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ABSTRACT The objective of this study was to deter-
mine prevalence and perform genomic analysis of Sal-
monella spp. and Campylobacter spp. isolated from
different stages of an integrated NAE broiler complex.
Environmental samples were screened with 3M-Molec-
ular Detection System (MDS) and MDS positive sam-
ples were further processed for confirmation of results
and identification. Core genome-based phylogenies
were built for both bacteria isolated from this study
along with selected NCBI genomes. The odds ratios
and 95% confidence limits were compared among stages
and sample types (¢ < 0.05) using multivariable model.
Based on MDS results, 4% and 18% of total samples
were positive for Salmonella spp. and Campylobacter
spp. respectively. The odds of Salmonella detection in
hatchery samples were 2.58 times as likely as compared
to its detection in production farms’ samples
(P = 0.151) while the odds of Campylobacter detection
in production farms’ samples were 32.19 times as likely

as its detection in hatchery (P = 0.0015). Similarly, the
odds of Campylobacter detection in boot swabs, soil,
water, and miscellaneous samples were statistically sig-
nificant (P < 0.05) as compared with fly paper as refer-
ence group. The serovars identified for Salmonella were
Typhimurium, Barranquilla, Liverpool, Kentucky,
Enteritidis, Luciana, and Rough O:r:1,5. For Cam-
pylobacter, the species identified were Campylobacter
jejuni and Campylobacter coli. Phylogeny results show
close genetic relatedness among bacterial strains iso-
lated from different locations within the same stage
and between different stages. The results show possibil-
ity of multiple entry points of such bacteria entering
broiler complex and can potentially contaminate the
final raw product in the processing plant. It suggests
the need for a comprehensive control strategy with
strict biosecurity measures and best management prac-
tices to minimize or eliminate such pathogens from the
poultry food chain.
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INTRODUCTION

Salmonella and Campylobacter continue to be the
leading bacterial foodborne pathogens frequently associ-
ated with consumption or handling of raw poultry meat
and meat products, a serious food safety concern (Scal-
lan et al., 2011; Silva et al., 2011; Antunes et al., 2016;
Skarp et al., 2016). About 17.3% of Salmonella illnesses
were attributed to chicken meat in 2020 (IFSAC report,

© 2024 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
4.0/).

Received May 20, 2024.

Accepted August 8, 2024.

!Corresponding author: ksm137@msstate.edu

2024 Poultry Science 103:104212
doi.org/10.1016 /j.psj.2024.104212

2022) while 65% of Campylobacter illness were attrib-
uted to chicken meat in 2019 in the United States
(TFSAC report, 2021). However, the pathogens are not
only limited to poultry meat and meat products alone.
In most of the cases, these foodborne infections in
humans are usually self-limiting and subside within a
week without any medications, but sometimes, the infec-
tions can be fatal, especially in vulnerable population
groups such as young, immunocompromised, and elderly
people (Skarp et al., 2016; Turgeon et al., 2018). The
Centers for Disease Control and Prevention (CDC) esti-
mates approximately 1.35 million infections, 26,500 hos-
pitalizations, and 420 deaths annually in the United
States due to non-typhoidal Salmonella infections
(CDC, 2023a). Similarly, Campylobacter is considered
as one of the 4 major global causes of diarrheal diseases
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worldwide (WHO, 2020). Moreover, the annual eco-
nomic burden of foodborne illness due to Salmonella
spp- in chicken and Campylobacter in poultry account
for $2.8 and $6.9 billion respectively every year (Scharff,
2020).

These pathogens are typically present in the gastroin-
testinal tracts of animal and bird as reservoirs (Corry
and Atabay, 2001; Newell and Fearnley, 2003; Eng et
al., 2015). The ingestion of food or drinking water con-
taminated with feces usually causes foodborne illness in
humans which is characterized by gastroenteritis,
abdominal cramps and headache (Eng et al., 2015;
Skarp et al., 2016; CDC, 2023b). In rare cases, Campylo-
bacter jejuni (C. jejuni) may lead to post-infectious
Guillain—Barré syndrome, a severe demyelinating neu-
ropathy (Nachamkin et al., 1998). In birds, the Cam-
pylobacter spp. infection is wusually asymptomatic
(Newell and Fearnley, 2003). However, C. hepaticus and
C. bilis was reported to decrease egg production in layer
chickens and cause spotty liver disease (Moore et al.,
2019; Van et al., 2023).

Despite the significant improvements made over past
few years to minimize these pathogens along poultry
food chain, the major challenges is to reduce the risk of
introduction/spread of such bacteria in flocks, and to
achieve performance standards at processing plants. Sal-
monella can survive desiccation and can persist in dry
environments and foods for years (Estrada et al., 2023)
while birds’ ceca provide a suitable condition for Cam-
pylobacter to multiply and spread rapidly across the
flock (Corry and Atabay, 2001; Munoz et al., 2023).
Moreover, epidemiological studies that could explain the
introduction of these pathogens along the chain and
their transmissions resulting in the contamination of
raw poultry products in the processing plant are lacking
(Obe et al., 2020). Previously, Pulsed Field Gel Electro-
phoresis (PFGE) fingerprinting was often used in most
of the previous longitudinal studies to track pathogens
along food chain (Peters, 2009). However, at present,
whole genome sequencing (WGS) and Single Nucleotide
Polymorphism (SNP) based analysis allow in-depth
understanding of the epidemiology and population
dynamics of these pathogens along the food chain (Octa-
via et al., 2015; Medina-Santana et al., 2022).

In the United States, most commercial broiler compa-
nies are vertically integrated that comprises of pullet
rearing farms, rooster rearing farms, breeder farms,
hatcheries, broiler grow-out farms, feed mills, transport
facilities and processing plants (NCC, 2023). Almost
50% of total broiler production in the United States in
2020 were accounted from NAE-raised birds (Poultry
Health Today, 2021). This shift to NAE from conven-
tional antibiotic-fed birds was partially the result of the
Food and Drug Administration’s (FDA) antibiotic
withdrawal policy in 2017. However, the impact of this
shift to NAE has been rarely studied on the prevalence
and tracking of Salmonella spp. and Campylobacter spp.
on the farms and facilities. “NAE” label refers to no use
of any sort of antibiotics either classified as important in
human medicine or others during raising of broiler

chicken; “organic” label refers to no use of any sort of
antibiotics as well as chemical coccidiostats in the life of
broiler chickens while conventional refers to use of anti-
biotics or growth promoters as standard feed additive
via feed or drinking water (Smith, 2019). However,
“antibiotic free” or “chemical free” labels are considered
misleading since claims cannot be conclusively proven
(Smith, 2019). It is important to consider that if a sick
broiler flock needs to be treated with antibiotics, meat
from that flock cannot be labeled as NAE or organic and
must be separated and diverted to and labeled as a con-
ventional product.

The objective of this study was to determine the prev-
alence status and phylogenetic analysis of Salmonella
spp- and Campylobacter spp. isolated via environmental
sampling of various farms/ facilities of an integrated
broiler complex. To our knowledge, this is the first longi-
tudinal study from pullets through final raw product at
the processing plant to determine critical entry points
and transmission pattern of such bacteria for improved
control strategies. We hoped to determine the possible
entry points along different stages of an integrated
broiler complex and movement pattern of pathogens
along the poultry food chain.

MATERIALS AND METHODS
Study Design

This study was conducted in the south-east region of
the United States from December 2021 to November
2022 in an integrated broiler complex that consisted of
approximately 8 pullet farms, 14 breeder farms, 74
broiler farms, 1 hatchery and 1 processing plant in total.
The complex has been in operation for more than 5 y.
With an aim to include at least 10% of total farms/ facil-
ities, a total of 856 and 531 environmental samples were
collected from 2 pullet farms at 16 wk-of-age, 4 breeder
farms at 27, 36, 37 and 42 wk-of-age, a hatchery, 9
broiler farms at age 20, 21, 23, 28 x 2, 37, 41, 44 and 45
d-of-age, 2 transport trucks with transport cages, and 1
processing plant. The farms sampled were selected by
the company personnel for the convenience of their rou-
tine schedule. The sample types and numbers collected
in this study are presented in Figure 1 and Table 1.

Pullet, Breeder, and Broiler Farm Samples

Typically, broiler farms consisted of 4 houses per farm
while the number of houses varied from 4 to 8 houses per
farm in case of pullet and breeder farms. In total, 12
houses from 2 pullet farms, 14 houses from 4 breeder
farms and a total of 18 houses from 9 broiler farms were
sampled for this study. From inside the houses, 2 boot
swabs (one for Salmonella and Campylobacter), 2 flypa-
pers, 2 beetle traps, 1 litter grab and 1 feed sample were
collected. Sterile boot swabs (Envirobootie, Hardy Diag-
nostics, CA) were placed over the boot covers just prior
to entry into the house and the person wearing the boots
walked along the feed and drinker lines from one end to
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Figure 1. Environmental samples from farms and facilities considered in this study. (This figure displays the various stages: pullet farms,
breeder farms, hatchery, broiler farms, transport, and processing plant of an integrated broiler complex along with the possible farm/ facilities’ envi-
ronmental samples that were considered in this study for the isolation of Salmonella and Campylobacter. The numbers inside each bracket represent
number of samples collected for isolation of Salmonella and Campylobacter respectively.) (Figure created with BioRender.com)

Table 1. Total number of samples based on stages of production and sample types.

Samples for Salmonella isolation

Samples for Campylobacter isolation

S. no. Sample types

Pullet Breeder Hatchery Broiler Transport Processing Total Pullet Breeder Hatchery Broiler Transport Processing Total

1 Boot swabs 12 18 23 20 0
2 Sponge- Stick 0 0 142 0 11
swabs
3 Beetle traps 13 24 9 53 0
4 Fly papers 18 27 22 78 0
5 Litter grab 0 12 0 16 1
6 Feed 12 15 0 18 0
7 Soil samples 8 17 0 14 0
8 Water puddles/ 9 50 10 23 0
drainage
9 Carcass rinses 0 0 0 0 0
10 Feather fluff 0 0 12 0 0
11 Miscellaneous 35 40 13 41 0
Total 107 203 231 263 12

0
15

0
3
0
0
0
0

20
0
2

40

73 12 15 17 20 0 0 64
168 0 0 91 0 0 0 91
99 0 0 7 9 0 0 16
148 18 27 8 2 0 0 55
29 0 12 0 0 1 0 13
45 12 14 0 18 0 0 44
39 8 15 0 14 0 0 37
92 9 49 23 23 0 0 104
20 0 0 0 0 0 20 20
12 0 0 0 0 0 0 0
131 10 37 7 33 0 0 87
856 69 169 153 119 1 20 531

The miscellaneous samples include cow feces, mouse intestine, unknown feces, wild bird feather, goat feces, dog feces and others that could potentially

transmit these bacteria into the house/ facilities.)

the other end of the house, with an emphasis to step on
fresh feces (McCrea et al., 2008). The boot swabs were
then collected aseptically into sterile bags. The flypapers
and beetle traps were placed near the entrance of houses
a week before and were collected on the sampling day.
The fly papers were dual-sided yellow sticky traps 6 x 8
inches in size (Yellow Sticky Traps, Gilead, ME) to col-
lect flies and dust particles. Similarly, for collecting bee-
tles/crawling insects, the beetle traps were prepared as
described by Hess et al. (2008). A polyvinyl chloride
(PVC) pipe of 23 cm long and 3.8 cm diameter with a

small hole in each end (to hold the pipe in place on the
litter) was prepared and a rolled piece of cardboard
(20 x 30 cm) was inserted inside the pipe.

From outside the houses, 2 flypapers, 2 beetle traps
and 1 soil sample were collected near the entrance. In
addition, water puddles/ drainage and miscellaneous
samples were collected from around the house. The mis-
cellaneous samples consisted of any samples that can
potentially transmit pathogens from the outside envi-
ronment to the birds inside, such as fecal samples from
cows, wild birds, dogs, goats, deer, or unknown origin.
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When available, samples from dead rodents’ intestines,
wild bird feathers and nests, ants, spiders, and dead wild
birds’ intestines were also collected.

Hatchery Samples

Samples were collected from 2 different visits to a sin-
gle-stage hatchery. Like the farms, fly papers and beetle
traps were collected from inside and outside the facility.
Incubators, hatchers, egg buggies, chick trays, faucet
and door handle of restroom were swabbed with sterile
3M sponge-stick swabs premoistened with 10 mL buff-
ered peptone water (Schroeder et al., 2014). In addition,
boot swabs, feather fluff from hatchers and composite
broken eggs were collected. Moreover, swabs were col-
lected from waters and floor of hatchers after sanitation
and disinfection.

Transport and Processing Plant Samples

There was a total of 9 different sampling visits to pul-
let, breeder, hatchery, and broiler farms. On the tenth
visit, we followed the broiler flocks to transport and
finally to processing plant. We collected boot swabs, fly
papers and beetle traps from broiler farms. Similarly, we
swabbed the transport cages’ floor with sponge-stick
swabs and collected composite fecal samples from the
floor of transport trailer and transport cages. From the
processing plant, sponge stick swab samples were col-
lected from live birds unloading areas, conveyor belts,
floor near scalding and evisceration areas, and 10 carcass
rinses after scalding and picking, and 10 tenders’ parts
rinses post-chilling and deboning.

Pathogen Isolation

To isolate the pathogen, samples were pre-enriched
with buffered peptone water (Difco™™ Buffered Peptone
Water, Becton, Dickinson and Company, Sparks, MD)
for Salmonella isolation and with 3M™ Campy enrich-
ment broth CE250 for Campylobacter spp. isolation and
incubated for 18 to 24 h at 37°C and 42°C respectively.
The enrichments were screened with 3M Molecular
Detection System (MDS), a PCR-based system which
works on the principle of loop-mediated isothermal
amplification of DNA (Notomi, 2000; Pooja et al.,
2014). The MDS positive samples were further processed
to obtain pure isolates. Salmonella spp. and Campylo-
bacter spp. were isolated using USDA FSIS microbiology
laboratory guidelines (USDA-FSIS MLG 4.13 and
USDA-FSIS MLG 41.05 respectively). For the isolation
of Salmonella spp., the suspected positive samples were
further selectively enriched with tetrathionate broth
and Rappaport-Vassiliadis broth for 24 h at 41°C after
which they were streaked on Xylose Lysine Tergitol
(XLT4) agar and then incubated for 24 h at 37°C. After
that, 4 typical colonies were further streaked on XLT4
and chrome agar along with biochemical confirmation
by Triple Sugar Iron (TSI), Lysine Iron Agar (LIA)

and Urease agar slants. The pure isolates were then
sero-grouped based on Poly O antiserum and O group-
ing antiserum. Finally, the pure isolates were sent for
serotyping to National Veterinary Service Laboratory
(NVSL), Ames, TA. Similarly, for Campylobacter isola-
tion, the suspect positive samples were directly streaked
onto Campy Cefex agar (HiMedia Laboratories Pvt.
Ltd., Mumbai, India) then incubated at 42°C for 48 h
under microaerobic conditions (5% O and 10% COo,
85% Nj). The pure isolates were identified based on typi-
cal translucent or mucoid, glistening, and pink color col-
onies. All isolates were stored in cryotubes containing
Brucella broth with 20% glycerol with beads at -80°C for
further analysis.

DNA Extraction and Sequencing

DNA were extracted using E. Z. N. A. Bacterial
DNA Kit (Omega Bio-tek, Inc., GA). Concentrations
and quality parameters were measured using a Qubit
Fluorometer (Invitrogen/ Thermo Fisher Scientific,
Waltham, MA) and NanoDrop (Thermo Fisher Scien-
tific Waltham, MA) to determine 260/280 and 260/
230 ratios. All 16 Salmonella isolates and 8 Campylo-
bacter isolates were whole genome sequenced using
MiniSeq (Illumina, San Diego, CA) in our laboratory.
However, remaining 10Campylobacter isolates were
sent to SEQCENTER (Pittsburgh, PA) for Ilumina
WGS. Briefly, the DNA library prep was performed
based on the protocol described in Illumina DNA Prep
Reference Guide that involves the workflow steps: tag-
ment genomic DNA, post tagmentation cleanup,
amplify tagmented DNA, clean up libraries and pool
libraries (Illumina, 2020). The kits used for DNA
library prep were IDT® for Illumina DNA/RNA UD
Indexes Set A and Miniseq High Output Reagent Car-
tridge (300 cycles) with FC-420-1003. Final denatur-
ation and dilution of pool libraries and PhiX (PhiX
control v3®) to loading concentration were performed
based on Denature and Dilute Libraries Guide Proto-
col A: Standard Normalization Method and Denature
and Dilute PhiX Control protocol respectively (Tllu-
mina, 2019). Finally, paired end fastq files were
obtained following demultiplexing.

Bioinformatics Analyses

Quality check of raw reads was performed using
FastQC (Andrews, 2010). All raw reads with median
quality score above 34 were then subjected for adapter
trimming and quality trimming with BBDuk tools
(Bushnell, 2014). The de novo assembly was performed
using SPADESs (Prjibelski et al., 2020) with a custom k-
mer values of 25, 33, 55, 77, 95 and 127 kmer lengths.
The genome assembly statistics of each genome were
obtained using Quast (Quast et al., 2012). The Salmo-
nella serovars were identified using both SeqSero 1.2 ser-
vice of CGE and classical serotyping using polyvalent
and single factor antisera to determine the O and H
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antigens (National Veterinary Services Laboratories,
USDA, Ames, TA). For the identification of Campylo-
bacter spp., KmerFinder 3.2 (Hasman et al., 2014;
Larsen et al., 2014; Clausen et al., 2018) and Species-
Finder 2.0 (Camacho et al., 2009; Quast et al., 2012;
Clausen et al., 2018) of Center for Genomic Epidemiol-
ogy (CGE) were used.

Genomic Analyses

In addition to 16 Salmonella genomes from this study,
316 assembled genomes of Salmonella enterica from NCBI
were also considered to build a phylogenetic tree. For sero-
vars: Liverpool, Barranquilla, and Luciana, all the avail-
able assembled genomes were downloaded from NCBI.
However, for serovars: Kentucky, Typhimurium, Enteriti-
dis and Rough O: r:1,5, KmerFinder 3.2 service was used
to find the closely related strain of specific serovar, and
SNP clusters were identified via SNP Tree Viewer.
The SNP clusters considered for serovars: Kentucky,
Typhimurium,  Enteritidis and  Infantis  were
PDG000000002.2908 /PDS000032535.11, PDG00000000
2.2908/PDS000100251.130, PDG000000002.2908 /
PDS000083226.595 and PDG000000002.2908 /
PDS000171305.18 respectively. Based on specific node in
SNP tree, only 195 Liverpool, 67 Barranquilla, 12 Luci-
ana, 20 Kentucky, 16 Typhimurium, 2 Enteritidis and 5
Infantis genomes were downloaded from NCBI for further
phylogenetic analyses. Similarly, in addition to 18 Cam-
pylobacter genomes from this study, 7 assembled genomes
of C. jejuni and 8 genomes of C. coli were downloaded
from NCBI. KmerFinder 3.2 service of CGE was used to
find the closely related strain of species and SNP clusters
were identified via SNP Tree Viewer in NCBI. The SNP
clusters considered for C. jejuni were
PDG000000003.2136/PDS000022040.148, and for C. coli
were PDG000000003.2136/PDS000043406.2 and
PDG000000003.2136/ PDS000010524 4.

The assembled genomes were subjected to SNP-based
core genome phylogeny using ParSNP (Treangen et al.,
2014) and the phylogenetic trees were obtained using
iTOL (Letunic and Bork, 2019). Furthermore, CSI Phy-
logeny 1.4 service of CGE (Kaas et al., 2014) was used
to determine the SNP distance matrices among strains
within the Salmonella serovars or Campylobacter spe-
cies. The genetic relatedness among the Salmonella iso-
lates were analyzed as mentioned in Octavia et al.
(2015) which used the cutoff mutation of 4 SNPs within

30 d and 9 SNPs for 120 d time intervals for possibility
to consider as same strains.

Statistical Analyses

Data were analyzed with R version 4.3.1 (Team, 2015)
using Generalized Linear Modeling for binomial distri-
bution. The odds ratio and 95% confidence limits were
calculated for stages of productions and different sample
types using multivariable model. Statistical significance
was set to P -values < 0.05. The model assessed the
effects of stages and sample types on the presence/
absence of Salmonella. The pairwise comparison of vari-
ables within a group were estimated by Tukey method
to separate means among different variables using
“emmeans” package. The statistical analyses and inter-
pretations are based on MDS results since it provides
more reliable information about the presence/absence of
pathogens’ DNA even if the pathogen is not culturable.

RESULTS

Based on MDS results, 4% (38/856) of samples were
positive for Salmonella while 18% (97/531) of samples
were positive for Campylobacter. Out of 15 different
farms, 6 farms (40%) were found to be contaminated
with Salmonella and 12 farms (80%) were found to be
contaminated with Campylobacter. However, based on
culture results, 2% (16,/856) of samples were positive for
Salmonella while 3% (18/531) of samples were positive
for Campylobacter. Detailed information about MDS
and culture results among various stages for Salmonella
spp. and Campylobacter spp. are presented in Tables 2A
and 2B respectively.

Salmonella Prevalence Among Different
Stages and Sample types

For Salmonella spp., none of the samples from breeder
farms (0/203) were MDS positive. However, the patho-
gen tested positive for MDS in the other stages and 7 dif-
ferent sample types. The prevalence percentages in
production farms, hatchery, transport, and processing
plant were 3.14% (18/573), 7.34% (17/231), 8.33% (1/
12), and 5% (2/40) respectively. The prevalence percen-
tages in boot swabs, sponge-stick swabs, fly papers, mis-
cellaneous samples, soil, water, and beetle traps were
9.59% (7/73), 6.55% (11/168), 6.08% (9/148), 3.05%

Table 2A. Prevalence of Salmonella based on MDS and culture results.

Stages MDS positive Culture positive Serovars

Pullet 5/107 (Boot swab, soil, and beetle trap) 1/107 (Boot swab) Rough_O:1:1,5

Breeder 0/203 0/203 -

Hatchery 17/231 (water sample, sponge-stick 5/231 (water sample, Swab from incuba- Enteritidis (1) and Typhimurium (4)
swabs, boot swabs, miscellaneous) tor, hatcher, chick box, and egg buggy)

Broiler 13/263 (water sample, fly papers, miscel- 7/247 (Water near doors- 2, Unknown Liverpool (1), Kentucky (1), Luciana (1)
laneous, beetle trap) feces, Fly papers inside/outside-4) and Barranquilla (4)

Transport 1/12 (swabs) 1/12 (swabs) Kentucky (1)

Processing 2/40 (fly papers) 2/40 (fly paper outside-2) Liverpool (2)

Total 38/856 16/856
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Table 2B. Prevalence of Campylobacter based on MDS and culture results.

Stages MDS positive Culture positive Species
Pullet farms ~ 12/69 (boot swabs, soil samples, miscellaneous) 1/69 (Mouse intestine) C. jejuni
Breeder farm  58/169 (boot swabs, soil samples, fly papers, water sam-  5/169 (Mouse intestine, cow feces-3 and fly paper inside)  C. coli

ples, miscellaneous)

Hatchery 2/152 (fly paper, sponge-stick swab)

Broiler farms  15/119 (water sample, soil sample, boot swabs, miscella-
neous)

Transport 0/2

Processing 10/20 (rinses)

Total 97/531

0/152
3/119 (Cow feces and boot swabs)

9/20 (rinses)
18/531

C. coliand C. jejuni

C. coli

Table 3. Generalized linear modeling for MDS positive Salmonella spp. results with multivariable analysis.

STAGES Positive/Total Odds ratio Lower CL Upper CL Pvalue (Tukey)
Production farms 18/500 Reference group

Hatchery 17/219 2.582 1.03 6.11 0.151
Transport 1/11 3.967 0.53 17.64 0.651
Processing plant 2/20 3.844 0.19 30 0.397
SAMPLE TYPES

Beetle trap 2/99 Reference group

Boot swab 7/73 4.00 0.90 27.93 0.637
Fly paper 9/148 2.81 0.69 18.83 0.853
Miscellaneous 4/131 1.46 0.28 10.73 0.999
Soil sample 1/39 1.46 0.06 15.74 0.999
Water sample 4/92 2.16 0.41 15.90 0.976
Sponge-stick swab 11/168 1.39 0.29 10.31 0.999

(The table displays the odds ratio results for both stages and sample types. We observed that the odds of Salmonella spp. detection in hatchery samples
were 2.582 times (1.03—6.11; 95% CLs) as likely as its detection in production farms’ samples (P = 0.151). Similarly, the odds of Salmonella spp. detection
in boot swabs samples were 4 times (0.9—27.93; 95% CLs) as likely as its detection in beetle trap samples (P =0.637). However, none of the stages and sam-
ple types were statistically significant for likelihood of occurrence of Salmonella spp.)

(4/131), 2.56% (1/39), 4.35% (4/92), and 2.02% (2/99)
respectively. The odds of Salmonella spp. detection in
hatchery samples were 2.58 times (1.03—6.11; 95% CLs)
as likely as its detection in production farms’ samples
(P = 0.151). Similarly, the odds of Salmonella detection
in boot swabs samples were 4 times (0.9—27.93; 95%
CLs) as likely as its detection in beetle traps samples
(P = 0.637). However, it was not statistically significant
(Table 3). Of 38 positive samples after screening with
MDS, only 16 pure isolates were recovered in culture.

Campylobacter Prevalence Among Different
Stages and Sample types

For Campylobacter spp., samples from all the stages
were positive with MDS. The prevalence percentages in
production farms, hatchery, and processing plant were
23.81% (85/357), 1.32% (2/152), and 45.45% (10/22)
respectively. The prevalence percentages in soil, boot
swabs, water, miscellaneous samples, fly papers, sponge-
stick swabs and carcass rinses were 43.24% (16/37),
42.19% (27/64), 22.16% (23/104), 18.39% (16/87),
7.27% (4/55), 1.10% (1/91) and 50% (10/20) respec-
tively. The odds of Campylobacter spp. detection in pro-
duction farms’ samples were 32.19 times (6.57—583.62;
95% CLs) as likely as its detection in hatchery samples
(P = 0.0008). Among the production farms, the odds of
Campylobacter spp. detection in breeder farms’ samples
were 7.724 times (3.67—17.65; 95% CLs) as likely as its
detection in broiler farms’ samples (P < 0.001).

Similarly, the odds of Campylobacter spp. detection in
boot swabs were 48.85 times (13.52 — 241.41; 95% CLs)
as likely as its detection in fly paper samples (P <
0.0001) (Table 4). Of 97 positive samples after screening
with MDS, only 18 pure isolates were recovered in cul-
ture.

Salmonella Serovars and Campylobacter
Species

The Salmonella serovars identified in this study were
Typhimurium (25%), Barranquilla (25%), Liverpool
(18.75%), Kentucky (12.5%), Enteritidis (6.25%), Luci-
ana (6.25%), and Rough O: r:1,5 (6.25%) as presented in
Table 2A. Interestingly, the serovars of foodborne
importance: S. Enteritidis and S. Typhimurium were
isolated from various locations inside and outside the
hatchery. Similarly, the Campylobacter species identi-
fied were C. jejuni (11.11%) and C. coli (88.89%) as pre-
sented in Table 2B.

Phylogeny Results

From core genome-based phylogeny of Salmonella
spp. (Figure 2), we observed the clusters of S. Typhimu-
rium, S. Barranquilla, S. Liverpool, and S. Kentucky
strains isolated from this study. Furthermore, the CSI
phylogeny showed S. Typhimurium strains (SalAL?7,
SalALS8, SalAL9 and SalAL10) recovered from hatchery
surroundings with SNPs< 2 which suggests the
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Table 4. Generalized linear modeling for MDS positive Campylobacter spp. results with multivariable analysis.

STAGES Positive/Total Odds ratio Lower CL Upper CL Pvalue (Tukey)
Hatchery 2/145" Reference group

Production farms 85/2924 32.19 6.57 583.62 0.0008
Broiler 15/92B Reference group

Pullet 12/57B 1.815 0.699 4.675 0.4302
Breeder 58/143A 7.724 3.666 17.647 <0.0001
SAMPLE TYPES

Fly paper 3/47° Reference group

Boot swab 27 /474 48.85 13.52 241.41 <0.0001
Soil sample 16/37AB 20.75 5.65 102.46 0.0002
Water sample 23/81BC 6.57 2.04 29.48 0.0348
Miscellaneous 16/80°P 5.08 1.52 23.29 0.1135

(The table displays the odds ratio results for both stages and sample types. We observed that the odds of Campylobacter spp. detection in production
farms samples were 32.19 times (6.57—583.62; 95% CLs) as likely as its detection in hatchery samples (P = 0.0008). Among the production farms, the
odds of Campylobacter spp. detection in breeder farms samples were 7.724 times (3.67—17.65; 95% CLs) as likely as its detection in broiler farms samples
(P < 0.0001). Similarly, the odds of Campylobacter spp. detection in boot swabs were 48.85 times (13.52—241.41; 95% CLs) as likely as its detection in fly
papers (P < 0.0001). The alphabets A, B, C, and D in superscript represent statistically different groups when level of significance was set to 0.05.)

SalAL11 fasta

—|: SalAL5. fasta
SalAL3 fasta Baranquilla
—: SalAL13.fasta SNPs<3
SalAL12 fasta

———SalAlL2.fasta  Kentucky

L salAL16.fasta SNPs=3l
SalAL1 .fasta .
Liverpool

{ SalAL14 fasta SNPs < 14
SalAL15.fasta

SalAL19.fasta

SalAL6.fasta

LT2.fna.ref

SalAL7 fasta

SalAL8 fasta Typhimurium
SNPs <2

—: SalAL9 fasta
SalAL10.fasta

Figure 2. Core genome-based phylogeny of 16 Salmonella strains isolated from this study with reference S. enterica strain LT2. (The figure dis-
plays the different serovars’ clusters represented by different colors: Baranquilla (red), Kentucky (brown), Liverpool (green) and Typhimurium
(blue). Based on Octavia et al. (2015), SNPs < 9 were considered as cutoff reference to be same Salmonella strains. The strains of serovars: Barran-
quilla and Typhimurium had SNPs (< 3) which suggests the possibility of same strain transmitting along different locations within the hatchery and
broiler farms. In the case of serovar Liverpool, the SNPs (<14) suggest the possibility of same strains or closely related strains transmitted from
broiler houses to processing plant while for serovar Kentucky, the SNPs (= 31) and time interval of sample collection was 4 months which suggests
the possibility of transmission of strains with common origin and may had some mutations over time.)

possibility of transmission of same Typhimurium strain
along these locations. Similarly, the S. Barranquilla
strains (SalAL3, SalAL5 and (SalAL12 and SalAL13)
recovered from fly papers placed outside and inside the
broiler houses had SNPs< 3 which also suggests the pos-
sibility of transmission of same Barranquilla strain
across outside and inside house environment via insects,
flies, dust particles or any other mechanical vectors.
Interestingly, the S. Liverpool strain (SalAL1) isolated
from a water sample near the entry door of a broiler
house and from fly papers outside the processing plant
near unloading dock area (SalAL14 and SalAL15) had
SNPs<14 which suggest the possibility of transmission
of same Liverpool strain or different strains but closely
genetically related strains. Similarly, the SNPs between
S. Kentucky strains (SalAL2 and SalAL16) recovered
from a water sample near the entry door of a broiler
house and from swabs of transport truck and cages’ floor

was 31 which suggests possibility of close genetic rela-
tions between isolates, but not necessarily the same
strains. Similarly, from the core genome-based phylog-
eny of Campylobacter spp. (Figure 3), we observed the
clusters of C. jejuniand C. coli strains from this study in
the phylogenetic tree. Moreover, the CSI phylogeny
results showed that C. coli strains from boot swab in
broiler farms (CamAL10) and carcass rinses from proc-
essing plant (CamAL1l to CamAL19) had SNPs<2
which suggests the possibility of same C. coli strain
being transmitted from broiler farms to carcass rinses in
the processing plant.

In case of Salmonella, the phylogenetic trees of each
serovars were constructed with strains from this study
and closely related NCBI strains present in specific
nodes of SNP tree viewer (Supplementary Figure 1: A to
G). However, based on CSI phylogeny results, almost all
strains from this study had distant genetic relationships
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L —— CamALG6 fasta
CamAL8.fna

CamALS fasta
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CamAL14 fasta
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Figure 3. Core genome-based phylogeny of 18 Campylobacter spp. isolated from this study, and 8 C. jejuni and 9 C. coli strains downloaded
from NCBI. (The figure displays single cluster with SNPs (< 2) highlighted with blue color which consists of C. coli strains (CamAL11 to CamAL19)
recovered from carcass rinses in processing plant and strain isolated from boot swab in the broiler house (CamAL10) which suggest the possibility of
transmission of same Campylobacter strain from broiler house to the processing plant.)

(SNPs>30) with NCBI strains except 2 S. Typhimurium
strains isolated from broiler environment and stool clini-
cal sources in Canada had SNPs< 19 and 2 §. Liverpool
strains isolated from comminuted turkey and cattle feces
in USA had SNPs< 25. However, none of the Campylo-
bacter strains from this study were found to be geneti-
cally related with NCBI strains since SNPs> 500
between bacterial strains.

Multiple Entry Points and Transmission
Pattern

In this study, both bacteria were recovered from mul-
tiple environmental samples and different stages of poul-
try food chain. It suggests multiple entry points of such
bacteria along the chain. In addition, all Salmonella
serovars and/ or strains that were present in the former
stages were not present in the latter stages of broiler pro-
duction chain and vice-versa. Similarly, all Campylobac-
ter strains that were recovered from surroundings of
pullet and breeder farms did not make up to transport
and processing plant. Alternatively, the phylogeny
results show distantly related C. coli strains in the sur-
rounding of broiler farms as compared to strains from
breeder farms.

DISCUSSION

The MDS as well as the culture results showed that
both pathogens were present on most of the sectors of an
integrated NAE broiler complex. Based on MDS results,
about 40 and 80% of production farms such as pullet,
breeder, and broiler farms were positive for Salmonella
spp. and Campylobacter spp. respectively. In addition,
both pathogens were present in hatchery, transport
truck/cages and processing plant. Similar to the findings
of our study, previous studies (Jones et al., 1991; Bailey
et al., 2001, 2002; Heyndrickx et al., 2002; Liljebjelke et
al., 2005; Volkova et al., 2010; Thakur et al., 2013; Ber-
ghaus et al., 2013; Trimble et al., 2013; Velasquez et al.,
2018; Crabb et al., 2018; Cargnel et al., 2023) reported
the prevalence of Salmonella spp. in production farms,
hatcheries, transport and processing plant. Similarly,
other studies (Thakur et al., 2013; Trimble et al., 2013;
Schroeder et al., 2014; Schets et al., 2017; Sahin et al.,
2024) reported the prevalence of Campylobacter spp. in
production farms, and other facilities. However, the
prevalence rates were reported comparatively higher
than the results of this study. The reason may be
because the previous studies either considered cross-sec-
tional study design or were considered direct sampling
from birds in addition to other environmental samples.
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However, only non-invasive environmental sampling
was considered in this study. Other factors might be sea-
sonal variation, differences in locations, biosecurity
measures and farm managemental practices across the
farms and farm types. Moreover, the NAE broiler com-
plex we sampled was proactive for controlling Salmo-
nella spp. via vaccination and approved biosecurity
measures.

This study showed that the odds of Salmonella spp.
detection were most likely in hatchery samples as com-
pared to its detection in production farms which sug-
gests significant deficiencies in standard hygiene
practices and biosecurity measures in the surroundings
of hatchery. In addition, Salmonella spp. can survive
desiccation and can persist in dry environments and
foods for several years (Estrada et al., 2023). As
expected, the odds of Campylobacter spp. detection in
production farms’ samples were significantly higher
compared to its detection in hatchery samples. It is
because the broiler birds generally become infected with
bacteria with high cecal colonization level at 2 to 3 wk of
age. Though only environmental samples were collected
rather than samples from live birds in this study, most
of the sample type that were positive for Campylobacter
were boot swabs samples. In addition, the organism is
thermotolerant and microaerophilic which cannot sur-
vive or persist for long periods under environmental con-
ditions; however, birds’ ceca provide a suitable
condition for this organism to multiply (Corry and Ata-
bay, 2001). Similarly, the odds of Campylobacter spp.
detection in breeder farms’ surroundings were signifi-
cantly higher as compared to broiler farms’ surrounding
in this study. However, similar prevalence of Campylo-
bacter spp. was reported in both breeder and broiler
flocks by Cox et al. (2002). The difference in results
might be because of differences in sample types and
management practices in the farms considered during
the study.

In this study, Salmonella spp. was isolated from 6 fly
papers, 2 water samples and each of boot swab,
unknown feces, swab from transport trailer/cages’ floor,
incubators, hatchers, chick trays and egg buggies. Simi-
lar to the findings of this study, higher recovery of Sal-
monella spp. was reported from fly papers, boot swabs
and outside dirt near the entry doors by Bailey et al.
(2001) during a multistate epidemiological investigation
with an integrated poultry operations while Trimble et
al. (2013) reported Salmonella spp. contamination in
soil, compost, and wastewater from a small-scale pas-
ture-raised broiler farms. Aerosolized Salmonella spp.
can be present in the dust particles (Liljebjelke et al.,
2005; Marin et al., 2011; Pal et al., 2021) and the swab-
bing of dust particles from poultry houses and facilities
may also have a high chance of detecting pathogens. Fly
paper sampling is an economical and simple method to
screen houses and facilities for contamination with
pathogens. Also, it suggests that the flies or dust
attached to the papers might be mechanical vectors or
fomites for the transmission of pathogen. Similarly, the
recovery of pathogen from water puddles near entrances

suggests the need of efficient foot baths at the entrance
of houses to avoid the cross-contamination of pathogen
during the movement of personnel among farmhouses.
The recovery of pathogens in unknown feces suggests
that the wild animals and birds outside the houses can
also be potential sources for pathogen spread. Rodents,
wild birds, insects, and snakes are also considered to
play an important role in the transmission of Salmonella
among birds and farms (Heyndrickx et al., 2002; Wales
et al., 2007; Marin et al., 2011). The Salmonella spp.
recovered from the transport truck and cages suggests
that bird transport is another potential source for fur-
ther pathogen spread (Heyndrickx et al., 2002).
Similarly, boot swabs, soil, water drainage, miscella-
neous samples and carcass rinses were found to be useful
for Campylobacter detection. In consistent to the find-
ings of this study, previous studies (Ross and Donnison,
2003; Leatherbarrow et al., 2004; Trimble et al., 2013;
Mughini-Gras et al., 2021) also reported the prevalence
of C. jejuni and C. coli from cattle feces, water drainage
and soil samples. Boot swabs were reported to be an
effective tool for sampling most of the enteric bacteria or
pathogens inside the poultry houses (McCrea et al.,
2008; Marin et al., 2011; Berghaus et al., 2013). Schets
et al. (2017) reported the detection of Campylobacter
spp. in environmental samples like soil and surface
water, not in dust or flies. The higher number of C. coli
was usually recovered from carcass rinses followed by
cow feces collected outside the houses. Cattle farms were
found close to some of the production houses which sug-
gests that cattle or other ruminants could be potential
reservoirs for Campylobacter spp. contamination in the
birds. Previous studies (Grau, 1988; Moller Nielsen et
al., 1997; Stanley and Jones, 2003; Mughini-Gras et al.,
2021) reported livestock such as cattle, pigs, and sheep
as a reservoir for the Campylobacter spp. In contrast to
the findings of most previous studies, higher percentage
of C. coli was identified in this study as compared to C.
jejuni. The reason might be because of high prevalence
of C. coliin the broiler flock which was followed to trans-
port and then to the processing plant. In addition, the
percentage is high because almost all post pick whole
carcass rinses (9/10) were positive for C. coliin the proc-
essing plant. A high prevalence of C. coli has also been
reported by other researchers (Schets et al., 2017; Kemp
et al., 2005). Similarly, only 4% C. coliand 10% C. jejuni
were detected from 1,973 samples in Poland from chil-
dren, domestic animals, poultry meat and surface water
(Szczepanska et al., 2017). However, C. jejuni infection
is more common in poultry and can cause foodborne ill-
ness in humans via consumption of uncooked contami-
nated chicken meat and meat products. Another
important thing to consider in this study was that most
of Campylobacter MDS positive samples were not recov-
ered in culture. The reason for this may be because of
the presence of viable but not culturable (VBNC) form,
typically observed with Campylobacter (Moore, 2001;
Pokhrel et al., 2022). Another possibility is the isolation
procedure adopted in this study was based on USDA-
FSIS MLG41.05 and utilized the MDS. These
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methodologies were validated for poultry rinses, sponges
and raw poultry samples and not for some of the samples
collected. This could be the limitation for lower recovery
rate of bacteria. These results support the need to
develop novel protocols or an accepted standard method
for the isolation and identification of Campylobacter,
particularly from environmental samples.

The phylogeny results in this study show strong
genetic relatedness among bacterial strains isolated from
same stages or among different stages. The very closely
related or same strains of S. Typhimurium isolated from
various locations of hatchery suggest hatchery’ environ-
ment as reservoir for the pathogen and can be easily
transmitted from one place to another via cross-contam-
ination (Bailey et al. 2002). However, Liljebjelke et al.
(2005) reported breeders to have significant role in
transmission and persistence of Salmonella spp. within
an integrated broiler production system. The CSI phy-
logeny results of S. Barranquilla, S. Kentucky and S.
Liverpool strains and the degree of their genetic related-
ness within each serovar suggest strong possibility of
transmission of same Salmonella strain between outdoor
and indoor farm environments as well as between the
surroundings of broiler farms, transport and processing
plant. Similarly, the phylogeny results of Campylobacter
spp. suggest possibility of transmission of same C. coli
strain from broiler farm to carcass rinses in the process-
ing plant (SNPs < 2). Cox et al. (2002) reported that
the broiler breeder flocks may serve as the source for
Campylobacter contamination in the respective broiler
flocks. However, the results reported here are similar to
the finding of Prachantasena et al. (2016), in which
Campylobacter strains isolated from breeder farms were
not genetically related to strains recovered from broiler
flocks and carcass rinses. In addition, Francesca Menna
et al. (2005) reported the contamination of breeder
flocks with C. jejuni and C. coli and suggested poultry
breeder farms as a reservoir of Campylobacter. However,
the vertical transmission of Campylobacter from parent
flocks to their progenies is debatable since no strong evi-
dence was reported to support its vertical transmission
(Zhang and Sahin, 2020).

Furthermore, this study suggests multiple entry points
and complex diversity of such bacteria along the different
stages of broiler production chain. From the results, it
was observed that all Salmonella or Campylobacter
strains were not necessarily transmitted from former to
latter stages along the chain. Alternatively, those strains
present in the latter stages were not present in the
upstream stages. Similar pattern of occurrence of Salmo-
nella serovars were reported by Cason et al. (2024) in tur-
key flocks in the United States. It is important to consider
that the current study might have some limitations since
it was conducted in a single broiler complex. The results
that was observed in this study may vary if high number
of farms and facilities within a broiler complex or multiple
complexes were included in the study. However, more
than 10% of total production farms and facilities were
included in this study to represent the single broiler com-
plex. Another limitation can be the analysis of a single

colony instead of multiple colonies isolated from the same
sample during bacterial isolation procedure as mentioned
in Siceloff et al. (2022). Moreover, multiple follow-up vis-
its from broiler farms to processing plants could help to
further validate the results of this study.

CONCLUSIONS

From this study, we can conclude that Salmonella
spp. and Campylobacter spp. were present along various
stages of an integrated NAE broiler complex which pos-
sess potential food safety risks. The odd of detecting Sal-
monella is more likely in the hatchery as compared to
production farms suggest significant deficiencies in bio-
security measures in the hatchery. Similarly, the odds of
Campylobacter detection is more likely on production
farms as compared to hatchery since the organism is fas-
tidious, microaerophilic, and thermotolerant in nature,
that can better survive in the intestinal tracts, particu-
larly in the ceca of birds. The Campylobacter spp. isola-
tion method used in this study that was validated for
samples from processing plants, was also able to detect
bacteria in environmental samples. However, the effi-
ciency of such protocol is unknown. Despite these facts,
boot swabs, soil, water and miscellaneous samples could
be considered as useful sample types for the detection of
Campylobacter spp. during environmental sampling
from farmhouses and facilities’ surroundings. The recov-
ery of bacteria from different stages and sample types
shows multiple entry points of introducing such bacteria
into the complex. It suggests the need for a comprehen-
sive control strategy that involves well-established biose-
curity measures, best management practices and health
programs as basic procedures in all stages of vertically
integrated broiler complex. In addition, competitive
exclusion with use of pre/ probiotics, acidified water,
and vaccination of breeder hens could aid to minimize or
eliminate these pathogens from the poultry food chain.
The phylogeny results show close genetic relatedness
among bacterial strains isolated from this study which
suggest the possibility of transmission of same bacterial
strain along different locations within the same stage
and between different stages of same broiler chain.
Moreover, the contaminated chicken meat and meat
products with Salmonella spp., Campylobacter spp. and
other zoonotic pathogens can potentially cause exposure
to consumers and cause foodborne illness.
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