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ABSTRACT

ARTICLE HISTORY

1. The aim of the present study was to determine if the 9R-strain of the Salmonella Gallinarum live
vaccine was responsible for having fowl typhoid outbreaks in chicken flocks from both chicken and
turkey breeders as well as to verify the antimicrobial resistance of the isolates from the outbreaks.
2. The triplex polymerase chain reaction, standard antimicrobial test, beta-lactamase genes identi-
fication and lon Torrent PMG whole-genome sequence were used in the field isolates and in the
vaccine strain of S. Gallinarum.

3. The 60 tested isolates were not from vaccine origin and manifested high resistance to drugs
from macrolide and quinolone groups. Whole-genome sequencing (WGS) and single nucleotide
polymorphism analysis on selected isolates for core genes from Salmonella enterica confirmed the
wild origin of these isolates and showed two possible sources of S. Gallinarum in the studied
outbreaks.

4. S. Gallinarum isolated from fowl typhoid outbreaks in the studied period were not caused by the

Received 23 January 2017
Accepted 9 October 2017

KEYWORDS
Antimicrobial resistance;
fowl typhoid; poultry;
epidemiology; whole-
genome sequence

use of the SGIR live vaccine. The source of strains sequenced was diverse.

Introduction

Salmonella enterica subsp. enterica from the serotype
Gallinarum biovar causes fowl typhoid in chickens, turkeys
and several other avian species (Shivaprasad 2000). Fowl
typhoid is an acute or chronic septicaemia disease that
usually affects adults, all ages being susceptible. The disease
can be transmitted in several ways, but infected birds are the
most important means of perpetuation and spread of the
bacteria. Birds may infect not only their own generation by
horizontal transmission but also succeeding ones through
egg transmission (Beach and Davis 1927; Nobrega and
Bueno 1942; Hall et al. 1949; Kwon et al. 2010). Although
official data concerning fowl typhoid in many European
countries, USA, Australia and Japan indicate that they are
disease free in commercial flocks, the occurrence may be
underestimated because cases are more likely to occur in
backyard flocks (Barrow and Freitas Neto 2011). Fowl
typhoid is still of considerable economic importance to the
poultry industry in many countries from Africa, Asia,
Central and South America (Jones et al. 2001).

The S. Gallinarum live vaccine strain (SG9R) has been
used to control fowl typhoid in many regions where the
disease is endemic. In Brazil, this vaccine has been used to
control fowl typhoid in laying hens (Feberwee et al. 2001;
Lee et al. 2005). Vaccine use is not allowed in chicken and
turkey breeders and broiler flocks. The mutation of LPS
biosynthesis genes and the molecular basis of SG9R attenua-
tion (including virulence gene expression) are not under-
stood. It has been suggested that either SG9R or SG9R
variants might be the cause of some outbreaks of disease
in poultry. This hypothesis is supported by the isolation of

SGIR-like rough strains from cases of fowl typhoid in
SGI9R-vaccinated chickens in Korea. Results of pulsed-field
gel electrophoresis (PFGE) and multiple-locus variable
number tandem repeat analysis on isolates from an out-
break of fowl typhoid in Belgium indicated that these were
almost identical to the strain used in the vaccine (Kwon and
Cho 2011; Immerseel et al. 2013).

Brazil makes an important contribution to international
poultry meat production and the majority of its production
is concentrated in the southern states (UBABEF (Unido
Brasileira de Proteina Animal) 2015). Despite advances of
poultry rearing in Brazil, outbreaks of fowl typhoid still
occur sporadically and may cause more than 50% mortality.
Establishing whether outbreaks are related to the earlier use
of SGIR or cross-contamination is problematic.

In the present study, multiplex polymerase chain reac-
tion (PCR) and bacterial whole genome sequencing (WGS)
were used as epidemiological tools to determine if SG9R
was the source of the outbreaks. WGS has proved to be a
powerful tool for the investigation of outbreaks caused by S.
enterica, demonstrating epidemiological agreement and
higher resolution than PFGE, the traditional method for
Salmonella strain subtyping (Deng et al. 2015; Scaltriti
et al. 2015; Taylor et al. 2015). In addition, an important
antimicrobial resistance profile for the characterisation of
isolates was established.

The aim of this study was to differentiate isolates from
chicken and turkey outbreaks in breeders and broiler flocks
from SGIR vaccine strains, to determine the antimicrobial
resistance of the isolates, and to use WGS and single nucleo-
tide polymorphism (SNP) analysis on core genes to identify
the origin of selected isolates.
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Material and methods

Sixty S. Gallinarum field isolates from outbreaks of fowl
typhoid in southern Brazil between 2011 and 2014, two vac-
cine strains and S. Gallinarum NCTC10532 were tested. These
outbreaks isolates were selected due to the high number of
laying hen farms in this region of Brazil. Field isolates were
cultured from turkey breeders (1), chicken breeders (22),
broilers (2) and turkey finisher flocks (35). Vaccine strains
were isolated from two different brands: SG9R, Nobilis®SGIR
(MSD Animal Health, Boxmeer, Holland) and Cevac® S.
Gallinarum (Ceva Santé Animale, Libourne, France).

S. Gallinarum identification was based on the lack of moti-
lity, carbohydrate fermentation, amino acid decarboxylation
and agglutination tests using Salmonella antisera (Biorad
Laboratories Inc., Marnes-La-Coquette, France) as described
by Ewing (1986) and Grimont and Weill (2007). The S.
Gallinarum was confirmed with a commercial low-density
DNA  microarray  (Check-Points, ~Wageningen, The
Netherlands) following the manufacturer’s instructions. Single
colonies were stored in cryotubes with 50% glycerol at —20°C.

The disc-diffusion method was used to test antibiotic
susceptibility according to the criteria established by the
Clinical and Laboratory Standards Institute (Clinical and
Laboratory Standards Institute (CLSI) 2012). The antimi-
crobials tests (Oxo0id®) are listed as follows, disc content
indicated in parentheses: gentamicin (10 pg), enrofloxa-
cin (5 pg), trimethoprim-sulfamethoxazole (1.25/
23.7 pg), ceftiofur (30 pg), erythromycin (15 pg), tetra-
cycline (30 pg), norfloxacin (10 pg), amoxicillin (10 pg),
florfenicol (30 pg), oxitretacycline (30 pg), lincomycin—
spectinomycin (109 pg), streptomycin (300 pg), colistin
(10 pg), spyramycin (100 pg), apramycin (15 pg), neo-
mycin (200 pg), and fosfomicyn (200 pg). Antimicrobial
agents were selected based on their use in poultry pro-
duction for other diseases such as colibacillosis, currently
or in the past. Isolates were classified as multi-drug
resistant when they showed resistance to greater than
or equal to three classes of antimicrobial agents (Cohen
et al. 2008).

A DNA microarray for identification of extended spec-
trum P-lactamases (ESBL) and plasmid-mediated cephalos-
porinase (AmpC) genes was used. All isolates from fowl
typhoid outbreaks were tested with Check-MDR CTy,
(Check-Points, Wageningen, The Netherlands) for the pre-
sence of CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9,CTX-
M-25, TEM and SHV, and CMY II, DHA, FOX, ACC,
ACT/MIR, CMY I/MOX. The DNA extraction was per-
formed according to the manufacturer’s instructions using
the mini-kit QIAamp DNA (Qiagen, Valencia, CA).

Gene detection was performed following the manufac-
turer’s instructions. Tubes were inserted in the single-chan-
nel ATRO3 array tube reader upon completion of the
detection reaction, and images acquired and interpreted
with the software supplied by the manufacturer (Check-
Points, Wageningen, The Netherlands) (Cuzon et al. 2012).

For genomic DNA isolation, 1 pl loops of bacterial cul-
ture grown on blood agar plates were collected and sus-
pended in 200 ul of PrepMan™Ultra (Applied Biosystems
Inc., Norwalk, CT). The suspension was vortexed for
10-30 s to dissolve the bacterial culture and heated at 100°
C for 10 min for lysis. Subsequently, samples were centri-
fuged at 16 000g for 3 min. The supernatant containing
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bacterial DNA was used immediately or transferred to a
new tube and stored in the freezer at —20°C until use.

Triplex PCR was used to differentiate the field and vac-
cine isolates. Salmonella isolates were analysed by triplex
PCR to different S. Gallinarum and SG9R strains used in
live vaccines. Kang et al. (2011, 2012) described the meth-
odology and primer set. Triplex PCR assays were performed
in a 25-pl reaction mixture composed of 1x reaction buffer,
1.5 mM MgCl,, 200 umol of each deoxynucleotide tripho-
sphate (ANTP), 400-1000 nmol of each primer and 1 unit of
Taq DNA polymerase, 100-bp DNA marker (Invitrogen,
Life Technologies Carlsbad, CA, USA). PCR conditions
were initial denaturation for 5 min at 94°C followed by 30
cycles of 30 s at 94°C, 30 s at 64°C, and 30 s at 72°C and
final extension step of 7 min at 72°C. PCR products were
analysed by electrophoresis on a 2% agarose gel (Invitrogen,
Carlsbad, CA, USA).

Selected isolates from chicken breeders from the state
of Rio Grande do Sul, vaccine strains and a control strain
SGNCTC10532 were sequenced by the Ion Torrent
Platform, 200-bp fragment library kit using one 314 chip
run per sample. Field isolates named SGO1, SG02 and
SGO03 (Property A Brazil-RS) were cultivated using liver
or spleen (Property A), SG04 Property B Brazil-RS from
liver (Farm B), SGO5 Property C Brazil-RS from spleen
(Farm C), SG06 and SGO7 Property D Brazil-RS from
liver and ovarian follicles (Farm D). Samples collected in
farm A were from two different outbreaks, SGO03
(Property A Brazil-RS) from the first outbreak and SGO1
and SGO02 from the second. Sequenced isolates from 5
outbreaks represented 4 different chicken breeder farms
(A, B, C and D) located in the same State, Rio Grande do
Sul, distinct cities and next to properties that used the live
vaccine SGIR in laying hens.

All samples were mapped against a reference genome from
strain 287/91 (NC_011274) using tmap 4.4, the Torrent
Variant Caller version 4.4 was used to find the single nucleo-
tide variants (SNV) between the samples and the reference
genome; for each sample, we generated one VCEF file. Both
pieces of software were part of the sequencer software suite.

Only highly confident SNV with quality score above 100
were selected. The GATK software was used to combine all the
filtered VCF into a single multi-sample VCF with 336 variants.
A custom script was used to convert the multi-sample VCF
into a matrix in phylogeny interference package (PHYLIP)
format (Felsenstein 1981). A phylogenetic analysis was per-
formed with DNAML from PHYLIP version 3.696 using the
matrix. The program MEGA 7 (Kumar et al. 2016) generated
the SNP tree. De novo assembly was performed using SPAdes
version 3. The contigs generated were aligned with the soft-
ware Mauve version 2.3.1 to generate the multi-alignment
graph. Prokka analysis was performed with software Prokka
version 1.12-beta. The graph was created using gnuplot.

Results

The primer sets in the triplex PCR assay produced two
amplicons of 174 and 252 bp specific to wild-type S.
Gallinarum for all isolates from outbreaks of fowl typhoid
and three amplicons of 119, 174 and 252 bp specific to
SGI9R from vaccines (Figure 1). These results indicated
that the field isolates from outbreaks of fowl typhoid were
not of vaccine origin.
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Figure 1. Triplex PCR for differentiation of field isolates Salmonella Gallinarum
and strain SGOR. Lane 1, 2, 3 and 5: S. Gallinarum from outbreaks; lane 4:
negative control: Escherichia coli ATCC 25922; lane 5: S. Gallinarum control
strain NCTC 10532; lane 6: S. Gallinarum vaccine strain Nobilis SG 9R; lane 7: S.
Gallinarum vaccine strain CEVAC®; lane 8: MIX, Master Mix Control; lane 9:
100-pb DNA marker (Invitrogen, Life Technologies Carlsbad, CA, USA).

WGS (Table 2) demonstrated that samples SG04 and
SGO5 had gene variants twice the size of the other samples.
The genome covered was 100% except for SG04 (Table 1).
The statistical and Prokka analysis of the isolates are shown
in Table 2. De novo analysis and alignment of the contigs
with the reference genome (NC_011274) showed that the
region between 400 kbp and 1.2 Mbp is structurally vari-
able. Larger variations in this region are observed in sam-
ples SGO1, SG02 and SGO03, SG04 and SGO5. Phylogenetic
analysis was performed based on SNP on core genes of S.
Gallinarum as proposed by Leekitcharoenphon et al. (2012).
Samples SG04 and SGO5 presented greater genome varia-
tion than other samples and the reference (Figure 2). The
vaccine CEVAC exhibited some DNA regions with possible

Table 1. Covered genome assembled using S. enterica serovar Gallinarum
strain 287/91 (NC_011274) as reference genome.

Missed Covered Mean
Sample bases reference (%)  coverage (%)
SG Nobilis®9R-MSD 46 100.00 33
SG Cevac®-CEVA 51 100.00 24
SGO1 Property A Brazil-RS 6744 100.00 64
SG NCTC10532 6644 100.00 58
SGO02 Property A Brazil-RS 6981 100.00 29
SGO3 Property A Brazil-RS 6677 100.00 62
SG04 Property B Brazil-RS 372 092 99.96 64
SGO5 Property C Brazil-RS 6749 100.00 69
SGO6 Property D Brazil-RS 6749 100.00 69
SGO7 Property D Brazil-RS 6652 100.00 30

Table 2. Summary statistics of draft genome sequence and Prokka analyses.

duplications. The core gene number and percentage for
each genome sequenced are in Table 3.

The analysis of the whole genome from samples com-
pared to the reference showed that sample SG01 had a large
inversion (>1.5 Mb) in its genome. The sample SG02, SG04,
SGO5 and the vaccine SG Cevac®-CEVA exhibited a small
inversion (<210 kb) in genome segments (Figure 2).

Variant analysis found 2379 SNPs in core genes. The
majority of SNPs were observed in samples SG04 and
SGO5; 2216 core genes showed SNPs only in samples SG04
and SGO5.

In the antimicrobial susceptibility test, the vaccine
strains were resistant to streptomycin, erythromycin and
spiramycin. All isolates were resistant to at least one anti-
microbial agent. Field isolates showed 33 resistance pat-
terns and from the 60 isolates tested, only 6 were not
classified as multi-drug resistant. Tested isolates showed
high resistance against macrolide and quinolone groups,
i.e. spiramycin (100%), erythromycin (96%), norfloxacin
(90%) and enrofloxacin (83%), intermediate or low rate of
resistance for streptomycin (62%), amoxicillin (35%), gen-
tamicin (45%), tetracycline (33%), oxytetracycline (30%),
neomycin (30%), colistin (27%), florfenicol (25%), apra-
mycin (23%), ceftiofur (8%), trimethoprim-sulfamethoxa-
zole (7%) and lincomycin-spectinomycin (1.6%). All
isolates were sensitive to fosfomycin. Considering the
sites of antibiotic action, 70% of the isolates were resistant
to at least one antimicrobial that acts on the cell wall
(ceftiofur, amoxicillin, fosfomycin and colistin) but the
percentage was 35% if amoxicillin was excluded; 90% of
the isolates were resistant to at least one of the antimicro-
bials that inhibit nucleic acid synthesis (enrofloxacin and
norfloxacin); all isolates were resistant to at least one anti-
microbial that blocks protein synthesis.

Discussion

According to Brazil’s National Plan of Poultry Health, the
use of live vaccines or antimicrobial therapy to control S.
Gallinarum and Salmonella Pullorum is forbidden in poul-
try breeder and meat flocks and all flocks testing positive
must be killed. However, vaccine strain SG9R is allowed and
used extensively in laying hens in southern Brazil. There is
evidence that fowl typhoid outbreaks can be caused by the
vaccine strain SG9R (Kwon and Cho 2011; Immerseel et al.
2013). Triplex PCR and WGS showed that the
S. Gallinarum isolates from fowl typhoid outbreaks studied
here were not caused by vaccine strains. Therefore, the
causes of these outbreaks need to be investigated, though
probably these result from the lack of biosecurity.

Isolates Contigs  Length (bp) C + G content (%) Nso SNP SNP core genes  Core genes CDS  tRNA  rRNA
SGO1 Property A 453 4991 390 52.66 280 501 292 159 2870 4970 67 8
SGO2 Property A 47 4693 797 52.16 195 541 268 146 2873 5113 65 9
SGO3 Property A 62 4697 270 5217 244 002 300 164 2869 4889 69 8
SG04 Property B 62 4594 785 52.17 170 830 43 521 27 717 2874 4564 83 10
SGO5 Property C 61 4589 223 52.21 170 942 39172 24 816 2877 4775 78 11
SG06 Property D 51 4701 129 52.17 224 458 299 161 2871 5095 71 9
SGO7 Property D 4 4695 181 5217 229 107 281 150 2872 5186 68 9
SG NCTC10532 53 4699 060 52.18 224 411 311 162 2870 4970 67 8
SG Nobilis®9R-MSD 45 4700 254 52.18 224 372 9 5 2869 5230 65 7
SG Cevac®-CEVA 92 4704 328 52.18 115 867 17 6 2869 5111 71 15
Reference 287/91 NC_011274 4658 679 52.18 2438 3970 75 22
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Figure 2. A whole-genome alignment of Salmonella Gallinarum strains from Brazilian Property and controls. Mauve algorithm was used for the alignment of 9
genomes. Regions with the same colour indicate high similarity and connect by the same colour bars. The genome was drawn to scale based on the reference S.
Gallinarum strain SGNCTC10532. Each sample was mapped against the reference NC_011274 using lon Torrent’s tmap. The graphic shows the result of bed

tool's genome Cov of each sample. The figure was created using gnuplot.

Table 3. Core gene number and percentage for each genome.

Sample Core genes %

core genes 2882 100.0
10C_vacina 2869 99.5
11C_vacina 2869 99.5
1A_liver 2870 99.6
1C_controle 2870 99.6
2A_spleen 2873 99.7
3A_liver 2869 99.5
4B_liver 2874 99.7
5C_spleen 2877 99.8
6C_deleted 2874 99.7
6D_liver 2871 99.6
7D_ovary 2872 99.7

The set of 2882-core gene cluster for S. enterica
(Leekitcharoenphon et al. 2012) in the reference genome
was used to compare the samples and obtain the SNP tree.
The SNP tree evaluation on core genes has proven to
provide a high-quality approach to epidemiologic studies
(Leekitcharoenphon et al. 2014).

Bacterial WGS was used in this study for epidemiological
investigation which has been shown to be a powerful tool

for investigating outbreaks caused by S. enterica, providing
great epidemiological concordance and higher resolution
than PFGE, the traditional method for Salmonella subtyping
(Deng et al. 2015; Scaltriti et al. 2015; Taylor et al. 2015).
WGS offers the ultimate sensitivity for strain typing and can
provide insight into phylogenetic relationships between
strains (Immerseel et al. 2013). The WGS and de novo
analysis showed that samples could be classified in three
main groups. One was formed by samples SG04 and SGO5,
the second by vaccine strains and the third by other field
isolates (Figure 3). Samples from property B Brazil-RS and
SGO5 (Property C Brazil-RS) are from different properties,
but located in the same region, and the outbreaks occurred
with 1 month of each other. Although we do not know the
origin of these salmonella isolates, it is possible to speculate
that it is due to the presence of free animal carriers that
transit between the two farms. Practitioners suspected that
Farm C was contaminated from Farm B by a truck of
feedstuff (data not shown). Outbreaks at Farms A and D
may be associated with the same origin as the isolates were
similar. However, there was no epidemiological relationship
between isolates from Farms A and D (data not shown). In

[ SGO5 Property C Brazi-RS

L 5G04 Property B Brazi-RS
SG02 Property A Brazil-RS

SGO7 Froperty D Brazil-RS
SGOL Froperty A Brazil-RS

—|: SGO3 Property A Brazil RS
SGO06 Property D Brazil-RS

NCTC
Mebills 56 SR-MSD
—

|

SG Cevac-CEVA

Reference

Figure 3. Phylogenetic analysis among samples selected isolates, vaccine strains (SG Nobilis 9R MSD and SG Cevac Ceva) and a control strain S. Gallinarum

NCTC10532 based on the SNP in the genome sequenced.
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Farm A, sample SGO3 (Property A Brazil-RS) came from an
outbreak that occurred 1 year before the outbreaks that
provided samples SGO1 (Property A Brazil-RS) and SGO02
(Property A Brazil-RS). This fact may explain why sample
SGO03 (Property A Brazil-RS) did not show the same inver-
sions as samples SGO1 (Property A Brazil-RS) and SG02
(Property A Brazil-RS). This suggests that these had differ-
ent origins indicating lack of biosecurity at these farms.
Samples SG06 (Property D Brazil-RS) and SGO7 (Property
D Brazil-RS) from farm D are from the same outbreak and
occurred 15 months after outbreaks that provided samples
SGO1 (Property A Brazil-RS) and SG02 (Property A Brazil-
RS) but no epidemiological relationship between them
could be found, despite similarities in these isolates.

The most frequent resistance profile: norfloxacin, enro-
floxacin, streptomycin, erythromycin, spiramycin (8/60),
was found in 2012 and 2013, from outbreaks of fowl
typhoid in turkey finishers, broiler breeders and broilers
from different southern Brazilian States. The occurrence of
S. Gallinarum resistant to the macrolides, erythromycin and
spiramycin is in agreement with other studies (Chu and
Chiu 2006; Kang et al. 2010). Despite the intermediate
rate of resistance to fluoroquinolones, i.e. enrofloxacin
reported earlier, high prevalence of resistance to norfloxacin
was not reported. Resistance against aminoglycosides
reported in this study is consistent with Kang et al. (2010)
that compared isolates of S. Gallinarum from South Korea
in 2002-2007 and found increased resistance to quinolones
and aminoglycosides. Resistance to (-lactam antibiotics,
amoxicillin (35%) and ceftiofur (8%) and tetracycline has
not been reported before for S. Gallinarum. However,
reduced susceptibility to P-lactams and tetracycline has
been reported in Brazil for diverse strains of Salmonella
spp., mainly isolated from the poultry environment
(Mattiello et al. 2015). Despite presence of resistance to
the third-generation cephalosporin, ceftiofur and p-lactam
amoxicillin, genes for ESBL and plasmid-mediated cepha-
losporinase were not found indicating that the resistance
observed in these isolates is not related to the genes sur-
veyed. In research on Salmonella spp. isolated from farm
animals in the USA from 1999 to 2003, the majority of
resistance to ceftiofur was associated with blacypy.,-encod-
ing plasmids (Frye and Fedorka-Cray 2007). In this report,
the plasmid-mediated CMY-2 was absent from the isolates
tested.

Although use of antibiotics for treatment of fowl typhoid
is not allowed in Brazil, the high rate of resistance reported
here demonstrates that, as in other countries, antibiotic use
is frequent. Many antibiotics have been found to be effective
at reducing mortality in fowl typhoid outbreaks but are not
able to eliminate infection from the flock since birds remain
infected after the treatment and can be reinfected from the
local environment (Gordon and Tucker 1957; Barrow and
Freitas Neto 2011). The profile of this antibiotic resistance
in isolates from the present study from commercial poultry
may be a consequence of the continued use of antimicro-
bials for treating poultry disease problems such as
Escherichia coli or arthritis.

The present study suggests that S. Gallinarum isolated
from fowl typhoid outbreaks in the studied period were not
caused by the use of the live vaccine SGIR. Strains
sequenced had similarities in some outbreaks, even when
the epidemiological relationship could not be found. The

study highlights the presence of antimicrobial resistance to
the main classes of antibiotics used in the poultry industry.
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