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At a human/livestock/wildlife interface, Escherichia coli populations were used to assess the risk of bacterial and antibiotic resis-
tance dissemination between hosts. We used phenotypic and genotypic characterization techniques to describe the structure and
the level of antibiotic resistance of E. coli commensal populations and the resistant Enterobacteriaceae carriage of sympatric Af-
rican buffalo (Syncerus caffer caffer) and cattle populations characterized by their contact patterns in the southern part of
Hwange ecosystem in Zimbabwe. Our results (i) confirmed our assumption that buffalo and cattle share similar phylogroup pro-
files, dominated by B1 (44.5%) and E (29.0%) phylogroups, with some variability in A phylogroup presence (from 1.9 to 12%);
(ii) identified a significant gradient of antibiotic resistance from isolated buffalo to buffalo in contact with cattle and cattle popu-
lations expressed as the Murray score among Enterobacteriaceae (0.146, 0.258, and 0.340, respectively) and as the presence of
tetracycline-, trimethoprim-, and amoxicillin-resistant subdominant E. coli strains (0, 5.7, and 38%, respectively); (iii) evidenced
the dissemination of tetracycline, trimethoprim, and amoxicillin resistance genes (tet, dfrA, and blaTEM-1) in 26 isolated sub-
dominant E. coli strains between nearby buffalo and cattle populations, that led us (iv) to hypothesize the role of the human/
animal interface in the dissemination of genetic material from human to cattle and toward wildlife. The study of antibiotic resis-
tance dissemination in multihost systems and at anthropized/natural interface is necessary to better understand and mitigate its
multiple threats. These results also contribute to attempts aiming at using E. coli as a tool for the identification of pathogen
transmission pathway in multihost systems.

As human activities increase, the pressure on natural ecosys-
tems through land encroachment, unsustainable use of natu-

ral resources, and fragmentation of habitats tend to expand world-
wide (1). This trend is exacerbated by human population growth
and the need to access more land to feed all in developing coun-
tries (2, 3). In these contexts, the spread of pathogens and genetic
material can represent a burden on wildlife, livestock, and human
population health (4–6). Diseases significantly impact livestock
productions, which are a key livelihood option in semiarid areas
and can also threaten endangered wildlife species (7). The dissem-
ination of antibiotic resistance (ABR) into remote, supposedly
pristine, areas resulting from a high and inappropriate use of an-
tibiotics in humans and domestic animals (in particular medi-
cated feed) (8, 9), demonstrates how the most remote ecosystems
are not exempt from a human footprint (10). The consequences of
ABR diffusion in natural ecosystems are largely unknown. How-
ever, the evolution and selection of resistance genes in the wild
could compromise the use of antibiotics (11), the main tool to
fight infectious diseases in domestic animals and human (10).
Moreover, the ABR pollution “in the wild” could threaten biodi-
versity (12).

The dynamics and processes of microorganism transmission
between hosts and the environment should therefore be a focus of
research at wildlife/livestock/human interfaces to provide man-
agement options to reduce or deal with their negative effects (i.e.,
impact on human health, livestock production, and biodiversity
conservation). These interfaces represent complex multihost and
multipathogen systems that have been so far little studied (13).
Even if focusing on a single pathogen, the large diversity of hosts

constrains the efficiency of past and current surveillance and con-
trol approaches. New frameworks are therefore needed that bridge
biological fields (14, 15). Since pathogens have a limited number
of transmission modes to infect a new host (e.g., direct, environ-
mental such as waterborne, foodborne, or vector/insect-borne
transmission), a framework trying to identify the transmission
processes linking one host to different sources of pathogens could
help identifying hotspots of pathogen transmission and predicting
future microorganism transmission at a local level (16, 17).

The bacterium Escherichia coli is a good indicator of transmis-
sion pathways within multihost systems because E. coli is ubiqui-
tous, shares the same niche as enteric pathogens and is transferred
by the same route, and is one of the best-studied and best-known
bacteria. E. coli diversity and population dynamics have been the
focus of recent studies (17–20) investigating the relationship be-
tween E. coli populations and proxies of interhost contacts. For
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example, E. coli sharing between human, primates, and livestock
increased with the frequency and intensity of interspecies contacts
in Uganda (21). However, more studies are needed with different
animal models, in different ecosystems and using the new avail-
able molecular tools to characterize bacterial diversity. The dis-
semination of ABR in pristine ecosystems can also be used to track
directional genetic transfer from human and livestock toward
wildlife (10, 22, 23).

A wealth of studies exists on the host, temporal stability, and
geographical structure of E. coli associated with humans and do-
mestic animals (see, for example, references 24, 25, and 26). The
factors contributing to the sharing of E. coli between host popula-
tions include (i) feeding modes, (ii) phylogenetic relatedness, and
(iii) host contact patterns related to bacterial transmission (27).
Since it can be difficult to weigh each factor against each other,
estimating the proportion of the E. coli population similarity re-
lated to the last factor could be difficult. However, a recent study
(28) provided a semiexperimental setup that we used here. The
animal model offers a good opportunity to investigate E. coli pop-
ulation sharing between hosts as the African buffalo (Syncerus
caffer caffer) and cattle (Bos taurus/indicus) are bovids and there-
fore phylogenetically related, their diets overlap substantially and
telemetry studies indicate that both populations can come into
contact (28). Finally, ungulate population movements can be used
to detect the degree of contacts between populations defining a
contact variable that can be used to test hypotheses on E. coli
population sharing.

The study was therefore initiated with a double objective: first,
to increase the knowledge on the dissemination of ABR genes
between hosts in these complex systems, so far little studied, in
order to assess the risk associated with this anthropological threat
on natural ecosystems; and second, to explore the processes of E.
coli transmission between hosts as a model for pathogen transmis-
sion and potentially as a predictive tool. Hence, the genetic struc-
tures of commensal E. coli populations and their ABRs were
explored simultaneously in sympatric ungulate hosts. We hypoth-
esized that (i) the phylogenetic proximity and the diet overlap
between cattle and buffalo in our study site would result in similar
E. coli phylogroups’ profiles but that (ii) ABR in buffalos should
increase with the level of habitat sharing with domestic hosts,
since the use of antibiotics is restricted to human and domestic
populations.

MATERIALS AND METHODS
Study site and experimental setting. The study was conducted in the
Hwange district of Zimbabwe, Africa. The Hwange National Park and its
periphery (including the Sikumi Forest and surrounding communal
lands) are part of the Kavango-Zambezi Transfrontier Conservation Area
(KAZA TFCA) (28) (Fig. 1). In southern Africa, TFCAs aim at combining
sustainable development and biodiversity conservation through the pro-
motion of the sustainable use of natural resources and agricultural pro-
duction (29). The livelihoods of small-scale farmers rely heavily on basic
livestock production (herd average n � 5), little or no agricultural input
(fertilizer, antibiotic feeds) (28), and maize and sorghum cropping in a
semiarid ecosystem (average rainfall, 600 mm per year).

The telemetry protocol presented previously (28) targeting sympatric
buffalo and cattle populations was carried out on the same ungulate pop-
ulations as of December 2012. Adult females were equipped with GPS
collars since their movements are representative of the herd movements
(30, 31). Annual home ranges for each individual/herd were calculated
using the 95% utilization distribution method (32) and are displayed in

Fig. 1. E. coli sampling protocols were implemented in three populations
identified using the telemetry results: a distant buffalo population (A)
whose home range does not overlap the other two populations (popula-
tion size estimated at around 1,000 individuals), a neighboring buffalo
population (B) (population size estimated also at around 500 individu-
als), and a cattle population (C) (several hundred individuals) sharing
Sikumi Forest.

In this area, interviews with animal health technicians, farmers, and
human health professionals revealed that antibiotics were used in cattle
populations to treat tick-borne diseases and other infections (these indi-
viduals were asked to list by order of importance the antibiotic they use or
prescribe). The antibiotics used most frequently in cattle were mainly
tetracycline, followed by oxytetracycline, penicillin, and streptomycin
(principally injected intramuscularly). There does not appear to be any
preventive use of antibiotics in the area in cattle. In humans, antibiotics
were mainly used to treat human tuberculosis (Mycobacterium tuberculo-
sis), an infection with a high prevalence in the area (especially due to the
high HIV burden). The main antibiotics used in humans were trim-
ethoprim, co-trimoxazole (a combination of trimethoprim and sulfon-
amides), amoxicillin, and doxycycline.

Sample collection. Fresh fecal samples of animals from the three pop-
ulations A, B, and C were collected on the ground a few seconds or min-
utes after deposition between 31 October and 4 November 2012. For
cattle, the protocol was implemented in two villages (i.e., Magoli and
Jwapi), following cattle herds returning from their daily roaming in the
Sikumi forest to the kraal (i.e., overnight enclosure located close to the
homestead) before sunset. For buffalo populations (A and B), the herd
was located using recent GPS positions transmitted by satellite and very
high frequency devices. After visual contact was established with the buf-
falo herd, movements were monitored, and the samples were collected
just after the herd moved out of an open area. This protocol ensured that
the fecal material collected was obtained from the right host (population
A, B, or C) and endeavored to minimize the sampling of fecal material
from the same individuals by selecting distant dungs (�10 m) or dungs
with clear dissimilarities in color and/or density. A sample size of around
50 (5 or 10%) was estimated from the population size (500 heads for each
buffalo populations and several hundred heads for the cattle population)
and practically to minimize double sampling of individuals and taking
into account laboratory time and costs. Labeled with unique identifying
numbers, transport swabs (Clinical Sciences Diagnostics containing
Amies transport medium) were immersed in the fecal material and trans-
ported in a cool box with ice packs from the field to a deep freezer (in less
than 6 h) in the research camp where they were then maintained at �20°C.
During the same week, they were transported by car to Harare, capital of
Zimbabwe, without defreezing and stored in another deep freezer until
shipment by plane to the INSERM laboratory in France in March 2013.
Once in the laboratory, each swab was then discharged in brain heart
infusion broth with 20% glycerol and stored at �80°C until used.

Isolation of the dominant E. coli clone. The stool-containing suspen-
sions were plated onto Drigalski agar plates and incubated overnight at
37°C. Then, one yellow colony was randomly picked and confirmed by
matrix-assisted laser desorption ionization–time of flight (MALDI-TOF)
analysis (MALDI Biotyper Microflex; Bruker) to belong to E. coli/Esche-
richia clade species. This colony was considered to represent the dominant
E. coli/Escherichia clade clone as it has been recently shown (33, 34). The
strain was tested for antibiotic susceptibility, phylotyped, and stored at
�80°C. The nomenclature used for the designations of these strains was as
follows: the letter of the population, the number of the individual, and
“DOM” for dominant (e.g., B24DOM).

Antibiotic resistance. Two protocols were used to analyze ABR. First,
global ABR was analyzed in each sample by plating 100 �l of the glycerol
dilution on Drigalski agar on which antibiotics disks containing amoxi-
cillin (25 �g), kanamycin (30 IU), streptomycin (10 IU), tetracycline (30
IU), trimethoprim (5 �g), sulfonamides (200 �g), and chloramphenicol
(30 �g) were plated, as described previously (35). Plates were incubated 24
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h at 37°C and, if colonies were present within the zone of inhibition (as
defined by the French Society for Microbiology [www.sfm-microbiologie
.org/]), the sample was reported to be carrying resistant Enterobacteriaceae
. A Murray score was calculated as described previously (36) using the
following equation: Murray score � total number of resistances/total
number of possible resistances for each individual sample. In addition,
one randomly selected yellow colony falling within the zone of inhibition
of tetracycline, amoxicillin, and trimethoprim was purified on Mueller
-Hinton medium with the corresponding antibiotic disk each time it was
present. The E. coli/Escherichia clade identification was confirmed by
MALDI-TOF and stored at �80°C. These strains were then called
tetracycline-, amoxicillin-, and trimethoprim-resistant strains,
respectively, and labeled by the letter of the population, the number of the
individual, and the abbreviation of the antibiotic (e.g., B24TET).

Second, classical antibiotic susceptibilities were determined using the

disk diffusion method according to the 2012 recommendations of the
French Society for Microbiology on the dominant and on the tetracy-
cline-, amoxicillin-, and trimethoprim-resistant (see above) E. coli strains.
The following antimicrobial agents were tested: amoxicillin (25 �g),
amoxicillin � clavulanic acid (20 � 10 �g), ticarcillin (75 �g), cefoxitin
(30 �g), cefepime (30 �g), cefotaxime (30 �g), ceftazidime (30 �g), strep-
tomycin (10 IU), gentamicin (10 IU), kanamycin (30 IU), tetracycline (30
IU), trimethoprim (5 �g), sulfonamides (200 �g), chloramphenicol (30
�g), nalidixic acid (30 �g), and ofloxacin (5 �g).

Further characterization was performed on the subdominant antibi-
otic-resistant strains. Detection of tetracycline resistance efflux pump-
encoding genes (tetA to tetE) by using a multiplex PCR (37) was per-
formed on the tetracycline-resistant E. coli strains. �-Lactamase-encoding
gene blaTEM was screened by PCR (38), followed by Sanger sequencing on
the amoxicillin-resistant E. coli strains. Multiplex PCR detection of dihy-

FIG 1 Study site, including home ranges (95% UD, 2012 to 2014) of adult female buffaloes were drawn in red and cattle drawn in green. Herd A (4 GPS collars,
approximately 1,000 individuals) roamed in Hwange NP (dark gray) and herd B (4 GPS collars, approximately 500 individuals) remained in Sikumi Forest (gray)
and privately owned safari areas (light gray). Three cattle home ranges drawn in green (95% UD, 2010 and 2011) are representative of cattle living in Magoli and
Jwapi villages in Hwange Communal Area (white) and entering Sikumi Forest. No fence separates any of the land uses displayed. The map was created using
Quantum GIS version 2.4.
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drofolate reductase-encoding genes dfrA1, dfrA5-dfrA14, dfrA7-dfrA17,
and dfrA12 was performed, followed by Sanger sequencing, on the trim-
ethoprim-resistant E. coli strains. The choice of these genes was based on
their prevalence in the E. coli genome database Mage (http://www
.genoscope.cns.fr/agc/microscope/home/) (39). The primers for the dfrA
PCR and the length of the PCR products were as follows: dhfr1.f (AACC
AATGGCTGTTGGTTGG) and dhfr1.r (CTGAAACAATGACATGATC
CG), 180 bp; dhfr5.f (CCACCAGACACTATAACGTG) and dhfr5.r (CA
TACCCTGGTCCGCGAAAG), 237 bp; dhfr7.f (TCAGAAAATGGCGTA
ATCGG) and dhfr7.r (ACGTGAACAGTAGACAAATG), 332 bp; and
dhfr12.f (TGAGACAAGCTCGAATTCTG) and dhfr12.r (TGAACTCGG
AATCAGTACGC), 430 bp. The PCR conditions were as described previ-
ously (40). Differentiation between the dfrA5 and dfrA14 genes on one
hand and the dfrA7 and dfrA17 genes on the other hand was performed by
sequencing.

E. coli phylogenetic grouping and strain relatedness. Dominant and
subdominant tetracycline-, amoxicillin-, and trimethoprim-resistant E.
coli strains were assigned to one of the seven main phylogenetic phylo-
groups (A, B1, B2, C, D, E, and F) using the new Clermont quadruplex
method (40) or to one of the five Escherichia clades (I to V) as described
previously (40, 41). The subdominant tetracycline-resistant E. coli strain
relatedness was assessed by repetitive extragenic palindromic PCR (rep-
PCR) using a DiversiLab strain typing system (bioMérieux) as reporter
earlier (42). Relatedness among the strains was also assessed by random
amplification of polymorphic DNA (RAPD) using the 1254 primer (5=-C
CGCAGCCAA-3=), as described previously (43).

Statistical analyses. Using the R software (44), after checking for ho-
mogeneity of variance (no distribution was normally distributed), non-
parametric tests (Kruskal-Wallis, Wilcoxon, chi-square, and Spearman
rank correlation tests) were implemented to compare the ABR and the
phylogroup population structure between the three host populations.

RESULTS

We collected 53 samples from isolated wild buffalo (population
A), 52 samples from neighboring wild buffalo (population B), and
50 samples from domestic cattle (population C).

Phylogenetic group distribution and antibiotic resistance of
the dominant E. coli/Escherichia clade strain. E. coli/Escherichia
clade dominant strains were detected in 152 of 155 samples (n �
52 for buffalo [A], n � 50 for neighboring buffalo [B], and n � 50
for cattle [C]). For three samples, the dominant Enterobacteriaceae
did not belong to the Escherichia genus (two Klebsiella oxytoca in

the B population and one Enterobacter cloacae in the A popula-
tion).

The three host populations had similar patterns of E. coli phy-
logenetic group distribution (A and B: Spearman, P � 0.96; A and
C: Spearman, P � 0.81; B and C: Spearman, P � 0.77) (Fig. 2). B1
was the main phylogroup detected in these three populations (36
to 54% of the detected dominant strains), followed by phylogroup
E (24 to 34%). D phylogroup strains were present at more than
10% in population A. The A, B2, and C phylogroups were rarely
detected (�6%). Three Escherichia clade I strains were isolated, all
in buffalo (2 in the A population and 1 in the B population). No
phylogroup F strain was observed.

ABR was found very rarely in the dominant strains, as only one
B1-phylogroup E. coli from the buffalo population at the interface
with cattle (B24DOM) was resistant streptomycin, tetracycline, and
sulfonamides.

Global antibiotic resistance of fecal Enterobacteriaceae. To
have an overview of ABR in Enterobacteriaceae, the 155 fecal sam-
ples were tested for antibiotic-resistant Enterobacteriaceae by di-
rect plating, gathering by this approach both dominant and sub-
dominant strains (Table 1). A significant difference between the
ABR patterns of the three populations was observed (Kruskal-
Wallis test, P � 0.01) (Table 1). Buffalo with no contact with cattle
(population A, average Murray score � 0.146) presented a lower
Murray score than buffalo at the interface (population B, average
Murray score � 0.258; Wilcoxon test, P � 0.01) and cattle (pop-
ulation C, average Murray score � 0.340; Wilcoxon test, P �
0.01). Cattle did not exhibit a significantly higher resistant score
than buffalo at the interface (population B; Wilcoxon test, P �
0.21). Trends by antibiotics were quite consistent: for four of
seven antibiotics (tetracycline, trimethoprim, sulfonamide, and
chloramphenicol), we observed an increasing antibiotic resistance
along the gradient A � B � C; for two of seven (streptomycin and
amoxicillin), we observed an A �� C � B gradient, and for the
remaining one (kanamycin), we noted an A � B � C gradient.
Specifically, tetracycline resistance was significantly different be-
tween populations A and C (chi-square test, P � 0.01), between
populations A and B (chi-square test, P � 0.04), and between
populations B and C (chi-square test, P � 0.05). Amoxicillin re-
sistance was significantly different between populations A and C

FIG 2 E. coli/Escherichia clade phylogenetic distribution of the dominant
clones for each of the three ungulate populations: population A (buffalo not in
contact, n � 53), population B (buffalo at the interface, n � 52), and popula-
tion C (cattle, n � 50). Results for phylogroups A, B1, B2, C, D, and E and
Escherichia clade I (Clade I) are displayed for each host population (no phylo-
group F was observed).

TABLE 1 Global antibiotic resistance prevalence of fecal
Enterobacteriaceae for each ungulate population

Antibiotic

No. of resistant samples (%)a

Host population
A (n � 53)

Host population
B (n � 52)

Host population
C (n � 50)

Streptomycin 2 (3.8) 9 (17.3) 8 (16.0)
Tetracycline 0 4 (7.7) 17 (34.0)
Amoxicillin 20 (37.7) 45 (86.5) 34 (68.0)
Trimethoprim 9 (17.0) 11 (21.2) 23 (46.0)
Sulfonamide 20 (37.7) 20 (38.5) 25 (50.0)
Kanamycin 2 (3.8) 2 (3.8) 5 (10.0)
Chloramphenicol 1 (1.9) 3 (5.8) 7 (14.0)
a Population A, a buffalo population not in contact with cattle; population B, a buffalo
population in contact with cattle; population C, a cattle population. For each antibiotic,
the first number represents the number of resistant samples, and the related percentage
for the given host population is indicated in parentheses. Mean Murray scores 	 the
95% confidence intervals were calculated for all antibiotics as described by Murray et al.
(36) as follows: host population A, 0.146 	 0.150; host population B, 0.258 	 0.204;
and host population C, 0.340 	 0.275.
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(chi-square test, P � 0.01), between populations A and B (chi-
square test, P � 0.01), and between populations B and C (chi-
square test, P � 0.01). Trimethoprim resistance was significantly
different between populations A and C (chi-square test, P � 0.01),
not significant between populations A and B (chi-square test, P �
0.61), and between populations B and C (chi-square test, P �
0.01). In addition, buffalo (A and B, Murray score � 0.201) had
significantly less ABR than cattle (C) (Wilcoxon test, P � 0.01)
and populations in contact (B and C, Murray score � 0.298) had
significantly more resistance than isolated population (A) (Wil-
coxon test, P � 0.01).

E. coli subdominant antibiotic-resistant strains. Due to the
veterinary and human medicine practices in Zimbabwe, we char-
acterized further the presence of E. coli subdominant strains resis-
tant to tetracycline, which was the most commonly used antibiotic
in cattle, as well as resistance to amoxicillin and trimethoprim,
which were largely used in humans. Furthermore, a markedly con-
trasting pattern of tetracycline-resistant Enterobacteriaceae and, to
a lesser extent, of amoxicillin and trimethoprim resistance, among
host populations was observed (Table 1). No antibiotic-resistant
E. coli strain was identified in population A (buffalo with no con-

tact with cattle), whereas 3 and 19 fecal samples yielded resistant E.
coli strains in population B (buffalo in contact with cattle) and
population C (cattle), respectively (significant difference between
population C and the two other populations; chi-square test, P �
0.01 for C and A and for C and B) (Table 2). Using our strategy, we
sometimes isolated several strains that were resistant to two or
three of the tested antibiotics in a single sample. We considered
that the strains were identical when they belonged to the same
phylogroup, exhibited the same pattern of antibiotic resistance on
the antibiogram, possessed the same resistance gene, and shared
an identical RAPD profile. Thus, 3 and 23 subdominant resistant
strains were identified in populations B and C, respectively (sig-
nificant difference between population C and the two other pop-
ulations; chi-square test, P � 0.01 for C and A and for C and B)
(Table 2). Of note, the subdominant resistant strain isolated in the
B24 sample (B24TET) was identical to the dominant strain resis-
tant to antibiotics (B24DOM), as confirmed by RAPD analysis.

In the isolated resistant strains, a high diversity of E. coli phy-
logenetic groups was observed with five phylogroups represented
(Table 2). To document this heterogeneity further, we performed
rep-PCR on the most frequently isolated subdominant tetracy-

TABLE 2 Antibiotic resistance phenotype and phylogenetic group belonging to each antibiotic-resistant subdominant E. coli strain detected in two
of three host populations

Isolatea Antibiotic resistance phenotypeb

Gene

E. coli phylogenetic groupctet blaTEM-1 dfr

Buffalo at the interface (B)
B1TET TET, SMN, AMX, TMP, SUL, TIC A � dfrA5 C
B4TET TET, SMN, AMX, TMP, SUL, TIC A � dfrA7 D
B24TET

d TET, SMN, SUL B NDe ND E

Cattle (C)
C1TET TET A ND ND A
C2TMP TMP, SUL ND ND dfrA14 B1
C9TET TET, SMN, AMX, TMP, SUL, TIC A � dfrA14 A
C12TET TET, SMN, AMX, TIC B � ND B1
C18TET TET A ND ND A
C18AMX TET, AMX, SUL, TIC, AMC A � ND C
C25TET TET, AMX, TMP, SUL, TIC, AMC A � dfrA14 B1
C26TET TET, SMN, AMX, TIC B � ND B1
C26TMP TMP, SUL ND ND dfrA14 A
C29TET TET, SMN, AMX, TIC B � ND B1
C31TMP TET, TMP, SUL B ND dfrA14 A
C32TET TET, SMN, AMX, TMP, SUL, KAN, TIC, AMC B � dfrA1 C
C36TET TET, SMN, AMX, TMP, SUL, TIC A � dfrA1 A
C36TMP TET, AMX, TMP, SUL, TIC, AMC A � dfrA14 C
C37TET TET, SMN, AMX, TMP, SUL, TIC A � dfrA7 A
C38TMP TMP, SUL ND ND dfrA14 B1
C40TET TET, AMX, TMP, SUL, TIC, AMC A � dfrA14 A
C42TMP TMP, SUL ND ND dfrA14 B1
C43TET TET, TMP, SUL B ND dfrA17 E
C43TMP TET, SMN, AMX, TMP, SUL, TIC A � dfrA5 B1
C44TET TET, TMP, SUL A ND dfrA17 A
C45TMP TMP, SMN, AMX, SUL, TIC ND � dfrA7 B1
C46TET TET, SMN, AMX, TMP, SUL, GEN, TIC, AMC C � dfrA17 D

a The strains are labeled by the letter of the population, the number of the individual, and the abbreviation of the antibiotic on which they were isolated. When a strain was isolated
on several antibiotics, only one is arbitrarily presented.
b Abbreviations: amoxicillin (AMX), amoxicillin � acid clavulanic (AMC), ticarcillin (TIC), streptomycin (SMN), gentamicin (GEN), kanamycin (KAN), tetracycline (TET),
trimethoprim (TMP), and sulfonamide (SUL).
c Determined as described by Clermont et al. (40, 43).
d This strain was identical to the dominant strain (B24DOM), as shown by RAPD.
e ND, not determined.
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cline-resistant strains (Fig. 3). Only three B1 phylogroup strains
from the cattle population (C12TET, C26TET, and C29TET) belong
to the same clone. For the remaining strains, the rep-PCR did not
reveal any identical strain between the buffalos at the interface and
the cattle subdominant tetracycline-resistant strain population.
Similarly, B1 phylogroup strains C2TMP, C38TMP, and C42TMP all
produced a clear and distinct RAPD pattern. Of note, in the cattle
population, the main phylogroups of the resistant subdominant
strains were the A and B1 phylogroups (39.1% each), followed by
the C phylogroup (13%), in contrast to the B1 and E phylogroups
for the dominant strains (Fig. 2).

The antibiotic-resistant strains were very rarely resistant to
only one antibiotic (two strains resistant only to tetracycline) but
were resistant to up to 8 of the tested antibiotics. The most com-
mon ABR was the tetracycline and sulfonamide resistance (21
strains, 80.7% of [all] the resistant strains), followed by trim-
ethoprim (18 strains, 69.2%), amoxicillin/ticarcillin (16 strains,
61.5%), and streptomycin (13 strains, 50.0%) resistances (Table
2). Six strains were resistant to the association amoxicillin-clavu-

lanic acid and one to kanamycin. A multiplex PCR assay of tetA to
tetE genes responsible for tetracycline resistance (37) identified a
tet gene in all of the tetracycline-resistant strains (Table 2). The
genes were mainly tetA and tetB and found in both buffalo and
cattle populations. Only one cattle strain had tetC. A multiplex
PCR assay of the dfr genes involved in trimethoprim resistance
identified a majority of dfrA14 genes but some dfrA1, dfrA5, dfrA7,
and dfrA17 genes, the dfrA5 and dfrA7 genes being shared between
buffalo and cattle populations. Lastly, we confirmed by PCR se-
quencing that the amoxicillin resistance found in both popula-
tions was due to narrow-spectrum �-lactamase TEM-1 (Table 2).

Altogether, these data indicate that diverse E. coli strains bear-
ing antibiotic resistance genes (tet, dfrA, and blaTEM-1) are present
in buffalo in contact with cattle and especially in cattle, but not in
buffalo without contact with cattle.

DISCUSSION

We explored the structure and the level of antibiotic resistance of
E. coli commensal populations and the resistant Enterobacteria-

FIG 3 Comparison of E. coli subdominant tetracycline-resistant strains by repetitive extragenic palindromic PCR using a DiversiLab strain typing system
(bioMérieux, Marcy l’Etoile, France). The Clermont genotypes determined as described by Clermont et al. (40, 43) are indicated on the right of the figure.
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ceae carriage of sympatric buffalo and cattle populations charac-
terized by their contact patterns in a southern African ecosystem.
Our results (i) identify an ABR gradient that we genetically char-
acterized from cattle to buffalo, structured by host phylogeny and
contact patterns, and (ii) confirm our initial assumptions that
buffalo and cattle shared similar phylogroup profiles, albeit with
some variability, that led us (iii) to hypothesize the role of the
human/animal interface in the diffusion of genetic material from
human to cattle and finally toward wildlife.

The main result of this study is the identification of an ABR
gradient between sympatric domestic and wild ungulate popula-
tions in a tropical ecosystem. We detected this gradient at several
levels. First, at the Enterobacteriaceae community level, the Mur-
ray score indicated that the cattle population had significantly
more ABR than buffalo and that ungulate populations in contact
(i.e., populations B and C with overlapping home ranges) shared
more ABR than ungulate populations that were not in contact
(population A) (Table 1, Fig. 1). Second, whereas almost no ABR
was detected in dominant E. coli strains isolated from the three
host populations, subdominant antibiotic-resistant E. coli strains
were mainly present in cattle and, at a lower isolation ratio in the
buffalo population in contact with the cattle population, whereas
antibiotic-resistant E. coli strains were absent from the buffalo
population that had no contact with the two other populations
(Table 2). Finally, the molecular characterization of ABR associ-
ated with the observed various genetic backgrounds in the sub-
dominant resistant E. coli strains found in populations B and C
suggested that these strains rarely spread between individuals in
contrast to the antibiotic resistance genes that are shared within
the cattle population, as well as between buffalo and cattle at the
interface. It can be hypothesized that strains can be transmitted at
the interface rapidly, but that antibiotic resistance genes spread
independently. This is facilitated by the fact that these genes are
borne by mobile genetic structures. In E. coli, tet efflux genes are
found in transposons inserted into diverse plasmids from a variety
of incompatibility groups (45), and blaTEM-1 has been observed to
disseminate on the Tn3 transposon (46). Similarly, dfr genes are
often integron-borne genes (47). In these subdominant resistant
strains, multiple resistance was observed (Table 2), which is
mainly conferred by mobile genetic elements. Such a mechanism
of selfish gene spread rather than strain or plasmid spread has
recently been proposed to explain the dissemination of acquired
resistance to �-lactams in small wild mammals in French Guiana
pristine forest from an Amerindian village (48).

ABR in natural ecosystems can originate from two sources: (i)
natural ABR emerging in the wild through natural selection pro-
cesses or (ii) diffusion of genetic material or organisms harboring
these ABR from an anthropological origin, i.e., through the use of
antibiotics in domestic animals or in humans and their subse-
quent diffusion in the environment (10). We are confident that
the gradient identified originated from the latter process (i) be-
cause the main ABR detected in the buffalo population matched
the most frequently used antibiotics in domestic animal and hu-
man populations (tetracycline and streptomycin for domestic an-
imal and trimethoprim and amoxicillin for humans), (ii) because
ABR in cattle was also detected for antibiotics used in human
populations, and (iii) because the resistance genes identified here
have already been isolated in many different contexts, and their
emergence is supposed to be a rare event. In addition, the buffalo
population in contact with cattle had an intermediate degree of

ABR both at the global and subdominant antibiotic-resistant E.
coli strains, and all ABR found in wildlife was also found in cattle.
The dominant clone is usually the clone with the best fitness in a
given environment. Many drug resistances confer a fitness cost
(49), and it is likely that antibiotic-resistant bacteria will be out-
competed in a low antibiotic pressure environment, such as pro-
tected areas. In this case, resistant clones will probably not be
selected as dominant. However, several processes act to stabilize
resistance (compensatory evolution) (50), and there is also evi-
dence that the genetic adaptations to the costs of resistance can
virtually preclude resistant E. coli lineages from reverting to sen-
sitivity (51). This could explain why only one buffalo in contact
with cattle had a dominant strain resistant to antibiotics (B24)
(Table 2). Our data are in line with a worldwide study of commen-
sal E. coli in wild and domestic animals that showed the anthro-
pogenic origin of antibiotic resistance and integron, a molecular
vector of resistance (8).

The profiles of E. coli populations between the three host pop-
ulations shared a degree of similarity. The phylogenetic proximity
of ungulate hosts and the fact that they seasonally use food and
water resources in the same ecosystem (no supplementary feeding
for cattle except for crop residues left in the fields in the study area)
can explain these results. The dominant phylogroup for the three
ungulate populations was B1, followed by phylogroup E (Fig. 2),
in agreement with available knowledge for ruminant populations
(52). However, the third phylogroup prevalence differed between
populations A, B, and C. In cattle, the third most prevalent phy-
logroup was A, a dominant phylogroup for human populations
(33), suggesting a transfer of strains between human and cattle
that interact through frequent and close contacts (8). In buffalo,
the third most prevalent phylogroups were D and B2, respectively,
for populations A and B, indicating that different subdominant
phylogroups dominate in different populations of the same spe-
cies, as suggested for humans (52). Interestingly, the subdominant
resistant strains of the cattle population were mainly of phylo-
group A (9/26) with only two strains of phylogroup E, as opposed
to the dominant clones, suggesting also a transfer of human origin
(52). However, this result was not observed in the buffalo popu-
lations, from which only three strains were isolated (Table 2).

Although the mechanisms of genetic material transfer are not
known, we demonstrate that the level of ABR varies according to
the contact patterns between host populations. Sharing pasture
and water points offers opportunities for direct and indirect trans-
fer of organisms or genetic materials between wild and domestic
ungulates. Close contacts between human and cattle occur regu-
larly, especially when cattle are kept in the kraal every evening,
where lactating female are milked, and the herders manipulate
animals. Often, human and livestock share a unique water source.
These behaviors can explain the presence of phylogroups of po-
tential human origin (i.e., phylogroup A) and ABR against human
antibiotics. It has been recently shown in the Amazonian forest
that acquired ABR did not disseminate in the wild far (600 m)
from the point of selective pressure represented by the village (48).

These results are important at two levels. First, they provide
some information on the dissemination of bacteria and their re-
sistance at wild/domestic/human interfaces, indicating that wild-
life populations within a protected conservation area are not ex-
empt from anthropological pollution, even in the most remote
areas. The impacts of E. coli (and potentially other bacteria) and
resistance genes transfers to wild populations are difficult to as-
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sess, but they could alter the microbiome structures in wildlife and
affect their behavior and/or health (53, 54). This dissemination
can also pose a threat to the domestic and human populations
from which they originate, since resistance genes in different se-
lective environments can evolve into more harmful variants when
they are introduced back into domestic or human populations
(55). Follow-up studies on the mechanisms of bacteria and gene
diffusion in this ecosystem could be targeted at describing the
human E. coli population structure and ABR and the role of other
domestic and wild hosts and the environment.

Second, these results support the potential use of E. coli as an
indicator of transmission pathways in multihost systems, as re-
cently suggested (17). Dominant strains are shared between hosts
in contact (e.g., phylogroup B1 and E between cattle and buffalo;
potentially A between human and cattle) and offer a first level of
variability to be used to assess transmission processes between
hosts. If resistant subdominant strains were not shared between
in-contact host populations, their ABR genes were, identifying a
second level of exploitable variability and a directional transmis-
sion pathway from cattle to buffalo, with humans as the probable
source population. The intensity, frequency, and directionality of
these transmission events between hosts could be further investi-
gated using new next-generation sequencing tools targeting spe-
cific genetic sequences and applied to time series of multihost
sampling coupled with studies estimating proxies of interhost
contacts. For example, Miguel et al. (28) indicated seasonal and
interannual interhost contact patterns that could translate into
pulses of ABR dissemination. The outcome would be a framework
to identify “highways” of transmission between hosts, with poten-
tial spatial and temporal variability, giving a head-start to the sur-
veillance of emerging disease spillover events.
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