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Salmonella Enteritidis is the most reported non-typhoidal Salmonella serovar and
is implicated in both gastroenteritis and invasive non-typhoidal disease. Whole-
genome sequence comparison of Salmonella Enteritidis isolates from across the
world identified four definitive clades: Outlier, Global Epidemic, East African and
West African. Three of these clades were implicated in epidemics: the Global
Epidemic clade was linked to poultry-associated gastroenteritis, while the two
African clades were related to invasive disease. Despite the recognition of
different Salmonella Enteritidis clades, the distribution and epidemiology of
these clades across Africa is poorly understood. In our proof-of-concept
study, we classified 618 Salmonella Enteritidis isolates originating from four
South African provinces over a period of two years (2012 — 2013) into clades
using a clade-typing real-time PCR assay. Associations between clades and
province of collection, antimicrobial resistance and HIV status were explored
using statistical analysis. Majority of the South African isolates were classified
within the Outlier clade (61.00%), with fewer classified within the Global
Epidemic clade (38.83%) and only one isolate classified within the West African
Clade (0.16%). Of note, were the isolates within the Global clade, which were
strongly associated with ciprofloxacin resistance (15.42%, OR: 7.45, Cl: 3.526 —
15.751) and invasive disease (58.33%, OR: 1.57, Cl: 1.13 — 2.17) in humans. The
increase in poultry consumption and importation in South Africa has placed the
country at risk of a Salmonella Enteritidis epidemic. Thus, there is a necessity for
routine monitoring of S. Enteritidis along the farm-to-fork continuum to
implement preventative measures.
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Introduction

Sub-Saharan African (sSA) countries are under pressure to
increase the production of affordable protein-rich foods often in a
nascent regulatory environment with limited veterinary or
environmental surveillance capabilities (1). Poultry has long
been valued as an affordable source of animal protein in sSA.
Previously poultry was predominantly produced by subsistence
farmers, however intensive farming is rapidly emerging (2). A
global epidemic of Salmonella enterica serotype Enteritidis (S.
Enteritidis) began early in the 1980s, in association with
consumption of contaminated poultry meat and eggs, which
often results in S. Enteritidis infection in humans (3). That S.
Enteritidis proliferates alongside the industrial production of
poultry is well described, but its simultaneous expansion in
many parts of the world remains a mystery, although this has
recently been linked to S. Enteritidis dissemination via centralized
sourcing and international trade of breeding stocks (4). The lack
of biosafety measures in poultry production has resulted in the
NTS serovar, S. Enteritidis becoming the most reported foodborne
pathogen in sSA (5). Generally, S. Enteritidis infections are
associated with outbreaks of gastroenteritis in Europe and the
United States (6). However, S. Enteritidis infections in sSA are
additionally associated with life threatening bloodstream
infections, known as invasive non-typhoidal Salmonella disease
(hereafter named iNTS disease) (7). Indeed, in 2017, cases of iNTS
disease in sSA were estimated to account for 79% of the global
burden (8).

The distinct clinical presentation of Salmonella infections in sSA
has been linked both to a high prevalence of immunosuppressive
conditions (i.e., HIV) and to Salmonella Enteritidis clades that are
phyletically distinct from those associated with enterocolitis in the
United States and Europe (9). A 2016 study investigated the diversity of
S. Enteritidis in sSA and identified two geographically distinct groups of
S. Enteritidis strains circulating in sSA, namely the West African and
the Central/Eastern African clade (hereafter the “East African clade”) in
addition to the poultry associated lineage, the Global Epidemic clade
(9). These African clades are also strongly associated with multidrug
resistance (resistance to 3 or more antimicrobial classes), resulting in
longer hospital stays and reliance on more expensive, intravenous
antibiotics that complicate treatments in the resource-constrained
health systems in countries of sSA (9).

Despite the recognition of distinct S. Enteritidis clades and the
severity of iNTS disease, the distribution of these clades across sSA
remains poorly understood (9). In part, the scarcity of S. Enteritidis
clade data is due to the lack of a robust, reproducible molecular
typing system. South Africa is an example of a middle-income
country, with a well-developed poultry industry and public health
surveillance systems, but also with a high prevalence of HIV. Here,
we have leveraged this strength to classify 618 S. Enteritidis isolates
submitted to the National Institute of Communicable Diseases
Centre for Enteric Diseases in South Africa using a multiplex
clade typing real-time PCR assay and discuss the epidemiological
significance of our findings.
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Method
Study setting

Since 2003, approximately 50 public and private clinical
laboratories across all provinces of South Africa have been
participating in the GERMS-SA active laboratory-based
surveillance program (https://www.nicd.ac.za/internal-
publications/germs-sa/). Pathogens of public health concern
(AIDS-related opportunistic infections, epidemic-prone diseases,
vaccine- preventable diseases, nosocomial infections) are submitted
to the National Institute for Communicable Diseases (NICD) for
confirmation and further characterisation. Non-typhoidal
Salmonella, which includes Salmonella Enteritidis, is classified as
an epidemic-prone disease. Approximately 83.1% of the South
African population have access to public healthcare and are
therefore under surveillance by the GERMS-SA laboratory network.

Epidemiological data

Clinical metadata (age, gender, and HIV status of the patient)
and microbiological metadata (invasive/non-invasive, year and
province of collection and antimicrobial susceptibility) were
captured in the GERMS-SA database for each S. Enteritidis
isolate. For this study we used the captured metadata to select
618 S. Enteritidis isolates from the frozen GERMS-SA repository
that accurately represent the invasive (isolated from blood and
cerebral spinal fluid) and non-invasive (isolated from stool)
Salmonella Enteritidis isolates referred to the NICD by Gauteng,
KwaZulu-Natal, Mpumalanga, and Western Cape laboratories for
the years 2012 and 2013.

From 2012 to 2014 there was a significant rise in S. Enteritidis
outbreaks in South African poultry (10) and this surge in cases is
consistent with the behaviour of this pathogen in other settings
around the world (3, 4, 11). During this period (2012 and 2013),
there was also a surge in the number of S. Enteritidis reported in
humans, surpassing all other Salmonella serovars collected during
these two years. Laboratories from Gauteng, KwaZulu-Natal,
Mpumalanga, and the Western Cape contributed the majority
(94.6%, 1 866/1 973) of all Salmonella Enteritidis isolates received
in 2012 and 2013. Northern Cape, North West, Limpopo, Eastern
Cape and Free State provinces collectively contributed only a small
proportion of S. Enteritidis isolates (5.4%, 107/1 973) in 2012 and
2013, and were therefore excluded from the study.

Crude DNA extraction of archived
Salmonella Enteritidis isolates

All S. Enteritidis isolates were stored at -80°C in Cryogenic
Tubes (ThermoFisher Scientific, California, USA) containing 1 mL
Tryptic Soy broth (1 L distilled water, 17 g casein, 5 g sodium
chloride, 3 g soytone, 2.5 g dextrose, 2.5 g dipotassium phosphate,
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adjusted to pH 7.3) in the GERMS- SA repository at the NICD
(Johannesburg, South Africa).

For this study, we retrieved the Cryogenic Tubes with the 618
selected S. Enteritidis isolates and thawed the tubes at room
temperature. The thawed culture was then streaked onto 5%
blood agar (Diagnostic Media Products, Johannesburg, South
Africa) using a 10 pl plastic classic Microloop (Medical Wire and
Equipment Co. Ltd, Wiltshire, UK). We then incubated the agar
plates in an IN 750 incubator (Memmert, Schwabach, Germany) set
at 37°C for a minimum of 18 hours. Single colonies were picked oft
each agar plate using a 5 pl plastic classic Microloop (Medical Wire
and Equipment Co. Ltd, Wiltshire, UK) and placed in 400 ul of 10 X
TE buffer (800 mL distilled water, 2.92 g Tris, 15.76 g EDTA (pH 8))
in a 1.2 mL tube (Eppendorf, Hamburg, Germany). The solution
was thoroughly mixed using a Vortex-Genie 2 (Lasec SA (Pty) Ltd.,
Midrand, South Africa) and boiled in a Dry Bath Plus heating block
(Lasec SA (Pty) Ltd., Midrand, South Africa) set at 95°C for 25
minutes. The boiled cell solutions were then centrifuged using the
Centrifuge 5415R (Eppendorf, Hamburg, Germany) at 22 673 g and
20 pl of the supernatant was transferred into 80 ul of 10 X TE buffer.
We determined the DNA concentrations fluorometrically using the
Qubit 2.0 Fluorometer (ThermoFisher Scientific, California, USA).
A minimum DNA concentration of 10 ng/uL was accepted for use
in the clade typing real-time PCR assay.

Clade typing of Salmonella
Enteritidis isolates

We previously established a multiplexed clade typing real-time
PCR assay that can group a S. Enteritidis isolate within a particular
clade (12). Approximately 2uL of crude DNA from each of the 618
S. Enteritidis isolates was used in the clade typing real-time PCR
assay according to the method described in 12, without any
modifications. As previously disclosed, the multiplexed clade
typing real-time PCR assay is limited to confirmed S.
Enteritidis isolates.

Statistical analysis

Hypothesising that these clades were associated with different
clinical and microbiological characteristics, once the bacteria had
been typed, the clinical and phenotypic information associated with
each isolate was used to undertake a case-to-case analysis (Global
Epidemic clade isolates compared with Outlier clade isolates) to
determine the association between clade and particular characteristics
(ie., invasive diseases and antimicrobial resistance). Simple bivariate
logistic models were preformed to obtain odds ratios with 95%
confidence intervals using Stata version 14 (StataCorp LD, Texas, USA).

Ethics statement

Ethical clearance for all laboratory-based surveillance and
research (approved 12 November 2018) was obtained from the
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University of Witwaterstrand, Johannesburg, South Africa (Wits
protocol no. M140159) by the Centre for Enteric Diseases, NICD.
The sensitive data used within this study (i.e., HIV status) was
anonymised through the removal of patient names.

Results

A total of 618 confirmed Salmonella Enteritidis isolates were
selected from the GERMS-SA 2012 and 2013 archive. From the
accompanying patient data, we determined that the cohort consisted
of similar proportions of male (329/618, 53.24%) and female (284/
618, 45.95%) patients. The age range of these patients spanned 0-92
years, with the highest proportion of S. Enteritidis cases in children
under the age of five years (27.99%, 173/618) (Table 1). HIV test
result data was available for 228 (228/618, 36.89%) of the patients. A
total of 165 (165/228, 72.37%) patients were HIV positive and 63 (63/
228, 27.63%) were HIV negative (Table 1). The outstanding HIV
status data for the remaining 390 patients were regarded as unknown.

The corresponding microbiological information for the S.
Enteritidis isolates showed that approximately half of the isolates
(319/618, 51.6%) were associated with invasive disease. A large
proportion of the isolates were collected from the Gauteng province
(330/618, 53.4%), while a smaller proportion were collected from
the Western Cape (168/618, 27.18%), KwaZulu-Natal (85/618,
13.8%) and Mpumalanga (35/618, 5.7%). Interestingly, the
greatest proportion of invasive isolates were from KwaZulu-Natal
(63/85, 74.12%, OR: 2.60, CL: 1.528 - 4.421), while the Western
Cape contributed the smallest proportion of invasive isolates (63/
168, 37.50%, OR: 0.54, CI: 0.372 - 0.796).

Using the clade typing real-time PCR assay (12), the S.
Enteritidis isolates were successfully typed according to clade. The
isolates were typed within the Global Epidemic Clade (240/618,
38.9%), the paraphyletic outlier cluster to the Global Epidemic clade
(Global Outlier clade) (377/618, 61.0%), and the West African clade
(1/618, 0.2%) (Figure 1), however no East African Clade isolates
were identified (9). Our study found a significant association
between Global Epidemic clade isolates and decreased
ciprofloxacin susceptibility (DCS) (15.42%, OR: 7.45, CI: 3.526 -
15.751) (Table 2). A further significant association was observed
between the Global Epidemic clade and iNTS disease (58.33%, OR:
1.57, CI: 1.13 - 2.17) (Table 2).

Discussion

Here we report our findings after typing 618 South African S.
Enteritidis isolates according to previously defined clades (9). We
found that the predominant clade was the paraphyletic outlier
cluster to the Global Epidemic clade (Global Outlier clade),
followed by the Global Epidemic clade and the West African
clade. Our study showed that the Global clade isolates in South
Africa are associated with invasive disease and decreased
ciprofloxacin susceptibility (DCS).

The Global Epidemic clade is thought to have originated in
Europe and spread to the US and Brazil through the commercial
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TABLE 1 Clinical metadata associated with and microbiological TABLE 1 Continued

characteristics of the 618 selected Salmonella Enteritidis isolates.
Characteristic Proportion of isolates (%)

Characteristic Proportion of isolates (%)

Sulphamethoxazole 244 (39.48)
Clade outcome

Trimethoxazole 9 (1.46)
Global Outlier 377 (61.00) . .

South African Province
Global Epidemic 240 (38.83)

Gauteng 330 (53.40)
West African 1 (0.16)

Western Cape 168 (27.18)
Sex

Kwazulu Natal 85 (13.75)
Male 329 (53.24)

Mpumalanga 35 (5.66)
Female 284 (45.95)

Infection type
Age groups (Years)

Invasive 319 (51.62)
0-5 173 (27.99)
Non-invasive 299 (48.38)
6-10 25 (4.04)
-1 15243 exchange of poultry between these countries (4). The genetic
16 - 20 20 (3.23) homogeneity of the clade suggests rapid clonal expansion in each
5125 29 (469) country (9). South Africa’s increased poultry consumption from
2003 and subsequent increase in the import of poultry after 2010,
26-30 39 (631) was the most likely source of Global Epidemic clade introduction
31-35 48 (7.77) and spread within the country (4). The Department of Agriculture,
3640 47 760) Forestry and Fisheries has indeed reported an increase in S.
Enteritidis outbreaks in poultry in the subsequent years, with less
4l-as 38 (6.15) than 5 cases reported in 2011, 14 cases reported in 2012 and more
46 - 50 42 (6.83) than 23 cases reported in 2013 (10).
[ 33 (5.34) The complexity of South African poultry distribution as well as
difterences in food safety practices between rural and urban settings
36 - 60 21 (340) presents a network of transmission opportunities both nationally
61 - 65 15 (2.43) and regionally (13). Gauteng, KwaZulu-Natal and Western Cape
66 - 70 15 (2.43) are the major areas commercial production and trade of poultry in
South Africa (14). This corresponds with the high proportion of the
70< 25 (404) Global Epidemic clade that is present in Gauteng, KwaZulu-Natal
HIV status and Western Cape (Figure 1), assuming the Global Epidemic clade
Positive 165 (26.70) has been introduced through international trade. The smaller
proportion of the Global Epidemic clade in Mpumalanga
Negative 63 (10.19) (Figure 1) may be due to a heavier reliance on small scale local
Unknown 390 (63.11) farms. There is a major risk of S. Enteritidis transmission

Antimicrobial Resistance throughout poultry stocks in the nascent industry across the

region, with the potential for further outbreaks S. Enteritidis in

Ampicillin 713 settings with poor disease surveillance and a high prevalence of
Augmentin 5 (0.81) immunosuppressive disease.
Ceftazidime 3 (048) We found that the Global Epidemic clade was associated with
invasive disease in South Africa, which contrasts with genomic data
Ceftiaxone 3 (048) from the European and US epidemics that revealed no association
Chloramphenicol 6 (0.97) between Global Epidemic clade isolates and iNTS disease (9).
Decreased Ciprofloxacin Resistance 46 (7.44) However, this is likely due to the much higher prevalence of
immunosuppressive disease (importantly, HIV) in sSA, which
Cotrimoxazole 6 (0.97) predisposes individuals to iNTS disease (8). In line with this, we
Kanomycin 2(032) found that the greatest proportion of invasive S. Enteritidis isolates
Nalidixic acid 44 (712) were collected from KwaZulu-Natal, which is also the province with
the highest HIV-infected population in South Africa (15).
Streptomycin 3 (0.48)

Since 2010, South Africa has reported an increase in DCS, with

(Continued) ~ approximately 1% of all S. Enteritidis surveillance isolates exhibiting
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FIGURE 1

Proportion (%) of Salmonella Enteritidis isolates from four South
African provinces (Gauteng, Mpumalanga, KwaZulu-Natal and
Western Cape) classified within the Outlier, Global Epidemic and
West African clade.

DCS (16). The increase in DCS amongst S. Enteritidis isolates is
thought to have been facilitated by the clonal expansion and spread
of the Global Epidemic clade within South Africa (17). This picture
is however mirrored in other African settings (18). In cases of DCS,
patients are generally treated with longer courses of alternative
intravenous antimicrobials, increasing the cost of treatment, posing
a major problem to low-income countries where healthcare
resources in general and reserve antibiotics are limited.

The S. Enteritidis isolates used in our study were collected using a
passive laboratory-based surveillance program. These programs are
limited by the health-seeking behaviour of an ill person, prevailing

10.3389/fitd.2023.1152422

specimen collection practices, diagnostic practices at laboratories, and
voluntary submission of isolates (19). In particular, the difference in
stool collection practices when investigating adults versus children
suffering from diarrhoea in healthcare facilities affects the number of
confirmed NTS gastroenteritis cases reported (20). Furthermore, stool
collection is more likely for patients seen in private and tertiary
hospitals, which have the available resources. We acknowledge that
the invasive and non-invasive NTS surveillance isolates received by the
NICD do not represent the entire exposed population and therefore the
results from this study could not be used to infer risk factors or incident
rates. All these limitations point to the true burden being higher rather
than spuriously lower than we have highlighted and serve to emphasise
the case for improved surveillance.

Conclusion

Food safety remains a concern in South Africa for both the
public health and poultry sectors. Cases and outbreaks of disease
caused by S. Enteritidis continue to be reported throughout the
country for both human and poultry infections (15, 21). S.
Enteritidis outbreaks present a significant healthcare burden to a
Middle-Income Country, such as South Africa. An integrated One
Health surveillance approach to S. Enteritidis clades present in the
environment, livestock, and health sector, is necessary to provide
cohesive data for targeted public health action to mitigate
Salmonella transmission, acknowledging that the clades are
phenotypically distinct pathogens with distinct distribution or
reservoirs. This will facilitate a better understanding of the routes
of transmission and will assist with the public health response
within South Africa as well as limit the exportation of the disease to

TABLE 2 Case-to-case (Global Epidemic clade compared with Outlier clade) statistical analysis of the association between Salmonella Enteritidis

clades and characteristics (nature of infection and drug resistance).

Case number per clade (%) *

Global Epidemic n=
Characteristic 240

Global Epidemic

Outlier
n= 377

Odds ratio (95% Cl)

p-value

Nature of infection

Invasive 140 (58.30) 178 (47.21) 1.57 (1.13 - 2.17) 0.007**
Drug resistance

Ampicillin 3 (1.25) 4 (1.06) 1.18 (0.26 - 5.33) 0.800

Augmentin 3(1.25) 2 (0.53) 2.37 (0.39 - 14.35) 0.332

Chloramphenicol 4 (1.67) 2 (0.53) 3.18 (0.58 - 17.56) 0.161

Cotrimoxazole 3 (1.25) 3 (0.80) 1.58 (0.32 - 7.90) 0.575

Decreased Ciprofloxacin

Resistance 37 (15.42) 9 (2.39) 7.45 (3.53 - 15.75) 0.000**
Nalidixic acid 28 (15.83) 6 (1.60) 11.63 (4.84 - 27.99) 0.000**
Sulphamethoxazole 89 (37.08) 155 (41.11) 0.84 (0.61 - 1.18) 0.319

Tetracyclin 1(0.42) 8 (2.13) 0.19 (0.02 - 1.56) 0.085

Trimethoxazole 3 (1.25) 6 (1.60) 0.79 (0.19 - 3.16) 0.730

Case number per clade is calculated as a percentage of the total number of Salmonella Enteritidis isolates classified in the clade (n).
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surrounding sSA countries with rapidly developing poultry sectors.
It is our hope that an increase in the surveillance S. Enteritidis clades
in South Africa and abroad will help enable public health authorities
to prevent future outbreaks and provide safer poultry for all.
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