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A B S T R A C T

Excessive antimicrobial usage and deficiencies in hygiene in meat production systems may result in undesirable
human health hazards, such as the presence of antimicrobial drug residues and non-typhoidal Salmonella (NTS),
including antimicrobial resistant (AMR) NTS. Recently, Vietnam has witnessed the emergence of integrated
intensive animal production systems, coexisting with more traditional, locally-sourced wet markets. To date no
systematic studies have been carried out to compare health hazards in beef, pork and chicken in different
production systems. We aimed to: (1) estimate the prevalence of antimicrobial residues in beef, pork and chicken
meat; (2) investigate the prevalence and levels of NTS contamination; and (3) investigate serovar distribution
and AMR against critically important antimicrobials by animal species and type of retail (wet market vs. su-
permarket) in Vietnam. Fresh pork, beef and chicken meat samples (N= 357) sourced from wet markets and
supermarkets in Ho Chi Minh City (HCMC), Hanoi and Dong Thap were screened for antimicrobial residues by
PremiTest, and were further investigated by Charm II. Samples from HCMC (N= 113) were cultured using ISO
6579:2002/Amd 1:2007. NTS bacteria were quantified using a minimum probable number (MPN) technique.
NTS isolates were assigned to serovar by Multilocus Sequence Typing (MLST), and were investigated for their
phenotypic susceptibility against 32 antimicrobials. A total of 26 (7.3%) samples tested positive by PremiTest
(9.5% beef, 4.1% pork and 8.4% chicken meat). Sulfonamides, tetracyclines and macrolides were detected by
Charm in 3.1%, 2.8% and 2.0% samples, respectively. Overall, meat samples from wet markets had a higher
prevalence of residues than those from supermarkets (9.6% vs. 2.6%) (p = 0.016). NTS were isolated from
68.4% samples from HCMC. Chicken samples from wet markets had by far the highest NTS counts (median 3.2
log MPN/g). NTS isolates displayed high levels of resistance against quinolones (52.2%) and β-lactams (49.6%),
but low levels against 3rd generation cephalosporins (4.4%) and aminoglycosides (0.8%). The highest adjusted
prevalence of multidrug resistance (MDR) corresponded to isolates from chicken meat and pork (OR 8.3 and 1.8,
respectively) (baseline = beef). S. Kentucky was the most common serovar identified (11 from chicken, 1 from
beef) and 91.7% isolates was MDR. 11/12 isolates corresponded to ST198, a worldwide-disseminated multi-
resistant NTS clone. We recommend stepping up policy measures to promote responsible antimicrobial use in
animal production, as well as awareness about withdrawal periods to limit the hazard of residues in animal
products, and improving slaughtering/hygiene procedures to limit cross-contamination with NTS, particularly in
poultry wet markets.

1. Introduction

In Vietnam, like in other low- and middle-income countries, large

amounts of antimicrobials are used in animal farming to treat and
prevent animal infections, as well as to increase productivity (Carrique-
Mas et al., 2014; Van Boeckel et al., 2015; Van Cuong et al., 2016). The
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inappropriate use of antimicrobials in farming may result not only in
the generation of antimicrobial resistance (AMR) on farms, but also in
the transmission of resistant bacteria (including zoonotic pathogens)
and genes, and the presence of antimicrobial drug residues in meat and
eggs. Antimicrobial residues in animal food products are of concern,
since they may cause several adverse health effects to consumers, such
as allergic/toxic reactions, disruption of intestinal flora, chronic toxic
effects occurring with prolonged exposure to low levels of residues and
the potential emergence of resistance in host flora or subsequent spread
(Doyle, 2006; Lees and Toutain, 2012).

A number of studies have investigated antimicrobial residues in
Vietnamese meat products. A study of 290 pork samples from Hanoi
reported 5.5% positivity for tetracycline residues (Van Nhiem et al.,
2006). A study (2009–2010) screened 180 chicken and pork samples
from several provinces in the Red River using a bacteriological method,
and found a positive residue prevalence of 13% and 39% for chicken
and pork samples, respectively. A high fraction (27%) of positive
samples contained tetracyclines and/or fluoroquinolones (Dang et al.,
2013a). A subsequent study (2012−2013) investigated 395 chicken,
pork, and beef samples in HCMC and Nha Trang (central Vietnam) for
residues of 21 antimicrobials. The percentage of positive samples with
detectable residues of at least one antimicrobial were 17.3%, 8.8%, and
7.4% for chicken, pork, and beef samples, respectively. Sulfaclozine and
fluoroquinolones were mainly detected in chicken meat, and sulfa-
methazine was mainly detected in pork. Tilmicosin residues were de-
tected in chicken samples (Yamaguchi et al., 2015). A further study
(2014–2015) investigated 100 pork samples from HCMC, and found
that 18% tested positive for residues using Premitest, but after further
testing by LC-MS, an additional 12% positive samples were identified
(Do et al., 2016).

The presence of food pathogens such as non-typhoidal Salmonella
(NTS) in meat is also a concern, since this organism is a major cause of
food-borne gastroenteritis worldwide (Majowicz et al., 2010). There is
anecdotal evidence of an increase in cases of food-borne outbreaks in
Vietnam, and a recent case-control study demonstrated that NTS was
responsible for a large outbreak of gastroenteritis in adults (Vo et al.,
2014). Hospital data suggests that NTS are also increasingly involved in
invasive infection in Vietnam (Nga et al., 2012).

Several studies have investigated NTS in meat samples in Vietnam
(Phan et al., 2005; Ta et al., 2014, 2012; Thai et al., 2012b; Thai and
Yamaguchi, 2012; Van et al., 2007), with a median per sample pre-
valence of 43.4% (range 35.5–61.0%). The probability of developing
disease after ingestion of NTS-contaminated products is thought to be
dose-dependent (Malorny et al., 2008). Therefore enumeration of NTS
in food samples is important to conduct a microbial risk assessment to
predict the risk associated with specific food products. It is not known
whether certain meat types have higher numbers of NTS.

Most Vietnamese people procure their fresh produce from tradi-
tional ‘wet’ markets, which are a feature of most southeast Asian
countries. Wet markets typically sell fresh meat and other animal (and
vegetable) food products. While some wet markets are informal and
provisional (i.e. on a side road), others are well organised and are lo-
cated a dedicated area of the village/town. Meat cuts/carcasses are
typically displayed on tables/stalls at ambient temperature, in contrast
with meat for sale in supermarkets, which is always kept refrigerated.
Vietnam is currently experiencing rapid intensification of its animal
production systems in parallel with increased living standards (FAO,
2004), with a concomitant increase of the role of supermarkets in the
supply chain of meat and other food commodities (USDA, 2017). It is
not clear whether meat purchased in supermarkets, which is typically
sourced from large-scale, integrated companies, represents a different
hazard of residues/NTS compared with meat purchased from tradi-
tional wet markets. A study from Hanoi reported a four-fold higher
prevalence of tetracycline residues in pork samples from suburban
markets, compared with ‘urban shops’ (Van Nhiem et al., 2006).

The aims of this study are: (1) to estimate the prevalence of

antimicrobial residues in meat; (2) to investigate the prevalence of NTS
and antimicrobial resistance NTS, with a focus on antimicrobials of
critical importance as defined by WHO; and (3) to quantify the levels of
NTS in pork, beef and chicken meat sold in representative markets in
Vietnam. The sampling frame represented the two major urban centers
in Vietnam (HCMC, Hanoi), as well as the Mekong Delta province of
Dong Thap.

2. Methods

2.1. Sample collection

Portions (100–150 g) of pork, beef and chicken meat were pur-
chased from different wet markets and supermarkets in Hanoi, HCMC
and Dong Thap province from October 2016 to March 2017. The study
aimed at 360 samples, consisting of 20 samples of each of the following
combinations: (1) Province (HCMC, Hanoi, Dong Thap); (2) Meat type
(beef, pork, chicken); and (3) Type of retail (supermarket, wet market).
Since representative sampling is not possible, sampling was designed to
maximize diversity of meat product sources. From each location, sam-
ples of the same type were collected from as many different wet markets
as possible. Samples from supermarkets always represented different
source companies.

2.2. Screening of antimicrobial residues using a bacteriological inhibition
test

Meat samples were first screened using a microbial inhibition test
(PremiTest, R-Biopharm AG, Germany). This test is based on the growth
inhibition of Bacillus stearothermophilus, a sensitive strain to most an-
timicrobial agents (Gaudin et al., 2008), which is evidenced by a
change in color compared with a negative control. Meat juice (100 μL)
was extracted from each sample (2 g) using a meat press and introduced
into B. stearothermophilus- containing ampoules. After pre-diffusion at
room temperature for 20 min, the meat juice was removed by washing
the ampoules twice with distilled water, and incubated at 64 °C until
the negative control changed color from purple to yellow (approxi-
mately 3 h).

2.3. Detection of antimicrobial residues by radio-immuno assay

All samples showing positive results to the PremiTest were further
investigated for residues of compounds belonging to macrolides, tet-
racyclines, amphenicols, β-lactams and sulfonamides antimicrobial
classes, as well as for the presence of chloramphenicol, streptomycin
and gentamicin/neomycin using a Charm II 7600 analyzer (Charm
Sciences, USA). The test works on meat juice extracted from 10 g meat
portions following the manufacturer's directions. The supernatant ob-
tained from the extraction process was incubated alongside a binding
agent and a tracer (a 3H- or 14C-labeled antimicrobial). Any anti-
microbial residues present in the sample compete with the tracer for the
receptors on the binding agent. A scintillation counter was used to
measure the amount of tracer on the binding agent, and was compared
with control point previously determined following the manufacturer's
instruction (Kwon et al., 2011).

2.4. Isolation of NTS and characterization by MLST

On the day of collection, meat portions (25 g) from HCMC markets
were investigated for the presence of NTS following a modification of
ISO 6579:2002/Amendment 1: 2007. The steps were: (1) pre-enrich-
ment in 225 mL BPW at 37 °C for 18 h; (2) plating on modified semi-
solid Rappaport–Vassiliadis (MSRV, Oxoid, UK) at 42 °C for 24 h; and
(3) plating on Rambach agar (CHROMagar, France) at 37 °C for 24 h as
described elsewhere (Carrique-Mas et al., 2009). Isolates (up to 3 per
sample) were further tested by Polyvalent Salmonella O (PSO) and
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Polyvalent Salmonella H (PSH) and classified as either group B, C, D, E
or ‘other’, according to the Kauffmann-White scheme (Grimont and
Weill, 2007). All NTS suspected isolates were further confirmed using
MALDI-TOF (Bruker, Germany). From each meat sample, one isolate of
each of the identified serogroup was investigated by Multilocus Se-
quence Typing (MLST) to establish its serovar identity (Tu et al., 2015).
Briefly, seven MLST loci (aroC, dnaN, hemD, hisD, purE, sucA and thrA)
were amplified and sequenced using the Big Dye Cycle Sequencing kit
(Applied Biosystems, USA) on an ABI 3770 automatic sequence. After
generating a sequence type, strain was inferred to serotype according to
the data available on the MLST database (http://mlst.warwick.ac.uk/
mlst/dbs/Senterica/).

2.5. Enumeration of NTS in meat samples

Quantitative NTS cultures were performed on randomly selected
samples (2–6 for each combination defined by species/type of retail)
from HCMC by the most probable number (MPN) technique (Pavic
et al., 2010). Briefly, from each meat portion, a 25 g sample was
homogenized in 225 mL of BPW. From each homogenate a total of
10 mL were placed into three empty sterile tubes (10−1 dilution) to
obtain three replicates per sample. Each of these tubes was serially
diluted in BPW down to 10−4. All tubes were incubated at 37 °C for
24 h before plating of 50 μL from each tube onto one third of MSRV
plate. All MSRV plates were incubated for 24 h and 48 h at 42 °C. A
loopful of media from the leading edge of white zone was taken and
streaked onto Rambach agar which was incubated at 37 °C for 24 h. The
estimated MPN per gram of matrix meat was determined according to a
published FDA table (Blodgett, 2006), and then log transformed to
approximate normality. An average of three replicates of each sample
was used for analysis.

2.6. Antimicrobial susceptibility testing

Colonies selected for MLST characterization were investigated for
their susceptibility against a panel of 32 antimicrobials by Vitek
(Biomerieux, Marcy l'Etoile, France). Of those, 22 are classified of cri-
tical importance for human by WHO. The reference strain S.
Typhimurium ATCC 14028 was used for quality control purposes.
Interpretation of the susceptibility status of tested strains was done
based on MIC breakpoint guidelines provided by the Clinical and
Laboratory Standards Institute (Document No. M100–S24) (CLSI,
2014). Multidrug resistance (MDR) was defined fully resistant to at
least three antimicrobial classes. Potential production of extended-
spectrum β-lactamase (ESBL), as indicated by resistance to 3rd gen-
eration cephalosporin antimicrobials, was confirmed by the double disk
diffusion test (Nhung et al., 2015). The presence of plasmid mediated
mcr-1 gene among phenotypic colistin-resistant isolates was in-
vestigated by PCR as described previously (Nguyen et al., 2016).

2.7. Statistical analyses

The relationship between AMR and serovar, species and type of
retail was investigated by building mixed multivariable logistic models.
The outcome was ‘prevalence of resistance against any antimicrobial
belonging to each of the following classes’: (1) aminoglycosides, (2)
penems, (3) 3rd and 4th generation cephalosporins, (4) penicillins, (5)
polymyxins, (6) monobactams, (7) quinolones; (8) nitrofurans, (9) fo-
late pathway inhibitors, (10) tetracyclines, (11) phenicols and (12)
MDR. The variables ‘type of retail’ (wet market/supermarket), ‘type of
meat’ (chicken, pork, beef) were forced as fixed effects, and the serovar
identity was modelled as random effects. The outcome of the models
was used to investigate the intra-cluster correlation coefficient (ICC) to
measure the degree of resistance explained by the random effects
variable (serovar identity). All statistical analyses were done using R
software (www.r-project.org), and logistic mixed models were built

using the ‘lmer4’ package.

3. Results

3.1. Antimicrobial residues

A total of 357 (119 chicken, 122 pork and 116 beef) samples were
collected from Hanoi (N = 120, from 18 wet markets and 16 super-
markets), HCMC (N = 117, from 21 wet markets and 16 supermarkets),
and Dong Thap (N = 120, from 24 wet markets and 2 supermarkets).

A total of 26/357 samples (7.3%; 95% CI 4.6–10.0%) tested positive
by PremiTest. The highest proportion corresponded to beef 11/116
(9.5%; 95% CI 4.2–14.8%), followed by chicken 10/119 (8.4%; 95% CI
3.5–13.7%) and pork 5/122 (4.1%; 95% CI 0.6–7.6%) samples.
However results for beef meat were largely driven by Dong Thap wet
markets, where 10/39 beef samples (25.6%) tested positive. Overall,
meat samples purchased in wet markets had a higher prevalence of
residues than those from supermarkets (9.6% vs. 2.6%) (Fisher's p-
value = 0.016) (Table 1).

B = β-lactams; G = gentamicin/neomycin; M = macrolides;
S = sulfonamides; T = tetracyclines; UNK = unknown.

Sulfonamides, tetracyclines, and macrolides were detected in 11, 10
and 7 PremiTest-positive samples, respectively (3.1%, 2.8% and 2.0%
of all samples). A total of 9/26 samples contained more than one an-
timicrobial. All six positive chicken samples from Dong Thap contained
residues of 2–3 antimicrobial classes. In addition, one pork sample
contained both gentamicin/neomycin and β-lactams. Most (8/10) beef
samples collected from Dong Thap contained antimicrobials that were
not identified by Charm II.

3.2. Prevalence of NTS in meat samples

Overall, chicken meat samples had the highest prevalence of NTS
(71.8%, 95%CI 57.7–85.9%), and beef samples had the lowest (62.2%,
95%CI 46.5–77.8%) (χ2 = 0.421; p= 0.516). Chicken samples from
wet markets had the overall highest (90.0%), and chicken samples from
supermarkets had the lowest prevalence (52.6%) (Fisher's exact test
p = 0.013) (Table 2).

MLST was performed on 113 isolates from 80 meat NTS-positive
samples. A total of 24 serovars were identified. Two different serovars
were identified in 43.5%, 41.4% and 32.1% of positive beef, pork and
chicken meat samples, respectively; all remaining samples contained
one serovar each. The most common serovars among 37 chicken iso-
lates were Kentucky (29.7% isolates), Corvallis (16.2%); Agona and
ST2024 (10.8% each); among 40 pork isolates, Rissen (22.5%), Anatum
(17.5%) and London (12.5%); and among 36 beef isolates, Lexington
(16.7%), Give (13.9%), Meleagridis and Derby (8.3%) (Table 3). ST198

Table 1
Detection of antimicrobial residues in meat samples from wet markets and supermarkets
in Vietnam. The figures indicated the number positive out of the number tested. In
brackets the specific residues found in individual samples are presented.

Chicken Pork Beef Total

Wet markets Hanoi 0/20 1/20
(T)

0/20 1/60

HCMC 2/20 (T, M) 0/22 1/22 (S) 3/64
Dong Thap 6/39 (2TS,

2MS, 2 TMS)
3/38
(2S,
1 T)

10/39
(1MS, 1 T, 8
UNK)

19/116

Total wet markets 8/79 4/80 11/81 23/240

Supermarkets Hanoi 1/20 (T) 0/21 0/19 1/60
HCMC 1/19 (TMS) 1/19

(GB)
0/15 2/53

Dong Thap 0/1 0/2 0/1 0/4
Total supermarket 2/40 1/42 0/35 3/117
Total by species 10/119 5/122 11/116 26/357
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were the most common clone among Kentucky isolates (11/12 isolates).

3.3. Quantification of NTS in meat products

A total of 21 samples from HCMC were investigated by the MPN
technique. The counts of NTS bacteria per gram (log MPN/g) are pre-
sented in the Fig. 1. The overall median log MPN/g counts were 2.4
(range 0.9–4.9), 2.4 (0.6–2.7), and 1.6 (1.4–2.6) for chicken, pork and
beef samples, respectively. Chicken meat sourced from wet markets had
the highest NTS counts (median 3.2 log MPN/g), whereas the lowest
corresponded to pork purchased from supermarkets (median
0.9 log MPN/g).

There was statistical higher levels of NTS contamination in chicken
meat from wet markets (median of 3.2 log MPN/g) than from super-
markets (1.3 log MPN/g) (Wilcoxon, p= 0.049). Similarly, pork sam-
ples from wet markets (median of 2.4 log MPN/g) had a borderline
statistically higher NTS count than pork from supermarkets (median of
0.9 log MPN/g) (Wilcoxon, p= 0.057). In contrast, beef from super-
markets had higher NTS counts compared to those from wet markets,
but the difference was not significant.

3.4. Antimicrobial resistance of NTS isolates

Among antimicrobials of critical importance, the highest overall

prevalence of resistance corresponded to quinolones (nalidixic acid,
ciprofloxacin, ofloxacin, levofloxacin) (20.3–45.1% by antimicrobial),
followed by penicillins (ampicillin, ampicillin/sulbactam, amoxicillin/
clavulanic acid, ticarcillin, piperacillin, piperacillin/tazobactam)
(0–49.6%). Levels of resistance against aminoglycosides, 3rd and 4th
generation cephalosporins, penems, monobactams, and penicillins
were< 4.5% in all cases (Table 4).

For other antimicrobial classes, the highest resistance corresponded
to tetracyclines (66.4–69.0%), followed by phenicols (chlor-
amphenicol) (47.8%) and folate pathway inhibitors (30.1–34.5%). The
prevalence of resistance against 1st/2nd generation cephalosporins and
nitrofurans were< 10%. There were high levels of intermediate re-
sistance against ciprofloxacin (78.8%), ofloxacin (53.1%), levofloxacin
(38.9%) and ampicillin-sulbactam (40.7%).

The overall prevalence of MDR among NTS isolates was 52.2%
(95%CI 43.0–61.4%) with the highest level corresponding to isolates
from chicken meat (67.6%, 95%CI 52.5–82.6%), followed by pork
(55.0%, 95%CI 35.8–74.2%) and beef (33.3%, 95%CI 17.9–48.7%). Of
the nine serovars of which there were> 5 isolates, MDR was most
common in S. Kentucky (91.7% isolates), followed by Derby (87.5%),
London (71.4%), and lowest among Weltevreden and Lexington isolates
(0% in both) (Table 5). S. Kentucky isolates were resistant to a median
of 12 antimicrobials. A S. London isolate from pork, which was resistant
against colistin (MIC = 8 μg/mL) was confirmed to harbour the mcr-1
gene by PCR.

All five isolates (2 S. Kentucky, 2 S. Newport, 1 S. Agona) that were
resistant against 3rd cephalosporins came from chicken meat, and were
all negative to ESBL by the double disk diffusion test. These strains were
resistant to almost tested antimicrobials, except penems, aminoglyco-
sides and colistin. Among them, one strain (S. Newport) was fully re-
sistant to cefepime (a 4th generation cephalosporin) with an MIC
≥64 μg/mL, and another S. Newport strain was intermediate resistant
to this antimicrobial (MIC 4 μg/mL). The AMR patterns (ignoring in-
termediate resistance) by serovar are presented in Table S1.

Table 2
Contamination of meat samples from HCMC with NTS.

Chicken Pork Beef Total

Wet markets 18/20
(90.0%)

16/22
(72.7%)

12/22
(54.5%)

46/64 (71.9%)

Supermarkets 10/19
(52.6%)

13/19
(68.4%)

11/15
(73.3%)

34/53 (64.1%)

Total 28/39
(71.8%)

29/41
(70.7%)

23/37
(62.2%)

80/117
(68.4%)

Table 3
Serovar identity of the 113 NTS isolates from HCMC meat samples. The numbers within
brackets indicate the total number of isolates; figures within square brackets indicate the
number of isolates from meat purchased in wet markets, followed by the number of
isolates from meat purchased in supermarkets.

Chicken Pork Beef

All isolates (37) [26|11] (40) [25|15] (36) [18|18]
Group B Agona (4) [3|1] Derby (4) [3|1] Derby (3) [1|2]

ST2040 (4) [4|0] Typhimurium (4)
[3|1]

Agona (1) [1|0]

Saintpaul (2) [0|2] Stanley (2) [1|1] Stanley (1) [1|0]
Typhimurium (1)
[0|1]
Derby (1) [1|0]

Group C Kentucky (11) [9|2] Rissen (9) [6|3] Kottbus (2) [0|2]
Corvallis (6) [6|0] Braenderup (1)

[0|1]
Newport (3) [0|3] Newport (1) [0|1]
Braenderup (1) [1|0] Kentucky (1) [0|1]

Bareilly (1) [1|0]
Group D Enteritidis (1) [1|0] ST1547 (1) [1|0]
Group E Give (1) [1|0] Anatum (7) [4|3] Lexington (6) [5|1]

London (5) [5|0] Give (5) [2|3]
Weltevreden (3)
[2|1]

Weltevreden (4)
[2|2]

Meleagridis (2) [1|1] Anatum (2) [1|1]
Give (2) [0|2] Meleagridis (3)

[2|1]
London (2) [1|1]

Group G Kedougou (1) [0|1]
Group H Bahrenfeld (1) [0|1] Bahrenfeld (1)

[0|1]
other ST1546 (2) [0|2] ST1546 (1) [0|1]

Fig. 1. NTS counts (log MPN/g) in 21 meat samples from markets in HCMC. White and
grey bars indicate samples collected from supermarkets and wet markets, respectively.

N.T. Nhung et al. International Journal of Food Microbiology 266 (2018) 301–309

304



3.5. Association between AMR, serovar, host species and place of sampling

The prevalence of resistance against aminoglycosides, penems, 3rd
and 4th generation cephalosporins, polymyxins, monobactams, ni-
trofurans could not be investigated by modelling because of the low
levels of resistance. Six models giving adequate fit are presented in
Table 6. Compared with beef isolates, isolates from chicken meat had
significantly higher levels of quinolones, penicillins and tetracyclines
resistance, and MDR (ORs from 8.34 to 65.3). In contrast, the highest
prevalence of resistance against folate pathway inhibitors corresponded
to pork isolates (OR = 3.6) (baseline = beef). Isolates from chicken
meat and pork had higher levels of chloramphenicol resistance
(OR = 3.8 and 1.6, respectively) compared to beef but the differences

were not significant. The impact of sampling locations (wet market vs.
supermarket) on AMR was not significant.

ICC values were high to very high in most models (0.28–0.84) in
most of models indicating that NTS serovar identity was a significant
explanatory factor of AMR.

MDR = Multidrug resistance; ICC = Intra-cluster correlation coef-
ficient.

4. Discussion

Using a simple bacteriological inhibition assay (PremiTest), and a
sampling strategy designed to maximize diversity of sources, we de-
monstrated antimicrobial residues in 7.3% samples (8.4%, 4.1% and

Table 4
Phenotypic antimicrobial susceptibility results for 113 NTS isolates from meat samples purchased in HCMC. The figures presented in columns 2–5 correspond to the number of
intermediate resistant strains, followed by the number of resistant strains.

Class and antimicrobial All species
(n = 113)

Chicken
(n = 37)

Pork
(n= 40)

Beef
(n= 36)

Total intermediate
resistant (%)

Total fully resistant
(%)

MIC breakpoints (μg/mL)

Sensitive Resistant

Critically important antimicrobials
Aminoglycosides
Gentamicin 0|0 0|0 0|0 0|0 0 (0%) 0 (0%) ≤4 ≥16
Amikacin 0|0 0|0 0|0 0|0 0(0%) 0 (0%) ≤16 ≥64
Tobramycin 6|1 4|1 1|0 1|0 6 (5.3%) 1 (0.9%) ≤4 ≥16

3rd and 4th generation cephalosporins
Cefotaxime 0|5 0|5 0|0 0|0 0 (0%) 5 (4.4%) ≤1 ≥4
Ceftazidime 0|5 0|5 0|0 0|0 0 (0%) 5 (4.4%) ≤4 ≥16
Cefixime 0|5 0|5 0|0 0|0 0 (0%) 5 (4.4%) ≤1 ≥4
Ceftriaxone 0|5 0|5 0|0 0|0 0 (0%) 5 (4.4%) ≤1 ≥4
Cefepime 1|1 1|1 0|0 0|0 1 (0.9%) 1 (0.9%) ≤2 ≥16

Penems
Ertapenem 0|0 0|0 0|0 0|0 0 (0%) 0 (0%) ≤0.5 ≥2
Imipenem 0|0 0|0 0|0 0|0 0 (0%) 0 (0%) ≤1 ≥4
Meropenem 0|0 0|0 0|0 0|0 0 (0%) 0 (0%) ≤1 ≥4

Monobactams
Aztreonam 0|5 0|5 0|0 0|0 0 (0%) 5(4.4%) ≤4 ≥16

Penicillins
Ampicillin 56|0 0|22 0|23 0|11 0 (0%) 56 (49.6%) ≤8 ≥32
Ampicillin/sulbactam 46|9 14|8 22|0 10|1 46 (40.7%) 9 (8.0%) ≤8/4 ≥32/16
Amoxicillin/clavulanic

acid
5|3 4|3 0|0 1|0 5(4.4%) 3 (2.6%) ≤8/4 ≥32/16

Ticarcillin 155 1|21 0|23 0|11 1(0.9%) 55 (48.7%) ≤16 ≥128
Piperacillin 0|56 0|22 0|23 0|11 0 (0%) 56 (49.6%) ≤16 ≥128
Piperacillin/tazobactam 6|0 5|0 0|0 1|0 6 (5.3%) 0 (0%) ≤16/4 ≥128/4

Polymyxins
Colistin 0|1 0|0 0|1 0|0 0 (0%) 1 (0.9%) ≤2 > 2

Quinolones
Nalidixic acid 0|28 0|20 0|2 0|6 0 (0%) 28 (24.8%) ≤16 ≥32
Ciprofloxacin 89|24 19|18 38|2 32|4 89 (78.8%) 24 (21.2%) ≤0.06 ≥1
Ofloxacin 60|51 10|26 26|14 24|11 60 (53.1%) 51 (45.1%) ≤0.12 ≥2
Levofloxacin 44|23 18|17 12|3 14|3 44 (38.9%) 23 (20.3%) ≤2 ≥8

Other antimicrobial classes
1st generation cephalosporins
Cefalotin 0|10 0|9 0|0 0|1 0 (0%) 10 (8.8%) ≤8 ≥32

2nd generation cephalosporins
Cefoxitin 0|5 0|5 0|0 0|0 0 (0%) 5 (4.4%) ≤8 ≥32
Cefuroxime 15|6 3|6 9|0 3|0 15 (13.3%) 6 (5.3%) ≤8 ≥32

Nitrofurans
Nitrofurantoin 8|0 7|0 1|0 0|0 8 (7.1%) 0 (0%) ≤32 ≥128

Folate pathway inhibitors
Trimethoprim 0|34 0|10 0|18 0|6 0 (0%) 34 (30.1%) ≤8 ≥16
Co-trimoxazole 0|39 0|11 0|20 0|8 0 (0%) 39 (34.5%) ≤2/38 ≥4/76

Tetracyclines
Tetracycline 0|75 0|35 0|28 0|12 0 (0%) 75 (66.4%) ≤4 ≥16
Minocycline 5|78 2|34 2|30 1|14 5 (4.4%) 78 (69.0%) ≤4 ≥16

Phenicols
Chloramphenicol 4|54 3|21 0|21 1|12 4 (3.5%) 54 (47.8%) ≤8 ≥32
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9.5% in chicken, pork and beef samples, respectively). These results
appear to be generally lower compared with previous studies in the
country (Dang et al., 2013a; Do et al., 2016; Van Nhiem et al., 2006;
Yamaguchi et al., 2015). Our results however probably under-estimated
the true prevalence, since bacteriological inhibition assays are known to
have limited sensitivity of detection for certain antimicrobial residues
(Chafer-Pericas et al., 2010; Do et al., 2016). The main advantage of
such methods is their affordability and ease of use. Although there are
number of more sophisticated techniques available (Do et al., 2016;
Gaudin et al., 2008), the huge range of antimicrobials used, and the
high testing costs is a limiting factor in a developing country setting
such as Vietnam. In descending order, we found that sulfonamides,
tetracyclines and macrolides were the most commonly detected anti-
microbials in meat samples. All these antimicrobial classes are used
intensively in pig and poultry production in Vietnam (Carrique-Mas
et al., 2014; Dang et al., 2013b; Van Cuong et al., 2016).

Our results indicate higher overall prevalence of antimicrobial re-
sidues in meat samples sourced from wet markets (9.6%) compared
with supermarkets (2.6%). Positive chicken samples were found in a
larger variety of retail type/provinces (4/6), compared with pork (3/6)
and beef (2/6). However on sample level, the highest proportion of
positive samples corresponded to beef, due to the high prevalence of
this type of beef from Dong Thap wet markets (10/39 positive). We
found evidence of residues of more than one antimicrobial in 7/10
positive chicken samples, probably reflecting higher usage levels of
antimicrobials in this species. High levels of antimicrobial use have
been shown in chicken production systems in the Mekong Delta, often
consisting of products containing more than one antimicrobial
(Carrique-Mas et al., 2014).

The prevalence of NTS contamination of meat samples of a similar
scale, if somehow higher than in previous studies (Ta et al., 2014; Thai
et al., 2012a, 2012b; Van et al., 2007), and not too dissimilar between
species. However this prevalence (62.7–71.8%) is extremely high when
compared with 2014 surveillance data from the European Union, with a
per 25 g sample prevalence of 2.26%, 0.62% 0.23% for chicken, pork
and beef respectively (EFSA, 2014). In our study, chicken and pork
sourced from wet markets had considerably higher NTS counts than
their equivalent samples from supermarkets. Chicken meat from wet
markets had both the highest prevalence of NTS (90%) and the highest
bacterial counts (3.2 log MPN/g). A previous study on chicken carcasses
collected from retail markets in Vietnam showed that NTS counts
ranged from 1.0 to 3.8 log MPN per carcass (Ta et al., 2014). The dif-
ferent sampling methodologies present a challenge to the interpretation
and comparability across studies. It could be argued that those results
indicate a lower count “per gram of meat” than in our study, since most
of the NTS contamination occurs on the surface of the meat. A study on
six pork samples from northern Vietnam also indicated a lower number
of NTS counts (< 0.18 log MPN/g) compared to 2.4 log MPN/g meat in

our study (Yokozawa et al., 2016). Since most of the meat sold in wet
markets is stored at ambient temperatures, and meat sold in super-
markets is normally stored refrigerated (2–8 °C), it is not possible to
conclusively determine whether this difference is due to differences in
storage conditions or to more hygienic slaughtering and handling
conditions of chickens and pigs in the supermarket value chain.

S. Kentucky ST198 was the most common serovar found in chicken
meat. This serovar has been identified in poultry products in the USA
for decades (Shah et al., 2017). Increasing occurrence of human cases of
S. Kentucky infections related to consumption of chicken and turkey
meat have been reported in Europe and USA (Antunes et al., 2016; CDC,
2012). S. Kentucky ST198 has been associated with wide range of li-
vestock reservoirs in Europe, Africa, Middle East and Asia (Le Hello
et al., 2013). The spread of S. Kentucky ST198 is suspected to be linked
to increased globalization of travel and food/animal trade, with poultry
being a major suspect (Le Hello et al., 2011). This serovar seems to be
associated with high level ciprofloxacin resistance (due to gyrA and
parC mutations) and can carry rare β-lactam genes (Wasyl et al., 2015).
In our study, 11/12 (91.7%) of S. Kentucky strains were fully resistance
against all tested quinolones.

S. Rissen was the predominant serovar in pork (9/40 isolates). This
serotype has previously been found in pig production in several regions
of Vietnam (Lettini et al., 2016; Thai et al., 2012b). This serotype was
among the most common serovars found in human patients with
treatment of diarrhea in Thailand (Angkititrakul et al., 2005). Serovars
Lexington, Give and Weltevreden were the most frequent isolates
identified in beef. This finding is consistent with a previous study in
southern of Vietnam, where S. Weltevreden and S. Lexington were
identified as dominant serovars in cattle (Vo et al., 2006).

Five chicken isolates (4.4%) were fully resistant against all tested
3rd generation cephalosporins, one of them being fully resistant against
4th generation cephalosporin. Recently, a S. Albany strain isolated from
chicken meat in Vietnam was found to be resistant against ceftriaxone
(3rd generation cephalosporin) but not cefepime (4th generation ce-
phalosporin) (Ta et al., 2014). A recent study on NTS isolates from pork
in China has shown a relatively high prevalence of resistance (15.8%)
against 3rd generation cephalosporins (ceftiofur, cefotaxime, cef-
triaxone and ceftazidime) (Yang et al., 2017).

We found moderate to high rates of quinolone resistance including
levofloxacin (20.3%), ciprofloxacin (21.2%), nalidixic acid (24.8%),
and ofloxacin (45.1%). This is a concern since the prevalence of re-
sistance against ciprofloxacin and ofloxacin has ranged from 0% to 5%
in previous studies (Ta et al., 2014; Thai et al., 2012a, 2012b; Van et al.,
2007). However, high level of ciprofloxacin resistance among NTS
isolates from poultry (52.2%) and swine farms (62.7%) have been re-
ported in Central Vietnam (Lettini et al., 2016). Reduction in quinolone
susceptibility is reflecting the frequent use of these antimicrobials in
animal husbandry (Carrique-Mas et al., 2014; Nhung et al., 2016), that

Table 6
Mixed multivariable models investigating association between AMR meat type and type of retail.

Outcome Index Meat type (baseline = beef) Type of retail (baseline = supermarket)

Chicken Pork Wet market

MDR (ICC = 0.84) OR (95%CI) 8.3 (1.4–48.9) 1.8 (0.5–6.7) 0.6 (0.2–1.9)
pvalue 0.02 0.38 0.43

Penicillins (ICC = 0.57) OR (95%CI) 6.4 (0.9–43.3) 1.7 (0.4–7.5) 1.3 (0.4–4.4)
pvalue 0.06 0.48 0.69

Quinolones (ICC = 0.28) OR (95%CI) 32.9 (3.1–351.2) 1.19 (0.2–6.1) 1.1 (0.3–4.1)
pvalue 0.004 0.83 0.93

Tetracyclines (ICC = 0.51) OR (95%CI) 65.3 (4.8–895.4) 3.3 (0.7–17.0) 1.0 (0.2–4.6)
pvalue 0.01 0.13 0.99

Folate pathway inhibitors (ICC = 0.81) OR (95%CI) 2.2 (0.5–9.8) 3.6 (1.1–12.5) 1.2 (0.4–3.2)
pvalue 0.29 0.04 0.72

Phenicols (ICC = 0.74) OR (95%CI) 3.8 (0.7–19.6) 1.6 (0.4–6.1) 1.5 (0.5–4.5)
pvalue 0.11 0.48 0.42
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is therefore considered an enormous challenge in the treatment of
Salmonella infections in humans and animals (Thai et al., 2012b).

In Vietnam, mcr-1 plasmid-mediated colistin resistance has pre-
viously been identified in E. coli isolated from pig and chickens
(Malhotra-Kumar et al., 2016; Nguyen et al., 2016; Trung et al., 2017).
This is the first report confirming mcr-1 in NTS from meat (pork), al-
though phenotypic colistin resistance has been recently reported among
S. Enteritidis isolates in poultry farms (Lettini et al., 2016). Although
presence in a small proportion of isolates, compared with other coun-
tries (i.e. colistin resistance has been reported in 14% in Portugal li-
vestock NTS strains) (Figueiredo et al., 2016) there is a concern of
potential dissemination of mcr-1, since mcr-1 can be transmitted hor-
izontally (Snesrud et al., 2016; Trung et al., 2017), and colistin is often
used in animal production in Vietnam (Carrique-Mas et al., 2014;
Nguyen et al., 2016; Van Cuong et al., 2016).

In summary, we report considerably high levels of contamination
with antimicrobial residues in meat products sold at markets in
Vietnam. The presence of residues appears to be more common in meat
sourced from wet markets, whereas resistance among NTS was more
common in the chicken species, regardless of the type of retail.
Unsurprisingly sulfonamides, tetracyclines and macrolides, all anti-
microbials extensively used in pig and poultry production, were the
most frequently detected residues. We also report high levels of AMR
among NTS isolates against quinolones and penicillins, all considered of
critical importance for human medicine. To ensure the safety of animal
food for human consumption appropriate withdrawal periods should be
strictly enforced after the administration of antimicrobials. We re-
commend a review of slaughtering/hygiene procedures to limit cross-
contamination with NTS, with particular attention to poultry wet
markets. The study also highlights the diversity of NTS serovars in the
animal reservoir, and the need to better characterize clinical infections
due to NTS in humans in Vietnam. At present little is known about
zoonotic foodborne sources of human enteric infection with NTS in the
country, because of limitations in the medical care system and the costs
associated with isolate typing. The quantification of the NTS disease
burden, including the characterization of serovars in Vietnam patients
and animals should provide an impetus for better control of NTS in the
animal reservoir.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2017.12.015.
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