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Bioinformatic Analyses of
Whole-Genome Sequence Data
In a Public Health Laboratory

Kelly F. Oakeson, Jennifer Marie Wagner, Michelle Mendenhall,
Andreas Rohrwasser, Robyn Atkinson-Dunn

The ability to generate high-quality sequence data in a pub-
lic health laboratory enables the identification of pathogenic
strains, the determination of relatedness among outbreak
strains, and the analysis of genetic information regarding
virulence and antimicrobial-resistance genes. However,
the analysis of whole-genome sequence data depends on
bioinformatic analysis tools and processes. Many public
health laboratories do not have the bioinformatic capabili-
ties to analyze the data generated from sequencing and
therefore are unable to take full advantage of the power of
whole-genome sequencing. The goal of this perspective is
to provide a guide for laboratories to understand the bio-
informatic analyses that are needed to interpret whole-ge-
nome sequence data and how these in silico analyses can
be implemented in a public health laboratory setting easily,
affordably, and, in some cases, without the need for inten-
sive computing resources and infrastructure.

ext-generation sequencing (NGS), also known as

high-throughput sequencing, has affected many
fields in the study of biology but has dramatically changed
the field of genomics by enabling researchers to quickly
sequence whole microbial genomes, profile gene expres-
sion by sequencing RNA, examine host—pathogen inter-
actions, and study the vast microbial diversity in humans
and the environment (1). Despite the benefits of NGS over
traditional Sanger sequencing methods, public health lab-
oratories (PHLs) have been slow to implement this revo-
lutionary technology. According to the Association of
Public Health Laboratories, no PHLs had NGS capabili-
ties before 2010 (2). The Centers for Disease Control and
Prevention (CDC), through its Advanced Molecular De-
tection program, has supported the adoption of NGS and
whole-genome sequencing (WGS) by providing funding
and training to PHLs. By the end of 2015, CDC’s support
had enabled 37 PHLs to acquire NGS instrumentation,
with another 9 PHLs gaining NGS technology by the end
of 2016 (2).

Author affiliation: Utah Department of Health, Utah Public Health
Laboratory, Taylorsville, Utah, USA

DOI: https://doi.org/10.3201/eid2309.170416
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For laboratory surveillance of foodborne diseases,
pulse-field gel electrophoresis (PFGE) is currently the pre-
ferred method for typing bacterial isolates and is widely
used in outbreak investigations and source tracking. PFGE
has been the backbone of the success of CDC’s PulseNet
program since 1997 (3,4). However, the PulseNet program is
aiming to replace PFGE with WGS by 2018. This trajectory
resembles the path taken in the study of human genetics, in
which genetic mapping based on restriction fragment length
polymorphism was replaced by quasi-complete information
obtained by high-throughput genomic sequencing. Although
restriction fragment length polymorphism markers initially
enabled the measurement of genetic distance and laid the
foundation for linkage mapping, its success depended on
pronounced phenotypic effects of the underlying trait and
regularly dispersed markers. Once linkage to a region was
identified, causality could be pinpointed through fine map-
ping. WGS provided not only a complete marker-map with
maximum resolution at the nucleotide level but also enabled
the deduction of causality and direct testing of genetic relat-
edness and genetic origination. The promise of this approach
also extended to the study of pathogens, given that WGS
ultimately enables testing of specific hypotheses regarding
genotype-phenotype relationships (e.g., antimicrobial drug
resistance). However, although more PHLs are adopting
NGS and WGS, only a small number of these laboratories
have the ability to perform the bioinformatic analyses needed
to take full advantage of the data they are generating. CDC
aids PHLs in conducting foodborne disease surveillance on
a national scale but is unable to assist with data analysis for
local foodborne disease surveillance.

Some of the obstacles preventing PHLs from imple-
menting the bioinformatic-dependent analysis are the re-
quirements for large-scale computational capabilities,
complex molecular evolutionary analyses, and dedicated
bioinformatics staff to perform these analyses. However,
all that is really needed is a computer with a browser and
a connection to the Internet. Web-based tools are available
for PHLSs that are looking to participate in WGS data analy-
sis but are not ready to perform analyses in-house. Several
of these tools are open-source (i.e., free of charge) and can

1441
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be used to perform a range of bioinformatics analyses. Two
of these tools are [llumina’s BaseSpace Sequence Hub (II-
lumina, Inc., San Diego, CA, USA) and the Galaxy web-
based platform (5).

Because many PHLs are already using Illumina’s
MiSeq sequencing platform, BaseSpace is a convenient so-
lution that enables users to monitor the progress of sequenc-
ing runs, share data easily with others, and use 1 terabyte
(TB) of data storage free of charge. Illumina provides new
users with a 30-day free trial of BaseSpace, enabling users
to use all of the wide-ranging bioinformatic tools available.

The Galaxy platform enables users to perform analy-
ses ranging from sequence quality control and timing to
whole-genome assemblies (5). Galaxy also enables users to
track the details of each step of an analysis, making it easier
to reproduce and publish the results. Galaxy enables non-
experts to perform advanced and computationally intensive
analyses without having training in bioinformatics.

However, neither BaseSpace nor Galaxy is without
drawbacks. Uploading or downloading the large files gener-
ated by NGS can be slow and might fail before finishing, re-
quiring the entire upload or download process to be restarted.
Web-based tools can also be “black boxes” where users may
not know exactly what each step of the analysis is, why that
step is being performed, or why results might be difficult to
understand or interpret. These web-based tools might seem
quick and easy to use but often do not perform as expected.

Bioinformatic analyses are often performed in a step-
wise manner, with the output of 1 analysis being used as the
input for the next. These multistep, multisoftware analyses
are frequently referred to as pipelines and are often set up to
run automatically from 1 step to the next without input from
the user. In this perspective, we describe the bioinformatic
pipeline implemented at the Utah Public Health Laboratory
(UPHL) to analyze the WGS data. Sharing our experiences
with this pipeline will enable PHLs to implement their own
pipelines by following each step in our pipeline or by us-
ing our pipeline as a template to construct their own unique
processes. All the software used in our bioinformatics pipe-
line are open-source and are available free of charge (online
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/23/9/17-0416-Techappl.xlsx). We present these

analyses as a function of the level of technology required,
spanning everything from basic quality control performed
on typical desktop or laptop computer to complex molecular
evolutionary analyses that require powerful high-end Linux
servers or workstations.

Bioinformatic Pipeline

The bioinformatic pipeline developed and implemented at
UPHL consists of 8 steps (Figure): 1) read quality control,
2) reference strain determination, 3) read mapping to the
reference strain, 4) single-nucleotide polymorphism (SNP)
and small insertion or deletion (indel) detection, 5) de novo
genome assembly, 6) genome annotation, 7) phylogenetic
tree construction, and 8) phylogenetic analysis. Although
such processes are standard, several software solutions are
available for the respective steps.

The first step in almost all WGS bioinformatics analy-
ses is quality control of the raw sequencing data. It is im-
portant to remove poor-quality sequence data and techni-
cal sequences (i.e., adapter sequences). Highly accurate
sequences are required for SNP detection, enabling the
detection of actual SNPs and distinguishing from sequenc-
ing artifacts. Quality control in our pipeline is performed
by using Trimmomatic (6), a multithreaded command line
tool that removes adapter sequences, trims low-quality se-
quence from the beginning or end of a sequence, removes
reads that fall below a user-defined threshold for length,
and validates paired-end sequence reads.

The second step in the pipeline is reference sequence
determination. To determine SNPs, a reference sequence
is needed against which to compare sequencing reads. The
choice of reference sequence might have a substantial effect
on the number and type of SNPs that are detected, making
this step important. We use Mash for reference sequence
determination (7). Mash enables us to quickly compare the
large set of sequencing reads generated against the refer-
ence set of 54,118 National Center for Biotechnology In-
formation RefSeq genomes (https://www.ncbi.nlm.nih.gov/
refseq) to determine nucleotide distance and relatedness (8).

Once a reference sequence is determined, the next step
in the analysis pipeline is mapping the quality-controlled
sequencing reads to the reference genome. We perform

Figure. Steps in the bioinformatics pipeline implemented at Utah Public Health Laboratory.
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read mapping by using the Burrows-Wheeler Aligner
(BWA) software package with the bwa-mem option (9).
BWA uses a Burrow-Wheeler Transform to efficiently
align sequencing reads to reference genomes allowing for
gaps and mismatches. The output of BWA is the standard
sequence alignment map format known as SAM, which fa-
cilitates the next step in the pipeline.

The fourth step in the pipeline uses mapping of the se-
quencing reads to the reference sequence to identify SNPs
and indels. We perform SNP and indel determination by
using SAMtools and VarScan2, which also calculate SNP
frequency in the sequence data (10,11). The output of
VarScan2 can be easily viewed in the Integrative Genom-
ics Viewer, which enables the interactive viewing of large
genomic datasets (12). The output file of VarScan2 can
also be used in more complex downstream analyses (i.e., to
build SNP matrixes and phylogenetic trees).

The quality-controlled sequencing reads are then used
for de novo genome assembly in the sixth step of the pipe-
line. We perform de novo genome assembly on individual
isolates by using the St. Petersburg genome assembler, also
known as SPAdes (13,14). The SPAdes assembler has 3
modules: sequencing read error correction; SPAdes as-
sembly; and a mismatch corrector module. The first mod-
ule error corrects the quality-controlled sequencing reads
by using advanced algorithms based on Hamming graphs
and Bayesian subclustering. Sequencing error correction
in this manner has shown to dramatically improve genome
assemblies of NGS data (15). The SPAdes assembly mod-
ule uses the error-corrected reads and performs the actual
assembly in an iterative manner making use of de Bruijn
graphs. The resulting genome assembly is then used as in-
put for the third module, which greatly reduces the number
of mismatches and small indels by using BWA and results
in highly accurate contigs (contiguous sequence data made
up of overlapping sequencing reads) and scaffolds (ordered
and oriented contigs based on paired-end read data).

We then annotate the resulting genome assembly to iden-
tify protein-coding genes, tRNAs, and rRNAs. We use Prokka
for annotation of protein-coding genes, tRNA, and rRNA on
the contigs and scaffolds generated by SPAdes (16). Prokka
can fully annotate a bacterial genome in approximately 10
minutes on a high-end quad-core desktop computer by mak-
ing use of a suite of existing software, tools, and sequence da-
tabases, such as UniProt (17) and NCBI RefSeq (8).

We then use shared orthologous genes to construct
phylogenetic trees that provide insight into the relatedness
of isolates. Once multiple genomes have been annotated,
we calculate the pan genome of the combined genomes by
using Roary (18). The pan genome consists of the union of
genes shared by genomes of interest, and Roary can com-
pute the pan genome of 1,000 bacterial genomes on a single
CPU computer in 4.5 hours (19). In addition to determining
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the pan genome of the genomes of interest, Roary also
generates a concatenated nucleotide alignment of the pan
genome, which can be used to build a phylogenetic tree of
these sequences. This pan genome alignment is used as the
input to RAXML for phylogenetic tree construction (20).
RAXML is a program that has been designed and optimized
for conducting phylogenetic analyses on large datasets by
using maximum-likelihood techniques to estimate evolu-
tionary trees from nucleic acid sequence data (21).

The last step in the pipeline is phylogenetic analyses.
These analyses can detect a signature of selection on indi-
vidual genes and provide knowledge about the evolutionary
forces acting on the genes of the sequenced isolates. The pan
genome alignment can also be used to detect signatures of
selection by calculating the ratio of the number of nonsyn-
onymous substitutions per nonsynonymous site to the num-
ber of synonymous substitutions per synonymous site. The
value of this ratio is used to infer the direction and magni-
tude of natural selection, with values >1 implying positive
selection (i.e., driving change), values <I implying purifying
selection (i.e., acting against change), and values of exactly
1 indicating neutral selection (i.e., no selection). To deter-
mine the ratios for detecting signatures of selection, we use
the YNOO model (22) implemented in the PAML software
package (23). The PAML results are a plain text file that can
be viewed in any word processor or imported into statistical
analysis software, such as R, for further analysis or plotting.

Laptop or Desktop Hardware

The bioinformatic pipeline we describe can be partitioned
as a function of computer resources (i.e., the number of
CPUs, the amount of RAM, and the amount of storage
space). Typical laptop or desktop computers might only
have enough power to perform the first steps in the pipeline,
whereas a high-end workstation would have enough power
to perform all the steps for hundreds of samples at once. In
many cases, the limiting factor is how much RAM a com-
puter has. Many of the more complex steps in the pipeline
require large amounts of RAM, often more than what many
laptops and desktops can hold. All the software described
can easily be installed and run on a typical desktop or lap-
top computer (Figure). At UPHL, we performed steps 1-4
of the described analyses on bacterial isolates by using an
Apple MacBook Pro laptop (Apple, Inc., Cupertino, CA,
USA) with a single 3.2-GHz Intel Core i5 processor, 16 gi-
gabytes (GB) of RAM, and 500 GB of storage space (online
Technical Appendix Table 2). Many PHLs might already
have the computational resources needed to perform these
bioinformatic analyses on a small number of samples in
a reasonable amount of time. However, some basic com-
mand-line instructions would be needed to execute soft-
ware. Numerous online resources, many of them free, will
help novices learn the basics of the command-line interface.
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One such resource is the Biostar Handbook (https://www.
biostarhandbook.com). This online document and e-book
is an excellent resource that introduces bioinformatics and
covers all of the major areas of focus in bioinformatics, in-
cluding a crash course in the command-line interface.

High-end Desktop Hardware

Computers with an increased number of processing cores,
more RAM, and more storage space than the typical desk-
top or laptop computer will allow PHLs to perform all the
analyses described here as well as more advanced and com-
putationally intensive analyses (Figure). High-end desk-
tops are relatively inexpensive to purchase, and it might
be possible to upgrade desktops a PHL already has. All
the analyses we describe here were performed at UPHL on
an Apple iMac equipped with a single 3.2-GHz Intel Core
i5 processor, 32 GB of RAM, and 2 TB of storage space
(online Technical Appendix Table 2). For 10 isolates, the
analyses took =5 days to complete. Theoretically, the num-
ber of isolates that could be analyzed can be increased to
up to hundreds of isolates on a similar high-end desktop
computer; however, the amount of time to perform these
analyses would also increase substantially.

Beyond High-end Desktop Hardware

With a high-end Linux-based workstation (http://www.
linux.org) and a network-attached storage array, several
hundred genomes can be analyzed in a reasonable timeframe
(Figure). At UPHL, we invested in a high-end Hewlett-
Packard workstation (HP, Inc., Palo Alto, CA, USA) with
four 3.0-GHz Intel Xeon processors (Intel Corp., Santa
Clara, CA, USA), each 3.0 GHz with 12 processing cores;
256 GB of RAM; and a Synology network-attached storage
array (Synology, Inc., Taipei, Taiwan) with 24 TB of storage
(online Technical Appendix Table 2). With such a system
and bioinformatics personnel in place, hundreds of genomes
can be generated and analyzed in 2-3 days, providing near
real-time results for disease outbreak surveillance and moni-
toring. In addition to high-end computer hardware, experi-
enced personnel are needed to deploy, maintain, curate, and
automate bioinformatics pipelines (i.e., bioinformaticians).
To take full advantage of computational resources, programs
should be automated and linked together so that as data are
generated by the sequencer, they are automatically added to
the bioinformatics pipelines.

Discussion

With NGS becoming more and more important for public
health laboratories, the need for bioinformatic analyses in
greatly increasing. Unfortunately, the pace of WGS implemen-
tation is far outpacing the number of bioinformaticians being
hired to work in PHLs and, understandably, not all PHLs will
have the need, desire, or financial capacity to hire a full-time
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bioinformatician. The objective of this perspective is to show
that bioinformatic analyses can be performed on everything
from a simple laptop to a high-end Linux workstation and
the user can have little to no experience in bioinformatics
or can be a full-fledged bioinformatician. As the volume of
sequencing data increases, the ability to connect phenotype
to genotype becomes a reality. Knowing a priori that a mi-
croorganism is likely to be resistant to antimicrobial drugs
or could be a highly virulent strain would greatly improve
patient outcomes, improve outbreak surveillance, and help
prioritize resources to combat outbreaks. By using molecular
evolutionary analyses, PHLs can investigate the evolution of
antimicrobial-resistance genes to track in near real-time mu-
tations that are linked to newly acquired resistance genes or
novel mutations that result in resistance.

NGS has the potential to revolutionize public health.
NGS is not only replacing PFGE, but has the potential to
replace traditional culture-based testing as well. Culture-
independent diagnostic testing though metagenomic se-
quencing and analysis has the ability to quickly identify
pathogens without applying any type of selection.
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Convergence of Humans, Bats,
Trees, and Culture in Nipah Virus
Transmission, Bangladesh

Emily S. Gurley,! Sonia T. Hegde,? Kamal Hossain, Hossain M.S. Sazzad, M. Jahangir Hossain,®
Mahmudur Rahman, M.A. Yushuf Sharker,* Henrik Salje, M. Saiful Islam, Jonathan H. Epstein,
Salah U. Khan, A. Marm Kilpatrick, Peter Daszak, Stephen P. Luby

Preventing emergence of new zoonotic viruses depends
on understanding determinants for human risk. Nipah virus
(NiV) is a lethal zoonotic pathogen that has spilled over from
bats into human populations, with limited person-to-person
transmission. We examined ecologic and human behav-
ioral drivers of geographic variation for risk of NiV infection
in Bangladesh. We visited 60 villages during 2011-2013
where cases of infection with NiV were identified and 147
control villages. We compared case villages with control vil-
lages for most likely drivers for risk of infection, including
number of bats, persons, and date palm sap trees, and hu-
man date palm sap consumption behavior. Case villages
were similar to control villages in many ways, including
number of bats, persons, and date palm sap trees, but had
a higher proportion of households in which someone drank
sap. Reducing human consumption of sap could reduce vi-
rus transmission and risk for emergence of a more highly
transmissible NiV strain.

merging zoonoses pose a substantial threat to human

health and well-being (1). Some of the most devastat-
ing human disease pandemics have been caused by dis-
eases originating in livestock or wildlife, including HIV
infection, influenza, bubonic plague, and a large Ebola
outbreak in West Africa (1,2). For this reason, there is con-
siderable scientific and public health interest in predicting
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which emerging pathogens have the potential to cause pan-
demics so that these pandemics can be prevented. Emerg-
ing lethal zoonotic pathogens that have crossed the species
barrier and can be transmitted from 1 person to another,
albeit without sustained person-to-person transmission, are
particularly concerning because they could evolve to be-
come more highly transmissible and cause large outbreaks
or pandemics (3). It is therefore critical to focus resources
on limiting the opportunity of these pathogens to spillover
from wildlife and livestock to infect persons and to better
adapt to human hosts.

Effectively preventing cross-species transmission of
zoonotic pathogens depends on our ability to determine
how transmission occurs, including transmission path-
ways and determinants of human risk. Efforts to identify
and predict risky geographic areas for emerging zoonoses
have focused primarily on publicly available data, remote
sensing of species habitat, and other large-scale population
measures (4,5). A major limitation of these risk mapping
approaches is that they typically rely on crude measures
of spatial risk, including presence or absence of species or
population densities. Human behavior patterns are rarely
taken into account, although the risk for transmission prob-
ably involves complex, time-varying interactions between
humans and their environment that are often driven by cul-
ture, climate, and economic development (1,6,7).

Infection with Nipah virus (NiV), an emerging zoo-
notic pathogen, can cause encephalitis in humans; the virus
can also be transmitted between humans, although some-
what inefficiently (8). NiV was first identified as the etio-
logic agent causing outbreaks in pigs and encephalitis in
humans in Malaysia and Singapore during 1998-1999 (9).
Shortly thereafter, this virus was identified as the cause of
outbreaks of human encephalitis in Bangladesh and India

'Current affiliation: Johns Hopkins Bloomberg School of Public
Health, Baltimore, Maryland, USA.

2Current affiliation: University of Michigan School of Public Health,
Ann Arbor, Michigan, USA.

3Current affiliation: Medical Research Council, Banjul, The Gambia.
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during 2001 (10,11). Nearly every year since 2001, NiV
has caused outbreaks among humans in Bangladesh; cases
are also reported in bordering areas of India (12). Initial
spillovers during these outbreaks have been amplified by
person-to-person transmission; the largest of these out-
breaks involved 66 persons, primarily patients and health-
care workers, in Siliguri, India, in 2001 (10). In addition,
an outbreak in Faridpur, Bangladesh, in 2004 involved 5
generations of transmission (13). Although the case-fatality
rate for patients in Malaysia and Singapore was =40%, it
exceeds 70% in Bangladesh and India (12).

The natural reservoir for NiV is Old World fruit bats of
the genus Pteropus, which are found in eastern Africa and
throughout Asia, Australia, and the Pacific islands (14,15).
Antibodies against NiV or NiV-like viruses have been
found in pteropid bats throughout Asia, including Malay-
sia, Thailand, Cambodia, India, and Bangladesh (16-20).
Pteropus medius (formerly P. giganteus) is the only pterop-
id bat species present in India and Bangladesh and is the
putative reservoir for NiV in this region (21). The wide-
spread evidence of henipavirus infection in Pteropus bats
suggests that this virus may have co-evolved with bats and
has probably been present in these areas for as long as the
bats have been there. Infected bats shed NiV in their saliva
and urine (22,23), and spillover might occur between hu-
mans and bats throughout this region. Types of contact that
could result in NiV transmission include hunting bats for
human consumption; living nearby and under bat roosts;
and sharing food resources, including bats drinking date
palm sap and humans consuming fruit partially eaten by
bats (8,16,24). Despite this information, the geographic
scope and scale of reported cases of infection with NiV

Nipah Virus Transmission, Bangladesh

remains limited: only Bangladesh regularly reports cases
(25). Furthermore, even within Bangladesh, there is un-
explained substantial spatial heterogeneity in case occur-
rence; virtually all cases are detected in the central and
northwestern parts of the country (Figure 1) (25).

The purpose of our study was to identify differences
in endogenous risk and risky human behavior across these
areas that drive these human disease patterns. Outbreak in-
vestigations in Bangladesh showed that a major risk factor
for NiV infection was consumption of raw date palm sap, a
national delicacy (12). Date palm trees (Phoenix sylvestris)
are tapped overnight to collect the sap in clay pots, and the
sweet sap is retrieved from the tree first thing in the morn-
ing and drunk raw (26). Wildlife studies have shown that
date palm sap is commonly consumed by Pteropus bats,
particularly during winter months when other fruits are
not available (27). We sought to understand causes of geo-
graphic variation in NiV transmission from bats to humans
across Bangladesh. We performed a large-scale, case—con-
trol study that used villages as study units and quantified
the distribution of bats, humans, date palm sap trees, and
human behavior that might influence interactions with bats,
such as date palm sap harvesting and consumption.

Methods

Data Collection

We conducted a village-level case—control study to iden-
tify characteristics associated with NiV transmission from
bats to humans in Bangladesh. Case villages were those in
which human infections were identified during 2001-2012
with no evidence that the source of infection was another

Figure 1. A) Locations of identified bat-to-human transmission of Nipah virus and spatial intensity of transmission events, Bangladesh,
2001-2012. B) Relative sizes of the Pteropus medius bat populations in case and control villages (including within 5 km of each village).
C) Proportion of households in case and control villages with persons who regularly consume fresh date palm sap.
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human case of infection with NiV and thus was probably
caused by spillover from bats. We mapped these case vil-
lages and drew 50-km buffers around them to define the
area of Bangladesh to which NiV was endemic (Figure 1,
panel B). This distance chosen was arbitrary but reasonably
represents the distance that a person could travel within a
day, even without access to good roads, and is within the
typical nightly foraging radius of Pteropus bats, which has
been observed as 20—50 km (28-30). We then selected con-
trol villages by randomly generating 2 sets of geographic
points on a map. The first set was chosen from within the
area to which NiV was endemic (nearby controls) but >5
km from a case village. The second set was chosen from
points >50 km from case villages (distant controls). We
chose control villages near and distant from villages with
cases of infection with NiV to determine if characteris-
tics driving transmission were different at varying spatial
scales. We sought to enroll 75 controls from nearby vil-
lages and 75 controls from distant villages.

Our approach for identifying control villages could
have misclassified some villages where cases of infection
with NiV have occurred but gone undetected. However, all
outbreaks due to NiV have been observed exclusively in
the part of the country that includes our case and nearby
control villages, despite the fact that surveillance for out-
breaks frequently identifies outbreaks of other diseases
throughout the country (31).

We collected data for study villages at 2 time points:
during December 2011-February 2012 and during De-
cember 2012—February 2013. These times were chosen to
align our surveys with the season that has a high incidence
NiV infection in Bangladesh (12). Trained data collection
teams used hand-held devices to identify the latitude and
longitude of the randomly selected points and enrolled the
village with that coordinate or the village located closest
to that point as a control village. Teams visited case and
control villages and identified a group of key village in-
formants who assisted with mapping the village boundary
and estimating the number of households located in each
village. The teams then asked local residents to identify all
of the bat roosts they knew of in their village and within 5
km of the village boundary. Trained data collectors located
all of the roosts and counted the number of Pteropus bats
roosting. In addition, they counted all date palm sap trees in
the village and within 500 m of the village boundary.

We then requested that 25 randomly selected house-
holds from each village participate in a structured survey.
After identifying the village boundary, the field team used a
random number table to choose a cardinal direction: north,
east, south, or west. The household on the edge of the vil-
lage in that direction was approached for participation. The
team then divided the estimated number of households in
the village by the desired sample size (25) and skipped that
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number of households to choose the next for participation.
This process continued until 25 households were enrolled.
For villages with <25 households, all households were en-
rolled. Data collectors administered the structured survey
to an adult household member to obtain data for household
demographics, date palm sap consumption practices, expe-
rience with observing and hunting bats, number of fruiting
trees on their household premises, and behavior regarding
eating fruit with animal bite marks off the ground.

Data Analysis

To estimate the number of persons in each village, we mul-
tiplied the number of estimated households in each village
by the mean number of household residents in households
sampled for the study from that particular village. We mea-
sured data for each village by direct observation, such as
the number of bats roosting, or through the surveys at sam-
pled households. We compared case villages to both sets of
controls in terms of human and bat population size, as well
as human behavior patterns regarding date palm sap and
fruit consumption.

We estimated means and proportions with 95% Cls
and compared case and control villages by using general-
ized linear models with binomial distributions and a logit
link, which used robust variance estimates to account for
model misspecification. For exposures measured at the
household level, we accounted for clustering within the
village in the model. Analyses were conducted by using
the generalized linear model package in Stata version
13.0 (StataCorp LLC, College Station, TX, USA). Vari-
ables that were highly skewed were log-transformed to
equalize leverage.

We used multivariable logistic regression models to
estimate independent associations (odds ratios with 95%
Cls) between village characteristics and being a village
with a case of NiV infection. For multivariable regression,
each village had 1 value for each exposure, and household-
level data from each village was aggregated to estimate the
proportion of all village households reporting each expo-
sure or behavior. Therefore, we did not need to account for
clustering of observations, but we did calculate the 95%
ClIs for the odds ratios by using robust variance to account
for imprecision in exposures estimated from a sample of
households. We first built an inclusive model comparing
each set of controls to the case villages on the basis of our
a priori hypothesis that NiV spillover risk is determined
by human population, number of bats present, number of
date palm trees, and proportion of persons in the village
who commonly consumed raw date palm sap. In addition,
any other behavior patterns that were associated with an in-
creased risk for NiV spillover by univariable analysis were
also included in the model. Associations were considered
statistically significant if p values were <0.05.
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Ethical Considerations

All study participants provided informed consent before
participation. The study protocol was reviewed and ap-
proved by the institutional review board of the icddr,b.

Results

Data collection teams visited all 60 case villages and 73
nearby control villages and 74 distant control villages
where they surveyed 5,024 persons (Figure 1, panel B).
Three selected control villages could not be visited because
of local security concerns or logistical constraints.

Nipah Virus Transmission, Bangladesh

Villages that had cases of infection with NiV were simi-
lar to nearby and distant control villages for most character-
istics, including human population, bat population, and num-
ber of date palm sap trees (Table 1; Figure 2). However, both
groups of control villages had a lower proportion of house-
holds who reported that >1 person commonly drank fresh
date palm sap than households in case villages (61% in case
villages vs. 49% in nearby control villages and 31% in dis-
tant control villages) (Table 1; Figure 1, panel C; Figure 2).

In addition, the average number of household resi-
dents who drank >1 glass of raw sap when it was in season

Table 1. Characteristics of villages with cases of Nipah virus infection and control villages, Bangladesh 2011-2013*

Villages with cases,

Nearby control Distant control

Characteristic n =60 villages, n =73 p valuet villages, n =74 p valuet
Human population
No. persons in village 1,476 (1,202-1,749) 1,389 (1,102—-1,676) 0.20 1,392 (1,010-1,774)  0.10
No. persons/km? 1,168 (1,167-2,169) 1,173 (5692—1,754) 0.78 1,335 (456-2,213) 0.95
Pteropus bat population
Proportion of villages where P. medius 0.85 (0.76-0.94) 0.86 (0.78-0.94) 0.86 0.76 (0.66-0.86) 0.19
bats were observed roosting in village
or within 5 km of village boundary
No. bats roosting in village 554 (319-789) 620 (364-875) 0.60 407 (226-587) 0.37
or within 5 km of village boundary
Proportion of respondents reporting large fruit bats
Roosted nearby during the day in past 0.25 (0.17-0.34) 0.37 (0.29-0.45) 0.060 0.40 (0.31-0.49) 0.024
month
Fly overhead at dusk 0.51 (0.43-059) 0.64 (0.56-0.70) 0.019 0.77 (0.71-0.83) <0.001
Visit fruit trees at night 0.43 (0.35-0.51) 0.52 (0.45-0.60) 0.10 0.53 (0.45-0.61) 0.090
Date palm sap and fruiting trees
No. trees in village or within 120 (88-152) 95 (78-111) 0.91 101 (65-138) 0.14
500-m radius of village boundary
Proportion of households with fruiting 0.97 (0.94-0.99) 0.97 (0.94-0.98) 0.81 0.94 (0.92-0.96) 0.14
trees on premises
No. fruiting trees on each household 56 (46—68) 52 (43-61) 0.81 108 (45-170) 0.47
premise
Human behavior
Proportion of villages with >1 date palm 0.60 (0.47-0.63) 0.40 (0.29-0.52) 0.026 0.51 (0.40-0.63) 0.32
sap collector
No. sap collectors in villages 4.5 (1.8-7.3) 2.3 (1.0-3.6) 0.41 3.7 (1.9-5.6) 0.54
Proportion of villages with >1 fresh date 0.38 (0.28-0.51) 0.32 (0.21-0.43) 0.45 0.39 (0.26-0.51) 0.92
palm sap seller
No. (%) fresh sap sellers in villages 1.9 (0.6) 0.9 (0.2) 0.16 2.4 (0.6) 0.47
Proportion of households where 0.61 (0.54-0.68) 0.49 (0.42-0.56) 0.014 0.31 (0.24-0.39) <0.001
>1 person drank raw sap
Proportion of households where 0.35 (0.27-0.43) 0.29 (0.23-0.35) 0.26 0.21 (0.16-0.27) 0.005
someone drank raw sap >1x/wk during
the past harvest season
No. household residents who drank 3.3 (2.7-3.9) 2.1 (1.8-2.5) 0.001 1.5(1.1-1.9) <0.001
>1 glass of raw date palm sap when
in season
Proportion of villages where >1 0.16 (0.10-0.21) 0.12 (0.06-0.18) 0.66 0.14 (0.08-0.21) 0.78
household fed raw date palm sap to
livestock
Proportion of villages where >1 person 0.53 (0.40-0.66) 0.64 (0.53-0.75) 0.22 0.27 (0.17-0.38) 0.002
hunted bats
Proportion of households that reported 0.42 (0.37-0.48) 0.58 (0.53-0.62) <0.001 0.66 (0.61-0.71) <0.001

residents ate bitten fruits dropped on
the ground

*Values are mean (95% CI) except as indicated.

tComparison of villages with cases of Nipah virus infections with nearby control villages by using generalized linear models that account for correlations

within villages for characteristics measured in household surveys.

FComparison of villages with cases of Nipah virus infections with distant control villages by using generalized linear models that account for correlations

within villages for characteristics measured in household surveys.
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Figure 2. Comparisons of villages with Nipah virus infections with nearby and distant control villages, Bangladesh, 2011-2013. A)
Human population size, B) Pteropus medius bat population size, C) no. date palm trees, D) proportion of households with members
who consume fresh date palm sap, E) average no. of persons per household who consume fresh date palm sap, and F) proportion of
households that reported their residents eat bitten fruits dropped on the ground. Gray shading in violin plots indicates distribution of
values for each variable. Box plots indicate 25th and 75th percentiles (bottom and top lines), medians (horizontal lines within boxes),

and 95 Cls (whiskers). Red dots indicate maximum (outlier) values.

was higher in case villages (3.3 glasses) than in nearby con-
trol villages (2.1 glasses) and distant control villages (1.5
glasses) (Table 1; Figure 2, panel E). A larger proportion of
villages that had cases of infection with NiV had >1 bat
hunter than distant control villages (53% vs. 27%; p =
0.002) (Table 1). Households in nearby and distant con-
trol villages were more likely to report that someone in
the house ate fruits bitten by animals off the ground and
saw bats roosting nearby during the day and flying over-
head at dusk than were households in villages with cases
of infection with NiV (Table 1).

Multivariable analyses showed that, compared with
nearby control villages, each additional 10% increase in
the proportion of households reporting that someone regu-
larly consumed raw sap was associated with a 6.39 (95%
CI 1.61-25.40) increase in odds of being a village with
cases of NiV infection (Table 2). Compared with distant
control villages, the odds of being a village with cases of
NiV infection were 1.18 (95% CI 1.02—1.37) times higher
for each order of magnitude increase in bat populations and
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26.97 (95% CI 5.98-121.67) times higher for each 10% in-
crease in households that reported someone who regularly
consumed sap.

Discussion

NiV is a highly fatal pathogen and poses a risk for pan-
demic spread because it can be transmitted from person-to-
person. To reduce opportunities for a more transmissible
strain to emerge, which could lead to regional outbreaks
or a pandemic, we must prevent spillover from bats to hu-
mans. Bangladesh is the only place where spillover events
are predictably identified each year. Therefore, prevent-
ing bat-to-human transmission of NiV in rural Bangladesh
should be a global public health priority.

Our study reported 2 key findings to achieve this pri-
ority. First, our data suggest that human infection, and as
a result, selective pressure to adapt to humans (3), is de-
termined by the joint probability of a human consuming
raw sap in rural Bangladesh and of sap being contaminated
by the urine or saliva of a bat that is shedding the virus

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 23, No. 9, September 2017
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Table 2. Odds ratios from logistic regression models estimating associations between village characteristics and Nipah virus

spillovers, Bangladesh, 2011-2013*

OR (95% CiI) for villages
with NiV infections vs.

OR (95% CiI) for villages
with NiV infections vs.

Characteristic nearby control villages p value distant control villages p value
Per each order of magnitude increase in no. 1.36 (0.90-2.07) 0.14 1.57 (0.90-2.6) 0.12
persons in village

Per each order of magnitude increase in no. bats 1.00 (0.86-1.16) 0.97 1.18 (1.02-1.37) 0.029
<5 km from village

Per each order of magnitude increase in no. date 0.75 (0.49-1.12) 0.16 .69 (0.45-1.04) 0.078
palm sap trees <5 km from village

Per each 10% increase in households reporting 6.39 (1.61-25.40) 0.008 26.97 (5.98-121.67) <0.001
that someone consumed raw date palm sap during

the harvest season

Per each 1% increase in villages reporting that NA NA 1.80 (0.80-4.06) 0.16

someone hunts bats

*Cls were calculated by using robust variance. NA, not applicable; NiV, Nipah virus; OR, odds ratio.

(22,32). Bangladesh has a population of 160 million per-
sons, and according to a United Nations report (http://esa.
un.org/unpd/wup/Country-Profiles/), 70% of Bangladeshi
residents in 2015 lived in rural areas where date palm sap
is collected. We found that >30% of rural households have
>] regular date palm sap drinker, which implies that there
are millions of persons drinking fresh sap each year. The
reservoir for NiV (the P. medius bats) is nearly ubiquitous
across the landscape (Figure 1, panel B), and previous stud-
ies show that bat visits to date palm sap trees are common
(27), which suggests that much of the fresh date palm sap
consumed is probably contaminated with bat saliva or ex-
creta. Despite this finding, human infections with NiV are
rare, which suggests that shedding of transmissible virus by
bats is also rare during the date palm sap harvesting season
or occurs too infrequently to cause human infection.

Date palm sap consumption was common in control
villages, although less common than in case villages. These
findings suggest that we need not eliminate date palm sap
consumption to reduce NiV spillovers. Date palm sap is
deeply rooted in Bengali culture (32), and because the risk
associated with consumption at the individual level is low,
eliminating this practice could be difficult. However, even
if we are unable to eliminate sap consumption, modest re-
ductions in consumption of contaminated date palm sap
could meaningfully reduce incidence rates for infection
with NiV. Case villages were also more likely to have more
bats roosting nearby than distant control villages but not
nearby control villages. This finding suggests that although
large increases in bat population sizes could increase risk
for spillover, odds ratios indicate that human behavior pat-
terns are a greater risk for driving NiV transmission than
bat population size. Extermination of bats would not be an
appropriate approach to mitigating the risk for NiV infec-
tion because of the major ecologic role of P. medius bats
in tree pollination and seed dispersal. Public health mes-
sages during outbreaks stress the need for bats in the local
ecology, but greater efforts to preserve bat habitat during
outbreaks should be considered.
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Second, our data suggest that we should target interven-
tions to communities that consume large amounts of raw
sap. We identified that consumption of date palm sap was
common in many areas across Bangladesh, even in areas
where no cases of infection with NiV have been detected.
The ability to target resources is key when funding for pub-
lic health prevention is limited. Our data suggest that areas
with high consumption of raw sap should be targeted for en-
hanced surveillance to track changes in NiV epidemiology
and quickly respond to outbreaks and for interventions to
interrupt transmission through consumption of contaminated
sap. Interventions to reduce human consumption of contami-
nated sap have been developed and include efforts to reduce
fresh sap consumption in general and using physical barriers
to keep bats from accessing and contaminating sap (32—36).
However, sustained changes in behavior patterns regarding
consumption of date palm sap will probably require long-
term efforts to promote these interventions because this con-
sumption is ingrained in local culture, and there is evidence
that knowledge per se about risk for infection with NiV is
not associated with behavior patterns regarding date palm
sap consumption in areas to which NiV is endemic (32,36).

Residents of nearby and distant control villages were
more likely to report seeing bats roosting nearby during
the day. One possible explanation for this finding could
be an association between experiencing an outbreak of in-
fection with NiV and destruction of bat habitat. Local in-
vestigation teams have observed that residents in villages
in which outbreaks have occurred often cut down trees
in which bats roost within the village after the outbreak.
Residents of nearby and distant control villages were also
more likely than residents of case villages to report eat-
ing animal-bitten fruits off the ground. Investigations of
the first outbreak of infections with NiV in Malaysia sug-
gested that the most probable pathway of transmission
from bats to pigs was through consumption of bat-bitten
fruits (37). However, there is no evidence that this trans-
mission route plays a major role in human infections in
Bangladesh, despite more than a decade of investigation
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(38), and this study provides further evidence that this
factor is not a major contributor to human infection in this
setting, given the strong association between human date
palm sap consumption and being a village with cases of
NiV infection. No outbreaks of infection with NiV have
been linked with bat hunting, but Old World fruit bats are
hypothesized to be reservoir hosts for several major zoo-
notic pathogens, including Marburg virus and Ebola virus
(39,40). In addition to NiV, our group reported evidence
of 55 novel viruses in P. medius bats (41), and evidence
for human exposure to these or other batborne pathogens
through this type of bat contact should be explored. Ef-
forts to reduce bat hunting would be beneficial for con-
servation of these species and reduction of disease risk.

Our study objective was to identify the major drivers
of spatial patterns of NiV spillovers across Bangladesh by
drawing upon evidence we have about individual risk fac-
tors for NiV infection. There might be other rare drivers
of risk that were not detected because of limited statistical
power. However, these drivers would have a smaller role in
explaining disease risk than those identified in this study.
P. medius bats are found throughout Bangladesh (42) but
spillover of NiV to humans could be driven by spatial or
temporal variation in NiV incidence in bats. More evidence
about this possible contributor to spatial heterogeneity
would improve our understanding of risk.

Our study provides an example of how epidemiologic
studies can be used to describe the ecologic drivers of zoo-
notic disease emergence. The risk for cross-species trans-
mission is complex and depends on the presence of reser-
voir hosts and permissive contact patterns with humans, as
well as the frequency of these interactions. Future studies
to explain spatial risk for similar emerging zoonotic infec-
tions should incorporate data on all aspects of the transmis-
sion, including human behavior patterns.

This study was supported by a grant from the US National
Science Foundation/National Institutes of Health
(2R01-TW005869 for Ecology and Evolution of Infectious
Diseases). The governments of Australia, Bangladesh, Canada,
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Processes Underlying Rabies Virus
INncursions across US—Canada
Border as Revealed by
Whole-Genome Phylogeography

Hannah Trewby, Susan A. Nadin-Davis, Leslie A. Real, Roman Biek

Disease control programs aim to constrain and reduce the
spread of infection. Human disease interventions such as
wildlife vaccination play a major role in determining the lim-
its of a pathogen’s spatial distribution. Over the past few
decades, a raccoon-specific variant of rabies virus (RRV)
has invaded large areas of eastern North America. Although
expansion into Canada has been largely prevented through
vaccination along the US border, several outbreaks have
occurred in Canada. Applying phylogeographic approaches
to 289 RRV whole-genome sequences derived from isolates
collected in Canada and adjacent US states, we examined
the processes underlying these outbreaks. RRV incursions
were attributable predominantly to systematic virus leakage
of local strains across areas along the border where vac-
cination has been conducted but also to single stochastic
events such as long-distance translocations. These results
demonstrate the utility of phylogeographic analysis of patho-
gen genomes for understanding transboundary outbreaks.

Control measures are often used at the edges of a patho-
gen’s range to limit geographic spread and prevent in-
cursions of infection into areas free from disease. Although
geopolitical boundaries generally do not directly affect
spread of infectious diseases, human-imposed control mea-
sures are often structured around national or international
borders. Where such control measures fail, the resulting out-
breaks can prove extremely costly in terms of public health
and economic and political consequences. It is therefore
vital to understand the events involved in such transbound-
ary outbreaks of infection and particularly how these events
relate to the control measures applied at the boundary.
Rabies virus is a major zoonotic pathogen worldwide.
In the United States, the geographic range of the raccoon
variant of rabies virus (RRV) has expanded in recent de-
cades and is now endemic throughout the eastern seaboard
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area (1). Further spread of RRV has been largely contained
through oral vaccination of raccoons along the edge of its
range (2). However, multiple incursions across the vacci-
nation corridor have occurred at the northern edge of the
RRYV range, corresponding to the US—Canada border; the
resulting outbreaks in the Canadian provinces of Ontario,
Quebec, and New Brunswick have necessitated large-scale
control operations to prevent the establishment of RRV
in Canada. By focusing specifically on these outbreaks of
RRYV in Canada, we are by default highlighting points at
which transboundary controls have failed. However, our
doing so does not imply that the control measures at the
Canada border have been unsuccessful. Despite the epi-
demic expansion of RRV covering 40-60 km/year in the
absence of controls (3-6), spatial spread of RRV has been
static in most areas of the Canada border for >15 years (7).

RRYV was first reported in the US state of New York
in 1990. By 1994, it had spread to reach the Canada bor-
der at Niagara in western New York, and by 1996, it had
reached the New York—Ontario border at the St. Lawrence
River. Implementation of rabies vaccination started along
the Niagara River in 1994 and at potential crossing points
along the St. Lawrence River from 1995 on, later replaced
by larger scale oral vaccination (8). The first RRV outbreak
in Ontario occurred in the southeastern part of the prov-
ince during 1999-2005; 126 cases were confined to an area
of the mainland adjacent to the St. Lawrence River, and 6
cases occurred on Wolfe Island between Ontario and New
York at the mouth of Lake Ontario (8,9). More recently, in
2015, an outbreak was identified west of the Niagara area
and is ongoing (7).

At the US—Canada border between Quebec and Ver-
mont, oral rabies vaccination was implemented in the late
1990s in response to the northward spread of RRV through
Vermont. The first outbreak of RRV in Quebec occurred
during 2006-2009, near the Vermont border (10). Another
isolated case of raccoon rabies was reported in 2015 at the
border with New York in southwestern Quebec (7).

In New Brunswick, RRV outbreaks occurred during
2000-2002 and 2014-2016, both in the southwestern part
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of the province near the border with Maine (7). RRV vacci-
nation was conducted at the New Brunswick—Maine border
from 2001 through 2008 and is currently in place after the
2015 outbreak.

In this study, we used RRV whole-genome sequences
to investigate the processes giving rise to these outbreaks
in Canada, particularly with respect to the effectiveness of
the vaccine areca at the US—Canada border, and to deter-
mine whether these processes were comparable across dif-
ferent outbreaks. We generated 289 RRV whole-genome
sequences: 140 sequences from RRV cases covering each
of the Canada outbreaks and 149 sequences from cases
in the neighboring US states of New York, Vermont, and
Maine. Using Bayesian phylogeographic approaches, we
addressed the following 3 questions: 1) Did the Canada
outbreaks result from multiple simultaneous incursions of
RRYV or from single introductions? 2) Is there evidence of
backflow of RRV from Canada into the United States? 3)
Did the Canada outbreaks originate from RRV lineages
circulating locally, or are they attributable to long-dis-
tance movement?

Materials and Methods

Samples and Sequencing
In eastern Canada, brain samples from animals suspected
to be infected with rabies virus are submitted to the Centre
of Expertise for Rabies of the Canadian Food Inspection
Agency in Ottawa for diagnosis. In addition, any rabies-
positive wildlife cases diagnosed by provincial authorities
during enhanced surveillance activities are confirmed by
the laboratory in Ottawa. We selected a temporally and spa-
tially representative subset of RRV samples for sequencing
from the Canada outbreaks in Ontario (n = 57), Quebec (n
= 51), and New Brunswick (n = 32). For comparison, we
obtained another set of confirmed rabies virus samples, in
most cases collected over the same period as the Canada
outbreaks, for sequencing from the relevant state rabies
laboratories of New York, Vermont, and Maine. The high-
density sampling in New York and Vermont enabled us to
focus sampling on cases within 75 km of the Canada border
in these 2 states (54 sequenced samples in New York and
62 in Vermont), with the aim of capturing representatives
of most RRV lineages circulating near the border. A lower
density of samples was available from Maine, collected
in 2013 and 2014 only, and therefore we sequenced RRV
from throughout this state (33 sequences). Details of se-
quenced samples are shown in online Technical Appendix
Table 1 (https://wwwnec.cdc.gov/ElD/article/23/9/17-0325-
Techappl.pdf).

We performed RRV genome extraction and sequenc-
ing as described in detail by Nadin-Davis et al. (11). Vi-
ral RNA was extracted from brain tissue of animals with
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confirmed infection by using Trizol (Life Technologies
Inc., Carlsbad, CA, USA) and further purified by using
a MagMax instrument (Applied Biosystems, Foster City,
CA, USA). RNA was amplified as 3 overlapping ampli-
cons covering the whole RRV genome. Purified ampli-
cons from a single sample were pooled and used to gen-
erate indexed libraries with Nextera XT kits (Illumina,
Inc., San Diego, CA, USA); libraries were sequenced as
200- or 250-bp paired end reads on an Illumina MiSeq
machine. Genomes were sequenced with high depth of
coverage (average >1,000%), and reference-based assem-
bly was conducted by use of the NGen program in the
DNASTAR Lasergene software package, version 11 (12),
with either the RRV reference genome (GenBank acces-
sion no. EU311738) or more genetically related sequences
generated during this study that better facilitated complete
assembly, to generate consensus sequences.

Phylogeographic Analyses

To estimate RRV transitions between geographic regions,
we conducted discrete trait phylogeographic analysis (13).
Sequences were grouped into 8 groups according to loca-
tion: western Ontario, eastern Ontario, western New York,
northwestern New York, New Brunswick, Maine, Quebec,
and Vermont (this latter group includes 2 New York se-
quences, New York.1995.3745 and New York.2011.5590
[online Technical Appendix Table 1], which clustered
geographically and genetically with Vermont sequences).
Independent incursions into Canada were identified as lin-
eages of the maximum clade credibility phylogeny stem-
ming from a most recent common ancestor with a >90%
posterior probability of occurring in Ontario, Quebec, or
New Brunswick, according to discrete trait ancestral state
reconstruction.

We conducted analyses in BEAST version 1.8.2 (14)
with the BEAGLE library (15) by using the generalized
time-reversible model with gamma distributed rate varia-
tion among sites and separate partitions for coding and
noncoding regions and a relaxed molecular clock (12)
with branch rates drawn from an exponential distribution
(identified by model selection as the best fitting models for
these data; online Technical Appendix text and Table 2).
Asymmetric transition rates were allowed between regions.
Significant transitions were identified by using Bayesian
stochastic search variable selection to calculate Bayes fac-
tors in the program SPREAD version 1.0.6 (16), and the
number of transitions between regions was estimated by
using Markov Jump counts (17).

Identifying Long-Distance Movement

If an outbreak in Canada were the result of local spread of
infection, we would expect the responsible viruses to be
genetically similar to US RRV lineages circulating near the
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Canada border. However, even where dense sampling and
sequencing was conducted near the Canada border (i.e., in
New York and Vermont), sampling was not exhaustive.
Therefore, the absence of a virus closely related to that
causing the Canada outbreak in neighboring US regions
may indicate an outbreak initiated by long-distance virus
movement but could also be the result of incomplete sam-
pling of RRV transmission chains circulating in the local
area. We extracted the coalescent time between the most
recent common ancestor of a Canada outbreak and the
most genetically similar US sequence as a measure of the
length of time the outbreak lineage had been circulating
unsampled. To generate an expectation for the length of
time lineages would circulate undetected under our sam-
pling regimen, we took the distribution of coalescent times
for US sequences within each of the 3 major clades. Co-
alescent times falling outside the 95th percentile interval of
US times indicate an outbreak that was probably initiated
by long-distance movement. Depending on the (unknown)
level of long-distance movement underlying the US sam-
ples, this 95th percentile might be overly conservative in
identifying long-distance movements.

Results

The sequenced samples fell into 3 well-supported major
clades (Figure 1) that are largely structured by region.
Clade I consists predominantly of sequences from Quebec
and Vermont, although it also includes 5 sequences from
northwestern New York and from the 1 case in western
Ontario (Ontario-15); clade II is restricted to samples from
New Brunswick and Maine; and clade III contains samples
from Ontario and New York, with the addition of the 1 iso-
late from western Quebec in 2015 (Quebec-15). Clades 1
and III correspond to lineages identified in a previous study
of RRV in New York (18); clade I corresponds to lineage
3A (found in southeastern New York in the previous study)
and clade III to 3B (found in western and northern New
York). Because our sampling scheme focuses on RRV
infections near the Canada border in western and north-
ern New York, only 5 of the samples from New York se-
quenced here fall into clade 1.

BEAST analysis revealed a molecular clock rate of
3.28 x 10* nucleotide substitutions/site across the ge-
nome for these sequences (95% highest posterior density
[HPD] 2.83 x 10*to 3.76 x 10*). The time to most recent
common ancestor was estimated as 1990 for clade I (95%
HPD 1983-1994), 1994 for clade II (95% HPD 1988-
1998), and 1987 for clade III (95% HPD 1979-1991).
These estimates suggest that the 3 clades were probably
already diverged before RRV entered the region, as indi-
cated by Szanto et al. (18).

We identified 10 independent incursions of RRV,
giving rise to the 6 Canada outbreaks, from the maximum
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clade credibility tree (Figure 1). We analyzed each of
these outbreaks to determine the number of recorded cas-
es and whether evidence exists for multiple virus intro-
ductions, backflow to the United States, or long-distance
movement (Table).

Ontario

Ontario was subject to a persistent outbreak of RRV from
1999 through 2005, resulting in reported cases on Wolfe
Island and the Leeds/Grenville area in mainland Ontario.
Discrete traits reconstruction (Figure 1, eastern Ontario
outbreak shown in dark blue) suggested that the Wolfe Is-
land viruses (Ontario-99b) are part of a separate incursion
to the mainland (Ontario-99a), confirming previous sug-
gestions from partial genome data (19). Our results give no
indication that the mainland Ontario incursion was caused
by multiple invading lineages, and we found no evidence
for backflow of infection from Ontario to the United States
(online Technical Appendix Figure 1). Sequences from the
eastern Ontario outbreak were genetically closely related to
sequences circulating locally on the US side of the border
with eastern Ontario (Figure 2), suggesting that local spread
of infection is responsible for initiating this outbreak. The
spatial-genetic spread of this Ontario outbreak is described
in more detail by Nadin-Davis et al. (11).

By contrast, the outbreak in western Ontario (repre-
sented here by 1 sequence, Ontario-15) falls into a com-
pletely separate clade (clade I) than other viruses circulat-
ing in the neighboring area of New York (clade III; light
orange branches in Figure 1). Even in comparison with oth-
er sequences in clade I, the Ontario-15 sequence is consid-
erably divergent; coalescent time is >20 years, and it falls
distinctly outside the 95th percentile of coalescent times
for US sequences in this clade (Figure 2). These findings
provide evidence that the variant represented by isolate
Ontario-15 was the result of long-distance movement from
outside the study area, rather than local spread across the
border. Although our results provide some statistical sup-
port for the Ontario-15 incursion originating in Vermont
(online Technical Appendix Figure 1), a more full explora-
tion of the origins of the Ontario-15 incursion would re-
quire a more comprehensive study in which sampling is
not restricted to RRV samples within 75 km of the Canada
border. An additional isolate from this ongoing outbreak,
sequenced subsequent to preparation of this article, differs
from the Ontario-15 isolate at 13 of 11,924 sites. This find-
ing represents a genetic similarity of 99.9%, which would
place these 2 samples in the same phylogenetic group (data
not shown).

Quebec
With the exception of the 1 case in eastern Quebec in 2015
(Quebec-15), all cases of RRV infection from Quebec were
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reported from 2006 through 2009 and were again focused
on a relatively small area (Figure 3). The combination of
the high level of discrimination provided by whole-genome
sequencing plus high-density sequencing of samples from
close to the Canada border in this study have made it pos-
sible to attribute this single temporal outbreak to several
separate incursions of RRV into Quebec (linecages Que-
bec-06, Quebec-07a, Quebec-07b, and Quebec-07c¢; Figure
1). The last 2 reported cases of RRV in this outbreak, al-
though located near the border, are shown here to be part of
an ongoing circulation of lineage Quebec-07b within Que-
bec, rather than a separate introduction, as might have been
assumed in the absence of sequencing.

Incursions of lineages Quebec-07a, Quebec-07b, and
Quebec-07c involved viruses closely genetically related to
others circulating locally near the Quebec border (Figure
2), indicating that these were probably the result of local
spread from RRYV circulating near the border. Although the
Quebec-06 lineage seems more genetically distinct from
other sequences circulating near the border (and also from
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the other Quebec lineages; Figure 1), it does fall within the
95th percentile interval for coalescent times in this clade
(Figure 2, panel A); therefore, there is no evidence to rule
out the possibility that local spread from Vermont initi-
ated this incursion. Phylogenetic analysis using discrete
traits provides strong statistical support (online Technical
Appendix Figure 1) for backflow of RRV infection from
the Quebec outbreak back into the United States. These in-
stances of backflow (Vermont-07 and Vermont-08; Figure
1) were each identified within 30 km of the Quebec border,
again consistent with local transmission of disease.

The 1 case reported in 2015, Quebec-15, was lo-
cated at the western edge of the Quebec border with the
United States. Contrary to the previous Quebec outbreak,
the sequence for this case falls into clade III (Figure 1),
indicating that it is linked to the lineage that has spread
north through New York, as opposed to the predominantly
Vermont-associated clade I implicated in the 2006-2009
outbreak. This finding is not surprising because Quebec-15
was found in an area directly adjacent to New York (Figure

Figure 1. Time-scaled maximum
clade credibility phylogeny

of sequenced genomes of
raccoon-specific variant of
rabies virus, US—Canada
border. Branches are colored

by inferred geographic region.
Samples belonging to Canada
lineages are labeled by province
and year of first sample, as

is backflow of infection from
Canada into Vermont. Black
diamonds indicate nodes with
>90% posterior support. HPD,
highest posterior density; NB,
New Brunswick; ON, Ontario;
QC, Quebec.
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Table. Summary of Canada outbreaks and evidence of multiple introductions of raccoon-specific variant of rabies virus, backflow from
Canada to the United States, and long-distance movement initiating an outbreak

No. recorded Evidence of Evidence of Evidence of long-
Location Time cases multiple introductions backflow to the United States distance movement
Ontario (east) 1999-2005 132 Yes No No
Ontario (west) 2015-ongoing 307* No No Yes
Quebec 2006-2009 104 Yes Yes (strong) No
Quebec 2015-2015 1 No No No
New Brunswick 2000-2002 64 No No No
New Brunswick 2014—ongoing 30* No Yes (weak) No

*Number correct as of April 30, 2017.

3) and was reported soon after cases of RRV reached Frank-
lin County, New York, adjacent to the Quebec border. The
Quebec-15 case was located in an area where vaccination
had previously not been conducted and has not been fol-
lowed by any further reports of RRV in Quebec. Although
on first examination the Quebec-15 sequence does exhibit
some divergence from other sequences in the clade, it is
again within the 95th percentile of coalescent times for this
clade (Figure 2, panel B), further confirming that this case
is probably the result of local spread of viruses from the
New York side of the Quebec border.

Figure 2. Distribution of coalescent times for raccoon-specific
variant of rabies virus near the US—Canada border, clade | (A) and
clade Il (B). Gray histograms give the distribution of coalescent
times for each US sample in the clade, and colored bars and
labels indicate the coalescent times for the most recent common
ancestor of each Canada lineage in the specified clade. Gray
dashed lines indicate the 95th percentiles of the coalescent times
for virus from the United States. ON, Ontario; QC, Quebec.
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New Brunswick

Our results provide no evidence that either of the outbreaks
in New Brunswick (2000-2002 and 2014-2015) was initi-
ated by multiple incursions into New Brunswick; however,
discrete trait phylogeographic analysis gives some limited
statistical support for backflow of RRV from New Bruns-
wick into Maine (online Technical Appendix Figure 1; note
that this backflow is not represented in the maximum clade
credibility tree in Figure 1). Sequences from the second
New Brunswick outbreak seem closely genetically related
to sequences circulating in Maine; however, to examine
further the suggestion of backflow from New Brunswick
into Maine, and to assess whether the 2000-2002 outbreak
is the result of local spread or of long-distance translocation
of infection as was suggested at the time (21), more exten-
sive sampling and sequencing of RRV from cases near the
New Brunswick border would be necessary.

Discussion

The use of high-throughput RRV sequencing enabled us to
investigate events giving rise to a series of transboundary
RRYV outbreaks in eastern provinces of Canada that border
the United States. By generating high-resolution whole-
genome sequences and comparing results across multiple
Canada outbreaks, we were able to discriminate between
different epidemiologic scenarios and gain generalizable
insights that would not be possible to gain from single-
outbreak data.

In most instances, results were consistent with the
outbreaks being initiated by 1 lineage, possibly represent-
ing 1 infected individual. A major exception was the out-
break in Quebec in 2006-2009, which involved at least
4 cross-border incursions. The Quebec 2006-2009 out-
break also showed strong evidence of backflow of infec-
tion from Quebec across the border into the United States.
The combination of multiple introductions and backflow
of infection indicates that the Quebec—Vermont border
and adjacent areas of vaccination were relatively per-
meable to the spread of RRV during 2006-2008. These
results suggest that this particular outbreak was related
to systematic challenges in maintaining an effective vac-
cine corridor at this location and time, as opposed to rare
stochastic events. A likely contributing factor for the
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Figure 3. Locations of
sequenced samples from
Canada outbreaks of raccoon-
specific variant of rabies virus
infection in western Ontario

(n =1), eastern Ontario (n =
56), Quebec (n = 51), and New
Brunswick (n = 32); and from the
United States within 75 km of
the border in western New York
(n = 23), northwestern New York
(n =29, including 5 samples into
clade |, indicated by squares),
and Vermont (n = 64, including
2 samples from New York that
grouped within this clade,
indicated by squares); and from

Rabies Virus Incursions across US—Canada Border

throughout Maine (n = 33). Map generated by using ggmap package (20). NB, New Brunswick; ON, Ontario; QC, Quebec.

higher transboundary transmission in Quebec is the lack
of natural barriers along this border, compared with the
major rivers or lakes that reinforce the border between
Ontario and the United States. A similar argument can
be made for the 1999-2005 Ontario outbreak, given the
evidence for 2 separate introductions into Wolfe Island
and the mainland, although no indications of backflow
or further introductions were found. Weak evidence for
backflow of RRV into the United States was also found
for New Brunswick, although more in-depth sampling
from Maine would be necessary to confirm this; other
outbreaks showed no indication of backflow of infec-
tion into the United States. Transmission of infection in
both directions across the US—Canada border highlights
the need for coordination of surveillance programs. For
future detection of such backflow events, however, sur-
veillance strategies will probably need detailed genomic
data and dense geographic sampling, as described here for
New York and Vermont.

Introductions of RRV into Canada were predomi-
nantly attributable to viruses closely genetically related
to lineages circulating near the US—Canada border. This
finding indicates that for many outbreaks, whether mul-
tiple introductions or backflow of RRV were evident in
the data, the largest risk for introduction stems from local
pressure of infection resulting in RRV spreading through
the areas of vaccination across the international bound-
ary. This finding is consistent with previous findings of an
observed breach of the vaccine corridor within the United
States into the state of Ohio, which also implicated lo-
cal spread of virus lineages through the vaccinated area
(22). However, we demonstrate that at least 1 introduction
into Canada (Ontario-15) was attributable to movement
of infection across an exceptionally large distance. The
index case was found 64 km from the Ontario—US bor-
der, and our results indicate that it is highly unlikely to
have originated from US territory within the scale of our
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sampling (75 km from the border). Most raccoon move-
ments are <5 km (23-27); however, long-distance disper-
sal of raccoons covering >100 km has been reported and
is generally attributed to human-mediated translocation,
whether deliberate or inadvertent (4,28,29). The Ontar-
i0-15 introduction was adjacent to the Niagara region, an
area where vaccination has been conducted on both sides
of the border for over a decade and where the border is
further strengthened by the large Niagara River. It is also
the area on the US—Canada border that was first reached
by the northward expansion of RRV in 1994, resulting
in the longest potential for transboundary incursions. The
absence of any local spread of infection suggests that the
local barrier to transboundary incursion of RRV here is
particularly strong. However, our results highlight that
such areas are still vulnerable to long-distance transloca-
tion events, effectively allowing RRV infection to bypass
areas of vaccination completely.

Long-distance translocations are likely to be sto-
chastic events and therefore difficult to predict and pre-
vent; however, on the basis of our evidence, these events
seem to be relatively rare compared with breaches of the
vaccination corridor by locally circulating viruses. Al-
though such breaches could occur anywhere along the
US—Canada border, it is apparent that some areas ex-
perience multiple incursions, either in short succession
(Ontario, Quebec) or separated by several years (New
Brunswick), suggesting deterministic factors. Identi-
fication of these factors, which are probably related to
temporal and spatial variation in raccoon demography or
vaccination coverage affecting local pressure of infec-
tion, is an area for future work.

Irrespective of the underlying mechanisms, these re-
sults demonstrate the utility of whole-genome data and
bioinformatics approaches for resolving transmission
processes in sensitive areas such as international borders
for infectious diseases of high public concern. Increased
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efforts are needed to make these tools available to govern-
ment agencies dealing with transboundary diseases and
to facilitate international collaboration toward controlling
and ultimately eliminating the spread of infection.
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N egri bodies are cytoplasmic
inclusions in neurons that

are composed of rabies virus pro-
teins and RNA. Adelchi Negri, an
assistant pathologist working in
the laboratory of Camillo Golgi,
observed these inclusions in rab-
bits and dogs with rabies. These
findings were presented in 1903 at
a meeting of the Societa Medico-
Chirurgica of Pavia. Negri was
convinced the inclusions were a
parasitic protozoon and the etio-
logic agent of rabies. Later that
same year, however, Paul Rem-
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Left, Adelchi Negri 1876—1912, right: Neuron showing a cytoplasmic inclusion body (Negri
body, arrow). Courtesy Frederick A. Murphy.

linger and Rifat-Bey Frasheri in Constantinople and, separately, Alfonso di Vestea in Naples showed that the
etiologic agent of rabies is a filterable virus. Negri continued until 1909 to try to prove that the intraneuronal
neurons named after him corresponded to steps in the developmental cycle of a protozoan. In spite of his incor-
rect etiologic hypothesis, Negri’s discovery represented a breakthrough in the rapid diagnosis of rabies, and the
detection of Negri bodies was used for many years until the development of modern diagnostic methods.
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Real-Time Whole-Genome
Sequencing for Surveillance of
Listeria monocytogenes, France
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Nathalie Fredriksen, Dieter Van Cauteren, Héléne Bracg-Dieye, Pierre Thouvenot, Guillaume Vales,
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During 2015-2016, we evaluated the performance of whole-
genome sequencing (WGS) as a routine typing tool. Its
added value for microbiological and epidemiologic surveil-
lance of listeriosis was compared with that for pulsed-field
gel electrophoresis (PFGE), the current standard method.
A total of 2,743 Listeria monocytogenes isolates collected
as part of routine surveillance were characterized in paral-
lel by PFGE and core genome multilocus sequence typing
(cgMLST) extracted from WGS. We investigated PFGE and
cgMLST clusters containing human isolates. Discrimina-
tion of isolates was significantly higher by cgMLST than by
PFGE (p<0.001). cgMLST discriminated unrelated isolates
that shared identical PFGE profiles and phylogenetically
closely related isolates with distinct PFGE profiles. This pro-
cedure also refined epidemiologic investigations to include
only phylogenetically closely related isolates, improved
source identification, and facilitated epidemiologic investi-
gations, enabling identification of more outbreaks at earlier
stages. WGS-based typing should replace PFGE as the pri-
mary typing method for L. monocytogenes.

Listeria monocytogenes is a foodborne bacterial patho-
gen that causes severe illnesses and conditions (1) such
as septicemia, encephalitis and meningitis, abortion, still-
births, and neonatal infections (2). Although ingestion of L.
monocytogenes occurs frequently, incidence of listeriosis
is generally low (=6 cases/1 million persons in France) and
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primarily affects at-risk groups of persons (elderly, those
with impaired immunity, pregnant women and their new-
borns) (2,3). However, the case-fatality rate for listeriosis
is one of the highest among foodborne infections (2,4,5).

On the basis of L. monocytogenes typing studies, most
listeriosis cases are believed to be sporadic, although nu-
merous listeriosis outbreaks have been reported over the
past few decades in Europe and North America (6-10). In
addition to its public health burden (11), L. monocytogenes
can lead to major economic losses in the food industry be-
cause of its capacity to replicate at low temperatures and
persist on food-processing surfaces despite disinfection
(12,13). Costs associated with recalls of contaminated prod-
ucts (14) are high, and international food safety legislations
based on microbiological criteria have been established to
control L. monocytogenes (15,16). Surveillance programs,
including systematic isolate collection and typing, have
been established to detect clusters of microbiologically re-
lated cases, identify common sources of infection, and take
appropriate control measures to reduce human illness and
economic losses.

In France, human listeriosis has been a mandatory
reportable disease since 1999 (3). The French listeriosis
surveillance system relies on the National Public Health
Agency, which collects epidemiologic data and food
consumption histories from all patients with laboratory-
confirmed L. monocytogenes infection by using a specific
hypothesis-generating questionnaire, and the National Ref-
erence Centre for Listeria (NRCL), which characterizes
all human and food isolates received to detect clusters of
genetically related strains. Food and environmental inves-
tigations are systematically conducted in refrigerators of
patients with neurolisteriosis, in hospital kitchens if hospi-
tal-acquired L. monocytogenes infection is suspected, and
among producers of suspected or incriminated products un-
der the authority of the Ministry of Agriculture.

"These authors contributed equally to this article.
°These authors were co-senior authors.
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Microbial typing attempts to characterize bacteria at
the strain level to detect and investigate clusters of related
isolates and identify sources of infection. The standard
method for L. monocytogenes typing relies on pulsed-field
gel electrophoresis (PFGE) and the restriction enzymes
Ascl and Apal (17,18). However, the discriminatory power
of PFGE is limited compared with whole-genome sequenc-
ing (WGS) (19-22). Core genome multilocus sequence
typing (cgMLST) (23,24) is a highly reproducible method
that enables strain comparison across laboratories by using
standardized nomenclatures of alleles and types (20,23-
26). The power of cgMLST in identifying national or inter-
national outbreaks has been demonstrated in several studies
and for multiple bacterial species (10,20,26-30).

With the advances in sequencing technologies, WGS
has become a promising method for routine surveillance
to maximize discrimination of isolates. In 2015, the NRCL
implemented cgMLST as a typing method for L. monocy-
togenes and has since used it in parallel with PFGE typing.
We report the performance of cgMLST as a routine typing
tool and its added value for microbiological and epidemio-
logic surveillance by comparing it with PFGE, the current
standard method.

Materials and Methods

Bacterial Isolation

The study included 2,743 L. monocytogenes isolates pro-
spectively collected during January 1, 2015-December 31,
2016, in the framework of listeriosis surveillance in France.
These isolates consisted of 770 from humans, 1,688 from
food, and 285 from food production environments. Food
and food environmental isolates were obtained from refrig-
erators or hospital investigations conducted in connection
with confirmed human cases, samples from alerts of food
companies, and investigations of the Ministry of Agri-
culture. Pure cultures were obtained by streaking isolated
colonies onto Columbia agar plates (bioMérieux, Marcy
I’Etoile, France) and incubating overnight at 35°C.

PFGE Molecular Typing

PFGE profiles were obtained by using restriction enzymes
Ascl and Apal according to the PulseNet standardized
operating procedures (31). PFGE runs were performed
twice per week, and banding patterns were compared by
using the complete linkage clustering algorithm based on
number of different bands in BioNumerics version 6.6
(Applied Maths, Sint-Martens-Latem, Belgium); pattern-
matching optimization was set at 1%, and band position
tolerance was set at 1% (18). Ascl and Apal profiles were
defined for each enzyme separately as differing from oth-
er profiles by >2 bands (i.e., a difference of only 1 band
per enzyme was tolerated). Combined Ascl-Apal PFGE
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profiles were defined as being of a distinct type for >1 of
the 2 enzymes.

DNA Extraction and WGS

DNA extraction was performed by using the DNeasy
Blood and Tissue Extraction Kit (QIAGEN, Kegbenhavn @,
Denmark), from 5 mL of liquid cultures grown overnight
at 35°C in brain heart infusion medium under aerobic con-
ditions, following the manufacturer’s protocol for gram-
positive bacteria. DNA quantity and purity was assessed
by using Qubit fluorimetric quantitation (Thermo Fisher
Scientific, Waltham, MA, USA).

Library preparation was conducted by using the Nex-
tera XT DNA Sample Kit (Illumina, San Diego, CA, USA).
WGS was performed twice a week on a NextSeq 500 plat-
form (Illumina) by using 2 x 150-bp runs. FqCleaner ver-
sion 3.0 was used to eliminate adaptor sequences (32),
reduce redundant or overrepresented reads (33), correct se-
quencing errors (34), merge overlapping paired reads (35),
and discard reads with Phred scores (measure of the qual-
ity of identification of nucleobases generated by automated
DNA sequencing) <20. Sequences with <40 times average
coverage after trimming were resequenced to avoid arti-
facts in allele calling (20). Assemblies were obtained by
using CLC Assembly Cell version 4.3.0 (QIAGEN) with
estimated library insert sizes ranging from 50 bp to 850 bp
and a minimum contig size of 500 bases.

Sequence-Based Genotyping

cgMLST profiles were extracted from genome assemblies
by using the BLASTN algorithm (36) implemented in
the BIGSdb-Lm platform (20,37), with minimum nucleo-
tide identity of 70%, alignment length coverage of 70%,
and word size of 10. Phylogenetic classification based on
cgMLST profiles was inferred by using the single link-
age algorithm implemented in Bionumerics version 6.6.
cgMLST types (CTs) were defined by using international
nomenclature (http://bigsdb.pasteur.fi/listeria) based on a
cgMLST profile similarity cutoff of 99.600% (i.e., isolates
belonging to the same type shared a maximum of 7 allelic
differences of 1,748 allele calls) (20). cgMLST and PFGE
typing results were compared by using the Simpson index
of diversity (38) and the adjusted Wallace index of concor-
dance (39). Rarefaction analyses of richness of a type were
conducted by using RStudio version 0.98.485 (RStudio,
Inc., Boston, MA, USA).

Cluster Definition and Epidemiologic Investigations

Before the WGS era, the listeriosis surveillance system in
France categorized L. monocytogenes strains according to
their Ascl-Apal PFGE profile frequency in humans. An op-
erational definition of PFGE clusters has been historically
set up to identify food sources likely to still be available on
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the market and thus accessible to appropriate control mea-
sures to prevent further cases. A PFGE cluster triggering
further epidemiologic investigations (hereby referred to as
a PFGE cluster-alert) was defined as >6 human cases dur-
ing 6 consecutive weeks for endemic PFGE profiles (pro-
files associated with >12 human cases each year), or as >3
human cases during 6 consecutive weeks for PFGE profiles
associated with <12 human cases each year. These differ-
ent definitions were established to limit time- and resource-
consuming investigations, after it was shown that the yield
for investigations of PFGE cluster-alerts for endemic pro-
files did not differ when the >3 human cases threshold was
used compared with the >6 human cases threshold during 6
consecutive weeks.

With the implementation of genomic-based surveil-
lance, a pilot definition of cgMLST clusters was set up. We
defined a cgMLST cluster triggering further investigations
(hereafter referred to as a cgMLST cluster-alert) as a mini-
mum of 2 isolates with the same cgMLST type (CT) identi-
fied during 2015-2016, including >1 human isolate.

During the pilot period of 2015-2016, all PFGE and
cgMLST cluster-alerts were systematically investigated in
parallel. To identify sources of PFGE and cgMLST cluster-
alerts, case—case studies were conducted by the National
Public Health Agency by using food consumption histo-
ries and by comparing food exposures of cluster-related
cases with food exposures of sporadic listeriosis cases.
Trace-back and trace-forward investigations of suspected
or incriminated products were conducted by the Ministry
of Agriculture. A food source of infection was considered
confirmed if a matching food isolate was recovered from
the incriminated food as part of the investigation.

Results

Increased Strain Discrimination by cgMLST

Among the 2,743 L. monocytogenes isolates prospectively
typed during 2015-2016, PFGE identified 268 distinct
Ascl-Apal combined profiles (Simpson index 0.964, 95%
CI 0.962-0.967), whereas cgMLST identified 1,112 CTs
(Simpson index 0.992, 95% CI 0.991-0.993) (Figure 1, pan-
el A). Within single PFGE types, 1-280 CTs were identified
(Figure 1, panel B). Conversely, 2—7 PFGE types caused by
phage insertions and deletions were found in 58 CTs. These
results demonstrate that cgMLST significantly increases
discrimination of L. monocytogenes compared with PFGE
(p<0.001 by jack-knife pseudovalues resampling method).

Increased Number of Cluster-Alerts

Although the PFGE cluster definition led to identification
of 31 PFGE cluster-alerts (Table 1) (245 human isolates),
cgMLST cluster definition triggered investigation of 119
cgMLST cluster-alerts (311 human isolates) (Figure 2,
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panel A). Of these cgMLST cluster-alerts, 37 (31%) in-
volved only 1 human isolate, and 82 (69%) involved >2
human isolates (median 2) (274 human isolates) (Fig-
ure 2, panel B) (Table 2, https://wwwnc.cde.gov/EID/
article/23/9/17-0336-T1.htm). Compared with use of the
PFGE cluster definition, we found that use of the cgMLST-
based cluster definition resulted in a 3.8-fold increase in
cluster-alerts (Figure 2, panel A). The remaining 459 (60%)
of 770 human isolates did not match any CTs associated
with any other human, food, or environmental isolate identi-
fied in 2015-2016 and were considered to be sporadic cases.

Inherent to the different criteria used to define cgMLST
and PFGE cluster-alerts, cgMLST cluster-alerts contained
lower numbers of human isolates compared with PFGE
cluster-alerts (median 2 isolates in cgMLST vs. median 6
in PFGE cluster-alerts) (Figure 2, panel B). Median time
from isolate reception to typing results was 7 working days
for PFGE and 9 working days for WGS (Figure 2, panel D).

Facilitation of Detection of Food Sources
Epidemiologic investigations identified a confirmed food
source in 3 (10%) of 31 PFGE cluster-alerts (Table 1). A
confirmed food source was identified in 22 (18%) of 119
cgMLST cluster-alerts (Figure 2, panel C; Table 3).

Among the 37 cgMLST cluster-alerts involving only
1 human isolate, a cgMLST-matching food source of in-
fection was identified in 10 (27%) (Table 3). All of these
sources were identified during investigations of refrigera-
tors of patients with neurolisteriosis and after confirmed
exposure to the incriminated product. In 9 of 10 of these in-
vestigations, the food source was also identified by PFGE,
and food strains matched corresponding profiles of human
isolates. In 3 (30%) of these 10 conclusive investigations, a
product withdrawal and recall was issued as a direct conse-
quence of the investigation (Table 3) and probably contrib-
uted to preventing further infections. Among the remaining
27 c¢gMLST cluster-alerts involving only 1 human isolate
and >1 food/environmental isolate (Table 3), although
these isolate(s) provided an immediate hypothesis, no ex-
posure to the food item from which the matching strain was
isolated could be confirmed.

Among the 82 cgMLST cluster-alerts involving >2 hu-
man isolates (Table 3), a confirmed source of infection was
identified for 12 (15%): in 3 (6%) of 53 cgMLST cluster-
alerts that contained only human isolates, and in 9 (31%)
of 29 cgMLST cluster-alerts containing >1 food/environ-
mental isolate. For cgMLST cluster-alerts containing >1
food/environmental isolate, matching food/environmental
isolate(s) immediately provided a strong hypothesis and
facilitated identification of the food source. In 5 (42%) of
these 12 conclusive investigations, a product withdrawal
and recall was issued as a direct consequence of the inves-
tigation and probably contributed to preventing additional
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human infections (Table 3). No product withdrawal or re-
call was issued as a direct consequence of investigations of
the 31 PFGE clusters-alerts.

Among 70 (85%) of 82 cgMLST cluster-alerts involv-
ing >2 human isolates with no source of infection identi-
fied, a 6-month follow-up period after identification of the
cluster-alert was available for 59 (84%). After identification
of these 59 unsolved cgMLST clusters-alerts with 6-month
follow-up, no additional cgMLST-matching human case
was identified in 43 (73%) of 59, making identification of
a source of infection unlikely to have prevented a major
number of cases. These clusters without further develop-
ment might have resulted from point-source contamination
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of short shelf-life food products, rather than long-term
infection of the food-production environment. In 5 (8%)
of these 59 unsolved cgMLST clusters-alerts, additional
cgMLST-matching human cases occurred within 3 months
of cluster identification and none was identified afterwards,
suggesting that early identification of a food source would
have likely prevented further listeriosis cases. Finally, in
11 (19%) of the 59 unidentified cgMLST clusters-alerts in-
volving >2 human isolates, additional cgMLST-matching
human cases occurred >6 months after cluster identifica-
tion. These clusters could potentially be linked to persistent
L. monocytogenes contamination of food production envi-
ronments. Strengthening capacities to identify sources of

Figure 1. Discriminatory

power of pulsed-field gel
electrophoresis (PFGE) and core
genome multilocus sequence
typing (cgMLST) for surveillance
of Listeria monocytogenes,
France. A) Rarefaction analysis
of type richness within human
(H) and food-associated (F)
isolates based on PFGE and
cgMLST typing. B) Distribution
of number of isolates per PFGE
type and cgMLST subtyping.
Only the most prevalent PFGE
profiles (>20 isolates) are
shown. Within each PFGE type,
different cgMLST types (CTs) are
represented by different arbitrary
colors. PFGE types are coded
by using the National Reference
Centre for Listeria internal
nomenclature of Ascl-Apal
combined profiles. Information
on lineage (L) and sublineage
(SL) defined by cgMLST is
provided for each PFGE type

in parentheses.
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Table 1. Clusters of PFGE types that triggered epidemiologic investigations for surveillance of Listeria monocytogenes, France*

No. cgMLST types

Confirmed food source according to PFGE-

PFGE alert PFGE type No. human cases within PFGE alert based investigation

L15/01, L15/06 11a-260606—260606 7 5 No common source identified, except a
specific cheese for 2 cases

L15/02 1Vb-210792-210792 8 7 No common source identified, except a
specific cheese for 1 case

L15/03 11a-020707-151007 3 1 NI

L15/04 11a-010901-020701 3 3 NI

L15/05 1Vb-011001-160602 8 8 NI

L15/07 1Ib-010107-010107 4 2 Dairy (cheese)

L15/08 1Vb-151005-151005 22 18 NI

L15/09 1Vb-210792-210792 18 12 No common source identified, except a
specific cheese for 4 cases

L15/10 11b-310801-061006 13 4 Meat (sausage)

L15/11 1Vb-011001-160602 17 14 No common source identified, except a
specific sausage for 1 case

L15/12 1Vb-200792-200792 18 14 NI

L15/13 1Vb-270801-050506 6 6 NI

L15/14 11b-231006-310801 8 5 NI

L15/15 11a-080507-020507 5 3 NI

L15/16 11a-010901-020701 6 6 NI

L16/01 Ila-191107-200807 4 1 NI

L16/02 1Vb-151005-151005 6 6 NI

L16/03 1Vb-151005-111206 4 4 NI

L16/04 1Vb-210792-210792 6 5 NI

L16/05 I1a-050207-050207 6 6 NI

L16/06 1Vb-270801-050506 3 3 NI

L16/07 1Vb-011001-160602 30 11 Dairy (cheese)

L16/08 Ila-260606—260606 3 1 NI

L16/09 1Vb-151005-151005 8 8 NI

L16/10 1Vb-210792-210792 6 6 NI

L16/11 11a-271106-271106 4 3 NI

L16/12 11a-010901-020701 4 4 NI

L16/13 11a-271106-271106 3 3 NI

L16/14 1Vb-210792-210792 7 7 NI

L16/15 1Vb-270801-050506 5 5 NI

*cgMLST, core genome multilocus sequence typing; NI, not identified; PFGE, pulsed-field gel electrophoresis.

such clusters is likely to prevent further illnesses by identi-
fying safety gaps in food production plants.

False PFGE Cluster-Alerts

Despite the usefulness of PFGE in identifying clusters of lis-
teriosis cases over the past few decades, the limited discrimi-
natory power of PFGE can indicate that unrelated isolates
are indistinguishable, thus leading to identifying and inves-
tigating false PFGE cluster-alerts. The increased discrimina-
tory power of cgMLST enabled identification of such false
cluster-alerts. In 2015, PFGE cluster-alert L15/08 (Table 1)
consisted of 22 human isolates with indistinguishable Ascl-
Apal combined PFGE profiles (IVb-151005-151005) among
nationally distributed cases with onsets spanning >5 months.
Despite intensive and time-consuming investigations, in-
cluding iterative case—case studies as new cases were re-
ported, no common source was identified. cgMLST showed
that this PFGE cluster-alert did not consist of highly related
isolates: 18/22 isolates had distinct CTs, and 3 cgMLST
cluster-alerts (FR022, FR023, and FR025) (Table 2) could
be distinguished within this PFGE cluster-alert. Investiga-
tions of these cgMLST cluster-alerts were inconclusive,
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but using cgMLST clustering rather than PFGE clustering
would have saved public health resources at national and
local levels.

Detection of Clusters Not Detected by PFGE

For 12 (15%) of 82 cgMLST cluster-alerts involving >2 hu-
man cases, human isolates exhibited >1 PFGE profile (i.e.,
corresponded to clusters of highly related isolates that were
undetected by PFGE). In cgMLST cluster-alert FR013 (L1-
SL1-ST1-CT300) (Table 2), 11 nationally distributed human
cases with onsets spanning >12 months were identified and
only 4 of them were part of a detected PFGE cluster-alert.
Investigation of this cgMLST cluster-alert resulted in several
potential sources of infection, none of which could be con-
firmed because of incomplete trace-back information.

Better Identification of Outbreak-Associated Cases

In 2015, cgMLST cluster-alert FR028 (L1-SL4-ST4-
CT1351) (Table 2) identified 2 human isolates matching
1 food isolate recovered from producer A, which was
sampled as part of a food alert of the Ministry of Agricul-
ture. None of the case-patients reported having consumed
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Figure 2. Comparison of
pulsed-field gel electrophoresis
(PFGE) and core genome
multilocus sequence typing
(cgMLST) for surveillance

of Listeria monocytogenes,
France. A) Number of total
types and number of types
triggering epidemiologic

alerts. B) Number of human
isolates per epidemiologic
alert. C) Number of types
within epidemiologic alerts

with identified source. D) Time
delay (days) between obtaining
isolate and typing results.
Horizontal lines in panels B
and D indicate medians, and
boxes indicate 25th and 75th
percentiles. Error bars indicate
maximum and minimum values.

that specific food. Concomitantly, cgMLST cluster-alert
FRO30 (L1-SL54-ST54-CT1530) (Table 2) identified 6
human isolates in the same geographic area that matched
several deli meat items, including a sausage type, from
producer A. Food and environmental investigations
showed polyclonal contamination of the food production
environment of this producer, and a case—case study con-
ducted for all cases implicated in these 2 clusters showed
an association with consumption of sausage. Products
from producer A were withdrawn and recalled, and no
further human cases were identified afterward. Because
onsets of the 6 human cases involved in cgMLST cluster-
alert FR030 were outside the 6-week period required to
define a PFGE cluster-alert, this outbreak was not identi-
fied by PFGE.

Detection of Long-Term Persistent

L. monocytogenes Strains

In June 2015, an investigation conducted at a local pro-
ducer patronized by a patient in whom neurolisteriosis
subsequently developed showed food and environmental
infections with a distinct CT as the clinical strain. Inten-
sive cleaning and disinfection was implemented at this
production facility. In September 2016, investigation of
another human case of neurolisteriosis in the same geo-
graphic area showed that the case-patient patronized a
farmers’ market where food from the previously impli-
cated producer was sold. Investigations at the producer’s
facility identified persistent contamination with the same
CT as the 2015 isolates (FR043, L2-SL121-ST121-
CT914). Because of the 15-month interval, this persistent
contamination would have been missed by the PFGE-
based cluster definition.
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Identification of Outbreaks after Regulatory

Food Testing

In May 2016, an investigation was conducted on a specific
cheese type from a major cheese producer in France and
identified low-level (<10 CFU/g) L. monocytogenes con-
tamination of the final product. The firm issued a nationwide
withdrawal of 30 tons of cheese, but no recall was issued
according to national regulatory criteria. Food isolates were
sequenced at the NRCL and did not have the same CT as any
human isolate at that time. In the following 3 months, con-
sistent with the 3-month shelf-life of the implicated product,
22 human isolates had the same CT (L1-SL1-ST1-CT2056;
FRO83 cluster-alert) (Table 2) and were identified nation-
wide. Case—case analysis confirmed a significant association
between illness and consumption of the implicated product
(p = 0.00001). Subsequent food testing confirmed that the
implicated cheese was the source for this outbreak. During
the same period, PFGE identified 30 human isolates that
matched food strains (IVb-011001-160602). However, with
cgMLST typing, the analysis was restricted to isolates that
were closely related genetically, not just to those that were of
the same PFGE profile. This analysis enabled the statistical
association to be defined more precisely. This retrospective
outbreak was the largest identified in France since 2000.

Discussion

Because listeriosis is a rare infection and primarily affects
at-risk populations, listeriosis outbreaks tend to be small and
difficult to control. As in most countries, PFGE-based L.
monocytogenes molecular subtyping has been used for mo-
lecular surveillance of this bacterium in France. Since 1999,
PFGE identified multiple outbreaks, which led to major
improvements in food safety. However, WGS has shown
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Table 3. Source identification of cgMLST cluster-alerts for surveillance of Listeria monocytogenes, France*

No. (%)
cgMLST cluster-alert size, Clusters, Human isolates, Food/environment Clusters with  Cluster-alerts with identified source
no. human isolates n=119 n=770 isolates, n = 1,973 confirmed source  resulting in withdrawal or recall
Small, 1 37 (31) 37 (5) 145 (7) 10 (27) 3 (30)
Medium, 2-5 73 (61) 185 (24) 123 (6) 9 (12) 5 (55)
Large, >5 9 (8) 89 (12) 83 (4) 3(38) 0

*cgMLST, core genome multilocus sequence typing.

the limited discrimination and occasional lack of accuracy
of PFGE (19,20,40). PFGE does not reflect phylogeny, and
it lacks the resolution to distinguish bands of nearly identi-
cal sizes. For certain profiles that are highly prevalent, these
limitations can result in insufficient discrimination and can
hinder appropriate detection of clusters.

We showed the usefulness and feasibility of WGS
for prospective L. monocytogenes surveillance by using
cgMLST and demonstrated its added value over PFGE.
cgMLST detected clusters not detected by PGFE, which
enabled elimination of several pseudoclusters defined by
PFGE and detection of closely related isolates with differ-
ent PFGE profiles caused by phage insertions or deletions.
It also identified clusters of cases associated with persistent
food production environmental contamination that were
previously unrecognized.

cgMLST results were obtained within 9 working days,
compared with 7 working days for PFGE. This difference
showed that use of cgMLST for real-time surveillance is
feasible because these intervals can be shortened by im-
proved laboratory processing and technological advances.

The unprecedented discriminatory power of cgMLST
has provided an opportunity to revisit the criteria used in
France since 1999 to define clusters of isolates triggering
further investigations. Instead of 3—6 PFGE-matching hu-
man isolates identified within a defined period, clusters
triggering investigation are now defined by a minimum of
2 genetically related isolates, including >1 human isolate
regardless of the time interval. However, this procedure
has created novel challenges for public health and regula-
tory agencies to formally prove an outbreak food source
through epidemiologic investigations. With more clusters
of smaller size being identified by cgMLST, traditional
analytic epidemiology is challenged because of the lack
of statistical power, and identification of a food source for
these small clusters tends to more extensively rely on trace-
back or trace-forward investigations, rather than on case—
case studies. Increasing demands of product trace-back or
trace-forward investigations should be expected as a conse-
quence of increasing identification of small-size clusters by
cgMLST. Timely results from these investigations will be
fundamental to initiate control measures in instances where
a lower level of epidemiologic evidence is available and
will likely contribute to an increased number of reported
outbreaks (i.e., investigated cluster-alerts with an identified
source of infection).
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Implementation of WGS-based surveillance has
shown that most clusters involving >2 human isolates with
no source of infection identified did not progress over time.
This finding is consistent with the observation that most lis-
teriosis case clusters in France are linked to local products
that have limited production and distribution.

With the increasing identification of small size clus-
ters by cgMLST, we envision that centralized collection
of human, food, and environmental bacterial genomes,
including those from regulatory food testing, into dedi-
cated genomic databases (e.g., BIGSdb-Lm and Geno-
meTrackr) will enable detection of unusual sources of
infection and identify atypical vehicles for contamina-
tion. The ability to promptly document cases’ food con-
sumption histories and to constantly adapt hypothesis-
generating questionnaires to newly identified vehicles
will be crucial to improve investigations and identify
more outbreaks, enabling better control and preventive
measures to be implemented.

In conclusion, implementation of WGS for routine
L. monocytogenes surveillance increases discrimination
of isolates, leading to detection of more clusters of re-
lated isolates at an earlier stage than PFGE. Optimization
of costs and delays is a challenge, which is strongly bal-
anced by gains in genotypic precision. Public health and
regulatory agencies will need to adapt their investigation
methods to novel challenges raised by WGS-based sur-
veillance. These challenges might lead to better strategies
to control L. monocytogenes in food-processing plants,
and ultimately help reduce the risk for infection. On the
basis of results of this prospective study, PFGE typing has
been discontinued, and L. monocytogenes surveillance in
France has relied on cgMLST since January 2017.
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Role of Food Insecurity in
Outbreak of Anthrax Infections
among Humans and
Hippopotamuses Living in a
Game Reserve Area, Rural Zambia

Mark W. Lehman," Allen S. Craig,? Constantine Malama, Muzala Kapina-Kany’anga, Philip Malenga,
Fanny Munsaka, Sergio Muwowo, Sean Shadomy, Melissa A. Marx®

In September 2011, a total of 511 human cases of anthrax
(Bacillus anthracis) infection and 5 deaths were reported in
a game management area in the district of Chama, Zambia,
near where 85 hippopotamuses (Hippopotamus amphibius)
had recently died of suspected anthrax. The human infec-
tions generally responded to antibiotics. To clarify transmis-
sion, we conducted a cross-sectional, interviewer-adminis-
tered household survey in villages where human anthrax
cases and hippopotamus deaths were reported. Among 284
respondents, 84% ate hippopotamus meat before the out-
break. Eating, carrying, and preparing meat were associ-
ated with anthrax infection. Despite the risk, 23% of respon-
dents reported they would eat meat from hippopotamuses
found dead again because of food shortage (73%), lack
of meat (12%), hunger (7%), and protein shortage (5%).
Chronic food insecurity can lead to consumption of unsafe
foods, leaving communities susceptible to zoonotic infec-
tion. Interagency cooperation is necessary to prevent out-
breaks by addressing the root cause of exposure, such as
food insecurity.

uring August—September 2011, a total of 85 hippopota-

muses (Hippopotamus amphibius) died of suspected
anthrax (Bacillus anthracis) infection in a game manage-
ment area along the South Luangwa River near the district
of Chama in northeastern Zambia (Figure 1) (/). At least 521
suspected human anthrax cases and 5 deaths were reported
near this area during this period. Residents of the area near
the river had reportedly found dead hippopotamuses and

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (M.W. Lehman, S. Shadomy); Centers for
Disease Control and Prevention, Lusaka, Zambia (A.S. Craig,
C. Malama, M.A. Marx); Ministry of Health, Lusaka, Zambia

(M. Kapina-Kany’anga, P. Malenga); Provincial Health Office,
Chipata, Zambia (F. Munsaka); District Health Office, Chama,
Zambia (S. Muwowo)

DOI: https://doi.org/10.3201/eid2309.161597
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subsequently butchered, cooked, and consumed meat from
the dead animals, which was thought to be the cause of the
human outbreak. As previously reported, most human cases
of anthrax infection were cutaneous infections, with most
patients initially having papular lesions (95%) and the rest
having lymphadenopathy and gastrointestinal symptoms (/).
Most cases resolved after the patient received a course of
oral ciprofloxacin. Some additional animal species were re-
ported by local wildlife staff to have been affected, but no
empiric data were found to corroborate those reports.

Anthrax outbreaks associated with animals are com-
mon and reported worldwide. Herbivores are thought to
have onset of disease after ingesting spores in soil, water,
or on vegetation. Reports of anthrax outbreaks occurring in
wild and domestic animals in Africa have usually been as-
sociated with the dry season and have stopped with the on-
set of the rainy season (2,3). Outbreaks can begin with wild-
life, expand into domestic livestock, and ultimately affect
humans (4,5). When anthrax outbreaks occur in national
parks in Africa and are limited to the wildlife, the outbreak
is usually allowed to run its natural course without any hu-
man intervention. Multiple challenges make it impractical
to vaccinate free-ranging wildlife populations; sometimes
vaccine programs are initiated but usually only to protect
endangered species or populations at high risk (6-8).

Anthrax outbreaks associated with hippopotamuses
have been reported previously in Zambia, Uganda, Zimba-
bwe, and South Africa (3,9-/7). Human cases associated
with wildlife outbreaks in Africa are generally not well-
documented but are known to occur (5).

'Current affiliation: US Air Force School of Aerospace Medicine,
Wright-Patterson AFB, Ohio, USA.

2Current affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA.

3Current affiliation: Johns Hopkins Bloomberg School of Public
Health, Baltimore, Maryland, USA
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Figure 1. Location of an anthrax
outbreak that originated in a game
management area along the South
Luangwa River in the Chama District
of northeastern Zambia, 2011.

Inset map shows location of Zambia
in Africa.

Zambia’s Chama District (population 103,894) borders
Malawi, in what is currently known as Muchinga Province
(Figure 1) (12). Nearly 93% of the district’s residents live
in rural areas, and overall population density is 5.9 persons/
km? (12). The rural population resides in small villages
largely accessible only by all-terrain vehicles. Communi-
cation in many parts of the district is only possible through
2-way radios. Chama is within a game management area
that includes the South Luangwa River and contains rich
flora and fauna, including hippopotamuses but also other
foragers and predators. Because of Chama’s status as a
game management area, residents are not permitted to pro-
tect crops from foragers or hunt on area grounds, which
are overseen by the Zambia Wildlife Authority (ZAWA).
Food and water are scarce for animals and humans during
Zambia’s dry season, generally May—November. A delay
in the annual rainy season, usually December—March, can
put farmers at risk for low crop production, as was the case
in 2011 (13). During this period, animals forage deep into
riverbeds in search of water and food, digging up and acti-
vating dormant anthrax spores. Residents, for whom food
can also be scarce under these conditions, have been known
to consume animals they find dead in their area (Figure 2).

In September 2011, a few months after the first hu-
man anthrax cases were reported in the district, a team of
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epidemiologists, health officers, and environmental health
technicians from the Zambia Central Ministry of Health,
the Eastern Provincial Health Office, and Chama District
Health Office conducted a preliminary investigation of the
possible outbreak under their jurisdiction. Shortly thereaf-
ter, upon formal request, epidemiologists from the US Cen-
ters for Disease Control and Prevention joined the Zambia
team to conduct this outbreak investigation in an effort to
further inform prevention activities.

Specifically, we aimed to shorten the outbreak by
identifying and eliminating any remaining exposures and
by recommending mitigation and prevention strategies for
this and future outbreaks. We also wanted to determine the
riskiest exposures so that educational messages could be
properly tailored. Here we report the results of a house-
hold survey used to identify the most common exposures
associated with human anthrax and to determine how food
insecurity contributed to consumption of the anthrax-con-
taminated meat and anthrax infection among residents of
this game management area.

Methods

We conducted a cross-sectional, interviewer-administered
household survey in 3 villages with access to riverbeds where
hippopotamuses died: Chikwa, Chigoma, and Chimpamaba.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 23, No. 9, September 2017



Figure 2. A family searching for water by digging deep into a dried
riverbed during the dry season in northeastern Zambia.

These villages’ estimated combined population of adults >15
years of age is 6,553 (12). A questionnaire (online Techni-
cal Appendix, https://wwwne.cdc.gov/EID/article/23/9/16-
1597-Techappl.pdf) was developed in English and trans-
lated into Senga, the local language spoken in these areas.
The questionnaire was designed to complement and expand
on the data initially collected in the district by local public
health officials. It captured age, sex, and occupation and yes/
no responses to several questions about symptoms, exposure
to hippopotamuses, food sources, and whether respondents
would eat meat from an animal they found dead. Those
who responded that they would eat animals they found dead
were asked an open-ended question to elucidate their rea-
sons for doing so. Interviewers and supervisors were trained
on procedures for conducting the survey before fieldwork
commenced. Interviewers and supervisors tested questions
on each other, which resulted in improvements to question
wording. They also practiced administering the survey on
one another before interviewing community participants.

Three teams administered the questionnaire, each team
made up of a trained District Health Office staff supervi-
sor and 6 trained volunteer interviewers. Each team was
assigned to 1 of the 3 communities. Interviewers selected
every fifth household they encountered in each village for
inclusion and interviewed all adults >15 years of age living
in selected households. No incentives were offered for par-
ticipation. Interviewers read each prospective participant a
description of the survey, highlighting that it was voluntary
and could be stopped at any time by request. The Zambia
Ministry of Health deemed this outbreak investigation to
be exempt from Research Ethics Committee review. The
investigation protocol was reviewed by the CDC-Zambia
office and CDC’s National Center for Emerging and Zoo-
notic Infectious Diseases, in accordance with institutional
review policies. The protocol was determined to be non-
research under 45 CFR 46 §102(d) and therefore did not
require Institutional Review Board review.
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Anthrax among Humans and Hippopotamuses, Zambia

Figure 3. Hippopotamus bones and hides left behind after
butchering of animals that were found dead on a river bank and
later identified as the source of anthrax causing an outbreak
among humans in northeastern Zambia, 2011.

Data from completed questionnaires were entered into
an Access database (Microsoft, Redmond, WA, USA) and
analyzed by using Epi Info version 3.5.1 (CDC, Atlanta,
GA, USA). We defined a case as illness in a respondent
who reported having had anthrax infection diagnosed by
a healthcare worker since July 2011 and compared demo-
graphic characteristics and risk factors by case status by us-
ing x? and t tests. Associations were quantified with simple
and multivariable logistic regression.

The second part of the investigation involved going
into the field to view 3 of the areas where most of the in-
fected hippopotamuses were found. The site visits occurred
within about a month after the outbreak and were conduct-
ed to better understand the topography and the range of the
animals and to identify any additional animal species af-
fected by anthrax. All sites were areas frequented by the ex-
posed human populations and were <1 km from residents’
homes. The site surveys were not exhaustive; they focused
on areas with known human-animal interaction (Figure
3) and recently discovered dead hippopotamuses (Figure
4). N95 masks, Tyvek suits, and rubber boots were worn

Figure 4. A dead hippopotamus floating down the South Luangwa
River in northeastern Zambia during an anthrax outbreak in 2011.
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during site visits when members exited vehicles. We used
these observations and the results of the household-level
surveys to develop recommendations to mitigate and con-
trol future spread of the infection to humans, animals, and
the environment.

Results

All 284 household members (4% of the population of the
villages) in the 87 households selected agreed to be inter-
viewed (mean 3 participants per household). In total, 31
(11%) of participants reported having anthrax infection di-
agnosed by a healthcare worker since July 2011; another
137 (48%) reported not having anthrax infection diag-
nosed, and 116 (41%) did not know whether they had an-
thrax infection diagnosed. We assumed that those who did
not know did not have anthrax infection diagnosed. Male
respondents accounted for 48% (n = 136) of total partici-
pants but 68% (n = 21) of those reporting having anthrax
infection diagnosed, compared with 36% of cases occurring
among female respondents (p<<0.001) (Table 1). Of the 96
persons who answered the occupation-related question, 91
(95%) listed their occupation as farmer. This finding was
not surprising given the rural setting of the outbreak. Be-
cause the responses for occupation were so homogenous,
occupation was not evaluated as a risk factor. The median
age of persons having received an anthrax diagnosis since
July 2011 was 33 years, similar to the median age of all
participants (32 years) (Table 1). The most common signs
and symptoms reported by those reporting having been di-
agnosed with anthrax included myalgia, skin lesions, fa-
tigue, diarrhea, and fever (Table 2).

Most participants (238 [84%]) reported having eaten
hippopotamus meat at the time of the outbreak. Participants
who ate the meat were 9 times (95% CI 1.3-369.3 times)
more likely to report having had anthrax than those who
did not eat the meat. Carrying hippopotamus meat (odds
ratio 5.3, 95% CI 2.0-15.4) and preparing it for cooking
(odds ratio 3.3, 95% CI 1.1-13.7) were also significantly
associated with anthrax infection. After controlling for
having eaten the hippopotamus meat, 3 activities (skinning,
carrying, and cutting the meat) were all still significantly
associated with reported anthrax infection (Table 3).

Most people surveyed (216 [76%]) reported they
would not eat meat from a dead hippopotamus knowing

now that it can cause anthrax infection, but 65 (23%) of all
respondents and 5 (16%) of the 31 respondents in whom
cases were reported said that they would eat meat from a
dead hippopotamus despite this knowledge. Of the 65 par-
ticipants saying they would eat the meat if given the chance
again, reasons given were because they lacked other op-
tions for a side dish (“relish”) to Nshima, the maize-based
staple food (44 [73%]); lacked meat (14 [22%]); suffered
from hunger (4 [7%]); or lacked protein (3 [5%)]), in ad-
dition to other less commonly reported reasons (Table 4).

The investigation team also visited several field sites.
At 1 of the sites, previous human interaction with dead hip-
popotamuses was evident. Bones and hides were strewn
across a large area. Evidence of multiple campfires were
found in the vicinity of the hippopotamus remains (Figure
3). According to a Zambia Ministry of Health official and
others on the investigation team who had visited the site
earlier, the strewn animal parts appeared to have been from
the initial human contact with the dead hippopotamuses.
Residents appeared to stop handling dead hippopotamuses
after human anthrax cases were detected and linked to con-
tact with hippopotamus carcasses.

Discussion

A large outbreak of cutaneous anthrax among humans in
the Chama District of Zambia was associated with physi-
cal contact with meat from hippopotamuses that had died
of anthrax, specifically skinning, carrying, or cutting the
meat. Food insecurity was thought to have been the major
factor driving the local population to consume meat from
dead animals.

Large outbreaks affecting hippopotamus herds oc-
curred within the Luangwa River Valley during 1987-1988
(7). Although no human infections were reported in rela-
tion to these outbreaks, positive results with low antibody
titers against B. anthracis were obtained during a 1989
follow-up study from half of the subjects in a small sample
of unvaccinated healthy volunteers from Luangwa River
Valley villages, suggesting previous exposures in those
persons through handling or consumption of meat from
anthrax-infected animal carcasses (7).

Our findings are subject to a few limitations. In the
household surveys, we used self-report of anthrax diagno-
sis to define a case; however, 41% of participants indicated

Table 1. Demographic characteristics of respondents to a survey conducted after an outbreak of anthrax infections among humans
and hippopotamuses living in a game reserve area, by case status, Chama District, Zambia, September 2011*

Persons with anthrax diagnosed since July  Persons without anthrax diagnosed since July

Characteristic 2011, n=31 2011, n =137
Median age (range), y 33 (15-72) 34 (15-83)
Sex, %

M 68 36

F 32 64

*116 (41%) of survey participants reported that they did not know whether they had had anthrax diagnosed since July 2011; of these, median age was 30

range — ears, an o were male.
(range 15-77) y d 52% |
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Table 2. Signs and symptoms of respondents reporting having
had anthrax in survey conducted after outbreak of anthrax
infections among humans and hippopotamuses living in a game
reserve area, Chama District, Zambia, September 2011*
Signs/symptoms No. (%) respondents

Myalgia 21 (67)
Skin lesion 18 (58)
Fatigue 18 (58)
Diarrhea 17 (54)
Fever 16 (52)

*Anthrax infection diagnosed since July 2011.

they did not know whether they had received an anthrax
diagnosis. We assumed that these respondents might not
have understood the question and had probably not had an-
thrax diagnosed. Although this assumption is a limitation,
it would probably bias our associations toward the null. We
also had to use self-report of diagnosis rather than laborato-
ry confirmation. However, separately some hippopotamus
and human samples were confirmed in the laboratory as
positive for B. anthracis, which does strengthen the epide-
miologic linkage (14). Finally, slight discrepancies can be
noted in the number of cases and hippopotamus deaths in
this and the 2 other reports describing other aspects of the
outbreak and response that have been published; specifi-
cally, the numbers of human cases vary from 511 to 521,
and the numbers of hippopotamus deaths vary from 81 to
85 (14,15). This discrepancy likely illustrates the difficulty
in describing events in very remote areas.

From this investigation we found that the greatest risk
for having anthrax diagnosed came from carrying, skin-
ning, or butchering hippopotamuses. This finding is consis-
tent with other anthrax outbreaks associated with contami-
nated meat (11,16).

Recommendations from this investigation built on the
initial response of the Zambia Ministry of Health and in-
cluded community education, enhanced surveillance in hu-
man and animal populations, and resolution of food insecu-
rities by working with governmental and nongovernmental
agencies. The message to not eat meat from animals found
dead was communicated at the time of the initial investiga-
tion. On the basis of survey responses indicating persons
were no longer touching the meat and that carcasses were

Anthrax among Humans and Hippopotamuses, Zambia

no longer being butchered, we think the messages were re-
ceived and understood by the communities affected. Be-
cause the handling of the carcasses proved to be the most
important risk factor for anthrax infection, future education
campaigns should also focus on avoiding handling animals
that have died of unknown causes. In rural Zimbabwe com-
munities where anthrax awareness was high (71.5%) in a
2013 survey, 41% of persons surveyed reported “forget-
ting about anthrax,” a major reason for consuming meat
from anthrax-infected animals (17). Residents should be
reminded by community-based awareness campaigns or
other means of the hazards of consuming meat from ani-
mals that have died of unknown causes (15).

To inform planning, wildlife authorities should
identify high-risk periods and locations for naturally oc-
curring animal outbreaks through ecologic studies that
identify conditions favoring anthrax infection among
animal populations (18-20). Wildlife and public health
authorities should work together to ensure that commu-
nity-based campaigns proactively prepare communities
for possible outbreaks according to their risk profile
(20). Community-based interventions should involve
residents in addressing communitywide food insecurity
and in educating neighbors on the hazards of consum-
ing meat from animals that die of unknown causes (16).
These interventions should begin before the dry season
in outbreak-prone areas.

Questionnaire responses showed that food insecuri-
ties appear to be the primary reason for handling and
consuming meat from animals found dead. Other coun-
tries in Africa have undertaken successful programs to
distribute meat from trophy animals to feed communi-
ties with limited access to protein while also reducing
poaching by local communities (21). Such an approach
might be considered as a component of a multisectoral
solution to address food insecurity and consumption of
unsafe foods in Zambia.

Overall, food insecurity throughout sub-Saharan Af-
rica has improved throughout recent years; however, hun-
ger and malnutrition continue to be concerns in many sub-
Saharan countries including Zambia. Zambia maintains a

Table 3. Association of anthrax diagnosis with specific activities involving hippopotamus carcasses based on responses to a survey
conducted after an outbreak of anthrax infections among humans and hippopotamuses living in a game reserve area, Chama District,

Zambia, September 2011*

No. (%) persons

With anthrax diagnosed

Without anthrax

Activity since July 2011, n = 31 diagnosed, n =137 OR (95% CI) aOR (95% CI)
Skinning 14 (45) 8 (6) 13.3 (4.4-41.5) 12.0 (4.3-36.5)
Cutting 28 (90) 70 (51) 8.9 (2.5-47.5) 8.1 (2.2-29.2)
Eating 30 (97) 106 (77) 8.8 (1.3-369.3) -
Carrying 24 (77) 54 (39) 5.3 (2.0-15.4) 4.4 (1.7-11.8)
Preparing 27 (87) 92 (67) 3.3(1.1-13.7) 2.1 (0.5-11.8)
Cooking 27(87) 93(68) 3.2(1.0-13.2) 2.0 (0.5-1.1)
Drying 21(68) 64(47) 2.4 (1.0-6.1) 1.7 (0.64.5)

*aOR, adjusted odds ratio (adjusted for eating hippopotamus meat); OR, odds ratio.
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Table 4. Reasons for intending to eat meat again from
hippopotamuses suspected to have died from anthrax among 65
persons who reported consuming dead hippopotamus meat in a
survey conducted after an outbreak of anthrax infections among
humans and hippopotamuses living in a game reserve area,
Chama District, Zambia, September 2011

Reason No. (%) respondents*

Lack of side dish 44 (73)
Lack of meat 14 (22)
Hunger 4.(7)
Lack of protein 3(5)

*Respondents could provide >1 response.

food reserve of maize, and it was suggested throughout the
investigation that officials should provide additional corn
meal as a possible solution for the food shortage. However,
populations at risk for food insecurity need better access
to balanced diets rather than more carbohydrates (22). Our
survey respondents highlighted the desire for more fresh
fruits and vegetables, which suggests more balanced diets
would be welcomed.

Most of the crops grown in this region were cotton and
other nonedible, exportable crops. Assistance is needed
to help the population better balance subsistence farming
with cash crops on small family farms to improve the over-
all diversity of crops and ultimately mitigate the risk for
food insecurity (22).

Our household survey aimed to determine the main
risk factors for anthrax transmission and the underlying
factors driving those infected to risk exposure. Our results
suggest the need to address long-standing political and eco-
nomic issues related to food insecurity in protected areas,
as well as an urgent need for better coordination between
wildlife management and public health authorities. A more
proactive approach could help prevent future outbreaks.
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Molecular Antimicrobial
Resistance Surveillance for
Neisseria gonorrhoeae,
Northern Territory, Australia

David M. Whiley, Ella Trembizki, Cameron Buckley, Kevin Freeman, Robert W. Baird,
Miles Beaman, Marcus Chen, Basil Donovan, Ratan L. Kundu, Christopher K. Fairley,
Rebecca Guy, Tiffany Hogan, John M. Kaldor, Mahdad Karimi, Athena Limnios,
David G. Regan, Nathan Ryder, Jiunn-Yih Su, James Ward, Monica M. Lahra

Neisseria gonorrhoeae antimicrobial resistance (AMR)
is a globally recognized health threat; new strategies are
needed to enhance AMR surveillance. The Northern Terri-
tory of Australia is unique in that 2 different first-line thera-
pies, based primarily on geographic location, are used for
gonorrhea treatment. We tested 1,629 N. gonorrhoeae
nucleic acid amplification test—positive clinical samples,
collected from regions where ceftriaxone plus azithromycin
or amoxicillin plus azithromycin are recommended first-line
treatments, by using 8 N. gonorrhoeae AMR PCR assays.
We compared results with those from routine culture-based
surveillance data. PCR data confirmed an absence of ceftri-
axone resistance and a low level of azithromycin resistance
(0.2%), and that penicillin resistance was <5% in amoxicillin
plus azithromycin regions. Rates of ciprofloxacin resistance
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and penicillinase-producing N. gonorrhoeae were lower
when molecular methods were used. Molecular methods
to detect N. gonorrhoeae AMR can increase the evidence
base for treatment guidelines, particularly in settings where
culture-based surveillance is limited.

esistance to antimicrobial drugs (termed antimicro-

bial resistance [AMR]) in Neisseria gonorrhoeae is
recognized as a public health problem of global impor-
tance (1,2). The overall magnitude of AMR in N. gonor-
rhoeae is largely unknown in many regions because of
substantial gaps in global AMR surveillance (3). Ceftri-
axone, a third-generation extended-spectrum cephalospo-
rin used widely for treatment, is considered to be the last
fully effective option currently recommended. However,
its durability is not assured; the proportion of gonococ-
cal strains with elevated ceftriaxone MIC values is in-
creasing steadily, and 4 documented cases of resistance
to ceftriaxone have been noted, in Japan, France, Spain,
and Australia (4-6). A dual therapy treatment regimen of
ceftriaxone plus azithromycin is now the recommended
standard of care in many countries and was implemented
in an effort to stem further development of ceftriaxone
resistance (7); however, failure of this dual therapy has
also been reported (8).

Surveillance of N. gonorrhoeae antimicrobial drug sen-
sitivity is a key component of all strategies to manage the
emergence of resistance; gonorrhea treatment guidelines
are currently formulated under the principle that an anti-
microbial drug should be rejected for clinical use in a par-
ticular population once a threshold of 5% resistant isolates
is breached (1). However, although gonorrhea diagnosis is
now widely based on nucleic acid methods, antimicrobial
drug sensitivity remains dependent on culture-based meth-
ods, which are highly specific but difficult to implement in
many settings where gonorrhea is prevalent. The World
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Health Organization (WHO) and Centers for Disease Con-
trol and Prevention (CDC), in their action plans to control
the spread of drug-resistant N. gonorrhoeae, have called for
the development of molecular assays (1,2). We have pre-
viously reviewed the potential for real-time PCR assays to
achieve these goals (3) and, through the Gonorrhoea Re-
sistance Assessment by Nucleic Acid Detection (GRAND)
study, developed and validated a range of PCR methods to
detect resistance mutations for azithromycin, ciprofloxacin,
and penicillin. We have also developed a high-throughput
single-nucleotide polymorphism—based typing method for
multilocus sequence type (MLST) investigations (9).

In Australia, gonorrhea is concentrated primarily in
men who have sex with men living predominantly in urban
and regional areas and in Aboriginal heterosexual persons
living in remote areas of central and northern Australia.
Dual therapy comprising ceftriaxone (500 mg intramus-
cular injection) and oral azithromycin (1 g) (known as
CAZ) is used as the standard first-line treatment in urban
areas. However, in remote areas of the Northern Territory
(Figure 1) and Western Australia, where rates of infection
among Aboriginal populations are high and AMR is low,
first-line treatment is oral amoxicillin 3 g, probenecid 1
g, and azithromycin 1 g (locally known as a ZAP pack), a
treatment strategy that has the benefits of oral administra-
tion and avoidance of the unnecessary use of ceftriaxone.

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 23, No. 9, September 2017
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In remote parts of Australia, including much of the
ZAP pack region, transport distances and climate pose
limits on the viability of samples for culture. Also, even
though all clinicians diagnosing or suspecting gonor-
rhea in Australia are encouraged to send a suitable swab
specimen for AMR testing by culture, changes to test
reimbursement schemes have tended to favor use of
nucleic acid amplification test (NAAT) over culture
for gonorrhea diagnosis. For these combined reasons,
relatively few isolates are available for AMR testing
from these areas (10). Our PCR-based method (11,12)
for direct detection of penicillinase-producing N. gon-
orrhoeae (PPNG) is now routinely used to help inform
treatment guidelines in Western Australia (13) and the
Northern Territory. We report on a study that we have
undertaken in the Northern Territory to comprehensive-
ly examine the utility of nucleic acid methods to assess
AMR against a broad range of antimicrobial drugs, and
the potential role of these methods in setting treatment
guidelines. The study was approved by the Human Re-
search Ethics Committee (HREC) of Northern Territory
Department of Health and Menzies School of Health,
the Central Australian HREC, the South Eastern Sydney
Local Health District HREC, the Queensland Children’s
Health Services District HREC, and the University of
Queensland HREC.

Figure 1. Collection areas
for Neisseria gonorrhoeae
samples within the Northern
Territory of Australia, 2014.
A) Heat map showing the
local government areas from
which the 1,629 nucleic acid
amplification test—positive
clinical samples were
collected. B) Location of

the Northern Territory within
Australia. C) Location of

the CAZ and ZAP regions
within the Northern Territory.
CAZ, ceftriaxone via
intramuscular injection and
oral azithromycin;

ZAP, azithromycin,
amoxicillin, probenecid.
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Material and Methods

N. gonorrhoeae NAAT-Positive Clinical Samples

For this study, we examined 1,629 N. gonorrhoeae NAAT-
positive clinical samples collected from patients in the
Northern Territory (441 from CAZ regions and 1,188 from
ZAP regions; Figure 1) during 2014; these samples repre-
sented 93.6% of the total 1,740 notifications of gonorrhea
in this region for this year. The samples comprised 21 rec-
tal, 45 pharyngeal, 413 vaginal/cervical, 97 male urethral,
and 1 ocular specimen, as well as 1,012 urine samples (590
from men, 418 from women, and 4 from persons whose sex
was not specified), 21 joint fluid samples, and 19 samples
for which the site was not recorded on the request form.
Samples were taken from 756 (46.4%) men, 861 (52.9%)
women, and 12 (0.7%) persons for whom sex was not speci-
fied; median age was 24 years. The specimens were provid-
ed by the 2 laboratories in the Northern Territory that diag-
nose gonorrhea: Royal Darwin Hospital Pathology, which
used Siemens Versant Chlamydia trachomatis/N. gonor-
rhoeae (CT/NG) assays (Siemens, Bayswater, Victoria,
Australia), and Western Diagnostic Pathology, which used
the Aptima Combo 2 test for CT/NG (Hologic, Bedford,
MA, USA) (additional information in online Technical Ap-
pendix Table, https://wwwnc.cdc.gov/EID/article/23/9/17-
0427-Techappl.pdf).

PCR Methods

We used 8 PCR methods for AMR testing (Table 1): assays
to detect PPNG (PPNG-PCR) (11); the mosaic penicillin
binding protein 2 (PBP2) associated with resistance to the
extended-spectrum cephalosporins (mosaicPBP2-PCR);
the A8806 strain of ceftriaxone-resistant gonorrhea pre-
viously detected in Australia (A8806-PCR assay) (6); the
GyrA S9IF alteration that is highly predictive of resistance
to ciprofloxacin (GyrA91-PCR) (14,15); 2 mutations on
the 23S rRNA genes conferring resistance to azithromy-
cin (2611-PCR and 2059-PCR) (16); wild-type PorB se-
quences (G101/A102 and PorB1a) that we have shown are
predictive of penicillin susceptibility, and mutant PorB
sequences (G101K/A102D, G101K/A102N and G101K/
A102G) that are associated with but not predictive of peni-
cillin resistance (PorB-PCR) (17); and a wild-type mtrR ef-
flux pump promoter (i.e., lacking the A-deletion) shown to
be associated with susceptibility to  lactam antimicrobial
drugs (mtrR A-deletion-PCR) (online Technical Appendix;
18). We considered samples uncharacterized by a method
if they did not provide a result (e.g., of mutant or wild type)
in the respective PCR. For mosaicPBP2-PCR and A8806-
PCR, we pooled samples (10 samples/pool) for testing; we
then tested samples from any pools returning positive re-
sults individually. For all other PCR methods, we tested
samples individually (online Technical Appendix).
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MLST

We genotyped the first 717 samples (collected during Janu-
ary—May 2014) using a previously described iPLEX14SNP
method (9). The iPLEX14SNP targets 14 informative sin-
gle-nucleotide polymorphisms on gonococcal housekeep-
ing genes and provides a high-throughput means of con-
ducting N. gonorrhoeae MLST. We further used these data
to clarify the potential movement of strains between the
CAZ and ZAP zones, irrespective of their AMR profiles.

Multiantigen Sequence Typing

We further investigated samples testing positive for
mosaicPBP2 by using N. gonorrhoeae multiantigen se-
quence typing (NG-MAST) (19) as described previously
(20). NG-MAST involves DNA sequencing of 2 variable
gonococcal genes and therefore provides greater discrimi-
nation than MLST.

Australian Gonococcal Surveillance Program Data

The Australian Gonococcal Surveillance Program receives
and tests clinical isolates of gonococci for the purposes of
AMR phenotypic surveillance from throughout Australia.
In 2014, the program received 222 isolates from the North-
ern Territory for antimicrobial drug susceptibility testing
(Table 2). We compared the phenotypic rates of resistance
with the results of PCR testing for the Northern Territory as
a whole and individually by CAZ and ZAP regions.

Results

Of the 1,629 samples, 18.8% to 31.2% could not be charac-
terized by the PCR methods (Table 1). However, these values
excluded the mosaicPBP2-PCR and A8806-PCR methods;
we considered all negative results for the mosaicPBP2-PCR
and A8806-PCR characterized because pooled samples were
used for screening, and it was therefore not possible to as-
certain characterization for individual samples. Compared
with culture, which provided 81 isolates from CAZ areas and
141 from ZAP regions in this year (Table 2), the PCR as-
says (based on the average number of characterized samples
by each PCR) provided 4.2 times more data (mean 338.6
samples) from CAZ regions and 9.4 times more data
(mean 1,331.6 samples) from ZAP regions.

We compared characterization rates based on ana-
tomic site and originating laboratory (online Technical
Appendix Table); only the GyrA91-PCR results were
used for this comparison. We observed a significantly
lower (p<0.001) characterization rate for pharyngeal
samples (26.7%) compared with the combined rate
(76.7%, range 56.7%—100%) for all other sample types.

N. gonorrhoeae Resistance
We compared PCR (Table 1) and culture (Table 2) data
for resistance to azithromycin, ceftriaxone, ciprofloxacin,
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Table 1. PCR results for the 1,629 NAAT-positive Neisseria gonorrhoeae clinical samples taken from patients in the Northern Territory

of Australia, 2014*

Results

CAZ region, n = 441

ZAP region, n = 1,188

Total for both regions, n = 1,629

No. samples/ % Samples No. samples/ % Samples No. samples/ % Samples

Assay and targets no. tested (95% CI) no. tested (95% CI) no. tested (95% CI)
GyrA91-PCR (gyrA)

Wild type (S91) 235/297 79.1 (74.1-83.4) 922/931 99.0 (98.2-99.5) 1,157/1,228  94.2 (92.8-95.4)

S91F 62/297 20.9 (16.6-25.9) 9/931 1.0 (0.5-1.8) 71/1,228 5.8 (4.6-7.2)

Uncharacterizedt 144 32.6 257 21.6 401/1,629 24.6
PPNG-PCR

Negative 252/286 88.1 (83.8-91.4) 879/888 99 (98.1-99.5) 1,131/1,174  96.3 (95.1-97.3)

PPNG 34/286 11.9 (8.6—-16.2) 9/888 1(0.5-1.9) 43/1,174 3.7 (2.7-4.9)

Uncharacterizedt 155 35.1 300 25.3 455/1,629 27.9
2611-PCR (23S rRNA)

Wild type 321/321 100 (98.8-100) 958/960 99.8 (99.2-99.9) 1,279/1,281 99.8 (99.4-100)

C2611T 0/321 0(0-1.2) 2/960 0.2 (0.1-0.8) 2/1,281 0.2 (0-0.6)

Uncharacterizedt 120 27.2 228 19.2 348/1,629 214
2059-PCR (23S rRNA)

Wwild type 319/319 100 (98.8-100) 1,004/1,004 100 (99.6-100) 1,323/1,323 100 (99.7-100)

A2059G 0/319 0(0-1.2) 0/1,004 0(0-0.4) 0/1,323 0 (0-0.3)

Uncharacterizedt 122 27.7 184 15.5 306/1,629 18.8
PorB-PCR (porB)

G101/A102 98/286 34.3 (29-39.9) 125/835 15.0 (12.7-17.6) 223/1,121 19.9 (17.7-22.3)

[G101/A102, [80/280] [28.6 (23.4-34.1)] [116/823] [14.1 (11.9-16.6)] [196/1,103] [17.8 (15.6-20.1)]

non-PPNGJ+

PorB1a 152/286 53.1 (47.4-58.9) 699/835 83.7 (81.1-86.1) 851/1,121 75.9 (73.3-78.3)

[PorB1a, [120/267] [44.9 (39.1-50.9)] [627/770] [81.3 (78.4-83.9)] [747/1,037] [72.0 (69.2-74.7)]

non-PPNGJ+

Mutant§ 32/286 11.2 (8-15.4) 3/835 0.4 (0.1-1.1) 35/1,121 3.1(2.3-4.3)

PorB1a and 4/286 1.4 (0.5-3.5) 6/835 0.7 (0.3-1.6) 10/1,121 0.9 (0.5-1.6)

G101/A102

PorB1a and 0/286 0 (0-1.3) 2/835 0.2 (0.1-0.9) 2/1,121 0.2 (0-0.6)

mutant§

Uncharacterizedt 155 35.1 353 29.8 508/1,629 31.2
A-deletion-PCR (MtrR)

Wild type 280/318 88.1 (84-91.2) 944/950 99.4 (98.6-99.7) 1,224/1,268  96.5 (95.4-97.4)

[wild type, [226/284] [79.6 (74.5-84.1)] [861/873] [98.6 (97.6-99.2)] [1,087/1,157] [93.9 (92.4-95.2)]

non-PPNGJ+

A-deletion 38/318 11.9 (8.8-16) 6/950 0.6 (0.3-1.4) 44/1268 3.5 (2.6-4.6)

Uncharacterizedt 123 27.9 238 20 361/1629 22.2
mosaicPBP2-PCR (penA)

Negative 431/441 97.7 (95.9-98.8) 1,188/1,188 100 (99.7-100) 1,619/1,629  99.4 (98.9-99.7)

Positive 10/441 2.3 (1.2-4.1) 0/1188 0 (0-0.3) 10/1,629 0.6 (0.3-1.1)

Uncharacterized 1 NA NA NA NA NA NA
A8806-PCR (penA)

Negative 441/441 100 (99.1-100) 1,188/1,188 100 (99.7-100) 1,629/1,629 100 (99.8-100)

Positive 0/441 0 (0-0.9) 0/1,188 0 (0-0.3) 0/1,629 0 (0-0.2)

Uncharacterized NA NA NA NA NA NA

*NA, not applicable; NAAT, nucleic acid amplification test; PPNG, penicillinase-producing N. gonorrhoeae.
tThese samples could not be characterized by the respective PCR assay.
FThese PorB-PCR and A-deletion-PCR results were combined with the PPNG-PCR results to exclude those that were PPNG. Uncharacterized PPNG-

PCR results were omitted from total numbers.
§Mutant = G101K/A102D, G101K/A102N or G101K/A102G.

JIAll negative results for the mosaicPBP2-PCR and A8806-PCR were considered valid (i.e., characterized) given that pooled samples were used for
screening, and it was therefore not possible to ascertain characterization for individual samples.

and penicillin. The combined results of the 2611-PCR and
2059-PCR assays showed that N. gonorrhoeae azithromy-
cin resistance was low (0.2%) across the Northern Territory
in 2014, consistent with the 2014 culture-based data that
showed no azithromycin-resistant isolates. We found 10
(0.6%) samples positive by themosaicPBP2-PCR, allin CAZ
regions; these data were consistent with 3 (1.4%) isolates
exhibiting decreased susceptibility to ceftriaxone in CAZ
regions detected by culture. We observed no A8806-PCR
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positive samples, consistent with culture data showing no
N. gonorrhoeae with MICs for ceftriaxone >0.125 mg/L
isolated in the Northern Territory or elsewhere in Australia
since the A8806 strain was observed in late 2013.

Total ciprofloxacin resistance in the Northern Territo-
ry was significantly lower by PCR (5.8%) than by bacterial
culture (12.6%; p<0.001). Consistent with the culture data,
the GyrA91-PCR indicated that levels of ciprofloxacin re-
sistance were higher in the CAZ region compared with the
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Table 2. Summary of the Australian Gonococcal Surveillance Program culture-based Neisseria gonorrhoeae antimicrobial drug

resistance data for the Northern Territory of Australia, 2014*

CAZ region, n = 81 ZAP region, n = 141 Total, n = 222
Antimicrobial drug  No. isolates % Isolates (95% Cl) No. isolates % Isolates (95% CI) No. isolates % Isolates (95% CI)
Azithromycin R 0 0.0 (0.0-4.5) 0 0.0 (0.0-2.7) 0 0.0 (0.0-1.7)
Ceftriaxone DS 3 3.7 (1.3-10.3) 0 0.0 (0.0-2.7) 3 1.4 (0.5-3.9)
Ciprofloxacin R 25 30.9 (21.9-41.6) 3 2.1 (0.7-6.1) 28 12.6 (8.9-17.6)
Penicillin R 21 25.9 (17.6-36.4) 3 2.1 (0.7-6.1) 24 10.8 (7.4-15.6)
PPNG 15 18.5 (11.6-28.3) 3 2.1 (0.7-6.1) 18 8.1(5.2-12.5)

*Adapted from the Australian Gonococcal Surveillance Program annual report) (10). DS, decreased susceptibility; PPNG, penicillinase-producing N.

gonorrhoeae; R, resistant.

ZAP region. Similarly, total levels of PPNG in the North-
ern Territory as determined by PCR (3.7%) were signifi-
cantly lower than the levels determined by culture (8.1%);
p<0.01). For ZAP regions, PPNG-PCR testing showed that
1.0% of samples were PPNG positive, comparable to the
2.1% observed with bacterial culture.

Using bacterial culture, we detected no isolates with
chromosomally mediated resistance to penicillin (CMRP)
in ZAP regions. Although the porB-PCR is not a definitive
marker of CMRP (17), it was still able to provide insight
into CMRP, given that the G101/A102 and PorB1a markers
are highly predictive of penicillin susceptibility (in which
PPNG strains are simultaneously detected and excluded).
In the ZAP regions, 14.1% of samples were both non-
PPNG and G101/A102 and 81.3% were both non-PPNG
and PorBla, providing 95.4% of samples predicted to be
susceptible to penicillin. Thus, based on the combined
porB-PCR and PPNG-PCR results, we predicted by PCR
that 95.4%-99% of samples were susceptible to penicillin.
These data are further supported by the combined A-de-
letion-PCR and PPNG-PCR data; 98.6% of samples from
ZAP regions possessed a wild-type mtrR promoter and
were non-PPNG.

MLST

Of the 717 samples that we subjected to iPLEX14SNP
genotyping, 456 (63.6%) were successfully genotyped
and 261 (36.4%) were not characterized. We excluded
the uncharacterized samples from further analysis. We
observed 27 different iPLEX14SNP genotypes for the
456 characterized samples and summarized the 14 most
common (NGO1 to NG14, consisting of those with 5 or
more isolates; total, 437 isolates), indicating whether they
were from the CAZ or ZAP regions (Figure 2). A total
of 10 iPLEX14SNP genotypes were shared across both
CAZ and ZAP regions, including 8 of the 14 most com-
mon. Examination of available PCR data associated with
these 10 genotypes shared between CAZ and ZAP regions
revealed that 3 possessed resistance markers, including
NGO7 (GyrA S91F, mtrR A-deletion, and PorB mutant
sequences), NG13 (GyrA S91F and PPNQG), and a third
genotype (GyrA S91F mtrR A-deletion and PPNG), listed
among “all others” in Figure 2.
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NG-MAST Investigation of mosaicPBP2-PCR

Positive Samples

The NG-MAST analyses for the 10 samples positive
by the mosaicPBP2-PCR (Table 3) revealed 4 different
types, including 3 types (2212, 5622, and 1407) that have
previously been associated with the gonococcal mosaic
PBP2 in Europe and elsewhere (21). Additional demo-
graphic data were obtained; the 10 samples were from 7
men and 2 women, including 3 Aboriginal (1 man and 2
women) and 6 non-Aboriginal persons. All of these per-
sons were identified in the metropolitan area of Darwin in
the Northern Territory.

Discussion

The results of this study show conclusively that molecular
methods can be used to enhance N. gonorrhoeae AMR
surveillance for a range of antimicrobial drugs in an iso-
lated region where bacterial culture is impractical or not
possible. For the Northern Territory of Australia, these
new data substantially increase the evidence base for the
current treatment guidelines, characterizing approximate-
ly two thirds of all notified cases, compared with only
13% (222/1740) that were available for characterization

Figure 2. Genotype frequency of the 456 Neisseria gonorrhoeae
clinical samples taken from patients in the Northern Territory of
Australia, 2014, that were successfully genotyped by using the
iPLEX14SNP method (9). Presence of each genotype in the
CAZ or ZAP regions is indicated. CAZ, ceftriaxone via
intramuscular injection and oral azithromycin; ZAP, azithromycin,
amoxicillin, probenecid.
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Table 3. Summary of mosaicPBP2-PCR—positive Neisseria gonorrhoeae samples from the Northern Territory of Australia*

Patient no. Sex Age group, y Aborigine Sample source Date of collection NG-MAST genotype
1 M 51-55 No Urine January 2014 10038
2 M 21-25 No Urine March 2014 2212
3 F 26-30 Yes Urine April 2014 2212
Pharyngeal swab May 2014 2212
4 M 26-30 Yes Urine April 2014 2212
5 F <20 Yes Urine May 2014 2212
6 M 21-25 No Urine February 2014 5622
7 M 56-60 No Urine December 2014 5622
8 M 21-25 No Anal swab November 2014 1407
9 M 21-25 No Anal swab November 2014 1407

*

NG-MAST, N. gonorrhoeae multiantigen sequence typing.

by culture. Furthermore, the data indicate no ceftriaxone
resistance and little azithromycin resistance (0.2%) in this
region and provide an estimate that penicillin resistance is
<5% in the ZAP regions.

This case study also highlights the potential for mo-
lecular assays to inform alternative treatment strategies in
areas where culture-based testing may be limited. The high
ciprofloxacin susceptibility levels indicate that ciprofloxa-
cin would be suitable as an alternative oral therapy in the
ZAP regions; the GyrA91-PCR showed that 99.0% of in-
fections in the ZAP regions were ciprofloxacin susceptible.
Thus, ciprofloxacin could be used empirically or could
otherwise be of value where use of the ZAP pack is con-
traindicated (e.g., penicillin allergy) or to facilitate patient-
delivered partner therapy (PDPT). Although PDPT for
chlamydia is supported in the Northern Territory, it is not
recommended for gonorrhea given the risk of anaphylaxis
with penicillin and the injection requirement for ceftriax-
one. Based on our data, ciprofloxacin could appropriately
be used for PDPT for gonorrhea in the ZAP regions, ideally
in combination with azithromycin to simultaneously treat
both chlamydia and gonorrhea given the high coinfection
rates in these areas (22).

A further benefit of using ciprofloxacin in ZAP regions
is that rates of susceptibility/resistance could be monitored
accurately by molecular methods, such as the GyrA91-
PCR. This assay could also facilitate use of oral ciprofloxa-
cin in the CAZ regions through individualized treatment,
which, based on the prevalence of wild-type (susceptible)
strains, could be used for 79.1% of patients, substantially
sparing the use of ceftriaxone. Similarly, based on the com-
bined results of the PorB-PCR and PPNG-PCR methods,
individualized ZAP pack treatment could potentially be
used for 73.5% of infections in the CAZ regions.

The data also provide some evidence of new threats to
current treatments. Although there was no further evidence
of the A8806 ceftriaxone-resistant strain, the detection of
mosaic PBP2 strains in the Northern Territory, particularly
among Aboriginal patients, is alarming. These mosaicPBP2
strains typically exhibit CMRP and therefore pose a direct
risk to the use of ZAP packs. This risk is heightened by the
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ability of these mosaicPBP2 strains to spread rapidly. First
reported in Japan in 2001, mosaicPBP2 strains have since
become an internationally successful clone. Accordingly,
our nationwide study of gonococcal isolates from Australia
in 2012 showed that mosaic strains composed 8.9% of all
isolates and had spread to every state in Australia except
the Northern Territory (23). The NG-MAST data from this
study (Table 3) indicated that different incursions of the
mosaicPBP2 strains into the Northern Territory popula-
tion occurred in 2014. It is likely that 3 of these involved
men who have sex with men, residing in the metropolitan
area of Darwin. The presence of the same NG-MAST type
(2212; Table 3) in 1 Aboriginal man and 2 Aboriginal
women strongly suggests transmission within heterosexual
Aboriginal networks in the Darwin region.

It was previously assumed that penicillin resistance
has remained low in ZAP regions because of limited bridg-
ing of sexual networks in metropolitan areas. This hy-
pothesis was not supported by our MLST data, however,
which showed that 10 of the 27 observed gonococcal strain
types (including 8 of the 14 most common strain types;
Figure 2) were present in both CAZ and ZAP regions.
These strains included 3 strain types predicted to be resis-
tant to ciprofloxacin, penicillin, or both, suggesting com-
mon sexual networks. Thus, it is theoretically possible that
mosaicPBP2 strains or other resistant strains could exploit
this bridging and spread into ZAP regions.

The addition of molecular strategies in the remote re-
gions provided a notable increase in the scope of AMR sur-
veillance. With the increased surveillance capture, the rates
of both ciprofloxacin resistance and PPNG predicted by
PCR were much lower (less than half) than rates detected
by bacterial culture. In total, 9 times more samples from
the ZAP regions were ascertained by PCR than by bacterial
culture, compared with 4 times more samples from CAZ
regions ascertained by PCR than by culture. Previous Aus-
tralia data have shown that the GyrA91-PCR assay is an ac-
curate predictor of ciprofloxacin resistance and the PPNG-
PCR assay is an accurate predictor of PPNG (11,14,15).
Therefore, it is unlikely that the observed differences
between PCR and culture-based data were attributable
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to problems with accuracy of the PCR target sequences.
Rather, we suspect that the observed differences in resis-
tance rates were influenced primarily by the higher propor-
tion of infections that were able to be characterized in the
ZAP region with these PCR assays. Our findings strongly
support the CDC’s and WHO’s positions on the utility of
molecular strategies to enhance surveillance (1,2). Rates
of drug resistance are rising, and refining and rationalizing
antimicrobial drug use at the individual patient level is a
desirable stewardship strategy.

Our study has several limitations. The predictive value
of the molecular markers used in this study are based on
Australia sample banks, so they may not be representative
of other regions, where different gonococcal strains may be
circulating. This limitation is particularly relevant for the
PorB-PCR PIA target, which, as previously described, does
not specifically target a mechanism of resistance, yet is high-
ly associated with penicillin susceptibility in local Australia
gonococci (17). These issues highlight the importance of
maintaining culture-based AMR testing for definitive AMR
surveillance, as well as for providing ongoing validation ma-
terial for the molecular methods. In addition, we observed
that approximately one third of N. gonorrhoeae NAAT-posi-
tive clinical samples could not be characterized by 1 or more
of the resistance assays; this finding is likely due to low DNA
loads, as previously documented (16). The lack of charac-
terization was particularly evident for pharyngeal samples,
which likely reflects N. gonorrhoeae DNA loads being gen-
erally lower in the pharynx compared with other sites.

Overall, this study highlights the potential for mo-
lecular methods to enhance culture-based AMR sur-
veillance programs by increasing sample size. These
methods have provided, and continue to provide, new
representative data to inform local treatment guidelines,
identifying alternative treatment options and pinpoint-
ing new resistance threats. Molecular methods, such as
those described here, offer new opportunities to improve
N. gonorrhoeae AMR surveillance globally, particularly
in remote regions.
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Estimated Annual Numbers of
Foodborne Pathogen—Associated
llinesses, Hospitalizations, and
Deaths, France, 2008—2013

Dieter Van Cauteren, Yann Le Strat, Cécile Sommen, Mathias Bruyand, Mathieu Tourdjman,
Nathalie Jourdan-Da Silva, Elisabeth Couturier, Nelly Fournet, Henriette de Valk, Jean-Claude Desenclos

Estimates of the annual numbers of foodborne ilinesses and
associated hospitalizations and deaths are needed to set
priorities for surveillance, prevention, and control strategies.
The objective of this study was to determine such estimates
for 2008-2013 in France. We considered 15 major food-
borne pathogens (10 bacteria, 3 viruses, and 2 parasites)
and estimated that each year, the pathogens accounted for
1.28-2.23 million illnesses, 16,500—-20,800 hospitalizations,
and 250 deaths. Campylobacter spp., nontyphoidal Salmo-
nella spp. and norovirus accounted for >70% of all food-
borne pathogen—associated illnesses and hospitalizations;
nontyphoidal Salmonella spp. and Listeria monocytogenes
were the main causes of foodborne pathogen—associated
deaths; and hepatitis E virus appeared to be a previously
unrecognized foodborne pathogen causing ~68,000 illness-
es in France every year. The substantial annual numbers
of foodborne illnesses and associated hospitalizations and
deaths in France highlight the need for food-safety policy-
makers to prioritize foodborne disease prevention and con-
trol strategies.

oodborne pathogens are of public health concern

worldwide (1). Estimates of the total number of food-
borne illnesses and associated hospitalizations and deaths
are needed to assess their effect on health and to set pri-
orities for surveillance, prevention, and control strategies.
In 2000, the number of foodborne illnesses and associated
deaths in France was estimated by using data from 1990—
2000. However, for most pathogens, data were lacking to
derive estimates at the population level (2).

Since that study, specific surveillance systems have
been implemented in France for Campylobacter spp.
(2002) (3), hepatitis A virus (2005), and hepatitis E virus
(2002) (4). Additional surveys have been conducted to pro-
vide information on healthcare-seeking behavior and the
incidence of acute gastroenteritis in the general population
(2009-2010) (5) and on physician practices in requesting
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fecal samples for patients with acute gastroenteritis (2013—
2014) (6). Furthermore, the quality and availability of other
nonspecific data sources (e.g., hospital discharge registers
and health insurance reimbursement data) have improved
and are increasingly used for epidemiologic studies in
France (7-9). Thus, recent and valid data are available to
estimate the population-level health effects of several food-
borne pathogens. Such estimates have recently been gener-
ated for Campylobacter spp. and nontyphoidal Salmonella
spp. (hereafter referred to as Salmonella spp.), the 2 main
causes of foodborne bacterial infections in France (10).
Taking into account this improved knowledge and data
availability, we conducted a study to estimate the annual
number of illnesses, hospitalizations, and deaths associated
with 15 foodborne pathogens in France.

Methods

Using data sources from 2008-2013, we estimated the
number of illnesses, hospitalizations, and deaths in France
resulting from 15 foodborne pathogens: 10 bacteria (Ba-
cillus cereus, Campylobacter spp., Clostridium botulinum,
Clostridium perfringens, Shiga-toxin—producing Esch-
erichia coli [STEC], Listeria monocytogenes, Salmonella
spp., Shigella spp., Staphylococcus aureus, Yersinia spp.);
3 viruses (hepatitis A virus, hepatitis E virus, norovirus);
and 2 parasites (Taenia saginata, Toxoplasma gondii). We
used France’s 2010 census population (62,765,235 per-
sons) for the estimates.

We used different statistical models, depending on the
most suitable data available for each pathogen, with many
inputs to estimate the number of illnesses, hospitalizations,
and deaths (online Technical Appendix Table 1, https://
wwwnc.cdc.gov/ElD/article/23/9/17-0081-Techapp1.pdf).
For most proportions we defined a lower and upper bound
and a beta distribution with 2 parameters derived from a
method of moments, assuming a mean m = (lower + up-
per bound)/2 and an SD = (upper bound — m)/2 (11). We
used lognormal probability distributions for model inputs
derived from a national survey on acute gastroenteritis in
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France (5) and for the annual numbers of reported illnesses,
hospitalizations, and deaths. For final estimates, we mul-
tiplied the distributions by using Monte Carlo simulation
(10,000 iterations) with R version 3.3.2 (12). We report
median values and use ranges between the 5th and 95th
percentiles of the output distribution to define a 90% cred-
ible interval (Crl,,).

llinesses

To estimate the numbers of illnesses, we obtained surveil-
lance data from the mandatory notification system (C. botu-
linum, L. monocytogenes, hepatitis A virus, and foodborne
disease outbreaks) and from national reference laboratories
and their laboratory surveillance networks (C. botulinum,
Campylobacter spp., STEC, L. monocytogenes, Salmonella
spp., Shigella spp., Yersinia spp., hepatitis A virus, hepa-
titis E virus, and T. gondii). Inclusion in these surveillance
systems implies that the ill person sought medical care, had
laboratory testing prescribed, and had a specimen submit-
ted for laboratory testing and that the laboratory identified
the pathogen and reported the positive result to the surveil-
lance system. These steps can be summarized into 2 mul-
tiplication factors: an underreporting factor defined as the
match between the total number of laboratory-confirmed
illnesses and the number of laboratory-confirmed illnesses
reported to the surveillance system; and an underdiagno-
sis factor taking into account the proportion of cases that
were not laboratory-confirmed because the patient did not
seek medical advice or was misdiagnosed. We took both
multiplication factors into account to estimate the number
of illnesses from mandatory notification data and national
reference laboratory data.

Previously published parameters for estimating the
number of Campylobacter spp.— and Salmonella spp.—as-
sociated illnesses (10) were used as a proxy to estimate the
level of underdiagnosis for Yersinia spp. (using Campylo-
bacter spp. data) and Shigella spp. (using Salmonella spp.
data). For C. botulinum and L. monocytogenes, we assumed
that 80%—100% of the cases were in persons who sought
medical care and had laboratory-confirmed diagnoses. To
account for underreporting, we conducted ad hoc labora-
tory surveys for Campylobacter spp., Salmonella spp., Shi-
gella spp., and Yersinia spp., and we conducted a capture—
recapture study for L. monocytogenes.

In France, cases of B. cereus, S. aureus, and C. per-
fringens infection are notified only through mandatory no-
tification of point-source foodborne disease outbreaks. For
these pathogens, we assumed that the multiplier between
the number of confirmed outbreak cases and the number of
community cases of foodborne origin would be similar to
that estimated for Salmonella spp. We estimated the num-
ber of illness caused by T. gondii and hepatitis A and E vi-
ruses from seroprevalence data and the number of illnesses
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caused by T. saginata from health insurance reimburse-
ment data for niclosamide (a drug used to treat tapeworm
infestation). We used data from the literature to estimate
the number of illnesses caused by STEC. To estimate the
number of norovirus cases, we applied a proportion (14%—
22%) of norovirus-associated acute gastroenteritis cases
to the annual number of acute gastroenteritis illnesses in
France (Table 1). This proportion was based on findings
from a 2008-2009 community study in the United King-
dom (13) and a meta-analysis of 175 studies published dur-
ing 1990-2014 (14). Model inputs used for each pathogen
are presented in online Technical Appendix Table 1.

Hospitalizations

We used the French Hospital Information System (FHIS)
as the main data source for estimating the number of hos-
pitalizations. The system is a national database of hospital
records that contains sociodemographic information (age,
sex, and residence area) and medical information (main
cause for admission, concurrent medical conditions, modes
of admission, and discharge) (10). Diseases are coded ac-
cording to the International Classification of Diseases, 10th
revision (ICD-10; http://www.who.int/classifications/icd/
en/). We extracted all hospital records with a patient dis-
charge date during January 2008—December 2013 and con-
taining an ICD-10 code of interest as the main cause for
admission or as a concurrent medical condition.

We used the number of hospital records with patho-
gen-specific ICD-10 codes to estimate the annual number
of hospitalizations for 8 pathogens, 4 of which cause acute
gastroenteritis (Table 2). We did not redistribute records
with only unspecified gastroenteritis codes to the 8 patho-
gens, but we did correct for undercapture, taking into ac-
count the proportion of fecal samples tested for each patho-
gen and the sensitivity of fecal culture. When data were
available, we compared trends over time and patient age

Table 1. Data sources used to estimate the number of pathogen-
specific illnesses, France, 2008—2013

Pathogen Data source
Bacillus cereus Surveillance
Campylobacter spp. Surveillance
Clostridium botulinum Surveillance
Clostridium perfringens Surveillance

Hepatitis A virus
Hepatitis E virus
Listeria monocytogenes
Norovirus

Seroprevalence
Seroprevalence
Surveillance
Literature and national
telephone survey

Salmonella spp., nontyphoidal Surveillance
Shiga toxin—producing Escherichia coli Literature

Shigella spp. Surveillance
Staphylococcus aureus Surveillance

Health insurance
reimbursement data
Seroprevalence
Surveillance

Taenia saginata

Toxoplasma gondii
Yersinia spp.
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Table 2. Methods used to estimate the number of pathogen-specific hospitalizations, France, 2008—-2013*

Pathogen Method
Bacillus cereus Proportion of hospitalizations for AG applied to annual no. of ilinesses for the pathogen
Campylobacter spp. Annual no. persons hospitalized with a specific ICD-10 code in FHIS

Clostridium botulinum
Clostridium perfringens
Hepatitis A virus

Hepatitis E virus

Listeria monocytogenes
Norovirus

Salmonella spp., nontyphoidal
Shiga toxin—producing Escherichia coli
Shigella spp.

Staphylococcus aureus
Taenia saginata

Toxoplasma gondii

Yersinia spp.

Mandatory notification data
Proportion of hospitalizations for AG applied to annual no. of ilinesses for the pathogen
Annual no. persons hospitalized with a specific ICD-10 code in FHIS
Annual no. persons hospitalized with a specific ICD-10 code in FHIS
Mandatory notification data
Proportion of hospitalizations for AG applied to annual no. of ilinesses for the pathogen
Annual no. persons hospitalized with a specific ICD-10 code in FHIS
Salmonella spp. and Campylobacter spp. data used as a proxy
Annual no. persons hospitalized with a specific ICD-10 code in FHIS
Proportion of hospitalizations for AG applied to annual no. of ilinesses for the pathogen
Annual no. persons hospitalized with a specific ICD-10 code in FHIS
Annual no. persons hospitalized with a specific ICD-10 code in FHIS
Annual no. persons hospitalized with a specific ICD-10 code in FHIS

*AG, acute gastroenteritis; FHIS, French Hospital Information System; ICD-10, International Classification of Diseases, 10th Revision

(http://www.who.int/classifications/icd/en/).

and sex distributions of the hospital data with surveillance
data from the national reference laboratories (Campylo-
bacter spp., Salmonella spp., Shigella spp., Yersinia spp.,
and hepatitis E virus) and with mandatory notification data
(hepatitis A virus).

We used the number of hospital records with acute
gastroenteritis—associated ICD-10 codes (A00-A06.2 and
A06.9-A09.9) to estimate the annual number of persons
hospitalized for acute gastroenteritis. We then divided that
number by the total number of persons with acute gastro-
enteritis to estimate the percentage of those persons who
were hospitalized (0.58%—-0.75%) (online Technical Ap-
pendix Table 1). For norovirus, B. cereus, C. perfringens,
and S. aureus, we applied the proportion of hospitalizations
for acute gastroenteritis to the annual number of illnesses
for each pathogen to estimate the annual number of hospi-
talizations. For STEC, we used the proportion of hospital-
izations estimated for Salmonella spp. and Campylobacter
spp. as a proxy. For C. botulinum and L. monocytogenes,
we used surveillance data from the mandatory notification
system (Table 2).

Deaths
We explored death certificate data from the French national
mortality database (Institut National de la Santé et de la
Recherche Médicale, CépiDc [Epidemiology Center on
Medical Causes of Death]) and data from FHIS to estimate
the number of foodborne illness—associated deaths. For
both data sources, we extracted all records for 2008-2013
with an ICD-10 code of interest as the main cause of death
or hospitalization or as a concurrent medical condition.
Compared with data from FHIS, death certificates con-
tained fewer pathogen-specific ICD-10 codes; therefore,
we used the hospital information system data as the main
data source for estimating the number of deaths.

To estimate the number of deaths from Campylobacter
spp., Salmonella spp., Shigella spp., Yersinia spp., hepatitis
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A and E viruses, T. saginata, and T. gondii infections, we
used the number of hospital records with a pathogen-specif-
ic ICD-10 code and death shown as the mode of discharge.
To estimate the number of norovirus-associated deaths, we
applied the proportion of deaths among hospitalized case-
patients with an ICD-10 code associated with viral gastro-
enteritis (ICD-10 codes A08.0-A08.4) to the annual num-
ber of hospitalizations for norovirus (0.18%—0.30%; online
Technical Appendix Table 1). This proportion was also used
as a proxy to estimate the number of deaths from B. cereus—,
C. perfringens—, and S. aureus—associated hospitalizations.
For C. botulinum and L. monocytogenes, we used mandatory
notification data to estimate the number of deaths (Table 3).

Foodborne Transmission

To estimate the number of foodborne illnesses and associ-
ated hospitalizations and deaths, we applied a pathogen-
specific proportion of foodborne transmission (online
Technical Appendix Table 2). For 11 of the 15 pathogens,
we used estimates published in the United States in 2011
(15). For norovirus and hepatitis A virus, data from more
recent studies were used (16,17). For hepatitis E virus and
T. saginata, the proportions of foodborne transmission
were estimated on the basis of discussions with experts
from the French Public Health Agency.

Results

Overall, the pathogens included in our study accounted for
4.9 million cases of illness (Crl,, 4.2-6.2 million), 42,500
hospitalizations (Crl,,, 37,242-50,526), and 368 deaths
(Crl,,, 335-486) each year in France. Of those 4.9 mil-
lion cases, 1.5 million were caused by foodborne pathogens
(Crl,,, 1.28-2.23 million), of which 880,500 (59%) were
caused by bacteria; 579,500 (38%) by viruses; and 45,000
(3%) by parasites. These foodborne illnesses led to 17,281
hospitalizations (Crl,,, 15,520-20,785) and 248 deaths
(Crl,,,, 223-350).

90%
90%
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Table 3. Methods used to estimate the number of pathogen-specific deaths, France, 2008—-2013*

Pathogen Method
Bacillus cereus Hospital discharge data with viral gastroenteritis—associated ICD-10 codes
Campylobacter spp. Hospital discharge data with pathogen-specific ICD-10 codes

Clostridium botulinum
Clostridium perfringens
Hepatitis A virus

Hepatitis E virus

Listeria monocytogenes
Norovirus

Salmonella spp., nontyphoidal
Shiga toxin—producing Escherichia coli
Shigella spp.

Staphylococcus aureus
Taenia saginata

Toxoplasma gondii

Yersinia spp.

Mandatory notification data

Hospital discharge data with viral gastroenteritis—associated ICD-10 codes
Hospital discharge data with pathogen-specific ICD-10 codes
Hospital discharge data with pathogen-specific ICD-10 codes

Mandatory notification data

Hospital discharge data with viral gastroenteritis—associated ICD-10 codes
Hospital discharge data with pathogen-specific ICD-10 codes
Salmonella spp. and Campylobacter spp. data used as a proxy
Hospital discharge data with pathogen-specific ICD-10 codes
Hospital discharge data with viral gastroenteritis—associated ICD-10 codes
Hospital discharge data with pathogen-specific ICD-10 codes
Hospital discharge data with pathogen-specific ICD-10 codes
Hospital discharge data with pathogen-specific ICD-10 codes

*ICD-10, International Classification of Diseases, 10th Revision (http://www.who.int/classifications/icd/en/).

Norovirus ranked first as the cause of foodborne illness-
es (34%), third as a cause for foodborne illness—associated
hospitalizations (20%), and seventh as a cause of foodborne
illness—associated deaths (3%). Salmonella spp. ranked third
as the cause of foodborne illnesses (12%), second as a cause
for hospitalization (24%), and first as a cause of death (27%)).
L monocytogenes ranked second (26%), before Campylo-
bacter spp. (17%), as a cause of foodborne illness—associ-
ated deaths (online Technical Appendix Table 2).

Discussion

We estimated the population-level number of illnesses,
hospitalizations, and deaths in France caused by 15 patho-
gens with the potential for foodborne transmission. Cam-
pylobacter spp., Salmonella spp., and norovirus were re-
sponsible for 73% of all foodborne illnesses and 76% of all
associated hospitalizations. The pathogens that cause most
foodborne illnesses or hospitalizations are not necessarily
those that cause the most deaths: L. monocytogenes caused
<0.1% of all foodborne illnesses but ranked second as a
cause of foodborne illness—associated deaths, just behind
Salmonella spp.

We used different approaches, depending on the most
suitable data that were available, to generate estimates. We
could not easily compare our results with previous esti-
mates from France (2) and other countries because of dif-
ferent data sources, assumptions, and methods. Neverthe-
less, recent estimates of the burden of foodborne illnesses
in the European region also indicated that the 3 most fre-
quent causes of foodborne illness were norovirus (ranked
first), Campylobacter spp. (second), and Salmonella spp.
(third) (1). These pathogens were also among the leading
causes of foodborne illnesses and hospitalizations in North
America (15,18) and Oceania (19,20). Salmonella spp. and
L. monocytogenes accounted for =50% of all foodborne
illness—associated deaths in France, and were also respon-
sible for most foodborne illness—associated deaths in other
high-income countries (1,15,18-20).
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We estimated the number of most pathogen-specific
illnesses by using laboratory-based surveillance data cor-
rected for underreporting and underdiagnosis, and we
used well-documented estimates for Campylobacter spp.
and Salmonella spp. (10). We assumed that the parame-
ters regarding healthcare-seeking behavior and laboratory
practice for Yersinia spp. and Shigella spp. were similar
to those for Campylobacter spp. and Salmonella spp., re-
spectively. The validity of these assumptions is difficult to
explore; further studies would be needed to produce more
robust estimates of the true level of underdiagnosis for
these 2 pathogens in France.

For B. cereus, C. perfringens, and S. aureus, we as-
sumed that the multiplier between the number of outbreak
cases and the number of foodborne illnesses would be simi-
lar to that for Salmonella spp. An alternative approach for C.
perfringens would have been to apply a proportion of acute
gastroenteritis cases by this pathogen estimated in the United
Kingdom (0.3—1.7%) (13) to the annual number of acute gas-
troenteritis illnesses in France. This approach would result in
an estimate (Crl,,, 84,450-278,964) within the range of the
estimate in our study. The estimates for B. cereus, C. perfrin-
gens, and S. aureus indicate that the effect of these pathogens
in terms of foodborne illnesses appears to be high in France.
However, only foodborne illness outbreak data were avail-
able to estimate the number of illnesses for these pathogens,
and more data are needed to confirm our estimates.

We included hepatitis E virus in our study because, in
France, indigenous cases of hepatitis E have been shown
to be associated with foodborne transmission, particularly
through consumption of products containing undercooked
or raw pork liver (21,22). We estimated the number of hep-
atitis E cases in France from a seroprevalence study con-
ducted in 2013, and the proportion of cases caused by food-
borne transmission was assumed to be between 75% and
100%. Further studies, in particular on the proportion of
foodborne transmission of hepatitis E in France, are needed
to confirm these estimates.
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Our use of seroprevalence and health insurance drug
reimbursement data to estimate the numbers of T. gondii—
and T. saginata—associated foodborne illnesses was similar
to methods previously used in France (2). Our results indi-
cated a decrease in the number of foodborne illnesses over
the past decade (from 51,600 to 12,000 cases for T. gondii
and from 64,500 to 33,000 cases for T. saginata). These
decreases may be explained by fewer exposures to the
parasites (23), by changes in food habits, and by improved
hygiene practices in meat production. For T. saginata, the
number of illnesses may be underestimated because the de-
crease might also be explained by a shift of treatment from
niclosamide to praziquantel for this infection over the past
decade in France.

We estimated the number of illnesses caused by noro-
virus by applying a proportion of acute gastroenteritis cas-
es caused by this pathogen to the annual number of acute
gastroenteritis illnesses in France. The final estimate for
France is lower than that for other countries that used a
similar method (15,18), primarily because of a lower esti-
mated incidence of acute gastroenteritis in France (5) but
also because we used a lower proportion of foodborne nor-
ovirus transmission (12%—16%) on the basis of an exten-
sive study published in 2015 (16). Despite these differences
and their effect on the final estimate, norovirus ranked first
in terms of foodborne illnesses in France and appears to be
a key foodborne cause of acute gastroenteritis.

The FHIS was our main data source for estimating
numbers of hospitalizations and deaths associated with
the 15 pathogens in our study. The relevance of this data
source may be questioned because of limitations in diagno-
sis accuracy and in consistency of disease coding. For most
of the pathogens, we estimated the number of hospitaliza-
tions by using the number of hospital records with specific
ICD-10 codes. We compared trends over time and age and
sex distributions of the hospital data with surveillance data
from the national reference laboratories and with manda-
tory notification data. Trends and distributions were similar
between the different data sources, supporting the use of
FHIS data to estimate the number of hospitalizations. For
Campylobacter spp., Salmonella spp., Yersinia spp., and
Shigella spp., we corrected the number of hospitalizations
and deaths for underdiagnosis, taking into account a pro-
portion of fecal samples tested for each pathogen and the
sensitivity of fecal culture. However, for the other patho-
gens, no specific underdiagnosis multiplier could be esti-
mated and, therefore, the estimates presented in this study
are probably conservative. An overestimation is also pos-
sible if the pathogen of interest did not cause the illness that
led to the hospitalization but was, nevertheless, coded as a
concurrent medical condition.

A high number of hospitalizations due to acute gas-
troenteritis were reported in the FHIS without a specific
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ICD-10 code because not all hospitalized patients were
systematically tested for all pathogens that cause acute gas-
troenteritis. We used the proportion of hospitalizations for
acute gastroenteritis as a proxy to estimate the number of
hospitalizations for norovirus, B. cereus, C. perfringens,
and S. aureus because testing for these pathogens is infre-
quently performed in France and because these pathogens
cause illnesses with similar symptoms and severity. This
proportion (0.58%—0.75%) is lower than that estimated for
Campylobacter spp. (0.9%—-1.9%) and for Salmonella spp.
(1.2%-3.6%), which is plausible considering that illness
caused by B. cereus, C. perfringens, and S. aureus is less
severe than that caused by Campylobacter spp. and Salmo-
nella spp. Data sources described in the literature to esti-
mate the number of hospitalizations for norovirus, B. cere-
us, C. perfringens, and S. aureus infections include hospital
discharge data and data from foodborne disease outbreaks
(15,18,19,24,25). Estimating the number of hospitaliza-
tions for these pathogens is challenging, and these different
methodologic approaches have a major effect on the final
estimate. For norovirus, despite differences in methodol-
ogy and healthcare systems, our estimate (all modes of
transmission) of the number of hospitalizations was in the
same range as those estimated in North America (24,25)
and in the Netherlands (26).

Data to estimate the number of deaths associated with
foodborne illnesses are scarce and difficult to obtain. We
explored death certificate data but decided not to use that
source because few records contained pathogen-specific
ICD-10 codes. Hospital discharge data were the only or the
most reliable data source available to estimate the number
of deaths for most pathogens included in this study. How-
ever, deaths may occur after hospitalization discharge or
without hospitalization at all. Therefore, our estimates are
uncertain and are probably underestimated, even though
we did not take into account the possibility that underlying
concurrent conditions, not foodborne pathogens, may have
caused or contributed to death.

As pointed out in the literature, difficulties in accu-
rately determining the proportion of foodborne pathogen
transmission is a key factor contributing to the uncertainty
of foodborne illness estimates (15,27). Different methodo-
logic approaches, such as epidemiologic and microbiologic
approaches, intervention studies, and expert elicitation,
have been used to estimate the proportion of foodborne
transmission (15,28-32). Overall, in high-income coun-
tries, foodborne transmission has been considered a major
transmission route for several bacterial pathogens (B. cere-
us, Campylobacter spp., C. perfringens, L. monocytogenes,
Salmonella spp., S. aureus) and a minor transmission route
for norovirus and hepatitis A virus. Nevertheless, com-
parison of the estimates by using expert elicitation shows
greater variability and higher uncertainties, depending on
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how the experts were recruited, the expert panel size, or
the elicitation method used (27,33). We decided to use
the proportion of foodborne transmission published in the
United States in 2011 (15) as these proportions were based
on epidemiologic and microbiologic data rather than expert
elicitation. It is possible that food consumption patterns and
frequency and type of microbiologic contamination differ
between the United States and France and may influence
pathogen exposure, resulting in a different proportion of
foodborne pathogen transmission in the 2 countries. Fur-
ther research is needed to obtain specific source attribution
estimates for France.

The 15 foodborne pathogens in our study were selected
on the basis of their perceived public health significance,
their occurrence in France, and the availability of a minimum
of data. Other known pathogens with potential foodborne
transmission exist (e.g., other non-STEC pathogenic E.coli,
rotavirus, and Cryptosporidium spp.), and the total numbers
of foodborne illnesses and associated hospitalizations and
deaths presented in this study are likely conservative.

We took into account new data sources that allowed for
accurate estimates of foodborne illnesses and associated hos-
pitalizations and deaths at the community level in France.
Our estimates entail several assumptions, and a high degree
of uncertainty remains for some of them. Our estimates indi-
cate that substantial numbers of foodborne pathogen—associ-
ated illnesses, hospitalizations, and deaths occur each year
in France, necessitating the prioritization of prevention and
control strategies by food safety policymakers. We did not
specifically consider the effect of sequelae linked to these
illnesses when generating our estimates. Thus, our findings
capture only part of the overall effect of foodborne infec-
tions, and they clear the way for further research on the pub-
lic health burden of foodborne pathogens in France, taking
into account complications and sequelae.
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with this organism in the United States, we analyzed data
for 1968—2013 from 5 US surveillance systems. During this
period, the incidence rate for infection with Salmonella Dub-
lin increased more than that for infection with other Salmo-
nella. Data from 1 system (FoodNet) showed that a higher
percentage of persons with Salmonella Dublin infection
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were hospitalized and died during 2005-2013 (78% hospi-
talized, 4.2% died) than during 1996-2004 (68% hospital-
ized, 2.7% died). Susceptibility data showed that a higher
percentage of isolates were resistant to >7 classes of an-
timicrobial drugs during 2005-2013 (50.8%) than during
1996-2004 (2.4%).

S almonella Dublin is a zoonotic Salmonella enterica se-
rotype that in recent years has increased in infection
incidence, antimicrobial drug resistance, and illness clini-
cal severity. The Centers for Disease Control and Preven-
tion (CDC) estimates that each year in the United States,
Salmonella enterica causes 1.2 million infections, 24,000
hospitalizations, and 450 deaths (1). Although >2,500 se-
rotypes of Salmonella exist (2), only ~50 serotypes are
regularly isolated from humans. Illnesses caused by non-
typhoidal Salmonella are often self-limiting and require no
antimicrobial drug therapy, but for patients with invasive
infections, treatment is critical. Antimicrobial drug—resis-
tant strains of Salmonella are associated with more severe
illness and are more likely to result in bloodstream infec-
tion, hospitalization, and death than are illnesses caused by
drug-susceptible strains (3,4). According to surveillance
data from the National Antimicrobial Resistance Monitor-
ing System (NARMS), the proportion of resistant isolates
is higher among S. enterica serotype Dublin than among
other serotypes (5).

Unlike most nontyphoidal Salmonella serotypes,
which affect a broad spectrum of unrelated host species,
Salmonella Dublin is a cattle-adapted serotype (6). The
most comprehensive analysis of cases of Salmonella Dub-
lin infection was published in 1982 and demonstrated that
this serotype causes rare but severe disease in humans
(i.e., bloodstream infection) that often requires antimicro-
bial drug therapy (7). Using available data across various
CDC surveillance systems, we analyzed the epidemiology
of human infections with Salmonella Dublin in the United
States, including antimicrobial drug resistance, and com-
pared it with that of other Salmonella serotypes.

Methods
Data Sources

Laboratory-based Enteric Disease Surveillance, 1968-2013

Begun in 1968, the CDC Laboratory-based Enteric Dis-
ease Surveillance system (LEDS) collects serotype and
demographic data for every Salmonella isolate obtained
from a human and submitted to US state and territorial
public health laboratories. We used LEDS data to esti-
mate national incidence rates (no. cases/100,000 popula-
tion, using US census population estimates) of reported
Salmonella Dublin and other nontyphoidal Salmonella

1494

serotypes. We excluded all typhoidal serotypes: Typhi,
Paratyphi A, Paratyphi B (L[+] tartrate-negative), and
Paratyphi C. We defined other nontyphoidal Salmonella
as serotypes other than Salmonella Dublin (hereafter
called other Salmonella). We also used LEDS data to
evaluate differences in proportions of patients by race,
ethnicity, and home state, infected with Salmonella Dub-
lin and other Salmonella serotypes.

Foodborne Diseases Active Surveillance Network, 1996-2013
Since 1996, the Foodborne Diseases Active Surveil-
lance Network (FoodNet) has conducted active, popu-
lation-based surveillance for culture-confirmed cases of
infection caused by 9 pathogens, including Salmonella,
transmitted commonly through food in the United States.
FoodNet is a collaboration of CDC, 10 state health de-
partments, the US Department of Agriculture Food Safety
and Inspection Service (USDA FSIS), and the US Food
and Drug Administration (FDA). The FoodNet surveil-
lance area includes 15% of the US population. For each
reported case, FoodNet sites collect data on demograph-
ic characteristics, hospitalization, and outcome. Since
2004, FoodNet has also collected data on international
travel (defined as travel abroad in the 7 days before ill-
ness began) and whether the case was associated with an
outbreak. We used FoodNet data to compare demograph-
ics, clinical outcomes, and travel history among patients
infected with Salmonella Dublin and those infected with
other Salmonella serotypes.

National Molecular Subtyping Network for Foodborne

Disease Surveillance, 1996-2013

Begun in 1996, the National Molecular Subtyping Net-
work for Foodborne Disease Surveillance (PulseNet) is a
national network of state and local public health labora-
tories and food regulatory agencies in the United States.
Laboratorians upload pulsed-field gel electrophoresis pat-
terns to PulseNet national databases. Comparison of these
patterns enables identification of matches and possible out-
breaks. The PulseNet database contains isolate data from
human, food, environmental, and animal sources. We used
PulseNet data to identify common nonhuman sources of
Salmonella Dublin isolates.

Foodborne Disease Outbreak Surveillance System, 1973-2013
Since 1973, the Foodborne Disease Outbreak Surveillance
System (FDOSS) has collected reports of enteric disease
outbreaks transmitted by food in the United States. State
and local public health agencies submit to CDC reports that
include information about outbreak characteristics, food
vehicles, and pathogens that caused each outbreak. We
searched FDOSS data to describe the vehicles implicated
in outbreaks of Salmonella Dublin infections.
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NARMS, 1996-2013

Begun in 1996, NARMS is a collaboration among CDC,
FDA, USDA, and state and local health departments. CDC
asks public health laboratories that participate in LEDS to
submit every 20th Salmonella isolate received from clinical
laboratories to NARMS for the purpose of tracking changes
in the antimicrobial susceptibility of certain enteric bacteria
isolated from ill persons, retail meats, and food animals. We
included NARMS data to compare antimicrobial resistance
profiles (resistance to clinically important agents and the num-
ber of resistant classes) of Salmonella Dublin isolates from
humans with those from other Salmonella serotypes. Sus-
ceptibility testing was conducted as previously described (8).
In brief, isolates were tested for antimicrobial susceptibility
by using broth microdilution (Sensititer; Trek Diagnostics,
Cleveland, OH, USA) to determine the MIC for 14 antimicro-
bial agents (amikacin, gentamicin, streptomycin, ampicillin,
amoxicillin/clavulanic acid, ceftiofur, ceftriaxone, cefoxitin,
sulfamethoxazole/sulfisoxazole, trimethoprim/sulfamethoxa-
zole, chloramphenicol, ciprofloxacin, nalidixic acid, and tet-
racycline). These agents were categorized into 8 classes, as
defined by Clinical and Laboratory Standards Institute guide-
lines. When available, Clinical and Laboratory Standards
Institute interpretive criteria were used to define resistance
(5). A subset of isolates that showed resistance to ceftiofur or
ceftriaxone were also tested for ceftazidime susceptibility. A
multidrug-resistant (MDR) isolate was defined as one resistant
to >3 classes of drug. We also examined specific resistance
patterns, which included isolates that were resistant to at least
ampicillin, chloramphenicol, streptomycin, sulfonamide (sul-
famethoxazole/sulfisoxazole), and tetracycline (ACSSuT) and
isolates that were also resistant to amoxicillin/clavulanic acid
and ceftriaxone (ACSSuTAuCx). We compared antimicrobial
resistance patterns of Salmonella Dublin between the 2 peri-
ods 1996-2004 and 2005-2013.
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Salmonella enterica Serotype Dublin Infections

Statistical Analyses

We used the Pearson y?test for statistical comparisons. We
considered differences significant if the p value was <0.05.
Statistical analyses were conducted by using SAS version
9.3 (SAS Institute, Cary, NC, USA).

Results

Incidence

During 1968-2013, states reported 3,903 cases of Salmo-
nella Dublin infections to LEDS. These cases accounted for
<0.25% of Salmonella infections reported. The incidence
rate (no. Salmonella Dublin infections/100,000 persons)
has been steadily rising since 1968 (0.0055 infections) with
the exception of a distinct increase and subsequent decrease
in incidence occurring throughout the 1980s, peaking in
1985 at 0.081 infections (Figure 1). The incidence rate for
Salmonella Dublin infection was 7.6 times higher in 2013
(0.042 infections) than in 1968. In contrast, the incidence
rate of other Salmonella infections has remained relatively
stable since 1968 (9.5 infections compared with 11.2 in-
fections in 2013). More than half (51%; 1,989/3,903) of
all Salmonella Dublin infections were among California
residents, including 74% (484/656) of infections during the
peak in incidence from 1982 to 1985 (Figure 2). According
to LEDS data, most Salmonella Dublin infections are re-
ported from California; during 20052013, the 271 Salmo-
nella Dublin infections reported from California accounted
for 29% of the 943 cases reported to LEDS.

Demographics

Demographics differed markedly among those infected
with Salmonella Dublin and those with other Salmonella.
According to FoodNet data, 38% of Salmonella Dublin in-
fections occurred in persons >65 years of age, compared

Figure 1. Incidence rates (no.
cases/100,000 persons) for
human infection with Salmonella
enterica serotype Dublin and
other nontyphoidal Salmonella,
United States, 1968-2013.

Data from the Centers for
Disease Control and Prevention
Laboratory-based Enteric
Disease Surveillance system.
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Figure 2. Incidence rates (no.
cases/100,000 persons) for
Salmonella enterica serotype
Dublin infection in California and
the rest of the United States,
1968-2013. Data from the Centers
for Disease Control and Prevention
Laboratory-based Enteric Disease
Surveillance system.

with 11% of other Salmonella infections (p<0.01) (Table
1). The median age of Salmonella Dublin patients was 55
years; the median age of patients with other Salmonella
infections was 23 years (p<0.01). A total of 7% of Salmo-
nella Dublin infections and 28% of other Salmonella infec-
tions occurred in children <5 years of age (p<0.01); 60% of
Salmonella Dublin and 48% of other Salmonella infections
occurred in men (p<0.01). We found no significant differ-
ence in history of international travel between patients with
Salmonella Dublin (5%; 6/101) and other Salmonella in-
fections (9%; 4,297/46,764) (p = 0.15).

Clinical Outcomes and Severity of Disease

According to FoodNet data, Salmonella Dublin was more
commonly isolated from blood (61%) than were other
Salmonella (5%) (p<0.01) (Table 1). Hospitalization was
reported for 75% of patients with Salmonella Dublin infec-
tion and 27% of patients with other Salmonella infections
(p<0.01) (Table 1). Hospitalization lasted a median of 6

days for patients with Salmonella Dublin infection and 3
days for patients with other Salmonella infections (p<0.01).
Salmonella infection resulted in death for 4% of patients
with Salmonella Dublin infection and 0.5% of patients with
other Salmonella infections (p<0.01).

The proportion of Salmonella Dublin isolates from
blood remained relatively constant during 1996-2004
(60%) and 2005-2013 (61%) (Figure 3). Hospitalization
among Salmonella Dublin patients increased from 68%
during 1996-2004 to 78% during 2005-2013 (p<0.05). The
mortality rate increased from 2.7% during 19962004 to
4.2% during 2005-2013 (p = 0.57).

Sources

Food and Animals

According to the PulseNet database, 478 Salmonella Dub-
lin isolates were obtained from food during 1999-2013.
Source data for 475 foodborne isolates indicated that 473

Table 1. Demographics, international travel, clinical outcomes, and isolate source for Salmonella enterica serotype Dublin and other

Salmonella, United States, 19962013

Patient characteristics Salmonella Dublin, no. (%), n =228 Other Salmonella, no. (%), n = 97,814 p value
Demographics
Age group, yt
<1 2/228 (0.9) 11,075/97,562 (11.4) <0.01
1-4 13/228 (5.7) 16,481/97,562 (16.9) <0.01
5-17 8/228 (3.5) 15,628/97,562 (16.0) <0.01
18-64 119/228 (52.2) 43,819/97,562 (44.9) <0.05
>65 86/228 (37.7) 10,559/97,562 (10.8) <0.01
Sex
M 137/228 (60.1) 46,909/97,486 (48.1) <0.01
F
International travel 6/101 (5.0) 4,297/46,764 (8.6) 0.15
Clinical outcome
Died 8/216 (3.7) 431/86,977 (0.5) <0.01
Hospitalized 167/223 (74.9) 24,187/88,748 (37.3) <0.01
Isolate source
Blood 137/226 (60.7) 5,054/97,142 (5.2) <0.01
Feces 49/226 (21.7) 8,6257/97,142 (88.8) <0.01
Other 40/226 (17.7) 5,831/97,142 (6.0) <0.01

*Data from the Foodborne Diseases Active Surveillance Network.

tMedian ages: Salmonella Dublin 55 (range <1-97) y; other Salmonella 23 (range <1-110) y; p<0.01.
FMedian hospital stays: Salmonella Dublin, 6 d (range 1-76 d); other Salmonella, 3 d (range 0-374 d); p<0.01.
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Figure 3. Percentage of patients with adverse clinical outcomes
after infection with Salmonella enterica serotype Dublin, United
States, 1996-2004 and 2005-2013. *p<0.05 (significant difference).

(99%) were from beef, 1 was from cooked pork, and 1 was
from chili pepper. During this same period, another 376
Salmonella Dublin isolates were obtained from animals. Of
the 331 of these isolates with source data available, 328
(99%) were from cattle and 3 were from a pig, a dog, and
a horse.

Outbreaks

During 1973-2013, a total of 9 Salmonella Dublin outbreaks
were reported to FDOSS. These outbreaks occurred in Cali-
fornia (5 outbreaks), Washington (2), Arkansas (1), and
Wisconsin (1). Of the 9 outbreaks, 6 (67%) occurred before
1982. For each of 3 outbreaks, the foodborne vehicle was
identified (raw beef, raw milk, and Mexican-style cheese).

Sporadic llinesses

We used LEDS data to determine the proportion of all Sal-
monella infections reported during 2007-2012. Salmonella
Dublin infection was more common in states where the sale
of raw milk is legal (328 cases/100,000 persons) (9) than
in states where such sale is illegal (108 cases/100,000 per-
sons) (p<0.01).

Antimicrobial Resistance

During 1996-2013, a total of 102 clinical isolates of Sal-
monella Dublin were tested by NARMS (Table 2). Of these
102 isolates, 42 (41%) were pansusceptible; of the 33,415
isolates from other Salmonella, 26,552 (79%) were pansus-
ceptible (p<0.01). Ceftriaxone resistance increased from
detection in 0 of 5 isolates in 1996 to detection in 11 (92%)
of 12 isolates in 2013 and was higher among Salmonella
Dublin isolates (31%; 32/102) than among other Salmonel-
la isolates (3%; 947/33,415) (p<0.01). Of the 31 ceftriax-
one-resistant isolates that were also tested for ceftazidime
resistance, 28 (90%) were resistant.
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Multidrug resistance was found for 56 (55%) of Sal-
monella Dublin isolates compared with 4,013 (12%) of
other Salmonella isolates (p<0.01) (Table 2). Among
MDR Salmonella Dublin isolates, 84% were resistant to >5
classes of antimicrobial drugs and 57% were resistant to
>7 classes; among MDR isolates of other Salmonella, 59%
(p<0.01) were resistant to >5 classes and 15% (p<0.01)
were resistant to >7 classes. ACSSuT resistance was found
in 41% of Salmonella Dublin isolates, compared with 7%
of other Salmonella isolates (p<0.01).

ACSSuTAuCx resistance was found for 28% of Sal-
monella Dublin isolates and 2% of other Salmonella iso-
lates (p<<0.01). Resistance to nalidixic acid was found for
6% of Salmonella Dublin isolates and 2% of other Salmo-
nella isolates (p<0.01). Among nalidixic acid-resistant
isolates, 67% of Salmonella Dublin isolates and 6% of
other Salmonella isolates were also resistant to ceftriaxone
(p<0.01). The proportion of Salmonella Dublin isolates
resistant to antimicrobial drugs increased markedly from
1996-2004 to 2005-2013, from 29% to 79% for resistance
to >1 classes (p<0.01) and from 2% to 51% for resistance
to >7 antimicrobial classes (p<0.01) (Figure 4). Among
resistant isolates, the median number of classes to which
isolates were resistant increased from 4.5 to 7.0 (p<0.01).
Resistance to ceftriaxone increased from 3% during 1996—
2004 to 52% during 2005-2013 (p<0.01), and resistance to
nalidixic acid increased from 0 to 10% during these same
periods (p<0.05).

Discussion

Decades of CDC surveillance data analyzed in this study
illustrate that Salmonella Dublin more often causes blood-
stream infections, hospitalizations (with longer hospital
stays), and deaths than other Salmonella serotypes. Our
findings support previous descriptions of Salmonella Dub-
lin as a cattle-adapted serotype (10).

In the past decade, more than half of Salmonella Dub-
lin infections have been resistant to >7 antimicrobial drug
classes, and clinical outcomes have been more severe. The
proportion of Salmonella Dublin isolates that were resis-
tant was =2.7 times greater during 2005-2013 than during
1996-2004; isolates from the later period were also re-
sistant to more antimicrobial drug classes. Multidrug re-
sistance probably has direct clinical implications because
bloodstream infections that require antimicrobial therapy
tend to develop in patients with Salmonella Dublin infec-
tions (3). Most Salmonella Dublin isolates were resistant
to third-generation cephalosporins (including ceftriaxone),
which are often the treatment of choice for children with
bloodstream infections because of the contraindication for
fluoroquinolone use in children.

Clinical severity of Salmonella Dublin infections, as
measured by the proportion of hospitalizations and deaths,
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Table 2. Antimicrobial drug resistance in Salmonella enterica serotype Dublin and other Salmonella, United States, 1996—2013*

Resistance pattern

Salmonella Dublin, no. (%), n = 102

Other Salmonella, no. (%), n = 33,415

Pansusceptible

Resistant to >1 class

Resistant to >3 classes

Resistant to >5 classes

Resistant to >7 classes

Resistant to at least ACSSuTt

Resistant to at least ACSSuTAuCxt
Resistant to ceftriaxone

Resistant to nalidixic acid

Resistant to nalidixic acid and ceftriaxone

42 (41) 26,552 (79)
60 (59) 6,863 (21)
56 (55) 4,013 (12)
47 (46) 2,374 (7)
32 (31) 601 (2)
42 (41) 2,156 (6)
29 (28) 581 (2)
66 s 2
4 (4) 39 (0.1)

*Data from the National Antimicrobial Resistance Monitoring System. p<0.01 for all.
TResistant to ampicillin, chloramphenicol, streptomycin, sulfamethoxazole/sulfisoxazole,and tetracycline.

fResistant to ACSSuT, amoxicillin—clavulanic acid, and ceftriaxone.

also increased between 1996-2004 and 2005-2013. Our
study did not directly measure the association between an-
timicrobial resistance and clinical severity of Salmonella
Dublin infection by linking isolate data to outcome data.
Nevertheless, by comparing both measures over the 2 peri-
ods, we showed that, for Salmonella Dublin infections, an-
timicrobial drug resistance and clinical severity increased
in parallel. In addition to the older age of patients and con-
current conditions often associated with Salmonella Dublin
infections (7,11), we hypothesize that the multidrug resis-
tance profile has led to the higher rates of treatment failure,
prolonged hospitalizations, and higher mortality rates ob-
served in our study.

Virulence factors may also contribute, particularly
those factors located on resistance plasmids that are co-
selected for when antimicrobial drugs are used in cattle.
Salmonella Dublin has been described as having a sero-
type-specific virulence-associated plasmid that is associ-
ated with invasive infection and remains stable through
multiple generations of nonselective bacterial passage (12).
Additional analyses, with use of whole-genome sequenc-
ing, particularly methods like those developed by Pacific
Biosciences (Menlo Park, CA, USA) to use long-sequence
reads and facilitate plasmid analysis, would enable investi-
gation into the respective contributions of virulence factors
and resistance mechanisms.

The recently observed increase in human infections
with Salmonella Dublin resistant to ceftriaxone and nalidixic
acid probably resulted, in part, from the agricultural use of
comparable antimicrobial drugs in animals. Over the past
15 years, ceftriaxone resistance among Salmonella Dublin
isolates from FSIS-PR/HACCP (Pathogen Reduction/Haz-
ard Analysis and Critical Control Point) samples from cattle
increased from 0 to 86% (13). Davis et al. determined that
among Salmonella Dublin isolates from cattle, resistance
to the third-generation cephalosporin ceftazidime increased
over a 5-year period; they suggested that antimicrobial resis-
tance in Salmonella Dublin is probably driven by antimicro-
bial drug use in cattle without influence of antimicrobial drug
use in humans (14). Berge et al. also observed increasing
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resistance to third-generation cephalosporins and fluoro-
quinolones in calves in California during 1998-2002 (15).
These findings demonstrate that antimicrobial stewardship
and judicious use programs are essential for maintaining the
efficacy of drugs used in human and veterinary medicine.

Our data indicate that the incidence of Salmonella
Dublin infections has increased while the incidence of other
Salmonella infections has remained mostly stable (Figure
1). The peak in overall Salmonella infections that occurred
in the mid-1980s was driven by a nationwide outbreak of
Salmonella Typhimurium (16). The simultaneous spike in
Salmonella Dublin resulted largely from consumption of
raw milk (7,17), particularly from a large California dairy
(18). The dairy producer promoted its raw milk as having
health benefits (19), and many persons with compromised
immune systems (e.g., young, elderly, or HIV-positive) be-
came ill (20). As a result of a public health investigation
(17), production and sales were halted, and FDA banned
the interstate sale of raw milk in 1987 (21). A sharp decline
in Salmonella Dublin infections soon followed.

Although additional data on food histories and the role
of the environment will help elucidate the sources of hu-
man infections, the risk for Salmonella Dublin infection
among humans is probably still caused, in part, by con-
sumption of raw milk and beef. Raw dairy products have
been linked to numerous Salmonella Dublin illnesses in
the United States (17,22) and abroad (23,24). Incidence of
Salmonella Dublin infections was 3 times higher in states
that allow the sale of raw milk or permit cow shares than in
states where raw milk sales are illegal. US surveillance data
from PulseNet, the USDA Agricultural Marketing Service
(25), and FDOSS also indicate that Salmonella Dublin has
been isolated from ground beef and boneless beef products
and has been associated with outbreak-associated illnesses
from beef products. Salmonella Dublin has also been found
in beef cattle and calves (26,27).

In our study, the higher proportion of Salmonella Dub-
lin infections among men than women may be partially at-
tributable to consumption patterns. Although the 2006-2007
FoodNet Population Survey found no differences by sex for
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Figure 4. Number of Clinical Laboratory Standards Institute
classes of antimicrobial drugs to which Salmonella enterica
serotype Dublin isolates were resistant, 1996-2004 (n = 41) and
2005-2013 (n = 61). **p<0.01 (significant difference).

consumption of raw milk or cheese items (28), numerous
studies have found that men consume more beef and more
undercooked beef than women (28,29). Occupational expo-
sure to cattle may also contribute to the increased frequency
of infection among men.

Most Salmonella Dublin infections continue to be re-
ported from California (Figure 2), but illnesses have oc-
curred nationwide. They are probably associated with an
ongoing outbreak of Salmonella Dublin infections among
US dairy and beef cattle. A 2014 dairy study conducted
by the USDA National Animal Health Monitoring System
found antibodies directed against Salmonella Dublin lipo-
polysaccharide O-antigens in 8% of bulk tank milk samples
(30). Of operations in participating western states (Califor-
nia, Colorado, Idaho, Texas, and Washington), 52% were
positive, compared with 2.8% of operations in eastern
states (Kentucky, Michigan, Minnesota, Missouri, New
York, Ohio, Pennsylvania, Vermont, Virginia, Wisconsin).
In 2013, the Animal Health Diagnostic Center at Cornell
University (Ithaca, NY, USA) issued an animal health ad-
visory, warning cattle owners about an increase in MDR
Salmonella Dublin infections among cattle in the north-
eastern United States, treatment difficulties associated with
these infections, the potential for long-term environmental
contamination, and the dangers (including death) that these
infections pose to animals and humans (31).

Changes in the geographic distribution of Salmonella
Dublin infections in cattle probably explain the similar
geographic spread among humans. Historically, Salmonel-
la Dublin in cattle was associated with the western United
States and was not discovered in cattle east of the Rocky
Mountains until 1968 (32). Salmonella Dublin continued to
spread by transport of animals and their products and can
now be found in cattle populations throughout the contigu-
ous United States (26).
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In Denmark, in response to the specific threat to hu-
man and animal health posed by Salmonella Dublin infec-
tions, in 2006, the Danish government passed legislation
intended to eradicate this serotype. Their policy actions
included heightened surveillance for cattle and abattoirs,
voluntary interventions to reduce environmental contami-
nation and disease spread within infected herds, economic
sanctions for producers who do not control Salmonella
Dublin in their herds, and closing of infected herds to
live-animal trade (33,34). In the United States, precedent
for the successful eradication of other host-adapted Sal-
monella serotypes in production animals has been set by
use of vaccines and improved management practices. An
example is the USDA National Poultry Improvement Plan,
which has successfully eradicated Salmonella Gallinarum
and Pullorum from domestic commercial poultry (35,36).
Efforts are under way to decrease the burden of Salmonella
Dublin among cattle. An oral modified-live Salmonella
Dublin vaccine has been evaluated for use in calves; how-
ever, this vaccine has not been effective for reducing the
incidence of disease, and research into finding an effective
vaccine continues (37).

Interventions developed for the Denmark cattle and
US poultry industries may not be completely applicable to
the US cattle industry because of regulatory and production
differences. For example, in Denmark, to control Salmonel-
la Dublin infections, trade restrictions are applied to farms
with affected herds, and in the United States, biosecurity
procedures for poultry producers generally enable tighter
environmental control than do those for cattle producers.
However, judicious use of antimicrobial drugs in cattle,
coupled with improved specific husbandry and manage-
ment practices on the farm, could decrease antimicrobial-
resistant Salmonella Dublin infection in cattle. In 2012,
FDA prohibited certain extralabel uses of cephalosporins
in chickens, turkeys, cattle, and swine (38). This new pro-
hibition has the potential to slow the spread of cephalospo-
rin resistance among food animals and is a valuable step
toward protecting the effectiveness of current antimicrobial
drugs. Nevertheless, other extralabel uses of cephalosporin
drugs are still permitted.

Salmonella Dublin is a cattle-adapted Salmonella se-
rotype that causes severe and antimicrobial drug—resistant
infections in humans and cattle, and its incidence is on the
rise. Reducing Salmonella Dublin carriage by cattle could
benefit animal and human health. Unlike most other Sal-
monella infections in food animals, Salmonella Dublin can
cause high mortality rates, particularly among calves, and
heavy economic burdens for producers (39). It is well es-
tablished that use of antimicrobial agents is a major driving
force for the global surge in antimicrobial resistance. Food
animal management practices, including veterinary use of
antimicrobial drugs, may be contributing to the increasing
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resistance in Salmonella Dublin and to Salmonella Dublin—
associated illness and death among humans (15). Therefore,
careful evaluation of management practices and judicious
use of antimicrobial drugs in cattle is critical for the control
of antimicrobial drug—resistant Salmonella Dublin infections
in cattle and humans. The 2016 FDA Veterinary Feed Direc-
tive aims to eliminate the use for food production purposes
(i.e., growth promotion and feed efficiency) of antimicrobial
drugs that are considered medically important in humans and
seeks to bring all remaining therapeutic use of antimicrobial
agents in feed and water under the oversight of licensed vet-
erinarians (40). Agricultural and public health authorities
will need to engage in ongoing, meaningful collaborations
to reduce inappropriate antimicrobial use in food-producing
animals to protect human and animal health.

Dr. Harvey completed this work as an Epidemic Intelligence
Service Officer with the Division of Foodborne, Waterborne, and
Environmental Diseases, National Center for Emerging

and Zoonotic Infectious Diseases, CDC. He is currently an
epidemiologist with the CDC National Institute for Occupational
Safety and Health in Morgantown, WV. His research interest is
work-related lung disease in manufacturing industries.
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Prevalence of Yersinia enterocolitica
Bioserotype 3/70:3 among Children
with Diarrhea, China, 2010—-2015

Ran Duan,! Junrong Liang,! Jing Zhang,* Yuhuang Chen,* Jing Wang, Jing Tong, Bangcheng Guo,
Wanfu Hu, Mingliu Wang, Jiayong Zhao, Chang Liu, Huijing Hao, Xin Wang, Huaiqi Jing

Yersinia enterocolitica is thought to not significantly contrib-
ute to diarrheal disease in China, but evidence substantiat-
ing this claim is limited. We determined the prevalence of
Y. enterocolitica infection and strain types present among
children <5 years of age with diarrhea in China. The overall
prevalence of pathogenic isolates was 0.59%. Prevalence
of pathogenic bioserotype 3/0:3 varied geographically. In
this population, the presence of fecal leukocytes was a
characteristic of Y. enterocolitica infection and should be
used as an indication for microbiological diagnostic testing,
rather than for the diagnosis of bacillary dysentery. In con-
trast with Y. enterocolitica isolates from adults, which were
primarily biotype 1A, isolates from children were primarily
bioserotype 3/0:3. Most pathogenic isolates from children
shared pulsed-field gel electrophoresis patterns with iso-
lates from pigs and dogs, suggesting a possible link be-
tween isolates from animals and infections in children. Our
findings underscore the need for improved diagnostics for
this underestimated pathogen.

Yersinia enterocolitica is an emerging infectious patho-
gen that has caused wide public health concern since
the 1980s. After campylobacteriosis and salmonellosis,
yersiniosis ranks third most common among the notifi-
able bacterial zoonoses in the European Union (1,2). The
incidence of human yersiniosis was 1.92 cases/100,000
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population in 2013 in Europe (3); in the United States,
incidence decreased from 1.0 cases/100,000 population in
1996 to 0.3 cases/100,000 population in 2009 (4). Gastro-
enteritis and enteritis are among the most common clinical
signs. Autoimmune complications such as reactive arthri-
tis sometimes occur (2,5). Deadly hemorrhagic septice-
mic yersiniosis occurs in immune-compromised patients.
Strains of Y. enterocolitica biotype 1A (1 of the 6 bio-
types) lack the pYV plasmid and the major chromosomal
determinants of virulence and, thus, have been regarded
as avirulent (2). However, this avirulent biotype has also
been implicated in foodborne and nosocomial outbreaks
and has reportedly produced disease symptoms indistin-
guishable from those produced by the known pathogenic
biotypes (6-8).

In most countries in Europe, the bioserotype 4/0:3
accounts for =80% of human infections; 4/0:3 is also
dominant in North America, where 3/0:3 infection is
rarely reported (9). Conversely, 3/0:3 is the most preva-
lent bioserotype in China (10-15). Studies have shown
that the prevalence of pathogenic strains among pigs in
China is higher than that in countries of Europe (15,16).
However, except for 2 outbreaks reported in the 1980s
(10), we have little data concerning human infections in
China. Because yersiniosis is not notifiable through the
national surveillance systems in China, most hospitals do
not routinely tested for Y. enterocolitica. In China, infec-
tious diarrhea is primarily diagnosed on the basis of clini-
cal examination rather than microbiological diagnostic
testing (except for rotavirus, norovirus, and a few types of
bacteria in some large hospitals). For example, shigellosis
is often diagnosed in persons with signs such as tenesmus
after leukocytes are found in their fecal samples. These
diagnostic criteria render Shigella, Salmonella, enteroin-
vasive Escherichia coli, Campylobacter, and Y. enteroco-
litca infections indistinguishable.

According to surveys around the world, most Yer-
sinia infections have occurred in infants and young chil-
dren (17,18). In the United States, ~100,000 episodes

"These authors contributed equally to this article.
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of foodborne illness caused by Y. enterocolitica occur
annually, and risk for disease is higher among infants
(4,19). In Germany, the average annual incidence of Y.
enterocolitica infection among children <5 years of age
was ~12-fold higher than the average incidence among
persons >5 years of age (3,20). Thus, in 10 regions of
China, we performed microbiological diagnostic tests for
children <5 years of age with diarrhea to determine the
prevalence of Y. enterocolitica infection in this popula-
tion and the need for improved diagnosis of yersiniosis.
We also investigated possible links between strains from
animals and humans.

Methods

Population Design and Collection of Case Information
and Samples

During 2010-2015, we invited all patients with diarrhea
from 17 hospitals to participate in this study. Diarrhea was
defined according to the Global Enteric Multicenter Study:
>3 loose stools within the previous 24 h (21). The study
participants provided informed consent, fecal samples, and
completed questionnaires. We followed the same protocol
for all cases and excluded cases if either sample or ques-
tionnaire was lost.

Sampling from Children

We recruited children <5 years of age with diarrhea at sen-
tinel pediatric hospitals in different parts of China: Henan
in central China; Beijing and Tianjin in northern China;
Jiangsu, Shandong, and Anhui in eastern China; Guangxi
in southern China; Sichuan and Yunnan in southwestern
China; and Ningxia in northwestern China. Within each
region, we gave primary hospitals (such as community
hospitals in cities and village clinics in the countryside)
the opportunity to become sentinel sites for this study.
The staff of sentinel hospitals were capable of collecting
case information and specimens and taking into account
patients’ environment, folk customs, and eating habits
during treatment. The same procedures were performed at
each site to avoid bias in sampling procedures and in stor-
ing and handling samples. In some village clinics, fecal
microscopy could not be conducted.

To compare the Y. enterocolitica prevalence between
children and adults, we collected samples from 2 sites in
central Beijing. We recruited adults from a general hospital
and children from a pediatric hospital 5 km away that was
also 1 of the sentinel hospitals for this study.

Questionnaire

The questionnaire included questions about demographics
(name, sex, birth date, address, and contact information) and
clinical features (date of onset, date of visiting doctor,
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diarrhea frequency, body temperature, vomiting, fecal char-
acteristics, and results of routine fecal sample inspection).
Fecal samples were routinely examined for the presence of
leukocytes and erythrocytes. Doctors wrote the primary di-
agnosis on the patient’s questionnaire.

Sample Collection

Fresh fecal samples were collected from patients after en-
rollment in the study. Fecal samples were stored in peptone
sorbitol bile broth (Fluka, Everett, WA, USA) at 4°C.

Y. enterocolitica Isolation and Identification

During the study, we conducted 2 technical trainings for sen-
tinel hospital staff on Y. enterocolitica isolation and identi-
fication. Y. enterocolitica was isolated from samples by fol-
lowing the procedures described previously (15). To ensure
laboratory capacity, we sent for assessment samples to the
sentinel hospital staff who were blinded to sample identity.
Hospital staff enriched the strains in peptone sorbitol bile
broth at 4°C for 21 d and then amplified 2 Y. enterocolitica
genes: foxA (conserved) and ail (pathogenic) (22). Samples
positive for either or both of these genes were inoculated
onto Yersinia Selective Agar (Schiemann’s CIN [Cefsulo-
din, Irgasan, Novobiocin] agar; Oxoid, Basingstoke, UK).
To obtain pure cultures, staff then inoculated the presump-
tive Y. enterocolitica colonies having a typical bull’s-eye ap-
pearance on CIN agar onto brain—heart infusion agar plates
and incubated them at 25°C for 24 h (10). Hospital staff per-
formed the biochemical test Analytical Profile Index (API)
20E (bioMérieux, Marcy I’Etoile, France) and bioserotype
identification methods reviewed by Wang et al. with all iso-
lates (13). The Wauters’ biotype method was used (23).

Identification of Pathogenic Strains and Cluster Analysis
We amplified virulence genes (ail, ystA, ystB, virF, and
yadA) from the chromosomes and plasmids for all Y. en-
terocolitica isolates. We used the PCR method, including
primer sequences and annealing temperatures, described by
Liang et al. (15).

For the analysis of identified pathogenic isolates, we
used the pulsed-field gel electrophoresis (PFGE) method
described by Wang et al., with the following modifications:
the DNA samples were digested with 25 U Notl and electro-
phoresed with pulse times from 2 to 20 s over 18 h at 200 V
(13). For data analysis, we imported the images of gels into
the PFGE database of Y. enterocolitica strains from China
and performed a cluster analysis for the serotypes O:3 and
0:9. The clustering of band patterns was performed by
using BioNumerics software version 5.1 (http://www.ap-
plied-maths.com/bionumerics) and the Pearson algorithm.
We visually inspected all patterns after computer analysis.
For patterns that were indistinguishable by computer and
visual inspection, we assigned a pattern designation.
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Results

Characteristics of Pathogenic Y. enterocolitica
Infection among Children

Prevalence and Demographics

We recruited a total of 7,304 patients <5 years of age
with diarrhea from 10 regions of China. Fecal samples
and answered questionnaires were collected for each
patient, but 18 were excluded because either sample or
questionnaire was lost. In total, we found 43 patients with
pathogenic Y. enterocolitica infection. The average prev-
alence of Y. enterocolitica disease in all 10 regions was
0.59% (43/7,304); prevalence was highest in Anhui Prov-
ince (2.29%, 3/131). Y. enterocolitica prevalence among
young children with diarrhea was generally classified into
3 levels: 0.01%—-0.50% (Shandong, Ningxia, and Henan);
0.51%-1.00% (Beijing, Guangxi, Tianjin, and Jiangsu);
and 1.01%—2.29% (Anhui, Yunnan, and Sichuan) (Figure
1). Through year-round collection, we found that cases
of pathogenic Y. enterocolitica infection occurred dur-
ing January—November. The prevalence calculated for
southern China (0.80%) was slightly higher than that for
northern China (0.53%), when the northern and southern
regions were defined by the Huaihe River, the natural
border. Cases occurred more often in boys than in girls
(1.63:1) (Figure 2). We found the largest proportion of
Y. enterocolitca infections among children >0.5-2 years
of age; among children in this age group, more cases also
occurred in boys than in girls (1.45:1).

Fecal Characteristics

Fecal samples from children <5 years of age infected with
pathogenic Y. enterocolitica had the following characteris-
tics: mucous (37%), watery (30%), pasty (22%), and loose
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(4%) (Figure 3, panel A). Fecal microscopy was performed
with fecal samples from all children; leukocytes were de-
tected in samples from 85% (23/27) of children <5 years of
age with diarrhea. A higher proportion of the fecal samples
from those in the >0.5-2 years age group had leukocyte
counts >15 cells/high-power field (HPF). Fecal leukocyte
counts were >30 cells/HPF only among patients in this age
group, and in 2 cases the concentration reached as high as
45 cells/HPF and 84 cells/HPF.

Bioserotypes of Isolates from Patients with Acute

Diarrhea and Prolonged Shedding

The predominant cause of acute Yersinia infection among
children <5 years of age was bioserotype 3/0:3 (Table);
41 of 43 patients were infected with this bioserotype.
The other 2 patients were infected with 4/0:3 or 2/0:9,
both found in Beijing. Except for one 3/0:3 infection,
all isolates harbored the Yersinia virulence plasmid and
virulence genes ail, ystA, virF, and yadA. In addition to
the acute diarrhea cases, 3 cases from different regions
involved prolonged Y. enterocolitica 3/0:3 shedding that
had progressed from acute diarrhea. These patients were
1-1.5 years of age. Once pathogen shedding stopped, the
diarrhea ceased as well. The period of shedding could be
as long as =3 months.

Difference in Y. enterocolitica Prevalence between Children
and Adults

A total of 2,127 children and 1,904 adults with diarrhea
were enrolled at the Beijing sites. Pathogenic Y. enteroco-
litica infection accounted for 0.61% (13/2,127) of the chil-
dren and 0.11% (2/1,904) of the adults tested. One child
and 1 adult had 2/0:9 Y. enterocolitica infections; the other
13 patients had 3/0:3 infections. Leukocytes were detected
in the fecal samples of all 13 children and 1 of the 2 adults.

Figure 1. Prevalence

of pathogenic Yersinia
enterocolitica infection among
children <5 years of age with
diarrhea, by region, China,
2010-2015. Inset shows the
islands of China in the South
China Sea. AH, Anhui; BJ,
Beijing; GX, Guangxi; HA,
Henan; JS, Jiangsu; NX,
Ningxia; SC, Sichuan; SD,
Shandong; TJ, Tianjin;

YN, Yunnan.
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The overall prevalence of Y. enterocolitica biotype 1A
was 0.28% among children (6/2,127) and 1.52% among
adults (29/1,904) (Figure 4). Among the 35 patients with
biotype 1A infections, we found leukocytes in the fecal
samples of 33% (2/6) of children and 31% (9/29) of adults.
Regardless of whether the samples had leukocytes or not,
all isolates (6/6) from children and most isolates (20/29)
from adults carried the ystB gene.

PFGE Analysis of Pathogenic Y. enterocolitica Isolates
from Children and Animals

PFGE patterns for most of the pathogenic isolates from
children (36/43, 84%)), including the one 2/0:9 isolate, were
indistinguishable from those of isolates from pigs and dogs
(data not shown). The rest of the isolates (7/43), including
the one 4/0:3 isolate, did not share a pattern with any bacte-
ria isolates from these animals. Isolates from children, pigs,
and dogs displayed many patterns, and some patterns ap-
peared in bacteria isolated from multiple hosts in >1 region.
We found the predominant patterns K6GN11C30021 and
K6GN11C30012 of the 3/0:3 bioserotype (shared by iso-
lates from children, pigs, and dogs) in 67% (24/36) of iso-
lates from children. Among the 10 regions, we found 83%
(30/36) of the isolates had patterns indistinguishable from
isolates from local pigs and dogs (online Technical Appen-
dix Figure 1, https://wwwnc.cdc.gov/EID/article/23/9/16-
0827-Techappl.pdf). The rest of the isolates (6/36) shared
patterns with those from pigs from other regions (online
Technical Appendix Figure 2).

Figure 2. Percentage infected with pathogenic Yersinia
enterocolitica, by age and sex, of total infected with Y.
enterocolitica, China, 2010-2015.
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Discussion

Y. enterocolitica is a zoonotic pathogen widely distrib-
uted throughout China. However, yersiniosis, predomi-
nantly a diarrheal illness, is not notifiable through the
national surveillance systems of China. Our large-scale
investigation of Y. enterocolitica infection among chil-
dren <5 years of age with diarrhea in China found Y.
enterocolitica bioserotype 3/0:3 is a major pathogen
(prevalence 0.56%; 41/7,304). According to reports in
various years from Finland, Canada, Chile, Holland,

Figure 3. Fecal leukocyte ranges among children <5 years of
age infected with pathogenic Yersinia enterocolitica, by fecal
characteristics (A) and age (B), China, 2010-2015. HPF, high-
power field.
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Table. Bioserotype and virulence genes of pathogenic Yersinia
enterocolitica isolates from children <5 years of age with
diarrhea, China, 2010-2015
Bioserotype No. cases  ail

ystA ystB yadA virF

3/0:3 40 + + - + +

1 + + - — -
4/0:3 1 + + - + +
2/0:9 1 + + — + +

Italy, New Zealand, and the United States, the preva-
lence of Y. enterocolitica among patients with diarrhea
was ~0.6%—2.9% (24-28).

Most hospitals in China do not routinely test for Y.
enterocolitica; diagnosis of diarrhea is mainly based on
signs, symptoms, and fecal microscopy results. We found
that a predominant characteristic of feces from young chil-
dren with Y. enterocolitica infection was the presence of
leukocytes (Figure 4), which were detectable despite the
consistency of the fecal samples (Figure 3, panel A). How-
ever, the presence of fecal leukocytes is often regarded as
a diagnostic feature of bacillary dysentery, a term that is
used interchangeably with shigellosis, and consequently di-
agnosed as such, leading to confusion over which pathogen
is the causative agent (Shigella, Salmonella, enteroinvasive
Escherichia coli, Campylobacter, or Yersinia) (29). A de-
cade (2004-2013) of surveillance in Beijing indicates that
bacillary dysentery consistently ranked as the infectious
disease of the highest incidence, except for a second place
ranking in 2013, in which bacillary dysentery was 3—6-fold
the national average incidence (29). The primary reason for
the overdiagnosis of shigellosis has been the lack of mi-
crobiological diagnostic testing. In this study, according to
the primary diagnoses listed on the questionnaires, quite
a few cases among children were regarded as shigellosis.
Conversely, diarrhea cases without fecal leukocytes tended
not to be diagnosed as infectious diarrhea, which delayed
administration of the correct and best treatments.

A limitation of our study was that fecal microscopy
could not be conducted in some village clinics. Whether
these children without fecal microscopy results were over-
looked requires further investigation.

In countries where clinical signs guide diagnosis, a
case of diarrhea with persistent abdominal pain and fever
would prompt culture for Y. enterocolitica and cold enrich-
ment (30). Using microbiological diagnostic techniques,
we found that the prevalence of pathogenic Y. enterocolit-
ica among children <5 years of age with diarrhea (0.61%)
surpassed that of Shigella species in some regions (0.14%;
data not shown).

Reports from some countries have shown the preva-
lence of pathogenic Y. enterocolitica infection among
children to be higher and the prevalence of nonpathogen-
ic strains to be lower than that among adults (31), which
is consistent with our study. In Beijing, the prevalence

1506

of pathogenic Y. enterocolitica among children <5 years
of age with diarrhea was ~6-fold higher than that among
adults with diarrhea, and the prevalence of infection with
biotype 1A was the reverse (=6-fold higher among adults
than among children <5 years of age with diarrhea). Be-
sides other possible explanations, such as incidental infec-
tion or acquired immunity, misuse of antimicrobial drugs
by adults might play a substantial role in limiting infection
with pathogenic strains among adults in China; isolation
of pathogenic strains from adult patients is generally dif-
ficult. However, a typical family in China would not read-
ily administer antimicrobial drugs to young children. In
this study, primary hospitals given the opportunity to be
sentinel sites for Y. enterocolitica isolation were instructed
to avoid giving patients antimicrobial drugs before enroll-
ment as much as possible.

Biotype 1A is a Y. enterocolitica strain widely distrib-
uted throughout the natural environment that serves as a
source of infection and food contamination (32). The diets
of adults are not as restricted as that of children, which po-
tentially explains why a higher percentage of adults have
diarrhea attributable to biotype 1A. Biotype 1A isolates
have generally been regarded as avirulent, but some iso-
lates harboring genes such as ystB, which encodes a heat-
stable enterotoxin, have been implicated in foodborne and
nosocomial outbreaks (6-8). In this study, ystB was present
in most biotype 1A isolates found from adults, suggesting
possible pathogenicity of these isolates as well.

This study had another limitation. The diagnostics
protocol included a cold enrichment step, which made
identifying nonpathogenic strains and inapparent infec-
tions more likely and diagnosis more time-consuming
(33). Consequently, early treatment decisions could not
be guided by our diagnostic test results. However, cold
enrichment did improve overall recovery of Y. enteroco-
litica, especially when the bacteria density of the fecal

Figure 4. Prevalence of pathogenic and biotype 1A Yersinia
enterocolitica infection among children <5 years of age and adults
with diarrhea, by leukocyte positivity, Beijing, China, 2010-2015.
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sample was low, such as during the convalescent phase
or long-term shedding. Diarrhea is often considered to be
mild and self-limiting in patients with Y. enterocolitica
infection (5), but we found 3 cases of long-term bacterial
shedding of Y. enterocolitica 3/0:3 among children. Low
acquired immunity among children might be a possible
explanation, and a timely and accurate diagnosis is greatly
needed to prevent these types of cases from occurring.
Although cold enrichment has its limitations, we included
it in the protocol to more accurately and completely diag-
nose Y. enterocolitica infection in the study population.
This method has been used in multiple surveillance stud-
ies around the world (12,13,34-36).

Generally, only a subset of bioserotypes are patho-
genic, mainly 1B/O:8; 4/0:3; 2/0:5,27; 2/0:9; and 3/0:3
(mostly found in China). In recent decades in most coun-
tries and regions, the pathogenic bioserotypes of highest
prevalence and incidence shifted from strain 1B/O:8 to
4/0:3. In China, the shift was from 2/0:9 to 3/0:3; as of
July 2017, the 1B/O:8 strain has not been detected yet
in China. Strain 4/0:3, having limited PFGE pattern di-
versity and high similarity with reference strains abroad
(data not shown), has rarely been isolated in China. Only
a single 4/0:3 isolate was found in this study, even though
this strain is the predominant bioserotype found in other
parts of the world. Whether this strain was acquired do-
mestically or from travelers to China is not known. Ac-
cording to our previous research (37), the susceptibilities
of strains 3/0:3 and 4/0:3 to O:3-specific phage are simi-
lar; thus, O:3-specific phage susceptibility cannot explain
the rarity of 4/0:3 in China, but susceptibility to 4/0O:3-
specific phage might.

When comparing pathogenic isolates from different
sources, isolates from children shared PFGE patterns with
isolates from local pigs and dogs, suggesting a link be-
tween isolates from animals and human infection. Pigs
have been shown to be a source of Y. enterocolitica in-
fection (20,38-41). In correlation studies in Belgium and
Norway, human infections have been associated with in-
gestion of raw or undercooked pork (38,39). In Germany,
the state with the highest consumption of meat showed
the highest incidence of yersiniosis (20). The preva-
lence of pathogenic Y. enterocolitica was even higher
in China than in Europe, potentially because the popula-
tion of China is a big consumer of pork (15). However,
persons in China seldom eat undercooked pork; a more
likely route of transmission is cross-contamination (12).
Lee et al. described cases in which Yersinia seemed to
have been transferred from raw tripe to infants on the un-
washed hands of caregivers (42). Whether transmission is
aided by transportation of pork products between regions
needs further investigation. Pigs from multiple regions
are slaughtered in Beijing, the location where we found
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the highest number of isolates from children with PFGE
patterns indistinguishable from isolates from pigs. Re-
searchers in Japan reported isolation of Y. enterocolitica
of different bioserotypes from imported meat products
(i.e., pork, beef, and chicken) from Europe, the United
States, and other regions of Asia (43). PFGE patterns of
some isolates from children in our study were not indis-
tinguishable from those from animals, perhaps because
our surveillance of isolates from animals is not complete.

The results of this nationwide investigation in China
emphasize that Y. enterocolitica bioserotype 3/0:3 is a
prominent pathogen of children <5 years of age with di-
arrhea and that microbiological diagnostic testing should
be considered for patients who have leukocytes in their
feces. Children might acquire infection from contami-
nated food, and to establish an epidemiologic link be-
tween the illness and the consumption of or contact with
pork, a case—control study comparing exposures of ill
and healthy children is needed. Geographic or seasonal
differences in prevalence should also be examined in
the future. Our team will continue its surveillance of Y.
enterocolitica infection among children with diarrhea.
We suggest that hospitals routinely test for Y. entero-
colitica and report laboratory-confirmed cases to public
health authorities.
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Risk for Low Pathogenicity Avian
Influenza Virus on Poultry Farms,
the Netherlands, 2007—-2013

Ruth Bouwstra,*? Jose L. Gonzales,? Sjaak de Wit, Julia Stahl, Ron A.M. Fouchier, Armin R.W. Elbers?

Using annual serologic surveillance data from all poultry
farms in the Netherlands during 2007-2013, we quantified
the risk for the introduction of low pathogenicity avian influ-
enza virus (LPAIV) in different types of poultry production
farms and putative spatial-environmental risk factors: dis-
tance from poultry farms to clay soil, waterways, and wild wa-
terfowl areas. Outdoor-layer, turkey (meat and breeder), and
duck (meat and breeder) farms had a significantly higher risk
for LPAIV introduction than did indoor-layer farms. Except for
outdoor-layer, all poultry types (i.e., broilers, chicken breed-
ers, ducks, and turkeys) are kept indoors. For all produc-
tion types, LPAIV risk decreased significantly with increasing
distance to medium-sized waterways and with increasing
distance to areas with defined wild waterfowl, but only for
outdoor-layer and turkey farms. Future research should fo-
cus not only on production types but also on distance to wa-
terways and wild bird areas. In addition, settlement of new
poultry farms in high-risk areas should be discouraged.

Avian influenza is a disease of birds caused by influen-
za A viruses. Wild birds, particularly migratory water
birds, form a natural reservoir of avian influenza viruses. In-
fluenza viruses carry 2 glycoproteins on their surface, hem-
agglutinin (HA) and neuraminidase (NA), and on the basis
of these glycoproteins are divided into subtypes. Eighteen
distinct subtypes of HA (H1-H18) and 11 NA subtypes
(N1-N11) have been described. Influenza A(H17N10) and
A(H18N11), however, were recently detected in bats but
not in birds. Virtually all remaining combinations of HA
1-16 and NA 1-9 subtypes have been isolated from wild
birds (1). Wild birds pose a special risk for introducing
avian influenza viruses of all subtypes to poultry kept in
free-range or outdoor facilities (2).

Avian influenza virus infections in wild birds usual-
ly are asymptomatic. Infection of poultry ranges from no

Author affiliations: Wageningen Bioveterinary Research,
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disease to severe disease and up to 100% mortality (3). A
virus that causes no or mild disease in chickens is consid-
ered a low pathogenicity avian influenza virus (LPAIV);
a virus that causes high rates of death in chickens is con-
sidered a highly pathogenic avian influenza virus (HPAIV)
(4). HPAIV outbreaks in poultry cause huge direct and in-
direct economic losses (5). Furthermore, on several occa-
sions during the last decade, bird-to-human transmissions
of H5, H6, H7, H9, and H10 virus subtypes have occurred,
emphasizing the threat to public health worldwide (6). Ev-
ery HPAIV described has belonged to H5 and H7 subtypes
and, until the spread of the Asian HPAIV subtype H5N1 to
other parts of the world by wild birds since 2005 (7), main-
ly emerged after LPAIV of these subtypes were introduced
in poultry, particularly in chickens and turkeys (8). There-
fore, LPAIV of the H5 and H7 subtypes is notifiable to
the World Organisation for Animal Health; consequently,
member states of the European Union have implemented
surveillance programs (9).

In the Netherlands, passive and active surveillance
programs are in place. In the active serologic surveillance
program, all poultry farms are tested 14 times a year. Fre-
quency of sampling differs among poultry types (indoor-
and outdoor-layer chickens, chicken breeders, broilers,
ducks, and turkeys) and housing systems based on the sup-
posed differences in the risk for LPAIV introduction. Ex-
cept for outdoor-layers, all poultry types are kept indoors.

In a previous study (10), a significantly higher risk for
LPAIV introduction was observed on poultry farms in Eu-
rope housing Anseriformes (duck, geese, and game birds)
than on farms housing Galliformes (chicken breeders, broil-
ers, layer chickens, and turkeys), and no significant dif-
ferences were observed among Galliformes. In addition,
Gonzales et al. (11) reported a significantly higher risk for
LPAIV introduction on outdoor-layer, turkey, duck-breeder,
and meat-duck farms than on indoor-layer farms in the Neth-
erlands using surveillance data for 2007-2010. These studies
(10,11) did not find differences in the risk for introduction
among farms keeping chickens indoors, particularly between

'Current affiliation: GD Animal Health, Deventer, the Netherlands.
°These authors contributed equally to this article.
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layers and broilers, possibly because of the limited data on
positive introductions (or zero introductions) into broiler
farms (11), which compromised the power of the compari-
sons. Our objective was to update the risk analysis of intro-
duction of LPAIV infection using an extended surveillance
period (2007-2013) and add spatial-environmental factors to
the analysis that might explain part of the variation in LPAIV
introductions on poultry farms in the Netherlands.

Materials and Methods

Data

We analyzed all data from the Netherlands’ surveillance
program collected during January 2007-December 2013.
In the Netherlands, 3 types of surveillance programs are
used to detect avian influenza virus infections on commer-
cial poultry farms: passive surveillance, early warning, and
serologic monitoring.

Passive surveillance for the early detection of notifi-
able avian influenza is based on clinical signs (12), an an-
amnesis of exponentially increasing death in the affected
flock, or both. This surveillance is effective for acute infec-
tion causing severe disease (mainly HPAIV infection) but
less so for LPAIV infection, which often causes mild or no
disease. Samples (blood, tissue, and/or tracheal and cloacal
swabs) of diseased/dead birds are tested by ELISA, PCR,
and virus isolation.

Early warning includes signals such as aberrations
in production parameters (decreased egg production, in-
creased death rates, decreased feed and/or water intake). It
excludes avian influenza as the cause of clinical problems
in poultry flocks in situations in which birds show clinical
signs that can be caused by other avian pathogens. Tracheal
and cloacal swabs are tested for avian influenza by PCR
(exclusion diagnostics).

The serologic monitoring program is active surveil-
lance to detect all avian influenza virus incursions, even
those that remain subclinical. This program is much more
intense than required by the European Union: all poultry
farms, except outdoor-layer farms and turkey farms, are test-
ed at least once a year. Thirty samples per farm are screened
by ELISA, and positive samples are confirmed by hemag-
glutination-inhibition test. Outdoor-layer farms are tested 4
times per year, and turkey farms are tested each production
cycle. Meat-turkey farms have an average production cycle
of =4 months; for broilers and meat ducks, this cycle is 5-6
weeks. All sampling is done just before slaughter, except
the 3 extra samplings in outdoor-layer farms.

Farms were identified by their unique farm number
and categorized on the basis of poultry production type
(PT): duck breeders, meat ducks (meat production), turkey
breeders, meat turkey, broilers, broiler breeders, indoor-
layers, outdoor-layers, and layer breeders.
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We selected putative spatial-environmental risk fac-
tors for LPAIV introduction related to farm location for
incorporation in the risk model. These risk factors were
distance to clay soil, distance to waterways, and distance to
defined wild waterfowl areas.

We analyzed the farms’ distance to clay soil (Geodesk
database [GDB3]; Wageningen University, Wageningen,
the Netherlands). Clay soil is a sediment of large rivers and
is, in epidemiologic terms, a proxy for the presence of large
water quantities, which is a proxy for an attractive environ-
ment for wild waterfowl. Wild waterfowl is presumed to be
the most important reservoir for LPAIV. Presence of clay
soil close to poultry farms was a risk factor for LPAIV in-
troduction on outdoor-layer farms (13).

We also assessed distance from farms to waterways.
Three sizes of waterways (width in meters) were included in
the model: small (0.5-3 m wide), medium (3—6 m wide), and
large (>6 m wide). Presence of waterways is a proxy for an
attractive environment for wild waterfowl; spatial data of wa-
terways was available from the Dutch Land Registry (http://
www.kadaster.nl/web/artikel/producten/TOP10NL.htm).

Distance to defined wild waterfowl areas is a direct
proxy for a possible avian influenza virus reservoir. Wild
waterfowl areas were defined as follows: areas with on av-
erage >5 wild water birds counted per hectare (based on
systematic regular bird census schemes by Sovon [Nijme-
gen, the Netherlands], which coordinates the monitoring
of wild bird populations in the Netherlands). Birds of the
families Anatidae, Laridae, and Rallidae were included;
these birds are known avian influenza virus carriers (14,15)
(online Technical Appendix, https://wwwnc.cdec.gov/EID/
article/23/9/17-0276-Techapp.pdf).

Positive Farms

Positive farms were defined as follows: farms with >1
seropositive animal to any avian influenza strain in both
the screening ELISA (IDEXX FLockCheck AI MultiS-
Screen, IDEXX Europe B.V., Hoofddorp, the Netherlands)
and the confirmatory hemagglutination-inhibition test; or
farms with >3 positive results (of 30 serum samples) in the
screening ELISA. Furthermore, we included in the analysis
only primary cases (excluding secondary spread detected
by epidemiologic tracing).

Period at Risk

Positive Farms

For every year, we estimated the period at risk (in months)
as the sum of the period from January 1 and the last nega-
tive sampling plus half of the period between the last nega-
tive sampling and the positive sampling. In case of no nega-
tive sampling in the year the farm became positive, the last
negative sampling of the year before was included. In that
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instance, the time at risk was estimated as half of the period
from the last negative sampling to the first positive sam-
pling. Broilers, meat turkeys, and meat ducks were sampled
1 week before the end of their production. Therefore, the
period at risk for these PTs was set at a fixed period.

Negative Farms

For every year, we estimated the period at risk (in
months) as the period from January 1 through last nega-
tive sampling. This sampling was done for all PTs except
broiler, meat-turkey, and meat-duck farms. For the latter,
the period at risk was the same as for the corresponding
positive farms.

Statistical Analysis

We analyzed data using the statistical software R version
3.1.3 (https://www.r-project.org/). The relative risk (RR) of
introduction of LPAIV per type of poultry farm (PT), during
the study period (2007-2013) was quantified using multi-
variate statistical models (known as generalized linear mod-
els or generalized linear mixed models [GLMMSs]) (online
Technical Appendix). We used indoor-layer chicken farms
as the reference category. In terms of disease causation, if the
RR is <1, the factor is considered a sparing factor, whereas if
the RR is >1, the factor is considered a putative causal factor
(16). In addition, we studied the effect of the spatial-environ-
mental variables (distance to clay soil, waterways, and wild
waterfow] areas) on the risk for LPAIV introduction. Statis-
tical investigation started with a univariate analysis; distance
of clay soil to the location of poultry farms was significantly
associated with risk for LPAIV introduction only for layer
(indoor and outdoor) farms. The different categories of wa-
terways were significantly associated with risk for LPAIV
introduction, but medium-sized waterways showed by far
the strongest association. Thus, in the multivariate analysis,
distance to clay soil and small- and large-sized waterways
fell out of the model in the selection process; distance to me-
dium-sized waterways and distance to wild waterfowl areas
were strongly associated with risk for LPAIV introduction

and stayed in the model when tested together in the multi-
variate analysis.

Results

During 2007-2013, we surveyed 19,274 farms and detect-
ed 295 LPAIV introductions (Table 1). The Netherlands
has a small population of turkey and duck breeder farms,
and these small populations, in particular turkey breeders
(only 1 farm in 2013 and a maximum of 5 in 2007), made it
difficult to evaluate potential interactions (e.g., between PT
and distance variables) when modeling the risk for intro-
duction. Therefore, we first made an overall quantification
of the RR for each PT and included the year of surveillance
as a random effect in a GLMM. Broiler, broiler-breeder,
and layer-breeder farms were at significantly lower risk for
LPAIV introduction (p<0.05) than were indoor-layer farms
(e.g., broiler farms had on average a 5 times [1/0.2] lower
risk for LPAIV introduction than did indoor-layer farms)
(Table 2). By contrast, the risk was significantly higher
for outdoor-layer, duck, duck-breeder, meat-turkey, and
turkey-breeder farms (p<0.05) (e.g., outdoor-layer farms
had on average a 6.3 times higher risk for LPAIV intro-
ductions than indoor-layer farms). The effect of distance
from medium-sized waterways to farm location was com-
parable for the different PTs, and we included this variable
in the GLMM (Table 2). The risk for LPAIV introduction
decreased with increasing distance from poultry farms to
medium-sized waterways; RR was highest within the clos-
est 500 m (Figure 1). To evaluate potential statistical in-
teractions, we combined meat-turkey and turkey-breeder
farms (which had similar RR estimates in our first analy-
sis [Table 2]), and we evaluated the effect of the location
variables and potential interactions. A generalized linear
model fit better than a GLMM. We identified significant
interactions between 1) year of surveillance and indoor-
and outdoor-layer farms and 2) distance to wild waterfowl
areas and outdoor-layer farms or meat turkey farms. The
analysis showed a yearly decrease in the RR for indoor-
layer farms (Table 3), in contrast to an increased risk for

Table 1. LPAIV surveillance data collated from poultry farms, the Netherlands, 2007-2013*

No. farms Total no.

Median time Median distance to wild Median distance to medium-

Probability of

Type of farm positive farms at risk, mo water bird areas, m sized waterway, mt introductionf RR§
Indoor-layer 60 5,600 7.3 4,227 769 0.001 1

Outdoor-layer 143 2,549 6.3 3,996 670 0.009 6.0
Layer-breeder 14 2,174 9.5 4,157 738 0.001 0.5
Broiler 2 5,409 1.2 3,292 576 0.000 0.2
Broiler-breeder 14 2,718 8.5 4,002 824 0.001 0.4
Meat-turkey 30 469 3.7 3,208 1,042 0.017 11.7
Turkey-breeder 2 18 5.7 2,035 659 0.019 131
Meat-duck 16 267 1.2 3,477 1,180 0.050 33.9
Duck-breeder 14 70 5.8 4,107 767 0.034 234

*LPAIV, low pathogenicity avian influenza virus; RR, relative risk.

tDistance to clay soil and distance to small- and large-sized waterways also included in the multivariate analysis (data not shown). They did not have a
significant effect on the risk for LPAIV introduction. Waterway sizes were defined as follows: small, 0.5-3 m wide; medium, 3—-6 m wide; large, >6 m wide.

fUnadjusted probabilities of LPAIV introduction per farm months at risk.

§These are the unadjusted RR estimates obtained by dividing the unadjusted probabilities of LPAIV introduction of each type of poultry farm by that of

indoor-layer farms.
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Table 2. Relative risks for introduction of low pathogenicity avian
influenza virus infection in different types of poultry farms, the
Netherlands, 2007-2013

Type of poultry farm Relative risk (95% CI) p value
Indoor-layer 1.0 (reference)

Outdoor-layer 6.3 (4.7-8.6) <0.00001
Layer-breeder 0.5 (0.3-0.8) 0.008
Broiler 0.2 (0.1-0.8) 0.02
Broiler-breeder 0.4 (0.2-0.8) 0.004
Meat-turkey 12.0 (7.8-18.8) <0.00001
Turkey-breeder 11.3 (2.8-46.2) 0.0008
Meat-duck 39.5 (22.6-69.1) <0.00001
Duck-breeder 25.5 (14.2-45.9) <0.00001
Natural logarithm* 0.8 (0.7-0.9) 0.00005

*Of distance to medium-sized waterways in meters, i.e., 3-6 m wide.

outdoor-layer farms for 2012 and 2013 (Figure 2). The risk
for LPAIV introduction in outdoor-layer and meat turkey
farms decreased with increasing distance to areas with wild
waterfowl (Figures 2, 3). No significant risk was found for
distance to clay soil.

Discussion

Our study shows that outdoor-layer, duck (breeder and
meat), and turkey (breeder and meat) farms have a signifi-
cantly higher RR for LPAIV introduction than do indoor-
layer farms. The higher risk in outdoor-layer farms probably
reflects their higher exposure to LPAIV from a contami-
nated environment. The presence of avian influenza in wild
water birds and the frequency of direct or indirect contact
between reservoir birds and poultry are risk components
that enable transmission from wild birds to poultry. How-
ever, in addition to the higher introduction rate on outdoor-
layer farms (this study) and the genetic relationship of wild

Figure 1. Risk for introduction of low pathogenicity avian influenza
virus into duck-breeder, meat-duck, meat-turkey, and outdoor-layer
farms, the Netherlands, 2007—-2013. For the estimation of the
relative risk as a function of distance to medium-sized waterways
(3-6 m wide), distance to wild waterfowl areas was kept constant.
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bird strains and avian influenza outbreak viruses (17), no
scientific data have been available that could support this
assumption, although physical environmental factors, such
as surface water availability and proximity to lakes and
wetlands, have been suggested as drivers of HPAIV H5N1
outbreaks in poultry and wild birds (18,19).

We described a significant spatial-environmental rela-
tionship: the closer to waterways—a proxy for an attrac-
tive environment for wild waterfowl—and wild waterfowl
areas a farm is located, in particular outdoor-layer farms,
the higher the risk for LPAIV introduction. Although wa-
terfowl and shorebirds are known to form the major natu-
ral reservoir and source of all known influenza A viruses
(14,20,21), there is little direct evidence for transmission
of avian influenza virus from (wild) birds to poultry. Two
lines of evidence suggest that wild birds can be the source
of avian influenza infection in poultry: 1) temporal associa-
tions between avian influenza virus isolated from wild birds
and from outbreaks in poultry flocks and 2) genetic similar-
ity between avian influenza virus strains isolated from wild
birds and from poultry. Phylogenetic studies support the
presumed transmission route from wild birds to poultry. For
example, an LPAIV H7N7 caused the HPAI H7N7 epidem-
ic in the Netherlands that started at a free-range farm (22).
This virus is believed to be a reassortant of an H7N3 virus
and an HION7 virus isolated from mallards in 2000 during
survey studies of migratory wild birds in the Netherlands
(23). Furthermore, recent genetic analyses of HPAIV H5NS§
strains from the Netherlands, and of other strains from
countries in Europe, South Korea, and Japan, suggested that
the strains from Europe probably arrived through migratory
wild birds from Asia, most likely through overlapping fly-
ways and common breeding sites in Siberia (24,25).

In the Netherlands, turkeys are raised indoors, and
despite the small number of turkey farms, we observed a
higher RR for introduction of LPAIV infection to breeder
and meat-turkey farms. This higher risk might be associat-
ed partly with the apparent higher susceptibility of turkeys
than chickens to LPAIV infection (26).

As reported by Gonzales et al. (10), we found that
duck-breeder farms have the highest RR for LPAIV in-
troduction. This risk could be related to their higher sus-
ceptibility to infection with LPAIV of wild water bird
origin (ducks, geese, and swans) than chickens (27) and

Table 3. Yearly relative risk for introduction of low pathogenicity
avian influenza virus in indoor-layer farms, the Netherlands

Year Relative risk (95% CI)
2007 1 (reference)
2008 0.65 (0.48-1.04)
2009 0.63 (0.28-0.84)
2010 0.41 (0.28-0.68)
2011 0.56 (0.44-0.70)
2012 0.5 (0.30-0.83)
2013 0.15 (0.04-0.27)
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Figure 2. Risk for introduction of low pathogenicity avian influenza
virus into outdoor-layer farms, the Netherlands, 2007-2013.
Relative risk is shown for 2007 (reference for between-year
comparison), 2012 (p = 0.08), and 2013 (p = 0.005). For the
estimation of the relative risk as a function of distance to wild
waterfowl areas, distance to medium-sized waterways (3—6 m
wide) was kept constant.

their long production cycle (time of exposure). We also
observed a significantly higher risk for LPAIV introduc-
tion into meat-duck farms than into indoor-layer farms.
This finding is somewhat surprising because meat ducks
are kept indoors and have a short production cycle (6.5
weeks), in contrast with broilers, which also are kept in-
doors, have a short production cycle (6 weeks), and had a
very low risk for LPAIV introduction. The higher suscep-
tibility of ducks than chickens to LPAIV (27) could be a
reason to explain this contrast. In addition, poor biosecu-
rity compliance might play a role. For instance, floor bed-
ding for ducks is stored outside (often not protected by a
cover) and transported inside the duck house several times
during the growing period. Bedding material for broilers
is mostly stored inside the poultry house and is placed
only once during the production cycle or not replaced.
Poor biosecurity compliance has been reported repeatedly
in poultry production (28-30). Meat ducks and broilers
are tested before slaughter, and considering that the time
to build up a serologic prevalence after an LPAIV infec-
tion that can be detected by random sampling could take
~2-3 weeks (31), LPAIV introductions that occur shortly
before slaughter could be missed. Therefore, the RRs
could be underestimated for both meat ducks and broilers.
Nevertheless, by looking at the large number of broiler
flocks tested along these years, the fact that only 2 LPAIV
introductions were detected, and the fact that surveillance
was able to detect a relatively high number of LPAIV in-
troductions in meat ducks (also short production cycle),
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we conclude that the risk for LPAIV introduction in broil-
ers is low under housing conditions in the Netherlands.

In addition, the RR for layer-breeder farms was 5 times
lower for LPAIV introduction than it was for indoor-layer
farms (2011-2013). These findings might be related to the
high biosecurity levels on these PTs.

Our finding that the RR for LPAIV introduction on
outdoor-layer farms increased over time (a significantly
higher RR in 2013 than in 2007, 2008, 2009, and 2011)
can be explained by an increase of the number of introduc-
tions on outdoor-layer farms, especially in 2012 and 2013.
An increase in the number of outdoor-layer farms and a
decrease in the number of indoor-layer farms (for which
RR decreased over time), particularly in 2012 and 2013,
might partly explain these changes in risk. Further research
is needed to gain insight into the factors that might affect
introduction rates and differences over time. A plausible
explanation might be increased direct or indirect contact
between outdoor ranging poultry and infectious wild bird
populations, but this explanation remains speculative be-
cause field data on the type and frequency of contact be-
tween wild birds and poultry in outdoor-layer farms is still
missing. Climate and land use changes during the past
decades have affected winter and breeding bird commu-
nity composition (32); effects on herbivorous birds (such
as many waterfowl species) through phenology-induced
changes of plant forage quality and availability are most
pronounced (33,34).

As recent experience shows, wild birds can introduce
HPAIV directly into poultry (24,25), and HPAIV can

Figure 3. Relative risk for introduction of low pathogenicity avian
influenza virus into meat-turkey farms, the Netherlands, 2007—
2013. No difference in risk was observed between surveillance
years. For the estimation of the relative risk as a function of
distance to wild waterfowl areas, distance to medium-sized
waterways (3—6 m wide) was kept constant.
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emerge after an LPAIV H5/H7 introduction in poultry after
varying lengths of time (8). If a notifiable LPAIV subtype
infects a farm and later spreads to other farms before detec-
tion, the risk increases for mutation to HPAIV (35). There-
fore, the sooner an introduction is detected, the sooner re-
strictive measures can be applied to contain the infection,
ideally even to the index farm. Early detection and removal
of infected poultry will help lower viral replication rounds.
Surveillance programs are important tools to prevent
new HPAIV outbreaks. In the Netherlands the avian influen-
za surveillance program is much more intense than required
by the European Union (9). Frequent sampling of high-risk
poultry farms may help reduce the risk for transmission
between farms (31,36). Based on expected risk factors for
introduction, outdoor-layer farms (more contact with wild
birds) and meat-turkey farms (higher susceptibility) are test-
ed more frequently than other poultry farms. The results of
our study indicate that duck farms also should be tested more
frequently; passive surveillance will not easily detect LPAIV
introductions in ducks because LPAIV will not cause ob-
servable clinical signs in them. Furthermore, it is clear that
we should target surveillance not only toward PT, but also on
location (e.g., within 500 m of waterways, wild bird areas, or
both). In addition, there could be a discouraging strategy for
settlement of new poultry farms in high-risk areas.

This study was funded by the Dutch Ministry of Economic
Affairs (Avian Influenza and Newcastle disease project
WOT-01-003-012) and supported by the Veterinary
Epidemiology and Risk Analysis project WOT-01-001-004.

Dr. Bouwstra was a project leader of avian influenza and
Newecastle disease at Wageningen Bioveterinary Research,
Lelystad, the Netherlands, at the time of the study and currently
is head of the poultry health department, GD Animal Health,
Deventer. Her research interests are notifiable animal diseases
and One Health.
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E1D Podcast: Backyard Poultry

Backyard poultry flocks have increased in popularity concurrent with an increase in live poultry—associated
salmonellosis (LPAS) outbreaks. In the United States, live poultry—associated
salmonellosis outbreaks have been documented since 1955. Historically, these outbreaks
involved young children, occurred in the spring months around Easter, and were
associated with birds obtained as pets. Baby poultry

were often dyed bright colors, making them more

attractive to young children. Currently, public health

officials are identifying LPAS outbreaks linked

to backyard poultry flocks that are affecting

adults and children. The first multistate out-

break where the association with backyard

flocks was recognized occurred in 2007.
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Patterns of Human Plague
In Uganda, 2008—-2016

Joseph D. Forrester, Titus Apangu, Kevin Griffith, Sarah Acayo, Brook Yockey,
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Gordian Candini, Janet Abaru, Bosco Candia, Jimmy Felix Okoth, Harriet Apio, Lawrence Nolex,
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Plague is a highly virulent fleaborne zoonosis that occurs
throughout many parts of the world; most suspected human
cases are reported from resource-poor settings in sub-Saha-
ran Africa. During 2008-2016, a combination of active sur-
veillance and laboratory testing in the plague-endemic West
Nile region of Uganda yielded 255 suspected human plague
cases; approximately one third were laboratory confirmed by
bacterial culture or serology. Although the mortality rate was
7% among suspected cases, it was 26% among persons with
laboratory-confirmed plague. Reports of an unusual number
of dead rats in a patient’s village around the time of iliness
onset was significantly associated with laboratory confirma-
tion of plague. This descriptive summary of human plague
in Uganda highlights the episodic nature of the disease, as
well as the potential that, even in endemic areas, illnesses of
other etiologies might be being mistaken for plague.

lague is a virulent zoonosis caused by the gram-nega-

tive bacillus Yersinia pestis (1,2). The organism cycles
naturally among rodents and their fleas in areas with con-
ducive ecology across the Americas, Asia, and Africa (3).
Most human plague cases occur after the bite of an infected
flea and manifest clinically as bubonic plague, with rapid
onset of fever and painful regional lymphadenopathy (4).
Infection with the bacteria can sometimes result in a gen-
eralized septic illness lacking obvious lymphadenopathy.
Pneumonic plague occurs after dissemination of the bacte-
ria from other parts of the body to the lungs or through di-
rect inhalation of infectious droplets into the lungs. Unlike
bubonic plague, pneumonic plague can be transmitted from
person to person. Outbreaks of pneumonic plague with high
human mortality rates can occur in resource-poor settings
(5-7). The mortality rate for untreated infections ranges
from =65% for bubonic plague to ~<100% for pneumonic
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plague (8,9). Early treatment with effective antimicrobial
drugs greatly reduces the risk for death (4,8).

Currently, sub-Saharan Africa accounts for >95% of
reported human plague cases worldwide (10). The West
Nile region in northwestern Uganda encompasses the cur-
rent plague focus of that country. This densely populated,
remote area near the borders of the Democratic Republic of
the Congo and South Sudan predominantly has a subsistence
agriculture economy. Much of the region lies at 1,000-2,000
m above sea level and experiences 2 main periods of rainfall,
with the heaviest precipitation occurring from late August
through November (11). Living conditions that include close
contact with rodents, a burdened healthcare infrastructure,
and unreliable stocks of antimicrobial drugs, combined with
infected persons delaying seeking healthcare, all contribute
to plague illness and death. An understanding of the demo-
graphics, geographic distribution, and outcomes of infection
is needed to guide prevention programs. Thus, we summa-
rize the epidemiology of human plague in the West Nile re-
gion of Uganda during 2008-2016.

Methods
Data on human plague cases were collected as part of an
ongoing collaboration between the Uganda Virus Research
Institute (UVRI), the Ugandan Ministry of Health, and the
US Centers for Disease Control and Prevention (CDC) to
enhance education, clinical detection, laboratory diagnostic
capacity, treatment, and control of plague in the West Nile
region (12). During 2008-2016, active surveillance for hu-
man plague cases occurred in 10 clinics and 2 hospitals in
the Arua and Zombo Districts of the West Nile region. In
addition, active community engagement with village health
workers and traditional healers was undertaken to identify
cases occurring in villages among persons not seeking med-
ical care. Clinic and hospital staff received annual training
on the epidemiology and clinical management of plague.
CDC-trained UVRI laboratory staff located in the town
of Arua (in the Arua District) performed microbiological
testing on clinical specimens, including blood cultures and
bubo aspirates or sputum when available. Isolation of Y.
pestis from clinical samples was performed on sheep blood
agar, and bacterial isolates were confirmed to be Y. pestis
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by bacteriophage lysis (13). An acute serum sample was
collected as soon as possible from patients upon their ar-
rival at the clinic, and a convalescent serum sample was
collected on days 14-28 after illness onset. Verification of
Y. pestis cultures and all serologic testing was performed at
CDC’s Division of Vector-Borne Diseases, National Cen-
ter for Emerging and Zoonotic Infectious Diseases, in Fort
Collins, Colorado, USA.

For purposes of this summary, we defined a confirmed
plague case as clinically compatible acute illness with iso-
lation of Y. pestis from a clinical specimen or with >1 posi-
tive antibody titer against the F1 antigen of Y. pestis, a sus-
pected case as clinically compatible acute illness without
laboratory confirmation, and a probable case as a suspected
case that was epidemiologically linked to a confirmed case
or a suspected case with additional nonconfirmatory labo-
ratory evidence of plague infection. Clinical signs sugges-
tive of plague included sudden onset of fever with pain-
ful regional lymphadenopathy (bubonic), hematemesis or
hematochezia (septicemic), or cough or chest pain with
hemoptysis (pneumonic). Lack of laboratory confirmation
could have occurred because specimens were unavailable
for testing or because specimens were negative by all avail-
able presumptive and confirmatory tests. We defined adults
as persons >18 years of age. We included patients who vis-
ited facilities where active surveillance was not being per-
formed in this study; however, we excluded patients who
sought healthcare in the region but were residents of anoth-
er country (i.e., nearby Democratic Republic of the Congo)
because of the inability to perform follow-up. The standard
treatment for suspected plague in Uganda is doxycycline or
chloramphenicol; during the period covered by this surveil-
lance summary, a concurrent treatment trial evaluating the
efficacy of oral ciprofloxacin against the national standard
was also being conducted (14).

Upon notification from health facilities or community
members regarding a suspected plague case, UVRI plague
program staff immediately notified local public health of-
ficials and traveled to the reporting health facility to obtain
additional information on the patient. In addition, staff vis-
ited the village and patient’s home to obtain more details
regarding exposure and to ascertain similar illnesses in the
community. Additional persons suspected to have plague
were identified and referred to the nearest health facility for
assessment and care. If pneumonic plague was suspected,
contact tracing and prophylaxis of exposed persons was
initiated with active monitoring for at least 1 week to en-
sure that no additional illnesses developed. In all instances,
program staff worked with village health volunteers to re-
mind village members of the signs and symptoms of plague
and the importance of prompt medical care.

Information collected for each patient was age, sex,
place of residence, clinical form of plague, date of illness
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onset, outcome, and whether an unusual number of dead rats
(arat die-off) had been noted in the village preceding illness.
We performed data management and analyses in Microsoft
Excel (Microsoft, Redmond, WA, USA) and Epi Info ver-
sion 7.1.1.14 (CDC, Atlanta, Georgia, USA) and used Fisher
exact or * tests for comparisons, as appropriate.

Results

A total of 255 human plague cases were reported in the
West Nile region of Uganda during 2008-2016. Overall,
140 (55%) cases were classified as suspected, 37 (15%) as
probable, and 78 (31%) as confirmed, including 53 con-
firmed by culture only, 8 by serology only, and 17 by both
culture and serology. Bacterial culture was attempted for
246 (96%) cases, and convalescent serum was available for
109 (43%) cases. Among those with negative culture re-
sults and available convalescent serum samples, 79 (89%)
also had negative serologic testing results.

Although yearly case counts varied widely (Figure 1),
approximately three fourths of all cases, regardless of case
status, occurred during October—January. Cases were iden-
tified in 130 villages in 38 parishes and 2 counties (Vurra
County in Arua District and Okoro County in Zombo Dis-
trict; Figure 2); a total of 51 villages had >1 confirmed or
probable plague case. Most confirmed cases (49/77; 64%)
were not isolated incidents but occurred with epidemiolog-
ic linkage to >1 additional confirmed case.

Overall median age of patients was 11 (range 1-70) years;
51% were women or girls. Among confirmed and probable
cases, the sex distribution was equal among those <10 years
of age, skewed toward the male sex among 10—14-year-olds,
and strongly skewed toward the female sex among those >15
years of age (Figure 3). Most patients (217/255; 85%) had
symptoms of bubonic plague, and the remainder were evenly
split between patients with symptoms of septicemic (n = 20)
or pneumonic plague (n = 18). Approximately one third of all
cases, whether they were bubonic, septicemic, or pneumonic
plague, were laboratory confirmed (Table).

Figure 1. Suspected, probable, and confirmed human plague
cases, by year, West Nile region, Uganda, 2008-2016.
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Figure 2. Residence locations of confirmed and probable human
plague cases, by district, West Nile region, Uganda, 2008-2016.
Inset shows location of Uganda in Africa.

Among the 253 cases with outcomes reported, 37
(15%) were fatal (Table). Nine (7%) of 138 patients
with suspected plague died, compared with 8 (22%) of
37 patients with probable plague and 20 (26%) of 78 pa-
tients with confirmed plague (p<0.001). As expected, the
mortality rate was higher among patients with signs and
symptoms of pneumonic plague; 8 (44%) of 18 patients
with a pneumonic plague died compared with 27 (13%)
of 215 patients with a bubonic plague and 2 (10%) of 20
patients with a septicemic plague (Table). The overall
mortality rate did not differ significantly between chil-
dren and adults: 22 (13%) deaths occurred among per-
sons <18 years of age and 15 (19%) among persons >18
years of age. The case-fatality rate did not differ by sex:
18 (16%) men and boys and 19 (15%) women and girls
died. Among the 19 patients who did not seek care from
a clinic or hospital, 17 (89%) were eventually classified
as having confirmed or probable cases, and 15 (79%)
died. Among the persons who sought care from a health
clinic, the time between reported illness onset and notifi-
cation of public health authorities was a median of 1 day
(range 0-8 days).
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Information on rat die-offs was available for all but 3
cases. Rat die-offs were noted around the time of illness
onset in the villages of 98 (87%) of 113 patients with con-
firmed or probable plague, compared with only 65 (47%) of
139 patients whose infection remained unconfirmed after
laboratory testing (odds ratio 7.4, 95% CI 3.9-14.1). The
positive predictive value of rat die-offs for laboratory con-
firmation was 60%; the negative predictive value was 83%.

Discussion
Historical reports link the appearance of plague in Uganda to
the construction of the Uganda railway during 1896-1901,
a period when plague was spreading throughout many parts
of the world (9). Plague is believed to have been present
for several decades in the more southern part of the West
Nile region (Okoro County, Zombo District), appearing in
Vurra County of Arua District only in the late 1990s (15).
During 2008-2016, laboratory-confirmed human plague oc-
curred in >50 villages throughout the region. These villages
were located throughout the westernmost part of the West
Nile region, above the Rift Valley escarpment, where the el-
evation is generally >1,300 m, rainfall is high, and average
temperature is relatively low compared with the neighboring
lowlands (11,16-18). As is the case in other plague-endemic
areas, human cases were highly episodic; 89 confirmed and
probable cases were reported in 2008, only 4—15 in 2011—
2013, and just 0-2 in the remaining years of the reporting
period. Along with temporal clustering, confirmed cases
tended to cluster spatially, with most occurring in associa-
tion with other confirmed cases. Because all suspected cases
were actively investigated, this clustering is unlikely to be
explained by ascertainment bias. The demographic features,
clinical forms, and seasonality of infection among these cas-
es were similar to other reports from the region (15,19).
With a case-fatality rate of 15% overall and 26% among
confirmed cases, plague mortality in the West Nile region
is similar to the case-fatality rate in the United States but
distinctly higher than that reported for Africa as a whole

Figure 3. Confirmed and probable human plague cases, by sex
and 5-year age group, West Nile region, Uganda, 2008-2016.
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Table. Case status, clinical form, and mortality rate among
human plague cases, West Nile region, Uganda, 2008-2016*
Case status, no. patients (mortality rate, %)

Clinical form Confirmed  Probable  Suspected Total

Bubonic 66 (26) 26 (8) 123 (7) 215 (13)
Pneumonic 6 (50) 5(80) 7 (14) 18 (44)
Septicemic 6 (0) 6 (33) 8 (0) 20 (10)
Total 78 (26) 37 (22) 138 (7) 253 (15)

*Outcome was known for 253 of 255 total cases. The 2 suspected bubonic
cases with unknown outcomes were excluded.

(8,10,20). Although the clinical features of plague can be
distinctive, they are not pathognomonic. In our series, many
suspected cases failed to be confirmed despite laboratory
testing. Although negative results might have resulted from
prior self-treatment with antimicrobial drugs in some cases,
it is likely that a proportion of suspected cases were, in fact,
not plague. Convalescent serum samples were available for
roughly half of all culture-negative cases, and among those,
nearly 90% lacked immunologic reactivity to Y. pestis. If
many suspected cases were not plague, this fact would si-
multaneously explain the lower mortality rate for clinically
defined cases and underscore the need for diagnostic testing
when plague is suspected. Even in an outbreak setting, clini-
cally similar illnesses might be misattributed to plague (21).

In the West Nile region, plague occurs most common-
ly among children and women, a trend that has been at-
tributed to children and women sleeping more often on the
ground and in the structures where food is stored (15,20).
It is unclear, however, why boys 10—14 years of age were
more affected than girls of the same age in this setting; per-
haps behavioral practices common among boys approach-
ing maturity put them in greater contact with rodents and
their fleas. The male preponderance in this age group could
also be simply a reflection of small number bias, given the
lack of confirmed or probable cases among men and boys
in the next older age group.

Molecular analyses of Y. pestis cultures have revealed
that human illnesses in this region are caused by 2 distinct
subtypes: 1 occurring predominantly in the Arua District
and the other in the Zombo District (22). This finding, sup-
ported by multiple subtyping methods, suggests that sepa-
rate enzootic cycles of Y. pestis occur in these respective
areas, possibly with different ecologic drivers, although no
substantive differences in pathogenicity or other epidemio-
logic features exist among illnesses in the 2 districts.

Plague is less common than many other infectious
diseases, yet it retains public health importance as a dis-
ease with epidemic potential. Although potentially fatal,
plague is readily treatable if appropriate therapy is initi-
ated early. Multifaceted educational engagement efforts are
needed in endemic areas to reduce Y. pestis disease sever-
ity and death. Although rat die-offs or rat falls have been
noted throughout history to precede human outbreaks (9),
quantitative data to support these events as predictors of
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human plague have been lacking. We found a strong as-
sociation between recognition of a rat die-off by villagers
around dates of illness onset and illnesses being confirmed
as plague. Engagement of communities in plague-endemic
areas to encourage the prompt notification of local authori-
ties when a rat die-off occurs could reduce the likelihood
of subsequent human infection if followed by timely ap-
plication of flea control products in nearby homes. Local
educational efforts through schools and the engagement of
village health teams and traditional healers to recognize the
signs of plague and refer villagers with suspected plague
to health clinics during early illness should be sustainable
interventions that could prevent larger-scale human out-
breaks and reduce plague mortality rates.

Although robust laboratory capacity was available in
the region during the period we summarize, logistical chal-
lenges, such as impassable roads during the rainy season,
can limit timely laboratory testing for plague in rural Af-
rica. Sensitive and specific point-of-care diagnostic assays
could improve plague diagnosis and help guide appropriate
treatment in resource-limited settings.
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