required for each case of smear-negative rifampin-
resistant TB detected. However, we detected 13 addi-
tional rifampin-resistant TB cases that would have been
missed otherwise.

For smear-positive patients, the intervention decreased
median delays until initiation of second-line treatment
more than for smear-negative patients, reflecting the need
for a culture isolate on which to perform LPA. However,
this difference did not affect the proportion starting second-
line treatment or treatment outcomes.

For smear-positive and smear-negative patients, we
detected a similar absolute number of isolates resistant to
isoniazid only as we detected rifampin-resistant isolates. At
the time of this study, no differential regimens had been
recommended yet for isoniazid-resistant TB, which could
have led to improved regimens for 5%—7% of all patients
given a diagnosis of pulmonary TB.

Addition of culture resulted in a low (14%) bacterial
confirmation rate for smear-negative patients. This finding
could reflect a high rate of false-negative cultures. False-
negative sputum cultures are known to occur as a result of
long sample transit times, harsh decontamination, or other
shortcomings in laboratory procedures (/7). The difference
for the intervention period in the proportion of positive
cultures between Yichang (19.4%) and Zhenjiang (6.9%)
suggests that there were performance differences for the
respective culture laboratories. An alternative explanation
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might be false-positive diagnosis of pulmonary TB based
on minimal chest radiograph abnormalities and symptoms
without any other test. This finding might imply overdiag-
nosis and overtreatment: a considerable proportion of these
patients might not have had TB and therefore did not need
anti-TB treatment. Conversely, the sensitivity of a single
sputum culture on solid media, as performed in this pilot
study, was not >90% (6), and studies have suggested that
patients with typical chest radiograph abnormalities but
repeatedly negative cultures are at high risk for develop-
ment of culture-positive TB over the next 2 years (/8). Ir-
respective of their cause, these low bacterial confirmation
rates need to be taken into account when scaling up culture
for resistance testing purposes in the current laboratory and
clinical system in China.

Although the intervention of improved collaboration
between hospitals and CDC, as well as improved health
insurance, increased the number of patients receiving sec-
ond-line treatment, a total of 14% of patients given a diag-
nosis of rifampin-resistant MDR TB did not start second-
line treatment, half of them because they died or did not
return for care before treatment could be initiated. In addi-
tion, treatment success of second-line treatment remained
rather low (50%), and 25% of patients stopping treat-
ment because of side effects or unknown reasons. This
finding clearly calls for improvement of linkage into care
and retention in treatment. In these pilot studies, patients
with rifampin-resistant or MDR TB were given second-
line drugs for 20—24 months; results for both categories
might be improved by shortening second-line treatment
to 9—12 months, as currently recommended for selected
patients (/9).

The new National TB Control Plan for China calls
for capacity for culture, strain identification, phenotypic
DST, and molecular resistance testing in all prefecture-
level TB-designated hospitals, and for capacity for mo-
lecular resistance testing for 70%-80% of counties,
districts, and cities throughout the country by 2020 (5).
However, investments for scaling up this laboratory ca-
pacity will be substantial and need to include quality as-
surance, biosafety (for culture and DST), and prevention
of cross-contamination (for PCR-based LPAs). Given the
low additional yield of testing smear-negative pulmonary
TB patients, scaling up use of Xpert, despite higher end-
user prices, has a better cost—benefit ratio, and warrants
formal analyses to establish cost-effectiveness and budget
impacts by comparing various diagnostic algorithms and
scale-up strategies (20).

Our study had limitations. First, the low bacterial
confirmation rate for smear-negative patients might un-
derestimate the effect of LPA for detection of rifampin-
resistant TB, specifically in settings with higher bacterial
confirmation rates. Second, both prefectures already had
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second-line treatment in place for patients given a diag-
nosis of MDR TB. Thus, these prefectures were not rep-
resentative of the situation in most of China. This limita-
tion implies that the increase in number of patients given
a diagnosis of rifampin-resistant TB in our pilot study
might have been less than in prefectures not supported
through the GFATM, and the expected effect of new
diagnostic interventions on case findings for rifampin-
resistant TB might have been underestimated. Third,
patients who did not come to the county CDC (the so-
called TB dispensary) were not included. Patients with
presumptive TB at general hospitals should be referred
to the TB dispensary; however, not all patients will be
referred. Also, there would have been TB patients who
did not come to general hospitals or TB dispensaries.
It is not expected that self-referral and referral by gen-
eral hospitals and village healthcare workers would have
changed greatly from baseline to intervention periods.
Fourth, we included only 2 prefectures that had differ-
ent LPAs implemented. Therefore, we could not fully
appreciate possible time effects on indicators, such as
decreasing case reporting rates because of underlying
epidemiologic changes.

Expansion of drug-resistance testing by rapid mo-
lecular assays to all pulmonary TB patients resulted in
a 3-fold increase in numbers of patients given a diag-
nosis of rifampin-resistant MDR TB and who received
appropriate treatment. Even so, testing smear-negative
pulmonary TB patients had limited added value because
of the low proportion of patients who had cultures posi-
tive for M. tuberculosis. Given the availability of al-
ternative methods, such as Xpert, cost—benefit and bud-
get impact analyses are warranted to determine if use
of culture should be continued as part of the diagnostic
algorithm to identify laboratory-confirmed TB cases.
Despite several health system improvements, the link-
age of care and retention of second-line TB treatment
remained suboptimal.
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Mycoplasma genitalium infections of the urogenital tract
are usually treated with azithromycin; however, for the past
several years, rates of azithromycin treatment failure have
increased. To document the occurrence and frequency of
macrolide resistance—mediating mutations (MRMMs) in
M. genitalium infections, we collected 894 M. genitalium—
positive samples during April 2014—December 2017 and
retrospectively tested them for MRMMs. We designated
67 samples collected within 6 weeks after a positive result
as test-of-cure samples; of these, 60 were MRMM posi-
tive. Among the remaining 827 samples, the rate of MRMM
positivity rose from 22.7% in 2014 and 22.3% in 2015 to
44.4% in 2016 but decreased to 39.7% in 2017. Because
of these high rates of MRMMs in M. genitalium infections,
we recommend that clinicians perform tests of cure after
treatment and that researchers further explore the clinical
consequences of this infection.

ince Mycoplasma genitalium was first isolated from

men with nongonococcal urethritis in 1981, this bac-
terium has been recognized as a possible pathogen of the
genitourinary tract (/). During the first decade after its dis-
covery, its fastidious nature and slow growth rate compli-
cated research into its clinical significance. Its association
with nongonococcal urethritis in men was not established
until the mid-1990s (2,3), when molecular testing in re-
search settings had become available. Now M. genitalium
is widely recognized as a frequent cause of male urethritis
(4,5), a likely cause of cervicitis and pelvic inflammatory
disease in women (6), and a possible cause of several other
genitourinary syndromes (4—7).

The commonly used treatment for M. genitalium infec-
tions is azithromycin, either in a single dose of 1,000 mg
or as a 5-day regimen (500 mg on the first day, followed by
250 mg on the subsequent 4 days). During the past decade,
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azithromycin treatment failure has been reported with in-
creasing frequency (8). Clinical cure rates reported before
2008 were generally >80% (9—117) but more recently have
dropped to as low as 54% (12,13). A single dose of azithro-
mycin is the preferred treatment for nongonococcal urethri-
tis in many countries, including Australia (/4), the Nether-
lands (/5), the United States (/6), and the United Kingdom
(17). Moreover, Chlamydia trachomatis infections are also
commonly treated with a single dose of azithromycin, of-
ten without excluding co-infection with M. genitalium (14—
17). However, it has been suggested that the single-dose
regimen of azithromycin is actually facilitating the devel-
opment of macrolide resistance (/8,79).

In the Netherlands, routine testing for M. genitalium
is not included in national sexually transmitted disease
(STD) screening protocols (/5,20,21). In a recent revision
of the national protocol, screening for M. genitalium infec-
tions in men with nongonococcal urethritis is mentioned
but not explicitly advised (22). The protocol states that the
treatment of choice for symptomatic men and their partners
is azithromycin for 5 days or moxifloxacin for 7-10 days.
Follow-up is not mentioned (22). Most local hospital-based
guidelines advise azithromycin in a 5-day regimen only;
some advise a test of cure. Detection of macrolide resis-
tance—mediating mutations (MRMMs) has, so far, not been
included as part of the diagnostic work-up.

To document the occurrence and frequency of
MRMMs, we conducted a retrospective study in the Neth-
erlands during April 2014-December 2017. We tested
samples that were positive for M. genitalium during the
study period for MRMMs by using a molecular diagnos-
tic approach.

Material and Methods

Sampling

The Laboratory of Medical Microbiology of the Canisius-
Wilhelmina Hospital in Nijmegen, the Netherlands, is the
primary diagnostic laboratory for the hospital itself, other
care institutions, and general practitioners in the area. All
samples referred to this laboratory for STD diagnostics
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starting in April 2014 were tested for M. genitalium, and
samples that were positive were stored at —80°C. The
study was approved by the Canisius-Wilhelmina Hospital
Institution Review Board. Because patient identities were
anonymous, written informed consent of participants was
not required.

DNA Extraction

We collected M. genitalium—positive samples (determined
by routine diagnostic in-house quantitative PCR [qPCR])
from the —80°C storage. After thawing the samples, we
homogenized them by short vortexing and subsequently
mixed a 200-pL sample with 20 pL internal control (pho-
cine herpes virus [PhHV]) into a 96—deep well plate and
extracted nucleic acids by using the MagNA Pure 96 au-
tomatic platform (Roche, http://www.roche.com). Nucleic
acids eluates were directly subjected to molecular testing
and stored at —20°C until further use.

Detection of STDs

We again subjected all samples to the same routine di-
agnostic in-house qPCR that simultaneously detects
Trichomonas vaginalis, M. genitalium, and the internal
extraction and amplification control PhHV. The gqPCR
mixture consisted of 2 plL primers and probes MgeFwd
(5-GAGAAATACCTTGATGGTCAGCAA-3’, 5 pmol/
L), MgeRvd (5-GTTAATATCATATAAAGCTCTAC-
CGTTGTTATC-3', 5 pmol/uL), MgeProbe (5-FAM-
ACTTTGCAATCAGAAGGT-MGB-3’, 2 pmol/uL),
TvaFwd (5'-CCTCAGTTCGCAAAGGC-3', 5 pmol/uL),
TvaRvd (5-TTCAGCGACCATTCCCA-3', 5 pmol/uL),
TvaProbe (5-HEX-CATTGACGCACTCATGACGAAC-
GA-BHQI-3', 2 pmol/uL), PhHVFwd (5'-GGGCGAAT-
CACAGATTGAATC-3', 5 pmol/uL), PhHVRvd (5'-GCG-
GTTCCAAACGTACCAA-3', 5 pmol/uL), and PhHVProbe
(5'-Cy5-TTTTTATGTGTCCGCCACCATCTGGATC-
BHQ2-3', 2 pmol/uL) (23); 10 uL 2x Fast Advanced Master
Mix (Applied Biosystems, https://www.thermofisher.com);
and 8 pL. DNA sample. The qPCR reaction was conducted in
a LightCycler 480-1I (Roche Diagnostics) with the following
protocol: UNG (uracil-N-glycosylase) treatment for 2 min at
50°C, 10 min polymerase activation at 96°C, 45 cycles of
denaturation for 5 s at 96°C and 12 s at 60°C (fluorescence
measurement), and a final cooling step for 30 s at 40°C. We
included a negative extraction control, a negative template
control, and a positive template control.

Detection of M. genitalium and MRMMs

The TVMGres qPCR assay developed by NYtor (https://
www.nytor) is a multiplex qPCR assay that detects 7. vagi-
nalis and M. genitalium and includes the internal control
PhHV. The assay simultaneously detects the single-nu-
cleotide polymorphisms A2058C, A2058G, A2058T, and
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A2059G in the 23S ribosomal RNA—encoding region of M.
genitalium, which together account for >95% of the cases of
azithromycin resistance (24). We added 5 pL of the nucleic
acids extract to 15-uL reaction mix that contained qPCR
master mix and the primer/probe mix from the TVMGres
qPCR assay. We performed the qPCR reactions on a Light-
Cycler 480-1I instrument (Roche Diagnostics) using a reac-
tion protocol consisting of a polymerase activation step of
3 min at 95°C, followed by 45 cycles of 15 s at 95°C and 1
min at 60°C. Detection was done by measuring the fluores-
cence signals of FAM (for T vaginalis), CAL Fluor Orange
560 (for M. genitalium mutations), CAL Fluor Red 610 (for
M. genitalium detection), and TYE665 (for internal con-
trol) (https://eu.idtdna.com for all dyes). We considered a
sample to be valid if an amplification curve for any of the
pathogen targets or the internal control was present.

We defined wild-type M. genitalium as that in a sample
that was positive for M. genitalium without the presence of
a positive MRMM signal. We defined resistant M. geni-
talium as that in a sample positive for both M. genitalium
and MRMMs.

Statistical Analyses

We collected data in Microsoft Excel (Microsoft,
https://www.microsoft.com) and used Microsoft Office Ex-
cel and SPSS (IBM, https://www.ibm.com) for analysis.
We calculated p values in SPSS by using the y? test and
2-sample /-test.

Results

We tested 28,408 samples from 20,537 patients for the pres-
ence of STD organisms. Most (n = 25,132; 88.5%) samples
were provided by general practitioners, 3,087 (10.9%) by
hospitals, and 189 (0.7%) from other and unknown loca-
tions. M. genitalium was detected in 1,146 (4.0%) samples
from 879 patients (4.3%). For 7 patients, multiple samples
that were collected on the same day were positive; for each
of these patients, we included only 1 of these samples,
which left 1,139 samples, 936 of which were available for
further testing. The remaining 203 samples were either not
stored or were of inadequate volume for further analysis.
We found no statistically significant differences between
available and unavailable samples (Table).

A total of 23 samples were negative for M. genitalium
by the routine diagnostic in-house qPCR and the TVMGres
qPCR assay. We excluded these samples from our study,
together with 18 samples repeatedly showing incongru-
ous results (i.e., in-house qPCR result not matching the
TVMGres qPCR result). We also excluded another sam-
ple that repeatedly had an inhibited internal control in the
TVMGres qPCR assay because of a concurrent 7. vaginalis
infection. We provide an overview of all included and ex-
cluded samples (Figure 1).
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Table. Characteristics of samples available and unavailable for further testing in study of macrolide-resistant Mycoplasma genitalium
in southeastern region of the Netherlands, 2014-2017*

Characteristic Available samples, % (n =936) Unavailable samples, % (n = 203) p value
Patient sex
F 67.3 69.5 0.546
M 32.7 30.5
Proportion sent in by general practitioner 92.2 90.2 0.343
Proportion test of cure 7.3 8.9 0.357

*Average ages: patients for whom samples were available, 29.8 + 9.3 y; patients for whom samples were not available, 30.9 + 9.5 y; p = 0.118.

Characteristics of the Study Population
Of the 28,408 samples that were tested for M. genitalium
during the study period, 19,393 (68.3%) originated from fe-
male patients and 9,015 (31.7%) from male patients (2.2:1
ratio). The percentages of M. genitalium positivity were
similar for male (4.1%) and female (4.0%) patients.
Average age at the time of testing was 32.0 years; fe-
male patients (average 31.3 years of age) were younger than
male patients (average 33.6 years of age). The average age
of M. genitalium—positive male patients (33.1 years) was
slightly lower than that of M. genitalium—negative male pa-
tients (33.6 years; p = 0.36). M. genitalium—positive female
patients were 2.8 years younger than M. genitalium—nega-
tive female patients (28.5 vs. 31.3 years; p<0.001).

Epidemiology

A total of 894 samples had positive results for M. genita-
lium when tested by the routine diagnostic in-house qPCR
and by the TVMGres qPCR assay. Of these, 67 (7.5%)
samples were collected within 6 weeks of a previous

positive M. genitalium result. These retests were con-
sidered positive results for tests of cure, which were
analyzed separately. Of the remaining 827 samples, 281
(34.0%) were M. genitalium MRMM-—positive by qPCR.
The frequency of MRMMs almost doubled from 22.7%
(27/119) in 2014 and 22.3% (47/211) in 2015 to 44.4%
(92/207) in 2016, then decreased to 39.7% (115/290) in
2017 (Figure 2).

Tests of Cure
Samples taken from a patient within 6 weeks of an M. geni-
talium—positive sample were defined as test-of-cure sam-
ples. During the study period, we collected 214 samples
for test of cure, most (163; 76.2%) from the second half of
2016 on. Of the 214 samples, 86 (40.2%) were M. genita-
lium positive; of these, 67 (77.9%) were available for fur-
ther testing. Only 7 (10.4%) samples were found to contain
wild-type M. genitalium (Figures 3, 4).

For 57 positive test-of-cure samples, both the initial
sample and the test(s)-of-cure samples were available. In
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Figure 1. Characteristics of all samples received during study of macrolide-resistant Mycoplasma genitalium in southeastern region of

the Netherlands, 2014-2017. gPCR, quantitative PCR.
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M. genitalium in southeastern
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most instances, both samples were positive for MRMMs
(45/57; 78.9%).

Seven patients who were originally infected with a
wild-type strain had resistant M. genitalium in the test-of-
cure sample. For 1 patient, the initial sample was positive
for MRMMs but the test-of-cure sample, collected 41 days
later, contained wild-type M. genitalium. For the remain-
ing 4 patients, both the initial sample and the test-of-cure
sample contained wild-type M. genitalium.

Discussion

This retrospective epidemiologic study shows that the fre-
quency of MRMMs in M. genitalium in the southeastern
region of the Netherlands almost doubled from 2014 and
2015 to 2016. After 2016, the frequency of MRMMs grad-
ually decreased through the last quarter of 2017.

High MRMM frequency in M. genitalium has been de-
scribed before (25—36) and is thought to be a consequence
of using the single-dose azithromycin treatment regimen for
C. trachomatis infections without excluding the presence of
M. genitalium nongonococcal urethritis in men, M. geni-
talium infections, or both (/8,/9). To our knowledge, the

decreasing number of MRMMs observed in M. genitalium
from our study population in 2017 compared with 2016 has
not been described before; however, compared with 2014
and 2015, the MRMM prevalence trend is increasing. Dur-
ing the study period, local protocols for the treatment of
the aforementioned conditions were unchanged; however,
starting on October 3, 2016, the advice to perform a test of
cure 3 weeks after treatment was added in print to every re-
port of a positive M. genitalium test result. In the preceding
months, the advice was often given on an individual basis.
Thus, in the second half of 2016, the number of tests of cure
increased sharply (Figure 3). This increased testing may
help explain the decrease in MRMM frequency because the
40.2% with a test-of-cure result that was positive for M.
genitalium would logically have been subsequently treated
with a different treatment regimen. However, even in 2017,
the year in which most tests of cure were conducted, only
about one third of the positive M. genitalium samples were
followed up by a test of cure. Regardless whether the de-
creased MRMM frequency resulted from the increased
number of tests of cure, the high rate of MRMMs in itself
calls for a test of cure after treatment with azithromycin.

Figure 3. Characteristics

of test-of-cure samples in
study of macrolide-resistant
Mycoplasma genitalium in
southeastern region of the
Netherlands, 2014-2017.
Positive results indicate
presence of M. genitalium;
negative results indicate no M.
genitalium. Q, quarter.

35 4
B Positive test of cure; wild-type M. genitalium
30 - O Positive test of cure; sample unavailable
O Positive test of cure; MRMM M. genitalium
W Negative test of cure
25 4
(%]
(]
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S
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o
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Most positive test-of-cure samples (60/67; 89.6%)
contained MRMMs. This finding was expected because
given that azithromycin is the preferred treatment for M.
genitalium according to local protocol, macrolide-suscep-
tible strains would have resulted in a negative test-of-cure
result. Of note, for 7 patients who were originally infected
with a wild type strain, test-of-cure results indicated a re-
sistant M. genitalium strain. One patient with a resistant
strain turned out to have a wild-type strain 6 weeks later;
however, because it is unknown what treatment these pa-
tients received and whether they were at risk of acquiring a
second M. genitalium infection, we cannot comment on the
reason. The 4 patients with a persistent wild-type M. geni-
talium infection may have been reinfected, may have had
a resistant M. genitalium infection that cannot be detected
by the qPCR, may have been prescribed a nonmacrolide
drug (e.g., doxycycline), or may have neglected to take the
prescribed treatment.

A limitation of our study is the number of samples
unavailable for further testing, which was 203 (17.8%)
of 1,139. The reasons were generally either the sample
not being stored or the volume of the stored sample be-
ing too low. In the third quarter of 2016, a disproportion-
ately large number of samples (52/83; 62.7%) was lost
because of a misunderstanding in storage protocol (i.e.,
which samples should and should not be stored). Unfor-
tunately, this period coincided with a peak of MRMM

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 25, No. 7, July 2019

frequency (17/31; 54.8%). However, in the fourth quar-
ter of 2016, only 9/81 (11.1%) of samples were lost and
MRMM frequency was the same (38/69; 55.1%). Sta-
tistically, we found no difference in characteristics of
the populations for whom samples were available or un-
available (Table).

The question whether asymptomatic persons should be
screened for M. genitalium can only be answered with more
research into the clinical aspects and (long-term) complica-
tions of (co-)infection with M. genitalium. However, if a
single dose of azithromycin indeed predisposes toward the
development of MRMMs, M. genitalium infection should
be excluded before C. frachomatis infections are treated
with this regimen. In addition, treatment of nongonococcal
urethritis should be reevaluated.

In conclusion, high rates (up to 44.4%) of MRMMs in
M. genitalium were found among patients from the south-
eastern region of the Netherlands who were screened for
STDs during 2014-2017. After a sharp initial increase,
MRMM prevalence among M. genitalium—positive sam-
ples declined from the first quarter of 2017 on. This finding
may or may not be a consequence of the increased number
of tests of cure performed during the months immediately
preceding the decline. However, regardless of the reason
for the decline, we believe that the rates of MRMMs in M.
genitalium call for a recommendation to perform a test of
cure after treatment of M. genitalium infections.
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Essential Role of Interferon
Response in Containing Human
Pathogenic Bourbon Virus

Jonas Fuchs, Tobias Straub, Maximilian Seidl, Georg Kochs

Bourbon virus (BRBV) is a recently discovered tick-trans-
mitted viral pathogen that is prevalent in the Midwest and
southern United States. Since 2014, zoonotic BRBV infec-
tions have been verified in several human cases of severe
febrile illness, occasionally with fatal outcomes, indicating a
possible public health threat. We analyzed the pathology of
BRBYV infection in mice and found a high sensitivity of the
virus to the host interferon system. Infected standard labo-
ratory mice did not show clinical signs or virus replication.
However, in mice carrying defects in the type | and type Il
interferon system, the virus grew to high titers and caused
severe pathology. In cell culture, BRBV was blocked by an-
tiviral agents like ribavirin and favipiravir (T705). Our data
suggest that persons having severe BRBV infection might
have a deficiency in their innate immunity and could benefit
from an already approved antiviral treatment.

In the past 4 years, several reports from the Midwest and
southern United States have described the detection of
a new viral pathogen, called Bourbon virus (BRBV), as-
sociated with severe febrile illness (/—4). The isolation of
BRBYV from patients with a history of tick bites was unex-
pected, because BRBV belongs to tick-transmitted viruses
of the genus Thogotoviruses, which are largely unknown
in the United States. However, recent tick surveillance
campaigns confirmed the prevalence of BRBV in the af-
fected region (35,6).

Thogotoviruses are influenza virus—like arbovirus-
es with a segmented RNA genome; they are frequently
isolated in Africa, the Middle East, Asia, and southern
Europe and are usually associated with diseases in live-
stock (7). BRBV is genetically most similar to Dhori virus
(DHOV) from India (8). Although serologic surveys sug-
gest the occurrence of zoonotic transmission of Thogo-
toviruses, few human cases have been well-documented
(9,10). However, in laboratory mice, Thogotoviruses
show an aggressive systemic infection affecting mainly
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the liver, lungs, and spleen, leading to a fatal acute hepa-
titis. This severe disease progression is accompanied by a
massive induction of interferon (IFN) a without an appar-
ent protective effect (/7,12).

We conducted our study with the aim to evaluate the
virulence and pathogenesis of BRBV in vivo. Furthermore,
we assessed the antiviral effect of the host IFN system on
BRBYV replication.

Materials and Methods

Biosafety and Animal Ethics

Because of the unknown health risk associated with the hu-
man BRBYV isolate, all work with infectious virus was per-
formed under Biosafety Level 3 conditions. The animals
were handled in accordance with guidelines of the Federa-
tion for Laboratory Animal Science Association and the
national animal welfare body of Germany. Animal experi-
ments were performed in compliance with animal protec-
tion laws in Germany and approved by the local animal
welfare committee (Regierungspraesidium Freiburg, per-
mit no. G-15/127).

Cells and Viruses

We cultivated human lung epithelial A549 cells (ATCC
CCL-185), human hepatoma Huh7 cells (/3), human cer-
vix carcinoma HelLa cells (ATCC CCL-2), African green
monkey kidney Vero cells (ATCC CCL-81), and trans-
formed human dermal fibroblast cultures (/4) in Dulbec-
co modified eagle medium supplemented with 10% fetal
calf serum at 37°C and 5% CO,. We treated Huh7 cells
with recombinant human IFN-02a (PBL Assay Science,
https://www.pblassaysci.com) or recombinant human
IFN-y (R&D Systems, https://www.rndsystems.com) 16
h before and 2 h after infection. To test antivirals, we
treated Huh7 cells with ribavirin (Sigma-Aldrich, https://
www.sigmaaldrich.com) or favipiravir/T-705 (BioVi-
sion, https://www.biovision.com) 2 h after infection. To
evaluate the cytotoxicity of these substances, we treated
uninfected cells for 48 h with the maximum doses as
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described. Afterward, we assessed the viability of the
cells by measuring the activity of lactate dehydrogenase
in the cell culture supernatant (Pierce LDH Cytotoxic-
ity Assay Kit; ThermoFisher, https://www.thermofisher.
com). To establish a positive control, we treated cells with
the lysis buffer provided by the manufacturer.

Viruses and Infection

BRBYV (strain NR-50132/ATCC VR-1842) (/) was kindly
provided by Amy J. Lambert of the Centers for Disease
Control and Prevention (Fort Collins, CO, USA). We pro-
duced virus stocks of BRBV, DHOV (strain India/1313/61)
(15), and Thogoto virus (THOV) (strain SiAr126) (/6) on
Vero cells. To perform growth kinetics, we infected the
cells with BRBV at a multiplicity of infection (MOI) of
0.001 in Dulbecco modified eagle medium with 1% fetal
calf serum and 20 mmol/LM HEPES. We harvested su-
pernatants at the indicated time points. We stored virus-
containing supernatants at —80°C, and we determined viral
titers by using plaque assay on Vero cells.

Animal Infections

We purchased wild-type C57BL/6 mice from Janvier
Labs (https://www.janvier-labs.com). We bred mice with
defects in the IFN pathway (/7) in house. We conducted
all experiments by using sex- and age-matched animals
(7-9 week-old mice). We infected animals intraperitone-
ally with BRBV or DHOV diluted in 100 pL PBS with
0.3% bovine serum albumin. Depending on the experimen-
tal setup, we measured weight, survival, and clinical score
daily for each animal (Appendix, https://wwwnc.cdc.gov/
EID/article/25/7/18-1062-App1.pdf). We ecuthanized the
animals by using cervical dislocation at the indicated time
points. To determine survival of the animals after infec-
tion, we euthanized animals if the weight loss was >25%
or the mice showed severe clinical signs. We harvested or-
gans (liver, lung, spleen, and kidney) at day 4 postinfection
and homogenized them by using FastPrep Homogenizer
(MP Biomedicals, https://www.mpbio.com) in PBS. Af-
ter centrifugation of the supernatants at 5,000 x g for 10
min at 4°C, we analyzed them by using plaque assay on
Vero cells. We collected whole blood from animals anes-
thetized with ketamine/xylazine by using heart puncture
before cervical dislocation. We prepared serum samples by
using incubation at 37°C for 10 min and centrifugation at
5,000 x g for 10 min. We used serum samples directly to
determine alanine transaminases by using an alanine color
endpoint assay (MaxDiscovery; Bio Scientific, http://www.
biooscientific.com), or we stored the samples at —20°C. We
generated postinfectious serum directed against BRBV by
challenging C57BL/6 mice with 10° PFU/animal. Four-
teen days after infection, we harvested the serum. Because
of the lethality of DHOV, we used Mx1"* mice for the
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infection and production of specific antiserum directed
against DHOV, as described previously (/8).

We performed antibody treatment of the animals by
intraperitoneal injection. To deplete IFN-y, we injected
0.5 mg of IFN-y monoclonal antibody (mAb) (XMG1.2;
Biolegend, https://www.biolegend.com) at 1 day prein-
fection and 2 days postinfection. We achieved blockage
of the type I IFN receptor (IFNAR) by treating the mice
with 1 mg of anti-IFNAR-1 mAb (MAR1-5A3; BioXCell,
https://bxcell.com) at 1 day preinfection and 1 day postin-
fection. To deplete natural killer (NK) cells, we treated
IFNAR™" mice infected with 100 PFU of BRBV with 0.25
mg of NK1.1 mAb (PK136, BioXcell) at 3 days prein-
fection and 1 day postinfection. At 4 days postinfection,
we harvested organs and used fluorescence-activated cell
sorting analysis to determine virus titers and confirm the
depletion of NK1.1" cells.

We administered 20 mg or 40 mg of ribavirin (5 mg/
mL in 0.9% NaCl; Sigma-Aldrich, https://www.sigmaal-
drich.com) per kilogram bodyweight each day intraperito-
neally, starting immediately postinfection. We mock-treat-
ed control animals with 0.9% NaCl only.

For histologic analysis, we harvested the organs, which
we washed once in PBS and then fixed in 4% formaldehyde
in PBS overnight. For cryoprotection, we incubated organs
once in 15% sucrose (in H,0) at 4°C for 4 h and afterward
in 30% sucrose at 4°C overnight. After embedding in OCT
medium (Tissue-Tek; Sakura, https://www.sakuraus.com),
we performed 5-pm cryosections and stained them with he-
matoxylin and eosin.

Western Blot Analysis and Antibodies

We infected Vero cells with the indicated viruses
(MOI 0.25) for 24 h and then lysed them in Passive Lysis
Buffer (Promega, https://www.promega.com). We dena-
turated proteins in Ladmmli buffer and incubated them at
95°C for 5 min. We separated the protein lysates by us-
ing 12% SDS-polyacrylamid gel electrophoresis and trans-
ferred them onto a PVDF membrane (Millipore Sigma,
http://www.emdmillipore.com). We detected viral proteins
by using polyclonal mouse antisera. We used [-actin—
specific rabbit antiserum (Sigma-Aldrich) as an internal
control. We detected primary antibodies by using fluores-
cent-labeled anti-mouse secondary antibodies (LI-COR,
https://www.licor.com).

To test the antiserum for virus neutralization, we pre-
pared serial dilutions of the polyclonal mouse serum in
PBS and incubated them with a fixed amount of 100 PFU
of BRBV for 1 h at room temperature. To establish a con-
trol, we incubated virus with PBS or an unspecific mouse
serum. We transferred the virus—serum mixture onto Vero
cells and performed a plaque assay. We normalized the
PFU of the antibody-treated viruses to the control virus.
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Real-Time Reverse Transcription PCR

RNA was extracted (NucleoSpin RNA kit; Macherey-
Nagel, https://www.mn-net.com) from infected cells and
subjected to cDNA synthesis (QuantiTect Reverse Tran-
scription Kit; QIAGEN, https://www.qiagen.com). We
performed real-time reverse transcription PCR (RT-PCR)
by using 10 ng cDNA in a SYBR Green assay (Quanti-
Tect PCR Kit, QIAGEN) with primers specific for hu-
man IFN-B (Hs IFNB1 1, QIAGEN) and human y-actin
(Hs_ACTGI 1, QIAGEN). We normalized cycle threshold
values to actin (ACT) and plotted them relative to the ACT
values of the mock-treated control (224¢T). We detected
viral transcripts of BRBV and DHOV by using panspe-
cific Thogotovirus primers (FW: TTCAATGAATGYTTG-
GACCCAGATGC [segment 2, nucleotides 940-965]; RW:
TTGWACATYCCCATGAACAT [segment 2, nucleotides
1,210-1,229]) in a conventional RT-PCR; we detected the
products by using an ethidium bromide—stained agarose gel.

A 120+

Statistical Analyses

We analyzed all data with Prism 7 software (GraphPad,
https://www.graphpad.com). We performed statistical
analysis of viral titers on log-transformed values by using a
1-way analysis of variance with a Tukey multiple compari-
son test (for >3 groups) or a 2-sided #-test (for 2 groups).
We plotted viral titers either on a log scale (geometric
mean) or log transformed on a linear scale (mean + SD).
For weight loss, we calculated SEM.

Results

BRBYV Sensitivity to Type | and Type Il IFN

We studied the virulence of BRBV by infection of
C57BL/6 (B6) mice with high challenge doses of BRBV
that did not result in disease (Figure 1, panel A), as reported
previously (8). The lack of pathogenicity is surprising be-
cause related Thogotoviruses regularly cause generalized

Figure 1. Results of

BRBV virulence testing of BRBV in
115+ 100 immunocompetent mice. A,
+— 1104 — 80- — 100 PFU, B) B6 mice (n = 4) infected
<5 105 -ﬁ g :;0‘:) orl intraperitoneally with the indicated
‘© 1004 E 60+ T h=4 doses of BRBV (A) or DHOV
; 95 ] 2 40l — 10000PFL, (B) were monitored for weight
X 9! V; 100,000 PFU, (mean +SEM) and survival.
X 20- n=4 Animals were euthanized if they
85 lost >25% body weight or showed
80 — T 0O—T———T—T—T—T1 severe illness. C) For virus growth,
1234561738 0123456738 B6 mice (n = 5) were infected
dpi dpi intraperitoneally with 100 PFU of
B DHOV and 1,000 PFU of BRBV.
120+ DHOV 100 After 4 days, liver, lung, and spleen
115 were harvested and a plaque assay
w 1104 80 — P performed. Geometric means
_nco 105 4 g —_ 10PRU, are shown; dotted line indicates
"© 100 ‘S 60 n=4 detection limit. D) Serum samples
= 95 . 5 401 from BRBV- or DHOV-infected
o wn mice were pooled at 14 dpi. Vero
S~ 90+ X 20+ cells were mock-treated or infected
85 (multiplicity of infection 0.25) with
80 T T T T T T 1 O T T T T T T T 1 BRBV, DHOV, and THOV and
1 23 4567 8 01234561738 Western blot analysis of lysates
dpi dpi from infected cells performed with
antiserum at the indicated dilutions.
c D Molecular weight and identity of
106+ the viral antigens are indicated.
E o). o wiwimiel | e o daye posinfecion: GP
2 o > it Pt *==|NP " glycoprotein; LI, liver; LU, lung;
a 10%5 35 kDa/.. M, matrix protein; NP, nucleoprotein;
= 1034 ° ¢ M SP, spleen; THOV, Thogotovirus; &,
'E 1021 mock-treated (control).
15 kDa|
(%]
2 10t - —
-S 100 : :/ims—seeci:cb:nd t-— -o ‘:. ﬁ [ || S — v (3-3CtiN
|_I| |_IU Slp |_l| |_lU slp o @ THOV DHOV BRBV @ THOV DHOV BRBV ~ (9 THOV DHOV BRBV
DHOV BRBV Control serum Anti-DHOV serum  Anti-BRBV serum
(1:1,000) (1:250) (1:250)
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severe infections in IFN-competent laboratory mice (/7). the role of type I IFN in the suppression of BRBV, we in-
Infection of B6 mice with the closely related DHOV led fected A549 cells that were stably overexpressing the IFN-
to severe illness and early death (Figure 1, panel B). Vi- antagonistic Npro protein of bovine viral diarrhea virus or
rus replication was detectable in liver, lung, and spleen of the V protein of simian virus 5. Npro inhibits IFN synthesis
DHOV-infected but not BRBV-infected animals (Figure by targeting transcription factor IRF3 (20), and the V pro-
1, panel C). Successful BRBV infection was confirmed by  tein blocks IFN signaling by targeting STAT1 for degrada-
seroconversion (Figure 1, panel D) and generation of neu- tion (2/). Both cultures showed enhanced BRBV replica-
tralizing antibodies (Appendix Figure). tion compared with the parental A549 control cells (Figure
BRBYV replicated to high titers in cells that are defec- 2, panel C), indicating that BRBV-induced IFN elicited an
tive in IFN responses such as simian Vero or human Huh7  antiviral state that suppressed virus propagation. Enhanced
cells (/3,19), as previously reported (8) (Figure 2, panel growth of BRBV was also observed in transformed dermal
A). In IFN-responsive human A549 and HeLa cells, virus  fibroblast cultures obtained from an IFN-nonresponsive
growth was reduced by 2 logs (Figure 2, panel A). Real- person with a genetic defect in STAT2 (/4) (Figure 2, pan-
time RT-PCR analysis showed that BRBV and DHOV el D). BRBV clearly is highly sensitive to the antiviral state
strongly induced IFN-f expression in A549 cells, whereas induced by IFN.
Huh7 cells were unresponsive, as reported previously (/3). We obtained similar results in vivo using IFN-nonre-
Both cell lines were efficiently infected, as demonstrated by ~ sponsive animals. Mice lacking IFN-o/B receptor expres-
viral PBI1 gene expression (Figure 2, panel B). To confirm  sion (IFNAR™) cannot respond to type I IFN, whereas

Figure 2. Results of sensitivity testing of BRBV to type | IFN—induced antiviral state in cell culture. A) Vero, Huh7, A549, and HelLa
cells were infected with BRBV (multiplicity of infection [MOI] 0.001). At the indicated time points, the supernatants were harvested
and viral titers determined. B)
Huh7 or A549 was infected (MOI
0.25) with BRBV or DHOV for A
16 h. Whole RNA was extracted
and IFN-B and actin transcripts
detected by real-time reverse
transcription PCR. Changes in
IFN-B transcripts were calculated
in comparison to mock-treated
cells. A conventional reverse
transcription PCR assay with
panspecific primers for viral
segment 2 (PB1) was performed
to control the infection. C, D)
Defects in IFN induction or
signaling enhancing BRBV
propagation. Parental A549 and
A549 cells stably expressing
Npro of bovine viral diarrhea Hours posti nfection ( DHOVBRBV (J DHOV BRBV
v!rus or the V protein of simian Huh7 A549
virus 5 (C), as well as (D) human
skin fibroblast control cultures or
with a defect in STAT2 infected C
with BRBV (MOI 0.001). Culture
supernatants were collected and
viral titers determined. Shown
are the arithmetic means (+SD)
of log-transformed values of
3 independent experiments.
Statistical analyses were
performed with a 1-way analysis
of variance (Tukey multiple
comparison test) (C) or a 2-tailed
t-test (D). BRBV, Bourbon virus;
CTRL, control; DHOV, Dhori
virus; IFN, interferon;
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mice devoid of both IFN-o/p and IFN-A receptor expres-
sion (IFNAR™~ IL28R™~ double knockout mice) are non-
responsive to type I and type III IFNs (/7). Although both
types of mice supported BRBV growth in liver, lung,
spleen, and kidney (Figure 3, panel A), virus growth was
not detectable in single IL28R™" mice, indicating that type
III TFN plays a minor role. Unexpectedly, STAT1~~ mice
were even more susceptible than the IFN receptor—de-
ficient animals, and BRBV grew to higher titers (Figure
3, panel A). We reasoned that IFN-y (type II IFN) might
have a role in controlling virus replication because, like
IFN-a/B, IFN-y signaling relies on STAT]1 for signal trans-
duction and antiviral activity. We therefore treated B6
mice with monoclonal antibodies directed either against
IFN-y or against IFNAR. Blocking IFN-y had no effect,
whereas blocking IFNAR led to detectable BRBV replica-
tion in most organs tested except the liver (Figure 3, panel
B).Treatment with a mixture of both antibodies massively
increased virus growth in all organs, including the liver
(Figure 3, panel B), indicating that type I and type II IFNs
worked synergistically. The synergistic effect was also re-
flected in the severity of disease.

Treatment with IFNAR but not IFN-y antibodies led to
a transient drop in body weight with rapid recovery (Figure
3, panel C). In contrast, bodyweight loss in mice treated
with both antibodies was dramatic (Figure 3, panel C),
and the animals had to be euthanized 4 days after infection
(Figure 3, panel D). The same effect was observed in IF-
NAR™ IFNLR™ double knockout mice treated with [FN-y
antibody (Figure 3, panels E-G). IFN-o/f clearly was the
dominant antiviral factor controlling BRBV, but its anti-
viral effect was potentiated by IFN-y, which is known to
act on myeloid cells (22), the main target cells of Thogo-
toviruses (23). NK cells are known as the major produc-
ers of IFN-y early during acute infections (24). However,
depletion of NK cells by treatment of IFNAR™ mice with
NKI1.1 antibody could not elevate virus replication (data
not shown), leaving the identity of the IFN-y—producing
cell compartment unclear.

We investigated the clinical and pathologic changes in
type [ (IFNAR™") and type [ and IT (STAT17~) IFN-nonre-
sponsive mice after BRBV infection (Figure 4). Wild-type
mice remained asymptomatic throughout the course of in-
fection and showed no gross abnormalities. STAT1” mice
showed the most severe clinical score and became mori-
bund, whereas IFNAR™~ mice were less severely affected
and survived (Figure 4, panel A). Serum alanine amino-
transferase levels were elevated as a sign of liver damage
(Figure 4, panel B). Histologic liver sections showed mas-
sive hepatocellular destructions, including pathologic le-
sions and infiltrating inflammatory cells (Figure 4, panel
C), consistent with acute degenerative hepatitis. Further-
more, the spleens of STAT1”~ animals showed massive
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necrosis and destruction of the normal architecture (Figure
4, panel C). We also detected infiltrations of granulocytes
in lungs and kidneys of the infected STAT1”~ animals,
indicating mild inflammation without apparent pathologic
changes (data not shown).

The pathologic and clinical signs observed in mice
were in some aspects compatible with the clinical mani-
festations described for the severe human BRBV cases
in 2014 and 2017 (/,3). The mice showed a high degree
of liver damage and elevated liver enzymes, as did the
human patients. At later stages, the human patients had
acute respiratory complications. Accordingly, the infect-
ed STAT1”~ mice showed high virus replication and in-
filtration of lymphocytes in their lungs accompanied by
labored breathing. However, the prominent maculopapu-
lar rash that was described in both human patients was not
observed in the STAT1”~ mice.

Antiviral Treatment Effect of Blocking BRBV
Replication and Diminishing Pathology

As stated recently by the Centers for Disease Control
and Prevention, no antiviral treatment of BRBV disease
is available (25). Therefore, we tested the protective ef-
fect of IFN-a and IFN-y in Huh7 cells. Treatment with
IFN-a led to a 100-fold reduction in viral titers, whereas
treatment with IFN-y was less efficient. Combination of
both cytokines led to >1,000-fold reduced virus titers,
consistent with a synergistic mode of action (Figure 5,
panel A). Treatment with the guanosine analog (ribavi-
rin) and the guanine analog (favipiravir [T705]), both
known inhibitors of viral RNA—dependent RNA poly-
merases (26,27), resulted in an up to 1 million—fold titer
reduction (Figure 5, panels B, C). To evaluate the effect
of ribavirin in combination with increasing amounts of
IFN-0, we used moderate concentrations that correspond
to pharmacologically relevant serum concentrations of
4-8 pmol/L for ribavirin and 100 IU/mL for IFNa (28)
and observed an up to 1,000-fold reduction of virus rep-
lication (Figure 5, panel D). We did not observe cyto-
toxicity of IFN-a, IFN-y, ribavirin, or favipiravir (T705)
(Figure 5, panel E).

Our mouse models might be suitable to test new treat-
ment regimens to curtail BRBV infections. IFNAR” and
STATI17 mice were infected with a high dose of BRBV
and treated daily with ribavirin. The amount of ribavirin
used in these experiments was similar to that used in pub-
lished experiments on influenza virus infections in mice
(26) and the range of ribavirin treatment of hepatitis C pa-
tients (28). In our study, treatment reduced BRBV replica-
tion in most organs and resulted in efficient titer reductions
in liver, lung, and kidney (Figure 5, panel F). Treatment
also resulted in reduced weight loss (Figure 5, panel G) and
a significant delay of 5 days in the mean time until death
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Figure 3. Immune response to BRBV in vivo. A) B6 WT (n = 5) mice or animals with a knockout in IFNAR (IFNAR™") (n = 6), IL28R"~

(n = 6), IFNAR™- IL28R "~ double knockout (n = 6), or STAT1" (n = 7) infected intraperitoneally with BRBV (1000 pfu). Liver, lung,
spleen, and kidney were harvested at day 4 and viral titers determined. B) B6 WT animals (n = 4/group) treated with monoclonal
antibodies directed against IFNAR-1 (0.5 mg/mouse 24 h before and 24 h after infection) or against IFN-y (1 mg/mouse 24 h before
and 48 h after infection) and infected with BRBV (100 PFU) for 4 d. C, D) B6 WT animals (4 per group) treated as in panel B and weight
loss (mean +SEM) and survival monitored. Animals were euthanized if they lost >25% body weight or showed severe clinical signs. E)
IFNAR™- IL28R "~ mice treated with a-IFNy antibody (n = 11) or left untreated (n = 7) as described in panels B-D and STAT1”~ (n = 8)
animals infected with BRBV (100 PFU). At day 4, postinfection viral titers were determined. F, G) The mice (E) together with additional
B6 WT (n = 9) were monitored for weight loss (mean +SEM) and survival as in panels C and D. In panels A, B, and E, geometric means
are displayed and dotted lines indicate detection limits. Statistical analyses were performed on log-transformed values with a 1-way
analysis of variance (Tukey multiple comparison test). Statistics are presented in comparison to the respective organs of IFNAR™- (A),
a-IFNAR (B), or IFNAR- IL28R"- (E). BRBYV, Bourbon virus; dpi, days postinfection; IFN, interferon; IFNAR, type | interferon receptor;
KIl, kidney; LI, liver; LU, lung; NS, nonsignificant; SP, spleen; WT, wild-type. ***p<0.001.

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 25, No. 7, July 2019 1309



RESEARCH

in the BRBV-infected STAT1”" mice (Figure 5, panel H). Discussion
Our results suggest that ribavirin, possibly in combination —Characterization of the human BRBV isolate demonstrat-
with pegylated IFN-a, might be an antiviral treatment op- ed a surprisingly strong sensitivity to the type I and type

tion, as in the case of hepatitis C (29). II IFN system. Our results indicate that the few persons
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Figure 4. Pathology of BRBV-infected mice. A) B6 WT, IFNAR™-, and STAT1~ animals (n = 5 for each group) infected intraperitoneally
with 100 PFU of BRBV and monitored daily for weight and clinical signs (mean +SD); scoring system described in Appendix Table
(https://wwwnc.cdc.gov/EID/article/25/7/18-1062-App1.pdf). B) Serum samples of infected B6 WT (n = 7), IFNAR” (n = 7), and STAT1"~
(n = 5) animals harvested at day 4 and analyzed for ALT (mean +SD). Statistical analysis was performed with a 1-way analysis of
variance (Tukey multiple comparison test). C) Histologic results showing inflammatory organ damage at 4 dpi. Organs were fixed in

4% formaldehyde and embedded in OCT medium (Tissue-Tek; Sakura, https://www.sakuraus.com); cryosections were then stained
with hematoxylin and eosin. Scale bars indicate 100 ym. ALT, alanine aminotransferase; BRBV, Bourbon virus; dpi, days postinfection;
IFNAR, type | interferon receptor; WT, wild-type. ***p<0.001; **p<0.01.
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to date who had a severe BRBV infection might have had infection with BRBV, our study provides a potential
an inborne or transient weakness in their innate antiviral therapeutic option based on the long-approved treat-
immune response. Also, in case of an acute symptomatic ment with ribavirin, possibly in combination with IFN-a.
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Figure 5. Antiviral treatment against BRBV. A-D) Huh7 cells infected with BRBV (multiplicity of infection 0.001) had viral titers
determined at 48 hpi. Shown are the arithmetic means (+SD) of log-transformed values of 3 independent experiments. The cells were
treated with increasing amounts of IFN-02a, IFN-Y, or equal amounts of both IFNs 16 h prior and 2 hpi (A); increasing amounts of the
antiviral drugs favipiravir (T705) and ribavirin 2 hpi (B, C); or a combination of ribavirin and IFN-O2a (D). E) To evaluate the cytotoxicity
of these compounds, cells were treated with the indicated concentrations for 48 h, or as a positive control the cells were treated with
lysis buffer. LDH activity in the supernatant was determined (normalized to positive control [n = 3, mean +SD]). Statistical analyses were
performed with a 1-way analysis of variance (Tukey multiple comparison test). F) IFNAR" animals (n = 5) treated by intraperitoneal
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lactate dehydrogenase; NS, nonsignificant; SP, spleen; &, mock-treated (control). ***p<0.001; **p<0.01; *p<0.05.
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Future analysis of the seroprevalence to BRBV in humans
is urgently needed to evaluate the zoonotic spread of the
virus in the affected area.
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Mitochondrial Junction Region
as Genotyping Marker for
Cyclospora cayetanensis

Fernanda S. Nascimento, John R. Barta, Julia Whale, Jessica N. Hofstetter, Shannon Casillas,
Joel Barratt, Eldin Talundzic, Michael J. Arrowood, Yvonne Qvarnstrom

Cyclosporiasis is an infection caused by Cyclospora cayeta-
nensis, which is acquired by consumption of contaminated
fresh food or water. In the United States, cases of cyclospo-
riasis are often associated with foodborne outbreaks linked
to imported fresh produce or travel to disease-endemic
countries. Epidemiologic investigation has been the primary
method for linking outbreak cases. A molecular typing mark-
er that can identify genetically related samples would be
helpful in tracking outbreaks. We evaluated the mitochon-
drial junction region as a potential genotyping marker. We
tested stool samples from 134 laboratory-confirmed cases
in the United States by using PCR and Sanger sequencing.
All but 2 samples were successfully typed and divided into
14 sequence types. Typing results were identical among
samples within each epidemiologically defined case cluster
for 7 of 10 clusters. These findings suggest that this marker
can distinguish between distinct case clusters and might be
helpful during cyclosporiasis outbreak investigations.

yclospora cayetanensis is a coccidian parasite that

causes human cyclosporiasis, an enteric infection as-
sociated with consumption of fecally contaminated fresh
food or water harboring sporulated oocysts of this parasite.
Cyclosporiasis most commonly occurs in tropical and sub-
tropical regions (/). Cases in temperate regions are often
associated with travel to countries where the disease is en-
demic or with foodborne outbreaks linked to various types
of imported fresh produce (2—4). Cases in Canada and the
United Kingdom have in recent years been increasingly as-
sociated with travel to the Riviera Maya and Cancun areas
in Mexico (3,6).

In 2017, the Centers for Disease Control and Preven-
tion was notified of 1,065 laboratory-confirmed cases of
cyclosporiasis in the United States, of which >56% were
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domestically acquired (7). A case—control study identified
green onions as being strongly associated with cyclosporia-
sis cases among 16 persons who dined at a Mediterranean-
style restaurant chain in the Houston, Texas, area in 2017
(8). However, despite extensive epidemiologic investiga-
tion and trace-back efforts, the specific exposures associated
with most of the cases in 2017 were not identified. The time
lag between exposure to the contaminated source, the onset
of clinical symptoms, and the epidemiologic investigation
can be several weeks. Consequently, case-patients might
be asked to recall relevant food exposure weeks to months
before the interview and may not recall specific food expo-
sures or identify ingredients included in certain dishes.

A validated molecular typing marker could help to
improve our understanding of cyclosporiasis epidemiology
and facilitate identification and investigation of disease
clusters. Recent advances in next-generation sequencing
have enabled whole-genome sequencing of the C. cayeta-
nensis parasite (9,10), including its organellar genomes
derived from the apicoplast (/7/,/2) and mitochondrion
(12—14). These advances facilitated development of a mul-
tilocus sequence typing (MLST) method based on 5 micro-
satellites. However, when this method was applied to stool
samples, data were successfully obtained for all 5 loci for
<60% of samples (/5,/6). In addition, the epidemiologic
usefulness of the MLST method in outbreak investigations
is currently unknown.

C. cayetanensis is a member of the phylum Apicom-
plexa. Its mitochondrial genome is ~6.3 kb and is a linear
molecule with >2 copies arranged in a concatemeric struc-
ture with a head-tail configuration (/2—/4). Comparison
of the mitochondrial genomes of C. cayetanensis isolates
from the United States and China showed only minor se-
quence variations (/2). However, mitochondrial genomes
from different isolates vary in length and seem to have a
greater amount of variation in the junction area between
the genome copies (/7). The purpose of this study was to
explore the sequence variation of this junction area of the
mitochondrial genome and evaluate it as a potential typing
marker for linking cyclosporiasis cases.
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Genotyping Marker for Cyclospora cayetanensis

Table 1. Cyclospora cayetanensis mitochondrial junction types identified among 132 samples collected in different states, United

States, 2013-2016*

Mitochondrial junction type No. samples Collection year (state)
Cmt154.A 50 2013 (TX); 2014 (MI, SC, TX); 2015 (GA, IL, TX, WI); 2016 (FL, GA, NE, TX)
Cmt154.B 34 2014-2016 (TX); 2016 (NE)
Cmt154.C 2 2013 (TX); 2015 (TX)
Cmt154.D 1 2015 (TX)

Cmt169.A 12 2013 (FL, TX); 2014 (MA, OH, PA)
Cmt169.B 7 2014-2016 (TX); 2015 (WI)
Cmt184.A 6 2013 (IA)

Cmt184.B 7 2014 (MA, M1, PA, TX); 2016 (FL)
Cmt184.C 5 2014 (ME); 2015 (TX)
Cmt184.D 3 2014 (MI, TX); 2016 (NE)
Cmt184.E 1 2013 (TX)

Cmt199.A 2 2014 (TX), 2016 (NE)
Cmt199.B 1 2014 (MA)

Cmt199.C 1 2016 (FL)

*Cmt, Cyclospora mitochondrial junction.

Methods

Sample Collection

Stool samples from 134 patients given a diagnosis of cy-
closporiasis during 2013-2016 were sent to the Centers for
Disease Control and Prevention from state public health
laboratories in the United States for confirmatory diagnostic
testing or as part of a research study. The samples had been
collected in PCR-friendly stool preservatives (e.g., Zn-
PVA) or transport medium (e.g., Cary-Blair) and were con-
firmed positive for Cyclospora sp. parasites by ultraviolet
fluorescence microscopy (/8). The samples were collected
in the following states and years: Florida (n = 1), lowa
(n=7),and Texas (n=6),2013; Maine (n=4), Massachusetts
(n=15), Michigan (n = 6), Ohio (n= 1), Pennsylvania (n =2),
South Carolina (n = 3), and Texas (n = 24), 2014; Geor-
gia (n = 1), lllinois (n = 1), Texas (n = 42) and Wisconsin
(n=06),2015; and Florida (n = 4), Georgia (n = 1), Nebraska
(n=7), and Texas (n = 13), 2016.

Epidemiologic Investigations and Classification

We defined an outbreak as >2 epidemiologically linked
cases (e.g., a cluster of cases in persons linked to a restau-
rant, grocery store, or social event). We defined a temporo-
spatial cluster as cases that occurred in the same geographic
area (e.g., in the same community or town) and had illness
onset dates around the same time (e.g., within =15 days
of each other). Epidemiologic evidence for linking cases
with common exposures (e.g., restaurant, grocery store, or
social events) is typically stronger than for temporospatial
clusters. We defined an international travel-associated case
as a case in a person who spent >1 day during their perti-
nent incubation period (i.e., 14 days before illness onset)
outside the United States.

DNA Extraction and Molecular Detection
We washed 2 mL of each stool twice with phosphate-buft-
ered saline, pH 7.4, and used 500 pL of the feces for DNA
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extraction by using the UNEX method, as described else-
where (/9). We amplified the mitochondrial junction region
in a 25-pL PCR by using the NEBNext Q5 Hot Start HiFi
PCR Master Mix (New England Biolabs, https://www.neb.
com), 400 nmol/L of each of the forward (cyclo_mit-100F:
TACCAAAGCATCCATCTACAGC) and reverse (cy-
clo mit-54R: CCCAAGCAATCGGATCGTGTT) prim-
ers, and 1 pL of the DNA sample. The cycling conditions
were 98°C for 2 min, followed by 35 cycles of 98°C for 15
s, 66°C for 15 s, and 72°C for 30 s, and a final extension
at 72°C for 5 min. PCR products of =200 bp were visual-
ized by electrophoresis on a 1.5% agarose gel stained with
ethidium bromide. We purified the PCR products by using
the Monarch PCR and DNA Cleanup Kit (New England
Biolabs) and sequenced them on an ABI PRISM 3130x1
Genetic Analyzer (Applied Biosystems, https://www.ther-
mofisher.com) in both directions by using the PCR primers
and BigDye Terminator V3.1 chemistry (Applied Biosys-
tems). We used the DyeEx 2.0 Spin Kit (QIAGEN, https://
www.qiagen.com) to remove unincorporated dyes.

Data Analysis and Sequences

We aligned forward and reverse sequence reads by using
the MAFFT version 7.222 (20) plug-in in Geneious R11
(21). The variant types of the mitochondrial junction are
available in GenBank (accession nos. MH430075-88).

Ethics

We used stool samples in accordance with the Human Sub-
jects Research Protocol (use of coded specimens for Cy-
clospora genomics research). This protocol was approved
by the Human Research Protection Office in the Center for
Global Health, Centers for Disease Control and Prevention
(#2014-107).

Results

We amplified the mitochondrial junction region from
133 (99%) of 134 samples from patients with confirmed
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diagnosis of cyclosporiasis; 1 sample from Iowa did not
show any visible band after amplification. Sanger sequenc-
ing from 132 of these samples generated data of sufficient
quality for analysis in both forward and reverse direction; 1
sample from Michigan did not produce readable sequences.
The mitochondrial junction region of C. cayetanensis exhib-
ited a high degree of variability between samples because
of 3 variations of a 15-nt motif referred to as type I, TAG-
TATTATTTATAA,; type II, TAGTATTATTTTTAA; and
type III, TAGTATTATTTTAAA (variant nucleotides are
shown in bold) (Appendix Figure, https://wwwnc.cdc.gov/
ElD/article/25/7/18-1447-Appl.pdf). These repeats were
present in 2—5 copies in various combinations and resulted
in different lengths and composition of the mitochondrial
junction. On the basis of the number of repeats, we divided
sequences into 4 main groups designated Cmt154, Cmt169,

Repeat types
Typel TAGTATTATTTATAA H
Possible Possible
TAGTATTATTTITAA loss or loss or
- absence absence
of repeat of repeat
TAGTATTATTTTAAA type | type Il

Cmt184, and Cmt199. Each main group could be further di-
vided into 2—5 sequence types on the basis of the repeat mo-
tifs and 3 single-nucleotide polymorphisms (SNPs) present
downstream of the repeat region. The sequence types were
designated with an arbitrary letter following the group
number (e.g., Cmtl154.A, Cmt154.B). The combination of
repeat motifs and SNPs resulted in 14 unique mitochondrial
junction sequence (Cmt) types among the 132 samples ana-
lyzed (Table 1).

We determined the relationship between different Cmt
sequences and their distribution among samples analyzed
from epidemiologically linked or sporadic cases (Figure).
This information includes all Cmt types publicly available
in GenBank as of August 2018, including type Cmt214.A,
which is the longest type described so far but was not en-
countered in this study. The Cmt types have 2—6 copies of

End motif variants ) Maine temporospatial
cluster

(O TAGTACTATTTTTAATATAAAAATTTAGTACACCTAGCC

Michigan conference-

. TAGTACTATTTTAAATATAAAAATTTAGTACACCTAGCC . associated

° TAGTATTATTTTTAATATAAAAATTTAGTACACCTAGCC i
O South Carolina

(O TAGTACTATTATAAATATAAAAATTTAGTACACCTAGCC temporospatial cluster

O Mexican event-
associated cluster

@ Texas household cluster

. Texas restaurant-
associated cluster -2015-A

O Wisconsin restaurant-
associated cluster 2015

‘ Texas restaurant-
associated cluster 2016

. Texas restaurant-
associated cluster 2015-B

O Texas business-
associated cluster

. Sporadic/not
epidemiologically linked

154.A

1

Figure. Relationships between detected Cyclospora mitochondrial junction (Cmt) types, United States. Fourteen unique Cmt types
were detected. Cmt214.A (top left) was not detected in this study but was reported previously (GenBank accession no. MH430089.1);

it represents the type with the largest number of 15-mer repeats (total 6) and is therefore included as reference for comparison. Three
different 15-mer repeat sequences are known, and each Cmt type possesses 2—6 of these 15-mer repeats in various combinations. The
sequence of each mt junction type can be elucidated from this figure starting with the first repeat, indicated by the red central asterisk,
and then following the arrows to the end motif. A dashed line links the sequence to a pie chart that provides epidemiologic information.
The size of the pie chart represents the number of times this particular Cmt type was detected. For instance, type 154.A was detected in
50 samples (as reflected by the scale) and represents the most common type. Red underlined letters indicate variable sites that exist in

the end motif and 15-mer repeats.
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the 3 different 15-mer repeats in various combinations. The
predominant type, Cmt154.A, was found in 50 samples in
this study, including 16 case-patients with a travel history
to Mexico, 1 case-patient with a travel history to Costa
Rica, and 14 case-patients linked to outbreaks/clusters in
South Carolina (2014), Texas (2015-2016), and Wisconsin
(2015). A total of 34 samples typed as Cmt154.B, including
11 samples from patients with a travel history to Mexico,
9 cases linked to several restaurant-associated outbreaks in
Texas (2015), and 1 case linked to an event-associated out-
break in Michigan (2014). We also provide detailed typing
and epidemiologic information for all 132 samples (Appen-
dix Table).

A total of 37 of the analyzed samples were epidemio-
logically associated with 10 outbreaks or temporospatial
case clusters (Table 2). Seven of these clusters had identi-
cal typing results among the samples within each cluster:

Genotyping Marker for Cyclospora cayetanensis

2 temporospatial clusters in South Carolina and Maine in
2014, an event in Mexico in 2015, a Texas household in
2015, and 3 restaurant outbreaks in Texas (2 in 2015 and 1
in 2016). Conversely, 2 restaurant-associated outbreaks in
Wisconsin and Texas in 2015, and an event-associated out-
break in Michigan in 2014 had >2 types identified within
each cluster.

Discussion

We investigated DNA sequence variations in the short
junction segment of the mitochondrial genome in C. cay-
etanensis parasites. We distinguished 14 Cmt types among
132 samples collected in the United States during 2013—
2016 on the basis of sequence length and the SNPs in this
region. The variability of the mitochondrial junction region
detected in our study adds to the current knowledge of the
structure of the C. cayetanensis mitochondrial genome. A

Table 2. Distribution of Cyclospora cayetanensis mitochondrial junction types detected in epidemiologically linked samples,

United States*

Collection state and Epidemiologic known link to case Sample no. International travel within 2 Cmt type
year cluster/outbreak weeks before symptom onset

Maine 2014 Maine temporospatial clustert HCMES548_14 No Cmt184.C

HCMES550_14 No Cmt184.C

HCME552_14 No Cmt184.C

HCME298 14 No Cmt184.C

Michigan 2014 Michigan event-associated cluster HCMI030_14 Unknown Cmt154.B

HCMI040_14 No Cmt184.D

HCMI029_14 No Cmt184.B

HCMI039_14 Unknown Cmt184.B

Pennsylvania 2014 HCPA556_14 No Cmt184.B

HCPA962_14 Unknown Cmt169.A

South Carolina 2014 South Carolina temporospatial clustert HCSC052_14 No Cmt154.A

HCSCO053_14 No Cmt154.A

HCSC054 14 No Cmt154.A

Texas 2015 Mexican event-associated cluster HCTX208_15 Mexico/Tulum Cmt154.A

HCTX219_15 Mexico/Tulum Cmt154.A

HCTX220_15 Mexico/Tulum Cmt154.A

HCTX547_15 Mexico/Tulum Cmt154.A

Texas household clustert HCTX354_15 Mexico/Riviera Maya Cmt154.A

HCTX355_15 Mexico/Riviera Maya Cmt154.A

Texas restaurant-associated cluster 2015-A HCTX353_15 No Cmt154.A

HCTX540_15 No Cmt154.B

HCTX551_15 No Cmt154.B

HCTX555_15 No Cmt154.B

Texas restaurant-associated cluster 2015-B HCTX356_15 No Cmt154.B

HCTX357_15 No Cmt154.B

Texas local business-associated cluster HCTX204_15 Mexico/Cozumel Cmt154.B

HCTX205_15 No Cmt154.B

HCTX206_15 No Cmt154.B

HCTX538_15 No Cmt154.B

Wisconsin 2015 Wisconsin restaurant-associated cluster HCWI001_15 No Cmt154.A

2015 HCWI003_15 No Cmt154.A

HCWI1002_15 No Cmt169.B

HCWI004_15 No Cmt169.B

HCWI005_15 No Cmt169.B

HCWI006_15 No Cmt169.B

Texas 2016 Texas restaurant-associated cluster 2016 HCTX471_16 No Cmt154.A

HCTX474_16 No Cmt154.A

*Cmt, Cyclospora mitochondrial junction.

1The terminology temporospatial cluster is used here for cases that were not linked to a particular establishment or event but were temporally and

geographically clustered.

}Case-patients were a married couple who traveled together to Riviera Maya, Mexico, during their incubation period. Because they did not spend the

entire 14-d incubation period in Mexico, it is unclear whether they became infected in Texas or Mexico.
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recently published strategy for assembly and comparison
of mitochondrial genomes of C. cayetanensis reported a
variable number of 15-mer repeats in the terminal region
of the mitochondrial genome (/7), a finding that we con-
firmed and expanded upon in our study. The sequence of
type Cmt169.B, which was found in 6 samples in our study,
is identical to the mitochondrial junction sequence found in
a previously reported sample from Nepal (GenBank acces-
sion no. KP231180.1) (/4). The most distinct mitochon-
drial genome reported so far is from an isolate from China
(12), which, on the basis of the draft genome, has only 1
copy of the 15-mer repeat.

The copy number of the mitochondrial genome is still
unknown for C. cayetanensis. Tang et al. (/2) estimated
513 copies of the mitochondrial genome for each nuclear
genome on the basis of the relative proportion of whole-ge-
nome sequencing reads mapped to each genome. However,
this estimate seems high compared with the mitochondrial
copy number in other apicomplexan parasites (e.g., 50
copies/nuclear genome in Eimeria tenella [22], 20 copies/
nuclear genome in Plasmodium falciparum [23], and 150
copies/nuclear genome in P. yoelli [24]). Nevertheless, tar-
geting a high copy number locus provides the greatest op-
portunity for successful amplification directly from clinical
samples. We successfully amplified and sequenced the mi-
tochondrial junction in 98.5% of the samples in this study.
In contrast, an MLST method based on 5 microsatellite loci
in the C. cayetanensis nuclear genome resulted in interpre-
table data from only 53%—59% of samples tested (/5,76).

This study included >2 samples from 10 outbreaks
associated with restaurants, specific events, or tempo-
rospatial case clusters. Samples from 7 of these clusters/
outbreaks had identical typing results for all linked cases,
and 3 clusters/outbreaks had linked cases that typed dif-
ferently. Instances in which the same cluster showed >1
distinct type included an outbreak in Michigan (2014) in
which 4 types were detected among 6 patients, an outbreak
in Texas (2015) in which 1 patient had a type distinct from
the other 3 patients, and an outbreak in Wisconsin (2015)
in which 2 different types were detected among 6 patients.
As suggested by Guo et al. (/5), the presence of >1 type in
a cluster might be indicative of produce contaminated with
mixed populations of C. cayetanensis.

To date, epidemiologic investigations of cyclospo-
riasis cases and outbreaks have been limited by the lack
of molecular typing methods that can reliably differen-
tiate isolates of C. cayetanensis. Our study suggests that
PCR amplification and DNA sequencing of a short region
of the mitochondrial genome might provide useful typing
information to aid such investigations. Performing am-
plicon deep sequencing of the Cmt region by using next-
generation sequencing methods might also enable analysis
of clinical or environmental samples containing multiple
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genotypes. Although further studies are required, includ-
ing sampling from broader geographic areas, we propose
that the mitochondrial junction region of C. cayetanensis
shows promise as a molecular typing marker for this hu-
man pathogen.
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Nationwide Stepwise
Emergence and Evolution of
Multidrug-Resistant
Campylobacter jejuni Sequence
Type 5136, United Kingdom

Bruno S. Lopes, Norval J.C. Strachan, Meenakshi Ramjee, Anne Thomson,
Marion MacRae, Sophie Shaw, Ken J. Forbes

We examined whole-genome—sequenced Campylobacter
jejunil and C. coli from 2012-2015 isolated from birds and
human stool samples in North East Scotland for the pres-
ence of antimicrobial resistance genes. We found that se-
quence type (ST) 5136 (clonal complex 464) was the most
prevalent multidrug-resistant strain of C. jejuni exclusively
associated with poultry host reservoirs and recovered from
human cases of campylobacteriosis. Tetracycline resis-
tance in ST5136 isolates was due to a tet(0/32/0O) mosaic
gene, ampicillin resistance was conferred by G—T trans-
version in the —10 promoter region of bla,, ... fluoroqui-
nolone resistance was due to C257T change in gyrA, and
aminoglycoside resistance was conferred by aac. Whole-
genome analysis showed that the strain ST5136 evolved
from ST464. The nationwide emergence of ST5136 was
probably due to stepwise acquisition of antimicrobial resis-
tance genes selected by high use of B-lactam, tetracycline,
fluoroquinolone, and aminoglycoside classes of drugs in
the poultry industry.

Campylobacter Jjejuni and C. coli are the most common
causes of bacterial foodborne gastroenteritis in the in-
dustrialized world (7). In the United Kingdom alone, Cam-
pylobacter is implicated in >500,000 cases, 80,000 medi-
cal consultations, and 200 deaths and costs the economy
an estimated £1 billion annually (2,3). According to World
Health Organization estimates, Campylobacter-related
sequelae affect ~1% of the worldwide population (4). In
the United Kingdom, human infection has been associated
with retail chicken meat products (55%—75% attribution);
cattle and sheep have a secondary role and wild birds, pigs,
and dogs minor roles (5—7). Most human Campylobacter
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infections are mild and self-limiting and resolve within a
few days, but severe or prolonged infections can occur, par-
ticularly in the young, elderly, and immunocompromised
patients with AIDS or other vulnerable categories for which
therapeutic intervention may be warranted (8).

For clinical therapy of campylobacteriosis, antimicro-
bial drugs, such as erythromycin, are usually prescribed,
but ciprofloxacin is advised in moderately severe cases of
nonconfirmed gastroenteritis and for travelers’ diarrhea (9).
In recent years, treatment with fluoroquinolones has been
challenging because of an increasing prevalence of fluoro-
quinolone resistance in human Campylobacter isolates that
led to the ban of the fluoroquinolone enrofloxacin for use in
poultry in the United States in 2004 (10).

The Veterinary Medicines Directorate reports that in
2016 a total of 337 tons (17% decrease from 2015) of autho-
rized veterinary antimicrobial drugs were sold in the Unit-
ed Kingdom. The sales of trimethoprim, sulphonamides,
B-lactams, and aminoglycosides remained stable between
2012 and 2016, but notable reductions were observed for
tetracycline (30%), macrolides (24%), and fluoroquino-
lones (29%) from 2015 to 2016 (/7). Only enrofloxacin and
difloxacin are licensed for poultry use; 0.5 metric tons of
active ingredient were sold for use in poultry production in
2015 to the British Poultry Council, a national trade group
that accounts for 90% of all broilers produced in the United
Kingdom (/2).

The main drivers for the acquisition of antimicrobial
resistance (AMR) are selection pressure and the opportu-
nity for horizontal gene transfer (/3). Multidrug resistance
has been defined as resistance to >3 classes of antimicro-
bial drugs and can occur by stepwise mutation or single
plasmid acquisition of AMR genes (/4,15). A report com-
missioned by the UK Food Standards Agency shows that
drug-resistant Campylobacter species are becoming more
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prevalent; evidence shows increasing levels of resistance
in bacteria from poultry meat (/6), which makes up around
half of all meat by weight purchased in the United King-
dom (33 kg/person) (/7).

The aim of this study was to establish the evolutionary
course of events that led to the emergence of a multidrug-
resistant (MDR) organism by considering the interplay
between selection pressures and genetic changes. Specifi-
cally, we investigated whether antimicrobial resistance to
B-lactams, tetracyclines, fluoroquinolones, and aminogly-
cosides in the ancestral lineages of C. jejuni ST5136 (Fig-
ure 1) led to the emergence of a strain that is the causative
agent of human campylobacteriosis in 1 of 20 cases in the
United Kingdom (/8).

Materials and Methods

Bacterial Isolates and Genotyping

Campylobacter isolates for this study came from patients
who had campylobacteriosis during 2012-2015 and from
chicken and turkey retail meat samples. We incubated the
meat samples at ambient temperature in enrichment broth
for 1 h with occasional agitation and plated 100 pL of
the broth on mCCDA plates (E & O Laboratories, http://
www.eolabs.com). We then incubated the plates under
microaerobic conditions at 37°C for 48 h and extracted
genomic DNA using the Wizard Genomic DNA Purifica-
tion Kit (Promega, https://www.promega.com). Whole-
genome sequencing was performed using HiSeq 2000
sequencer (Illumina, https://www.illumina.com) with 100
bped-end sequencing. We assembled FASTQ paired-end
reads using Velvet (/9) with a typical 50x coverage and
assembled genome size of ~1.6 Mbp. We uploaded the
genomes to the Bacterial Isolate Genome Sequence Data-
base (BIGSdb) and typed them using the 7-locus multilo-
cus sequence typing (MLST) and whole-genome MLST
(wgMLST) schemes (20,21).

Antimicrobial Resistance Gene Determinants

We assessed AMRs in silico for clonal complexes (CC)
464 (parent CC of ST5136), CC353, CC354, and CC574
(n = 494, North East Scotland; n = 68, England). We
determined the tetracycline resistance (CAMP1698) and
bla,, . ~like (CAMP0265) variants in accordance with
BIGSdb (20). We assessed the flanking sequence of
bla,, . —like for the G—T transversion in the —~10 pro-
moter region by exporting 100 bp flanking allele sequenc-
es in XMFA/concatenated FASTA formats from C. jejuni/
coli PubMLST isolate database (22). We also screened
isolates for gyrd and 23S rRNA V domain mutations,
bla,, . ~like and presence of ermA, emrB, ermC, and

ermF using BIGSdb and Resfams (23,24). We identi-
fied putative aminoglycoside resistance genes encoding
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N-acetyltransferases (AAC), O-adenyltransferases (ANT),
O-phosphotransferases (APH), and streptothricin acetyl-
transferase (SAT) using Resfams (25).

Genome Annotation and Phylogenetic Analyses

We chose 100 isolates with 1 C. coli (CC828) outgroup that
were representative of the closely related clonal complexes
CC464, CC353,CC354, and CC574 from BIGSdb. The group
consisted of isolates from North East Scotland (n =31), Eng-
land (n = 68), and Estonia (n=1). We annotated their genomes
using RAST (26) and analyzed them by whole-genome mul-
tilocus sequence typing (wgMLST) using 1,643 Gundogdu
loci (27). We constructed a phylogenetic tree in Bionumerics
v. 7.6 (Applied Maths, http://www.applied-maths.com) us-
ing the topscore unweighted pair group method with arith-
metic mean algorithm based on similarity of wgMLST loci.

Resistance development
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Figure 1. Stepwise sequential evolution of multidrug resistance
in Campylobacter jejuni ST5136, Scotland. Red dots indicate
resistance to antimicrobial drug as a result of genetic change or
acquisition of resistance gene; white dot with red outline
indicates acquisition of oxacillinase. Resistances are indicated
as follows: aac3, aminoglycoside; C257T gyrA, fluoroquinolone;
bla,, ,—like, B-lactam (variant in ST5136 is OXA-193);
tet(0/32/0), tetracycline. CC, clonal complex; OXA, oxacillin;

R, resistant; ST, sequence type.
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We constructed maximum-likelihood trees for aminoglyco-
side resistance determinants in MEGA7 (26).

Antimicrobial Susceptibility Testing and Strain Stability
We determined antimicrobial susceptibility for 21 represen-
tative CC464 isolates with genotypic polymorphisms across
the range of detected resistance markers. We used Mueller-
Hinton agar with 5% defibrinated horse blood and 20 mg/L
B-nicotinamide adenine dinucleotide for antimicrobial sus-
ceptibility testing using the disk diffusion method for cip-
rofloxacin (5 pg/disk), gentamicin (10 pg/disk), tetracycline
(5 pg/disk), kanamycin (5 pg/disk), amikacin (30 pg/disk),
tobramycin (10 pg/diskc), and streptomycin (30 pg/disk)
(29,30). We determined MIC of ampicillin (AMP) by Etest
(Oxoid, http://www.oxoid.com) and interpreted the MIC, .
and disk susceptibility results using guidelines from the Eu-
ropean Committee on Antimicrobial Susceptibility Testing
and Clinical and Laboratory Standards Institute and inter-
preted them as described previously (29). We used the an-
timicrobial drug—susceptible isolate ARI3025 as a control.
We subcultured the ST5136 isolate ARI4158 on antibiotic-
free blood agar plate (ARI4158 20) 22 times to assess the
stability of its antimicrobial resistance genes.

Statistical Analyses

We calculated 95% Cls by 10,000 bootstrap iterations
to assess if there were significant differences in clonal
complexes or individual strains with respect to resistance to

different antimicrobial drug categories or AMR resistance
alleles. If the CIs did not overlap (e.g., between 2 groups
for a particular factor), then we inferred the comparison to
be statistically significant (p<0.05).

Results

Genomic Analyses of Resistance in CC464,
CC353, CC354, and CC574
We compiled the metadata of 494 isolates from North
East Scotland, including strain types and resistance geno-
types (Appendix Table 1, https://wwwnc.cde.gov/EID/
article/25/7/18-1572-App1.xlsx). This list includes the an-
timicrobial resistance genotype of isolates in CC464 (n =
229), CC353 (n = 116), CC354 (n = 113), and CC574 (n
= 36) from across the United Kingdom. Of these, 97% of
CC464 isolates were MDR, followed by 95% of CC354
and 67% of CC574; CC353 (38%) showed lower levels of
antimicrobial resistance. Multidrug resistance in CC464
was significantly higher (p<0.05) than that for the other
clonal complexes. All ST5136 isolates had genes or mu-
tations conferring resistance to tetracycline, ciprofloxacin
(all isolates except 1), and ampicillin. We observed >1
aminoglycoside resistance gene (aac3 variants in ST5136
isolates with 75% (n = 8) showing phenotypic resistance to
kanamycin (Table 1; Figure 2).

We detected macrolide resistance in AR12246 (ST2036,
CC353), ARI2515 (ST3155, CC354), and ARI3316 (ST2438,

Table. Phenotypic evaluation of antimicrobial drug-resistant genotypes of Campylobacter jejuni ST5136 CC464 isolates, Scotland*

pubMLST gyrA aac3

ID Isolate Year Source C257T CIP OXAt AMP  tetvariantf TET variant KAN TOB
38459 ARI1530 2012 Human stool T R A S tet(O)so R G1 R S
39121 ARI2250 2013  Human stool T R A S A G1,64 R S
41320 ARI3377 2014  Human stool T R OXA-465 R tet(O/32/0); R G1 R S
40661 ARI3044 2013 Human stool T R A S tet(O/M/O)1s R G1 R S
38785 ARI1899 2012  Human stool T R A S tet(O)13 R G1 R R
38883 ARI2002_1 2012 Human stool T R OXA-193 (G) S tet(O/32/0); R G1 R S
39844 C0525 2013 Turkey T R OXA-193 (T) R tet(0/32/0); R G1 R S
42202 C1204 2014 Chicken T R OXA-193 (T) R tet(O/32/0); R G1,G4 R R
40371 ARI2986 2013  Human stool T R OXA-193 (T) R tet(O/32/0); R G1,G4 | S
48290 ARI4158 2015 Human stool T R  OXA-193 (T) R tet(0/32/0); R G1,G4 | S
42443 C1522 2015 Chicken T R OXA-193 (T) R tet(O/32/0); R G1,G4 R S
58497 C0112 2010 Chicken T R OXA-193 (T) R tet(O/32/0); R G1 R S
58473 ARI0533 2010 Human stool T R  OXA-193 (T) R tet(0/32/0); R G1 R S
41611 C0972 2014 Chicken T R OXA-193 (T) R tet(O/32/0); R G2 | S
39810 C0469 2012 Turkey T R OXA-193 (T) R tet(O/32/0); R G1,G4 R S
58159 ARI3975 2015 Human stool C S  OXA-193(T) R tet(0/32/0); R G1,G4 R S
39411 ARI2623 2013  Human stool C S  OXA-193(T) R A S G1 R R
38522 ARI1599 2012  Human stool T R OXA-193 (T) R tet(O/32/0); R G1,G4 R R
38475 ARI1546 2012 Human stool T R A S tet(0/32/0); R G1 R R
48369 ARI3988 2015 Human stool T R A S tet(O/32/0); R G1 R S
42114 ARI3830 2015 Human stool C S  OXA-193 (T) R tet(0/32/0); R G1,G4 R R
48290 ARI4158 20 2015 Human stool T R OXA-193 (T) R tet(0/32/0); R G1,G4 | S

*Result based on disk susceptibility testing, except for ampicillin, for which MIC was estimated. R indicates MIC >128mg/L. All isolates were sensitive to
amikacin, gentamicin, and streptomycin. aac3, 3-N-aminoglycoside acetyltransferase gene groups (G1-G4); AMP, ampicillin; CC, clonal complex; CIP,
ciprofloxacin; |, intermediate; ID, identification; KAN, kanamycin; R, resistant; S, sensitive; ST, sequence type as determined by multilocus sequence

typing; TET, tetracycline; TOB, tobramycin.

TOXA-465 = blaoxa-1s4-like gene; A indicates absence of oxacillinase gene; (G) or (T) indicates guanine or thymine mutation at —10 promoter of blaoxa-193.

1A indicates absence of tetracycline resistance gene.
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Figure 2. Whole-genome phylogenetic tree of Campylobacter jejuni CC464, CC353, CC574, and CC354 isolates, Scotland;

a indicates CC464 root and b indicates CC464 isolates excluding ST5136. 3-lactamase gene (bla

oxasi—like) indicates presence of

abundant allele and other OXA genes; B-lactamR®, resistant isolates (defined by -10 promoter mutation or presence of OXA-184—like
gene). tet gene indicates presence of abundant tetracycline resistance allele and other alleles; Tet?, tetracycline-resistant isolates.

AG allele indicates presence of abundant aminoglycoside allele and other alleles in a group of strains associated at the CC level;

other indicates any other aac3 resistance allele or a combination of the abundant allele along with a second aac3; AGR indicates
aminoglycoside-resistant isolates. FQ allele indicates most abundant gyrA allele and other alleles that confer fluoroquinolone resistance;
FQR indicates fluoroquinolone-resistant isolates. MDR is defined as resistance to >3 antimicrobial drugs. CC, clonal complex; MDR,

multidrug resistant; OXA, oxacillin; R, resistant; ST, sequence type.

CC354), all of which had A2075G mutation in the 23S rRNA
V domain, observed by erythromycin disk diffusion assay. We
found no mutations at 2074 and observed no resistance due
to erm (erythromycin ribosome methylation) genes in any of
the isolates.

Fluoroquinolone resistance determined by the gyrd
(CAMPO0950) C257T mutation was significantly higher in
CC464 (226/229, 99%), the parent clonal complex of ST5136;
CC353 (77/116, 66%); and CC354 (107/113, 95%) isolates,
compared with CC574 (8/36, 22%) (p<0.05) (Figure 2;
Appendix Table 1). B-lactam resistance was conferred primarily
by the bla,, , . —like (CAMP0265). CAMP0265 allele 1 and 14
encoded the OXA-193 enzyme occurring in CC464, CC353,
and CC574 isolates, whereas CAMP0265 allele 38 (OXA-
460) was significantly associated with CC354 group of iso-
lates (p<0.05). ARI3377 (ST464) and ARI2874 (ST581) had
bla,, .like and lacked any bla, ,  -like genes. CC353
isolates had relatively lower prevalence (19/113, 17%) of oxa-
cillinase. Resistance to -lactams as a result of a—10 promoter
mutation upstream of the bla_,, . ~like or the presence of
bla,, .like was significantly greater in CC464 (217/229,
95%) and CC354 (79/113, 70%) compared with CC353
(11/116, 9%,; p<0.05), whereas 21/36 (58%) of CC574 iso-
lates were found to be resistant to B-lactams (p>0.05) (Ap-
pendix Table 1). Amino acid sequence identity revealed that
OXA-193 (257 aa) and OXA-460 (253 aa) are 97.7% similar,
which may be the result of environmental conditions or eco-
logic adaptations as listed previously (37,32).
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Tetracycline resistance was significantly higher in
CC464 (221/229, 97%), CC354 (108/113, 96%), and
CC574 (29/36, 81%) than in CC353 (43/116, 37%; p<0.05)
(Appendix Table 1). The mosaic te#(O/32/0), was sig-
nificantly associated with CC464, whereas the tef(O),
and tef(O),, were associated with CC354 and CC574
(p<0.05) (Figure 2). Of CC464 isolates, 93% (214/229)
had the chromosomal fe/(0/32/0) -like disrupting dcuC
(CAMP1639). Two ST464 clinical isolates, ARI3458 and
OXC6581, were positive for both ze#(0/32/0), and tet(O).
In ARI3458, tet(0/32/0), was chromosomal and fe#(O)
was plasmidborne, but the location could not be deter-
mined in OXC6581 (Figure 3; Appendix Table 2). We
observed that te£(0/32/0) alleles 7 and 22 and te#(O),, oc-
curred very rarely in CC353 isolates. We found the mo-
saic tet(O/32/0),-like determinants on either plasmid or
chromosome in CC353, CC354, CC574, and other clonal
complexes but at a much lower frequency (Appendix Ta-
ble 2). The CAMP1698 10 variant occurred in OXC8770,
ARI1655, and ARI3389 (ST3015, CC574) and had 98.7%
similarity (631/639) to Streptococcus phage phi-m46.1
tet(O) sequence FM864213.1.

The Resfams database identified aminoglycoside re-
sistance determinants with lengths ranging from 96-263
aa. We did not assign allele numbers to determinants with
polypeptide lengths of 96—169 aa and deemed them pseu-
dogenes, whereas those with length >261 aa we identi-
fied as novel putative aminoglycoside resistance genes
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after BLAST query (Figure 4; Appendix Tables 1, 2). We
identified a total of 17 aac3 (groups G1-G4), 1 aph (O-
phosphotransferase), and 1 ant aminoglycoside resistant
gene. We grouped the aac3 allelic variants as v7, vl15,
v17, v24-28, (Gl); v8, v10, v29 (G2); v19 (G3); and

@ C0972_AAC3_v10
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@ 23 AAC3 v29
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Evolution of MDR C. jejuni ST5136, United Kingdom

vll, v22,v30-32 (G4) (Figure 4). We identified >1 aac3
variant in all isolates and no aac6’ enzymes. We identi-
fied streptothricin acetyltransferase (SAT 4), aph (v2),
aph3'-Illa (v1), and O-adenyltransferase (aadE/ant6,
v2) in a single isolate of C. jejuni (ARI2517, ST2140/

4 5_AAC3_v30 Figure 4. Maximum-likelihood
tree of all aminoglycoside
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CC574). We identified the aadE/ant6, v2 in ARI2168
(ST400/CC353) also, and aadB in ARI1990 (ST2116/
CC353) (Appendix Table 1). All CC464 isolates were
positive for >1 aac3 gene (Figure 2; Appendix Table 1,
2). The aac3 allele v17 was significantly more common in
CC464 compared with v8 and v22 that occurred in other
clonal complexes (Figure 2).

Antimicrobial Susceptibility Testing and Strain Stability

We performed susceptibility testing and corroborated 21
isolates of CC464 with genotypes predictive of resistant
or sensitive phenotypes for different antimicrobial drugs
(Table). Past studies show that disk diffusion correlated
well to MIC determination and reliably distinguished
between sensitive, intermediate, and resistant isolates
of Campylobacter (33); hence, we used this method to
assess and interpret genotypic data linked to isolate phe-
notype. Previous research has observed that the C257T
gyrA4 genotype conferred ciprofloxacin resistance, G57T
change in the -10 promoter of bla, . -like led to an in-
crease in ampicillin resistance, and all tetracycline resis-
tance genes conferred resistance to tetracycline (Table)
(22,34,35). We observed resistance to kanamycin in
18/21 aac3-positive isolates harboring alleles v22 and
v17, indicating that these variants may have the ability
to hydrolyze kanamycin (Table); this finding warrants
further investigation. Most of the isolates displayed a
tobramycin-sensitive phenotype, whereas all were sensi-
tive to amikacin, streptomycin, and gentamicin (Table).
We subcultured isolate ARI4158 (ST5136) 22 times on
antibiotic-free blood agar to assess the stability of its
antimicrobial resistance genes, but we found it to be re-
sistant like the parent isolate.

Phylogenetic Relationships

We constructed a phylogeny of 100 representative iso-
lates of CC464 and associated clonal complexes us-
ing 1,643 wgMLST loci (Figure 3; Appendix Table
2). As predicted, ST5136 clustered within CC464;
CC353, CC354, and CC574 isolates clustered, in that
order, distal to CC464. ST5136 isolates were a single
clonal MDR group closely related to the MDR isolates
of ST5812 (CC464) reported in Guernsey in 2012 and
now also found in England and Scotland (Figure 3). We
observed the clustering of CC353, CC354, and CC574
around CC464 at the wgMLST level at which CC353
and CC354 strains had a high prevalence of ciprofloxa-
cin resistance, whereas CC574 had a lower prevalence of
ciprofloxacin resistance. Our findings concur with those
reported earlier (36). Strain ST6209 (isolate no. 72, re-
sistant only to f-lactam) clustered around ST464 isolates
(nos. 73, 74, 75) that had genotypes encoding low levels
of resistance (Figure 3).
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Discussion

The UK broiler sector is the fourth-largest poultry meat pro-
ducer in the European Union, making the United Kingdom
~75% self-sufficient in poultry meat. The industry has ben-
efited from the continuing consumer choice of leaner meat,
reflected in the 12% rise in poultry meat sales in 2017. The
widespread presence of antimicrobial resistance in Campy-
lobacter spp. in retail poultry in the United Kingdom sug-
gests horizontal transfer and mutational events within and
between broiler farms and environmental conditions lead-
ing to proliferation of antibiotic-resistant lineages (37,38).
This process is observed in ST5136, which was first detect-
ed in 2010 as an ST464 variant isolated from chicken meat
(C0112) and clinical stool samples (ARI0509) from North
East Scotland and Oxford (OXC5459). In 2012, ST5136
was reported from turkey meat (C0469) in North East Scot-
land, and in all cases from both years these isolates were
MDR. ST5136 was never detected before 2010 in any of
the 15,365 isolates submitted to the PubMLST Campylo-
bacter database, but since its discovery, it has been found
in >18 abattoirs across the United Kingdom. ST5136 has
only ever been isolated from poultry (chicken 90%, turkey
10%, duck <1%) and never from cattle, sheep, pigs, or wild
birds (39). Thus, human acquisition is probably exclusively
from poultry meat.

The evolutionary ancestry of ST5136 shows that it is
a member of CC464 and evolved from a heterogencous
complex of related strains, including ST464, all of which
show high prevalence of antimicrobial resistance (Figure
3). ST5136 forms a cluster within CC464, an ancestor of
CC353 with CC574 and CC354 associated more distally
(Figure 2).

In the PubMLST Campylobacter database, the earliest
report of ST354 was from a human blood culture in 1984;
in 1991 it was isolated from chicken meat in the United
Kingdom (39). ST574 was isolated in Thailand in 1999 and
reported in the United Kingdom from an unspecified human
sample in 2000 and chicken meat in 2001 (39). The clos-
est ancestor of ST464 is ST353, which was isolated from
chicken in 1982 in the United Kingdom, and ST464, re-
ported in 2001 from chicken meat in Northern Ireland (first
report of ST464 was from Germany in 2000 from human
stool) and then ST5136 reported in 2010 (39). We com-
piled an illustration of the acquisition of resistance markers
in ST5136 from ST464 (Figure 1). In the ancestral state,
most CC464 isolates harbor aac3 and then acquire cipro-
floxacin resistance, te(0/32/0) and bla, . -like. Subse-
quently, a mutation in the bla ., . -like promoter leads to
very high levels of ampicillin resistance. All these events
have led to the stepwise selection of increasing drug resis-
tance phenotypes in an intensely antimicrobial-competitive
environment (Appendix Table 2). Ancestral to CC464 is
CC353 and somewhat more distally CC574 and CC354,
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each of which shows progressively lower proportions of
antimicrobial-resistant isolates. The commonality of the
alleles for genes conferring resistance to the 4 different
classes of antimicrobial drugs examined in this article in-
dicates a gradual accumulation of these markers, culminat-
ing in ST5136. The most recently observed marker, gyrd..,
is common to isolates of ST5136 and its cogenitor CC464
and leads to ciprofloxacin resistance, resulting in resistant
strains that are related and are fitter than their sensitive
counterparts (Figure 2; Appendix Table 2) (34). Because
most ST5136 isolates show high levels of fluoroquinolone,
B-lactam, aminoglycoside, and tetracycline resistance, it is
likely that these related isolates evolved from a resistant
ST464 ancestor.

The 1et(0/32/0), and aac3,, alleles were most likely
acquired previously, before the divergence of CC464 from
CC353. Purifying selection of resistances could be occur-
ring in CC464, as tef(O/32/0), in this group was increas-
ingly common compared with the ancestral strains. The
tetracycline resistance gene fet(0/32/0), is found on ei-
ther plasmids or the chromosome in the ancestral isolates
CC464, CC353, CC354, and CC574, but by the appearance
of the CC464 ancestor of ST5136, it is found only on the
chromosome, suggesting acquisition either via conjuga-
tion or by transformation into the last common ancestor.
There is a constant flow of resistance genes between plas-
mids, phages, and bacteria in the farm environment and the
chicken gut microbiome. Species such as Streptococcus
and Enterococcus that form a part of the chicken gut micro-
biome often harbor promiscuous plasmids with resistance
genes that can occur in Campylobacter; this exchange of
genetic determinants will be a contributor to antimicro-
bial resistance evolution in Campylobacter (40,41). Simi-
larly, OXA-193 dominated in isolates of CC464 that were
closely ancestral to ST5136 and evolved to be more highly
resistant to B-lactam antimicrobial drugs as a result of the
~10 promoter mutation in the upstream region of bla ., .-

Superimposed onto this linear phylogeny of antimicro-
bial resistance in ST5136 are the genetic changes occur-
ring in the other strains of the related lineages (Figure 1).
In Campylobacter the principal sources of genetic change
are intracellular mutational events and the acquisition of
extracellular genes from other isolates; these events are es-
timated as equally common (34,42), mutations resulting in
a clonal distribution of characters in related isolates and the
acquisitions in a mosaic distribution of characters across
the species. These sources of genetic diversity lead to the
emergence of novel variants in fitter isolates selected by the
environment. Thus, for Campylobacter, there is a complex
distribution of individual genetic markers when viewed
in the context of the overall phylogeny of related isolates.
This finding is most clearly exemplified in the example of
1 ST5136 isolate (ARI3975), which has a basal level of
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resistance to ampicillin and no promotor mutation; these
aspects could be the result of a spontaneous back muta-
tion or horizontal gene transfer from a sensitive strain of
Campylobacter.

Resistances are propagated across the clonal popula-
tion of Campylobacter; from these survival-of-the-fittest
chains of events in antimicrobial drug-rich environments,
such as poultry farms, may emerge more abundant lineages
due to the prophylactic or metaphylactic use of drugs (43).
ST464 has given rise to 2 MDR strains: ST5136 (uncA4
allele 1—3) and ST5812 (pgm allele 10—17), which are
closely associated with each other. It is unclear whether
the spread of ST5136 was better facilitated than that of
ST5812 or that other genetic changes in ST5136 made it
more likely than ST5812 to survive and colonize in poultry
or by chance.

Dissemination of highly related Campylobacter strains
throughout the poultry industry has occurred previously.
In New Zealand, C. jejuni ST474 (CC48) was a dominant
strain found almost exclusively in isolates from 1 poultry
supplier and associated with clinical cases during 2005—
2008 (44). More recently, tetracycline- and fluoroquino-
lone-resistant C. jejuni ST6944 (CC354, one of the ances-
tors of CC464) has been reported in human cases and in 3
major poultry suppliers in New Zealand (45).

The UK poultry industry has responded well to the
current BPC antibiotic stewardship program with a 71%
reduction in use of antimicrobial drugs from 2012 to 2016,
but it is worth noting that enrofloxacin and difloxacin are
authorized fluoroquinolones currently used in the chicken
industry in the United Kingdom (46). A 1991 study in the
Netherlands reported an increase in fluoroquinolone re-
sistance in Campylobacter correlated with increasing use
of enrofloxacin in the poultry industry and thus the trans-
mission of fluoroquinolone-resistant Campylobacter from
chickens to humans (38). In 2012, the poultry industry
phased out use of the modern cephalosporins completely,
but a commitment to stop the prophylactic use of fluoro-
quinolones in day-old chickens was not made until 2016
(406). Even then, these antimicrobial drugs may be added to
the drinking water of flocks of poultry when no disease is
present in most of the birds in a flock (47). The continued
occurrence of resistant strains that emerge in an antimicro-
bial-stressed environment but retain their resistance in en-
vironments even after the cessation of antibiotic pressure
has been reported previously (48). Although positive anti-
microbial usage may mitigate against the creation of future
MDR bacteria, preexisting MDR strains, such as C. jejuni
ST5136, may never lose their resistance characteristics.

Joshua Lederberg has said, “The future of human-
ity and microbes likely will unfold as episodes of Our
Wits Versus Their Genes” (49). The evolution and rise
of ST5136 indicates that bacteria can evolve by genetic
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adaptation to antibiotic-enriched and -deprived environ-
ments, which drives the evolution of environment-favored
strains by mutation or gene transfer. It is up to us to use
our wits to keep up with these changes.

Acknowledgments

We thank Food Standards Scotland (Contracts S14054,
FSS00017) and the Scottish Government’s Rural and
Environment Science and Analytical Services (RG13588-10)
for funding this work. Part of this work was presented at the
Campylobacter, Helicobacter and Related Organisms (CHRO)
2017 Congress, Nantes, France.

About the Author

Dr. Lopes is a postdoctoral research fellow at the University of
Aberdeen. His research interests include molecular epidemiology
of both foodborne and nosocomial gram-negative pathogens, in
particular antimicrobial resistance mechanisms.

References

1. SilvaJ, Leite D, Fernandes M, Mena C, Gibbs PA, Teixeira P.
Campylobacter spp. as a foodborne pathogen: a review.
Front Microbiol. 2011;2:200. http://dx.doi.org/10.3389/
fmicb.2011.00200

2. Tam CC, Rodrigues LC, Viviani L, Dodds JP, Evans MR,
Hunter PR, et al.; IID2 Study Executive Committee. Longitudinal
study of infectious intestinal disease in the UK (IID2 study):
incidence in the community and presenting to general practice. Gut.
2012;61:69-77. http://dx.doi.org/10.1136/gut.2011.238386

3. Winstanley C, Haldenby S, Bronowski C, Nelson C,
Hertz-Fowler C, Kenny J, et al. Application of whole-genome
sequencing to fully characterize Campylobacter isolates from the
UK infectious intestinal disease 1 and 2 studies. London: United
Kingdom Food Standards Agency; 2015.

4. Green PH, Cellier C. Celiac disease. N Engl ] Med.
2007;357:1731-43. http://dx.doi.org/10.1056/NEJMra071600

5. Kittl S, Heckel G, Korczak BM, Kuhnert P. Source attribution
of human Campylobacter isolates by MLST and fla-typing and
association of genotypes with quinolone resistance. PLoS One.
2013;8:e81796. http://dx.doi.org/10.1371/journal.pone.0081796

6. Sheppard SK, Dallas JF, Strachan NJ, MacRae M, McCarthy ND,
Wilson DJ, et al. Campylobacter genotyping to determine the
source of human infection. Clin Infect Dis. 2009;48:1072-8.
http://dx.doi.org/10.1086/597402

7. Wilson DJ, Gabriel E, Leatherbarrow AJ, Cheesbrough J, Gee S,
Bolton E, et al. Tracing the source of campylobacteriosis.
PLoS Genet. 2008;4:¢1000203. http://dx.doi.org/10.1371/
journal.pgen.1000203

8. Luangtongkum T, Jeon B, Han J, Plummer P, Logue CM,
Zhang Q. Antibiotic resistance in Campylobacter: emergence,
transmission, and persistence. Future Microbiol. 2009;4:189-200.
http://dx.doi.org/10.2217/17460913.4.2.189

9. 0Oza AN, McKenna JP, McDowell SW, Menzies FD, Neill SD.
Antimicrobial susceptibility of Campylobacter spp. isolated from
broiler chickens in Northern Ireland. J Antimicrob Chemother.
2003;52:220-3. http://dx.doi.org/10.1093/jac/dkg333

10. US Food and Drug Administration. Withdrawal of enrofloxacin

for poultry (homepage). 2017 [cited 2019 Apr 25].
https://www.fda.gov/Animal Veterinary/SafetyHealth/Recalls
Withdrawals/ucm042004.htm

1328

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Veterinary Medicines Directorate. UK veterinary antibiotic
resistance and sales surveillance report 2016. 2017 [cited 2019 Apr
25]. https://www.gov.uk/government/uploads/system/uploads/
attachment data/file/655403/ 1274590 VARSS 2016 report.PDF
British Poultry Council. The BPC antibiotic stewardship scheme:
leading the way in the responsible use of antibiotics. 2016 [cited
2019 Apr 25]. https://www.nfuonline.com/assets/61352

Holmes AH, Moore LS, Sundsfjord A, Steinbakk M, Regmi S,
Karkey A, et al. Understanding the mechanisms and drivers

of antimicrobial resistance. Lancet. 2016;387:176-87.
http://dx.doi.org/10.1016/S0140-6736(15)00473-0

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME,
Giske CG, et al. Multidrug-resistant, extensively drug-resistant,
and pandrug-resistant bacteria: an international expert proposal for
interim standard definitions for acquired resistance. Clin
Microbiol Infect. 2012;18:268-81. http://dx.doi.org/10.1111/
j.1469-0691.2011.03570.x

Benjak A, Avanzi C, Singh P, Loiseau C, Girma S, Busso P, et al.
Phylogenomics and antimicrobial resistance of the leprosy
bacillus Mycobacterium leprae. Nat Commun. 2018;9:352.
http://dx.doi.org/10.1038/s41467-017-02576-z

Mateus A, Takahashi EA, Elkholly DA, Crotta M, Ekiri A,

Wylie C, et al. A systematic review to assess the significance of
the food chain in the context of antimicrobial resistance (AMR)
with particular reference to pork and poultry meat, dairy products,
seafood, and fresh produce on retail sale in the UK. London: Food
Standards Agency; 2016.

Ford G. State of the poultry industry. Presented at: Agriculture
and Horticulture Development Board Outlook Conference 2015;
February 11, 2015; Westminster, London, UK [cited 2019 Apr 25].
https://pork.ahdb.org.uk/media/72845/outlook-2015-gary-ford-
state-of-the-poultry-industry.pdf

Lopes BS, Forbes KJ, Rotariu O, Strachan NJC. i-CaMPS-3 impact
of interventions—Campylobacter MLST project in Scotland.
Aberdeen (Scotland, UK): Food Standards Scotland; 2016.
Zerbino DR, Birney E. Velvet: algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res. 2008;18:821-9.
http://dx.doi.org/10.1101/gr.074492.107

Jolley KA, Maiden MC. BIGSdb: Scalable analysis of bacterial
genome variation at the population level. BMC Bioinformatics.
2010;11:595. http://dx.doi.org/10.1186/1471-2105-11-595
Sheppard SK, Jolley KA, Maiden MC. A gene-by-gene approach to
bacterial population genomics: Whole genome MLST of
Campylobacter. Genes (Basel). 2012;3:261-77. http://dx.doi.org/
10.3390/genes3020261

Zeng X, Brown S, Gillespie B, Lin J. A single nucleotide in the
promoter region modulates the expression of the B-lactamase
OXA-61 in Campylobacter jejuni. J Antimicrob Chemother.
2014;69:1215-23. http://dx.doi.org/10.1093/jac/dkt515

Ren GWN, Wang Y, Shen Z, Chen X, Shen J, Wu C. Rapid
detection of point mutations in domain V of the 23S rRNA gene in
erythromycin-resistant Campylobacter isolates by pyrosequencing.
Foodborne Pathog Dis. 2011;8:375-9. http://dx.doi.org/10.1089/
fpd.2010.0676

Luo Y, Sahin O, Dai L, Sippy R, Wu Z, Zhang Q. Development
of a loop-mediated isothermal amplification assay for rapid,
sensitive, and specific detection of a Campylobacter jejuni

clone. J Vet Med Sci. 2012;74:591-6. http://dx.doi.org/10.1292/
jvms.11-0462

Gibson MK, Forsberg KJ, Dantas G. Improved annotation of
antibiotic resistance determinants reveals microbial resistomes
cluster by ecology. ISME J. 2015;9:207-16. http://dx.doi.org/
10.1038/ismej.2014.106

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA,
et al. The RAST server: Rapid annotations using subsystems
technology. BMC Genomics. 2008;9:75,2164-9-75.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 25, No. 7, July 2019



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gundogdu O, Bentley SD, Holden MT, Parkhill J, Dorrell N,
Wren BW. Re-annotation and re-analysis of the Campylobacter
Jjejuni NCTC11168 genome sequence. BMC Genomics.
2007;8:162. http://dx.doi.org/10.1186/1471-2164-8-162

Kumar S, Stecher G, Tamura K. MEGA7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol.
2016;33:1870—4. http://dx.doi.org/10.1093/molbev/msw054
Chang YC, Tien N, Yang JS, Lu CC, Tsai FJ, Huang TJ, et al.
Class 1 integrons and plasmid-mediated multiple resistance genes
of the Campylobacter species from pediatric patient of a university
hospital in Taiwan. Gut Pathog. 2017;9:50. http://dx.doi.org/
10.1186/s13099-017-0199-4

Matuschek E, Veldman K, Hakanen A, Bengtsson S,

Lehtopolku M, Mevius D, et al. EUCAST standardised disk
diffusion methodology for Campylobacter jejuni and C. coli.
European Society of Clinical Microbiology and Infectious
Diseases. 2012 [cited 2019 May 2]. https://www.escmid.org/
escmid_publications/escmid_elibrary/material/?mid=2694

Lopes BS. The conundrum of naming resistance gene determinants.

J Antimicrob Chemother. 2016;71:3623—4. http://dx.doi.org/
10.1093/jac/dkw281

Brocchieri L, Karlin S. Protein length in eukaryotic and
prokaryotic proteomes. Nucleic Acids Res. 2005;33:3390-400.
http://dx.doi.org/10.1093/nar/gki6 15

Matuschek E, Brown DF, Kahlmeter G. Development of the
EUCAST disk diffusion antimicrobial susceptibility testing
method and its implementation in routine microbiology
laboratories. Clin Microbiol Infect. 2014;20:0255-66.
http://dx.doi.org/10.1111/1469-0691.12373

Luo N, Pereira S, Sahin O, Lin J, Huang S, Michel L, et al.
Enhanced in vivo fitness of fluoroquinolone-resistant
Campylobacter jejuni in the absence of antibiotic selection
pressure. Proc Natl Acad Sci U S A. 2005;102:541-6.
http://dx.doi.org/10.1073/pnas.0408966102

van Hoek AH, Mayrhofer S, Domig KJ, Florez AB, Ammor MS,
Mayo B, et al. Mosaic tetracycline resistance genes and their
flanking regions in Bifidobacterium thermophilum and
Lactobacillus johnsonii. Antimicrob Agents Chemother.
2008;52:248-52. http://dx.doi.org/10.1128/AAC.00714-07
Cody AJ, McCarthy NM, Wimalarathna HL, Colles FM,

Clark L, Bowler IC, et al. A longitudinal 6-year study of the
molecular epidemiology of clinical campylobacter isolates in
Oxfordshire, United kingdom. J Clin Microbiol. 2012;50:3193—
201. http://dx.doi.org/10.1128/JCM.01086-12

Wimalarathna HM, Richardson JF, Lawson AJ, Elson R,
Meldrum R, Little CL, et al. Widespread acquisition of
antimicrobial resistance among Campylobacter isolates from
UK retail poultry and evidence for clonal expansion of resistant
lineages. BMC Microbiol. 2013;13:160,2180-13-160.

Endtz HP, Ruijs GJ, van Klingeren B, Jansen WH,

van der Reyden T, Mouton RP. Quinolone resistance in
campylobacter isolated from man and poultry following the
introduction of fluoroquinolones in veterinary medicine.

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 25, No. 7, July 2019

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Evolution of MDR C. jejuni ST5136, United Kingdom

J Antimicrob Chemother. 1991;27:199-208. http://dx.doi.org/
10.1093/jac/27.2.199

Jolley KA, Bray JE, Maiden MC. Open-access bacterial
population genomics: BIGSdb software, the PubMLST.org
website and their applications. 2018 [cited 2019 May 2].
https://wellcomeopenresearch.org/articles/3-124/v1

Werner G, Hildebrandt B, Witte W. Aminoglycoside-streptothricin
resistance gene cluster aadE-sat4-aphA-3 disseminated among
multiresistant isolates of Enterococcus faecium. Antimicrob
Agents Chemother. 2001;45:3267-9. http://dx.doi.org/10.1128/
AAC.45.11.3267-3269.2001

Brown-Jaque M, Calero-Céceres W, Muniesa M. Transfer of
antibiotic-resistance genes via phage-related mobile elements.
Plasmid. 2015;79:1-7. http://dx.doi.org/10.1016/
j-plasmid.2015.01.001

Vegge CS, Brondsted L, Ligowska-Marzgta M, Ingmer H.

Natural transformation of Campylobacter jejuni occurs beyond
limits of growth. PLoS One. 2012;7:e45467. http://dx.doi.org/
10.1371/journal.pone.0045467

Stokes HW, Gillings MR. Gene flow, mobile genetic elements
and the recruitment of antibiotic resistance genes into Gram-
negative pathogens. FEMS Microbiol Rev. 2011;35:790-819.
http://dx.doi.org/10.1111/j.1574-6976.2011.00273.x

Miillner P, Collins-Emerson JM, Midwinter AC, Carter P,

Spencer SE, van der Logt P, et al. Molecular epidemiology of
Campylobacter jejuni in a geographically isolated country with

a uniquely structured poultry industry. Appl Environ Microbiol.
2010;76:2145-54. http://dx.doi.org/10.1128/AEM.00862-09
French NP, Williamson DA, Biggs R, Biggs PJ, Bloomfield S,
Dyet K, et al. Emergence of Campylobacter jejuni ST-6964 in
poultry and humans in New Zealand: A new twist in the campy
story. Wellington (New Zealand): Crown Copyright—Ministry for
Primary Industries; 2016.

Veterinary Medicines Directorate. UK veterinary antibiotic
resistance and sales surveillance report. 2015 [cited 2019 Apr 25].
https://www.gov.uk/government/uploads/system/uploads/
attachment_data/file/582341/1051728-v53-UK-VARSS 2015.pdf
Rose E, Nunan C. Antibiotic use in the UK poultry sector. Alliance
to Save Our Antibiotics (Basel). 2016 [cited 2019 Apr 25].
http://www.saveourantibiotics.org/media/1 763/antibiotic-use-in-
the-uk-poultry-sector.pdf

Ward MJ, Goncheva M, Richardson E, McAdam PR, Raftis E,
Kearns A, et al. Identification of source and sink populations for the
emergence and global spread of the East-Asia clone of community-
associated MRSA. Genome Biol. 2016;17:160. http://dx.doi.org/
10.1186/s13059-016-1022-0

Lederberg J. Infectious history. Science. 2000;288:287-93.
http://dx.doi.org/10.1126/science.288.5464.287

Address for correspondence: Bruno S. Lopes, University of Aberdeen,
Medical Microbiology, 0:025 Polwarth Building, Aberdeen City,
Aberdeen AB25 27D, Scotland, UK; email: bruno.lopes@abdn.ac.uk

1329



RESEARCH

High-Complexity Plasmodium
falciparum Infections,
North Central Nigeria, 2015-2018

Bitrus Yakubu, Ishaya Yohanna Longdet, Tony Horsefield, Dinchi Tyem Davou, Emmanuel Obishakin

The mass migration that occurred during 2009-2013 and
after the insurgency in northeastern Nigeria could have in-
creased malaria incidence and Plasmodium falciparum ge-
netic diversity in North Central Nigeria. To determine P. fal-
ciparum sequence diversity in this region, we screened 282
samples collected in regional clinics during 2015-2018 for
Plasmodium spp. and, with positive samples, determined
P. falciparum infection complexity and allele diversity using
PCR. Of 34 P. falciparum—positive samples, 39 msp1, 31
msp2, and 13 glurp alleles were detected, and 88% of infec-
tions were polyclonal. We identified trimorphic and dimor-
phic allele combinations in a high percentage of samples,
indicative of a high infection complexity in the study popula-
tion. High genetic diversity is a catalyst for the evolution of
drug resistant-alleles. Improved measures (e.g., better drug
quality, diagnostics) are needed to control P. falciparum
transmission and reduce the potential for the emergence of
drug resistance in Nigeria.

Malaria is endemic in Nigeria; its national prevalence
among children 659 months of age is 27% (/). The
World Health Organization World Malaria Report 2017 in-
dicated that Nigeria accounted for 27% of the global malar-
ia cases and 30% of the deaths in 2016 (2). The insurgency
that occurred during 2009-2013 in northeastern Nigeria has
been marked as one of the key factors responsible for driv-
ing this increased number of malaria cases and deaths; the
insurgency disrupted the healthcare system, and up to 2.1
million persons were displaced (3—6). Added to the insur-
gency burden were communal conflicts between internally
displaced persons (IDPs) and locals, which predominantly
occurred in the states of Plateau, Benue, Taraba, Kaduna,
and Nasarawa (3). Published reports established that 3 pat-
terns of IDP movement transpired in Nigeria: migration to
North Central Nigeria (defined as the states of Kwara, Ni-
ger, Nasarawa, Plateau, Benue, and Kaduna, and the Federal
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Capital Territory), economic migration from rural to urban
areas, and secondary displacement of host communities be-
cause of communal conflicts (5).

The population displacement that occurred in North Cen-
tral Nigeria was likely a key factor affecting the epidemiology
of malaria transmission in this region. A high level of new
clones of Plasmodium falciparum probably would have been
introduced into the host communities of towns and cities ex-
periencing influxes of IDPs. Immigration of infected persons
into new areas can increase the rate of malaria transmission
(7) and might subsequently result in infections of higher com-
plexity and pathogens of more extensive genetic diversity in
the host communities. In other malaria-endemic areas, popula-
tion displacement, political unrest, and insurgency have been
found to affect malaria epidemiology (8—10).

Meiotic recombination of P. falciparum parasites in
Anopheles sp. mosquitoes has been proposed as the origin
of the generation of novel alleles leading to new P. falci-
parum strains, and this cycle is likely to continue as long
as there are vectors, parasites, and human hosts (//-13).
Treatment failures occur more often in patients infected
with higher numbers (>3 vs. <3) of P. falciparum strains
(14,15). Drug resistance and treatment failures are envis-
aged to be among the challenges to achieving elimination
of malaria in Nigeria (/6,17). Ajayi et al. (/8) reported 3
cases of artemisinin-based combination treatment failure of
P. falciparum infection that were later adequately cleared
with quinine. However, health practitioners and profes-
sionals in Nigeria have determined that the failure to clear
parasites and resolve clinical disease after drug treatment is
the result of many factors (drug nonpotency, incorrect di-
agnosis, noncompliance with dosing regimen duration, use
of substandard drugs, and drug interactions). These reports
spurred us to investigate the complexity of P. falciparum
infections and P. falciparum genetic diversity (allele fre-
quencies) in the North Central region of Nigeria.

Merozoite surface protein 1 (mspl), merozoite surface
protein 2 (msp2), and glutamate-rich protein (glurp) gene-
based studies of P. falciparum genetic diversity and infection
complexity have been extensively carried out in other parts
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of sub-Saharan Africa, but only a few studies have taken
place in regions of Nigeria (/9—24). Research is scant on the
genetic diversity of P. falciparum in North Central Nigeria,
and this knowledge is critical for the implementation of suc-
cessful control measures (/3). Earlier reports by Jelinek et
al. (25) and Meyer et al. (/2) showed that increased genetic
diversity of circulating malaria parasites in a population in-
creases the potential for the selection of drug resistance. In
our study, we investigated P. falciparum genetic diversity
and the complexity of P. falciparum infections by assessing
mspl, msp2, and glurp allele frequencies and genetic diver-
sity in densely populated areas of North Central Nigeria.

Materials and Methods

Study Design
During August 2015-April 2018, whole blood samples for
this study were collected from patients treated at 6 randomly
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Figure 1. Sampling site locations in study of genetic diversity of Plasmodium falciparum spp., North Central Nigeria, 2015-2018. The
Jabi region was the sampling site in Abuja.
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selected healthcare centers in 5 locations of North Central Ni-
geria: Jos (Plateau State), Karu (Nasarawa State), Kafanchan
(Kaduna State), Lokoja (Kogi State), and Abuja (Federal Cap-
ital Territory) (Figure 1). We chose these locations because
previously published reports indicated that IDP movement oc-
curred in these areas during the peak periods of insurgency,
communal conflicts, and economic migration. After collection,
whole blood samples were stored at 4°C until we performed
PCR analyses at the Department of Biochemistry in the Fac-
ulty of Medical Sciences, University of Jos (Jos, Nigeria). Our
target was to analyze >50 representative archived whole blood
samples from each of the 6 healthcare centers. We received
permission to collect and analyze these samples from the Na-
tional Code for Health Research Ethics Committee.

PCR Screening for P. falciparum
We characterized P. falciparum isolates using the nested
PCR methods of Snounou et al. (26) as modified by Singh
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et al. (27). These modifications included the use of a differ-
ent genus-specific primer combination (rPLU-1 with rPLU-
5 instead of rPLU-5 with rPLU-6) and the use of the nest-1
PCR product as the template for the genus-specific (nest-2)
PCR. The primers for these PCRs (Table 1) were designed
by using the Plasmodium small subunit rRNA genes (29)
and synthesized by Ingaba Biotec (https://www.inqababio-
tec.co.za). We performed the nest-1 PCR, then the nest-
2 PCR (to identify the samples positive for Plasmodium
spp.), and then the P. falciparum species—specific PCR.
The nest-1 reaction mix contained 5 pL of DNA
template, 25 uL of One Taq Quick-Load 2% Master Mix
(New England BioLabs, https://www.neb.com), 1 pL of
each primer (10 umol/L rPLU1 and rPLUS), and 18 pL
nuclease-free water. We used the following cycling pro-
gram for the nest-1 PCR: initial denaturation at 94°C for 4
min; 35 cycles of 94°C for 30 s, 55°C for 60 s, and 72°C
for 60 s; and a final extension at 72°C for 4 min. The nest-
2 reaction mix was the same as the nest-1 reaction mix,
except that we used 2 pL of the nest-1 PCR product as the
template and different primers (rPLU3 and rPLU4). The
P. falciparum species—specific reaction mix was the same
as the nest-2 PCR reaction mix, except that we used dif-
ferent primers (rFAL1 and rFAL2). The cycling programs
we used for the nest-2 and P. falciparum species—spe-
cific PCRs were the same as the one used for the nest-1
PCR, except that we used different annealing temperatures
(62°C for the nest-2 PCR and 58°C for the Plasmodium
species—specific PCR). We performed these amplifica-
tions (as well as the genotyping PCR described in the next

section) in the GeneAmp 9700 (Applied Biosystems,
https://www.thermofisher.com).

Genotyping by Nested PCR

With P. falciparum—positive samples, we performed pri-
mary and genotype-specific PCRs for mspl, msp2, and
glurp according to the modified method of Snounou and
Farnert (28). The primary PCRs amplified the block 2 vari-
able region (for mspl), block 3 central repeat region (for
msp2), or the glutamate-rich protein region (for glurp).
These regions have repetitive segments and motifs that are
variable in length among strains; this variability occurs be-
cause of the intragenic recombination in Anopheles mos-
quitoes. PCRs targeting these regions amplify sequences
of different lengths, which are the basis of clonality in P.
falciparum. The primary reagent mixture included 5 pL
of genomic DNA extract; 25 uL One Taq Quick-Load 2%
Master Mix; 1.0 pL of each of the mspl, msp2, or glurp
first reaction primers (10 pmol/L) (Table 1); and 14 pL
nuclease-free water. We performed amplifications using
an initial denaturation at 95°C for 5 min, followed by 25
cycles of denaturation at 94°C for 1 min, annealing at 58°C
for 2 min, and extension at 72°C for 2 min and then a final
extension at 72°C for 5 min. We used the products of the
primary PCRs as the template for the subsequent genotype-
specific PCRs, which were used to determine mspl (K1,
MAD20, RO33), msp2 (FC-27, IC/3D7), and glurp allele
type. The reaction mix and conditions we used for the gen-
otype-specific amplifications were the same as the ones we
used for the primary amplification, except that the primers

Table 1. Primer sequences used for PCRs to screen and genotype samples collected in study of genetic diversity of Plasmodium

falciparum parasites, North Central Nigeria, 2015—2018*

PCR description Primer name or type: sequence, 5'—>3' Size, bp Reference
Nest-1 rPLU1: TCAAAGATTAAGCCATGCAAGTGA 620 (27)
rPLU5: CCTGTTGTTGCCTTAAACTCC
Nest-2, genus-specific PCR rPLU3: TTTTTATAAGGATAACTACGGAAAAGCTGT 240 (27)
rPLU4: TACCCGTCATAGCCATGTTAGGCCAATACC
Plasmodium falciparum rFAL1: TTAAACTGGTTTGGGAAAACCAAATATATT 205 (27)
species—specific PCR rFAL2: ACACAATGAACTCAATCATGACTACCCGTC
msp1, primary reaction Forward: CTAGAAGCTTTAGAAGATGCAGTATTG Variable (28)
Reverse: CTTAAATAGTATTCTAATTCAAGTGGATCA
K1 Forward: AAATGAAGAAGAAATTACTACAAAAGGTGC Variable (28)
Reverse: GCTTGCATCAGCTGGAGGGCTTGCACCAGA
MAD20 Forward: AAATGAAGGAACAAGTGGAACAGCTGTTAC Variable (28)
Reverse: ATCTGAAGGATTTGTACGTCTTGAATTACC
RO33 Forward: TAAAGGATGGAGCAAATACTCAAGTTGTTG Variable (28)
Reverse: CATCTGAAGGATTTGCAGCACCTGGAGATC
msp2, primary reaction Forward: ATGAAGGTAATTAAAACATTGTCTATTATA Variable (28)
Reverse: CTTTGTTACCATCGGTACATTCTT
FC27 Forward: AATACTAAGAGTGTAGGTGCARATGCTCCA Variable (28)
Reverse: TTTTATTTGGTGCATTGCCAGAACTTGAAC
IC/3D7 Forward: AGAAGTATGGCAGAAAGTAAKCCTYCTACT Variable (28)
Reverse: GATTGTAATTCGGGGGATTCAGTTTGTTCG
glurp, primary reaction Forward: TGAATTTGAAGATGTTCACACTGAAC Variable (28)
Reverse: GTGGAATTGCTTTTTCTTCAACACTAA
glurp Forward: TGTTCACACTGAACAATTAGATTTAGATCA Variable (28)

Reverse: GTGGAATTGCTTTTTCTTCAACACTAA

*glurp, glutamate-rich protein; msp1, merozoite surface protein 1; msp2, merozoite surface protein 2.
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(Table 1), annealing temperature (61°C), and DNA tem-
plate (2 pL) were different.

Statistical Analysis

We used GraphPad Prism version 7.03 (https://www.graph-
pad.com) for allele frequency graph construction. We also
used this tool to compare allele frequencies by paired ¢ test
and analyze the polyclonal distribution of allele families.

Results

P. falciparum Nested PCR

We obtained 282 archived whole blood samples from the
6 healthcare centers participating in the study. Many of the
samples originated from patients who visited the centers
for general medical checkups, genotyping, and screening
for hepatitis viruses. Various clinical laboratory tests were
performed on the collected blood samples as requested by
the medical doctors for determining diagnosis or as re-
quested by the patient.

Of 282 blood samples, 54 were positive for a Plasmo-
dium species (240-bp PCR product) by nested PCR and 34
samples were positive for P. falciparum (205-bp PCR prod-
uct; Figure 2). The estimated prevalence of P. falciparum
among positive samples was 63% (34/54), unusually low
compared with the national P. falciparum prevalence of
>95% in 2015 (/). However, this finding represents a lim-
ited number of samples and cannot truly reflect the national
average. The estimated prevalence of 37% for non—P. fal-
ciparum malaria species can probably be attributed to the
circulation of >2% of the other Plasmodium species that
infect humans.

Allele Diversity and Complexity of Infections

In genotyping PCRs, 32 persons were positive for msp1, 29
for msp2, and 31 for glurp. We found more genetic varia-
tion (i.e., more alleles) for the msp/ gene than the msp?2
or glurp genes. We detected a total of 39 mspl (16 K1, 13
MAD20, and 10 RO33), 31 msp2 (16 FC27 and 15 IC/3D7),
and 13 glurp clones in P. falciparum—positive blood sam-
ples (Tables 2, 3). A high percentage of the population had

evidence of polyclonal infections; >2 different-sized PCR

High-Complexity P. falciparum Infections, Nigeria

products (i.e., >2 alleles) were present on agarose gel for
the mspl, msp2, or glurp genes in 88% of the samples.
Similar studies conducted previously in Nigeria (mainly in
the southwestern part) during 2004—2014 showed less ge-
netic diversity (Table 3). In those studies, the total number
of clones detected were 4 for K1, 2 for MAD20, and 4 for
RO33 of the mspl gene and 9 for FC27 and 4 for IC/3D7
of the msp2 gene. Polyclonal P. falciparum infections
were more prevalent in our study (multiplicity of infection
[MOI], i.e., parasite clones per sample, 2.4) than in the pre-
vious reports (MOIs 1.1 and 1.4; Table 3).

In our study, fragment sizes were 100-1,200 bp for
mspl, 150—1,200 bp for msp2, and 200—1,550 bp for glurp
(Figures 3-5). The highest number of clones seen for a
single allele in a single sample was 8 (with 8 clear bands
of the FC27 allele); this sample came from a patient in Ka-
fanchan. A number of samples contained only 1 clone: 8§
samples contained a single clone of K/, 8 a single clone
of RO33, 6 a single clone of MADZ20, 7 a single clone of
FC27,and 9 a single clone of /C/3D7.

The combinations of msp/ family alleles observed
were K1, MAD20, and RO33 (63%, 20/32); K1 and MAD20
(3%, 1/32); KI and RO33 (6%, 2/32); and MAD20 and
RO33 (3%, 1/32). Infections were predominantly trimor-
phic (63%), and fewer were dimorphic (12%); 25% were
monomorphic. For the msp?2 allele family, dimorphic infec-
tions (FC27 + IC/3D7) occurred in 50% of the population;
35% of the population was positive for only /C/3D7 and
15% for only F'C27. Many patients had infections with high
MOIs. The mean MOI per allele family was 2.4 for msp!
and msp2 and 1.0 for glurp (Table 2). The wide occurrence
of trimorphic and dimorphic allele combinations is indica-
tive of high complexity of infection in the study population.

We assessed the frequency of the occurrence of each
allele in the population. We categorized clones into mo-
lecular weight groups differing by 50 bp for clear discrimi-
nation from other clones and elimination of errors that
would result from estimating the molecular weight on aga-
rose gels. For the mspl allele family, the K7 allele of size
200-250 bp was detected at the highest frequency (n = 18),
followed by the MAD20 allele of fragment size 150-200 bp
(n = 11) and the RO33 alleles of fragment sizes 100—150

205 bp

Figure 2. Screening PCR results of persons with Plasmodium falciparum parasite infections, North Central Nigeria, 2015-2018. Lane
M, 50-bp DNA marker (ThermoFisher Scientific, https://www.thermofisher.com); lanes 1—4, archived blood samples from Nisa Premier
Hospital (Jabi, Federal Capital Territory, Nigeria); lanes 5-15, archived blood samples from Kogi Specialist Hospital (Lokoja, Kogi State,
Nigeria); lane 16, positive control. Samples positive for P. falciparum had a PCR product size of 205 bp.
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Table 2. Alleles of genes detected in Plasmodium falciparum isolates, North Central Nigeria, 2015-2018*

Allele family No. positive by PCR No. alleles Allele size range, bp Mean MOIt % Polyclonal
msp1 32
K1 32 16 100-916 2.63 68
MAD20 21 13 100-1,200 2.38 73
RO33 22 10 100-1,100 2.23 64
msp2 29
FCc27 17 16 150-1,130 2.52 53
IC/3D7 28 15 300-1,200 2.21 68
glurp 31 13 200-1,550 1.03 23

*glurp, glutamate-rich protein; MOI, multiplicity of infection; msp7, merozoite surface protein 1; msp2, merozoite surface protein 2.

tDefined as number of parasite clones per sample.

bp (n=9) and 650-700 bp (n =9) (Figure 3). For the msp2
allele family, the most frequently detected alleles were the
FC27 allele of size 250-300 bp (n = 9) and the /C/3D7 al-
lele of size 400450 bp (n =9) (Figure 4). The glurp allele
with the highest frequency (n = 11) was 900-950 bp in size
(Figure 5).

We did not attempt to compare the distribution pat-
terns of the allele families by location because the number
of P. falciparum—positive samples in some locations was
low. However, an analysis of the seasonal patterns of diver-
sity showed that 60% of the infections that occurred during
the dry season (November—March) and 50% of those that
occurred during the wet season (April-October) were poly-
clonal. Paired ¢ tests showed that the temporal distribution
of polyclonal infections and the frequency of clones were
statistically significant (p<0.05). During the dry season,
the person infected with the highest number of clones (8
clones) was sampled, as well as others infected with 4-5
clones. The finding that polyclonal infections were more
common in the dry season was unexpected. However, the
increased transmission during this period can be explained
by the open gutter and sewage systems present in urban ar-
eas of Nigeria; this factor has led to the mosquitoes that po-
tentiate malaria transmission being prevalent year-round.

Discussion

In this prospective cross-sectional study, we investigated P.
falciparum genetic diversity and the complexity of P. fal-
ciparum infection in North Central Nigeria because a high
level of genetic diversity and infection complexity was a

likely aftermath of the influx of IDPs into the region. We
hypothesized that a high level of genetic diversity would
be found in the region partly as a result of immigration of
P. falciparum—infected IDPs into the region. High genetic
diversity of malaria parasites circulating in a population
could serve as a risk factor for genetic recombination and
the generation of novel alleles (//—13). We found that 63%
of the Plasmodium spp.—positive samples were positive for
P. falciparum. Our PCR screening results cannot be used
as an estimate of the prevalence of P. falciparum in North
Central Nigeria, but this finding has revealed that non—P.
falciparum malaria species are circulating in this region
and infecting humans. The finding of 37% positivity for
non—P. falciparum Plasmodium spp. is high compared with
previous reports of low-level prevalence (0.4%—6.3%) in
other parts of Nigeria (30-33). An epidemiologic study of
non—P. falciparum malaria species circulating in the North
Central region would be vital for national malaria control.
Treatment failures reported by some authors (/6,/7) in
Nigeria could be related to incorrect diagnosis and hence
inappropriate drug administration. Artemisinin-based com-
bination therapy is recommended for the treatment of P.
falciparum malaria, but chloroquine plus primaquine is the
first-line regimen for P. vivax malaria (34).

We detected the mspl, msp2, and glurp alleles in most
patients positive for P. falciparum parasites, and these al-
leles had high genetic variability. Many samples from in-
fected patients contained multiple alleles, and the genetic
variation was more extensive with the msp/ and msp2 al-
lele families than with the glurp allele. Overall, 88% of the

Table 3. Distribution of msp 1, msp 2, and glurp clones detected in previous studies conducted in southwestern Nigeria, 2004-2014,

and North Central Nigeria, 2015-2018*

No. allelest

No. msp1 msp2 Mean
Study Region (state or territory) samples K71 MAD20 R033 FC27 IC/3D7 glurp  MO%
Happi et al. (30) Southwestern (Ogun) 47 4 2 4 9 4 5 -
Olasehinde et al. (37) Southwestern (Ogun) 100 4 3 1 3 3 - 1.1
Oyebola et al. (32) Southwestern (Lagos) 100 3 2 1 3 3 - 14
Bamidele Abiodun et al. (33) Southwestern (Lagos) 78 2 2 1 - - - 1.4
This study North Central (Plateau, 54 16 13 10 16 15 13 24

Nasarawa, Kogi, Kaduna, FCT)

*FDT, Federal Capital Territory; glurp, glutamate-rich protein; MOI, multiplicity of infection; msp1, merozoite surface protein 1; msp2, merozoite surface
protein 2.

tTotal number alleles found, regardless of size.

1Defined as number of parasite clones per sample.
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population had evidence of polyclonal infection with >1 of
the allelic forms. We discovered 10—16 msp/ clones and
15-16 msp2 clones. This finding does not corroborate re-
sults of similar previous studies from southwestern Nige-
ria, in which 1-4 msp! clones and 3-9 msp2 clones were
found (Table 3). We detected a total of 39 mspl, 31 msp2,
and 13 glurp alleles, which is quite high compared with
the reported values in other regions of Nigeria (30,32) and
other countries of West Africa (27). Infections with patho-
gens harboring high numbers of alleles could influence the
emergence of resistance (35), considering that, in this sce-
nario, multiple alleles are exposed to the same chemothera-
peutic agents. The high level of trimorphic, dimorphic, and
monomorphic infections in the population is evidence of
extensive genetic diversity. Our work revealed a higher
frequency of occurrence of polyclonal infections and infec-
tions with P. falciparum parasites of multiple genotypes, as
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Figure 3. Allele frequency of msp1 in persons with Plasmodium
falciparum infection, North Central Nigeria, 2015-2018. The K1
allele of size 200-250 bp was detected at the highest frequency
(n = 18). The next highest detected were the MAD20 allele of
fragment size 150—-200 bp (n = 11) and the RO33 alleles of
fragment sizes 100—-150 bp (n = 9) and 650-700 bp (n = 9).
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well as infections of higher MOls, compared with previous
studies (30,33,36).

The question yet to be answered, however, is whether
polyclonal infection is a frequent occurrence in Nigeria.
The frequent occurrence of this phenomenon in a single
geographic area has been determined to be an early indi-
cator for the emergence of alleles associated with drug
resistance (//,35). The high number of polyclonal infec-
tions seen in North Central Nigeria could be attributed to
a high level of genetic recombination and high evolution-
ary pressure on the mspl, msp2, and glurp genes in this
region, which could partially be attributed to the high level
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Figure 4. Allele frequency of msp2 in persons with Plasmodium
falciparum infection, North Central Nigeria, 2015-2018. The most
frequently detected alleles were the FC27 allele of size 250-300
bp (n =9) and the /IC/3D7 allele of size 400450 bp (n = 9).
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of movement into the North Central region (the economic
hub of the nation) for commercial reasons. Drug resistance
of P. falciparum parasites is a highly complex mechanism
involving multiple genes, pfk/3 being a gene responsible
(37). Work by Oboh et al. (36) and Ebenebe et al. (37) in-
dicated that in 2018 drug resistance of malaria pathogens to
artemisinin-based combination therapy was not an immedi-
ate public health threat for southwestern Nigeria. Nonethe-
less, a nationwide study should be performed to compre-
hensively evaluate for the presence of P. falciparum drug
resistance genes with techniques such as next-generation
sequencing and genome walking (38,39). Oboh et al. (36)
were able to detect synonymous mutations (not validated
AA mutations of the pfk/3 gene), such as the nucleotide
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Figure 5. Allele frequency of glurp in persons with Plasmodium

falciparum infection, North Central Nigeria, 2015-2018. The allele
with the highest frequency (n = 11) was 900-950 bp in size.
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change from CCG to CCA in the pfki3 gene in P. falci-
parum from southwestern Nigeria, and called for close
monitoring of parasites in Nigeria. A nationwide study
should also be conducted to comprehensively determine
the genetic diversity of P. falciparum and complexity of
infections in Nigeria. Determining the genetic diversity of
malaria parasites in the North Central region, as well as for
the entire nation of Nigeria in general, is needed for the
design of a national treatment policy, vaccine development,
and immunogenicity studies.

The frequency of polyclonal infections in southwestern
Nigeria during 2004-2014 can be described as low and not
extensive compared with the level discovered in this study.
The period of this study (2015-2018) falls within peak pe-
riods of communal conflicts in Nigeria (2009-2017), which
resulted in the displacement of persons in the North Cen-
tral region (40,41). Our findings suggest a relationship be-
tween the high number of polyclonal infections discovered
in North Central Nigeria and the movements of IDPs into
the region, although a previous study of the msp2 genotype
by Oyedeji et al. (42) in Lafia (Nasarawa State) showed a
high level of genetic diversity in 2005-2006. A high level
of introduction of new P. falciparum clones could have oc-
curred in the host communities in the towns and cities that
experienced IDP influxes.

A major limitation of this study is the lack of a compar-
ison of the genetic diversity of Plasmodium spp. in patients
in other regions of the country. However, previous studies
conducted in southwestern Nigeria provided a baseline for
comparison to determine whether the level of Plasmodium
spp. genetic diversity discovered in this study was differ-
ent and thus potentially associated with the movement of
IDPs. The correlation would have been more comprehen-
sive if we had also included comparison groups from other
regions and specific IDP camps in our investigation.

In summary, this study revealed a high level of P.
Sfalciparum genetic diversity and infection complexity in
North Central Nigeria and suggested that this complexity
might be a result of the insurgency and movement of IDPs
that occurred in Nigeria during 2009-2017. A deliberate
effort is needed to control malaria and eliminate the risk
for the evolution of resistance alleles across Nigeria, but
particularly in this region of Nigeria, which is the eco-
nomic hub of the nation and at highest risk for distribut-
ing new strains worldwide. The information we generated
on Plasmodium spp. epidemiology and genetic diversity
could serve as a source in a database to be used for policy
development on nationwide malaria control and interven-
tion programs for Nigeria. Our work also led to the es-
tablishment of a laboratory capable of performing PCR
methods to evaluate malaria epidemiology in the region,
which could be used for future comprehensive malaria
control measures.
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Candida auris is an emerging multidrug-resistant fungus that
causes hospital-associated outbreaks of invasive infections
with high death rates. During 2015-2016, health authorities
in Colombia detected an outbreak of C. auris. We conducted
an investigation to characterize the epidemiology, transmis-
sion mechanisms, and reservoirs of this organism. We inves-
tigated 4 hospitals with confirmed cases of C. auris candi-
demia in 3 cities in Colombia. We abstracted medical records
and collected swabs from contemporaneously hospitalized
patients to assess for skin colonization. We identified 40
cases; median patient age was 23 years (IQR 4 months—56
years). Twelve (30%) patients were <1 year of age, and 24
(60%) were male. The 30-day mortality was 43%. Cases
clustered in time and location; axilla and groin were the most
commonly colonized sites. Temporal and spatial clustering of
cases and skin colonization suggest person-to-person trans-
mission of C. auris. These cases highlight the importance of
adherence to infection control recommendations.

Candida auris is an emerging multidrug-resistant fungus
that has been implicated in recent hospital-associated
outbreaks of invasive infections with high death rates (7).
C. auris from an external ear isolate in Japan was described
in 2009; the fungus has since been identified as the cause of
outbreaks in other countries, with rapid spread globally (2—
5). Of particular concern, C. auris isolates have demonstrat-
ed resistance to multiple classes of antifungal drugs (2,6). In
addition, whereas Candida is often considered a commensal
organism that most commonly colonizes the gastrointestinal
tract, the potential for person-to-person spread of C. auris
has raised concern for widespread outbreaks (7,8).

Accurate identification of C. auris is challenging be-
cause phenotypic methods do not correctly identify this
species. It is most commonly misidentified as C. haemulo-
nii, especially when using the VITEK 2 system (bioMéri-
eux, https://www.biomerieux-diagnostics.com), but is also
misidentified as C. famata, C. sake, Rhodotorula glutinis,
and other Candida species (9). Specialized techniques, such
as matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry and DNA sequencing,
are needed for reliable identification.

During January 2015—-September 2016, the Colombian
Instituto Nacional de Salud (INS) and the Secretarias de
Salud (Ministries of Health) of Barranquilla, Bogota, and
Cartagena, Colombia, identified an increasing number of
reported bloodstream infections with C. haemulonii, an
otherwise rare yeast isolated in only a few invasive hu-
man infections (/0). In May 2016, a total of 27 isolates
initially identified as C. haemulonii by phenotypic identi-
fication methods were sent to the US Centers for Disease
Control and Prevention (CDC), where 24 were confirmed
to be C. auris by MALDI-TOF mass spectrometry (Micro-
flex; Bruker Daltonics, https://www.bruker.com) and DNA
sequencing. Through case findings and review of national
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surveillance data, an additional 16 cases of C. haemulonii
reported to INS were identified as C. auris by MALDI-TOF
mass spectrometry and confirmed at CDC with sequencing.
The cases were reported from 4 large referral hospitals in
Colombia. Two of these hospitals were located along the
northern coast: 1 in Barranquilla, which serves both pediat-
ric and adult patients, and the other a specialized pediatric
facility in Cartagena. The other 2 hospitals were located in
Bogota and serve adult patients. No transfers took place be-
tween the involved facilities, and all follow national guide-
lines for infection control practices (/7). These findings
prompted an investigation to further characterize the epi-
demiology, transmission mechanisms, and environmental
reservoirs of this organism to guide prevention measures.

Methods

In September 2016, a team consisting of clinicians, epide-
miologists, and microbiologists from INS, CDC, and the
Ministries of Health of Barranquilla, Bogota, and Carta-
gena conducted an outbreak investigation in 1 acute-care
hospital serving adult and pediatric patients in Barranquil-
la, 2 adult hospitals in Bogota, and 1 pediatric hospital in
Cartagena. These facilities all had confirmed cases of C.
auris candidemia after January 2015.

Descriptive Epidemiology

We defined a case as C. auris confirmed by MALDI-TOF
mass spectrometry isolated from a patient’s blood during
January 2015-September 2016. We abstracted medical re-
cords using a standardized case report form to collect data
on concurrent conditions, location and duration of hospital
stay, administration of antimicrobial drugs, exposure to in-
vasive procedures, use of indwelling catheters, and outcome.
We also interviewed infection control personnel, healthcare
workers, and key informants at each site to trace exposures
and locations of patients throughout their hospital stays.

Sampling and Laboratory Analysis

To better understand the role of colonization and transmis-
sion, we obtained samples from the 7 patients who were
hospitalized at the time of the investigation with C. auris
isolated or suspected in a specimen. We used premoist-
ened swabs (Fisherfinest Transport Swabs, https:/www.
fishersci.com) to sample the following 10 body sites: bilat-
eral nares, ears, axillae, and groin; oral cavity; and rectum.
These locations were determined to be high-yield sites for
colonization, and sampling was intended to provide initial
insight into the utility of each. We collected fecal and urine
specimens when possible.

Specimens were processed at the INS Microbiology
Laboratory using protocols developed by CDC’s Mycotic
Diseases Branch (National Center for Emerging and Zoonot-
ic Infectious Diseases, Division of Foodborne, Waterborne,
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and Environmental Diseases). In brief, the swabs were cul-
tured in Sabouraud dextrose enrichment broth with high salt
content (10% wt/vol NaCl) at elevated temperature (40°C),
shaken (250 rpm) for up to 7 days, and plated onto Sab-
ouraud dextrose agar (/2). Yeast isolates recovered from the
selective agar were initially screened using CHROMagar
Candida (Becton Dickinson, http://www.bd.com); white and
pink colonies were typed using the Microflex database ver-
sion MBT 6903 MSP Library (no. 1829023) using CDC Mi-
crobeNet’s supplemental MALDI database library.

Antifungal susceptibility testing was performed at
CDC by broth microdilution using custom-made frozen
panels; susceptibility testing for amphotericin B was per-
formed using Etest (bioMérieux). We used the following
breakpoints, based on published data: fluconazole >32 pg/
mL, amphotericin B >2 pg/mL, caspofungin >4 pg/mL,
and anidulafungin >2 pg/mL (/3).

Statistical Analysis
We calculated medians and ranges for continuous vari-
ables and frequencies and percentages for categorical vari-
ables. We used 30-day mortality as outcome of interest for
analysis. To compare characteristics between patients who
died and those who survived, we applied a #-test (equal or
unequal variance as appropriate) for continuous variables
and a y? test for categorical variables. For categorical vari-
ables having cell sizes <5, we used the Fisher exact test.
Sample size did not allow for multivariate analysis. When
comparing medians, we used Wilcoxon rank, as distribu-
tions were not normal. We performed all data analyses in
SAS version 9.3 (https://www.sas.com) and considered a p
value <0.05 significant.

CDC and INS determined that this was an emergency
public health investigation. Therefore, it did not meet the
criteria for research.

Results
We identified 40 cases of C. auris candidemia occurring
during January 2015—-September 2016. In 3 hospitals, cases

9 -

M Hospital A
81 m Hospital B
7 4 [ Hospital C
6 - [ Hospital D

No. cases

Hospital-Associated C. auris Outbreak, Colombia

clustered in May—July 2016, whereas in the fourth hospi-
tal, cases occurred throughout the 21-month period (Fig-
ure 1). The median patient age was 23 years (interquartile
range [IQR] 4 months—56 years); 12 patients (30%) were
<1 year of age. Most patients (24; 60%) were male. Thirty-
five (88%) patients had a documented concurrent condition
before hospitalization; the most commonly reported condi-
tions were hemodialysis for renal failure (23%); diabetes
(18%); and immunocompromising conditions (16%), in-
cluding cancer and transplant.

More than half (58%) of patients died while hospital-
ized; the overall 30-day mortality was 43%. The median
length of admission was 46 days (IQR 34—69 days). For the
38 patients with known intensive care unit (ICU) admis-
sion, median length of ICU stay was 36 days (IQR 25-58
days). All case-patients were exposed to an invasive proce-
dure. Central venous catheter (CVC) placement was pres-
ent in all 40 patients (100%); other common procedures
were intubation (35; 97%), surgical procedures (28; 70%),
and hemodialysis (15; 38%) (Table 1).

Median time from admission to having a blood culture
positive for C. auris was 22 days (IQR 18-31 days). The
median time from placement of CVC to positive blood cul-
ture was 12 days (IQR 5-21 days). The most common treat-
ments received for C. auris candidemia were fluconazole
(16; 43%) and caspofungin (13; 34%). Nineteen patients
(45%) received >1 antifungal drug; the median number of
antimicrobial drugs administered to patients was 3.5 (range
1-6) (Table 1). The most frequent laboratory abnormalities
were mild leukocytosis (median leukocyte count 12.7 x 10°
cells/L) and anemia (median hemoglobin 9.8 g/dL).

The median age of the 17 patients who died within 30
days of positive culture was 36 years (IQR 6 months—65
years). Neither age group (p =0.18), sex (p =0.9), nor pre-
existing concurrent condition (p = 0.30) were associated
with 30-day mortality. Diabetes was associated with 30-
day mortality (odds ratio [OR] 12, 95% CI 1.28-112.42; p
=0.03). The median length of hospital stay was longer for
surviving case-patients (63 days, IQR 45-95 days) than

Figure. Epidemic curve for cases
of Candida auris candidemia in
Colombia, by hospital, January
2015—-September 2016.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

2015
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Table 1. Characteristics of 40 patients with Candida auris
bloodstream infection, Colombia, 2015-2016*

Data

Characteristic Value missing

Median age (IQR) 23y (4 mo-56 y) 0
Infantupto 1y 12 (30) 0
Child 1-18 y 8 (20) 0
Adult 18-65y 14 (35) 0
Adult >65 y 6 (15) 0

Sex

M 24 (60) 0
F 16 (40) 0

Concurrent conditions 35 (88) 0
Chronic renal disease 9 (23) 0
Hemodialysis dependent 9 (23) 0
Diabetes 7 (18) 2
Immunosuppressive condition 6 (16) 3
Cancer 4 (11) 3
Solid tumor 2 (5) 4
Hematologic malignancy 2 (5) 4
Transplant 2 (5) 4
Neuromuscular condition 1(3) 0

Outcome at 30 d

Deceased 17 (43) 0
Alive 21 (53) 0
Hospitalized 2 (5) 0

In-hospital deaths 23 (58) 6

Admitted to hospital 40 (100) 0
Median inpatient stay, d (IQR) 46 (34-69) 3
Admitted to ICU 38 (100) 2
Median ICU stay, d (IQR) 36 (25-58) 10
Transferred from another facility 16 (40) 0

Previously hospitalized in the 90 d before admission
Yes 11 (28) 1
No 23 (59) 1
Unknown 5(13) 1

Previous exposure to antifungal drugs
No 22 (67) 7
Unknown 11 (33) 7

Treatments and procedures
CcvC 40 (100) 0
Vasopressors 31 (82) 2
Respiratory support 36 (100) 4
Intubation 35 (97) 4
Bilevel positive airway pressure 1(3) 4
Surgical procedure 28 (70) 0
Total parenteral nutrition 19 (50) 2
Corticosteroids 18 (47) 2
Hemodialysis 15 (38) 1
Bronchoscopy 7(19) 4
Chemotherapy 4 (11) 3

Median time from admission to C. 22 (18-31) 0

auris positive culture, d (IQR)

Median time from CVC to C. auris 12 (5-21) 1

positive culture, d (IQR)

Treatment for C. auris bloodstream infection 0
Fluconazole 16 (42)
Caspofungin 13 (34)
Amphotericin B 8 (21)
Voriconazole 1(3)

No antifungal 2 (5)
>1 antifungal 19 (48)
No. antibacterial drugs 3.5 (1-6)

administered, median (range)

*Values are no. (%) patients except as indicated. CVC, central venous
catheter; ICU, intensive care unit; IQR, interquartile range.
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for those who died (36 days, IQR 29-45 days; p<0.01).
The median length of ICU admission was 32 days (IQR
2744 days) for case-patients who died and 51 days (IQR
14-76 days) for those who survived (p = 0.3). No proce-
dures were found to be associated with 30-day mortality.
The median time from admission to positive blood culture
was 22 days (IQR 21-37 days) for the patients who died
and 21 days (IQR 12-28 days) in those who survived (p
= 0.23). The median time from positive blood culture to
death in those who died was 7.5 days (IQR 6-17 days).
We were unable to ascertain whether death was attribut-
able to C. auris fungemia.

Among the 12 cases in infants, median age was 34
days (IQR 17-107 days) and 9 (75%) were male; 6 (50%)
died in the hospital, and 5 (42%) died within 30 days of C.
auris culture. Five (50%) were preterm (<37 weeks’ gesta-
tion), and 6 (50%) had congenital heart disease (Table 2).
Four (80%) of 5 premature infants survived.

We performed antifungal susceptibility testing on 34
available clinical isolates from 34 unique case patients at 3
hospitals. Six (18%) isolates were resistant to fluconazole,
10 (29%) to amphotericin B, and none to the echinocan-
din class (anidulafungin, caspofungin). Ten (50%) patients
who died had been treated with fluconazole, 9 (43%) re-
ceived caspofungin, 1 received amphotericin B, and 1 re-
ceived voriconazole; 2 patients who died did not receive
an antifungal drug. Of the 6 case-patients with isolates re-
sistant to fluconazole, 4 (67%) died by 30 days. Of the 10
case-patients with isolates resistant to amphotericin B, 4
(40%) died by 30 days. Resistance to fluconazole was not

Table 2. Characteristics of 12 infants <1 y of age with Candida
auris bloodstream infection, Colombia, 2015-2016*

Data

Characteristic Value missing
Median age, d (IQR) 34 (17-107) 0
Sex

M 9 (75) 0

F 3 (25) 0
30-day mortality 5 (42) 0
In-hospital mortality

Died 6 (50) 0

Alive 4 (33) 0

Still hospitalized, 2016 Sep 30 2(17) 0
Concurrent conditions 12 (100) 0
Prematurity 5 (50) 2
Median gestational age at birth, 36 (29-39) 2
wk (IQR)
Congenital heart disease 6 (50) 0
Surgical procedure 9 (75) 0
Treatments and procedures

Central venous catheter 12 (100) 0

Intubation 11 (100) 1

Total parenteral nutrition 11 (92) 0

Feeding tube 5(71) 5

Corticosteroids 4 (33) 0

Hemodialysis 1(8) 0

*Values are no. (%) patients except as indicated. CVC, central venous
catheter; IQR, interquartile range.
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associated with outcome (p = 0.21), nor was resistance to
amphotericin B (p = 0.85) (Table 3). Fluconazole-resistant
isolates were seen at all 3 hospitals and amphotericin B-re-
sistant isolates at 2 hospitals, in Barranquilla and Cartagena
(northern region of Colombia).

Patient Sampling

We collected skin and rectal swab specimens from 7 pa-
tients admitted at the time of the investigation: 3 patients
with C. auris bloodstream infection, 2 with C. auris cul-
tured from a body site other than blood, and 2 without a
clinical C. auris culture (but who at the time had a clinical
culture growing yeast suspected to be C. auris). Five pa-
tients yielded positive samples, 4 of whom had a clinical
culture with C. auris. One patient with a bloodstream in-
fection had no positive samples. Samples were collected
3 weeks to 3 months after positive clinical culture (Table
4). The case isolates showed a high degree of relatedness
on whole-genome sequencing within hospitals and region-
al clustering, supporting in-hospital and person-to-person
transmission (/4).

We identified spatial and temporal clustering of cases
in 1 operating room and multiple intensive care units at all
4 sites. Hospital A (Figure) experienced the largest number
of cases over the longest period. Few case-patients shared

Hospital-Associated C. auris Outbreak, Colombia

the same room, and cases occurred throughout different
floors and units. For the remaining hospitals, all cases oc-
curred within a 3-month period. At hospital B (Figure), all
4 cases were exposed to the same operating room over a
3-month period. In hospitals C and D, patients also over-
lapped in time and ICUs (Figure).

Discussion
Cases of C. auris bloodstream infection in Colombia
were associated with nearly 60% all-cause, in-hospital
deaths and a 43% 30-day mortality, which is higher than
that reported in the United States. Cases occurred pri-
marily in patients in ICUs who had central venous cath-
eters and other invasive devices, continuing to support
the findings that these cases occur in patients with long
stays involving multiple procedures (/3). In contrast to
the United States, where most cases have occurred in
older adults, nearly one third of cases in Colombia were
in infants, and the median patient age was 23 years (/5).
Although cases are occurring in vulnerable extremes of
age populations, our findings suggest that no age group
is unaffected and that any given hospital could be af-
fected by an outbreak.

Clustering of patients in time and space, the findings
of skin colonization, and the highly clonal nature of the

Table 3. Characteristics of patients who died at 30 d compared with those who survived Candida auris bloodstream infection,

Colombia, 2015-2016*

Crude odds ratio

Characteristic Total Died Survived (95% CI) p valuet

All 40 (100) 17 (43) 23 (58) NA NA

Age, y 0.18
<1 12 (30) 5(29) 7 (30) 0.95 (0.24-3.75) 0.94
1-17 8 (20) 2(12) 6 (26) 0.24 (0.04-1.45) 0.12
18-65 14 35) 5(29) 9(39) 0.65 (0.17-2.47) 0.53
>65 6 (15) 5 (29) 14) 9.17 (0.96-87.79) 0.05

Sex 0.92 (0.26-3.30) 0.9
M 24 (60) 10 (59) 14 (61)

F 16 (40) 7 (41) 9(39)

Concurrent conditions 35 (88) 16 (94) 19 (83) 3.37 (0.34-33.26) 0.30
Chronic renal disease 9 (23) 3(18) 6 (26) 0.61 (0.13-2.88) 0.53
Hemodialysis dependent 9 (23) 3(18) 6 (26) 0.61 (0.13-2.88) 0.53
Diabetes 7(18) 6 (35) 1(4) 12 (1.28-112.42) 0.03
Immunosuppressive condition 6 (16) 4 (24) 2(9) 3.23 (0.52—-20.20) 0.21

Prematurity, n = 12 5(42) 1(6) 4 (17) 0.30 (0.03-2.93) 0.30

Median length of hospital stay, d (IQR) 46 (34-69) 36 (29-45) 63 (45-95) NA <0.01

Median length of ICU stay, d (IQR) 36 (25-58) 32 (27-44) 51 (14-76) NA 0.3
Central venous catheter 40 (100) 17 (100) 23(100) NA NA
Respiratory support 36 (90) 17 (100) 19 (83) NA 0.12
Vasopressors 31 (82) 16 (94) 15 (65) 8.53 (0.95-76.63) 0.06
Surgical procedure 28 (70) 13 (76) 15 (65) 1.73 (0.43-7.11) 0.45
Total parenteral nutrition 19 (50) 7 (41) 12 (52) 0.64 (0.18-2.28) 0.49
Corticosteroids 18 (47) 8 (47) 10 (43) 1.16 (0.33-4.07) 0.82
Hemodialysis 15 (38) 8 (47) 7 (30) 2.03 (0.55-7.47) 0.29
Chemotherapy 4 (11) 2(12) 2(9) 1.4 (0.18-11.08) 0.74

Median time from admission to C. auris 22 (18-31) 22 (21-37) 21 (12-28) NA 0.23

positive culture, d (IQR)

Isolates resistant to fluconazole, n = 34 6 (18) 4 (24) 2(9) 3.23 (0.52-20.2) 0.21

Isolates resistant to amphotericin B, n = 34 10 (29) 4 (24) 6 (26) 0.87 (0.20-3.74) 0.85

*Values are no. (%) patients except as indicated. ICU, intensive care unit; IQR, interquartile ratio; NA, not applicable.

tFisher exact test, 2, t-test, or Wilcoxon rank as appropriate.
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Table 4. Patient sampling in suspected or known cases of Candida auris fungemia, Colombia, 2016*

Primary specimen type

No. body sites sampled

Patient no. positive for colonization No. (%) body sites positive for C. auris

1 Blood 11 1 (9%): rectum

2 Blood 10 0

3 Blood 11 7 (64%): ears, axilla, left nostril, rectum, fecal
material

4 Urine 10 1 (10%): left groin

5 Sputum 11 1 (9%): right groin

6 None 10 2 (20%): axillae

*

Sampling from a seventh patient, who had an unidentified yeast growing in blood culture at the time of testing, did not yield C. auris.

isolates all strongly support person-to-person transmis-
sion occurring in the healthcare setting. Although Can-
dida is often considered a commensal organism that most
commonly colonizes the gastrointestinal tract, C. auris
behaves more similarly to C. parapsilosis in its propen-
sity to colonize the skin, which provides an opportunity
for person-to-person spread. Outbreaks of C. parapsilosis
have occurred in both adult and neonatal ICUs (/6,17).
In our investigation, 2 NICUs were involved; in at least |
NICU, healthcare workers shared time between patients,
providing an opportunity for transmission. The propen-
sity of C. auris to colonize the skin may also explain the
strong association with intubation, catheters, and feeding
tubes in infants. The ability of C. auris to form biofilms
may further enhance its ability to migrate into the blood-
stream when provided a conduit through the skin (/§). In
this investigation, central lines were in place for a mean of
12 days at the time of positive culture. The tendency for
skin colonization, biofilm production, and ability to cause
invasive infection further emphasizes the need for diligent
central line care.

The high death rate associated with C. auris infec-
tions, coupled with potential for nosocomial transmission,
including among high-risk neonates, underscores the im-
portance of infection control to prevent its spread. Cur-
rent recommendations focus on early notification, hand
hygiene, disinfection with a US Environmental Protection
Agency-registered hospital-grade disinfectant effective
against Clostridium difficile spores, and use of standard and
contact precautions (/9).

The characteristics of patients with C. auris candi-
demia were similar, but not identical, to those reported
for candidemia caused by other species. Patients with C.
auris bloodstream infection shared exposures such as ICU
stay, central venous catheters, and surgical procedures
(7). Whereas immunosuppressive conditions, including
solid organ tumors, hematologic malignancy, and trans-
plants are known risk factors for candidemia, they were
uncommon in patients with C. auris candidemia (/8). The
reason for this may be that whereas other Candida spe-
cies invade when there is a shift in the physiology of the
host, C. auris is not a commensal, but rather a new expo-
sure. Thirty-day mortality rates for C. quris candidemia in
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Colombia appear to be slightly higher (43%) than those
seen for candidemia from other species, although the
small sample size in our investigation limits the compari-
son (20). Half the infants in our cohort died, although age
was not significantly associated with death. Furthermore,
we compared characteristics between case-patients who
survived and those who died and found few to be asso-
ciated with outcome. Preterm birth was more common
in those who survived, and only diabetes was associated
with 30-day mortality. The high death rate is likely multi-
factorial but is most clearly related to long hospital stays,
multiple invasive procedures, and lack of clinician aware-
ness of resistance profiles.

In September 2016, a national laboratory alert was re-
leased in Colombia to increase reporting and surveillance
catchment, as well as to enhance awareness of C. auris and
the other species with which it was most commonly con-
fused (217). According to the national guidelines for sur-
veillance of healthcare-associated infections, aerobic and
anaerobic blood cultures should be performed on any pa-
tient with signs of bloodstream infection (/7). However,
the capacity to perform blood cultures may not be available
in all facilities; thus, it is possible that cases may be missed.
The alert coincided with the initiation of our investigation
and thus did not contribute heavily to our case counts, but
it did increase reporting nationally.

Directed treatment is key to successful outcomes in
fungemia. Resistance is another noteworthy feature of C.
auris. Among C. auris isolates collected from 4 world
regions, nearly all (93%) were resistant to fluconazole,
and 41% were resistant to >2 classes of antifungal drugs
(13). In our investigation, fluconazole was the most com-
mon antifungal drug administered, and treatment failure
may have played a role in death rates. Of the isolates in
this investigation, only about one fifth were resistant to
fluconazole, but nearly one third were resistant to ampho-
tericin B. The low proportion resistant to fluconazole was
surprising; medical practices surrounding administration
likely play a role. Forty-three percent of patients received
fluconazole around the time of blood culture yielding C.
auris, and of these, 57% died. The mortality rate was even
higher (83%) among the patients with isolates resistant to
fluconazole. Most C. auris isolates have been susceptible to
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echinocandin drugs, which remain the recommended first-
line treatment for C. auris candidemia (9,/3,22). However,
the often high cost of these drugs can be an obstacle to their
use in resource-limited settings.

Because of the retrospective nature of this investiga-
tion, data on all variables were not available for each case-
patient. Data on previous exposure to antifungal drugs and
laboratory values were the most commonly missing. These
limitations, along with the small sample size, may have
prevented the detection of associations between risk fac-
tors and outcome.

The findings of our investigation highlight the necessity
of adherence to infection control recommendations, especially
aspects of careful central line care and maintenance, hand
hygiene, proper disinfection of medical equipment, and use
of standard and contact precautions (https://www.cdc.gov/
fungal/diseases/candidiasis/recommendations.html). C. auris
remains an emerging pathogen with the potential for high lev-
els of resistance to a limited body of antifungal drugs. Its pro-
pensity to colonize skin provides a means for person-to-person
transmission and elevates the concern for healthcare-associat-
ed outbreaks. Further understanding of its comportment and
attention to infection control and prevention recommendations
are paramount to prevent further spread.
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Environmental Hotspots for Azole
Resistance Selection of Aspergillus
fumigatus, the Netherlands

Sijmen E. Schoustra, Alfons J.M. Debets, Antonius J.M.M. Rijs,' Jianhua Zhang, Eveline Snelders,
Peter C. Leendertse, Willem J.G. Melchers, Anton G. Rietveld, Bas J. Zwaan, Paul E. Verweij

Azole resistance is a major concern for treatment of infec-
tions with Aspergillus fumigatus. Environmental resistance
selection is a main route for Aspergillus spp. to acquire azole
resistance. We investigated the presence of environmental
hotspots for resistance selection in the Netherlands on the
basis of the ability of A. fumigatus to grow and reproduce
in the presence of azole fungicide residues. We identified
3 hotspots: flower bulb waste, green waste material, and
wood chippings. We recovered azole-resistant A. fumiga-
tus from these sites; all fungi contained cyp57A tandem
repeat—-mediated resistance mechanisms identical to those
found in clinical isolates. Tebuconazole, epoxiconazole, and
prothioconazole were the most frequently found fungicide
residues. Stockpiles of plant waste contained the highest
levels of azole-resistant A. fumigatus, and active aerobic
composting reduced Aspergillus colony counts. Preventing
plant waste stockpiling or creating unfavorable conditions
for A. fumigatus to grow in stockpiles might reduce environ-
mental resistance burden.

A spergillus fumigatus is a saprophytic mold whose natu-
ral habitat is decaying plant material (/). This fungus
can tolerate high temperatures (>50°C) that can occur in
heaps of decaying plant material. The fungus releases large
amounts of aerial asexual spores. Humans might inhale
hundreds of 4. fumigatus spores daily, but aspergillosis
generally does not develop in healthy persons because the
spores are eliminated by the innate immune response (/).
However, in immunosuppressed patients, the fungus can
cause a range of clinical syndromes ranging from allergic
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conditions to acute and chronic invasive pulmonary asper-
gillosis. Invasive aspergillosis is a life-threatening infec-
tion that has a mortality rate of up to 60% (2).

Triazoles are the main class of drugs for treatment of
aspergillus diseases. Clinically licensed anti-Aspergillus
compounds include itraconazole, voriconazole, posacon-
azole, and isavuconazole. The triazoles are recommended
for prevention of invasive aspergillosis in high-risk patients
(posaconazole), for treatment of chronic pulmonary aspergil-
losis (itraconazole), and for treatment of invasive aspergillo-
sis (voriconazole and isavuconazole). Alternative treatment
options are limited to liposomal amphotericin B or echino-
candins for specific aspergillus diseases and host groups.

In 1998, triazole-resistant 4. fumigatus isolates were
found in the Netherlands; since then, resistance has been
reported from many countries worldwide (3,4). It is gener-
ally accepted that resistance can develop through patient
treatment (patient route) and through exposure of A. fumig-
atus to azole fungicides in the environment (environmental
route) (2—9). Environmental resistance mutations common-
ly are composed of a tandem repeat (TR) in the promoter
region of the cyp51A4 gene in combination with single or
multiple point mutations in the CYP51A protein (TR,/
L98H; TR,; TR, /Y 121F/T289A) (3,6,10,11). Although 4.
fumigatus is not a phytopathogen and thus not a target for
fungicide application, many azole fungicides show in vi-
tro activity against 4. fumigatus (12,13). These fungicides
include various classes of azoles, such as triazoles (e.g.,
epoxiconazole), imidazoles (e.g., prochloraz and imazalil),
and triazolinthiole (e.g., prothioconazole).

We previously demonstrated that 5 azole fungicides
from the triazole class were highly active against wild-type
A. fumigatus but showed no activity against resistant iso-
lates with TR, /L98H (/2). These 5 azole fungicides showed
similarities with the molecular structure of medical triazoles
and cross-resistance. This finding complements other stud-
ies, which showed that various azole fungicides can induce
cross-resistance to medical triazoles because all of these

"Deceased.
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compounds affect the CYPS1A enzyme that is central in
the ergosterol biosynthesis pathway (/3,/4). Patients with
triazole-resistant aspergillus disease have a high probability
of treatment failure (/5). The day 42 mortality rate for pa-
tients with voriconazole-resistant invasive aspergillosis was
found to be 21% higher than for patients with voriconazole-
susceptible infections; mortality rates were up to 90% (/6).

Because genetic diversity, population size, and selec-
tion pressure are critical for adaptation of fungi to new
environments, we hypothesized that sites that support the
growth, reproduction, and genetic variation of A. fumigatus
and contain residues of azole fungicides would facilitate
the emergence, amplification, and spread of triazole-resis-
tance mutations. Locations that meet these 2 criteria were
considered hotspots for azole resistance of 4. fumigatus. In
this study, we investigated hotspots as possible sources for
selection and reservoirs of triazole-resistant A. fumigatus
in the environment and aimed to identify and characterize
environmental sites that facilitate triazole-resistance selec-
tion in 4. fumigatus.

Methods

An expert panel suggested potential sites meeting hotspot
criteria. The panel included experts from organizations rep-
resenting husbandry, agriculture, composting, sustainable
farming, drinking-water research, fungicide authorization,
public health, and medicine. The areas of expertise included
pesticides, biocides, Aspergillus taxonomy, evolutionary bi-
ology, fungal genetics, livestock farming, human and animal
Aspergillus disease, and plant bulb diseases. The experts for-
mulated that, to support growth of A. fumigatus, dead plant
biomass should be present because this is the preferred sub-
strate. A. fumigatus can grow at a wide range of temperatures
(12°C—-65°C; 35°C is considered the optimal growth temper-
ature); it prefers high relative humidity (85%-100% is opti-
mal); it is not affected by low pH (3.7-7.6); and it has poten-
tial for dispersal from the hotspot of environmental spread of
conidia. To enable genetic diversity to arise, we anticipated
that sufficient time for reproduction to take place would be a
factor that might also affect the ability to select for resistance.
In addition, the presence of azole-fungicide residues was
considered to be a critical factor to impose selection pressure
for azole resistance. The azole residues should furthermore
exhibit activity against A. fumigatus. Several potential sites
fulfilling the criteria were listed and ranked according to the
expert estimation of resistance selection risk.

Sampling of Potential Hotspots

Sites that were identified as potential hotspots were sam-
pled 2 or 3 times (Table). If possible, contrasting sites were
selected and compared (i.e., those with known application
of azole fungicides and similar sites where no azole fungi-
cides were used).
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To recover A. fumigatus isolates from the outdoor
environment, we dissolved 2 g of sample in 8 mL of 0.2
mol/L NaCl, 1% Tween 20, as described (5). From this sus-
pension, we plated 100 pL on Sabouraud dextrose agar, as
well as on agar plates supplemented with 4 mg/L of itra-
conazole and incubated at 37°C. We compared the number
of colonies on itraconazole-containing and itraconazole-
free agar. If colonies were present, we collected 20 colonies
from each plate.

We used molecular methods for strain identification
and determination of the resistance mechanism as de-
scribed (/7-20). We determined the full coding sequence
of the cyp51A4 gene by PCR amplification and sequencing
(14). We used the cyp514 sequence (GenBank accession
no. AF338659) for comparison in detecting mutations.

We sent samples to Eurofins Laboratorium Zeeuws-
Vlaanderen B.V. (https://www.eurofinsdiscoveryservices.
com) for detection and characterization of fungicide resi-
dues and metabolites. The following fungicides were
analyzed, which covered commonly and less commonly
used azole compounds: azaconazole, bromuconazole, cy-
proconazole, difenoconazole, epoxiconazole, flusilazole,
flutriafole, metconazole, penconazole, propiconazole, pro-
thiconazole, tebuconazole, thiabendazole, cyazofamid, fen-
amidone, iprodione, triazoxide, imazalil, and prochloraz. In
addition, metabolites of prochloraz (2,4,6-trichlorophenol
and prochloraz-desimidazole-amino) and prothioconazole
(prothioconazole-desthio) were analyzed.

Results

We selected potential hotspots on the basis of preset cri-
teria. These potential hotspots included waste from flower
bulbs, residential household waste, green material, wood
chippings, exotic fruit, regional fruit, wheat cereal, horse
manure, poultry manure, cattle manure, and maize silage.

Resistance Levels at Sampling Sites

We sampled 11 sites in duplicate or triplicate (total
41 samples). A. fumigatus was detected at levels >10*
CFU/g in waste from flower bulbs, green material, and
wood chippings. One sample of household waste con-
tained high levels of CFUs of 4. fumigatus, which was
not confirmed on sampling at another site. Azole fungi-
cides and their residues were detected in all but 9 sam-
ples (Table).

Wheat Cereals

Wheat cereals are sprayed with azole fungicides in con-
ventional farming. The grain is collected and stored in
warehouses. The straw is partly used in animal stables
and mixed with manure. Different animal manure was col-
lected. We analyzed organic and conventional grain and
straw. A. fumigatus was not found in grain (dry or moist) or
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manure from different locations and animals. Azole fungi-
cides were present in some samples (Table).

Maize

Maize has been occasionally sprayed with azole fungicides
in conventional farming since 2014 and is stored in a silage
after harvesting. In this study, we sampled 2 types of si-
lage: sprayed (conventional) with azole fungicides and un-
sprayed. No A. fumigatus was found in maize silage (with
or without azole fungicides) (Table). This finding can be
explained by anoxic fermentation that normal maize silage
undergoes, which creates unfavorable conditions for A4. fi-
migatus to grow in. Therefore, maize silage is not consid-
ered a hotspot.

Regional Fruit Waste and Exotic Fruit Waste
Regional fruit and exotic fruit are sprayed with azole fun-
gicides in conventional farming and commonly follow

Azole Resistance Selection of A. fumigatus

separate waste chains. Some of this fruit may begin to rot
during transportation or storage; this fruit is then separated
from healthy fruit in waste heaps. We analyzed organic and
conventional fruit waste (regional and exotic). 4. fumigatus
was not found (with or without azole fungicides) (Table).

Household Waste

Household waste (consisting of vegetable, fruit, and garden
waste) might contain azole fungicides. This green waste
was collected by using household containers, taken to col-
lection stations, and processed by using hydrolysis steps.
We sampled household waste at the central collection sta-
tion simultaneously at 3 positions in the hydrolysis process:
just before the start of the process, during the process (1
week into the process), and at the end of the process (3
weeks). This household waste contained A. fumigatus at the
start (2.3 x 10° CFU total counts and 200 azole-resistant
CFUs), but low 4. fumigatus counts remained at the end of

Table. Characteristics of sampling sites in environmental hotspots tested for azole resistance in Aspergillus fumigatus, the

Netherlands™
Total, Azole-resistant, Resistance mutations
Sampling site Type CFU/g CFU/g (no. colonies) Azole fungicide (mg/L)t
Household waste, privately R 6.4 x 10* 1.5 x 10° TR34/L98H (10); NT
owned TR34/L98H/S302N (1)
Flower bulb waste
Location 1 R 2 x 104 4.3 x10° TR34/L98H (6); Prothioconazole (6.4);
TR46/Y121F/T289A prothiconazoledestio (0.15); prochloraz
(7) (0.11); prochloraz-desimidazole-amino
(0.085)
O+R 1.2x10* 2.5x10° TR34/L98H (7); Prothioconazole (1.9); prochloraz (0.09);
TR34/L98H/F495I (1);  prochloraz-desimidazole-amino (0.086);
TR46/Y121F/T289A prothiconazole-destio (0.07)
(2);
TRe/Y121F/M1721/
T289A/G448S (1)
Location 2 O+R 29x10° 180 TR34/L98H (4); Prothioconazole (0.43); prochloraz
TR34/L98H/S297T/ (0.044); prothiconazole-destio (0.026);
F495I1 (1); epoxiconazole; azaconazole
TR46/Y121F/T289A/
136 4V (1)
O+R 27x10* 3.9x10% TR34/L98H (5); Prochloraz (0.18); 2,4,6-trichloorphenol
TR46/Y121F/ (0.17); prothioconazole (0.033);
T289A (3) prothiconazole-destio (0.01);
tebuconazole (0.022) prochloraz (0.011)
Location 2, 1y later O+R 9.4x10° 2.3 x10° TR34/L98H (5); Prothioconazole (1.3);
TR46/Y121F/ prothiconazoledestio (0.033);
T289A (6); difenoconazole; epoxiconazole;
TRo/Y121F/M1721/ penconazole; propriconazole;
T289A/G448S (1) azaconazole; tebuconazole
Green waste, location A, 2015
0-1 wk old R 9.4 x 10* 8x 103 TR34/L98H (12) Tebuconazole
5-6 wk old R 1.9 x 10° 8.4 x 10* TR34/L98H (2) Tebuconazole (0.004)
7 wk old R 2.7 x 10° 3.6 x 10° TR34/L98H (10); Tebuconazole (0.001)
TR34/L98H/L343H (1);
TR34/L98H/E356V (1)
Wood chippings waste, R 6.2 x 10* 3.6 x 10° TR34/L98H (18) Azaconazole (0.53); propioconazole

location 1, 2015

(0.036); tebuconazole (0.013)

*Only sampling sites in which resistance mutations were found are shown. An expanded version of this table is available online
(https://wwwnc.cdc.gov/EID/article/25/7/18-1625-T1.htm). O, organic cultivation; NT, not tested; O + R, cultivation in transition from regular to organic; R,

regular cultivation.

t1f no fungicide concentration is shown, the concentration could not be quantified (i.e., <0.001 mg/L).
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the hydrolysis process (3 weeks) (Table). Residues of vari-
ous azole fungicides were detected in these samples.

Private garden owners sometimes use household or-
ganic waste (consisting of vegetable, fruit, and garden
waste) in compost heaps. These heaps might contain resi-
dues of azole fungicides. We sampled 2 of these heaps and,
from 1, recovered >1 x 10* A. fumigatus CFUs, including
1.5 x 10°~1.8 x 103 azole-resistant colonies, but no azole
fungicide residues were detected (Table). The presence of
azole-resistant 4. fumigatus in the absence of azole resi-
dues might be caused by azole-resistant 4. fumigatus in the
materials that were added to the heap, rather than an indi-
cation that this sample type is a source of azole resistance.
Furthermore, the second privately owned compost heap
showed no azole-resistant 4. fumigatus.

Flower Bulb Waste

Flower bulbs are sprayed with or dipped in azole fungi-
cides in conventional farming. Bulb waste (peals, bulb,
and leaf waste) are collected and stored before compost-
ing. We sampled different bulb waste heaps from an or-
ganic grower and a conventional grower. 4. fumigatus
and azole fungicides were found in the flower bulb waste
heaps in high quantities; high counts of azole-resistant 4.
Sfumigatus ranged from 180 to 2.3 x 10° CFU/g (Table).
The heap from the organic flower bulb grower also con-
tained high levels of azole fungicides. This grower indi-
cated that he had just started the conversion of his farm
to organic flower bulb production and therefore the bulb
waste still contained fungicides (from applications in the
previous season), which showed that azole fungicides
have a high chemical stability. We conducted a second
sampling and analysis for the heaps | year later and the
initial findings were confirmed, in terms of presence of
azoles and of 4. fumigatus.

Green Material Waste

Organic waste originating from landscaping (including
grass, leaves, shrubs and trees) is used for compost, which is
professionally produced in large composting plants at sev-
eral locations in the Netherlands. Stockpiling of the various
waste materials precedes active composting. These stock-
piling materials contained residues of azole fungicides, and
A. fumigatus was found in high quantities; counts of azole-
resistant 4. fumigatus ranged from 60 to 8.4 x 10* CFU/g
(Table). Repeated sampling after 5-6 weeks and 7 weeks
indicated persistence of high levels of 4. fumigatus. After
grinding, woody material is blended with leaves and grass
and monitored for temperature during composting. To en-
sure even heating and oxygenation, the material is turned at
regular intervals. This procedure is known as the pathogen-
reduction phase. During the consecutive composting stag-
es, A. fumigatus CFUs were reduced to approximately or
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below detectable limits, and no azole-resistant 4. fumigatus
was found in mature compost.

Wood Chippings

Waste of processed wood is collected and stored at some of
the professional composting plants. This woody material is
a mixture of several kinds of wood (e.g., railway sleepers,
wooden boxes, and wooden fences). The processed wood
contained traces of azole fungicides, and A. fumigatus was
found in the wood waste in high quantities: counts of azole-
resistant A. fumigatus were <6 x 10* CFU/g (Table). We con-
ducted a second sampling and analysis in this stored wood 1
year later at the same location and at another location, and
results of this sampling confirmed the initial findings.

Azole Fungicide Measurements

We analyzed 41 samples for azole fungicides, of which 32
(78%) contained azole residues (Table). The number of
compounds detected in individual samples ranged from 1
to 8 (median 2.5) fungicides/sample. The most azole fun-
gicides were found in bulb waste (range 3—7 different com-
pounds/sample). In the 32 positive samples, a fungicide was
detected 97 times, including 11 different compounds and 3
metabolites. Tebuconazole was detected most frequently
(23 samples), followed by epoxiconazole (11), prothiocon-
azole (10), azaconazole (8), and propiconazole (7) (Table).
For 33 of 97 positive results, a fungicide could be detected
but not quantified (represented as <0.001 mg/kg). For 64
measurements, the fungicide concentration could be quan-
tified and ranged from 0.001 mg/kg to 6.4 mg/kg (mean
0.3 mg/kg; median 0.036 mg/kg). The 3 hotspots contained
different fungicides; prothioconazole was found predomi-
nantly in flower bulb waste, tebuconazole mostly in green
material waste, and azaconazole in wood chippings.

Genetic Basis of Resistance

The cyp5 14 gene was characterized for 105 azole-resistant
A. fumigatus isolates from 10 samples; 5 from flower bulb
waste at 3 sites; 3 from organic waste; 1 from household
green waste; and 1 from wood chippings compost (Table).
We analyzed 50 isolates recovered from flower compost,
37 from green material waste, and 18 from wood chippings
waste. All isolates contained cyp5/4 TR-mediated resis-
tance mutations; 19 (18%) isolates contained TR, (1 ad-
ditional repeat of a 46-bp region in the promoter); 2 isolates
(2%) contained TR, (2 additional repeats of a 46-bp region
in the promoter), and the remaining isolates contained TR,
(1 repeat of a 34-bp region in the promoter) (80%) (Table).
We observed additional polymorphisms in the cyp574 gene
for 5 isolates that contained TR, /L98H and for 1 TR,/
Y121F/T289A isolate (Table). TR,, was recovered from
all samples, and TR, and TR,, were recovered only from
flower bulb waste.
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Discussion

We identified 3 hotspots for azole-resistance selection in 4.
fumigatus: waste originating from flower bulbs, green ma-
terial, and wood chippings. Repeated sampling confirmed
growth of 4. fumigatus and azole-resistant A. fumigatus
and residues of azole fungicides. Household waste was not
classified as a hotspot because resistance and azole residues
were not consistently found.

These hotspots contained the highest proportions of
azole-resistant A. fumigatus isolates and azole fungicide
residues. The azole fungicides that were detected in our
environmental samples are known to show in vitro activity
against A. fumigatus; these fungicides include azaconazole,
epoxiconazole, tebuconazole, prothioconazole, difeno-
conazole, propiconazole, cyproconazole, prochloraz, and
imazalil (/2). Although to date numerous studies have in-
vestigated environmental samples for the presence of azole-
resistant A. fumigatus, the presence of azole fungicides in
the sample is generally not measured (2/—24). Studies that
measured azole fungicide concentrations included a study
on the presence of azole-resistant A. fumigatus in sawmills
and that found a major association between the number of
resistant colonies recovered and the concentration of propi-
conazole (25). Another study measured levels of 4 azole
fungicides from samples taken in flower fields in Colombia
and linked these levels to the presence of azole-resistant 4.
fumigatus (26).

Although recovery of azole-resistant A. fumigatus
from environmental samples indicated the presence of re-
sistance, it does not directly implicate that the resistance
emerged in that sample; it is possible that already resistant
types had colonized the material and were able to prolif-
erate. To gain more insight into resistance selection, we
believe that it is critical to determine A. fumigatus growth
and phenotype, as well as azole residues simultaneously.
This study showed that A. fumigatus does not grow in
some of the sample types we tested, and that the risk for
resistance selection is considered low in these environ-
ments at that stage of composting, even when azole fungi-
cides are present. Further studies are needed to determine
how resistant mutants arise in a hotspot (i.e., through de
novo acquisition or by selection of already existing resis-
tance mutations).

We found that azole fungicides were widely present
in samples we tested, indicating a broad selection pressure
for A. fumigatus. In general, low levels of residues were
detected, which challenges the concept of high exposure
as the main driver for resistance selection or maintenance,
as postulated by Gisi (27). We previously compared the
resistance dynamics in 2 compost heaps with and with-
out azole exposure (/4) and found that, in the presence
of the azole, the dominant phenotype of the A. fumigatus
populations differed from predominantly wild-type in the
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absence of azoles to predominantly resistant in the presence
of azoles (/4). Exposure to low concentrations of azoles
might pose a greater risk for resistance selection than ex-
posure to high concentrations because at lower concentra-
tions, a larger population of fungal cells will be available to
produce progeny (28). However, a larger population might
purport greater competition for nutrients, underscoring the
need to further investigate the dynamics of competition
between resistant and wild-type strains in these environ-
ments that contain low amounts of azoles. Furthermore, in
all samples taken from a hotspot, we recovered wild-type
A. fumigatus, in addition to resistant phenotypes, indicat-
ing that the wild-type population can survive in an envi-
ronment containing azoles. It is highly likely that the azole
fungicide concentrations will vary considerably inside a
plant-waste heap and will also vary over time, suggesting a
dynamic environment.

Our study indicated that the risk for resistance selec-
tion varies depending on the local conditions. Thus, analy-
sis of the entire fungicide application cycle is needed. Aer-
obic composting is efficient in destroying many harmful
microorganisms that are pathogenic to humans or plants.
We found that 4. fumigatus does not survive aerobic com-
posting, possibly because of the high (>70°C) temperatures
that are reached. Although A. fumigatus is a thermotolerant
fungus, asexual spores do generally not survive tempera-
tures >60°C. In contrast, the on-farm stockpiling of plant
waste at flower bulb farms before industrial composting
treatment occurred was found to be a hotspot.

All azole-resistant A4. fumigatus isolates harbored
CYP51A TR-mediated resistance mutations, which are
also the dominant mutations found in patients with azole-
resistant invasive aspergillosis in the Netherlands (/6,29).
National surveillance of clinical isolates in the Netherlands
showed that TR-mediated resistance mutations accounted
for >80% of the resistance mutations found in the previous
5 years (29). The identical resistance mutations found in
the environment and in patients suggests a role for these
hotspots in patient infections. However, we cannot exclude
that other hotspots exist.

Although our chemical analysis covered a wide range
of commonly and less commonly used azole fungicides
and their residues, we might have missed relevant azole
compounds present in sites that contained azole-resistant
A. fumigatus. Thus, we were unable to determine which
proportion of patients are infected through either 1 of the 3
hotspots that we have identified. Such information will be
useful in supporting new policies aimed at reducing the en-
vironmental burden of resistance. TR, and TR, mutations
were recovered only from flower bulb waste, which might
be caused by use of specific (combinations of) azole fungi-
cides or concentration of azole residues. Therefore, future
studies should include quantification of aerial dispersal of
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A. fumigatus conidia from hotspots and investigate occu-
pational exposure of agricultural workers to azole-resistant
A. fumigatus.

Azoles are useful in management of Aspergillus dis-
eases and also play a major role in control of fungi dur-
ing global food production and as biocides in nonfood
materials. Therefore, a full ban of the use of this class
of antifungal compounds is undesirable, but actions are
needed to retain the class for both applications. Our study
indicates that composting practices (i.e., stockpiling of
plant waste) are key to resistance selection in 4. fumiga-
tus, rather than mere application of azole fungicides to
protect against phytopathogenic fungi. One option would
be to create conditions that preclude the growth of A. fu-
migatus and thus to turn the hotspot into a coldspot. The
climate in the Netherlands provides favorable conditions
for A. fumigatus to grow in plant waste material, but fa-
vorable conditions for 4. fumigatus might be prevented
(e.g., if the heap was shielded from the outdoor envi-
ronment and stored under dry conditions). Furthermore,
we found no A. fumigatus in fruit waste that underwent
hydrolysis. These conditions in fruit waste might be un-
favorable for A. fumigatus because of its anaerobic na-
ture, absence of specific nutrients, or competition with
unicellular microorganisms. Further studies are needed to
systematically compare different composting techniques
in relation to the growth of A. fumigatus and to design
strategies that prevent resistance selection/maintenance in
the environment. In addition, the currently available fun-
gicides should be used prudently and require antifungal
stewardship in hospitals and for nonmedical applications,
thus preventing unnecessary exposure of fungi, including
A. fumigatus. Similar interventions have been successful
for bacterial resistance in reducing resistance rates (30).
Furthermore, the possibility of replacing azole fungicides
with other fungicide classes that do not cause cross-resis-
tance to medical triazoles should be investigated for dif-
ferent applications.

Although we took great care in selecting which sites
were sampled as potential hotspots, our study was limited
by the number of sites sampled. Other hotspots that might
be present in the environment might contribute to the over-
all extent of environmental resistance. We believe that our
definition of a hotspot and the concept of analyzing the full
application cycle of fungicides is broadly applicable and
will help to identify additional potential hotspots. Research
into azole-resistance selection requires a multidisciplinary
approach and can be studied from a One Health perspec-
tive. Clarifying in greater detail the factors that drive resis-
tance selection, the dynamics of resistance selection in 4.
Sfumigatus populations, and the link between hotspot and
resistant disease in humans is critical for designing preven-
tive measures.
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Asymptomatic Dengue Virus
Infections, Cambodia, 2012-2013
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We investigated dengue virus (DENV) and asymptomatic
DENYV infections in rural villages of Kampong Cham Prov-
ince, Cambodia, during 2012 and 2013. We conducted
perifocal investigations in and around households for 149
DENV index cases identified through hospital and village
surveillance. We tested participants 0.5-30 years of age by
using nonstructural 1 rapid tests and confirmed DENV infec-
tions using quantitative reverse transcription PCR or non-
structural 1—capture ELISA. We used multivariable Poisson
regressions to explore links between participants’ DENV in-
fection status and household characteristics. Of 7,960 study
participants, 346 (4.4%) were infected with DENV, among
whom 302 (87.3%) were <15 years of age and 225 (65.0%)
were <9 years of age. We identified 26 (7.5%) participants
with strictly asymptomatic DENV infection at diagnosis and
during follow-up. We linked symptomatic DENV infection
status to familial relationships with index cases. During the
2-year study, we saw fewer asymptomatic DENV infections
than expected based on the literature.

Annually, ~390 million people in >100 countries are
infected with dengue virus (DENV); 70% of cases
occur in countries in Asia (/). DENV is a flavivirus trans-
mitted by Adedes aegypti and Ae. albopictus anthropo-
philic female mosquitoes. DENV has 4 distinct serotypes,
DENV-1-4 (2); DENV infections can range from asymp-
tomatic to life-threatening.

In Cambodia, the national dengue surveillance system
reported 60,000 cases and 135 deaths attributed to DENV
in 2012 and 2013 (3). Syndromic surveillance and random
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testing of dengue-like cases in referral pediatric hospitals
in Cambodia likely underestimate the true disease burden
(4). By definition, syndromic surveillance does not detect
asymptomatic DENV infections, which increase vector
transmission potential (5). Mammen et al. used both den-
gue-positive and dengue-negative index cases of febrile
children to initiate perifocal investigations and found no
cases in proximity to dengue-negative index cases (6). To
maximize the number of recruited cases, we investigated
homes around preidentified, dengue-positive index cases,
as per a previous study (7). Our objectives were to docu-
ment the proportion of strictly asymptomatic infections
in this region of Cambodia; characterize human, sociode-
mographic, household-level, and mosquito control-related
factors associated with DENV infection; and identify fac-
tors associated with asymptomatic DENV infection.

Methods

Ethics Considerations
The study protocol was approved by the Cambodian
National Ethics Committee on Health Research. We ob-
tained informed consent from participants or their guard-
ians documented during hospital or village surveillance or
perifocal investigations.

Study Site

We conducted a study in rural villages of Kampong Cham
Province, 120 km northeast of Cambodia’s capital, Phnom
Penh. The study area included 368 villages with ~60,000
households and 3 hospitals within a 30-km radius. Dengue
is endemic in the region and mainly affects children <15
years of age during the annual rainy season (June—October).

Identification of Dengue Index Cases in

Hospitals and Villages

During June 1-October 31, 2012 and 2013, we identified
DENYV index cases in 3 referral hospitals and 26 villages

"These authors contributed equally to this article.

2Current affiliation: GlaxoSmithKline Vaccines Research and
Design, Singapore.
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under active surveillance for febrile illness (5). We targeted
persons 0.5-30 years of age. In the 3 hospitals, blood sam-
ples were drawn at admission and discharge for all patients
suspected of having DENV infection on the basis of clinical
assessment and platelet count. In the 26 villages, volunteers
monitored eligible residents weekly, measuring axillary body
temperature using a digital thermometer to identify persons
with temperatures >38°C. Blood samples were drawn 1-2
days after fever onset, as described elsewhere (4,8,9). All sam-
ples were screened for DENV infection by using a nonstruc-
tural (NS) 1 IgM/IgG combination rapid test. We confirmed
DENYV by using quantitative reverse transcription PCR (qRT-
PCR) or NS1-capture ELISA and included case-patients with
confirmed DENV infection as index cases in the study.

Perifocal Investigations

Within 1-2 days of identifying an index case, whether from
village or hospital surveillance, we began a perifocal inves-
tigation of the index case-patient’s village of origin (7). For
each perifocal investigation, we used a rapid dengue test
kit to screen eligible residents in the index case-patient’s
household for DENV and completed a baseline question-
naire on individual symptoms, socioeconomic status, and
household characteristics. We did the same in 20 house-
holds in a 100-meter radius of the index case-patient’s
household. We included persons 0.5-30 years of age who
consented or whose guarantor consented. We tested adults
>20 years of age during the first year of the study but found
no DENV-positive cases and did not test this age group
during the second year. All consecutive cases were eligible
for inclusion. To avoid bias through overlapping investi-
gations of a potentially common source of infection, we
did not conduct a perifocal investigation within 1 week of
a previous investigation for >2 index cases consecutively
detected from the same village.

DENV Testing and Case Definitions

To screen for DENV infection during surveillance and
perifocal investigations, investigators tested all blood
samples on-site using SD BIOLINE Dengue Duo kit (Stan-
dard Diagnostics, https://www.alere.com), according to
the manufacturer's instructions. Investigators interpreted
results within 15-20 minutes and ruled out possible cas-
es if the control band was negative. Blood samples from
DENV-positive participants were sent to Institut Pasteur du
Cambodge (Phnom Penh, Cambodia) for qRT-PCR testing,
as described previously (10,11), or confirmation using an
NS1-capture ELISA (/1,12) with positive controls diluted
to the limit of detection, negative, and nontemplate controls
used during extraction and PCR steps to reduce inaccura-
cies (/0). We considered cases confirmed when a blood
sample tested positive by NS1 rapid test and was confirmed
by NS1-capture ELISA or qRT-PCR. During the first year,
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we also tested participants for Japanese encephalitis virus
(JEV) and chikungunya virus (CHIKV) IgM antibodies
by ELISA and confirmed IgM-positive results using spe-
cific RT-PCR to ensure that symptoms were not related to
CHIKYV, JEV, or co-infections (//—13).

Symptomatic DENV-confirmed case-patients had fe-
ver, muscle or joint pain, rash, bleeding, prolonged head-
aches, or digestive signs. We asked participants whether
they had taken antipyretics in the previous 24 hours. We
termed afebrile all symptomatic DENV-positive partici-
pants without a fever and no antipyretic use. We consid-
ered participants asymptomatic when they had confirmed
DENYV infection, no antipyretic use, and no signs or symp-
toms, including fever. Participants who were symptomatic
at initial diagnosis on day 0 received follow-up monitoring
on days 2 and 7. We monitored asymptomatic participants
daily on days 0—7 and again on day 10 using a question-
naire to document signs and symptoms of DENV. In our
analyses, we recategorized participants who were asymp-
tomatic at baseline to symptomatic if they reported any
symptoms during the follow-up period.

Statistical Analysis
We described DENV infection attack rates for perifocal
investigations and the proportion of asymptomatic cases
among all DENV infections and circulating serotypes. To
explore participant- and household-level factors associated
with DENV infection, we conducted a multivariable Pois-
son regression estimating attack rate ratios (ARRs) (/4),
excluding index cases. We built explanatory models around
each participant-level and household-level factor, with and
without adjusting for covariates. Participant-level factors
included age, sex, occupation or schooling, and relation-
ship to an index case-patient. Because we found collinear-
ity between age and occupation, we adjusted only for age.
We placed participants 0.5—1 year of age into a specific cat-
egory to account for differences in immunity and exposure
to vectors due to reduced mobility. Household-level fac-
tors included the main source of income, source of water,
measures against mosquitoes, and environmental factors
favorable to mosquito development. We further divided the
source of water into 2 categories: piped water (from indoor
or outdoor taps with a tube well and pump) or nonpiped
water (from a pond, river, lake, or a well without pump).
Considering the limited flight range of a female Aedes
mosquito, we assumed that the probability of DENV trans-
mission would be higher within a household than across
households. To account for this factor and measure poten-
tial clustering, we developed a random-effects multilevel
model. We computed the intraclass correlation coefficient
as the proportion of the variability in the probability of
infection attributable to differences between households
versus differences within households (/5). We excluded
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19 participants with missing covariates or predictors from
the regression analyses. We explored associations between
asymptomatic DENV infection and DENV serotype, par-
ticipant-level factors, and the main source of income as so-
cioeconomic indicators. We used the Fisher exact test for
comparing proportions, the Student ¢ test for means, and
an empty multilevel model to search for a cluster effect.
We conducted analyses using Stata version 13 (StataCorp,
https://www.stata.com).

Results

Dengue Surveillance for Index Case Identification

We identified 1,294 suspected DENV-infected persons,
834 (64.5%) among hospital inpatients and 460 (35.5%)
through febrile illness surveillance in villages. Our testing
confirmed 555 (66.5%) DENV-positive cases among hos-
pital patients and 36 (7.8%) DENV-positive cases through
febrile illness surveillance in villages.

Perifocal Investigations

From the 591 DENV-positive patients, we selected 149
(25.2%) consecutive cases for which we conducted perifocal
investigations: 131 from hospital patients, termed PI-H, and
18 from village febrile surveillance, termed PI-V. Perifocal
investigations took place in 104 villages over the 2 rainy sea-
sons and documented 7,960 participants, 6,811 (86%) male
and 1,149 (14%) female, in 2,988 households (Figure).

We found 346 (4.3%) persons who were positive for
DENV infection, 225 (65.0%) of whom were <9 years
of age. We determined attack rates of 14.7/1,000 partici-
pants (14/952) in PI-V and 47.4/1,000 (332/7,008) in PI-H
(p<0.05). The attack rate over the 2 outbreak seasons in-
creased marginally from 37/1,000 persons 0.5-30 years of
age during the 2012 season to 46/1,000 among those 0.5—
20 years of age during 2013 (p = 0.056). Only 26 (7.5%)
of 346 DENV-positive participants remained strictly
asymptomatic during the 10-day follow-up, an asymptom-
atic DENV-infection attack rate of 3.3/1,000 over the 2
years of our study. The proportion of asymptomatic infec-
tions was 21.4% (3/14) in PI-V and 6.9% (23/332) in PI-H.

Besides headache and fever, symptomatic case-
patients mainly experienced muscle, retro-orbital, and
joint pain. Although fever is considered a typical symptom
of DENV infection, careful interview, rigorous clinical
assessment, and follow-up interviews showed that partici-
pants remained afebrile in 110 (31.8%) of the 320 symp-
tomatic DENV infections, even without antipyretics. Only
6 (1.7%) of the DENV-positive case-patients required hos-
pitalization, 2 with bleeding.

The 2 annual outbreaks were dominated by DENV-1.
However, DENV-2 and DENV-4 emerged in 2013, and
we detected DENV-3 sporadically (Table 1). During the
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first year of the study, samples from all symptomatic and
asymptomatic DENV cases were negative for CHIKV by
MAC-ELISA. Because we diagnosed no CHIKYV in year
1, and our national surveillance system also did not detect
any CHIKYV cases (data not shown), we did not perform
CHIKYV testing during year 2. Of 26 asymptomatic cases
confirmed by qRT-PCR or NSl-capture ELISA, 6 had
positive JEV serology and also were positive for DENV
IgM. We could not conclude whether JEV-positive results
were indicative of a recent or acute JEV co-infection or the
result of cross-reaction among flaviviruses. Among hospi-
talized patients, 2 had positive JEV results without detect-
able DENV IgM, even though qRT-PCR or NS1-capture
ELISA was positive. These results could suggest a recent
or acute JEV co-infection. During perifocal investigations,
42 participants tested positive for JEV by MAC-ELISA

Hospital Village febrile
surveillance surveillance
n=2834 n =460

DENV-negative
n=279,33.4% ~

DENV-negative
n=424,92.2%

I ]
Laboratory-confirmed DENV Laboratory-confirmed
index cases from DENV index cases from
hospital surveillance village febrile surveillance
n =555, 66.5% n=36,7.8%
| |

Perifocal investigations around index cases

PI-H, n = 131 (23.6%)
PI-V, n = 18 (50.0%)

Investigations of all persons from 20 households in a
100-meter radius of index case household

h=8,482

Excluded, <0.5 or >30y
n=522, 6.15%

Dataset for analysis

Laboratory-confirmed DENV-positive, n = 346 (4.3%)
Laboratory-confirmed DENV-negative, n = 7,614 (95.6%)

Figure. Participant screening and data flowchart for perifocal
investigations for asymptomatic DENV infection, Cambodia,
2012-2013. Initial DENV screening of febrile cases was
conducted using nonstructural (NS) 1 IgM/IgG combo rapid test.
Perifocal investigations took place in villages of index cases; we
screened all persons in 20 households within a 100-m radius of an
index case household. We excluded persons <0.5 and >30 years
of age. Laboratory confirmation of DENV was conducted through
quantitative reverse transcription PCR or NS1-capture ELISA.
DENYV, dengue virus; PI-H, perifocal investigations conducted for
index cases identified through hospital surveillance; PI-V, perifocal
investigations conducted for index cases identified through village
febrile surveillance.
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with negative DENV results, NS1, and qRT-PCR, support-
ing evidence of JEV co-circulation in the country (/6).

Screened participants had a mean age (+ SD) of 11.7
(£ 7.9; median 10; interquartile range 6—16); 6,207 (77.9%)
were schoolchildren, university students, or nonschooled
children. The main sources of household income were
planting crops (61.0%), working in a factory (14.3%), and
keeping a shop (13.4%). Participants reported low use of
protective measures against mosquitoes, including mos-
quito coils in 787 (26.3%) households, insecticide sprays
in 557 (18.6%) households, and larvicidal temephos in
374 (12.5%) households. Our investigation found uncov-
ered water jars in 1,867 (62.7%) households and mosquito
larvae in water containers of 1,663 (55.7%) households
(Table 2).

Among DENV-positive cases, boys and girls were
equally affected at a mean (+ SD) age of 8.5 (£ 5.7) years.
Compared with persons 15-30 years of age, we found that
children 1-10 years of age had a higher ARR of DENV
infection (ARR 4.04 [95% CI 2.72-5.98] for those 1-5
years of age and ARR 3.83 [95% CI 2.59-5.67] for those
6-10 years of age). Siblings and cousins of index case-
patients were more prone to DENV infection than neigh-
bors were; siblings were 2.24 (95% CI 1.42-3.53) times
and cousins 1.40 (95% CI 1.02—1.90) times more at risk for
infection than neighbors. Participants who used piped wa-
ter had a higher risk for DENV infection (ARR 1.35 [95%

Asymptomatic Dengue Virus Infections, Cambodia

CI 1.06-1.71]) than did those who used nonpiped water.
Households in which the main source of income was fish-
ing, farming, or animal husbandry also had higher risks for
infection (ARR 2.02 [95% CI 1.18-3.45]). Households re-
porting mosquito control-related parameters did not have a
lower risk for DENV infection (Table 2).

The main source of income was similarly distributed
between households with >1 case and households with no
cases (p = 0.272). Our multilevel model showed a notable
clustering effect at the household level after adjustment (in-
traclass correlation coefficient 40.8%).

We found 26 (7.5%) case-patients, 17 (65.4%) male
and 9 (34.6%) female, who were positive for DENV in-
fection but remained asymptomatic. We found serotypes
DENV-1, DENV-2, and DENV-4 in our study group (Ta-
ble 3). We used a multilevel approach to explore the role
of specific serotypes and participant-level factors, such as
age, gender, and relationship to the index case-patient, a
proxy for common genetic background, with being DENV-
positive and asymptomatic. We found that only family
relationship to the index case-patient was associated with
asymptomatic infection. We did not identify a cluster effect
or associated factors.

Discussion
We screened 7,960 participants in communities in Cambo-
dia during 2012 and 2013 and found 346 (4.3%) participants

Table 1. Surveillance data from perifocal investigations for asymptomatic dengue virus, Cambodia, 2012-2013*

Surveillance data 2012 2013 Total
No. participants 2,391 5,569 7,960
No. villages investigated 35 77 104
No. perifocal investigations conducted 47 102 149
Mean no. participants per perifocal investigation 51 55 53
Confirmed infections, no. (%) 88 258 346
Strictly asymptomatic 5(5.7) 21(8.1) 26 (7.5)
Afebrile 33 (37.5) 77 (29.8) 110 (31.2)
Symptomatic 83 (94.3) 237 (91.9) 320 (92.5)
Attack rate/1,000 participants, % 36.8 46.3 43.5
Asymptomatic infections 21 3.8 3.3
Symptomatic infections 34.7 42.6 40.2
Afebrile infections 13.8 13.8 13.8
Symptoms at diagnosis or follow-up, no. (%) 83 237 320
Fever 55 (66.2) 180 (75.9) 236 (73.8)
Headache 52 (62.7) 169 (71.3) 221 (69.1)
Muscle pain 16 (19.3) 73 (30.8) 89 (27.8)
Retro-orbital pain 17 (20.5) 73 (30.8) 90 (28.1)
Joint pain 17 (20.5) 68 (28.7) 85 (26.5)
Rash 15 (18.1) 53 (22.4) 68 (21.3)
Any bleeding 13 (15.7) 50 (21.1) 63 (19.7)
Hospitalizations, no. (%) 3(3.5) 8(3.3) 11 (3.3)
DENV infections 88 258 346
Serotype, no. (%)
DENV-1 82 (98.8) 188 (72.9) 270 (78.0)
DENV-2 1(1.2) 36 (13.9) 37 (10.7)
DENV-3 0 2(0.8) 2(0.6)
DENV-4 0 31 (12.0) 31(9.0)
DENV-1 and DENV-2 0 1(0.4) 1(0.3)
Missing 5 0 5

*Participants 0.5-30 years of age in 2012 and 0.5-20 years of age in 2013. DENV, dengue virus.
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infected by DENV; 26 (7.5%) remained asymptomatic be-
fore, during, and after our study. We found comparable at-
tack rates, 37/1,000 persons in 2012 and 46/1,000 persons in
2013, to other community investigations conducted in Cam-
bodia. For instance, another study reported DENV attack

rates of 13.4-57.8 cases/1,000 persons during 2006-2008
(4). Previous studies only included participants <20 years
of age, but we included persons 0.5-30 years of age with
confirmed DENV infection, even symptomatic but afebrile
case-patients, who were 31.8% of the DENV infections in

Table 2. Participant and household characteristics with unadjusted and adjusted attack rate ratios for factors potentially associated
with dengue virus infection, Cambodia, 2012-2013*

Unadjusted ARR

Adjusted ARR

Characteristics Infected Uninfected Total (95% CI) (95% CI)
Participants 346 7,614 7,960
Sex
M 171 4,103 4,272 Referent Referent
F 175 3,511 3,686 1.14 (0.92-1.40) 1.01 (0.82-1.24)
Age, yt
0.5—<1 9 (2.6) 150 (2.0) 159 (2.0) 3.47 (1.65-7.32) 3.53 (1.67—7.46)
1-<5 108 (31.2) 1,701 (22.3) 1,809 (22.7)  3.98 (2.69-5.90) 4.04 (2.72-5.98)
5-<10 126 (36.4) 2,083 (27.4) 2,209 (27.8)  3.79 (2.56-5.60) 3.83 (2.59-5.67)
10—<15 71 (20.5) 1,675 (22.0) 1,746 (21.9)  2.59 (1.70-3.94) 2.55(1.67-3.88)
15-30 32(9.3) 2,005 (26.3) 2,037 (25.6) Referent Referent
Mean (+ SD, median) 85(+5.7,7) 11.9(+8.0,10) 11.7(+7.9,10) - -
Occupationt
Student, school or university 171 (49.8) 3,588 (47.2) 3,759 (47.3) 214 (1.35-3.41) 2.14 (1.34-3.41)
Preschool or unschooled 149 (43.2) 2,299 (30.2) 2,448 (30.8) 2.84 (1.79-4.54) 2.84 (1.78-4.54)
Planting crops 20 (5.8) 910 (12.0) 930 (11.7) Referent Referent
Other 5(1.5) 809 (10.6) 814 (10.2) 0.28 (0.10-7.76) 0.28 (0.10-7.76)
Missing 1(0.2) 8(0.1) 9(1.1)
Relationship to index case-patient§
Neighbor 260 (75.4) 6,309 (83.0) 6,569 (82.6) Referent Referent
Cousin 58 (16.8) 991 (13.0) 1,049 (13.2)  1.38(1.01-1.89) 1.40 (1.02-1.90)
Sibling 23 (6.7) 251 (3.3) 274 (3.5) 2.11 (1.33-3.34) 2.24 (1.42-3.53)
Other 5(1.2) 55 (0.7) 59 (0.7) 1.66 (0.59-4.65) 1.76 (0.34—4.90)
Missing 1(0.2) 8 (0.1) 9(1.1)
Households 2929 2,706 2,988
Water source#
Nonpiped 108 (36.3) 1,186 (43.7) 1,284 (43.0) Referent Referent
Piped 184 (63.7) 1,520 (56.3) 1,704 (67.0)  1.32(1.03-1.69) 1.35(1.06-1.71)
Primary source of income**
Planting crops 176 (60.9) 1,648 (61.0) 1,824 (61.0) Referent Referent
Working in a factory 42 (14.5) 384 (14.2) 426 (14.3) 1.16 (0.84-1.62) 1.20 (0.87-1.66)
Shopkeeping 37 (12.8) 362 (13.4) 399 (13.4) 0.97 (0.67-1.40) 1.03 (0.72—1.48)
Fishing, farming, animal husbandry 14 (4.8) 55 (2.0) 69 (2.3) 1.98 (1.15-3.43) 2.02 (1.18-3.45)
Working in government 5(1.7) 57 (2.1) 62 (2.1) 0.94 (0.38-2.30) 0.99 (0.41-2.37)
Other 15 (5.2) 193 (7.2) 208 (7.0) 0.76 (0.43-1.32) 0.85 (0.50—1.46)
Mosquito control measurestt
Temephos 26 (9.0) 348 (12.9) 374 (12.5) 0.70 (0.47-1.06) 0.73 (0.48-1.10)
Larvivorous fish 26 (9.0) 214 (7.9) 240 (8.3) 1.14 (0.75-1.74) 1.18 (0.78-1.79)
Treated mosquito netting 27 (9.3) 311 (11.5) 338 (11.3) 0.78 (0.52—-1.17) 0.82 (0.55-1.21)
Treated jar cover 3(1.0) 47 (1.7) 50 (1.7) 0.73 (0.24-2.24) 0.77 (0.26-2.27)
Coils 77 (26.6) 710 (26.3) 787 (26.3) 1.08 (0.82-1.41) 1.16 (0.89-1.51)
Insecticide spray 44 (15.2) 513 (19.0) 557 (18.6) 0.79 (0.57-1.10) 0.88 (0.63—1.22)
Environmental factors**
Vegetable garden 57 (9.7) 546 (20.2) 603 (20.2) 0.89 (0.66—-1.21) 0.89 (0.66—1.20)
Water collection around house 126 (43.6) 1,180 (43.7) 1,306 (44.7)  0.91 (0.71-1.15) 0.88 (0.70-1.12)
Uncovered water jars 178 (61.6) 1,689 (62.6) 1,867 (62.5)  0.96 (0.75-1.22) 0.97 (0.76-1.23)
Larvae in water containers 168 (58.1) 1,495 (55.4) 1,663 (55.7)  1.09 (0.86-1.39) 1.07 (0.85-1.37)
Distance from house to nearest 1.5(+2.2) 1.3(+2.0) 1.3 (+2.0) 1.00 (0.98-1.02) 1.00 (0.98-1.02)
water jar, m (+ SD)
Missing for all items 3 7 10

*Values are no. or no. (%) except as indicated. ARR, attack rate ratio; DENV, dengue virus.

tParticipants 0.5-30 years of age in 2012 and 0.5-20 years of age in 2013.

FAdjusted for sex.
§Adjusted for age.

9INo. housesholds with >1 DENV case.

#Nonpiped water comes from a river, pond, lake, or a well that does not have a pump; piped water comes from indoor or outdoor taps with a tube well and

pump.
**Adjusted for sex and occupation.

tTtAdjusted for age, relationship to index case-patient, occupation, and primary source of income.
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Table 3. Univariate tests for associations between
sociodemographic factors and infecting serotypes with
asymptomatic dengue virus infections, Cambodia, 2012—-2013*

Asymptomatic, Symptomatic,
Factor n =26 n = 320 p valuet
Sex
M 17 154 0.09
F 9 166
Age, y
0.5to <1 0 9(2.8) 0.976
1-5 9 (34.6) 99 (30.9)
6-10 9 (34.6) 117 (36.6)
11-14 5(19.2) 66 (20.6)
15-30 3(11.5) 29 (9.1)
Mean 9.2 11.0
(+ SD, median) (+7.2,8) (+7.1,10)
Relationship to index case-patient
Neighbor 17 (65.4) 243 (76.0) 0.004
Cousin 5(19.2) 53 (16.6)
Sibling 1(3.9) 22 (6.9)
Other 3(11.5) 1(0.3)
Source of household income
Planting crops 14 (53.8) 192 (60.0) 0.812
Working in a 3(11.5) 53 (16.6)
factory
Shopkeeping 5(19.2) 36 (11.3)
Fishing, farming, 1(3.9) 17 (5.3)
animal husbandry
Working in 0 6 (1.9)
government
Other or missing 3(11.5) 16 (5.0)
DENV serotypet
DENV-1 21 (80.8) 249 (79.1) 0.892
DENV-2 2(7.7) 35 (11.1)
DENV-3 0 2(0.6)
DENV-4 3(11.5) 28 (8.9)

*Values are no. (%) patients except as indicated. DENV, dengue virus.
1By Fisher test or 2 test.

tData for 5 symptomatic patients were missing, and another patient was
excluded from analysis because of co-infection with DENV-1 and DENV-2.

this study. We noted that attack rates were lower in PI-V,
14.7/1,000 participants (14/952), than in PI-H, 47.4/1,000
participants (332/7,008). Circulation of DENV around fe-
brile index case-patients identified through PI-V was less
intense, but with more asymptomatic cases, than around in-
dex case-patients identified through PI-H. Aside from pos-
sible detection biases (/7), multiple factors could explain
this observation and deserve further research.

Our study documented cases of DENV infection in trans-
mission clusters located around index case-patients. We found
that 26.6% of DENV-confirmed case-patients reported clini-
cal symptoms, including headache and muscle pain, but no
fever even in the absence of antipyretics, comparable to data
from Thailand, where 40.4% of the DENV cases remained
afebrile (/7). The appearance of afebrile DENV-infected pa-
tients raises potential concerns for case definitions for detec-
tion, especially of imported cases in at-risk countries.

An additional 7.5% of DENV-confirmed case-patients
had no symptoms during the 10-day course of clinical
monitoring, a considerably lower rate than estimates from
other prospective studies (5,/8-21). Published sources refer
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to inapparent infections, often defined as afebrile clinical
complaints with biologic evidence of DENV infection, rang-
ing from 20% to 80% of cases (/9,22,23). Previous studies
used different definitions of asymptomatic infection than
ours, but the major difference lies in follow-up monitoring.
Other retrospective studies used school or work absentee-
ism as a basis for follow-up (/9). Strictly asymptomatic
patients, such as those we describe, escape detection by sur-
veillance or control measures, infect mosquitoes, and might
disproportionately contribute to DENV transmission (3).

The DENV burden documented through hospital-
based surveillance of febrile case-patients in Thailand and
Vietnam showed a shift to older age groups (24,25). Our
active, systematic case-finding system to identify DENV in
villages in Cambodia found the attack rate was highest in
children <10 years of age, which is what we expected in a
dengue-endemic country with frequent outbreaks demon-
strated in other careful studies (26). This finding raises con-
cerns because recommendations for the only licensed den-
gue vaccine are for use in persons 9—45 years of age with
demonstrated evidence of past DENV infection (27). Our
study demonstrates that children in rural Cambodia might
have undergone >1 DENV infection before 9 years of age,
reducing the potential cost-effectiveness of vaccination.

Few studies have explored the role of socioeconom-
ic status, which might be a proxy for peridomestic envi-
ronmental management, on DENV infection in Southeast
Asia. Often, the direction of the association is unclear and
socioeconomic status has entirely different associations de-
pending on the setting (28). Our study shows that the ad-
justed risk for DENV infection was highest in households
in which the main source of income was from fishing, farm-
ing, or animal husbandry, activities associated with lower
average household income in Cambodia.

We found temephos provided no additional protection
against DENV infection after adjusting for other factors.
Although temephos is effective in reducing Aedes spp. lar-
val populations in water storage jars, its use did not cor-
relate with lower DENV transmission in Cambodia or else-
where (8), due to incorrect distribution coverage, dosage,
and placement (29) or multiple vector breeding sites. In ad-
dition, increases in temephos-resistant 4. aegypti mosquito
larvae have been documented in Cambodia (30).

Unexpectedly, we found a higher risk for DENV with
piped water as a main water source after adjusting for other
factors, contrary to a study in Thailand (6). However, piped
water with suboptimal sanitation in Cambodia might contrib-
ute to collection of water in or around households that could
become breeding sites for DENV-transmitting mosquitoes.

We found that 40.8% of the variability in probabil-
ity of being DENV infected was explained by differences
between households. Those living in the same household
as an index case-patient were 2.11 times more likely to be
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infected, consistent with other published sources. A study
in Mexico found that the risk for infection for those liv-
ing with an index case-patient was twice that of someone
living in a 50-meter radius of an index case-patient (3/).
This relationship was further described in a cluster study
in Thailand that showed decreased risk for infection with
increasing distance from the index case household (37).
This clustering effect around an index case, however,
seems to occur only on a short temporal scale, at least in
urban settings (32).

Rates and severity of illness after infection with the
different DENV serotypes differ widely (33,34). The only
notable epidemiologic factor associated with asymptomatic
DENV infections in our study was being family-related to
the index case-patient. Another study showed that adaptive
immune responses against DENV differ between persons
with symptomatic and asymptomatic DENV infection (35),
which might explain our observations. We found no other
associated epidemiologic factor, including age or cluster
effects. Although the ratio of male to female participants
was twice as high among asymptomatic than symptomatic
participants, this finding was not statistically significant,
likely due to sample size.

Although the size and duration of our study confer
strength to our data, it might suffer from biases and limita-
tions, especially due to the small number of strictly asymp-
tomatic DENV-positive participants after stratifying by
DENV serotype. We found dengue incidence rates high-
est in young children. These data might be biased because
we focused on investigating clusters around an index case,
perhaps overestimating the incidence in the general popula-
tion. DENV circulation, however, is intense in children in
Cambodia, and these figures remain comparable to those
found in dengue studies that use different methods, ranging
from 20 to 80 per 1,000 person-seasons (/). Furthermore,
we did not capture cases referred to the private sector, low-
ering our estimates somewhat. Healthy male workers often
were away at the time of the investigations, possibly lead-
ing to an overestimation of DENV incidence. These work-
ers, however, are >18 years of age, but DENV infections
occur mainly in persons <15 years of age in Cambodia (4).

Documentation bias might also have pulled our risk
factor estimates toward the null. We did not document solid
waste disposal in our study, but comparatively high Bre-
teau index values have been reported in Cambodia (29). In
addition, we could have missed details or misrepresented
implementation of mosquito-control measures. Despite the
potential misclassification, mosquito-control measures re-
main nondifferential and likely had no major effect on our
risk estimates.

Further, 7.5% of our DENV-infected participants re-
mained strictly asymptomatic. Aside from case definition
issues we discuss, our method of screening for DENV
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around symptomatic cases might have underestimated the
number of asymptomatic DENV infections. In addition,
we did not enroll persons who tested negative for DENV
IgM, NS1-capture ELISA, and qRT-PCR. Some of these
persons might have been infected but not yet mounted an
IgM response, so that NS1 and viral RNA titers had al-
ready receded to undetectable levels when we tested them.
This strict case definition might have underestimated the
incidence of asymptomatic cases, but a precise retrospec-
tive documentation of such cases would be extremely
difficult. Similarly, we retrospectively conducted MAC-
ELISA on samples collected during perifocal investiga-
tions and identified 11 cases of IgM seroconversion in the
absence of PCR- or NS1-positive tests. Even in the context
of JEV cocirculation, some of these cases could have been
true DENV infections, but including them would not have
changed the overall estimated attack rate. Previous stud-
ies suggested virus serotype might affect severity and types
of symptoms and observed that DENV-1 infections more
frequently were associated with clinically apparent illness
(36,37). Virus molecular analysis studies are ongoing to
determine whether specific strains cause more asymptom-
atic infection than others. Furthermore, DENV infection in
Cambodia occurs mainly in children who might be more
likely to answer positively to daily-repeated questions on
dengue symptoms, somewhat underestimating asymptom-
atic cases. Having implemented careful and thorough 10-
day clinical assessment of objective symptoms in each as-
ymptomatic DENV-positive participant, we believe these
figures reflect the true proportion of strictly asymptomatic
DENV infection in our setting. However, we collected
our findings mainly in children with DENV-1 infection in
Cambodia. Whether these findings are directly applicable
to other epidemiologic settings, populations, or virus sero-
types or genotypes remains to be determined (33).

Finally, vaccination against JEV might have led to
cross-protection against symptomatic dengue. Data on JEV
vaccination were not collected during perifocal investiga-
tions. According to local health centers, however, JEV vac-
cine has been provided only recently and only for children
9-24 months of age. In our study, only 3 children were
DENV-positive in that age category.

Our study demonstrates that systematically relying on
fever for DENV case definition can underestimate cases
and hinder control efforts in areas with potential vectors
and at risk for DENV introduction. We found 7.5% of
DENV-infected participants remained strictly asymptom-
atic, which has wide-ranging epidemiologic consequences.
Undetected sources can increase transmission (5), a factor
that must be taken into account in future vaccine coverage
and vaccine effectiveness studies. The attack rate differ-
ences observed around febrile index case-patients detected
in village surveillance and index case-patients detected in
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hospital surveillance deserve further study. In-depth virus
(36) and human genetic studies could contribute useful in-
sights (33,35). Our strict definition of asymptomatic DENV
infections should be considered when designing studies
that aim to elucidate the pathophysiological mechanisms
of dengue disease.
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EID Podcast:
Antimicrobial

Drug Resistance
and Gonorrhea

Neisseria gonorrhoeae, the causative pathogen of gon-
orrhea, has been designated an urgent antimicrobial drug
resistance threat by the Centers for Disease Control and
Prevention. Since the introduction of antimicrobial drugs
in the first half of the 20th century, N. gonorrhoeae has
successively developed resistance to each antimicrobial
agent recommended for gonorrhea treatment. In the Unit-
ed States, the prevalence of resistance in N. gonorrhoeae
often varies by sex of partner and by geographic region.
Prevalence is often greater in isolates from gay, bisexual,
and other men who have sex with men than those from
men who have sex only with women, and prevalence is
often highest in the West and lowest in the South. Resis-
tant strains, in particular penicillinase-producing N. gon-
orrhoeae, fluoroquinolone-resistant N. gonorrhoeae, and
gonococcal strains  with re-
duced cephalosporin suscep-
tibility, seemed to emerge ini-
tially in the West (Hawaii and
the West Coast) before spread-
ing eastward across the coun-
try. These geographic patterns
seem to support the idea that
importation of resistant strains
from other regions of the
world, such as eastern Asia, is
a primary factor of the emer-
gence of resistant gonococci
in the United States. Whereas
antimicrobial drug prescribing patterns have been clearly
associated with the emergence of resistance in other bac-
terial pathogens, the degree to which domestic antimicro-
bial use and subsequent selection pressure contributes to
the emergence of gonococcal antimicrobial resistance in
the United States is unclear. Using an ecologic approach,
we sought to investigate the potential geographic and tem-
poral association between antimicrobial drug susceptibil-
ity among US N. gonorrhoeae isolates and domestic out-
patient antimicrobial drug prescribing rates in the United
States during 2005-2013.

Visit our website to listen:
https://www2c.cdc.gov/podcasts/
player.asp?f=8647449
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Facility-Associated Release of
Polioviruses into Communities—
Risks for the Posteradication Era

Ananda S. Bandyopadhyay, Harpal Singh, Jacqueline Fournier-Caruana, John F. Modlin,
Jay Wenger, Jeffrey Partridge, Roland W. Sutter, Michel J. Zaffran

The Global Polio Eradication Initiative continues to make
progress toward the eradication target. Indigenous wild
poliovirus (WPV) type 2 was last detected in 1999, WPV
type 3 was last detected in 2012, and over the past 2 years
WPV type 1 has been detected only in parts of 2 coun-
tries (Afghanistan and Pakistan). Once the eradication of
poliomyelitis is achieved, infectious and potentially infec-
tious poliovirus materials retained in laboratories, vaccine
production sites, and other storage facilities will continue
to pose a risk for poliovirus reintroduction into communi-
ties. The recent breach in containment of WPV type 2 in
an inactivated poliovirus vaccine manufacturing site in the
Netherlands prompted this review, which summarizes in-
formation on facility-associated release of polioviruses into
communities reported over >8 decades. Successful polio
eradication requires the management of poliovirus contain-
ment posteradication to prevent the consequences of the
reestablishment of poliovirus transmission.

In 1988, the World Health Assembly resolved to eradi-
cate poliomyelitis by the year 2000 (/). Much prog-
ress has been made toward this goal. Two of the 3 wild
poliovirus (WPV) serotypes are either certified as eradi-
cated (WPV type 2 [WPV2]) or have not been detected
globally since 2012 (WPV type 3 [WPV3]). WPV type
1 (WPV1) continues to circulate only in parts of Af-
ghanistan and Pakistan (2). The eradication goal appears
within reach.

Once the eradication of poliomyelitis is achieved,
apart from rare cases of poliovirus excretors among im-
munodeficient persons (3,4), polioviruses will only ex-
ist as virus stocks, cultures, and reagents in laboratories,
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vaccine production sites, and other facilities where live
poliovirus stocks are maintained. An essential consider-
ation for the certification of eradication of poliomyelitis
as described in the Polio Eradication and Endgame Stra-
tegic Plan 2013-2018 (5) and the Global Action Plan
for Poliovirus Containment (GAPIII) (6) is the safe and
secure containment of poliovirus within facilities desig-
nated by their governments for the posteradication re-
tention of poliovirus materials. The declaration of the
certification of WPV2 eradication in September 2015
(7) accelerated the implementation of containment work
as described in GAPIII. The withdrawal of Sabin polio-
virus type 2 from the oral poliovirus vaccine (OPV) in
April 2016 highlighted the importance of containment,
and annual meetings of the Global Certification Com-
mission (GCC) for the Eradication of Poliomyelitis
beginning in September 2015, and especially in Octo-
ber 2017, clarified the GCC oversight responsibilities
for containment (§,9).

A laboratory accident involving the release of WPV2
from an inactivated poliovirus vaccine (IPV) manufactur-
ing site in the Netherlands in April 2017 (/0—12) motivated
this historical review to describe the frequency and con-
sequences of similar breaches. Our objective is to remind
management and workers at all laboratory and manufactur-
ing facilities of their responsibility to assess the risks of
stored materials (/3).

Methods

We performed a literature search by using PubMed with
no date restrictions, applying the following search terms
in various combinations to identify episodes of facility-
associated strains infecting humans or being isolated from
environmental samples in nonendemic and nonoutbreak
reporting areas to complement the information known to
us: poliovirus or polio, contamination, accidental envi-
ronmental contamination, accidental release, and labora-
tory accidents. This search found a total of 29 references,
all of which are described in this article.
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Results

Major Documented Events

Facility-associated release of polioviruses resulting from
either laboratory or vaccine production sources was not
uncommon in the period before the development and
widespread use of poliovirus vaccines (/4-20) (Tables 1,
2; Figure). In 1933, a 29-year-old physician conducting
experimental work on poliomyelitis was bitten by a ma-
caque monkey. Although the exposure to poliovirus could
not be confirmed, the physician later experienced paraly-
sis and died (20,21). The first case of known exposure
to poliovirus in a laboratory setting was reported in 1941
in a technician handling infected tissues in preparation
for inoculation into monkeys (/9,20,23). Six additional

laboratory-associated releases of poliovirus through an
infected worker occurred during the same decade: 3 in
the United States, of which 2 involved a worker infected
with Lansing (Armstrong) strain virus (/8—20,24,36); and
1 each in Zimbabwe (formerly Rhodesia) (20,37), Can-
ada (20,25), and the United Kingdom (20,26). Cases of
poliomyelitis attributable to clinical trial use of vaccines
or faulty production have also been reported. In 1935,
twelve cases of paralytic poliomyelitis, of which 6 were
fatal, were reported among those receiving trial vaccina-
tions against poliomyelitis (22). In 1955, distribution of
120,000 doses of IPV that had been inadequately inac-
tivated during the production step resulted in the paraly-
sis of 51 children, 5 of whom died; secondary transmis-
sion was reported among 113 contacts who experienced

Table 1. Reported incidents of poliovirus release from laboratories and vaccine production facilities in the pre—polio vaccine era*

Location Poliovirus No. Exposure
Year (reference) Source type cases” Primary Secondary Tertiary Description
1933 United States Lab Not 1 Physician NA NA Bitten (cutaneous disruption) by a
(20,21) indicated normal macaque while doing work on
poliomyelitis (paralysis); filterable
virus capable of reproducing the
disease in rabbits was isolated from
the case; case was fatal
1935 United States  Vaccine Not 12 Vaccine trial NA NA 12 cases of paralytic poliomyelitis in
(22) production indicated patients, age patients receiving trial vaccination
facility 5moto20y against poliomyelitis; natural
infections ruled out as cause;
6 deaths
1941 United States Lab Not 1 Lab staff NA NA Lab staff member experienced
(19,20,23) indicated paralysis after preparation of infected
tissues for inoculation into monkeys;
cutaneous inoculation; no polio
outbreaks reported in place of
residence or areas of travel
1945 United States Lab Not 1 Lab staff NA NA Lab staff member scratched on hand
(20,23) indicated by noninoculated monkey during
transport; subsequent virus
contamination of hands might have
occurred while feeding or inoculating
monkeys; patient experienced
paralysis and later died
1946  Zimbabwe Lab Not 1 Lab staff NA NA Infection acquired during inoculation
(formerly indicated of monkeys with polio virus; paralysis
Rhodesia) occurred, case was fatal
(20,25)
1949 United States Lab WPV2 2 Lab staff NA NA Two lab technicians were infected in
(20,24) (mouse- the eyes and nose with Lansing
adapted (Armstrong) strain while inoculating
Lansing mice during polio experiments; both
strain) experienced paralysis
1950 Canada Lab Not 1 Physician Na NA Doctor acquired poliomyelitis while
(20,25) indicated performing autopsy on poliomyelitis
patient; intracutaneous inoculation;
residual weakness; case was not fatal
1954 United Lab WPV2 1 Lab staff NA NA Lab technicians infected by
Kingdom (MEF-1) cutaneous inoculation while
(20,26) strain performing necropsy on animals

infected with wild type-2 (MEF-1)
strain; subsequent paralysis; cases
were not fatal

*Cases defined as laboratory positive (with or without paralysis) for poliovirus by standard methods of virus isolation or known exposure to poliovirus. Lab,
laboratory; MEF-1, wild poliovirus type 2 laboratory reference strain; NA, not applicable; WPV2, wild poliovirus type 2.
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paralysis, 5 of whom died (27,28). Although the 1955
incident was inherently distinct from all other examples
discussed in this review (with the root cause being faulty
production procedure instead of accidental release or ex-
posure), we include it in this report for completeness. The
number of subclinical infections with poliovirus during
this period is unknown, so the total number of persons af-
fected might have been many times higher (29).

In the 3 decades since the WHA resolution to eradi-
cate poliomyelitis and the formation of the Global Polio
Eradication Initiative (GPEI) in 1988, seven documented
incidents underscore the potential for facility-associated re-
lease of polioviruses into the community in the modern era.
In 1991, a WPV3 (Saukett strain), probably from a labo-
ratory source, was isolated in France from a woman from
Algeria. A year later, a worker in a vaccine manufacturing

Facility-Associated Release of Polioviruses

facility in the Netherlands transmitted a WPV1 (Mahoney
strain) used for IPV production to his son (30). In another
incident in the Netherlands in 1993, a child with a travel
history to France was reported to have been infected with
a strain of WPV3 (Saukett strain) almost identical to that
used for IPV production in France. The possibility of labo-
ratory contamination was ruled out, and environmental
samples collected from around the child’s home and among
his family contacts were negative for poliovirus in cell cul-
ture. The source of this infection was not determined (30).
In India, 2 incidents were reported during 2000-2003 after
the interruption of WPV2 transmission in 1999. A WPV2
laboratory reference strain (MEF-1) was recovered from
3 poliomyelitis patients in September 2000 and 7 patients
during November 2002—-February 2003. The sources of
these infections were not identified (37-33).

Table 2. Reported incidents of poliovirus release from laboratories and vaccine production facilities in the post—polio vaccine era*

Location Poliovirus No. Exposure
Year (reference) Source type cases Primary Secondary Tertiary Description
1955 United States  Vaccine Not 164 Vaccine 113 NA “Cutter incident”; inadequate
(27,28) production indicated recipients contacts of formaldehyde virus inactivation
facility (40,000 the during poliovirus vaccine production
children)  children (=120,000 doses); ~40,000 children
experienced muscle weakness, of
whom 51 experienced paralysis;
5 deaths; 113 contacts of the children
were also paralyzed, of whom 5 died
1991 France (29) Lab and WPV3 1 No definitive information on Saukett strain isolated in France from
vaccine (Saukett) exposure of case a woman from Algeria; source of this
production strain lab strain could not be confirmed
facility
1992 Netherlands  Vaccine WPV1 1 Father Son NA Boy (age 19 mo) with respiratory
(30) production (Mahoney) (worker symptoms (no paralysis); father with
facility strain at facility) history of accidental exposure to
Mahoney strains while working in a
poliovirus vaccine production facility
1993 Netherlands  Vaccine WPV3 1 No definitive information on Child with gastroenteritis (no
(30) production  (Saukett) exposure of case paralysis); had travel history to
facility strain France; no epidemiology established
to trace lab exposure; Saukett strains
typical for IPV production in France
isolated from the stool samples
2000 India (37-33) Lab and WPV2 3 No definitive information on WPV?2 isolates found in Sep 2000
vaccine (MEF-1) exposure of case and Nov 2002—-Feb 2003 from 10
production strain children with AFP, 1 healthy contact,
facility and 1 environmental sample; isolates
2002- India (37-33) Lab and WPV2 8 No definitive information on unrelated to all previous WPV2
2003 vaccine (MEF-1) exposure of case strains found in India; because this
production strain was a lab reference strain and not a
facility community-derived wild strain, lab
source was suspected
2014 Belgium Vaccine WPV3 0 NA NA NA ~10"® infectious WPV3 particles
(34,35) production  (Saukett) accidentally released into sewage
facility strain system from production plant in
Belgium; no poliovirus detected in
environmental or human samples
2017 Netherlands  Vaccine WPV2 1 Worker None None Accidental leakage in vaccine
(12) production  (MEF-1) production room; 1 of 2 exposed staff
facility strain members tested positive by RT-PCR

*Cases are defined as laboratory positive (with or without paralysis) for poliovirus by standard methods of virus isolation or known exposure to
poliovirus. AFP, acute flaccid paralysis; IPV, inactivated poliovirus vaccine; lab, laboratory; MEF-1, wild poliovirus type 2 laboratory reference strain;
NA, not applicable; RT-PCR, reverse transcription PCR; WPV, wild poliovirus; WPV1, wild poliovirus type 1; WPV2, wild poliovirus type 3; WPV3,

wild poliovirus type 2.
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______________________________________
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transmission to 113 contacts (all positive for paralysis)

» 1993, 1 case, Saukett strain, child with
gastroenteritis, travel history to France,
Saukett prototype typical for IPV production
in France isolated from stool samples

+ 2017, 1 case, 1 environmental sample, MEF-1
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» 2000, 3 cases, MEF-1, all patients
had AFP
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Figure. Reported incidents of facility-associated poliovirus release from laboratories and manufacturing sites in the pre—polio vaccine
era (shown inside dashed-line frames) and the time of poliovirus vaccine introduction to the present (shown inside solid-line frames).
AFP, acute flaccid paralysis; IPV, inactivated poliovirus vaccine; MEF-1, wild poliovirus type 2 laboratory reference strain; WPV, wild

poliovirus; WPV3, wild poliovirus type 3.

In September 2014 in Belgium, ~10" infectious
WPV3 particles were released into the sewage system
from a vaccine production plant (34). Subsequent inves-
tigations revealed no evidence of WPV3 in samples from
a range of environmental samples (35). More recently,
in the Netherlands, WPV2 (MEF-1 strain) was acciden-
tally released as an aerosolized high-titer spill when tub-
ing became disconnected in a vaccine production room.
One exposed staff member became infected and shed the
wild virus strain for ~4 weeks before testing negative by
fecal culture, whereas a second staff member who was
also present at the time of the spill did not test positive
for poliovirus in throat swabs or stool samples (/2). No
acute flaccid paralysis (AFP) cases or secondary spread to
household contacts was detected.

Discussion

The laboratory accident in April 2017 involving the ex-
posure of a worker who subsequently excreted WPV2
into the sewage system (/2) serves as a stark reminder
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that the achievements of the GPEI are fragile and can
be reversed if remaining sources of polioviruses are not
contained to reduce the likelihood and consequences of
virus reintroduction after eradication. Even more recent-
ly, a suspected contamination of #150,000 bivalent OPV
vials with type 2 Sabin virus strains has been reported in
India (38), highlighting the importance of completeness
of containment-related activities for type 2 OPV at all
stages of vaccine manufacturing and release. Our review
demonstrates that the known risk for poliovirus release
from a facility into the community appears to be small,
based on only a handful of reported incidents, primar-
ily from vaccine manufacturing sites. However, these
reported incidents might represent the proverbial tip of
the iceberg, given that the reporting requirements in the
past were not very stringent.

The release of polioviruses into the community in the
posteradication era is a major public health concern for
GPEI as it implements the planned, sequential cessation
of OPV use during the polio endgame. With the global
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discontinuation oftype 2 OPV forroutine and supplemental
immunization in April 2016 and the planned cessation of
all OPV use in the next 4-5 years, such release of polio-
viruses from facilities into the community will become a
greater public health concern because population immu-
nity wanes in settings of high population density, poor hy-
giene, and suboptimal immunity (e.g., tropical developing
countries) after OPV withdrawal, increasing the potential
for transmission (39).

We should note that in the prevaccine era most of the
reported incidents occurred in research settings and the ex-
posed persons did not have vaccine-induced immunity for
protection against paralysis or virus transmission. In sharp
contrast, the incidents reported in the past 3 decades were
related to containment failures at vaccine production plants
where the staff are expected to be fully vaccinated. Inci-
dents in the more recent period are likely to be more repre-
sentative of the public health impact of such containment
failures for the current phase of the polio endgame and the
near future.

The paucity of reports of laboratory-associated po-
liomyelitis during the past 3 decades testifies to the effec-
tiveness of vaccines and to improved laboratory facilities
and biorisk management. However, laboratory breaches
in the past might not have been recognized in the absence
of clinical cases, and environmental surveillance was less
extensive than it is today. Environmental surveillance for
polio, for example, appears to have played a major role in
such incidents primarily in the past 2 decades, and more
so in recent times, with the expansion and enhancement
of scope and methodologies that were introduced as a
component of the polio endgame. Furthermore, report-
ing requirements were less stringent in the past, and we
assume that not all facility incidents were recorded. The
lack of documented incidents of laboratory accidents dur-
ing 1955-1991 is difficult to explain but might also have
been affected by these factors, in addition to the fact that
the formation of GPEI in 1988 led to a more concerted,
globally synchronized effort to track and report polio cas-
es and outbreaks.

As seen in the Netherlands incident in 2017, previous-
ly vaccinated persons, although probably protected from
paralysis, can excrete poliovirus after accidental exposure
from containment failures and put the community at risk for
virus transmission. This risk underscores the importance of
stringent containment measures at the vaccine production
sites and preparedness for deployment or enhancement of
surveillance activities, such as environmental monitoring,
as a public health response strategy.

The smallpox experience illustrates the importance
of containment for an eradicated pathogen. Within 1
year of detection of the last known natural case of small-
pox in 1977, a case linked to laboratory transmission
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was reported (40). We have a historic opportunity to
benefit from an additional 40 years of experience in
risk management and disease-control measures to en-
sure containment measures are designed, implemented,
and maintained to provide a world free from all risks
for polio-related paralysis. The first step is a uniform,
global awareness of the importance of implementing the
GAPIII guidelines to minimize facility-associated risks
for poliovirus reintroduction. The risk for accidental
release can be minimized by retaining poliovirus in a
limited number of poliovirus-essential facilities. GAPIII
also proposes further risk reduction by establishing in-
ternational standards of biorisk management for facility
containment (i.e., primary safeguards), population im-
munity (i.e., secondary safeguards), and facility loca-
tion (i.e., tertiary safeguards) with assurance by national
(National Authority for Containment) and international
(GCC) oversight that such standards are met. Timeli-
ness and completeness in implementing these measures
through well-defined risk management systems and an
effective National Authority for Containment are key for
success in sustaining a polio-free world.

Equally important is the identification of materials
that are potentially infectious for polioviruses in all facili-
ties that store human stool specimens, respiratory samples,
or environmental sewage for any purpose. Depending on
the place and time of collection, such materials might
harbor infectious polioviruses that have been eradicated
(WPV2) or are nearly eradicated (WPV1 and WPV3) in
the wild. Identifying the risk, eliminating the risk through
destruction, or mitigating the risk of handling such materi-
als is essential (/3).

Finally, the risk management approach to contain-
ment might have to be optimized and balanced to enable
other risk mitigation efforts for the endgame and beyond,
such as novel vaccine and drug development to further
reduce any risk for vaccine-derived circulation. Timely
availability of antiviral drugs and effective novel OPVs
that have less risk for reversion to neurovirulence com-
pared with current Sabin vaccines might strengthen out-
break response strategies and mitigate medical risks for
inadvertent poliovirus exposure and improve reporting
of accidental safety breaches by employees (4/—43). The
World Health Assembly resolution on poliovirus con-
tainment (WHA71.16) urges intense efforts to accelerate
progress toward poliovirus containment globally (44).
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Diagnosis of Chagasic Encephalitis by
Sequencing of 28S rRNA Gene

Ashrit Multani, Aabed Meer,
Darvin S. Smith, Malika N. Kheraj,
Edward D. Plowey, Brian G. Blackburn

We report a case of chagasic encephalitis diagnosed by
28S rRNA sequencing. The diagnosis of chagasic enceph-
alitis is challenging, given the broad differential diagnosis
for central nervous system lesions in immunocompromised
patients and low sensitivity of traditional diagnostics. Se-
quencing should be part of the diagnostic armamentarium
for potential chagasic encephalitis.

hagasic encephalitis is a rare disease in the United

States. We report a case of chagasic encephalitis in an
HIV-infected man. This case was diagnosed by sequencing
of the parasite 28S rRNA gene.

The Study

The patient was a 31-year-old HIV-infected man who had
fevers, headaches, and ataxia for 3 weeks. He had lived in
El Salvador until moving to the United States 6 years ear-
lier. His neurologic symptoms persisted, and he was hospi-
talized after cranial computed tomography (CT) showed a
6-cm, heterogenecous, centrally necrotic mass in the corpus
callosum. At admission, he was afebrile, oriented only to
self, and had slow movements.

Testing showed a leukocyte count of 3,500 cells/uL,
hemoglobin level of 12.4 g/dL, CD4 cell count of 60 cells/
pL, HIV viral load of 409,302 copies/mL, and a positive
result for serum Toxoplasma gondii 1gG. Chest radiograph
results were unremarkable. Magnetic resonance imaging
(MRI) of the brain (Figure 1, panel A) showed an 8.1 x
7.3-cm heterogeneous mass centered within the corpus
callosum and parietal-occipital subcortical white matter.
Diffusion restriction was identified mostly within periph-
eral portions of the lesion. Administration of gadolinium
showed heterogeneous peripheral enhancement and central
necrotic change. Additional foci of abnormal fluid-attenu-
ated inversion recovery signal and enhancement were noted
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within posterior fossa and supratentorial parenchyma. On
the basis of these findings, radiologically favored diagno-
ses included lymphoma, glioblastoma, or tumefactive mul-
tiple sclerosis. Infection was believed less likely, given the
absence of prominent central diffusion restriction.

Urgent MRI-directed stereotactic biopsy of the brain
was performed. Cytologic smear preparations showed an
intraoperative pathological impression of toxoplasmosis
on the basis of identification of protozoal organisms. The
patient was given trimethoprim/sulfamethoxazole for pos-
sible toxoplasmic encephalitis while we awaited procure-
ment of pyrimethamine/sulfadiazine.

Subsequent review of permanent pathologic sections
showed necrotizing encephalitis and abundant amastigotes
with prominent kinetoplasts in astrocytes and macrophages
(Figure 2). Immunostaining for Toxoplasma spp. was nega-
tive. Sequencing of the internal transcribed spacer 2 and D2
regions of the 28S rRNA gene in paraffin-embedded tissue
identified the organism as Trypanosoma cruzi (Figure 3,
https://wwwnc.cdc.gov/EID/article/25/7/18-0285-F3.htm)
(1,2). A T. cruzi 1gG test result was subsequently positive;
results of peripheral blood smear examination were nega-
tive for circulating trypomastigotes.

Trimethoprim/sulfamethoxazole was decreased to pro-
phylactic dosing, and benznidazole (2.5 mg/kg 2x/d) was
given after receipt of this drug from the Centers for Disease
Control and Prevention (Atlanta, GA, USA) Drug Service
6 days after admission. Treatment with lamivudine, zid-
ovudine, and nevirapine was begun 1 week later.

The patient’s course was complicated by leukopenia
requiring benznidazole treatment interruption and replace-
ment of zidovudine with abacavir. He completed 60 days of
benznidazole therapy over a 3-month period but did not re-
ceive secondary prophylaxis for 7. cruzi. Three months af-
ter initial presentation, his HIV viral load was suppressed,
his CD4 count had increased sustainably to >200 cells/uL,
he was symptomatically and radiologically (Figure 1, panel
B) improved, and he returned to work.

Conclusions

T. cruzi, the causative agent of Chagas disease, is endemic
to much of Latin America (3). Most patients infected with
T. cruzi remain asymptomatic for years to decades, after
which cardiac or gastrointestinal complications develop
in some patients. In immunocompromised patients, when
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Diagnosis of Chagasic Encephalitis

Figure 1. Images obtained
during diagnosis of chagasic
encephalitis in 31-year-old
man in the United States.

A) Contrast-enhanced T1-
weighted magnetic resonance
imaging of the brain showing

a cerebral tumor-like chagoma
in the axial plane. B) Follow-up
contrast-enhanced T1-weighted
magnetic resonance imaging
obtained ~8 weeks later
showing improvement of

the chagoma.

Chagas disease manifests clinically, it occurs most com-
monly because of reactivation of latent 7. cruzi infection
(4-7). Although rare in other cohorts, central nervous sys-
tem (CNS) involvement is the most common manifestation
of Chagas disease in patients with AIDS; chagasic encepha-
litis is also found in patients with other forms of immunosup-
pression (4-8). Chagasic encephalitis usually manifests as an
abscess but can also manifest as meningoencephalitis; signs
and symptoms include headache, focal neurologic deficits,
fever, meningismus, seizures, and altered mentation (4-38).
Differential diagnosis of a CNS mass lesion in a pa-
tient with AIDS is broad. Brain MRI usually shows a
single, large, tumor-like ring-enhancing lesion in patients
with chagasic encephalitis (4-8). Imaging studies cannot
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Figure 2. Tissues obtained during diagnosis of chagasic
encephalitis in 31-year-old man in the United States. Touch
preparation of brain tissue showing necrotizing encephalitis

and abundant Trypanosoma cruzi amastigotes with prominent
kinetoplasts (arrows) in astrocytes and macrophages (hematoxylin
and eosin stain, original magnification x600).
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distinguish chagasic encephalitis in this cohort from other
common CNS conditions, including toxoplasmosis, lym-
phoma, progressive multifocal leukoencephalopathy, tuber-
culoma, cryptococcoma, nocardiosis, and pyogenic abscess
(4-9). For this patient, imaging findings favored malignancy
(lack of central diffusion restriction was particularly atypical
of an infection). The diagnosis of toxoplasmosis was con-
sidered before chagasic encephalitis, given the relative fre-
quency of these diagnoses in the United States, 7. gondii se-
ropositivity, and the preliminary pathological interpretation.
These factors highlight the difficulty of accurate diagnosis
of chagasic encephalitis and that more common confounders
are likely to be considered before chagasic encephalitis, a
rare diagnosis in the United States.

Because most cases of chagasic encephalitis in AIDS
patients occur because of reactivation of chronic infection,
patients are usually positive for 7. cruzi IgG at the time of
diagnosis; a negative result argues against this possibility
(akin to the role of serology in assessing the likelihood of
toxoplasmic encephalitis in AIDS patients). Conversely,
although a negative result for 7. cruzi 1gG carries a high
negative predictive value for chagasic encephalitis, the pre-
dictive value of a positive result for IgG is lower because
patients might be seropositive from past infection unrelated
to their current CNS process. 7. cruzi parasitemia can also
be detected (by microscopic examination of peripheral
blood) in some patients with AIDS who have chagasic en-
cephalitis, obviating the need for a brain biopsy, although
the predictive value is not high enough to exclude chagasic
encephalitis in patients with a negative result.

Conventional PCR performed on blood is not useful for
diagnosing 7. cruzi reactivation because the result can be posi-
tive for patients with chronic 7. cruzi infection without reacti-
vation (although quantitative PCRs performed on serial blood
specimens that show increasing parasite copy numbers over
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time can indicate reactivation) (/0,/7). Given these issues,
confirmation of chagasic encephalitis often requires direct mi-
croscopic visualization of the organism (5—8). Unfortunately,
T. cruzi is difficult to identify microscopically because poly-
morphism is common, resulting in confusion with other organ-
isms and leading to the need for better confirmatory tests (/2).

One report described use of molecular testing of cere-
brospinal fluid or brain tissue to establish the diagnosis of
chagasic encephalitis (/3). Although some laboratories use
real-time PCRs for molecular detection of 7. cruzi DNA,
only this pathogen can be detected in this way, and a nega-
tive PCR result for 7. cruzi in a tissue sample does not reli-
ably exclude the diagnosis because of low sensitivity (/4).
Because multiple infectious diseases in this scenario can be
indistinguishable clinically and radiologically, a high index
of suspicion and a battery of organism-specific tests are re-
quired for comprehensive evaluation. In contrast, because the
D2 primers used in sequencing react with multiple protozoa
and fungi, it can detect not only 7. cruzi but also other patho-
gens that share the D2 subunit, such as T. gondii, Cryptococ-
cus spp., and Histoplasma spp. (and Leishmania spp. in other
clinical settings) (2). The ability to identify one of many po-
tential pathogens with a single test is advantageous for timely
institution of appropriate treatment and patient outcome.

Asaresult of increasing urbanization and globalization,
migration continues from areas with high prevalence of 7.
cruzi to nonendemic areas (3). Also, increasing use of im-
munomodulatory therapies, cancer chemotherapeutics, and
solid organ and hematopoietic cell transplantation places
increasing numbers of patients chronically infected with 7.
cruzi at risk for reactivation. Diagnosing CNS processes in
these patients is challenging because of nonspecific clinical
and radiologic findings and a broad differential diagnosis,
in addition to inherent limitations of traditional diagnostic
tests. Chagasic encephalitis is a life-threatening condition
that should be included in the differential diagnosis for im-
munocompromised patients from disease-endemic areas
who have cerebral mass lesions or meningoencephalitis.
Newer diagnostic methods, such as rRNA gene sequenc-
ing, can enable rapid diagnosis and should be considered as
part of the diagnostic armamentarium.
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Oropharyngeal Gonorrhea in Absence of
Urogenital Gonorrhea in Sexual Network of
Male and Female Participants, Australia, 2018

Vincent J. Cornelisse, Catriona S. Bradshaw,
Eric P.F. Chow, Deborah A. Williamson,
Christopher K. Fairley

We describe a sexual network consisting of 1 nonbinary-
gendered participant and 2 male and 4 female participants
in Australia, 2018. Six of 7 participants had oropharyngeal
gonorrhea in the absence of urogenital gonorrhea. This ob-
servation supports a new paradigm of gonorrhea transmis-
sion in which oropharyngeal gonorrhea can be transmitted
through tongue kissing.

Oropharyngeal gonorrhea is considered to be acquired
primarily from an infected penis during oral sex (/).
However, male urethral gonorrhea is usually symptomatic
(2—4), prompting men to seek treatment soon after symp-
toms appear (9), resulting in short duration of infectivity and
low point prevalence. Thus, infected penises are unlikely to
be the source to explain the observed high prevalence of
oropharyngeal gonorrhea (6,7). To address this epidemio-
logic conundrum, we previously described a paradigm of
gonorrhea transmission in which oropharyngeal gonorrhea
can be acquired from a partner’s oropharynx during tongue
kissing (8), as originally proposed in the 1970s and 1980s
(9,10). However, investigating whether kissing can lead to
gonorrhea transmission has been difficult because kissing
often occurs concurrently with other sexual acts (/7). We
describe a sexual network of 1 nonbinary, 2 male, and 4 fe-
male participants who were tested for gonorrhea at genital
and oropharyngeal sites in early 2018 to explore gonorrhea
transmission dynamics.

The Study
Ethics approval was obtained from the Alfred Hospital Eth-
ics Committee, Melbourne, Australia (project no. 462/18).
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The index case was identified during routine patient care at
Melbourne Sexual Health Centre (Carlton, Victoria, Aus-
tralia). After patients consented to take part in our study,
they contacted their sexual partners, who then each con-
sented and were interviewed. Participants independently
provided accounts of their sexual activity to permit inter-
participant verification. We describe the timing of events
with respect to day 0, the day of a music festival during
which most sexual activity occurred.

We tested for Neisseria gonorrhoeae infection by nucleic
acid amplification with the Aptima Combo 2 assay and con-
firmed by the Aptima GC assay (Gen-Probe, https:/www.
hologic.com). We performed whole-genome sequencing
and bioinformatic analyses on available samples (Appendix,
https://wwwnc.cdc.gov/ElD/article/25/7/18-1561-App1.pdf).

Recalled accounts of sexual activity were consistent
between participants. No participant reported symptoms of
gonorrhea, and none used antimicrobial drugs during the
relevant period.

On day 10, the index patient (participant 1 [P1],
nonbinary gender, assigned female sex at birth) sought
screening for sexually transmitted infections at Mel-
bourne Sexual Health Centre. Though asymptomatic, P1
tested positive for oropharyngeal gonorrhea and negative
for urogenital gonorrhea. P1’s most recent negative test
for gonorrhea was 5 months prior. Between the previous
negative test and day 0, P1 had sex with 4 men besides
their primary male sexual partner (P2) (Figure). These
4 other male sexual partners subsequently tested nega-
tive for gonorrhea; however, we were not able to confirm
what anatomic sites were tested. On day 0, P1 had tongue
kissed P3 (female) and had tongue kissed and had recipro-
cal orogenital sex (without condoms) and penovaginal sex
(without condoms) with P2.

On day 16, P3 tested positive for oropharyngeal
gonorrhea and negative for urogenital gonorrhea. She
had not been tested for gonorrhea in the past 4 years
because, until a recent break-up, she had been in a long-
term monogamous relationship. She had no other sexual
contacts (including kissing) with other men or women
during this time. P3’s expartner was later contacted and
tested and was negative for oropharyngeal and urogeni-
tal gonorrhea.
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All sexual contact (including kissing)
among these 5 persons occurred on day 0

Figure. Neisseria gonorrhoeae diagnoses among participants of a sexual network, Australia, 2018. FPU, first-pass urine; HVS, high
vaginal swab; NG-MAST, N. gonorrhoeae multiantigen sequence type.

On day 6, before Pl underwent testing, P2 sought
routine asymptomatic screening for sexually transmitted
infections at Melbourne Sexual Health Centre and tested
positive for oropharyngeal gonorrhea and negative for
urogenital and anal gonorrhea. P2’s most recent test was 4
months earlier, when he tested negative for oropharyngeal,
anal, and urogenital gonorrhea. P2 had sex with several
men and women besides his primary partner between his
last test and day 0; test results are not known for many of
these sex partners.

On day 0, P2 had sex with P4 (female), consisting of
tongue kissing, reciprocal orogenital sex without condoms,
and penovaginal sex with condoms. On day 11, P4 tested
positive for oropharyngeal gonorrhea and negative for uro-
genital and anal gonorrhea. Eleven days before day 0, P4 had
tested negative for oropharyngeal and urogenital gonorrhea.
P2 and P4 had had sex weekly for 5 months before day 0.
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On day 0, P2 also had sex with P5 (female), consist-
ing of tongue kissing, oropenile sex without condoms, and
penovaginal sex with condoms. On day 11, P5 tested posi-
tive for oropharyngeal and negative for urogenital gonor-
rhea. P5’s previous gonorrhea test (negative results) was
1-2 years earlier. P5 also tongue kissed P3 but had no other
sexual contact with her. PS5 had no other sexual contacts,
including tongue kissing, the 3 months before day 0.

On day 7, P2 had sex with P6 (female), consisting of
tongue kissing, reciprocal orogenital sex without condoms,
and penovaginal sex with condoms. On day 17, P6 tested
positive for urogenital gonorrhea but negative for oropha-
ryngeal gonorrhea. P6 had tested negative for urogenital
gonorrhea =3 weeks before her contact with P2. The only
other person (male) P6 had sex with during the time be-
tween her negative and positive test results subsequently
tested negative for urogenital gonorrhea.
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On day 10, P1 had sex with P7 (male), consisting of
penovaginal sex with condoms, tongue kissing, and oro-
penile sex without condoms. P1 and P7 had sex weekly
for 2 months before day 0. On day 14, P7 tested positive
for oropharyngeal and negative for urogenital gonorrhea.
His previous test was 4 years prior. P7 had 1 other sexual
partner (female) in the months before day 0, and she was
unable to be contacted.

Two N. gonorrhoeae isolates (from P6 and P7) were
available for whole-genome sequencing. Both were N. gon-
orrhoeae multiantigen sequence type 2992, and no single-
nucleotide polymorphism differences were found between
the isolates (BioProject no. PRINA449254).

This report describes a sexual network consisting of 1
nonbinary participant and 2 male and 4 female participants,
of which 6 participants had oropharyngeal gonorrhea in the
absence of urogenital gonorrhea. Although it is possible
that some of the oropharyngeal infections were caused by
undisclosed sexual contacts or inaccurate testing informa-
tion, an additional explanation is that gonorrhea was trans-
mitted by tongue kissing.

Two gonorrhea samples were available for genomic
analysis and were highly related genomically. These par-
ticipants were separated in this network by 2 other par-
ticipants, corroborating the epidemiologic observation that
these infections were the result of within-network trans-
mission rather than a result of sexual contact with persons
external to the network. Also, given the low prevalence
of gonorrhea among the general population in Melbourne
(https://kirby.unsw.edu.au/sites/default/files/kirby/report/
SERP_Annual-Surveillance-Report-2017 compressed.
pdf), the probability that all participants acquired gonor-
rhea from external partners is low.

No men in this network had urethral gonorrhea, sug-
gesting that the oropharynx-to-penis route has a lower
transmission probability than tongue kissing. This finding
is consistent with an existing mathematical model that in-
cluded transmission by kissing, which calculated a per-act
transmission of 1% for oral sex and 17% for kissing (/2).
Few observational studies have examined transmission by
kissing, but 1 study of male couples found 26% concor-
dance of oropharyngeal gonorrhea between partners (/3).

Because this report describes sexual contacts that oc-
curred at a music festival, participants’ recall might have
been affected by alcohol or drugs. Also, awareness of be-
ing part of a study involving sexual partners could have
affected participants’ willingness to disclose information.
However, recall was consistent between participants, sug-
gesting that their recall was accurate.

Conclusions
Accumulating evidence suggests that tongue kissing might
be a common mode of gonorrhea transmission (/2—/4).
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The observation that expectorated saliva from persons with
oropharyngeal gonorrhea contains high loads of N. gonor-
rhoeae DNA suggests a plausible mechanism for transmis-
sion (/5). The sexual network described here adds to this
evidence. We also highlight the need for routine screening
for oropharyngeal gonorrhea for all persons with multiple
sexual partners.
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Salmonella enterica I 4,[5],12:i:-
Associated with Lesions Typical of
Swine Enteric Salmonellosis

Bailey L. Arruda, Eric R. Burrough,
Kent J. Schwartz

Salmonella enterica serotype | 4,[5],12:i:- has been in-
creasingly isolated from swine. However, its pathogenic
potential is not well characterized. Analysis of swine cases
confirmed a strong positive association between isolation
of | 4,[5],12:i:- and lesions of enteric salmonellosis and
suggested a similar pathogenic potential as that for Sal-
monella Typhimurium.

ver the past decade, Salmonella enterica serotype

I 4,[5],12:1:- has emerged as a major public health
threat in Europe (/) and the United States (2). As a mono-
phasic variant of Salmonella Typhimurium, Salmonella
I 4,[5],12:1:- was rarely identified before the mid-1990s
(3). However, it has now been detected in cattle (4), poul-
try (5), and swine (4-6), and several human disease out-
breaks associated with contaminated pork products have
occurred (7—10).

Salmonellosis is also a major disease concern in
swine. Salmonella Typhimurium has been considered the
most common cause of enteric salmonellosis in swine (/7).
Recent reports from 2 of the largest veterinary diagnostic
laboratories in the United States showed that there was a
noted increase in the percentage of isolates of Salmonella 1
4,[5],12:i:- (4,6).

Despite the apparent increase in the isolation of Salmo-
nella 1 4,[5],12:1:- from swine and pork products, there is
currently limited information regarding the pathogenicity
of this serotype in swine. Accordingly, this study assessed
the pathogenic potential of Salmonella14,[5],12:i:- through
the evaluation of microscopic intestinal lesions in swine
enteric cases from which Salmonella 1 4,[5],12:1:- was iso-
lated compared with similar cases from which Salmonella 1
4,[5],12:1:- was not isolated.

The Study
The Iowa State University—Veterinary Diagnostic Labora-
tory (ISU-VDL) is a National Animal Health Laboratory
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DOI: https://doi.org/10.3201/eid2507.181453

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 25, No. 7, July 2019

Network—accredited laboratory that receives >75,000 case
submissions annually, of which most are derived from
swine production systems located throughout the United
States. Histopathologic analysis is performed by veterinary
diagnostic pathologists on =10,000 cases from swine per
year. The ISU-VDL laboratory information management
system provided the initial dataset for this analysis.

To determine whether isolation of Salmonella 1
4,[5],12:1:- from samples submitted from pigs was associ-
ated with microscopic lesions consistent with enteric sal-
monellosis, we compared cases from which Salmonella
I 4,[5],12:1:- was isolated with cases from which neither
Salmonella 1 4,[5],12:i:- nor Salmonella Typhimurium
were isolated; these samples were collected during July
2016—December 2017. We also reviewed cases from
which Salmonella Typhimurium or 1 of 3 Salmonella
serogroup B serovars (Salmonella Derby, Salmonella
Agona, and Salmonella Heidelberg) were isolated to de-
termine the potential comparative pathogenicity of Sal-
monella I 4,[5],12:1:-. All of these cases met the follow-
ing qualifying criteria: animals were 3—13 weeks of age,
a Salmonella serovar as outlined above was isolated by
direct culture performed on enteric tissues, and histo-
pathologic analysis was performed on the large intestine.
To determine the association between the presence of
Salmonella 1 4,[5],12:1:- and lesions consistent with en-
teric salmonellosis, we also reviewed 40 additional cases
that met the previously stated inclusion criteria but from
which neither Salmonella 1 4,[5],12:i:- nor Salmonella
Typhimurium were isolated; we randomly selected these
cases from an Excel (Microsoft, https://www.microsoft.
com) data file by using the RAND() function.

Enteric samples submitted for isolation of Salmonella
were routinely processed and reported (Appendix, https://
wwwne.cdc.gov/ElD/article/25/7/18-1453-App1.pdf). Mi-
croscopic lesions deemed compatible with salmonellosis in
sections of the large intestine included erosion; ulceration;
neutrophilic infiltration; crypt ectasia, crypt elongation, or
both with associated neutrophilic exudation; goblet cell loss;
luminal accumulation of neutrophils and fibrin; and submu-
cosal accumulation of lymphocytes and macrophages. We
used JMP Pro 14 (SAS Institute, https://www.sas.com) to
perform all analyses. We used the Pearson y? test and odds
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ratios to determine the association between isolation of Sal-
monella 1 4,[5],12:1:- and pathologic diagnosis of enteric
salmonellosis. We considered a p value <0.05 significant.

We isolated Sal/monella 14,[5],12:i:- from 138 porcine
cases that met all of the qualifying criteria. We isolated
Salmonella Typhimurium from 18 cases, and other poten-
tially lesser pathogenic Salmonella serogroup B serovars,
including Salmonella Derby, Agona, and Heidelberg, from
35 cases.

A review of case data for clinical submissions to the
ISU-VDL confirmed a statistically significant positive as-
sociation between histologic lesions consistent with enteric
salmonellosis and isolation of Salmonella 1 4,[5],12:i:-
(odds ratio 10.53, 95% CI 4.45-24.88; p<0.0001) (Table).
We confirmed compatible histologic lesions of salmonello-
sis (Figure) for 100 (72%) of 138 cases from which Salmo-
nella 1 4,[5],12:i:- were isolated (Appendix Table 1). His-
tologic lesions consistent with enteric salmonellosis from
which neither Salmonella 1 4,[5],12:1:- nor Salmonella Ty-
phimurium were isolated were observed for 8 (20%) of 40
cases (Appendix Table 2).

Salmonella was isolated from 6 of the 40 cases, 3 of
which had lesions consistent with enteric salmonellosis.
We confirmed compatible histologic lesions of salmonel-
losis in 17 (94%) of 18 cases in which Salmonella Ty-
phimurium was isolated and 11 (31%) of 35 cases in which
another serogroup B Sal/monella was isolated. Other agents
of enteric disease that were concurrently detected in some
cases included rotaviruses, coronaviruses, coccidians, and
hemolytic Escherichia coli. However, none of these agents
caused lesions consistent with those used to define salmo-
nellosis in this report (Appendix Tables 1, 2).

Conclusions

During an 18-month period and using the same qualifying
criteria for cases, we identified Salmonella 1 4,[5],12:1:-
from 138 swine cases. However, Salmonella Typhimurium
was isolated from only 18 cases and another serogroup B
Salmonella as specified above was isolated from only 35
cases. This finding represents nearly an 8-fold increase in
isolation of Salmonella 1 4,[5],12:1:- compared with Sal-
monella Typhimurium and is in concordance with findings
of others who have identified an increase in isolation of
Salmonella 1 4,[5],12:i:- from swine samples submitted to
veterinary diagnostic laboratories (4,6).

A major aspect of Salmonella epidemiology is the
variation in prevalence of serotypes or phage types over
time in human and animal populations. The catalysts of
such changes remain elusive (3). Isolation of Salmonella
I 4,[5],12:1:- was rarely reported before 1993 (3), but this
serotype has now become predominant in human clinical
cases and has been isolated from food products, including
pork, on different continents (3).
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Table. Diagnostic cases with and without colitis in swine and
isolation of Salmonella enterica | 4,[5],12:i:-*

Colitis lesion
1 4,[5],12:i:- isolated No Yes
No 32 8
Yes 38 100

*Qdds ratio 10.5 (95% Cl 4.45-24.88); p<0.0001 by Pearson y? test.

Although increased isolation of Salmonella 1
4,[5],12:1:- from swine samples has been documented, the
pathogenic potential of this serovar in pigs had not been
reported. In this study, we demonstrate a strong positive as-
sociation between histologic lesions consistent with enteric
salmonellosis and isolation of Salmonella 1 4,[5],12:1:-. In
most cases from which Salmonella 1 4,[5],12:i:- or Salmo-
nella Typhimurium were isolated, the severity of histologic
lesions was similar. However, the percentage of cases in
which histologic lesions consistent with enteric salmonel-
losis were present was lower for cases from which Salmo-
nella 1 4,[5],12:i:- (72%) was isolated than for cases from
which Salmonella Typhimurium (94%) was isolated. Based
on these data, we believe that Salmonella 1 4,[5],12:1:- is
a likely cause of enteric salmonellosis that has a similar
or perhaps slightly lower pathogenic potential in swine
than Salmonella Typhimurium. Pathogenicity studies are
needed to further characterize the

Figure. Section of large intestine from a pig infected with
Salmonella enterica subsp. enterica serotype | 4,[5],12:i:-. Asterisk
indicates crypt elongation and goblet cell loss, arrow indicates
abundant degenerate neutrophils in the lumen, and arrowhead
indicates abundant fibrin in the lumen. Hematoxylin and eosin
stain; original magnification x100.
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fitness of Salmonella 1 4,[5],12:1:- compared with that of
Salmonella Typhimurium in swine.

We suspect that Salmonella 1 4,[5],12:1:- has evolu-
tionary advantages that have resulted in its predominance
as one of the most common Salmonella serotypes respon-
sible for swine enteric salmonellosis. Accordingly, it is es-
sential to determine the putative attributes that facilitate its
rapid spread and ecologic success. Specifically, antimicro-
bial drug resistance genes and genes that encode resistance
to heavy metal micronutrients should be evaluated, given
their current and common use in US swine production.
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Microbiome and Antimicrobial Resistance
Gene Dynamics in International Travelers

Charles Langelier, Michael Graves,'
Katrina Kalantar,' Saharai Caldera,
Robert Durrant, Mark Fisher, Richard Backman,
Windy Tanner, Joseph L. DeRisi, Daniel T. Leung

We used metagenomic next-generation sequencing to lon-
gitudinally assess the gut microbiota and antimicrobial re-
sistomes of international travelers to clarify global exchange
of resistant organisms. Travel resulted in an increase in
antimicrobial resistance genes and a greater proportion of
Escherichia species within gut microbial communities with-
out impacting diversity.

International travel is a known contributor to the emer-
gence of organisms with antimicrobial resistance (AMR)
(I—4). Colonization with resistant microbes acquired dur-
ing travel can persist asymptomatically for extended pe-
riods and result in transmission into the environment and
susceptible populations (5). The mechanisms underlying
acquisition of AMR bacteria during travel are incompletely
understood, although changes in the intestinal microbiota
are hypothesized to play a role (6). To clarify AMR ex-
change during global travel, we used metagenomic next-
generation sequencing (mNGS) to assess gut microbiota
composition and the antimicrobial resistome.

The Study

During March 20162018, we recruited adults with planned
travel to Asia or Africa for healthcare-related work. Partici-
pants introduced 1 tablespoon of stool into vials with either
RNAprotect (QIAGEN, http://www.qiagen.com) or Cary-
Blair (CB) media and then submitted samples and surveys
pretravel, posttravel, 30 days posttravel, and 6 months
posttravel. Upon receipt, we stored RNAprotect samples
at —80°C and CB samples at 4°C until inoculation onto
chromogenic agar plates selective for extended-spectrum
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B-lactamase (ESBL)-producing bacteria (CHROMagar
ESBL) and incubation overnight at 37°C. We then inocu-
lated single colonies into LB broth and incubated overnight
at 37°C. If multiple morphotypes were identified, we con-
ducted separate subcultures. We performed speciation by
using matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry.

DNA and RNA extracted using the QTAGEN Powerfe-
cal kit underwent metagenomic sequencing as previously
described (7). Raw data are available publicly (Bioproject
PRINA509512). We detected enteric microbiota using a
recently developed bioinformatics pipeline (7). We aggre-
gated microbial alignments at the genus level before down-
stream analyses. To control for background environmental
and reagent contaminants, we incorporated no-template
water control samples alongside extracted nucleic acid and
carried them forward throughout library preparation and
sequencing. We then performed direct subtraction of total
reads aligning to each microbial genus present in controls
from each study sample before downstream analyses.

We used the SRST2 computational tool and AR-
Gannot 12 database (https://github.com/katholt/srst2) to
identify AMR genes with allele coverage of >20% (8).
Although a precise definition of ESBL has not been estab-
lished, we used a working definition of Ambler class A-D
B-lactamases with known or predicted ability to confer re-
sistance to first- through third-generation cephalosporins
(9,10). We required detection of chromosomally encoded
Ambler class C B-lactamases (i.e., AmpC) by both DNA-
Seq and RNA-Seq to capture actively expressed genes.

Nine of 10 participants were culture-positive for
ESBL-producing Escherichia coli (ESBL-PE) upon return,
including 8 persons who traveled to Nepal and 1 who went
to Nigeria. One traveler was found to be colonized before
departure (traveler 3 [T3]); 3 travelers had persistent car-
riage at the 30-day visit (T2, T3, and T5) and 2 at 6 months
(T3 and T5) (Table 1). Although 4 participants experienced
diarrheal symptoms during travel, only 1 (T5) had persis-
tent diarrheal symptoms at 6 months. Diarrheal symptoms
were not associated with persistent ESBL-PE colonization
at any point, and no travelers reported antibiotic use or re-
ceipt of healthcare in an inpatient setting while traveling.
All travelers were exposed to inpatient healthcare facilities,
and 3 travelers reported street food consumption.

"These authors contributed equally to this article.
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Table 1. Selected characteristics of 10 travelers and assessment of ESBL-producing Enterobacteraciae*

Traveler Destination Duration, d Diarrhea Pretravel Posttravel 30 d posttravel 6 mo posttravel
T1 Nepal 30 N - AmpC OXA-209 OXA-209
T2 Nepal 30 N - AmpC, CTX-M1 AmpC -

T3 Nepal 30 N OXA-209 AmpC, CTX-M1, OXA-209 OXA-209 OXA-209
T4 Nepal 16 N - AmpC - NR

T5 Nepal 30 Y - AmpC, SHV-12 AmpC AmpC, CTX-M-1
T6 Nepal 15 Y - AmpC, CTX-M-1 - -

T7 Nepal 18 N - AmpC, CTX-M-1 NR NR

T8 Uganda 14 N - — (AmpC)t - -

T9 Nigeria 60 Y - AmpC - -

T10 Nepal 30 Y - AmpC, CTX-M-1 - NR

*Participants submitted samples pretravel (within 1 week before departure), posttravel (within 1 week after return), 30 days posttravel, and 6 months
posttravel. ESBL, extended-spectrum B-lactamase; N, no; NR, no sample received; Y, yes; —, ESBL-negative by culture.
1T8 was the only participant who was phenotypically ESBL-negative after travel.

We first examined changes in gut microbiome a diver-
sity after international travel (Figure, panel A) and found
that the Shannon diversity index (SDI) did not significantly
change upon return (p = 0.674 by Wilcoxon rank-sum test)
or at day 30 posttravel (p = 0.250 by Wilcoxon rank-sum
test). We then assessed whether microbial community
composition differed across all participants at their post-
travel versus pretravel visit but found no difference (Bray
Curtis Index p = 0.23 by permutational multivariate analy-
sis of variance). Although global composition and diversity
of gut microbiota did not significantly change after travel,
we observed significant differences in the abundance of

Figure. Microbiome and
AMR gene dynamics in

discrete genera. Across all participants, Enterobacteria-
ceae demonstrated the greatest fold change in abundance
posttravel; Escherichia was the genus most differentially
increased (p<0.001 by Wilcoxon rank-sum test) (Figure,
panel B; Appendix Figures 1, 2, https://wwwnc.cdc.gov/
EID/article/25/7/18-1492-App1.pdf).

Analysis of the antimicrobial resistome revealed an
increase in AMR genes and transcripts after return from
travel (p<0.01 for DNA and p = 0.03 for RNA sequenc-
ing, both by Wilcoxon rank-sum test) (Table 2; Figure,
panels C-D; Appendix Figure 3). ESBL-encoding genes,
AmpC-encoding genes, or both were identified in 100%
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TET, tetracycline; ESBL, extended-spectrum B-lactamase.
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Table 2. Fold change in abundance of AMR genes found in Enterobacteraciae with >20% allele coverage compared with pretravel, by

resistance gene or drug class*

Fold change compared with pretravel

Posttravel 30d 6 mo
Resistance gene or drug class DNA RNA DNA RNA DNA RNA
B-lactam AMR genes
AmpC >100 >100 >100 1 >100 2
AmpH >100 >100 >100 2 >100 1
CTX >100 >100 >100 >100 >100 >100
MrdA 50 >100 0 >100 5 >100
OXA 2 1 1 0 1 0
SHV >100 >100 >100 >100 >100 >100
TEM >100 64 54 0 15 1
Other antibiotic classes
Aminoglycoside 2 3 1 0 0 0
Fluoroquinolone >100 >100 >100 >100 >100 >100
Glycopeptide 0 1 0 0 0 0
Macrolide, lincosamide, streptogramin 2 3 1 3 1 1
Sulfa 22 29 1 0 0 0
Tetracycline 1 1 1 0 1 0
Trimethoprim >100 88 >100 0 >100 1

*Among 10 participants who submitted samples pretravel (within 1 week before departure), posttravel (within 1 week after return), 30 days posttravel, and

6 month posttravel. AMR, antimicrobial resistance.

of samples with an ESBL culture-determined phenotype
and in 14% of samples without, including 1 participant
(T8) who was phenotypically ESBL-negative after travel
(Table 1). B-lactam-resistance genes increased posttravel,
including AmpC, CTX-M, OXA, and SHV gene families
known or predicted to confer ESBL production, as well
as diverse additional B- lactamase genes (Appendix Figure
3). Travel also resulted in an increase in gnr plasmid—me-
diated quinolone-resistance genes, as well as trimethoprim
(dfr)-, sulfa-, macrolide-, and aminoglycoside-resistance
genes (Table 2). Genes conferring resistance to tetracy-
clines and aminoglycosides were most abundant in travel-
ers at baseline and remained stable or decreased during
travel (Table 2).

We found no significant differences in SDI between
persistent carriers and those who lost carriage at 30 days
(n =3; p = 0.56 by t-test) or at 6 months (n =2; p = 0.27
by #-test) posttravel. TS, who was colonized at both time
points and who was the only traveler with persistent diar-
rheal symptoms, had an SDI >3 SDs below the mean at 6
months (Figure, panel A). Bray-Curtis distance measured
pretravel or posttravel did not differ between travelers who
were ESBL-PE positive by culture at 30 days or 6 months
posttravel (p = 0.32 by permutational multivariate analysis
of variance). No individual taxa were associated with post-
travel ESBL positivity on the basis of an adjusted p value
<0.05 (#-test) at 30 days or 6 months posttravel.

Conclusions

International travel is a well-recognized contributor to the
global spread of emerging infectious diseases, including
AMR bacteria (/,4). We analyzed the enteric microbiota
and resistomes of returned travelers and found a marked in-
crease in AMR genes that was associated with an increased
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proportion of Escherichia bacteria. At baseline, few partic-
ipants had evidence of ESBL colonization; however, after
travel, ESBL and actively transcribed AmpC genes were
notably increased, consistent with previous reports (4,/1).
Both mNGS and culture-based methods found evidence of
persistent ESBL colonization after 6 months, suggesting
that travel can induce long-term changes in the antimicro-
bial resistome (5). In addition to B-lactamase genes, mNGS
identified a diversity of other AMR gene classes that in-
creased in abundance after travel. For example, 80% of par-
ticipants acquired horizontally transferable gnr genes after
travel, reflecting the limited utility of quinolones for treat-
ment of traveler’s diarrhea (/2). Although we did not de-
tect genes known to encode carbapenemases, participants
might have harbored carbapenem-resistant Enterobactera-
ciae, given that a combination of an ESBL or AmpC gene
with a porin mutation or efflux pump can lead to carbape-
nem resistance (/3).

Changes in microbiome diversity were not associated
with ESBL positivity at 30 days or 6 months posttravel,
suggesting that disruption of the antimicrobial resistome
can occur in the setting of a preserved microbial com-
munity structure. We observed a high rate of ESBL-PE
acquisition in this cohort, most of whom traveled to the
Indian subcontinent, consistent with previous studies of
travelers returning from this region (/). Notably, none of
the travelers in this cohort reported antibiotic use, sug-
gesting that substantial ESBL-PE colonization can occur
even in the absence of antibiotic-related disruption of
commensal gut microbiota.

Because this study is limited by small sample size, rel-
evant associations might have been missed. In addition, we
could not assess the presence of carbapenem-resistant En-
terobacteriaceae by using culture-based methods. mNGS
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and phenotypic antimicrobial resistance need assessment
in larger cohorts traveling to more destinations. Nonethe-
less, our findings highlight the pervasiveness of AMR mi-
crobe exchange during international travel and the promise
of mNGS for assessing the global exchange of antimicro-
bial resistance.
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Epidemiology of Human Parechovirus
Type 3 Upsurge in 2 Hospitals,
Freiburg, Germany, 2018
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Klaus Korn, Anna-Maria Eis-Hiibinger,
Markus Hufnagel, Marcus Panning

In 2018, a cluster of pediatric human parechovirus (HPeV)
infections in 2 neighboring German hospitals was detected.
Viral protein 1 sequence analysis demonstrated co-circula-
tion of different HPeV-3 sublineages and of HPeV-1 and -5
strains, thereby excluding a nosocomial outbreak. Our find-
ings underline the need for HPeV diagnostics and sequence
analysis for outbreak investigations.

Most human parechovirus (HPeV) infections cause mild
upper respiratory tract symptoms or unspecific febrile
illnesses. Severe clinical manifestations, such as meningitis/
encephalitis, myocarditis, and newborn sepsis, are caused by
HPeV type 3 (HPeV-3) and have been described in children
<3 months of age (/). Surveillance data show endemic cir-
culation in several countries, such as the Netherlands (2) and
the United States (3), but studies have discussed the epidem-
ic potential of HPeV-3 in other countries, including Japan
(4), Australia (5), and the United Kingdom (6). Nosocomial
transmission has been documented (7).

However, in most outbreak investigations, determina-
tion of HPeV types was performed retrospectively (7,8).
We report on our investigations on a cluster of HPeV infec-
tions in 2 neighboring hospitals in Freiburg, Germany. We
provide evidence that rapid phylogenetic analysis can assist
in outbreak investigations.

The Study
During routine diagnostic testing of clinical samples
from infants and young children in July 2018, we
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detected an increase in HPeV cases (Figure 1). We col-
lected >1 clinical specimens from most patients (Table
1). During July 9—August 25, 2018, we documented 19
cases, compared with 4 (2016) and 2 (2017) from this
same time span, all using the same assays and diagnos-
tic testing algorithm. In September 2018, only 2 patients
tested HPeV-positive; no additional cases were identi-
fied during October and November 2018. HPeV diagnos-
tic procedures were performed upon the request of the
treating physician. For the detection of HPeV, we used
commercial multiplex PCR panels: FTD respiratory
pathogens 21 (Fast Track Diagnostics [FTD]; Siemens
Healthineers, https://www.siemens-healthineers.com)
for respiratory specimens and FTD EPA for cerebrospi-
nal fluid (CSF), plasma, and fecal samples. Patients were
hospitalized on 1 ward in hospital A and 4 wards in hos-
pital B (Appendix Figure, http://wwwnc.cdc.gov/EID/
article/25/7/19-0257-App1.pdf). We retrieved medical
data on HPeV-positive patients from the hospital-based
information system. We obtained written informed con-
sent from parents or guardians.

The age of the 2018 HPeV-positive patients ranged
from 10 days to 19 months (median 1 month), with 88% of
patients being <4 months of age (Table 1). Plasma samples
(n = 14) had a diagnostic yield of 100%. The median dura-
tion of hospitalization was 4 days (range 3-23 days). The
main clinical symptoms of HPeV-3 cases were fever (n =
21; 100%) and poor feeding (n = 16; 76%) (Table 2). None
of our patients required admission to a pediatric intensive
care unit. All of our patients were discharged from the hos-
pital without complications.

After we detected the first cases in July 2018, we
performed molecular typing of HPeV by amplifying and
sequencing the complete viral protein 1 (VP1) genomic
region (9). Of the 25 HPeV strains detected in Freiburg
in 2018, 21 were typed as HPeV-3, 2 were assigned to
HPeV-1, and 2 to HPeV-5 (Table 1). This compares with
7 HPeV-1 and 6 HPeV-3 types in Freiburg in 2016, and
3 HPeV-1, 3 HPeV-3, and 5 strains not typed in 2017
(Figure 1).

For phylogenetic analyses, we included HPeV
strains detected during January 2016—September 2018
at another 4 university hospitals: Wiirzburg (n = 56)

"These authors contributed equally to this article.
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Figure 1. Number of human parechovirus (HPeV) cases in infants
and young children by month, Freiburg, Germany, 2016-2018.

and Erlangen (n = 10) in southern Germany, Bonn
(n = 10) in western Germany, and Charité¢ Berlin (n =
14) in northeastern Germany. We detected 134 HPeV
strains in respiratory, fecal, CSF, and serum samples.
These were typed based on the VP1 genomic region (9).
We detected HPeV types 1, 3, 4, 5, and 6. We depos-
ited all sequences in GenBank under accession numbers
MK204942-MK204985 and MK291273-MK291362
(Appendix Tables 1, 2). For HPeV-3 phylogenetic
analysis, we included 74 strains identified during 2016—
2018 and compared them with representative reference
strains available from GenBank (Figure 2). Because of
high nucleotide variability in the 3’ end of the VP1 cod-
ing region, we included only complete VP1 sequences.
As recently described, 2 HPeV-3 lineages have been
identified (/0). Widespread clustering proved co-circula-
tion of the 2016-2018 HPeV strains from Germany (Fig-
ure 2). One cluster comprising German strains was most
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closely related to HPeV-3 identified in Japan (98.82% nt
identity), Australia (98.82%), and the United Kingdom
(99.12%).

Among the 21 Freiburg 2018 HPeV-3 strains, 3 groups
of completely identical VP1 sequences (10, 3, and 2 se-
quences) were observed. However, no separate clustering
could be detected among these strains because HPeV se-
quences from other regions in Germany also were assigned
to these groups. A direct epidemiologic link could be
drawn between 2 cases (cases 12 and 14, with completely
identical VP1 sequences, were in twins; Figure 2). Another
2 cases (cases 15 and 18) shared time on the same ward
and also displayed 100% identical sequences. However, no
hospital ward—specific clustering was observed, suggesting
community-acquired transmission.

Conclusions

Routine diagnostics showed an unexpectedly high num-
ber of HPeV cases during a 6-week period in 2 neighbor-
ing hospitals in Freiburg, Germany. This raised concern
about the possibility of a nosocomial outbreak. Recently,
healthcare-associated transmission of HPeV-3 has been
described. This makes timely identification of outbreaks
essential from a hospital hygiene, as well as a public
health, perspective (7).

Several patients showed signs of sepsis-like illness,
including the clinical triad of fever, poor feeding, and
irritability. This is similar to a UK case series reporting
a cluster of HPeV infections among infants in 2016 (6).
In our study, HPeV-3 was detected exclusively in CSF
samples, indicating a more severe clinical phenotype
compared with HPeV-1 and -5 infections, supporting pre-
vious data (/7). Studies have shown that rapid detection
of HPeV reduced length of hospital stay and antimicrobial
drug use. This emphasizes the usefulness of HPeV diag-
nostics (/). We showed that HPeV diagnostics, including
molecular typing, helped to exclude a nosocomial out-
break. Diagnostically, plasma, respiratory swab, and fecal
samples all showed high detection rates, and most patients
were positive in >1 area. Testing of blood samples for en-
terovirus detection was recently proposed for infants and
should be considered for HPeV accordingly (72).

We demonstrated different HPeV types and sublin-
eages, including 2 rare HPeV-5 infections. By conduct-
ing phylogenetic analysis in combination with review-
ing epidemiologic data, we could exclude a nosocomial
outbreak. However, based on this information, transmis-
sions could not be ruled out in 2 independent events with
2 cases each. Although a cluster of HPeV-3 infections
has been described (6), retrospective sequence analy-
sis showed different clustering of the identified strains
(13). Because of low nucleotide variability, sequence-
based differentiation between HPeV-3 strains remains
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Table 1. Epidemiologic data for HPeV cases in Freiburg, Germany, January—September 2018*

Patient age, Specimen type

Case no. mo/sex Cerebrospinal fluid Upper respiratory tract Plasma Feces HPeV type
1 2/M Negative Positive NA Negative 3
2 3/M Positive Positive Positive Positive 3
3 0/F Positive Positive NA NA 3
4 19/M NA NA NA Positive 1
5 1/M Positive Positive Positive Positive 3
6 1M NA NA Positive Positive 3
7 1/F NA NA NA Positive 3
8 7/M Negative NA NA Positive 3
9 2/M Negative NA NA Positive 3
10 2/M NA NA Positive NA 3
11 1/M NA Positive NA Positive 3
12 o/M Positive Positive Positive Positive 3
13 1/M Positive Positive NA NA 3
14 0/F Positive Positive Positive Positive 3
15 O/F NA NA Positive Positive 3
16 2/M NA NA Positive Positive 3
17 2/M NA NA Positive Positive 3
18 1/F NA NA Positive Positive 3
19 17/F NA Positive NA NA 1
20 1/F NA NA Positive Positive 3
21 4/F NA Positive NA Positive 3
22 2/M Positive NA NA Positive 3
23 oM NA NA Positive Positive 5
24 oM Positive NA NA Positive 3
25 1/M NA NA Positive Positive 5
*HPeV, human parechovirus; NA, not applicable (no specimen).

Table 2. Clinical signs and symptoms of HPeV cases in Freiburg, Germany, January—September 2018*

No. (%) positive patients

Clinical signs and symptoms HPeV-1,n=2 HPeV-3,n =21 HPeV-5,n=2
Fever 1 (50) 21 (100) 2 (100)

Poor feeding 1 (50) 16 (76) 1 (50)
Irritability 0 13 (62) 1 (50)

Rash 1 (50) 6 (29) 1 (50)
Diarrhea 1 (50) 5(24) 0
Respiratory distress 0 5 (24) 0
Vomiting 1(50) 0 0

*HPeV, human parechovirus
ambiguous, a circumstance that impedes molecular out- About the Authors

break investigation (/4).

Our study has limitations. There is a lack of available
sequence data from pediatric patients in Germany. In con-
trast to reports from the Netherlands and the UK, a bian-
nual cycle of HPeV infections has not been demonstrated
in Germany; however, our data suggest a biannual cycle.
From a public health perspective, a central repository for
HPeV sequences, together with key anonymized clinical
data from human cases, would improve our understanding
of HPeV epidemiology and virus evolution. Institutional-
ized surveillance similar to the enterovirus surveillance
and typing systems already in place across Europe could
serve as a blueprint (8,75).

Our report underscores the usefulness of HPeV diag-
nostics in infants. It illustrates the power of VP1 sequence—
guided phylogenetic HPeV analysis, which helped, in com-
bination with epidemiologic data, to rapidly investigate an
HPeV outbreak.
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Figure 2. A) Phylogenetic analysis of human parechovirus type 3 strains
collected during 2016—2018 from patients hospitalized in Freiburg,
Germany, along with strains from 4 geographic regions in Germany
based on the viral protein 1 region (678 nt) of the polyprotein gene

(n = 74). B) Phylogenetic analysis of Yamagata/2011 parechovirus
lineage. Color code depicts wards in the 2 Freiburg hospitals: green,

A3; red, B1; pink, B3; purple, B4. Cases in twins are marked with open
circles. Scale bars indicate nucleotide substitutions per site.
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Antibiotics and similar drugs, together called
antimicrobial agents, have been used for the
past 70 years to treat patients who have infec-
tious diseases. Since the 1940s, these drugs
have greatly reduced illness and death from
infectious diseases. However, these drugs
have been used so widely and for so long that
the infectious organisms the antibiotics are
designed to kill have adapted to them, mak-
ing the drugs less effective.

Each year in the United States, at least 2 mil-
lion people become infected with bacteria
that are resistant to antibiotics and at least
23,000 people die each year as a direct result
of these infections.
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Carbapenem and Cephalosporin Resistance
among Enterobacteriaceae in Healthcare-
Associated Infections, California, USA?

Kyle Rizzo, Sam Horwich-Scholefield, Erin Epson

We analyzed antimicrobial susceptibility test results re-
ported in healthcare-associated infections by California
hospitals during 2014-2017. Approximately 3.2% of Entero-
bacteriaceae reported in healthcare-associated infections
were resistant to carbapenems and 26.9% were resistant to
cephalosporins. The proportion of cephalosporin-resistant
Escherichia coliincreased 7% (risk ratio 1.07, 95% CI 1.04—
1.11) per year during 2014-2017.

he Centers for Disease Control and Prevention (CDC)

identified carbapenem-resistant FEnterobacteriaceae
(CRE) as an urgent public health threat and extended-spec-
trum B-lactamase (ESBL)-—producing Enterobacteriaceae
as a serious public health threat (/). Antimicrobial-resistant
pathogens, such as CRE, can spread across regions when
infected or colonized patients transfer between healthcare
facilities without infection control measures in place to pre-
vent transmission (2). Therefore, tracking regional changes
in antimicrobial resistance (AMR) is essential to inform
public health prevention and containment strategies.

The Study

Healthcare-associated infection (HAI) pathogen data re-
ported to the National Healthcare Safety Network (NHSN)
can be used to estimate the prevalence of AMR among hos-
pitals within a region (3—5). Hospitals provide pathogen
and antimicrobial susceptibility test results for <3 micro-
organisms when reporting central line—associated blood-
stream infections (CLABSI), surgical site infections (SSI),
and catheter-associated urinary tract infections (CAUTI) to
NHSN (6). Data on molecular mechanisms of resistance
are not collected for CLABSI, SSI, or CAUTI.

We applied CDC definitions to identify antimicrobial-
resistant phenotypes among Enterobacteriaceae, includ-
ing Escherichia coli, Klebsiella species, and Enterobacter
species, reported in CLABSI, SSI, and CAUTI by general
acute-care hospitals in California (3). We included multiple
pathogens per HAI if reported. California hospitals report

Author affiliation: California Department of Public Health,
Richmond, California, USA

DOI: https://doi.org/10.3201/eid2507.181938
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HALI data for <28 surgical procedures; we included patho-
gen data from any SSI reported. We excluded HAI data
reported by other hospital types, such as critical access and
long-term acute-care hospitals, due to limited HAI data re-
ported by these hospitals.

According to CDC definitions, CRE were resistant
to imipenem, meropenem, doripenem, or ertapenem. Ex-
tended-spectrum cephalosporin-resistant (ESCR) Entero-
bacteriaceae were resistant to ceftriaxone, ceftazidime,
cefepime, or cefotaxime. We applied modified phenotype
definitions from Magiorakos et al. to identify multidrug-
resistant (MDR), extensively drug-resistant (XDR), and
pandrug-resistant (PDR) Enterobacteriaceae (7). Suscep-
tibility data for 2 antimicrobial drugs (ceftaroline and fos-
fomycin) included in these definitions were not available
in our NHSN data. Resistance was defined by an isolate’s
nonsusceptibility to >1 agent (e.g., imipenem) within a cat-
egory of antimicrobial drugs (e.g., carbapenems) and the
total number of antimicrobial categories (<15) for which
the isolate was nonsusceptible. MDR Enterobacteriaceae
were nonsusceptible to >3 antimicrobial categories; XDR
Enterobacteriaceae were nonsusceptible to all but 1 or 2 an-
timicrobial categories, and PDR Enterobacteriaceae were
nonsusceptible to all antimicrobial categories. We also as-
sessed the phenotype difficult-to-treat (DTR) proposed by
Kadri et al. (§). DTR included an intermediate or resistant
result to all reported agents within carbapenem, cephalo-
sporin, and fluoroquinolone categories, as well as piperacil-
lin-tazobactam and aztreonam when results were available.

We used log binomial regression models to estimate
statewide, year-to-year change in the proportion of antimi-
crobial-resistant Enterobacteriaceae during 2014-2017.
To understand regional differences in CRE and ESCR
Enterobacteriaceae, we performed a subgroup analysis in
which we aggregated HAI data in 2-year increments and
measured percentage resistance by county when suscepti-
bility test results for >30 Enterobacteriaceae were avail-
able. CDC has explored risk adjustment for regional-level
comparisons using NHSN data and determined unadjusted
measures are satisfactory until additional covariates are ad-
opted in NHSN (9).

"Preliminary data from this analysis were presented in a poster at
IDWeek 2018 in San Francisco, California, USA, October 5, 2018.
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We completed data analyses in SAS version 9.4
(SAS, http://www.sas.com) and spatial analyses in
ArcMap version 10.4 (Environmental Systems Research
Institute, Inc., https://www.esri.com). This public health
surveillance analysis met criteria for nonresearch ac-
tivity and did not require an exemption determination
from the California Committee for the Protection of
Human Subjects.

During 2014-2017, 305 (91%) of 335 California hos-
pitals reported >1 Enterobacteriaceae in HAI with cepha-
losporin susceptibility test results; 296 (88%) hospitals
reported >1 Enterobacteriaceae with carbapenem suscep-
tibility test results. The median number of Enterobacteria-
ceae reported with cephalosporin susceptibility test results
by hospitals per year was 8 (interquartile range 16-3), and

6 (interquartile range 14-3) for Enterobacteriaceae with
carbapenem susceptibility test results.

Approximately 3.2% of Enterobacteriaceae reported in
HAI during 2014-2017 were resistant to carbapenems and
26.9% of Enterobacteriaceae reported in HAI were cepha-
losporin resistant. We observed increases in the proportions
of Enterobacteriaceae that were ESCR and MDR during
2014-2017; these changes were driven by E. coli (Table 1).
We observed a 7% (risk ratio [RR] 1.07; 95% CI 1.04—1.11)
annual increase in the proportion of E. coli resistant to ceph-
alosporins and a 4% (RR 1.04; 95% CI 1.02—1.06) annual
increase in the proportion of E. coli with an MDR pheno-
type during 20142017 (Table 1). The proportion of E. coli
exhibiting carbapenem resistance also increased 24% (RR
1.24; 95% CI 1.00—-1.56) per year during 2014-2017.

Table 1. Carbapenem and cephalosporin resistance among Enterobacteriaceae reported in healthcare-associated infections by

California hospitals, 2014-2017*

2014 2015 2016 2017 Change
No. (%) No. (%) No. (%) No. (%) Risk ratio
Antimicrobial agent isolatest % R isolatest % R isolatest % R isolatest % R (95% CI) p value
Enterobacteriaceae
Carbapenems 2,747 3.1 3,310 3.1 3,409 3.5 3,247 3.0 1.00 0.98
(60.2) (64.2) (64.2) (65.1) (0.92-1.09)
Cephalosporins 3,303 24.0 3,837 27.7 4,020 275 3,885 28.0 1.04 0.001
(74.3) (76.2) (77.4) (79.6) (1.02-1.07)
DTR 2,298 2.2 2,786 2.0 2,916 2.1 2,856 1.6 0.92 0.16
(50.0) (53.5) (54.5) (56.6) (0.81-1.04)
MDR 4,500 38.8 5,129 43.3 5,228 43.8 4,942 44.0 1.04 <0.001
(98.0) (98.5) (97.6) (97.9) (1.02-1.05)
Escherichia coli
Carbapenems 1,623 0.7 1,969 0.7 1,969 1.1 1,893 1.2 1.24 0.05
(59.9) (64.9) (64.6) (66.7) (1.00-1.56)
Cephalosporins 1,890 22.9 2,158 28.0 2,229 271 2,147 29.7 1.07 <0.001
(71.1) (72.4) (74.2) (76.8) (1.04-1.11)
DTR 1,323 0.5 1,577 0.3 1,615 0.5 1,613 0.4 0.99 0.95
(48.6) (51.7) (52.7) (56.3) (0.69-1.42)
MDR 2,669 42.8 3,004 47.0 2,998 471 2,812 49.2 1.04 <0.001
(98.0) (98.4) (97.8) (98.2) (1.02-1.06)
Enterobacter spp.
Carbapenems 489 3.7 550 6.9 602 5.2 559 5.4 1.06 0.51
(62.1) (62.9) (63.7) (63.0) (0.90-1.24)
Cephalosporins 701 29.8 786 30.9 855 33.6 811 30.8 1.02 0.47
(94.1) (94.5) (94.9) (94.5) (0.97-1.07)
DTR 488 0.2 554 0.5 608 0.5 564 0 0.79 0.50
(60.6) (61.8) (63.1) (61.2) (0.38-1.57)
MDR 789 43.5 883 53.0 940 55.6 897 50.3 1.04 0.01
(98.0) (98.5) (97.5) (97.3) (1.01-1.07)
Klebsiella spp.
Carbapenems 635 8.8 791 6.6 838 7.9 795 5.7 0.90 0.07
(59.7) (63.2) (63.8) (63.3) (0.80-1.01)
Cephalosporins 712 214 893 24.2 936 22.8 927 215 0.99 0.76
(68.3) (73.1) (72.6) (75.5) (0.94-1.05)
DTR 487 8.8 655 7.2 693 7.2 679 5.7 0.88 0.06
(45.7) (52.1) (52.4) (53.8) (0.77-1.00)
MDR 1,042 251 1,242 27.7 1,290 27.2 1,233 27.8 1.03 0.21
(97.8) (98.7) (97.5) (97.7) (0.99-1.07)

*Carbapenem-resistant Enterobacteriaceae were resistant to imipenem, meropenem, doripenem, or ertapenem. Enterobacteriaceae resistant to
ceftriaxone, ceftazidime, cefepime, or cefotaxime were cephalosporin-resistant. MDR Enterobacteriaceae were nonsusceptible to >3 antimicrobial
categories; XDR Enterobacteriaceae were nonsusceptible to all but 1 or 2 antimicrobial categories and pandrug-resistant Enterobacteriaceae were
nonsusceptible to all antimicrobial categories (n = 15). DTR Enterobacteriaceae were intermediate or resistant to all reported agents within carbapenem,
cephalosporin, and fluoroquinolone categories, as well as piperacillin-tazobactam and aztreonam when results were available. DTR, difficult-to-treat;

MDR, multidrug-resistant; % R, percentage resistant.

1The number and percentage of Enterobacteriaceae with antimicrobial susceptibility test results as a proportion of the overall number reported (i.e., with

or without antimicrobial susceptibility test results).
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We observed decreasing trends in carbapenem resis-
tance (RR 0.90; 95% CI 0.80-1.01) and in the DTR pheno-
type (RR 0.88; 95% CI 0.77-1.00) among Klebsiella spe-
cies reported in HAL. Among Enterobacteriaceae assessed
for the DTR phenotype, Klebsiella species accounted for
86% (n =193) of DTR isolates and comprised 23% of the
overall total of Enterobacteriaceae analyzed among HAI.
In addition, 1 XDR Klebsiella pneumoniae was reported in
HAI during 2014-2017 and no PDR Enterobacteriaceae
were reported.

Percentages of CRE and ESCR phenotypes varied by
county and reporting years (Table 2; Figures 1, 2). Car-
bapenem and cephalosporin resistance was higher in Cali-
fornia regions more densely populated with hospitals and
residents, such as the greater Los Angeles region and San
Francisco Bay area. Counties with hospitals reporting <30
Enterobacteriaceae may still have antimicrobial-resistant
HAI or receive patients from healthcare facilities where an-
timicrobial resistance is endemic.

Several factors limit the interpretation of our results.
Only 4 years of data were available for measuring AMR

CRE and ESCR Enterobacteriaceae in California

trends. Selective reporting of susceptibility test results may
have restricted sample sizes and increased the potential for
sampling bias to affect our results. Furthermore, there may
be differences in how California hospitals and laboratories
interpret MIC breakpoints or changes in how breakpoints
are applied over time. Data on molecular mechanisms of
resistance are not collected in CLABSI, SSI, or CAUTI,
which limits our understanding of how transmissible ele-
ments, including ESBL and carbapenemases, may contrib-
ute to the trends we observed.

Conclusions

Increases in carbapenem, cephalosporin, and MDR E. coli
reported in HAI by California hospitals are concerning,
given that E. coli are common causes of both hospital and
community-associated infections. ESBL-producing E. coli
have been reported in community-associated urinary tract
infections among patients in California, with estimates
of resistance among E. coli from 5% up to 17% in com-
plicated pyelonephritis (/0,/7). MDR and DTR Entero-
bacteriaceae further limit treatment options and present

Table 2. Carbapenem and cephalosporin resistance among Enterobacteriaceae reported in healthcare-associated infections by

California hospitals, aggregated by county, 2014-2017*

Carbapenems Cephalosporins
2014-2015 2016-2017 2014-2015 2016-2017
No. (%) No. (%) No. (%) No. (%)
County isolatest % R isolatest % R isolatest % R isolatest % R
Alameda 280 (72.4) 1.8 342 (84) 2.0 215 (56.3) 27.4 258 (63.2) 29.8
Butte 40 (97.6) 0 46 (93.9) 0 40 (100) 225 47 (97.9) 14.9
Contra Costa 141 (50.5) 5.7 197 (57.8) 3.0 120 (43.8) 40.0 159 (46.9) 40.3
Fresno 324 (91.3) 0 379 (95.5) 0.3 293 (85.4) 18.4 351 (89.5) 211
Imperial 33 (100) 3.0 NS NS 32 (97.0) 43.8 NS NS
Kern 165 (97.6) 1.8 137 (89) 0.7 100 (61.0) 17.0 110 (71.9) 19.1
Kings 35 (100) 0 33 (100) 0 36 (100) 16.7 33 (100) 27.3
Los Angeles 1,294 (46.9) 6.6 1,477 (49.6) 71 2,044 (74.7) 28.7 2,263 (75.8) 324
Marin 38 (97.4) 0 NS NS NS NS NS NS
Monterey 85 (95.5) 0 111 (78.7) 0 69 (76.7) 8.7 112 (80.6) 16.1
Napa NS NS 31(93.9) 0 NS NS 32 (97.0) 9.4
Orange 365 (56.6) 3.6 363 (54.7) 41 530 (85.8) 26.4 548 (84.8) 24.5
Placer 70 (70.0) 14 108 (89.3) 1.9 60 (60.0) 21.7 79 (64.8) 241
Riverside 233 (56.0) 3.4 249 (55.8) 24 315 (77.2) 23.8 371 (84.1) 22.6
Sacramento 381 (86.6) 1.0 392 (81.8) 3.3 336 (78.1) 22.9 388 (82.9) 27.3
San Bernardino 301 (67.9) 3.0 337 (72.9) 3.0 217 (61.8) 33.2 212 (67.9) 42.5
San Diego 657 (53.8) 4.0 573 (50.8) 3.1 946 (80.0) 32.7 901 (81.5) 31.7
San Francisco 405 (96.4) 1.2 432 (96.0) 2.1 374 (87.4) 21.7 381 (84.1) 22.6
San Joaquin 61 (71.8) 0 53 (54.1) 3.8 80 (94.1) 16.3 95 (97.9) 18.9
San Luis Obispo NS NS NS NS NS NS 30 (100) 13.3
San Mateo 137 (98.6) 0.7 107 (98.2) 2.8 92 (67.2) 28.3 82 (73.9) 25.6
Santa Barbara 113 (99.1) 1.8 106 (98.1) 0.9 108 (95.6) 11.1 107 (99.1) 11.2
Santa Clara 370 (55.2) 1.4 557 (69.2) 1.8 413 (62.5) 25.9 659 (81.1) 26.9
Shasta NS NS NS NS 67 (97.1) 11.9 59 (96.7) 10.2
Solano 91 (95.8) 6.6 121 (99.2) 0.8 55 (58.5) 32.7 80 (67.2) 35.0
Sonoma 71 (68.3) 0 99 (92.5) 1.0 81 (78.6) 17.3 77 (72.6) 14.3
Stanislaus 92 (62.2) 2.2 98 (66.2) 1.0 106 (74.6) 29.2 98 (68.1) 28.6
Tulare NS NS NS NS 36 (69.2) 22.2 41 (74.5) 14.6
Ventura 42 (29.0) 0 61 (48.4) 3.3 128 (89.5) 11.7 119 (95.2) 20.2
Yuba NS NS 36 (97.3) 2.8 NS 27.4 37 (97.4) 13.5

*Carbapenem-resistant Enterobacteriaceae were resistant to imipenem, meropenem, doripenem, or ertapenem. Enterobacteriaceae resistant to
ceftriaxone, ceftazidime, cefepime, or cefotaxime were cephalosporin resistant. The percentage of resistant Enterobacteriaceae is not shown when <30
Enterobacteriaceae are reported within a county. NS, not shown; % R, percentage resistant.

1The number and percentage of Enterobacteriaceae with reported antimicrobial susceptibility test results as a proportion of the overall number reported

(i.e., with or without antimicrobial susceptibility test results).

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 25, No. 7, July 2019

1391



DISPATCHES

Al
e
G

7N

s
750,
T

% Resistant ‘
0
. 0.1-15
N %ﬂﬂ

% Resistant

0
I 0.1-15
B 1.6-3.0
Bl 31-45 Bl 31-45
Il 46-66 Il 46-71

[T <30 isolates reported

0 25 50 100 150 200

mi

[\
w

[T <30 isolates reported

Figure 1. Geographic
distribution of carbapenem
resistance among
Enterobacteriaceae reported in
healthcare-associated infections
by hospitals, aggregated by
county, California, 2014-2015
(A) and 2016-2017 (B). ALA,
Alameda; BUT, Butte; CC,
Contra Costa; FRE, Fresno; IMP,
Imperial; KER, Kern; KIN, Kings;
LA, Los Angeles; MAR, Marin;
MON, Monterey; NAP, Napa;
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Riverside; SAC, Sacramento;
SBER, San Bernardino; SD, San
Diego; SF, San Francisco; SJ,
San Joaquin; SM, San Mateo;
SBAR, Santa Barbara; SC,
Santa Clara; SOL, Solano; SON,
Sonoma; STA, Stanislaus; VEN,
Ventura; YUB, Yuba.
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management challenges, particularly in outpatient settings
when there are no oral antimicrobial treatment options.
AMR prevention and containment strategies may
depend on the local prevalence. For example, prompt de-
tection and rapid, aggressive containment responses to
individual AMR cases can be effective in low-prevalence
regions. Admission screening and empiric use of transmis-
sion-based precautions for patients at high risk for AMR
might be more feasible in higher-prevalence regions.
Healthcare facilities can prevent HAI and the spread
of AMR by implementing best practices in infection con-
trol and antimicrobial stewardship. State and local health
departments can coordinate prevention efforts across the
healthcare continuum, investigate and control outbreaks

TUL
KIN
KER
% Resistant SBAR % Resistant
8.7-16.0 VEd 9.4-16.0
16.1-22.6 m 16.1-22.6
[ 227292 % [0 227292
[ 29.3-35.8 N - [ 29.3-35.8
I 359438 W 359425

0 25 50 100

150

200
mi

70 <30 isolates reported

1392
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in healthcare facilities, and set expectations for healthcare
facilities to communicate patients’ AMR infection and
colonization status during all patient transfers. Decreas-
ing trends in carbapenem resistance and in the DTR phe-
notype among Klebsiella species, often the focus of AMR
containment efforts, indicate the potential effectiveness of
such prevention strategies (5). Nonetheless, increases and
regional variation in carbapenem-resistant and ESCR E.
coli highlight the urgent need for ongoing, local infection
prevention and antimicrobial stewardship efforts.

Aspects of this work were supported by Centers for Disease
Control and Prevention Epidemiology and Laboratory Capacity
grant funds.

Figure 2. Geographic distribution
of cephalosporin resistance
among Enterobacteriaceae
reported in healthcare-
associated infections by
hospitals, aggregated by county,
California, 2014-2015 (A) and
2016-2017 (B). ALA, Alameda;
BUT, Butte; CC, Contra Costa;
FRE, Fresno; IMP, Imperial;
KER, Kern; KIN, Kings; LA,

Los Angeles; MON, Monterey;
NAP, Napa; ORA, Orange;

PLA, Placer; RIV, Riverside;
SAC, Sacramento; SBER, San
Bernardino; SD, San Diego; SF,
San Francisco; SJ, San Joaquin;
SLO, San Luis Obispo; SM, San
Mateo; SBAR, Santa Barbara;
SC, Santa Clara; SHA, Shasta;
SOL, Solano; SON, Sonoma;
STA, Stanislaus; TUL, Tulare;
VEN, Ventura; YUB, Yuba.
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Carbapenem [kahr”ba-pen’am]
Ronnie Henry

class of broad-spectrum B-lactam antibiotics, structur-

lly similar to penicillins, with the substitution of a

carbon atom (carba-) for a sulfur atom. This substitution cre-

ates a double bond on the pentane ring, which becomes a
pentene ring (-penem).

The first carbapenem, thienamycin (theion [“sulfur”]

+ enamine [an unsaturated compound that forms the back-

bone of the molecule] + -mycin [suffix for drugs produced

by Streptomyces spp.]), was discovered in 1976 in culture
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Thienamycin rapidly decomposes in the presence of water,
which limits its clinical utility.

The first carbapenem approved for use in the United
States was imipenem, the stable N-formimidoyl derivative of
thienamycin, in 1985. Resistance to imipenem, encoded on a
mobile genetic element, was first identified in Pseudomonas
aeruginosa in Japan in 1991, and carbapenemase-producing
organisms have since spread globally.
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Whole-Blood Testing for Diagnosis
of Acute Zika Virus Infections in
Routine Diagnostic Setting

Jolanda J.C. Voermans, Suzan D. Pas,’
Anne van der Linden, Corine GeurtsvanKessel,
Marion Koopmans, Annemiek van der Eijk,
Chantal B.E.M. Reusken?

We evaluated the benefit of whole blood versus plasma to
detect acute Zika virus infections. Comparison of Zika vi-
rus quantitative reverse transcription PCR results in single
timepoint whole blood—plasma pairs from 227 patients with
suspected Zika virus infection resulted in confirmation of 8
additional patients with Zika virus infection.

ince its emergence in South and Central America in

2015/2016, Zika virus (genus Flavivirus) has become
a major public health concern. Zika virus infections are
linked to congenital malformations in neonates from moth-
ers infected during pregnancy and to neurologic disorders
in adults (/). Thus, the stakes for an accurate diagnosis are
high when congenital Zika syndrome might be involved,
such as in diagnosis in pregnant women and their partners,
because Zika virus infections can be sexually transmitted
(1). Diagnostics are based on Zika virus RNA detection, de-
tection of Zika virus—specific antibodies, or both. However,
a definitive diagnosis based on serology only is hampered
by the existence of a high degree of cross-reactivity be-
tween Zika virus and other flaviviruses and their vaccines.
In addition, populations with a high background of other
flavivirus infections, such as dengue virus, might lack high-
titer Zika virus—specific antibody production (also known
as original antigenic sin) (2,3). Reverse transcription PCR
(RT-PCR) is the most reliable method for confirming Zika
virus infections. Viremia in pregnant women can be pro-
longed, up to 70 days, but more commonly the window of
detection for Zika virus RNA in serum or plasma is much
shorter (3—14 days after onset of symptoms). The window
of detection can be considerably longer for urine and se-
men, but these specimens are not routinely collected (4-7).

Various studies have suggested that flavivirus genom-
ic RNA might be detectable for longer periods in whole
blood than in plasma, thereby expanding the timeframe

Author affiliation: Erasmus Medical Center, Rotterdam,
the Netherlands
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for viral genome detection to up to 120 days after onset
of symptoms (4,5,8—11). Therefore, molecular detection of
Zika virus RNA in whole blood instead of plasma might
improve Zika virus case confirmation (/2,/3). In a prospec-
tive study, we systematically evaluated the benefit of whole
blood versus plasma as the sample of choice to detect acute
Zika virus infections in a routine diagnostic setting.

The Study

We compared Zika virus quantitative reverse transcrip-
tion PCR (qQRT-PCR) results for 249 EDTA—-whole blood
and EDTA-plasma pairs submitted for laboratory testing
from 227 patients with suspected Zika virus infection dur-
ing July 2016-May 2017. These patients were those with
a Zika virus diagnostic request in this period from whom
both plasma and whole blood could be collected. In line
with previous observations in our laboratory (/4), the
first day of illness was provided infrequently, in only 29
(12.8%) of the 227 patients.

Using a standard EDTA blood collection tube, we ali-
quoted 600 uL of whole blood before the centrifugation step
(10 min at 2,400 x g) to collect plasma. We stored the samples
at —80°C until use. For testing, we spiked the samples with
an internal control and extracted total nucleic acids from a
500-uL sample in 100 pL of eluate using the MagNAPure 96
DNA and Viral NA large volume kit and Viral NA Universal
LV 2.0 protocol (Roche, https://www.roche.com), according
to the manufacturer’s instructions. Extraction was followed
by an ISO15189:2012-validated laboratory-developed Zika
virus qRT-PCR, as described previously (/5). We confirmed
all Zika virus RNA—positive samples using a commercial
Zika virus qRT-PCR (Altona Diagnostics, http://www.alto-
na-diagnostics.com), as described by the manufacturer.

We detected Zika virus RNA in 31 (12.4%) of 249
whole-blood samples and in 23 (74.2%) of the 31 correspond-
ing plasma samples. The 31 positive whole-blood samples
were collected from 31 individual patients. This comparison
indicated that 8 additional Zika virus—positive patients would
have been identified if whole blood had been used routinely

'Current affiliation: Microvida, Roosendaal, the Netherlands.

2Current co-affiliation: Netherlands Centre for Infectious Disease
Control, National Institute for Public Health and the Environment,
Bilthoven, the Netherlands.
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Whole-Blood Testing for Diagnosis of Zika Virus
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instead of plasma (Figure). This finding represented a 34%
increase in confirmed cases of Zika virus infection.

Standard practice in international guidelines on diag-
nostic algorithms for Zika virus is to combine molecular
testing of plasma with molecular testing of urine, along
with serology, to come to an accurate Zika virus diagno-
sis. However, confirmation of cases based on serology only
is usually limited to expert Biosafety Level 3 laboratories
being able to perform virus neutralization tests comparing
Zika virus titers with titers of other flaviviruses (/2,13).
In our center, we routinely perform qRT-PCR on plasma
and urine while running ELISA IgM/IgG testing in parallel
on corresponding serum samples, provided these samples
are submitted by treating physicians. Preferably, ELISAs
are performed on paired serum samples taken at least 2
weeks apart (acute and convalescent phases) to monitor
titer changes. However, these paired samples are not al-
ways submitted; for example, in our study cohort a second
sample was provided for only 11 (61.1%) of 18 patients
who were seropositive by ELISA and RT-PCR negative in
plasma in the initial sample.

To determine whether our routine Zika virus testing
algorithm, in which whole blood is not a sample of choice,

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 25, No. 7, July 2019

would have missed the 8 additional identified patients, we
evaluated the Zika virus test results of the complete sample
set submitted for these patients (Figure). We tested urine
and plasma by qRT-PCR as described previously and
tested serum by ELISA (Euroimmun, https://www.euro-
immun.com) for the presence of Zika virus—specific IgM
and IgG, as described by the manufacturer. For 3 of the 8
additional patients, Zika virus infection had already been
confirmed on the basis of the presence of Zika virus RNA
and IgM in an earlier plasma sample. For the remaining 5
patients, only a status of probable case was achieved with-
out the whole-blood testing (/2). Two of these patients had
a status of probable infection on the basis of the presence
of Zika virus IgM and IgG in an earlier sample, but no PCR
was performed. Seven patients had the status of a probable
Zika virus infection on the basis of serology performed on
a same-date serum sample, and 1 patient had the status of
past infection because of the absence of IgM. Two patients
had no evidence for a recent Zika virus infection on the
basis of a later serum sample that tested negative for RNA
IgM and positive for IgG. The semiquantitative Zika virus
ELISA did not show significant titer changes between dif-
ferent collection dates (data not shown).
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Conclusions

Our overall results indicate that, in our routine diagnostic al-
gorithm in the absence of whole-blood testing, the infections
of 5 of 227 patients would have been identified as probable
Zika virus cases, whereas with whole-blood testing, they
would have been identified as confirmed cases on the basis
of positive qRT-PCR results. In cases for which only 1 sam-
pling date would have been available, our systematic analy-
sis showed that, of infections in 227 patients, 8 additional
Zika virus cases would have been confirmed. Based on these
observations, we conclude that individual patient care might
benefit from whole-blood testing in a routine diagnostic lab-
oratory setting, thereby possibly reducing the need for more
specialized serology (i.e., comparative flavivirus neutraliza-
tion tests) to confirm cases based on serology. Therefore, we
have implemented whole-blood RT-PCR testing for Zika
virus diagnostic requests in our routine diagnostic setup.
Further studies in larger cohorts, including dengue and chi-
kungunya virus testing, as well to address the often multiplex
settings in endemic countries, are needed to demonstrate the
general usefulness of our observations.

The work described here was funded by the European Union’s
Horizon 2020 research and innovation program under project
ZIKALLIANCE (grant agreement no. 734548).
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Dengue Outbreak during Ongoing
Civil War, Taiz, Yemen
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We identified dengue in #51% of patients given a clinical di-
agnosis of suspected dengue in Taiz, Yemen, during 2016.
The cosmopolitan genotype of dengue virus type 2 was most
common; viruses appeared to have originated in Saudi Ara-
bia. Damage to public health infrastructure during the ongoing
civil war might enable dengue to become endemic to Yemen.

he association between wars and dengue virus (DENV)

transmission has been well-recognized. During World
War II (1939-1945), extensive ecologic disruption and de-
mographic changes created an abundance of ideal breed-
ing sites for Aedes aegypti mosquitoes, as well as pools of
susceptible military personnel and displaced populations to
support the spread of dengue (/). After World War II, un-
precedented population growth and rapid unplanned urban-
ization exacerbated the epidemic spread of dengue to the
major cities of Southeast Asia and the Pacific regions (2).

The current civil war in Yemen, which started in
March 2015 (3), has caused widespread destruction of the
infrastructure of this country and displaced >2.2 million
persons into living in cramped shelters with inadequate
healthcare support. The sum of human displacement, dam-
aged infrastructure, and poor hygiene conditions (3—5) has
created an ideal environment for the spread of infectious
diseases, including mosquitoborne diseases. In particular,
the war has created numerous potential mosquito-breeding
sites, such as open water storage containers, areas with
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inadequate drainage, discarded plastic containers in which
water accumulates, and puddles of water (6).

In 2015, a total of >6,777 suspected dengue cases were
recorded in Yemen, which suggested that the country was
experiencing an unprecedented increase in the number of
dengue cases (7). Taiz, a governorate in southwestern Ye-
men, experienced fierce fighting related to the civil war
(5). An extreme spike in dengue cases was recorded in
this governorate beginning in August 2015, soon after the
start of the war. A total of 1,178 suspected dengue cases
were reported during weeks 32-36 (7) in comparison to
only 54 suspected dengue cases during the same period in
2013 (8). We report the prevalence, detection, and isolation
of DENV from febrile patients seen at the few operating
healthcare facilities in Taiz during July—October 2016, at
the height of the war.

The Study

The study was approved by the University of Malaya Sci-
ence and Technology Medical Ethical Committee (approv-
al no. 2016/24). A total of 436 serum specimens were ob-
tained from patients with clinically suspected dengue (age
range 1-70 years) who sought healthcare within 2—7 days
after the onset of fever (Appendix Figure 1, https://wwwnc.
cdc.gov/ElD/article/25/7/18-0046-Appl.pdf). These pa-
tients were seen at the main hospitals and medical centers
that were still in operation (Figure 1) in Taiz during the
study period. Samples were kept at —20°C until they were
transported to the World Health Organization Collaborat-
ing Centre for Arbovirus Reference and Research (Dengue/
Severe Dengue) at the Tropical Infectious Diseases Re-
search and Education Centre, University of Malaya (Kuala
Lumpur, Malaysia).

For detection of DENV, we extracted total RNA from
serum specimens by using the KingFisher Pure Viral NA
Kit (Thermo Fisher Scientific, https://www.thermofisher.
com). We used a DENV-specific reverse transcription—re-
combinase polymerase amplification (RT-RPA) to screen
for DENV RNA (9). We subjected all RT-RPA-reactive
specimens to molecular DENV serotyping by using Den-
gueDetect, an in-house multiplex reverse transcription
PCR (RT-PCR) kit (http://www.tidrec.com/services). We
tested all RT-RPA-—nonreactive specimens for IgM against
DENYV by using the SD Dengue IgM-Capture ELISA Kit
(Standard Diagnostics Inc., https://www.devex.com). All
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Figure 1. Locations of hospitals and medical centers in Taiz, Yemen, where dengue virus samples were obtained during 2016: 1,
Aljawharah Medical Center; 2, Gulf Hospital; 3, Alrefaee Hospital; 4, Althawrah Hospital; 5, Altawn Hospital; 6, Alrawdhah Hospital; 7,
Alsawidy Hospital; 8, Palastein Hospital; 9, Alboraihy Hospital; 10, Alhekmah Hospital; 11, Dr. Sadek Shogaa Center. Top inset shows
location of Taiz in Yemen (black shading), and bottom inset shows location of collection area in Taiz (black shading).

DENV IgM-nonreactive specimens were tested for DENV
IgG by using the SD Dengue IgG-Capture ELISA Kit
(Standard Diagnostics Inc.). All diagnostic tests were per-
formed in an MS ISO/IEC 17025-accredited laboratory at
the Tropical Infectious Diseases Research and Education
Centre, University of Malaya.

Of 436 patients with clinically suspected dengue, 119
(=27%) were reactive by RT-RPA; among those patients,
83 (=70%) were serotyped by RT-PCR as DENV-2. The re-
maining 36 RT-RPA-reactive specimens were nonreactive
by RT-PCR. However, the RT-RPA is known to be more
sensitive than the RT-PCR; thus, this result could be caused
by low viral loads in the specimens (9). All RT-PCR-re-
active specimens were further subjected to virus isolation
by using the C6/36 mosquito cell line. Complete envelope
(E) genes of DENV-2 were successfully amplified by using
primers specific for the DENV-2 E gene (Appendix Table)
and sequenced from 9 of 83 specimens after a third passage
in cell culture. A phylogenetic tree constructed by using
E genes suggested that the DENV-2 isolates from Yemen
clustered within the DENV-2 Cosmopolitan genotype (Fig-
ure 2). The E gene sequences generated in this study are
available from the European Nucleotide Archive (acces-
sion no. PRIEB27739).

Of the 317 RT-RPA-nonreactive specimens, 102
(=32%) were positive for DENV IgM. Of 215 dengue
IgM-nonreactive samples, 74 (=34%) were positive for
DENV IgG. Those samples positive for only DENV IgG
were likely caused by previous exposure to DENV infec-
tion. We identified acute DENV infection in =#51% (221
of 436) of febrile patients with suspected dengue either by
RT-RPA or DENV IgM ELISA. In addition, ~34% (74 of

1398

215) of febrile patients who did not have dengue had previ-
ous exposure to dengue.

Conclusions
In this study, the prevalence of dengue among patients
with suspected dengue (=51%) in Taiz was higher than that
(29%) during the previous dengue outbreak in Hodeidah in
2012 (10). The percentage of previous exposure to DENV
among febrile patients was higher in Hodeidah (=75%) than
that seen in Taiz (=34%) (/0). It is possible that dengue is
a relatively new disease in Taiz, but its prevalence has in-
creased markedly, possibly because of the ongoing civil war.
The febrile patients who did not have dengue seen in Taiz
could have had other infections, including chikungunya and
malaria, because these 2 mosquitoborne infectious diseases
are also present in Yemen (chikungunya prevalence 12%
and malaria prevalence 15.3%) (/0,11). Nonetheless, in a
previous study in Al-Mukalla, 222 patients with clinically
suspected viral hemorrhagic fever were nonreactive to chi-
kungunya virus, Alkhurma virus, Rift Valley fever virus, and
yellow fever virus by RT-PCR (/2), suggesting that other
studies are needed to identify the possible causative agents.
Before the current civil war began, all 4 DENV se-
rotypes were present in Yemen, but only DENV-2 (/0),
DENV-3 (12,13), and DENV-4 (/4) have been document-
ed to cause outbreaks. Using partial nonstructural protein 1
gene sequences, Ciccozzi et al. identified the DENV-2 Cos-
mopolitan genotype as the virus that caused the outbreak in
Hodeidah during 2012 (/5). We report that this virus type
was also found as the dominant virus causing the outbreak
in Taiz during 2016. However, the 2012 and 2016 viruses
grouped in different clades within the DENV-2 Cosmopolitan
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genotype (Appendix Figure 2). The origin of the viruses that
caused the outbreak during 2012 is uncertain, whereas the vi-
ruses that caused the outbreak during 2016 grouped in a clade
composed mainly of DENV-2 isolates (1992-2014) from
Saudi Arabia. This finding suggests that the DENV-2 that
caused the outbreak in Yemen during 2016 was most likely
introduced from Saudi Arabia and that the ongoing civil war
might ensure its lasting presence.

Dengue is emerging to be a serious mosquitoborne dis-
ease in war-torn Yemen. Its presence among 51% of febrile
patients suspected to have dengue is almost comparable to
the percentage reported in dengue-endemic countries of
Southeast Asia. It is expected that the public health prob-
lems associated with dengue will worsen during the con-
tinuing civil war in Yemen.
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Nontuberculous Mycobacteria,
Botswana, 2011-2014

Bontle Mbeha, Madisa Mine,
Modisa Sekhamo Motswaledi, John Dewar

We documented a 6-fold increase in the frequency of non-
tuberculous mycobacteria isolated from clinical samples
in Botswana during 2011-2014. Because antituberculosis
treatment is often initiated only on the basis of acid-fast ba-
cilli smear-positive microscopy results, some patients with
nontuberculous mycobacterial infections might have re-
ceived inappropriate treatment.

Nontuberculous mycobacteria (NTM) isolated from
clinical samples are often classified as contami-
nants (/). However, some NTM species are pathogenic
to humans (2) and, in some parts of the world, cause
more illness than infection with Mycobacterium tuber-
culosis does (3).

In Botswana, as in many other developing countries,
patients with acid-fast bacilli—positive sputum are pre-
sumed to be infected with M. tuberculosis and are treated
with antituberculosis agents (4), even though acid-fast ba-
cilli smear microscopy does not distinguish between M.
tuberculosis and NTM, and most antituberculosis drugs
might not be effective against NTM (5). This observation,
along with the number of increasing reports of NTM world-
wide (/,4,6-9), prompted this study.

The Study

During October 2015, we retrospectively analyzed 36,242
electronic records from 2011-2014 that were stored at the
National Tuberculosis Reference Laboratory (Gaborone,
Botswana) (Table). The records represented specimens
referred for tuberculosis (TB) culture from 52 facilities
across the country. Demographic parameters comprised
age and sex. We compared proportions by calculating z
values from observed frequencies, then used an online cal-
culator to derive p values.
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The proportions of M. tuberculosis and NTM cases
during the study period were comparable (5.6% vs. 5.5%).
This finding creates a high possibility of misdiagnosis and
inappropriate treatment of M. tuberculosiss/NTM cases.
Most (74.5%) NTM samples were sputum; 22% were gas-
tric aspirates, and the remaining 3.4% were obtained from
other body sites. Of specimens from which NTM was iso-
lated, 53.3% were from male patients and 43.4% were from
female patients; for 3.1%, patient sex was not captured. The
first specimen submitted per patient was analyzed. From
the analysis we removed duplicate samples that might have
resulted from submission of samples for follow-up from
the same patient.

One third (33.5%) of samples from which NTM was
isolated were from patients 0—14 years of age, followed by
27.3% from patients 35-54 years of age (Figure 1). For at
least 207 (10.4%) of the 1,999 NTM samples, the age of the
patient was not captured.

Overall, the proportion of isolated NTM increased
6-fold, from 0.113/100,000 population in 2011 to
0.693/100,000 in 2014 (the estimated Botswana popula-
tion in 2017 was 2.292 million). Moreover, isolation of
NTM significantly increased during 3 periods: 2011-2012,
2012-2013, and 2011-2014 (p<0.0001 for each period).
We found no significant change in NTM occurrence for
2013-2014 (Figure 2).

Before 2013, NTM was not speciated in Botswana. In
2013, a total of 324 (39.4%) of 823 NTM isolates were
speciated. Of these 324 samples, 161 (49.7%) were M.
intracellulare, the NTM species most frequently isolated,
followed by M. malmoense (17 [5.2%] of 324) and M. gor-
donae (15 [4.6%] of 324). Seventy-eight (24.0%) isolates
could be identified only as Mycobacterium spp. because of
a limitation of the assay used. Seventy-four (46.0%) pa-
tients in whom M. intracellulare was isolated were also
HIV positive, suggesting that NTM might be an important
opportunistic pathogen in HIV infection. M. avium-intra-
cellulare has also been reported to cause most pulmonary
infections in several studies (8,/0,11). These reports are
useful because failure to speciate NTM isolates or conduct
drug susceptibility testing might be overlooking an emerg-
ing pathogen with potential to cause illness and even death
in HIV-infected persons.

Most samples were from male patients, a finding con-
sistent with findings by Moore et al. (/). This finding has
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Table. Comparison of Mycobacterium tuberculosis and nontuberculous mycobacteria isolates, Botswana, 2011-2014*

Total no. samples

Mycobacterium tuberculosis

Nontuberculous mycobacteria

Year analyzed No. (%) isolates Incidence No. (%) isolates Incidence
2011 11,799 228 (1.9) 9.9 113 (0.96) 4.9
2012 6,357 526 (8.3) 22.9 370 (5.8) 16
2013 9,429 681 (7.2) 29.7 823 (8.7) 35.9
2014 8,657 594 (6.9) 25.9 693 (8.0) 30

*Per capita calculated on the basis of total country population. Incidence is per 100,000 population.

been attributed to risk factors such as increased rates of
smoking and chronic obstructive pulmonary disease among
men (/). However, investigators in the United States (3)
observed a female predominance.

Conclusions

We observed a high occurrence of NTM in patients 35—
54 years of age. We also noted an unexpected increase of
>30% in reported NTM cases in children <14 years of age,
which might represent a peculiar childhood vulnerability to
NTM infections.

According to the Botswana National Tuberculosis Pro-
gramme Manual, no information is available in Botswana
about the prevalence of disseminated NTM (72). Our study
provides basic but crucial data that may stimulate discus-
sion toward policy change in the laboratory investigation
and treatment of NTM isolates for better patient care.

The change in 2011 in the use of media from Lowen-
stein-Jensen to MGIT (Beckton-Dickinson, https://www.
bd.com) culture might have contributed to an increase in
NTM identification. A similar study by Chihota et al. (/3)
yielded more NTM after such a change. However, if the
increase in this study resulted from a change in media, only
the first year would have recorded an increase, followed
by a stabilizing trend in subsequent years. Therefore, the
increasing trend we observed reflects a convincing climb in
NTM cases. Furthermore, our results suggest that patients
with NTM might have received unnecessary TB treatment
(7). This finding underscores the need to unequivocally
identify mycobacterial isolates because NTM appears to be
more frequently encountered (9).
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Figure 1. Age range of study population and total number of NTM
isolates per year, Botswana, 2011-2014. NTM, nontuberculous
mycobacteria.
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Our study has limitations. Our results might not reflect
the prevalence of NTM in the country because the samples
analyzed comprised only persons suspected to have TB.
This fact notwithstanding, the National Tuberculosis Re-
ferral Laboratory is the sole laboratory in Botswana that
performs culture and thus represents a reasonable sampling
of NTM countrywide among persons suspected to have
TB infection. The prevalence of NTM might therefore be
higher than that reported in this study.

We propose that mycobacterial isolates be routinely
speciated and subjected to drug susceptibility testing. We
base this proposal on our observation that NTM is isolated
at nearly the same frequency as M. tuberculosis and is iso-
lated predominantly in children <14 years of age. Treat-
ment of NTM as M. tuberculosis underestimates the clini-
cal significance of NTM and is likely to negatively affect
treatment outcomes and inflate reports of M. tuberculosis.
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Low Circulation of Subclade A1 Enterovirus
D68 Strains in Senegal during 2014
North America Outbreak

Amary Fall, Mamadou Malado Jallow,
Ousmane Kebe, Davy Evrard Kiori, Sara Sy,
Déborah Goudiaby, Cheikh Saad Bouh Boye,

Mbayame Ndiaye Niang,' Ndongo Dia’

To retrospectively investigate enterovirus D68 circulation in
Senegal during the 2014 US outbreak, we retrieved speci-
mens from 708 persons, mostly children, who had acute
respiratory symptoms during September—December 2014.
Enterovirus D68 was detected in 14 children (2.1%); most
cases occurred in October. Phylogenetic analysis revealed
that all strains clustered within subclade A1.

2014 outbreak of >1,153 cases of respiratory entero-

virus (EV) D68 infection in the United States was re-
sponsible for the deaths of 13 children (/). This occurrence
led public health officials to improve surveillance systems
worldwide. Enhanced surveillance revealed a continuous
spread of EV-D68 in several North and South America
countries, including Canada (2), Chile (3), and Mexico (4),
and in several countries in Europe, including Germany (5),
Denmark (6), and France (7). However, in Africa, data on
the spread of EV-D68 from the 2014 US outbreak were
scarce. This retrospective study sought to confirm the cir-
culation of EV-D68 in Senegal during the 2014 outbreak
and to characterize the molecular composition of any EV-
D68 strains that circulated.

The Study

For this retrospective case series, we studied records of
children with acute respiratory illness (ARI) and, with
consent, those of outpatients with influenza-like illness
(ILT) attending sentinel sites dedicated to influenza sur-
veillance, most recorded in Senegal during September—
December 2014. For each patient, in addition to recording
demographic and clinical data, healthcare personnel col-
lected a nasopharyngeal swab specimen. As part of routine
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surveillance, specimens were initially tested for respiratory
viruses including influenza, respiratory syncytial virus, ad-
enoviruses, metapneumovirus, coronaviruses, parainfluen-
za, rhinoviruses, enteroviruses, and bocaviruses (§). Later,
samples collected during September—December 2014 were
screened for EV-D68, as described elsewhere (9). For the
molecular studies, the viral capsid protein 1 (VP1) gene re-
gion of EV-D68 was amplified and sequenced as described
elsewhere (10).

Specimens were collected from 708 patients, ranging
in age from 1 month to 95 years, and tested for EV-D68.
The median age was 9 months; 45.8% of patients were chil-
dren <5 years of age. The male-to-female ratio was 0.95.
EV-D68 was detected in 14 patients (2.0%): 13 of 680 with
ILI and 1 of 28 with ARI. A similar rate was reported by
Poelman et al. (/7) in a Europe-wide retrospective and pro-
spective laboratory analysis of clinical specimens during
July—December 2014. A single infection was found in 5
samples; 9 samples were found to have >1 additional re-
spiratory virus (Table). EV-D68 detection was associated
with cough in 12 of 14 patients and rhinitis in 8 of 14. The
single patient with ARI who tested positive for EV-D68
was a 7-month-old child, with no underlying disease, who
had clinical signs of acute bronchitis, including dry cough,
pulmonary condensation, rhinorrhea, progressive breathing
difficulty, and an unusually long duration of illness of >1
month; his condition deteriorated and he was hospitalized.
This extended duration, linked to EV-D68 infection, was
reported elsewhere (/2).

The highest rate of infection during 2014 (46%) was
recorded in the United States, probably at the beginning of
the outbreak (/). In Senegal, most of the EV-D68—positive
cases (12/14; 86.6%) were detected in October (Figure 1).
Most EV-D68—positive patients (64.3%) were children <5
years of age.

From all 14 samples testing positive for EV-D68, we
successfully obtained a 900-nt fragment of the VP1 gene;
we deposited these sequences into GenBank (accession
nos. MH885638-51). BLAST analysis (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) showed that all EV-D68 strains
from Senegal shared >98% homology with strains detected
in France (GenBank accession no. LN6813392), Canada

"These senior authors contributed equally to this article.
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Table. Demographic and clinical characteristics and co-detected infections for 14 patients infected with EV-D68, Senegal, September—

December 2014*

Patient Epidemiologic
NLABID lliness type  sex Locality week Clinical signs/symptoms Co-detected infections
E1462/2014 ILI F Tambacounda 41 Fever, cough, rhinitis AdV, HRV
E1464/2014 ILI M Dakar 41 Fever, cough, rhinitis, pharyngitis AdV, EV
E1465/2014 ILI F Dakar 41 Fever, cough, rhinitis, pharyngitis AdV
E1470/2014 ILI M Kaolack 41 Fever, cough, pharyngitis AdV, EV, influenza B
E1486/2014 ILI F Mbour 41 Fever, cough, diarrhea AdV, RSV
E1554/2014 ILI M Dielmo 42 Fever, rhinitis, myalgia EV
E0048/2014 ARI M Dakar 42 Fever, cough, rhinitis None
E1560/2014 ILI F Dielmo 42 Fever, cough, rhinitis Influenza B, HRV
E1583/2014 ILI M Dakar 43 Fever, cough EV, influenza B
E1626/2014 ILI F Fatick 43 Fever, cough, vomiting AdV, PIV, influenza B
E1704/2014 ILI F Ziguinchor 44 Fever, cough None
E1709/2014 ILI M Mbour 44 Fever, cough None
E1787/2014 ILI M Dielmo 45 Fever, rhinitis None
E1899/2014 ILI F Dakar 50 Fever, cough, rhinitis None

*AdV, adenovirus; ARI, acute respiratory infection; EV, enterovirus; HRV, human rhinovirus; ILI, influenza-like iliness; NLABID, laboratory identification

number; PV, parainfluenza virus; RSV, respiratory syncytial virus.

(accession no. KP455258), and Germany (accession no.
KP657740.1). Phylogenetic analysis of the VP1 fragment
revealed that all 14 sequences belonged to the Al variant
of clade A (Figure 2). The strains from this study clustered
with several other strains circulating during the same pe-
riod in Germany, France, Philippines, Spain, Canada, the
Netherlands, and Finland, with a bootstrap value of 97.
However, genotype B, which had been detected in the Unit-
ed States, Canada, Germany, France, and other countries
during the 2014 outbreak, was not found in Senegal.

The phylogenetic evidence indicates EV-D68 circula-
tion in Senegal, approximately concurrent with, but unre-
lated to, the large US outbreak in 2014. Results identified
EV-D68 activity from October through December 2014 in
Senegal, with peak EV-D68 detection occurring in Octo-
ber. This aligns with findings reported in countries in Eu-
rope (11); in North America, peaks were mapped in August

14

No. positive EV-D68
2 9 ® 5 ®

N

0 =
Sep Oct Nov

Figure 1. EV-D68 occurrence in Senegal, September-December
2014. A total of 708 nasopharyngeal samples were collected and
tested for EV-68 during this period: 225 in September (0 positive),
218 in October (12 positive), 193 in November (1 positive), and 72
in December (1 positive). EV-D68, enterovirus D68.
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in the United States (/3) and in September in Canada (/4).
These results suggest circulation of the virus in Senegal 2
months after the beginning of the outbreak in the United
States (/). This 2-month delay was also noted by Nathan-
iel et al. (/5) before the introduction of EV-D68 strains in
the Caribbean region. However, earlier EV-D68 circulation
was reported in Latin America (3,4) and Europe (5—7).

During the outbreak period, global circulation of EV-
D68 strains belonging to clade B (B1 and B2, specifical-
ly) and strains from Al and A2 subclades were reported
(1,7,11). All EV-D68 strains identified in Senegal for this
study belonged to subclade A1, unlike in the United States,
where clade B EV-DG68 strains circulated during almost the
same period. Phylogenetically, the US outbreak was char-
acterized by a novel subclade, B1, which emerged rapidly
and was the dominant strain. Available data indicate that
the exclusive circulation of clade A in Senegal during the
2014 outbreak was reported elsewhere only in Spain. In
contrast, Slovenia, Norway (/ /), the Caribbean region (15),
Mexico (4), and Chile (3) reported only clade B over the
same period.

Our study had some limitations. First, the inclusion
of fever as a clinical sign for the case definition may have
contributed to underestimating the number of EV-D68 in-
fections during the North America outbreak; several stud-
ies have reported cases of afebrile EV-D68 infections (/3).
A second limitation was the small number of severe acute
respiratory infection (SARI) cases in this study, because
a higher proportion of detected EV-D68 in SARI patients
or those with other concurrent conditions has been previ-
ously reported (5). At the time of data collection, the SARI
sentinel surveillance system we used was not as developed
as it is now. Inclusion in the screening of a larger number
of hospitalized patients would probably present a more ac-
curate picture of EV-D68 circulation. Finally, we conduct-
ed a retrospective study. The database we used contained
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Figure 2. Phylogenetic relationships among enterovirus D68 (EV-D68) strains detected in Senegal (blue) and other countries (black)

during the US outbreak period, September—December 2014. The phylogenetic tree based on nucleotide sequences of partial viral protein 1
genomic regions of EV-D68 strains was generated using the neighbor-joining method in MEGAG (http://www.megasoftware.net). Sequences
are identified by GenBank accession number, country, and period of detection. The phylogenetic tree is rooted by the oldest EV-D68
sequence in GenBank, the Fermon strain (pink), collected in 1962 in California, USA. We performed 1,000 bootstrap replicates to determine
the consensus tree; support for nodes present in >70% of the trees are annotated. Scale bar indicates nuclelotide substitutions per site.
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limited information on disease outcome, and atypical clini-
cal symptoms were not reported. Thus, the association be-
tween EV-D68 infections and severe clinical signs could
not be established.

Conclusions

Despite the study’s shortcomings, we have confirmed
circulation of EV-D68, exclusively of the Al lineage, in
Senegal at the time of the outbreak in the United States.
Our study also adds to the growing body of evidence that
EV-D68 may cause severe respiratory disease, especially
in children, even in those without underlying chronic respi-
ratory diseases. The detection of EV-D68 in a child with a
severe respiratory infection reinforces the need to include
this virus in SARI sentinel surveillance, which is focused
mainly on pediatric hospitalization. Through this system,
data on disease outcome, underlying complications, atypi-
cal clinical signs, duration of symptoms or hospitalization,
and treatment are routinely collected to better assess bur-
den. Additional research will be necessary to investigate
cases of acute flaccid paralysis to determine their relation-
ship with EV-D68 infections.
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Respiratory Syncytial Virus Infection in
Homeless Populations, Washington, USA

Jim Boonyaratanakornkit,' Seda Ekici,’
Amalia Magaret, Kathryn Gustafson,
Emily Scott, Micaela Haglund, Jane Kuypers,
Ronald Pergamit, John Lynch, Helen Y. Chu

Homelessness has not previously been identified as a risk
factor for respiratory syncytial virus (RSV) infection. We
conducted an observational study at an urban safety-net
hospital in Washington, USA, during 2012—2017. Hospital-
ized adults with RSV were more likely to be homeless, and
several clinical outcome measures were worse with RSV
than with influenza.

Respiratory syncytial virus (RSV) is increasingly rec-
ognized as a major pathogen in adults and shows a
disease burden comparable to that for influenza (/). No
vaccine is currently available. However, several vaccine
candidates against RSV are in clinical trials, and the el-
derly, those with chronic lung disease, infants, and immu-
nocompromised persons remain priority target populations
for prevention efforts (2,3).

Rates of homelessness are increasing in major ur-
ban centers because of lack of affordable housing and
slower wage growth (4). Homeless persons experience
higher rates of illness and death compared with the gen-
eral population, partly because of infectious diseases
from lack of access to sanitation, crowding in shelters,
untreated chronic medical conditions, and higher rates
of mental health issues and substance use (5). Studies
have described local outbreaks of rhinovirus and influ-
enza in homeless shelters (6). Identification of homeless
persons as an at-risk population for severe RSV disease
might guide prioritization strategies for RSV vaccines
and therapeutics as they become available. We aimed
to evaluate risk factors and clinical outcomes of adults
hospitalized with RSV infections versus those with in-
fluenza in an urban medical center serving a region that
had high rates of homelessness.

Author affiliations: University of Washington, Seattle, Washington,
USA (J. Boonyaratanakornkit, S. Ekici, A. Magaret, K. Gustafson,
E. Scott, M. Haglund, J. Kuypers, J. Lynch, H.Y. Chu); Harborview
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DOI: https://doi.org/10.3201/eid2507.181261
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The Study

We conducted a retrospective case—control study of adults
hospitalized with RSV and influenza at Harborview Medi-
cal Center (Seattle, WA, USA) during July 2012—June 2017.
This center is an academic tertiary medical center that func-
tions as the safety-net hospital for the Seattle metropolitan
area. We identified patients on the basis of laboratory records
of specimens containing influenza A/B virus and RSV by
using a rapid PCR assay (Focus Diagnostics, https://www.
focusdx.com) or the Xpert Xpress Flu/RSV test (Cepheid,
http://www.cepheid.com) (Appendix, https://wwwnc.cdc.
gov/ElD/article/25/7/18-1261-App1.pdf).

A total of 865 patients were hospitalized with RSV
infection (n = 157) or influenza A/B (n = 708) during July
2012—June 2017 (Table 1; Figure 1). We showed by mul-
tivariable analysis of risk factors for hospitalization with
RSV infection versus influenza that older age, homeless-
ness, having chronic obstructive pulmonary disease (COPD)
or asthma, and drug use were associated with an increased
odds ratio (OR) for RSV hospitalization compared with in-
fluenza (Table 1; Figure 2). Drug use showed a correlation
with homelessness (OR 5.18, 95% CI 3.17-8.46).

Overall, a higher proportion of adults hospitalized
with RSV infection were admitted to the intensive care unit
(ICU), readmitted within 30 days, and received any anti-
microbial drug compared with patients hospitalized with
influenza (Table 2). A total of 4% (7/158) of adults given
a diagnosis of RSV infection died during hospitalization,
compared with 3% (21/712) of those with influenza. Hav-
ing COPD/asthma was not correlated with antimicrobial
drug use (OR 1.07, 95% CI 0.71-1.60). Only 10% (4/40)
of patients with RSV infection who were readmitted within
30 days had a positive swab specimen for the same virus at
the second admission.

We sought to determine whether increased hospital
readmission after hospitalization for RSV infection had
other potential explanatory factors. We found by multi-
variable analysis that having RSV infection (OR 2.40,
95% CI 1.54-3.76) and homelessness (OR 2.06, 95% CI
1.31-3.24) remained associated with an increased odds of
hospital readmission. Because homelessness and RSV in-
fection increased the odds of readmission, persons at high-
est risk were homeless persons with RSV infection (OR 2.4

"These authors contributed equally to this article.
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RSV Infection in Homeless Populations

Table 1. Analysis of sociodemographic characteristics of patients admitted with RSV infection or influenza, Washington, USA,
2012-2017*

Univariable RSV vs. influenza, OR Multivariable

Characteristic RSV, n =157 Influenza, n = 708 p value (95% CI) p value
Age, y (range) 56.0 (18-93) 52.8 (18-100) 0.035 1.01 (1.00-1.02) 0.01
Male sex 100 (64) 433 (61) 0.590 - -
American Indian or Alaska Native 16 (10) 31 (4) 0.006 - -
Black or African American 26 (17) 201 (28) 0.002 - -
Homeless 50 (32) 137 (19) <0.001 2.00 (1.33-3.03) 0.001
Drug use 26 (17) 60 (8) 0.005 1.79 (1.06-3.03) 0.028
Asthma/COPD 32 (20) 95 (13) 0.034 1.67 (1.06-2.63) 0.027
Smoking 38 (24) 71 (10) <0.001 - -

*Values are no. (%) unless otherwise indicated. COPD, chronic obstructive pulmonary disease; OR, odds ratio; RSV, respiratory syncytial virus. —,

variable was excluded from multivariable analysis.

x 2.06 = 4.95 relative to housed persons with influenza).
Age (OR 1.00, 95% CI 0.99-1.02), having COPD/asthma
(OR 0.88, 95% CI1 0.47—-1.58), and drug use (OR 1.15, 95%
CI 0.62-2.13) were not correlated with readmission.

We found that 6.5% (24,452/374,672) of all patients
discharged from Harborview Medical Center during 2012—
2017 were homeless. In that same period, 32% (50/157)
of those with RSV infection were homeless, compared
with 19% (147/708) of those with influenza (p = 0.003),
3.4% (286/8,488) of patients with a urinary tract infection
(p<0.001), and 2.0% (25/1,278) of patients with an isch-
emic stroke (p<0.001).

Conclusions

In this study of adults hospitalized during 5 years in an
urban hospital, 32% of patients given a diagnosis of RSV
infection were homeless, compared with 6.5% of all pa-
tients hospitalized. Patients hospitalized with RSV infec-
tion were more likely to be older, homeless, drug users, or
have COPD/asthma compared with persons with influenza.
Homelessness has reached a national public health crisis,
and many homeless persons seek acute care in emergency
departments (9). The city of Seattle has the largest concen-
tration of homelessness per capita in the country (/0). Out-
breaks of infections with respiratory viruses have been de-
scribed in homeless shelters, in which transmission might

be facilitated by crowding, poor sanitation, and the ability
of RSV to spread through fomites (6,/7). Our findings for
RSV in this homeless population might be generalizable to
other urban public hospitals.

Several outcome measures were worse in patients
hospitalized for RSV infection than for influenza, includ-
ing 30-day readmission, admission to the ICU, and re-
ceipt of antimicrobial drugs. A previous study similarly
reported higher rates of ICU admission among patients
with RSV infection than for those with influenza (/2).
More severe disease might have led clinicians to prefer-
entially use antimicrobial drugs for patients hospitalized
with RSV infection compared with influenza. The higher
number of patients with RSV infection than influenza
admitted to the ICU supports this interpretation. These
results suggest that patients hospitalized with RSV infec-
tion might benefit from closer monitoring, follow-up, and
antimicrobial drug stewardship to prevent readmission
and overuse of antimicrobial drugs.

Homelessness and having RSV infection were inde-
pendent risk factors for hospital readmission, demonstrat-
ing that the higher risk for poor outcomes in homeless per-
sons was not simply explained by the disproportionately
higher number of diagnosis of RSV infection in this group.
All-cause readmission within 30 days is a major quality
metric used by the Centers for Medicare and Medicaid

100 - Figure 1. Detection of influenza
90 - — Influenza and RSV in adults hospitalized
at Harborview Medical Center,
80 1 — RSV Seattle, WA, USA, July 2012—
E 70 A June 2017. White bars below the
o 60 x-axis indicate RSV seasons;
Fu 50 A asterisks indicate weeks when
o cases of RSV infection peaked,
o 40 1 on the basis of Centers for
Z 30 Disease Control and Prevention
20 surveillance data in region 10
10 4 (Alaska, Idaho, Washington, and
. Oregon) (7,8) during 2012-2017.
01 5 15 25 35 45 8 18 28 38 48| 6 16 26 36 46 |4 14 24 34 44 717 RSV, respiratory syncytial virus.
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Figure 2. Sociodemographic
characteristics of patients hospitalized
with RSV infection or influenza across
5 seasons, 2012-2017, Washington,
USA. A) Age; B) homelessness; C)
drug use; and D) COPD or asthma.
Size of each circle indicates number of
patients for that data point: small circles
indicate <50 patients, medium circles
indicate 50-150 patients, and large
circles indicate >150 patients. COPD,
chronic obstructive pulmonary disease;
RSV, respiratory syncytial virus.
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Services and Hospital Quality Alliance (http://www.all-
healthpolicy.org/glossary/hospital-quality-alliance). Other
studies have found an association between lower education
and unemployment with rehospitalization and that most re-
hospitalizations were related to concurrent conditions (/3).

Limitations of this study include the retrospective
study design, limiting analysis to only hospitalized pa-
tients with RSV infection or influenza. The overall number
of hospitalizations annually for RSV infection and influ-
enza increased during 2012-2017 and was likely caused
by transition to on-site rapid testing, which might increase
provider uptake (/4). In addition, without hospitalized and
community controls who do not have influenza or RSV

infection and who are not homeless, we cannot definitively
conclude that homelessness is associated with a greater risk
for hospitalization for RSV infection compared with influ-
enza. The association might have 3 possible interpretations:
risk factors are associated with more severe disease caused
by RSV than influenza; risk factors are associated with a
higher risk for infection with RSV compared with influen-
za; or risk factors are associated with greater susceptibility
to RSV infection and disease compared with influenza. In
addition, this study was limited to a single site, although it
is representative of public, safety-net hospitals. Additional
limitations include clinician-initiated testing triggered by
influenza-like symptoms rather than for detection of RSV

Table 2. Clinical characteristics of patients admitted with RSV infection or influenza, Washington, USA, 2012-2017*

Characteristic RSV, n =158 Influenza, n =712 Univariable p value
Mean length of hospital stay, d 5.5 4.6 0.67

ICU admission 39 (25) 123 (17) 0.041

Mean length of ICU stay, d 3.5 3.6 0.86
Readmission within 30 d 40 (25) 79 (11) <0.001
Patients fitting SIRS criteria at admission 78 (49) 309 (43) 0.18
Antimicrobial drugs usedt 84 (53) 224 (31) <0.001
Steroids used 22 (14) 61 (9) 0.05
Deaths 7(4) 21 (3) 0.61

*Values are no. (%) unless otherwise noted. Four patients were admitted twice with influenza, and 1 patient was admitted twice with RSV infection. ICU,
intensive care unit; RSV, respiratory syncytial virus; SIRS, systemic inflammatory response syndrome.
TIncluded vancomycin, ceftriaxone, meropenem, azithromycin, levofloxacin, ciprofloxacin, amoxicillin, piperacillin/tazobactam, or ampicillin.
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infection, which is less likely to manifest with fever (/5).
Therefore, the true burden of RSV infection is likely higher
than identified in this study.

In conclusion, homeless persons might represent a
previously unrecognized population at increased risk for
poor outcomes caused by infection with RSV. An effec-
tive vaccine or therapeutic in adults could benefit this medi-
cally underserved population. Further data on the impact
of homelessness on respiratory virus infection severity
and outcomes are needed to guide public health strategies
and implementation.

Acknowledgments

We thank Ferric Fang and Tom Smith for providing assistance
with obtaining residual nasal swabs specimens, and Larissa
Lewis for reporting respiratory virus infections.

This study was supported by National Institutes of Health
grants T32-A1007044 (to J.B.), T32-AI118690 (to J.B.), and
K23-AI103105 (to H.Y.C.), and the University of Washington
Chair of Medicine Scholars Award (to H.Y.C.).

H.Y.C. has received research support from GlaxoSmithKline,
Novavax, Pfizer, and Sanofi.

About the Author

Dr. Boonyaratanakornkit is a senior fellow at the University of
Washington and the Fred Hutchinson Cancer Research Center,
Seattle, WA. His primary research interest is the epidemiology
and immunology of respiratory viruses.

References

1. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE.
Respiratory syncytial virus infection in elderly and high-risk adults.
N Engl J Med. 2005;352:1749-59. http://dx.doi.org/10.1056/
NEJMoa043951

2. Falloon J, YuJ, Esser MT, Villafana T, Yu L, Dubovsky F, et al.
An adjuvanted, postfusion F protein-based vaccine did not prevent
respiratory syncytial virus illness in older adults. J Infect Dis.
2017;216:1362-70. http://dx.doi.org/10.1093/infdis/jix503

3. Higgins D, Trujillo C, Keech C. Advances in RSV vaccine research
and development: a global agenda. Vaccine. 2016;34:2870-5.
http://dx.doi.org/10.1016/j.vaccine.2016.03.109

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 25, No. 7, July 2019

RSV Infection in Homeless Populations

4. Coleman V. Annual homeless count reveals more people sleeping
outside than ever before. The Seattle Times. May 31, 2018
[cited 2018 May 31]. https://www.seattletimes.com/seattle-news/
homeless/new-homeless-count-in-king-county-shows-spike-in-
number-of-people-sleeping-outside

5. Raoult D, Foucault C, Brouqui P. Infections in the homeless.
Lancet Infect Dis. 2001;1:77—84. http://dx.doi.org/10.1016/
S1473-3099(01)00062-7

6. Hadler SC, Castro KG, Dowdle W, Hicks L, Noble G, Ridzon R.
Epidemic intelligence service investigations of respiratory illness,
1946-2005. Am J Epidemiol. 2011;174(Suppl):S36-46.
http://dx.doi.org/10.1093/aje/kwr309

7. Rose EB, Wheatley A, Langley G, Gerber S, Haynes A. Respiratory
syncytial virus seasonality—United States, 2014-2017. MMWR
Morb Mortal Wkly Rep. 2018;67:71-6. http://dx.doi.org/10.15585/
mmwr.mm6702a4

8. Haynes AK, Prill MM, Iwane MK, Gerber SI; Centers for Disease
Control and Prevention. Respiratory syncytial virus—United
States, July 2012—June 2014. MMWR Morb Mortal Wkly Rep.
2014;63:1133-6.

9. Donovan S, Shinseki EK. Homelessness is a public health issue.
Am J Public Health. 2013;103(Suppl 2):S180.

10. Greenstone S. Seattle’s homeless crisis the worst in the country?
The Seattle Times. January 16, 2018 [cited 2019 Apr 3].
https://www.seattletimes.com/seattle-news/homeless/is-seattles-
homeless-crisis-the-worst-in-the-country

11. Hall CB. The nosocomial spread of respiratory syncytial viral
infections. Annu Rev Med. 1983;34:311-9. http://dx.doi.org/
10.1146/annurev.me.34.020183.001523

12.  Jasti H, Mortensen EM, Obrosky DS, Kapoor WN, Fine MJ.
Causes and risk factors for rehospitalization of patients hospitalized
with community-acquired pneumonia. Clin Infect Dis. 2008;
46:550-6. http://dx.doi.org/10.1086/526526

13.  Ackerson B, Tseng HF, Sy LS, Solano Z, Slezak J, Luo Y, et al.
Severe morbidity and mortality associated with respiratory
syncytial virus versus influenza infection in hospitalized older
adults. Clin Infect Dis. 2018; [Epub ahead of print].
http://dx.doi.org/10.1093/cid/ciy991

14.  Chu HY, Englund JA, Huang D, Scott E, Chan JD, Jain R, et al.
Impact of rapid influenza PCR testing on hospitalization and
antiviral use: a retrospective cohort study. J Med Virol.
2015;87:2021-6. http://dx.doi.org/10.1002/jmv.24279

15.  Colosia AD, Yang J, Hillson E, Mauskopf J, Copley-Merriman C,
Shinde V, et al. The epidemiology of medically attended respiratory
syncytial virus in older adults in the United States: A systematic
review. PLoS One. 2017;12:e0182321. http://dx.doi.org/10.1371/
journal.pone.0182321

Address for correspondence: Jim Boonyaratanakornkit, Harborview
Medical Center, MS 359779, Seattle, WA 98104, USA; email:
jboonyar@fredhutch.org

1411



RESEARCH LETTERS

Elizabethkingia bruuniana
Infections in Humans,
Taiwan, 2005-2017

Jiun-Nong Lin, Chung-Hsu Lai, Chih-Hui Yang,
Yi-Han Huang, Hsi-Hsun Lin

Author affiliations: E-Da Hospital, Kaohsiung, Taiwan (J.-N. Lin,
C.-H. Lai, Y.-H. Huang); I-Shou University, Kaohsiung (J.-N. Lin,
C.-H. Lai, Y.-H. Huang); Meiho University, Pingtung, Taiwan
(C.-H. Yang); Taipei Veterans General Hospital, Taipei, Taiwan
(H.-H. Lin)

DOI: https://doi.org/10.3201/eid2507.180768

Using 16S rRNA and rpoB gene sequencing, we identified
6 patients infected with Elizabethkingia bruuniana treated at
E-Da Hospital (Kaohsiung, Taiwan) during 2005-2017. We
describe patient characteristics and the molecular charac-
teristics of the E. bruuniana isolates, including their MICs.
Larger-scale studies are needed for more robust character-
ization of this pathogen.

he Elizabethkingia genus comprises gram-negative,

aerobic, nonmotile, nonspore-forming, nonfermenting
rod-shaped bacteria (/). This genus previously comprised
E. meningoseptica, E. miricola, and E. anophelis. In Au-
gust 2017, Nicholson et al. proposed adding 3 new species,
namely E. bruuniana, E. ursingii, and E. occulta, to this
genus (/). However, little information exists about these
species. In this study, we report the clinical characteristics
and demographics of a group of patients with E. bruuniana
infection in Taiwan and the molecular features of their E.
bruuniana isolates.

We conducted this study at E-Da Hospital, a 1,000-
bed university-affiliated medical center in Kaohsiung,
Taiwan; this study was approved by the institutional re-
view board of the hospital (no. EMRP-106-105). We
searched the hospital database to identify microbial cul-
tures performed during January 2005-December 2017
that yielded Elizabethkingia. The isolates were initially
identified by staff in the clinical microbiology laboratory
using API/ID32 phenotyping kits or VITEK MS (both
from bioMérieux, https://www.biomerieux.com). We re-
identified these species as Elizabethkingia using both 16S
rRNA and rpoB gene sequencing. The primers and meth-
ods we used for amplification and sequencing of the 16S
rRNA and rpoB genes were described previously (/,2).
We compared the assembled 16S rRNA gene sequences
with the nucleotide sequences of Elizabethkingia-type
strains present in GenBank. We considered isolates
with >99.5% similarity in the 16S rRNA gene sequence
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members of the same species, as recommended in a previ-
ous study (3). We constructed a phylogenetic tree using the
rpoB genes of the isolates exhibiting >99.5% 16S rRNA
gene sequence identity with the E. bruuniana type strain
GO0146". We calculated the average nucleotide identity
using OrthoANI (4) and computed in silico DNA-DNA
hybridization (DDH) using the Genome-to-Genome Dis-
tance Calculator (5), using the average nucleotide identity
value of >95% and the DDH value of >70% separately as
criteria for species delineation (4,5). We sequenced the
quinolone resistance—determining regions of DNA gyrase
(gyrA and gyrB) and topoisomerase IV (parC and parE)
to look for mutations associated with resistance (Appen-
dix Table, https://wwwnc.cdc.gov/EID/article/25/7/18-
0768-Appl.pdf).

For the 13-year period, we found 103 nondupli-
cate Elizabethkingia isolates in the database of the clini-
cal microbiology laboratory. Among these, 8 isolates
shared >99.5% 16S rRNA gene sequence identity with
E. bruuniana G0146", and an rpoB gene—based phyloge-
netic analysis revealed that 6 of the 8 isolates were more
closely related to E. bruuniana G0146" (Appendix Figure
1). We previously published the complete whole-genome
sequence of 1 of these 6 isolates, EM798-26 (GenBank
accession no. CP023746) (6). Using 16S rRNA gene se-
quence analysis, we initially identified this isolate as E.
miricola. Average nucleotide identity analysis demonstrat-
ed that EM798-26 and E. bruuniana G0146" share 97.7%
whole-genome similarity (Appendix Figure 2). Using in
silico DDH analysis, we predicted a DDH value of 81.7%
for EM798-26 and E. bruuniana G0146" (Appendix Fig-
ure 3). These results support that EM798-26 and the other
5 isolates (EM20-50, EM455-89, EM828-05, EM863-68,
and EM891-63) are E. bruuniana.

These 6 isolates were collected from 6 (4 male and 2
female) patients (Table) with a mean age of 71.7 (SD +11)
years. The sources of isolation included bronchoalveolar
lavage fluid (n = 2), blood (n = 2), urine (n = 1), and the
tip of the central venous catheter (n = 1). All infections
were healthcare associated. Two patients had septic shock,
and all patients had >1 concurrent medical condition,
such as hypertension, diabetes mellitus, or a malignancy.
Antimicrobial therapy included piperacillin/tazobactam,
trimethoprim/sulfamethoxazole, levofloxacin, or tigecy-
cline, either singly or in combination. None of the patients
died of E. bruuniana infection.

Most E. bruuniana isolates were resistant to -lactams,
B-lactam and lactamase inhibitors, carbapenems, amino-
glycosides, and trimethoprim/sulfamethoxazole (Table).
All isolates were susceptible to minocycline, 4 (67%) to
tigecycline and levofloxacin, and 2 (33%) to ciprofloxa-
cin. The antimicrobial susceptibility patterns we found are
similar to those of other Elizabethkingia spp. identified
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Table. Characteristics of patients infected with Elizabethkingia bruuniana, Taiwan, 2005-2017, and antimicrobial susceptibility of the

E. bruuniana isolates*

Patient no./isolate no.

Category No. 1/EM20-50 No. 2/EM455-89  No. 3/EM798-26 No. 4/EM828-05 No. 5/EM863-68 No. 6/EM891-63
Patient characteristics
Year of iliness 2005 2011 2015 2016 2016 2017
Age, y/sex 67/F 62/F 81/M 60/M 88/M 72/IM
Site of microbe Urine CVC tip Blood Blood BAL fluid BAL fluid
isolation
Clinical Urinary tract Septic shock Primary Primary Pneumonia Pneumonia,
manifestations infection bacteremia bacteremia septic shock
Underlying Cervical cancer, Maxillary Lymphoma, Brain Liver cirrhosis, Esophageal
conditions hypertension osteosarcoma, chronic kidney meningioma, hypertension,  cancer, diabetes
hypothyroidism, disease stroke, CHF mellitus,
hypertension hypertension hypertension
Treatment TMP/SMX TZP Levofloxacin ~ TZP, levofloxacin ~ Levofloxacin Tigecycline,
levofloxacin
Outcome Survived Survived Survived Survived Survived Survived
MIC, mg/Lt
Piperacillin 64 64 >64 64 >64 64
TZP 32/4 >128/4 32/4 32/4 64/4 128/4
Ceftazidime >16 >16 >16 >16 >16 >16
Cefepime >32 >32 >32 >32 >32 >32
Ceftriaxone >32 >32 >32 >32 >32 >32
Aztreonam >16 >16 >16 >16 >16 >16
Imipenem >8 >8 >8 >8 >8 >8
Meropenem >8 >8 >8 >8 >8 >8
Gentamicin 8 8 4 8 4 8
Tobramycin >8 >8 >8 >8 >8 >8
Amikacin <8 32 16 >32 16 32
Tetracycline >8 >8 >8 >8 >8 >8
Minocycline <1 <1 <1 4 <1 <1
Tigecycline <1 8 2 4 <1 <1
Ciprofloxacin 1 2 2 >2 2 1
Levofloxacin <1 8 <1 >8 <1 <1
TMP/SMX >4/76 >4/76 >4/76 >4/76 >4/76 >4/76

*BAL, bronchoalveolar lavage; CHF, congestive heart failure; CVC, central venous catheter; TMP/SMX, trimethoprim/sulfamethoxazole; TZP,

piperacillin/tazobactam.

tLight gray shading indicates intermediate susceptibility; dark gray, susceptible isolates; no shading, resistant isolates.

in previous studies (7—/0). For example, reports from the
United States, Hong Kong, and South Korea have revealed
that E. anophelis and E. meningoseptica were frequently
resistant to most B-lactams, including ceftazidime, ceftri-
axone, and imipenem, but showed variable susceptibility
to piperacillin/tazobactam, cefepime, ciprofloxacin, and
levofloxacin (7—10).

To investigate the association between target gene mu-
tations and fluoroquinolone resistance, we examined the
mutations present in quinolone resistance—determining re-
gions in these 6 isolates. We did not find nonsynonymous
substitutions in the quinolone resistance—determining re-
gions of gyrd, gyrB, parC, and parE, which suggests that
mutations in these genes are not the cause of fluoroquino-
lone resistance.

In summary, our study demonstrates the clinical mani-
festations of E. bruuniana infection and the molecular char-
acteristics of the pathogen. Because cases in our study were
limited in number, further large-scale studies are necessary
to investigate the antimicrobial susceptibility patterns of
E. bruuniana and elucidate the clinical characteristics and
treatment of E. bruuniana infection.
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We report a case of enterovirus C105 infection in an
11-year-old girl with lower respiratory tract symptoms that
was identified through the Respiratory Virus Surveillance
System, which covers 30 sentinel hospitals in all 16 districts
of Beijing, China. The presence of this virus strain in China
confirmed its geographically wide distribution.

Enteroviruses are small, nonenveloped RNA viruses that
cause illnesses in humans ranging from mild to severe
(I). Fifteen species of enterovirus are known, 7 of which
are known to infect humans. These species include entero-
virus A-D and rhinovirus A—C (/,2). The newly emerging
genotype C105 (EV-C105) represents a novel monophy-
letic clade of enterovirus C; this strain was identified in
2010 in the Democratic Republic of the Congo (strain 34S)
(3,4). EV-C105 cases from Italy (Pavia/8376, Pavia/9095),
Romania (ROM31), the United States (USA/OK/2014-
19362), New Zealand (strains not available), and Burundi
(BU77, BUS) have been identified and characterized, sug-
gesting that the spread of EV-C105 could be wider than
previously hypothesized (5). Here, we report a detected
case of EV-C105 in an 11-year-old girl with lower respira-
tory tract symptoms in Beijing, China.

The Beijing Center for Disease Prevention and Con-
trol established the Respiratory Virus Surveillance System
(RVSS) in 2014. The RVSS tracks patients with respiratory
tract infections (RTIs) and pneumonia in 30 sentinel hos-
pitals throughout Beijing. The RVSS is an active system,
designed to alert for future outbreaks of respiratory infec-
tions. To study enterovirus infections, we tested 24,093
clinical specimens (nasopharyngeal swab, sputum, and al-
veolar lavage fluid) from patients with RTIs that were re-
ported through RVSS during June 2014-December 2017.
RVSS classifies persons <14 years of age as children and
those >14 years of age as adults. The ages of the reported
patients ranged from 8 months to 93 years (median 33.5
years, mean 37.9 years).

We screened all samples using real-time PCR for in-
fluenza virus, parainfluenza virus types 1-4, respiratory
syncytial virus, coronaviruses (229E, NL63, HKUI1, and
0C43), metapneumovirus, adenovirus, bocavirus, and en-
teroviruses (6). Overall, 445 (445/7,122; 6.2%) children
and 276 (276/16,971; 1.6%) adults were positive for en-
terovirus or other respiratory viruses.

We further genotyped enterovirus-positive samples with
primers sequentially targeting the viral protein (VP) 1 region
(7,8). We obtained a 699-nt amplicon of EV-C105 from a
nasopharyngeal swab sample collected at the time of a hos-
pital visit (GenBank accession no. KX910099). The patient
was an 11-year-old girl with no underlying disease who was
brought to the outpatient clinic of the Beijing Children’s
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Figure. Phylogenetic tree
of EV-C105 from a patient
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Hospital on May 23, 2016, with an 8-day history of fe-
ver (highest temperature 38.7°C), coughing, and difficulty
breathing. Blood tests in the clinic showed total leukocyte
count 1.41 x 10'° cells/L; neutrophils, 79.2%; lymphocytes,
12.1%; total platelet count, 5.2 x 10"/L; and hemoglobin,
130 g/L. Chest radiographs showed thickness or turbulence
in the texture in both lungs, which was diagnosed as pneu-
monia. She received supportive treatment and received an-
timicrobial drugs empirically before being sent home the
same day. She was not hospitalized during her illness. Ac-
cording to a follow-up survey, she recovered 14 days later.
We detected no other respiratory pathogens in this patient.

BLAST analysis (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) of the amplicon (Beijing-R2759) showed that the se-
quences had 98% identity with the USA/OK/2014—-19362
strain (GenBank accession no. KX276189.1) and 91.4%
with the reference prototype genotype (EV-C105 strain
348S; accession no. JX514943). Phylogenetic analysis of
the VP1 gene performed with MEGA version 6.06 soft-
ware (http://www.megasoftware.net) showed that Beijing-
R2759 belonged to genotype EV-C105.

To further characterize this virus strain, we amplified
the genome sequence directly from the nasopharyngeal
swab sample using reverse transcription PCR with overlap-
ping primers; we sequenced each amplicon 4 times using
the Sanger method. We assembled sequences using La-
sergene version 5.01 (DNAStar Inc., https://www.dnastar.
com). The genome of Beijing-R2759 (GenBank accession
no. MH229997) was 7,316 nt, including 6,618 nt in open
reading frame. The EV-C105 polyprotein sequence for this
strain shares 96.6%-99.4% amino acid identity with 8 of
the EV-C105 sequences in GenBank: 96.6% with acces-
sion no. KM880097 (Burundi); 96.8% with accession no.
KM880096 (Burundi); 97.7% with accession no. JX393302
(Peru); 98.5% with accession no. JX514943 (Republic of
the Congo); 98.6% with accession no. KM880098 (Italy);
98.8% with accession no. KM880099 (Romania); 99.3%
with accession no. KX276189 (United States); and 99.4%
with accession no. KM880100 (Italy).
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The full length of the Beijing-R2759 VP1 gene was
888 nt. The deduced amino acid sequence in VP1 had
94.9%—100% identity with those from Italy, Peru, Repub-
lic of the Congo, and the United States. Alignment results
analysis of VP1 aa sequences showed differences between
the strains isolated in this study (Met?, Asp'3#, Ser®”) and
EV-C105 strain 34S (Val®, Glu'*®, and Ala?"). In this study,
we grouped Beijing-R2759 with the strain obtained from
the United States in 2014 (Figure). We observed a similar
relationship in the phylogenic tree of the VP1 gene. These
findings indicate that Beijing-R2759 is closely related to
the EV-C105 strain reported in the United States.

Our report confirms that the distribution of EV-C105
is geographically wider than previously believed. A greater
awareness of EV-C105 may enable improved detection of
this virus (9). In addition, our findings show the utility of
the RVSS in assessing the patterns of circulation of entero-
virus genotypes and detecting enterovirus outbreaks for the
purpose of early warning.
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The distribution of the chytrid fungus Batrachochytrium
salamandrivorans continues to expand in Europe. During
2014-2018, we collected 1,135 samples from salamanders
and newts in 6 countries in Europe. We identified 5 cases of
B. salamandrivorans in a wild population in Spain but none
in central Europe or the Balkan Peninsula.

hytridiomycosis, an amphibian disease caused by the

chytrid fungi Batrachochytrium dendrobatidis and B.
salamandrivorans, is responsible for declines of amphib-
ian populations worldwide (/). The recently discovered B.
salamandrivorans (2) is severely impacting salamanders
and newts in Europe (3,4). This emerging fungal pathogen
infects the skin of caudates and causes lethal lesions (2). It
most likely was introduced to Europe by the pet salamander
trade from Southeast Asia (3). In Europe, the Netherlands,
Belgium, and Germany have confirmed B. salamandriv-
orans in wild caudates; the United Kingdom, Germany,
and Spain have confirmed the fungus in captive animals
(3,6). Several countries have established trade regulations
() and a recent European Union decision, no. 2018/320,
implements measures to protect against the spread of B.
salamandrivorans via traded salamanders (7). The World
Organisation for Animal Health listed infection with B.
salamandrivorans as a notifiable disease in 2017. In ad-
dition to controlling the amphibian pet trade, surveillance
of the pathogen is urgently needed to establish disease in-
tervention strategies in affected areas and prevention in B.
salamandrivorans—free regions.

During 2014-2018, we collected 1,135 samples directly
for the detection of B. salamandrivorans or as a part of unre-
lated studies. Samples came from 10 amphibian species at 47
sites in 6 countries in Europe. Most samples came from the
fire salamander, Salamandra salamandra, which is a known
suitable host for B. salamandrivorans (3), and the palmate
newt, Lissotriton helveticus, which is known to be resistant
to B. salamandrivorans (Appendix Table 1, http://wwwnc.
cde.gov/ElD/article/25/7/18-1001-App1.pdf).

Most samples were skin swabs collected by following
the standard procedure for sampling of amphibian chytrid
fungi (8). A smaller portion of samples was toe clippings
(Appendix Table 2). We extracted genomic DNA following
the protocol of Blooi et al. (9), and 2 laboratories with dif-
ferent equipment tested for B. salamandrivorans. Samples
from Spain and the Czech Republic initially were analyzed
at the Czech University of Life Sciences (Prague, Czech
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Republic) by standard PCR with B. salamandrivorans—
specific primers STerF and STerR, as described by Martel
et al. (2), with subsequent electrophoresis on the ampli-
fied target. We reanalyzed samples that produced positive
or equivocal results by using duplex quantitative PCR
(qPCR) for B. dendrobatidis and B. salamandrivorans (9)
at the University of Veterinary and Pharmaceutical Scienc-
es (Brno, Czech Republic). Trenton Garner of the Institute
of Zoology, Zoological Society of London (London, Eng-
land), provided DNA for quantification standards of the B.
dendrobatidis GPL lineage, strain IA042, and An Martel
of Ghent University (Ghent, Belgium) provided quantifica-
tion standards of B. salamandrivorans.

We directly analyzed samples from other countries by
gPCR. We used negative and positive controls for standard
PCR analyses and quantification standards for qPCR analy-
ses. For B. dendrobatidis— or B. salamandrivorans—posi-
tive sites, we estimated prevalence and Bayesian 95% Cls
using 3 parallel Markov chains with 2,000 iterations each,
a burn-in of 1,000 iterations, and no thinning (Appendix
Table 1). We performed all statistical analyses in R 3.3.1
using the RZWinBUGS package and WinBUGS 1.4.3 (10).

Samples from 5 L. helveticus newts tested positive
for B. salamandrivorans, implying that this species is
not resistant to this fungus as previously indicated by ex-
perimental exposures (3). The positive cases were found
in populations from an isolated area encompassing 2 dif-
ferent regions in northern Spain, Cantabria and Asturias,
with remote human populations. Four cases were found in
livestock drinking troughs located 150—1,000 m above sea
level, and 1 case was found in a pond in a private garden,
30 km from the nearest recorded case. We did not find B.
salamandrivorans—positive cases in consecutive locations
during our monitoring.

Although B. salamandrivorans cases have been re-
ported in captive salamanders (6), our reported cases were
>1,000 km from any area of known B. salamandrivorans
occurrence (7). We also detected B. dendrobatidis by du-
plex qPCR in 11 samples from 3 newt species (L. helve-
ticus, L. vulgaris, and Triturus cristatus) from Spain and
Montenegro and 1 captive Cynops ensicauda newt from the
Czech Republic. The B. dendrobatidis—positive cases did
not involve co-infection with B. salamandrivorans.

We confirmed that the known distribution of B. sala-
mandrivorans continues to expand in Europe, indicating
that this fungus might be capable of dispersing over long
distances (4), might be introduced by humans, or might
even have been circulating in this geographic range with
no detected deaths. Our results should alert the research
and conservation community and motivate urgent action to
identify regions with early emergence of the disease and
implement mitigation measures to prevent further spread
of this deadly pathogen.
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We detected Crimean-Congo hemorrhagic fever virus in a
Hyalomma rufipes nymph collected from a whinchat (Saxi-
cola rubetra) on the island of Ventotene in April 2017. Partial
genome sequences suggest the virus originated in Africa.
Detection of the genome of this virus in Italy confirms its
potential dispersion through migratory birds.

Crimean-Congo hemorrhagic fever virus (CCHFV) is a
vectorborne virus responsible for severe illness in hu-
mans, whereas other mammals usually act as asymptomatic
reservoirs. The virus is transmitted through tick bites or by
direct contact with blood or body fluids of infected verte-
brate hosts. CCHFYV, an Orthonairovirus within the Nairo-
viridae family, has a negative-sense tripartite RNA genome
characterized by high genetic diversity. The sequences of
the circulating strains cluster in 6 genotypes (I-VI) reflect-
ing their geographic origin; worldwide distribution is the
result of efficient dispersion through migratory birds, hu-
man travelers, and the trade and movement of livestock and
wildlife (/,2). In Europe, CCHFV distribution was limited
to the Balkan region until 2010, when the virus was iden-
tified in ticks collected from a red deer (Cervus elaphus)
and, 6 years later, in 2 autochthonous human cases in the
same region of Spain (3). Sequences from the Iberia strains
clustered in the Africa genotype III (4), supporting the hy-
pothesis of CCHFV dispersion through ticks hosted by mi-
grating birds.

The role of birds in the potential spread of the virus
was confirmed by CCHFV detection in ticks collected from
migratory birds in Greece in 2009 (5) and Morocco in 2011
(6). Because Italy hosts an intense passage of birds migrat-
ing along major routes connecting winter quarters in Africa
and breeding areas in Europe, the country is potentially
exposed to the risk for virus introduction. We report the
detection of CCHFV RNA in a tick collected in Italy from
a migratory bird.

We conducted tick sampling during March—-May 2017
on the island of Ventotene, where a ringing station has been
operating since 1988 as part of the Small Islands Project, a
large-scale and long-term effort to monitor spring migra-
tions of birds across the central and western Mediterranean.
We ringed 5,095 birds and checked =80% for ectoparasites.
We collected 14 adults, 330 nymphs, and 276 larvae from
268 passerines belonging to 28 species; 18 species were
trans-Saharan migrants. We stored ticks in 70% ethanol
until morphologic identification and assignment to a genus
or, whenever possible, a species (7). We then individually
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homogenized the ticks and extracted nucleic acids by us-
ing the Maxwelll6eLEV simplyRNA Blood Kit with a
Maxwelll6 Instrument (Promega, https://twitter.com/pro-
mega). We assayed purified nucleic acids for the presence of
CCHFV RNA and to refine the morphologic identification
of the immature ticks. We used the RealStar CCHFV RT-
PCR Kit 1.0 (Altona Diagnostics, https://www.altona-diag-
nostics.com) to reveal viral RNA and conducted molecular
tick species identification by sequencing 340 bp of the 12S
rDNA sequence (8). We detected CCHFV RNA in a half-fed
nymph of Hyalomma rufipes, a member of the H. margin-
atum complex, collected from a whinchat (Saxicola rube-
tra), a trans-Saharan migratory bird distributed across Eu-
rope and western Asia that winters mainly in central Africa.

We further sequenced the sample by using the Illu-
mina Next 500 platform (Illumina, https://www.illumina.
com) with a slightly modified sequence-independent
single-primer amplification protocol. We cleaned and
denovo assembled raw reads by using SPADES 3.11 (http://
cab.spbu.ru/software/spades). We identified 18 partial but
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reliably assembled contigs (97%-99% identity) that could
be definitely assigned to CCHFV. We aligned partial se-
quences from small (485 bp) and medium (1,374 bp)
segments with 13 virus sequences representative of the 6
circulating virus genotypes. We performed cladistics anal-
ysis by using MEGA7 (https://www.megasoftware.net).
Whatever the genome segment involved, the cladograms
revealed that the strain identified in Italy originated in Af-
rica and had a close affinity with those strains segregated
in genotype III (Figure) but excluded a direct introduction
from eastern Europe.

The origin of the introduction of this virus is further
supported by the geographic distribution of the infected
tick, identified as H. rufipes. Adults of this species have
been sporadically collected in Europe (9,70) but are mainly
distributed in sub-Saharan Africa, whereas H. marginatum
ticks are autochthonous in many Mediterranean countries.
H. marginatum and H. rufipes ticks are competent vectors
for CCHFV (2) and are characterized by a 2-host cycle,
with birds usually acting as hosts of immature stages.

Figure. Cladistic relationship of
Crimean-Congo hemorrhagic fever
virus gene found in a Hyalomma
rufipes nymph collected from a
whinchat (Saxicola rubetra) in
Italy (black triangles) with strains
representative of the circulating
genotypes. The analysis is based
on partial sequences of the
small segment (A) and medium
segment (B) of the virus genomes.

We used the neighbor-joining
i| Gt Vi method based on the Tamura-Nei

model. Percentage of replicate
i| Gtl trees in which the associated

taxa clustered together in the
bootstrap test (1,000 replicates) is
shown next to the branches. The
analysis involved 14 nucleotide
sequences. Codon positions
included were first, second, third,
and noncoding. All positions
containing gaps and missing data
have been eliminated. A total of
485 positions (small segment) and
1,374 positions (medium segment)
were included in the final dataset.
GenBank accession numbers are
provided. Gt, genotype.
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Larvae feed on birds and molt to become nymphs, re-
maining on the same avian host up to 26 days, a period
that usually lasts until the trans-Saharan migrating birds
have reached Europe (/). Thus, the half-fed nymph prob-
ably was attached to the whinchat when migration started.
Nymphs drop off the bird only after completion of the
blood meal and molt on the ground before attaching to
their second, final hosts, which are usually large mammals,
including humans.

Although detection of virus genome does not neces-
sarily imply the presence of live virus that is able to spread
locally, our findings, consistent with the recent autochtho-
nous cases in Spain, underscore the need to monitor any
introduction and circulation of CCHFV in southwestern
Europe. Such monitoring should focus on sites where mi-
grants rest or nest and where a local population of com-
petent ticks and their hosts interact. Raising awareness of
possible outbreaks should also include specific surveillance
and contingency plans focused on categories of persons
and animals at elevated risk for CCHFV infection.
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We report a sheep infected with Echinococcus canadensis
G8 tapeworm in China in 2018. This pathogen was previ-
ously detected in moose, elk, muskox, and mule deer in Eu-
rope and North America; our findings suggest a wider host
range and geographic distribution. Surveillance for the G8
tapeworm should be conducted in China.
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Cystic echinococcosis (CE) is a zoonotic disease of
worldwide distribution that causes disease, death, and
economic loss in many domestic and wildlife ungulates and
carnivore species, as well as in humans. Animals and hu-
mans can become infected through the accidental ingestion
of Echinococcus tapeworm eggs (/,2). Echinococcus granu-
losus sensu stricto (G1, G3) tapeworms are considered the
major cause of CE globally; however, cases attributable to
E. canadensis genotypes within the E. granulosus tapeworm
complex are increasingly being recognized (3). Overall, E.
canadensis tapeworms comprise 4 genotypes (G6, G7, G8,
G10), although the taxonomy is still being debated (4). E.
canadensis G8 tapeworms were initially identified in 1994 in
a moose (Alces alces) in Minnesota, USA (Appendix Table,
https://wwwnc.cdc.gov/EID/article/25/7/18-1585-Appl.
pdf). Then, in 2002, two infections were reported in hu-
mans in Alaska. G8 tapeworms have also been found in elk
(Cervus canadensis, 2006) and muskox (Ovibos moschatus,
2013) in Canada. Updated epidemiologic data show infec-
tions have also occurred in Estonia moose (2008), Russia
moose (2013), and a US mule deer (Odocoileus hemionus,
2018). As of April 2019, at least 4 species (moose, elk, mus-
kox, and mule deer) have been proven to serve as intermedi-
ate hosts of G8 tapeworms in Europe and North America. We
report a potential new public health threat regarding sheep
(Ovis aries) infected with E. canadensis G8 tapeworms in
China and highlight the potential wider host range and geo-
graphic distribution of this species.

RESEARCH LETTERS

During 2017, we conducted a molecular epidemiolog-
ic survey of CE in northwestern China and collected 277
hydatid cysts from sheep (78 from Qinghai-Tibet Plateau,
60 from Xinjiang Autonomous Region) and yaks (Bos
mutus; 139 from Qinghai-Tibet Plateau) at local slaugh-
terhouses. During sampling, we handled all animals in
strict accordance with the animal welfare laws of China.
We genotyped the hydatid cysts using the partial mito-
chondrial cox/ gene sequence, as described previously
(5), and found that most cyst specimens were represented
by E. granulosus G1 and G3 tapeworms (data not shown),
and 1 sheep cyst was diagnosed as an E. canadensis G8—
like tapeworm infection (herein designated sheep-XN)
(Appendix Figure 1, panel A). To further investigate the
genotype of tapeworm sheep-XN, we amplified the full-
length cox/ gene (1,608 bp) and the mitochondrial nadl
gene (894 bp), a method proven effective for Echinococ-
cus tapeworm genotyping (4). This analysis verified that
sheep-XN clustered with E. canadensis G8 tapeworms
(Appendix Figure 1, panel B). However, given that partial
mitochondrial DNA (mtDNA) sequences are insufficient
to identify genotype (because of limited loci information)
(6), we amplified the complete mtDNA of sheep-XN and
compared it with Echinococcus mtDNA sequences from
GenBank. The resulting phylogenetic tree showed the
same topologic structure as that acquired when using the
coxl and nadl genes, suggesting that sheep-XN was an E.
canadensis G8 tapeworm (Figure).
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Figure. Phylogenetic analysis of Echinococcus species of different genotypes, strains, and host origins, including the E. canadensis

G8 tapeworm identified in a sheep in China, 2018. Phylogenetic trees were inferred by maximum-likelihood analysis on the basis of
concatenated amino acid data of 12 protein-coding genes by using the Jones-Taylor-Thornton model (A) and concatenated nucleotide data
of 12 protein-coding genes by using the Tamura-Nei model (B) in MEGA?7.0 (https://www.megasoftware.net). The reference species Taenia
solium was used as the outgroup. We performed bootstrapping with 1,000 replicates to calculate the percentage reliability for each node in
both data sets; only values of >50% are shown. Tree branch lengths are proportional to the evolutionary distance. The box contains the

E. canadensis G8 tapeworm identified in this study (GenBank accession no. MH791328) and its closest relative from a moose in the United
States (GenBank accession no. AB235848). Sheep shown in white represents a potential new intermediate host of E. canadensis G8.
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We confirmed that the sheep-origin hydatid cyst was
E. canadensis G8 tapeworm (Appendix Figure 1, panel
C) and suggest that this pathogen potentially poses a new
public health threat on the Qinghai-Tibet Plateau of Chi-
na, where human echinococcosis is prevalent. Previous
research has shown that sterile cysts usually result when
Echinococcus spp. infect species not commonly infected
(7). However, for the sheep-origin cyst, we found numer-
ous protoscoleces in the hydatid fluid, indicating the cyst
was fertile. Thus, sheep might serve as another intermedi-
ate host of the E. canadensis G8 tapeworm in nature and
spread protoscoleces to definitive hosts, posing a threat to
local herdsmen and livestock.

G6 and G7 tapeworms can circulate through the do-
mestic cycle (in animals such as camels, pigs, and dogs)
or the sylvatic cycle (in animals such as reindeer and
wolves), and G8 and G10 tapeworms are generally be-
lieved to be restricted to the sylvatic cycle in circumpo-
lar regions (Appendix Table) (2,8). Our finding of an E.
canadensis G8 tapeworm in a sheep in China should not
only alert the local population to be aware of this patho-
gen but also contributes to the discussion concerning E.
canadensis tapeworm taxonomy. Further research is re-
quired to determine the transmission dynamics of this
pathogen and determine whether the domestic life cycle
of E. canadensis G8 tapeworm (circulation through sheep
and dogs) has been or is present.

Since 2017, a mandatory vaccination campaign of sheep
and goats with the CE vaccine EG95 has been sponsored in
high-prevalence areas of China because of China’s policy,
the National Medium- and Long-Term Plan for Animal Dis-
ease Control (2012-2020) (9). However, EG95 was devel-
oped against the E. granulosus G1 tapeworm (/0) and might
not provide effective protection against the E. canadensis G8
tapeworm. Our findings indicate the G8 tapeworm might be
prevalent in sheep in China, suggesting a wider host range
and geographic distribution (Appendix Table; Appendix Fig-
ure 2). Thus, we propose the need for increased surveillance
of the E. canadensis G8 tapeworm in China and that integra-
tion of this pathogen into ongoing echinococcosis programs
is essential for tapeworm prevention and control.

This work was supported by grants from the Key Technology
Research and Development Program of Sichuan Province in
China (grant no. 2015NZ0041) and the National Natural Science
Foundation of China (grant no. 31672547).
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We detected Francisella tularensis and Bartonella spp. in
fleas parasitizing common voles (Microtus arvalis) from
northwestern Spain; mean prevalence was 6.1% for F. tula-
rensis and 51% for Bartonella spp. Contrasted vector—host
associations in the prevalence of these bacteria suggest
that fleas have distinct roles in the transmission cycle of
each pathogen in nature.

dynamic prevalence of Francisella tularensis and Bar-

onella spp. was reported in irruptive common vole
(Microtus arvalis) populations during 2013-2015 from ag-
ricultural landscapes of northwestern Spain (/,2). In that
area, notifiable tularemia has been endemic since 1997,
and human cases periodically occur during outbreaks in
voles (3,4). Prevalence of F. tularensis and Bartonella spp.
in voles increases with vole density (/,2), highlighting the
key role of fluctuating rodents in shaping zoonoses dynam-
ics (/-4). Rodent ectoparasites often play a major role in
transmitting zoonotic pathogens. In the population studied,
ticks rarely infest voles (2% prevalence), whereas fleas are
much more prevalent (68%) (2). Nevertheless, any poten-
tial role for vole fleas in the circulation of F. tularensis or
Bartonella spp. in natural environments remains unknown.
To elucidate realistic transmission route scenarios in host-
dynamic environments (5—8), we investigated whether zoo-
notic bacteria occur concomitantly in voles and fleas.

Our main goal was to study the prevalence of F. tula-
rensis in fleas collected from voles previously tested for
tularemia (7). We screened flea DNA in search of 6 main

'Current affiliation: Ben-Gurion University of the Negev, Midreshet
Ben-Gurion, Israel.

2These authors contributed equally to this article.
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zoonotic bacteria simultaneously (Anaplasma phagocyto-
philum, Bartonella spp., Borrelia spp., Coxiella burnetii, F.
tularensis, and Rickettsia spp.), following the same molecu-
lar procedure (multiplex PCR) (9) previously used to screen
vole pathogens (/,2). Voles and fleas were live-trapped in
northwestern Spain during March 2013—March 2015 (Ap-
pendix, https://wwwnc.cdc.gov/ElD/article/25/7/18-1646-
Appl.pdf). We collected fleas from each individual vole
and identified and grouped them in pools (pool = total fleas/
vole). Three flea species parasitize common voles in the
area: Ctenophthalmus apertus, Nosopsyllus fasciatus, and
Leptopsylla taschenbergi (2). We screened monospecific
pools (all fleas in a pool belonged to the same species and
came from the same vole host), for a sample size of 90 vole
hosts (pools) and 191 fleas. We screened 78 C. apertus fleas
(39 pools) and 113 N. fasciatus fleas (51 pools). Among
the 90 voles providing fleas, 27 were F. tularensis PCR—
positive; the remaining 63 were negative (/). Of these same
90 voles, 45 were Bartonella PCR—positive and 45 were
negative. Seventeen were positive for both F. tularensis and
Bartonella spp. (2).

Flea pools had an average of 2.12 fleas (range 1-9);
however, most (>70%) contained 1 (51%) or 2 (22%) fleas
(Table). We did not detect DNA from pathogens other than
F. tularensis and Bartonella spp. in fleas. Three (3%) flea
pools harbored F. tularensis DNA; we estimated the over-
all prevalence at 6%. F. tularensis prevalence in both flea
species was low (1 positive pool of 51 in N. fasciatus and
2 of 39 in C. apertus). All F. tularensis PCR—positive flea
pools came from F tularensis PCR—positive voles, and
prevalence of F. tularensis in fleas was significantly as-
sociated with its prevalence in voles (analysis of variance
[ANOVA], R*=0.072,F . | (= 6.81;p=0.011). Of note,
all fleas containing F. tularensis DNA were collected dur-
ing July 2014, when vole populations reached top densities
and tularemia prevalence peaked among them (33%) (/).
The low prevalence of F. tularensis detected in fleas car-
ried by infected hosts (3 of 27 pools) and the detection of
infected flea pools only when abundance of the bacterium
in the environment was highest (during vole peaks) (/,4)
suggest that the quantitative role of fleas in the circulation
of F. tularensis might be modest.

Conversely, the role of fleas in the circulation of Bar-
tonella spp. seems much more relevant. We detected Bar-
tonella spp. in 28 (37%) flea pools and in both flea species
(37% of N. fasciatus and 23% of C. apertus) (Table). We
detected Bartonella spp. in fleas collected from Bartonella
PCR—positive and Bartonella PCR—negative voles in near-
ly equal proportions (51% vs. 44%) (Table). The average
prevalence of Bartonella spp. in fleas was not associated
with its prevalence in voles (ANOVA, R? = 0.000, Foos.1.ss
= 0.53; p = 0.467). We found a higher Bartonella spp.
prevalence in N. fasciatus (65%) than in C. apertus (33%).
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Table. Detection of Francisella tularensis and Bartonella spp. in 2 species of fleas from live common voles (Microtus arvalis),

northwestern Spain, 2013-2015*

Flea pools Fleas
F. Bartonella F. tularensis Bartonella spp.
tularensis— spp.— prevalence, % prevalence, %
Voles Flea species No. positive, % positive, % No. (range) (range)
All All 90 3.3 31.1 191 6.1(3.3-8.8) 51.1([31.1-71.1)
Nosopsyllus fasciatus 51 2.6 37.3 113 6.9 (3.9-9.8) 64.7 (37.3-92.2)
Ctenophthalmus apertus 39 3.9 23.1 78 5.1 (2.6-7.7) 33.3 (23.1-43.6)
F. tularensis—negative All 63 127 0
N. fasciatus 32 71 0
C. apertus 31 56 0
F. tularensis—positive All 27 64 20.4 (11.1-29.6)
N. fasciatus 19 42 18.4 (10.5-26.3)
C. apertus 8 22 25.0 (12.5-37.5)
Bartonella spp.—negative All 45 93 44.4 (26.7-62.2)
N. fasciatus 21 53 71.4 (38.1-100)
C. apertus 24 40 20.8 (16.7-25.0)
Bartonella spp.—positive All 45 98 51.1 (31.1-71.1)
N. fasciatus 30 60 60 (36.7-83.3)
C. apertus 15 38 53.3 (33.3-73.3)
*Blank cells indicate that nothing can be calculated for that option.
We identified 3 Bartonella species among fleas (B. taylo- About the Author

rii [17%], B. grahamii [14%], and B. rochalimae [3%)),
as well as mixed infections (Appendix). These findings are
in accordance with other research showing fleas as a main
vector of Bartonella spp. (5). Although F. tularensis and
Bartonella spp. have been simultaneously detected in 13%
of voles during population density peaks (2), we identified
no co-infection among flea pools (ANOVA, R? = 0.011,
Foos.1.58 = 0.97; p=0.328).

Our data show that F. tularensis and Bartonella spp.
occur in the fleas infesting wild common voles in north-
western Spain, with notable differences in prevalence (6%
and 51%, respectively) and associations with prevalence
in vole hosts. Future studies are needed to determine the
role of fleas in the circulation of these pathogens in na-
ture and in particular to ascertain any effective vectoring
of F tularensis.
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We screened African wild dogs (Lycaon pictus) in Kruger
National Park, South Africa, for Mycobacterium bovis infec-
tion using an interferon-gamma release assay. We detected
M. bovis sensitization in 20 of 21 packs; overall apparent
infection prevalence was 83%. These animals experience
high infection pressure, which may affect long-term survival
and conservation strategies.

he African wild dog (Lycaon pictus) is an endangered

carnivore occurring in fragmented, small populations
(in South Africa, <500 animals). These factors make them
susceptible to adverse factors, such as infectious diseases,
that may threaten their long-term survival (/,2). Of particu-
lar concern are diseases caused by multihost pathogens that
are capable of persisting in reservoir host species, such as
Mpycobacterium bovis, the causative agent of bovine tuber-
culosis (bTB). This pathogen may pose a major threat to the
conservation of endangered host populations (3).

Since 2012, sporadic cases of wild dogs with macro-
scopic and histological lesions consistent with tuberculosis
(TB) have been recorded in South Africa, specifically in
Kruger National Park (KNP; n = 8), uMkuze Game Re-
serve (n = 1), and Hluhluwe-iMfolozi Park (HiP; n = 2).
M. bovis infection is endemic in these parks and occurs
in multiple species that are preyed upon by wild dogs,
such as warthogs, which have an estimated M. bovis se-
roprevalence up to 38% in KNP (4,5). In 2 cases from
KNP, acid-fast bacilli were associated with granulomatous
lymphadenitis, and spoligotype analysis of M. bovis iso-
lates from lesions in affected wild dogs from KNP (strain
type SB0121) and HiP (strain type SB0130) were the same
as those found in local prey (6).

M. bovis is a novel pathogen of wild dogs; understand-
ing the impact of bTB disease in wild dogs is imperative
to making informed management decisions regarding these
animals’ conservation. Estimation of prevalence would
provide a starting point for this investigation but requires
diagnostic tools for accurate detection of M. bovis infec-
tion. To estimate prevalence in the KNP wild dog popula-
tion, we assessed sensitization to TB antigens ESAT-6 and
CFP-10.

During July 2016-January 2018, we tested blood
samples from 77 wild dogs from KNP using an interferon-
gamma release assay (IGRA) developed by our group (7).
We tested animals from 21 wild dog packs; 20 of these in-
cluded >1 IGRA-positive animal, indicating widespread
exposure to M. bovis throughout KNP (Figure). We ob-
served no significant difference in IGRA results based on
sex (p = 0.79 by 2-tailed Mann-Whitney test). Overall, the
apparent prevalence of M. bovis infection was 82% (63/77;
95% CI 72%—-89% by modified Wald test).

Few reports of active bTB disease and related deaths
have been documented in wild dogs, so the high apparent
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prevalence of M. bovis infection in the KNP population is
surprising. However, similarly high prevalence estimates
have been reported for African lions (Panthera leo leo) in
KNP using the tuberculin skin test (55%; 95% CI 45%—
65%) (8) and a cytokine gene expression assay (44%; 95%
CI 32%—-57%) (9). These results highlight the high infec-
tion pressure for carnivores within KNP.

The prevalence estimate in wild dogs was based on
detection of immune sensitization to M. bovis—specific
antigens. Although the infection status of a small number
of animals was confirmed by antemortem mycobacterial
culture of oropharyngeal swabs (4 [7.0%] of 57 wild dogs
tested), we could not confirm the infection status of all of
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the animals included in this study. Furthermore, during the
time of the study, most animals included in this analysis ap-
peared to be healthy. Therefore, further investigations will
be required to clarify the progression of M. bovis infection
and risk of bTB disease in this species.

These results have implications for managing the wild
dog metapopulation in South Africa, which involves trans-
location of animals across the country to maintain genetic
diversity and to achieve conservation goals (2). The risk of
introducing M. bovis into previously uninfected areas by an
infected wild dog is unknown, and studies on transmission
will be crucial in assessing this risk.

Survival of a species is affected by a complex array
of factors, of which disease is only one. Currently, the
KNP wild dog population appears to be stable (2), despite
the apparent high prevalence of M. bovis infection. Favor-
able conditions, such as abundance of prey, may support
high reproductive rates. However, with environmental
changes, such as prolonged drought, the vulnerability of
host populations to infectious disease may be more pro-
nounced (/0).

In conclusion, this study shows widespread exposure
of wild dog packs to M. bovis in KNP, with high infec-
tion pressure to individual dogs. Although the impact of
disease on population numbers is unknown, wild dogs in-
fected with M. bovis, even young animals, have been ob-
served to have generalized disease leading to death. Further
investigations into the progression of M. bovis infection,
the risk for transmission, and the probability of developing
progressive disease are needed to assess the threat of this
emerging disease in African wild dog populations.
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In 2016, we identified a ceftriaxone-resistant Neisseria gon-
orrhoeae isolate in China. The strain genotype was identi-
cal to the resistant clone FC428 that originated in Japan.
Enhanced international collaborative surveillance programs
are crucial to track the transmission of the ceftriaxone-re-
sistant clones.

Ceftriaxone has been used to treat gonorrhea in China
and most other countries for >1 decade, but the level
of decreased susceptibility or clinical resistance to ceftriax-
one has increased (/). Moreover, the international spread of
ceftriaxone-resistant clones has been recognized as a threat
to effective control of gonorrhea (2). We describe an im-
ported ceftriaxone-resistant N. gonorrhoeae strain isolated
in China in 2016.

The patient was a heterosexual man in his late twen-
ties. He reported unprotected 1-night heterosexual sex in
Beijing in July 2016. Urethral discharge with dysuria oc-
curred 3 days after the sexual activity. He was prescribed
oral cephalosporin when he visited a private clinic in July.
Because the urethral discharge did not resolve, he visited
the sexually transmitted diseases clinic in Beijing Ditan
Hospital (Beijing, China) in August.

Laboratory analysis of a urethral swab sample found
gram-negative diplococci within leukocytes. Culture and
nucleic acid amplification test were positive for N. gonor-
rhoeae. Screening for other sexually transmitted infections
by nucleic acid amplification test was negative for Chla-
mydia trachomatis, Ureaplasma urealyticum, and Myco-
plasma hominis.

The patient was treated with a 1-g intravenous dose
of ceftriaxone once per day for 3 days. His symptoms im-
proved after 3 days, and a test-of-cure by culture showed
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Table. Antimicrobial susceptibility and molecular characteristics of ceftriaxone-resistant Neisseria gonorrhoeae, China*

Country Sexual contact MIC, mg/L NG- NG-
Strains Year (reference) history TET SPT CRO CIP AZI CEF MLST porB thpB MAST penA STAR
Japan- 2015  Japan (6) NA 05 8 05 =32 025 1 1903 1053 21 3435 60 233
FC428
Japan- 2015 Japan (6) NA 05 8 05 >32 025 1 1903 1053 21 3435 60 233
FC460
China- 2016  China (this China 4 16 05 =32 025 1 1903 1053 21 3435 60 233
BJ16148 Aug study)
Denmark- 2017 Denmark Denmark, China, NA 8 05 >32 05 1 1903 1053 33 1614 60 233
GK124 Jan (7) Australia
Canada- 2017 Canada China, Thailand 4 16 >32 05 2 1903 1053 33 1614 60 233
47707 Jan (8)
Australia- 2017  Australia Cambodia, 2 8 0.5 =32 025 NA 1903 1053 33 1614 60 233
A7846 Apr 9) Philippines
Australia- 2017  Australia China 4 8 0.5 =32 025 NA 1903 9300 21 15925 60 233
A7536 Aug (9)

*AZl, azithromycin; CEF, cefixime; CIP, ciprofloxacin; CRO, ceftriaxone; MLST, multilocus sequence typing; NA, not available; NG-MAST, N. gonorrhoeae
multiantigen sequence typing; NG-STAR, N. gonorrhoeae sequence typing for antimicrobial resistance; SPT, spectinomycin; TET, tetracycline.

the treatment was successful. A telephone follow-up after
1 month indicated a lack of urethral discharge, and the pa-
tient provided information that his female sexual partner
worked in a nightclub and had sexual contact with men
from foreign countries.

The bacterial isolate was transferred to the reference
laboratory at the National Center for Sexually Transmitted
Disease Control, Chinese Center for Disease Control and
Prevention (Nanjing, China). Gram staining and a carbo-
hydrate utilization test confirmed N. gonorrhoeae. We con-
firmed antimicrobial susceptibilities to ceftriaxone, cefixime,
spectinomycin, azithromycin, ciprofloxacin, and tetracycline
for this isolate by using the agar dilution method. The strain
was resistant to ceftriaxone (MIC 0.5 mg/L), cefixime (MIC
1 mg/L), tetracycline (4 mg/L), and ciprofloxacin (>32 mg/L)
and susceptible to azithromycin (MIC 0.25 mg/L) and spec-
tinomycin (MIC 16 mg/L) in accordance with the European
Committee on Antimicrobial Susceptibility Testing protocol
(http://www.eucast.org/clinical breakpoints).

We performed N. gonorrhoeae multiantigen sequence
typing (NG-MAST) (3) and multilocus sequence typ-
ing (MLST) (4) to identify the sequence types (STs). The
MLST type was ST1903, and the NG-MAST type was
ST3435. We used N. gonorrhoeae sequence typing for an-
timicrobial resistance (NG-STAR) (5) to identify the char-
acteristics of resistance determinants. The NG-STAR type
was ST233, which contains a type 60 mosaic pend allele
(penA 60.001), -35A Del in the mtrR promoter (mtrR1),
G120K-A121D in PorB (PorB8), L421P in PonA (PonAl),
S91F-D95A in GyrA (GyrA7), S87R in ParC (ParC3), and
wild-type 23srRNA (23 srRNAO).

The genotype (MLST1903/NG-MAST3435/NG-
STAR233) of this isolate was identical to the 2 ceftriax-
one-resistant N. gonorrhoeae (FC428 and FC460) isolated
in 2015 in Japan (6) and similar to other resistant strains
isolated in 2017 in Denmark (7), Canada (8), and Australia
(9) (Table). Type 60 mosaic PenA (pend 60.001), which
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contained A311V and T483S alterations, was the key cef-
triaxone resistance mutation and typical of this internation-
ally disseminated resistant clone.

The timeline and epidemiologic data of all previous re-
ports of the infections suggest this clone originated in Japan
in 2015 and was disseminated to China, Denmark, Canada,
and Australia afterward. Moreover, this resistant clone may
have a fitness advantage over previously reported “super-
bug” HO041 and has successfully spread worldwide (9).
Accordingly, enhancing international collaborative surveil-
lance on the ceftriaxone-resistant clone is crucial.

In conclusion, we identified a ceftriaxone-resistant
N. gonorrhoeae strain that has sustainably transmitted in
several countries for =3 years. These findings indicate an
imported risk and a further transmission of resistant clones
in China and demonstrate the need for enhanced local and
global gonococcal antimicrobial surveillance to track the
emergence and dissemination of resistant strains for timely
control of spread (10).
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A patient in Pennsylvania, USA, with common variable im-
munodeficiency sought care for fever, cough, and abdomi-
nal pain. Imaging revealed lesions involving multiple organs.
Liver resection demonstrated necrotizing granulomas, rec-
ognizable tegument, and calcareous corpuscles indicative
of an invasive cestode infection. Sequencing revealed 98%
identity to a Versteria species of cestode found in mink.

n July 2017, a 68-year-old woman in Pennsylvania,
USA, sought care for fever, fatigue, cough, and abdomi-
nal pain. Her medical history was significant for common
variable immunodeficiency and splenic B cell lymphoma
that had been treated with R-CHOP (rituximab, cyclophos-
phamide, hydroxydaunorubicin, vincristine, and predni-
sone); treatment was completed in December 2016.
Imaging showed extensive nodular disease of the lungs
and liver and a hepatic abscess. Examination of a fine-nee-
dle aspirate of the hepatic lesion detected hepatocytes with
focal atypia on a background of marked acute inflamma-
tion and necrosis, suggestive of an active infectious pro-
cess. Subsequent percutaneous needle biopsy samples of
the liver, bronchoalveolar lavage and transbronchial biopsy
samples, and surgical biopsy samples of the left lower lobe
showed necrotizing granulomas and reactive/reparative tis-
sue changes. All histochemically stained slides (Gomori-
methenamine silver, Gram, periodic acid Schiff, Warthin-
Starry, Ziehl-Neelsen, Fite) yielded negative results for
microorganisms. Results of broad-range PCR for bacteria

"This manuscript was originally presented at the Infectious
Disease Society of America IDWeek 2018; October 3—7, 2018;
San Francisco, CA, USA.
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(16S rDNA), fungi (28S rDNA), and mycobacteria (16S
rDNA, rpoB, and Asp65) were also negative.

Four months later, after the patient had been receiv-
ing broad-spectrum antibacterial and antifungal medica-
tions, she sought a second opinion at the Cleveland Clin-
ic (Cleveland, OH, USA), where repeat cross-sectional
imaging showed progressive nodular disease within the
lungs, liver, and kidneys and cyst-like lesions in the eyes
and brain (Appendix Figure 1, https://wwwnc.cdc.gov/
ElD/article/25/7/19-0223-App1.pdf). Gross examina-
tion of a liver sample from a right partial hepatectomy
performed for diagnosis revealed multifocal tan-white
nodules and necrotic or cystic spaces. Microscopic anal-
ysis identified extensive necrotizing granulomatous in-
flammation and multifocal cystic spaces, which enclosed
material characteristic of the tegument of a cestode. In a
separate location within otherwise nondescript necrotic
tissue was a focal collection of round basophilic con-
cretions with concentric layers of deposited material
characteristic of calcareous corpuscles, pathognomonic
for a cestode infection (Appendix Figure 2). Additional
histochemical studies for microorganisms detected no
microorganisms.

These findings were consistent with a disseminated pro-
liferating invasive cestode infection; the metacestode most
closely resembled the cysticercus larva that lacks a scolex
(i.e., the racemose form of cysticercosis). The presence of
racemose-like disseminated involvement of multiple visceral

organs was concerning because this feature is not common in
patients with cysticercosis. Results of an enzyme-linked im-
munotransfer blot for Taenia solium cestodes were negative.
Cysticercus-specific IgG was not elevated, and antibodies
against echinococci were not found, although these tests are
unreliable in a patient who has common variable immunode-
ficiency and is receiving intravenous immunoglobulin. There-
fore, we considered the possibility of another cestode species.

The patient received praziquantel and albendazole
for 1 month. Initially, dexamethasone (10 mg) was con-
currently administered for the neurologic and ocular
involvement. Treatment resolved the abdominal pain,
fatigue, and fever. Follow-up imaging showed vast im-
provement in the brain, lung, kidney, and liver lesions.
Imaging findings continued to improve after corticoste-
roids were tapered off after 3 months, and symptoms
continued to improve 6 months after treatment. However,
serial eye examinations revealed a new cystic lesion in
the eye. The cyst was extracted; histopathologic exami-
nation did not detect a scolex but did detect an identical
tegument, again appearing as an aberrant form (Appendix
Figure 2). As of April 2019, the patient was continuing to
receive albendazole and praziquantel and monthly intra-
venous immunoglobulin.

Because of the unusual histopathologic findings and
clinical course, we performed molecular analysis. We
extracted DNA from formalin-fixed, paraffin-embedded
liver tissue and then performed partial mitochondrial
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Figure. Test results for woman with disseminated
Versteria sp. cestode infection, Pennsylvania,

USA. A) Sequence of the 129-bp fragment of
cytochrome c oxidase subunit 1 (cox7) gene from
patient compared with 3 closely related Versteria
sp. isolates from the United States. Shading
indicates differing nucleotides. B) Phylogenetic tree
based on the cox7 gene of all reported Vm cox1
sequences with country of origin and other clinically
relevant cestodes; GenBank accession numbers
are provided. Boldface indicates the Vm sequence
reported in this study; shading represents the
outbranching of Vm. Bootstrap values are shown.
Ch, China; Eg, Echinococcus granulosus; Em,
Echinococcus multilocularis; Fi, Finland; Ja, Japan;
Me, Mexico; Ru, Russia; Sp, Spain; Tm, Taenia
multiceps; Tse, T. serialis; Tso, T. solium; US,
United States; Vm, Versteria sp. mitochondrial.
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cytochrome (cox/) gene amplification. (/). PCR products
were inserted into pCR 2.1 TOPO (https://www.thermo-
fisher.com), cloned, and sequenced (at Macrogen USA,
Rockville, MD, USA; https://www.macrogenusa.com).
Our search for a 128-bp consensus sequence by using
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) found a
98% match to the Versteria species cox! gene (GenBank
accession no. KT223034). After disease recurrence and
soon after extraction of the ocular cyst, we subsequently
subjected DNA from the preserved ocular cyst to Nano-
pore sequencing (Oxford Nanopore Technologies, https://
nanoporetech.com) and assembled the complete mito-
chondrial genome, which we deposited at GenBank (ac-
cession no. MK681866) (Figure).

The definitive hosts of the new Versteria (Taenia mus-
telae) cestodes are usually mustelids (2), a family of car-
nivorous mammals including weasels, ermine, mink, and
others, which are found throughout the northern United
States (3). This patient reported exposure to fishers in her
residence in western Pennsylvania, where a resurgence in
the population of these members of the family Mustelidae
has been observed. Her husband was screened for signs of
a parasitic infection and results were negative. The only
other reported human infection with Versteria sp. involved
a kidney transplant patient, who also had lung and liver le-
sions. Histopathologic examination of that patient’s liver
lesions revealed focal necrotizing granulomas with hook-
lets and a protoscolex (4).

The diagnosis of a cestode infection is usually sug-
gested by the presence of specific cestode structures (e.g.,
a protoscolex, tegument, or calcareous corpuscles). How-
ever, unlike the previous report of human infection, histo-
pathologic examination of the liver lesion and ocular cyst
from this patient did not detect hooklets or protoscoleces,
mimicking the histopathologic appearance of racemose
disease sometimes seen in patients with subarachnoid neu-
rocysticercosis. Because histopathologic examination is in-
sufficient for species-level identification (specific cestode
structures), molecular testing is necessary for definitive
diagnosis of Versteria sp. cestode infection.
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Malaria continues to be a major health threat in Africa,
mainly in rural areas. Recently, the urban malaria vector
Anopheles stephensi invaded Dijibouti and Ethiopia, po-
tentially spreading to other areas of Africa. Urgent action is
needed to prevent urban malaria epidemics from emerging
and causing a public health disaster.

he pernicious life-threatening disease malaria contin-
ues to place a heavy burden on communities in Africa,
where >92% of malaria cases occur today (/). Mosquitoes
of the genus Anopheles transmit malaria parasites to hu-
mans. Africa has >128 indigenous Anopheles species (2),
several of which, An. gambiae sensu stricto, An. coluzzii,
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and An. funestus sensu stricto, are among the world’s most
efficient malaria vectors. These species are found predomi-
nantly in rural areas, where they thrive in a variety of natu-
ral and manmade aquatic sites. Because mosquito densities
fluctuate with rainfall, malaria is prevalent in rural areas in
Africa with strong seasonal variations (3).

Malaria also occurs in urban centers in Africa, but at
much lower levels, mostly in the peripheries, where small-
scale commercial gardens collect surface water (4). Malaria
is not the only mosquito-borne disease threat in urban Africa.
The Aedes aegypti mosquito is a vector for dengue, yellow
fever, chikungunya, and Zika viruses in urban settings.

Many countries in Africa are experiencing rapid urban
development because people from the countryside, attract-
ed by opportunities for work and education, are moving
into urban centers. According to the United Nations, cities
like Nairobi, Kenya; Dar es Salaam, Tanzania; Kinshasa,
Democratic Republic of the Congo; Lagos, Nigeria; Abi-
djan, Cote d’Ivoire; and Dakar, Senegal, have doubled in
population during the last decade and are predicted to ex-
pand further (https://population.un.org/wup).

The global malaria eradication campaign, launched in
2005, has led to major reductions in malaria prevalence (3),
but recent data on malaria in Africa suggest that further re-
ductions are less clear. In many parts of sub-Saharan Africa,
progress in malaria control has stalled, and malaria is still
widespread (/). In addition, the campaign does not focus on
urban areas, where malaria prevalence is low or absent.

In 2016, An. stephensi mosquitoes were found for the
first time in Ethiopia, where this species has since become
established (6). This discovery followed earlier reports of
the species in neighboring Djibouti (7). An. stephensi mos-
quitoes are native to southern and western Asia, where the
species serves as an efficient malaria vector (8). Unlike oth-
er malaria vectors in Africa, An. stephensi mosquitoes are
found not only in rural areas but also in cities, where they
breed in manmade water containers, such as household wa-
ter storage containers and garden reservoirs. The An. ste-
phensi mosquito is considered to be the main malaria vec-
tor in urban centers in India and Pakistan (8). Recently, the
species was recorded for the first time in Sri Lanka, dem-
onstrating its ability to disperse across large bodies of water
and establish successfully in new geographic regions (9).

Because Africa currently does not have a malaria
vector adapted to urban centers, establishment of An.
stephensi mosquitoes on the continent poses consider-
able health risks. If the species disperses beyond its cur-
rent distribution in eastern Ethiopia and successfully in-
vades large cities, such as Khartoum, Sudan; Mombasa,
Kenya; and Dar es Salaam, the region could face malaria
outbreaks of unprecedented size. Because of relatively high
levels of malaria prevalence in persons of all ages in rural
areas, high mobility between rural and urban areas, and
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inadequate healthcare, countries in Africa are unprepared to
deal with rapid spread of malaria in their cities and towns by
a vector species well adapted to urban infrastructures.

To halt the potential risk and prevent further spread of
this vector requires urgent action. Historic examples demon-
strate that a well-coordinated eradication of a species is pos-
sible, such as elimination of invasive An. gambiae mosquitoes
from Brazil, as well as their eradication from Egypt. However,
once a species disperses and covers larger geographic areas,
eradication becomes nearly impossible. For example, the 4e.
albopictus mosquito, a vector of chikungunya and dengue, has
spread globally from its original location in Southeast Asia
and has become a threat in many countries.

The World Health Organization’s Global Vector
Control Response 2017-2030 (GVCR; https://www.
who.int/vector-control/publications/global-control-re-
sponse/en) calls for multisectoral approaches to vector
control. Urban mosquito control programs in Africa can
use GVCR strategies to closely examine mosquito vec-
tors thriving in cities and develop programs to reduce
the threat to public health. In our view, surveillance for
mosquito vectors in urban centers is essential for pre-
venting outbreaks of infectious vectorborne diseases by
eliminating newly established foci of vectors while they
are still small (/0). The invasion of An. stephensi mos-
quitoes on the African continent is a threat to health in
tropical Africa but also provides an opportunity to build
out vector control strategies as outlined in the GVCR.
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African swine fever is one of the most dangerous diseases
of swine. We confirmed the 2019 outbreak in Vietnam by
real-time reverse transcription PCR. The causative strain
belonged to p72 genotype Il and was 100% identical with
viruses isolated in China (2018) and Georgia (2007). Inter-
national prevention and control collaboration is needed.

ince its first identification in East Africa in the early

1900s, African swine fever (ASF) spread to Kenya in
the 1920s; transcontinental outbreaks in Europe and South
America in the 1960s and in Georgia (Caucasus) in 2007
led to subsequent transmission to neighboring countries
east of Georgia. Along with the outbreaks in the eastern
territory of the Russian Federation, acute ASF outbreaks
were reported in China in 2018 (7).

During January 15-31, 2019, a disease outbreak at a
family-owned backyard pig farm in Hung Yen Province,
Vietnam, was reported. The farm, =50 km from Hanoi and
250 km from the China border, housed 20 sows. In the early
stage of the outbreak, 1 piglet and 1 sow exhibited marked
redness all over the body, conjunctivitis, and hemorrhagic
diarrhea. Breeding gilts demonstrated anorexia, cyanosis,
and fever (>40.5°C).

On February 1, 2019, after confirming that the mortal-
ity rate at this farm had surpassed 50%, we collected organ
samples (e.g., spleen, liver, kidney, tonsil, and lymph nodes)
from dying pigs and submitted them to the diagnostic labo-
ratory at the Vietnam National University of Agriculture
for ASF diagnosis. All specimens underwent homogeni-
zation, followed by extraction of viral DNA (2). ASF vi-
rus DNA was identified by routine PCR, as recommended
by the Office International des Epizooties (Paris, France),
and by commercialized real-time PCR (Median Diagnos-
tics Inc., http://www.mediandiagnostics.com). We named
the detected ASF virus VNUA/HY-ASF1 and deposited
the following complete genome sequences into GenBank:
pl10 (accession no. MK795932), pl1.5 (MK795933), p12
(MK795934), p14.5 (MK795935), p17 (MK795936), p22
(MK795937),pE248R (MK795938), p30 (MK757460), p54

"These authors contributed equally to this article.
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(MK554697), p72 (MK554698), and Cd2v (MK757459).
We aligned the nucleotide sequences by using BioEdit
version 7.2 (Ibis Biosciences, http://www.mbio.ncsu.edu/
bioedit/bioedit.html)__with ClustalW (http://clustal.org)
and calculated sequence identity. Using MEGA?7 (https://
www.megasoftware.net)and the neighbor-joining method,
we based phylogenetic analysis on the genetic information
and calculated bootstrap values with 1,000 replicates. The
genotype was determined by p72 gene characterization as
reported previously (3,4). Phylogenetic trees revealed that
the VNUA/HY-ASF!1 strain belonged to p72 genotype II
(Figure) and was 100% identical to China strains SY18/
China/2018 (GenBank accession no. MH713612) and An-
huiXCGQ/China/2018 (MK128995) and other genotype
II strains of Europe: Georgia/2007/1 (GenBank accession

no. FR682468.1), Russia/2012 (KJ195685), Estonia/2014
(LS478113), and Poland/2015 (MH681419).

The clinical signs and necropsy findings of the pigs
involved in the 2019 outbreak in Vietnam were similar
to those caused by the virus strains in China and Georgia
(e.g., high mortality rates over a short period and mul-
tifocal hemorrhagic lesions in many organs). However,
the clinical forms and pathophysiology of ASF varied
according to virus virulence, exposure dose, and trans-
mission route.

Considering the epidemiologic features of the site
where ASF has recently occurred, the virus is highly
likely to have reached Vietnam via infected wild boar, by
movement of pigs and pork products, or by infected
fomites (5). The most probable source and major cause

MH713612/SY 18/China/2018
MK128995/AnhuiXCGQ/China/2018
KJ195685/Russia/2012
LS478113/Estonia_2014
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KX090921/ZIM/03/2015_
KX090922/ZIM/02/2015_
KX090923/ZIM/01/2015_
AY351517/MOZ1/Mozambique/2002_
AY351518/MOZ2/Mozambique/2002_

Genotype Il

Figure. Phylogenetic analysis

of major capsid protein gene
(p72) of African swine fever

virus isolated during outbreak

in Vietnam in 2019 (VNUA
HY-ASF1; black square)

and reference isolates.

The phylogenetic tree was
constructed by using the
neighbor-joining method

in MEGAY7 (http://www.
megasoftware.net). Bootstrap
values were calculated with
1,000 replicates. GenBank
accession numbers, strain name,
country, and year of collection
are indicated. Scale bars indicate
nucleotide substitutions per site.
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of transmission across the countries is thought to
be ASF virus—contaminated pork products (2). The
outbreak in Vietnam was confirmed in the north-
ern part of the country, near China, where many in-
stances of illegal movement of animals and meat
products across the China—Vietnam border have
been reported (http://www.fao.org/3/i8805en/I880SEN.
pdf). Therefore, it is likely that the virus originated
in China.

Although the p30, p54, and p72 sequences were 100%
identical to those from China and Georgia, whole genomes
must be monitored for possible changes and further spread
of the ASF virus. Since the 2018 outbreak in China, the
subsequent ASF outbreak in Vietnam (February 1, 2019)
increases the possibility of virus spread to nearby swine-
raising Southeast Asia countries, including Laos, Thailand,
Cambodia, and Myanmar. Although ASF has occurred in
many countries, including Russia and Europe, its outbreak
in Asia is far more critical because 60% of the world’s pig
population is concentrated in that area and the socioeco-
nomic effects of swine disease would be greater than that
in other regions. Therefore, to avoid great economic losses
worldwide, we highly recommend that preventive and con-
trol measures be developed and implemented through inter-
national collaboration.

This research was supported by the Vietnam National University
of Agriculture, Vietnam, and by BioNano Health Guard Research
Center, funded by the Ministry of Science and Information and
Communications Technology of South Korea, as a Global
Frontier Project (2013M3A6B2078954).
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We performed an epidemiologic survey of opisthorchiasis
in Yangon, Myanmar. The fecal egg-positive rate of resi-
dents was 0.7%, and we recovered an adult fluke after
chemotherapy and purging of an egg-positive resident. We
detected Opisthorchis viverrini metacercariae in freshwa-
ter fish. We found the Yangon area to have low-grade en-
demicity of opisthorchiasis.

he liver fluke Opisthorchis viverrini, a well-known

cause of cholangiocarcinoma, is distributed pre-
dominantly in Southeast Asia countries (/,2). In Myan-
mar, health officials thought that opisthorchiasis might
not occur because the population traditionally does not
consume raw or undercooked fish. However, 2 recent re-
ports have documented the presence of O. viverrini eggs
or flukes in Myanmar (3,4). In 2017, a molecular study
detected a mitochondrial cytochrome ¢ oxidase subunit
I (coxI) gene of O. viverrini from the fecal samples of
persons in a rural area near Yangon (3); however, adult
flukes were not recovered from the egg-positive persons.
Another study in 2018 detected O. viverrini metacercari-
ae from freshwater fish (Puntius brevis) caught in central
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Table. Rates of helminth egg infection, by species, among 2,057 persons in 3 districts of Yangon, Myanmar

No. (%) positive

No. persons Ascaris Trichuris Enterobius Opisthorchis
District examined lumbricoides trichiura vermicularis viverrini Other* Total
Hlaing-Thayar 682 17 (2.5) 90 (13.2) 2(0.3) 2(0.3) 2(0.3) 113(16.6)
South Dagon 672 83 (13.2) 90 (14.4) 11 (1.8) 8(1.3) 4(0.6) 196 (31.3)
North Dagon 748 66 (8.8) 94 (12.6) 6 (0.8) 4 (0.5) 5(0.7) 175(23.4)
Total 2,057 166 (8.1) 274 (13.3) 19 (0.9) 14 (0.7) 11(0.5) 484 (23.5)

*Includes 2 cases of hookworm infection and 1 case each of Taenia sp. and Trichostrongylus sp. infection.

Myanmar and obtained adult flukes from experimentally
infected hamsters (4).

We recently observed a low-grade endemicity of O.
viverrini infection among residents in the Yangon area. We
also recovered an adult fluke (Appendix Figure, panel A,
https://wwwnc.cdc.gov/EID/article/25/7/19-0495-App1.
pdf) from an egg-positive resident and detected metacer-
cariae in freshwater fish caught in Yangon.

In December 2015, we performed fecal examinations on
2,057 residents in 3 districts of Yangon (North Dagon, South
Dagon, and Hlaing-Thayar) by using the Kato—Katz tech-
nique. The total number of helminth egg—positive cases was
484 (23.5%); we recovered eggs of Trichuris trichiura whip-
worms (13.3%), Ascaris lumbricoides roundworms (8.1%),
Enterobius vermicularis pinworms (0.9%), O. viverrini
flukes (0.7%), and other helminth species (0.5%) (Table).

Among the 14 residents positive for O. viverrini eggs
(some possibly having mixed infections with minute intes-
tinal fluke species such as Haplorchis spp.) (Table; Appen-
dix Figure, panel B), 2 agreed to undergo worm recovery
after treatment with praziquantel (40 mg/kg in a single dose)
and purging with 25-30 g of MgSO,. Fecal examination and
anthelmintic treatment of the residents were officially ap-
proved by Myanmar’s Ministry of Health and Sport, under
the agreement of the South Korea—-Myanmar International
Collaboration on Intestinal Parasite Control for Schoolchil-
dren in Myanmar (Ethics Review Committee approval no.
005117). Informed consent was received from each person.

The procedure of the worm recovery was as described
previously (5). One adult fluke that looked like a liver fluke
was recovered from 1 of these 2 residents. Minute intesti-
nal fluke species, including Haplorchis spp., were not re-
covered. The adult fluke (Appendix Figure, panel A) was
slender (11.1 x 1.5 mm) and had a small oral sucker (0.20
% 0.29 mm), large ventral sucker (0.51 x 0.59 mm), lobed
ovary, 2 lobed testes, and a well-developed uterus with nu-
merous eggs (25 % 14 um). We confirmed the fluke to be an
adult specimen of O. viverrini.

We also examined 10 species of freshwater fish (n =
160) purchased in a local market of North Dagon to detect
O. viverrini metacercariae. The fish were transported on ice
to Gyeongsang National University College of Medicine
(Jinju, South Korea), and examined by using the artificial
digestion method (6). We detected O. viverrini metacercar-
iae in 4 species of fish (forest snakehead [Channa lucius],
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5/5, 100%; striped snakehead [C. striata] 1/29, 3.5%;
climbing perch [Anabas testudineus] 1/14, 7.1%; and un-
specified Puntioplites sp., 1/15, 6.7%) (Appendix Figure,
panels C, D). In forest snakehead fish, the average meta-
cercarial density per fish was 24.4 (range 1-52). The meta-
cercariae were round to elliptical and were 150-188 pm
(average 165 um) x 98—140 um (average 122 um) in size.

The metacercariae were fed orally to 2 golden ham-
sters (Mesocricetus auratus) to recover adult flukes. At
day 50 postinfection, 20 adult flukes were recovered from
the biliary tracts of the hamsters. The animal experi-
ment was performed in accordance with the guidelines
of Gyeongsang National University College of Medicine.
The adult flukes were slender (average size 5.1 x 1.2 mm)
and had the characteristic features of O. viverrini (Appen-
dix Figure, panel F).

Opisthorchiasis is one of the most prevalent food-
borne helminthiases in Thailand, Laos, Cambodia, and
Vietnam (2,5-9). For example, in Laos, opisthorchiasis is
prevalent in the central and southern lowlands along the
Mekong River, including Vientiane Municipality and Sa-
vannakhet Province, where the rates of O. viverrini egg re-
covery (mixed with some minute intestinal flukes) among
residents along rivers were 53.3% (Vientiane) and 67.1%
(Savannakhet) (5,7). In Cambodia, eastern localities (e.g.,
Kratie Province, 4.6% egg-positive rate) and southern lo-
calities (Kampong Cham Province, 24.0% egg-positive
rate, and Takeo Province, 23.8%—47.5% egg-positive rates)
along the Meckong River were found to be endemic foci
(8,9). From 2 egg-positive residents in Takeo Province, 34
adult O. viverrini flukeswere recovered (10).

In our study, the O. viverrini egg-positive rate of
residents in surveyed areas of Myanmar was 0.7%, much
lower than the 4.6%—67.1% rates in Laos and Cambodia
(5-9). Also, only 1 adult fluke was recovered in 1 egg-
positive case, whereas 34 adult specimens were recovered
in 2 residents in Cambodia (/0). Thus, we concluded that
the Yangon area of Myanmar has low-grade endemicity of
O. viverrini.
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To the Editor: We read with interest the article by Dan-
gel et al. analyzing nontoxigenic Corynebacterium diph-
theriae infections in northern Germany during 2016-2017
(7). Among the cases, 2 patients originated from Poland,
each experienced an invasive disease, 1 endocarditis and 1
sepsis. Poland and Germany are neighboring countries. In
Poland, we also observed an accumulation of nontoxigenic
C. diphtheriae infections during 2016-2017. In both coun-
tries, most infections were caused by isolates belonging to
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sequence type (ST) 8 biotype gravis, which we previously
suspected of having increased pathogenic properties (2).

ST8 has been causing infection in Poland since 2004
and was isolated in Russia before that (2,3). However, the
first STS8 isolate was not obtained in northern Germany
until 2015, suggesting spread of pathogenic ST8 from
eastern to western Europe. Comparing epidemiologic data
from Poland during 2012-2017, we confirmed 48 cases of
nontoxigenic C. diphtheriae, increasing from 3 cases in
2012 t0201in2017. As seen in northern Germany, most af-
fected patients in Poland were male (>80%), and =30% of
patients were homeless, alcohol addicted, or both. We did
not identify HIV as a risk factor. We saw a sharp increase
in cases during the time of the Dangel et al. report as well,
from 10 cases in 2016 to 20 in 2017. Nevertheless, in Po-
land, 40% of isolates (19/48) during 20122017 were ob-
tained from invasive infections, whereas in Germany only
9 isolates (=12%) were obtained from cases with severe
invasive complications. None of the cases in Poland were
related epidemiologically.
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We hypothesize that pathogenic ST8 could spread to
other countries in Europe in a few years and that persis-
tence of STS isolates in the population might be related
to increases in the number of invasive infections. The
scale of the problem of nontoxigenic C. diphtheriae in-
fections in Europe remains unknown because only toxi-
genic infections are registered. Lack of registration leads
to lack of prevention and, thus, to outbreak development
and spread.
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To the Editor: We read with interest the article by
Olesen and Grad (/), which reported that, in the United
States during 2014-2015, the rate of antimicrobial drug use
by white persons was twice that of persons of other races.
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The authors did not relate this finding to previous reports
of =2 times lower incidence of sepsis (2) and =1.5 times
lower incidence of death from infectious diseases (3) in
white persons in the United States.

A national study of community antibacterial dispens-
ing in relation to ethnicity in New Zealand (4) found that
the dispensing rates were highest in Pacific people and
Maori, consistent with their higher incidence of infec-
tious diseases. However, the ethnic disparities in dispens-
ing rates were substantially less than the ethnic disparities
in the incidence of some infections. For example, even
though the incidence of hospitalization for rheumatic fe-
ver was 63 times higher for Pacific people and 27 times
higher for Maori than for persons of all other ethnicities
combined, the annual dispensing rates of penicillins for
Pacific people and Maori were <1.5 times higher than in
other ethnicities.

Olesen and Grad suggest that ethnic disparities in anti-
microbial drug use will lead to disparities in the prevalence
of colonization (and disease) by antimicrobial-resistant
bacteria. The New Zealand study found that dispensing
rates of topical antimicrobial agents (predominantly fusid-
ic acid) for Pacific and Maori children were approximately
twice those for children of other ethnicities and suggested
that these high dispensing rates might have contributed to
the higher proportion of staphylococcal infections caused
by methicillin-resistant (and fusidic acid-resistant) Staph-
vlococcus aureus in Pacific people and Maori (5). We sug-
gest that improved understanding of ethnic disparities in
the incidence of infectious diseases and in the level of con-
sumption of antimicrobial agents might usefully inform
antimicrobial stewardship targets and strategies.
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Bugs as Drugs: Therapeutic
Microbes for the Prevention
and Treatment of Disease
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ISBN-13: 978-1555819699; e-ISBN: 978-1555819705;
Pages: 514; Price: $120.00

he role of microbes and the mi-

crobiome in various aspects of
human health and disease is a sub-
ject of ongoing intense study. The
complexity of microbial communi-
ties and their interactions with the
host present exceptional challenges
for conducting these investigations
that will require multipronged strat-
egies to resolve. As the field under-
goes the much-needed transition
beyond association studies to a mechanistic understand-
ing of how microbes influence their hosts, manipulating
commensal microbes and using them for diagnostics and
therapeutic interventions is the logical next step. Because
microbiome research studies are being published at an un-
precedented rate, a reliable book that reviews the seminal
work and knowledge gaps in this field is pressingly needed.
In Bugs as Drugs: Therapeutic Microbes for the Preven-
tion and Treatment of Disease, the authors address major
themes in microbiome research, particularly focusing on
therapeutic applications.

This =500-page volume, edited by Robert A. Britton
and Patrice D. Cani, comprises 5 main sections of varying
scope and length. The introductory section reviews path-
ways used by commensals, particularly Lactobacilli and
Bifidobacteria spp., to benefit the host. The first chapter is
particularly impressive, providing a thorough and well-cit-
ed overview of the various microbial metabolites and how
they influence the host.

The theme of section 2, the longest and most wide-
ranging part, is the role of the microbiome in chronic
diseases. Given the ambitious scope of this section, the
authors selectively covered a range of diseases (from nutri-
tional disorders to colorectal cancer and osteoporosis) for
which the host-microbe interactions have been described.
Although this section might seem fragmented, it succeeds
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in providing the reader with a sense of the breadth of dis-
eases in which therapeutic microbes might play a role.
When links between microbes or the microbiome and hu-
man ailments are tentative or controversial, the authors do
a sound job describing the conflicting reports within their
respective fields.

Section 3 covers the vital function of the gut microbi-
ome, namely the control of infectious diseases, with a fo-
cus on Clostridioides difficile and Enterococcus spp. infec-
tions. In this section, the authors tackle the seminal studies
of fecal microbiota transplantation to control C. difficile
infections and questions that need to be answered to evalu-
ate the long-term consequences of this therapy, extending
beyond C. difficile control.

Section 4 provides insight on the tools and techniques
used to study and manipulate the microbiome, including
strategies to genetically modify microbiota to design di-
agnostics and therapeutic applications, innovative genetic
tools to engineer probiotics, and CRISPR (clustered regu-
larly interspaced short palindromic repeats) technologies
to modify microbes. Moreover, a chapter in this section is
devoted to reviewing US regulatory considerations for de-
veloping live biotherapeutics-based drugs; however, regu-
latory constraints outside the United States are not covered
in the book. The final section covers indirect strategies to
functionally target the gut microbiome, including the use
of bacteriophages as antibacterial agents and prebiotics to
modulate the microbiome.

Overall, this book is a commendable and timely vol-
ume of well-sourced reviews written by experts in the field
well organized into broad research themes. This work will
serve as a helpful resource for both scientists and clinicians
interested in using microbes for therapeutic applications.
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Difficult Places, Unexpected Discoveries

Byron Breedlove, J. Todd Weber

Microbes, including myriad pathogens, have demon-
strated their tenacity and malleability to endure, even
flourish, under extreme conditions thought to be inhospi-
table to life. These microbes evolve at a pace that proves
hard to fathom: they can undergo as many as 500,000
generations during a single human generation.

Author affiliation: Centers for Disease Control and Prevention,
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The proliferation and abundance of modern antibiot-
ics have accelerated the pace of pathogens’ evolutionary
adaptation through mutation and acquisition of genetic ma-
terial conferring resistance from other species. The World
Health Organization notes that new resistance mechanisms
are emerging and spreading around the world and that with-
out effective antimicrobials, treating infectious diseases is
becoming increasingly challenging.

Researchers Julian and Dorothy Davies offer this
perspective: “What happened during the evolution of
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bacteria and other microbes and organisms over several
billions of years cannot be compared to the phenom-
enon of antibiotic resistance development and transfer
over the last century. Contemporary selection pressure
of antibiotic use and disposal is much more intense;
selection is largely for survival in hostile environ-
ments rather than for traits providing fitness in slowly
evolving populations.”

The concept of life thriving and adapting under ex-
treme conditions resonates with Atlanta-based artist Amie
Esslinger. Her painting “Hydro Vents and Other Difficult
Places” appears as this month’s cover art. Esslinger ex-
plains that her approach “interjects activity not visible to
the human eye into the real space of the gallery.” She works
carefully and meticulously, creating complex, multilayered
works based on “organic cell structures, aerial landscapes,
and other hidden spaces.” Esslinger labels her work as “pro-
miscuous pattern realism” and cites among her influences
19th century Victorian illustrations, in particular Kunst-
Jformen der Natur (Artforms of Nature) by Ernst Haeckel
(A. Esslinger, pers. comm. email, 2019 May 16).

Esslinger explains what inspired her to create this
painting. “Hydrothermal vents exist on the deepest sea
floors. Under the cover of complete darkness, they emit
magma, minerals, and chemicals while geothermally heat-
ing the water to temperatures often above the boiling point.
At first blush, these vents would seem to create toxic, unin-
habitable environments, yet, surprisingly, the areas around
them are biologically more productive than elsewhere in
the deep sea. Despite the extreme temperatures, high acid-
ity, and lack of sunlight, microorganisms adapt and thrive
there. This natural phenomenon surprises and excites me. I
wanted to capture the hyperactivity involved in the survival
and adaptation of the organisms in these seemingly con-
tradictory environments” (A. Esslinger, pers. comm. email,
2019 May 16).

Her painting evokes the teeming life forms that sur-
round deep ocean oases. Lines, shapes, and textures con-
verge and overlap. Awash in colors and shapes, the overall
visual effect suggests pulsation and displacement. A filigree
of irregular yellow-rimmed, reddish-brown masses frames
the top and right sides of the image, and a dense cacophony
of speckled crimson rises from the bottom. Reddish rib-
bons of scaly cellular forms cluster together, and flowerlike
forms float at the end of undulating tendrils. Wreathed by
interlaced white and black lines, a collection of organisms
resembling sliced geodes dominates the left center, fighting
with the strange starburst just above it for the viewer’s at-
tention. Cerulean-edged indigo seawater appears through
this dense curtain of exotic shapes.

The artist notes that although she was not striving
to portray actual life-forms realistically, elements in the
painting are based on various bacteria and tubeworms. In
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her words, “I want to represent the vitality and potential-
ity of simple cell organisms. The piece is an expressive
attempt to capture the activity and chance mutations that
allow life to make these strange places home.”

This issue of the journal lays out the diversity of those
mutations and spread of antimicrobial resistance through
environmental pressure and horizontal gene transfer with
articles on Aspergillus fumigatus, Campylobacter jejuni,
Candida auris, Enterobacteriaceae, ceftriaxone-resistant
Neisseria gonorrhoeae, carbapenem-resistant Pseudomo-
nas aeruginosa, tuberculosis, and the gut microbiome.
This selected list overlaps with pathogens that can travel
via water to cause infection (e.g., Aspergillus fumigatus,
Campylobacter, Escherichia coli, and Pseudomonas ae-
ruginosa), a list that further includes pathogens such as
Legionella pneumophila, nontuberculous mycobacteria,
and Vibrio spp., among others.

On the flip side, extreme conditions may also harbor
solutions. Researchers have postulated that deep-sea organ-
isms, perhaps similar to those depicted in “Hydro Vents and
Other Difficult Places,” could be sources of novel bioactive
compounds that could aid in the development of new anti-
microbial drugs. Curiosity about the interactions between
pathogens and cellular life forms in difficult places creates
an interesting bridge between art and science and may lead
to discoveries that could forge unexpected solutions to the
global crisis of antimicrobial resistance.
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NEWS AND NOTES

EMERGING

INFECTIOUS DISEASES

Upcoming Issue

e Zika Virus Infection in Pregnant Women, Yucatan, Mexico

e Multistate Outbreak of Listeriosis Associated with Packaged Leafy
Green Salads, United States and Canada, 2015-2016

e Pseudomonas poae—Associated Fatal Septic Transfusion Reaction,
Peoria, lllinois, USA, 2017

e Cross-Protection of Dengue Virus Infection against Congenital Zika
Syndrome, Northeastern Brazil

e Direct Medical Costs of Reported Travel-Related Infections in
Ontario, Canada, 2012-2014

e Natural Vertical Transmission of Zika Virus in Larval Aedes aegypti
Populations, Morelos, Mexico

® Artyfechinostomum sufrartyfex Trematode Infection in Children,
Bihar, India

¢ Wild-Type Yellow Fever Virus in Cerebrospinal Fluid of Child

e Emergent Invasive Group A Streptococcus dysgalactiae Subspecies
equisimilis Recovered, United States, 2015-2018

e Case Series Study of Melioidosis, Colombia

e Lethal Encephalitis in Seals with Japanese Encephalitis Virus
Infection, China

e Marburgvirus in Egyptian Fruit Bats, Zambia
e Kaposi Sarcoma in Mantled Guereza

e Evaluating Temperature Sensitivity of Vesicular Stomatitis Virus—
Based Vaccines

¢ Poliomyelitis-Like Presentation of Powassan Virus with Anterior
Horn Cell Involvement, Canada

e Intact Mycobacterium leprae Isolated from Placenta in a Pregnant
Woman, China

e Erwinia billingiae as an Unusual Cause of Septic Arthritis,
France, 2017

* Bejel, a Nonvenereal Treponematosis, among Men Who Have Sex
with Men, Japan

e Chikungunya Fever Outbreak, Zhejiang Province, China, 2017
¢ No Evidence for Role of Cutavirus in Malignant Melanoma

Complete list of articles in the August issue at
http://www.cdc.gov/eid/upcoming.htm

Upcoming Infectious
Disease Activities

July 14-17, 2019

STl and HIV 2019 World Congress
Vancouver, Canada
http://stihiv2019vancouver.com

July 20-24, 2019

American Society for Virology
Minneapolis, MN, USA
http:// www.asv.org

July 21-24, 2019
International AIDS Society 2019
Mexico City, Mexico

http:// www.ias2019.org

August 12-23, 2019

16th International Course on Dengue,
Zika and other Emergent Arboviruses
Havana, Cuba
http://instituciones.sld.cu/ipk/
16th-international-course-on-dengue-
zika-and-other-emergent-arboviruses/

August 28-September 1, 2019
OPTIONS X for the Control of Influenza
Suntec, Singapore
https://www.isirv.org/site/

October 2-6, 2019

ID Week

Washington, DC, USA
https://idweek.org/

November 20-24, 2019

ASTMH

American Society of Tropical Medicine
and Hygiene

68th Annual Meeting
National Harbor, MD, USA
https://www.astmh.org/

February 20-23, 2020
International Society for
Infectious Diseases
Kuala Lumpur, Malaysia
https://www.isid.org/

Announcements
Email announcements to EIDEditor

(eideditor@cdc.gov). Include the event’s
date, location, sponsoring organization,
and a website. Some events may appear

only on EID’s website, depending on
their dates.
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Earning CME Credit

To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-
ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers.

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org,
please click on the “Register” link on the right hand side of the website.

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award,
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national
medical association for review

Article Title

Prescribing Patterns for Treatment of Mycobacterium avium Complex
and M. xenopi Pulmonary Disease in Ontario, Canada, 2001-2013

CME Questions

1. You are advising a public health department
regarding the need for physician education on the
proper treatment of Mycobacterium avium complex
pulmonary disease (MAC-PD) and M. xenopi
pulmonary disease (Mx-PD). According to the
retrospective cohort study by Brode and colleagues,
which of the following statements about older adults
(266 years) with MAC-PD and Mx-PD in Ontario,
Canada, who received antimicrobial therapy during
2001-2013 and factors associated with receipt of
treatment is correct?

A. Of 2,834 patients with MAC-PD and 928 patients with
Mx-PD who met microbiologic criteria during 2001—
2013, 24.2% and 15.3% received treatment

B. Treated vs untreated patients with MAC-PD were
younger and more likely to be female and to live in
higher-income neighborhoods and rural settings

C. Treated vs untreated patients with MAC-PD were
more likely to have diabetes

D. Among treated patients with MAC-PD, the most
commonly used drug in the first treatment episode
was a rifamycin

2. According to the retrospective cohort study

by Brode and colleagues, which of the following
statements about older adults with MAC-PD and
Mx-PD in Ontario, Canada, who received guideline-
recommended treatment and comparison with that in
other countries is correct?

A. Recommended standard triple therapy was the most
commonly used regimen (47% with MAC-PD and 36%
with Mx-PD)

23% of treated patients with MAC-PD received
standard triple therapy for initial treatment

C. Use of standard triple therapy for MAC-PD in this
study was less common than reported in the United
States or the European Union

D. Standard triple therapy for MAC-PD was given for
a mean of 165 days before a regimen switch or
discontinuation

3. According to the retrospective cohort study

by Brode and colleagues, which of the following
statements about older adults with MAC-PD and
Mx-PD in Ontario, Canada, who received treatment
that could lead to macrolide resistance and factors
associated with receipt of such treatment is correct?

A. Less than one-fifth of patients treated with MAC-
PD received regimens associated with emergent
macrolide resistance

B. Among treated patients with Mx-PD, 18.2% received
nonmacrolide monotherapy and 13.9% received
macrolide monotherapy

C. In adjusted analyses, diabetes and COPD were
significantly associated with a starting regimen of
macrolide monotherapy

D. Increased focus is needed to disseminate knowledge
contained in treatment guidelines to physicians who
treat MAC-PD and Mx-PD
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Article Title

Hospital-Associated Multicenter Outbreak of Emerging
Fungus Candida auris, Colombia, 2016

CME Questions

1. You are advising a large South American hospital
regarding prevention, detection, and control of a
Candida auris outbreak. On the basis of the clinical
case series by Armstrong and colleagues, which

one of the following statements about clinical
characteristics and outcomes of a hospital-associated
C. auris outbreak in Colombia in 2015 to 2016

is correct?

A. Median age was 63 years; 50% were male
B. 88% had a preexisting comorbidity such as
hemodialysis and immunocompromise
C. Age or having a comorbid condition predicted mortality
D. In-hospital mortality was 18%; 30-day mortality
was 13%

2. According to the clinical case series by Armstrong
and colleagues, which one of the following statements
about likely mode of transmission and associated
findings in a hospital-associated C. auris outbreak in
Colombia in 2015 to 2016 is correct?

1444

A. There was evidence of temporal, but not spatial,
clustering of cases

B. Whole-genome sequencing (WGS) showed a low
degree of relatedness of case isolates within hospitals

C. All cases had an invasive procedure (for example,
central venous catheter placement and intubation)

D. Fecal-oral transmission was most likely

3. On the basis of the clinical case series by Armstrong
and colleagues, which one of the following statements
about treatment and other clinical and public health
implications of a hospital-associated C. auris outbreak
in Colombia in 2015 to 2016 is correct?

A. The most common treatments for C. auris candidemia
were fluconazole and caspofungin

B. The findings suggest good adherence to infection
control recommendations

C. Choice of antimicrobial agents was appropriate in
nearly all cases

D. Outbreaks are likely to occur only in pediatric hospitals
or units
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