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Abstract

To what extent co-localized humans and wild animals share commensal Escherichia coli strains and the associated antimicrobial resistance determinants and 
virulence-associated genes is poorly defined. To study this, over two years (1995 and 1996) we collected fecal Escherichia coli isolates from two communities 
of chimpanzees that inhabit the Kibale National Park in Uganda and compared them to contemporaneous fecal E. coli isolates collected from villagers living 
at the boundary of the preserve and park workers (139 total isolates). We found that antimicrobial resistance was most prevalent among park workers (25 
subjects), intermediately prevalent among Kanyawara community chimpanzees (which have human contact: 33 subjects), and least prevalent among villagers (6 
subjects) and Ngogo community chimpanzees (which lack direct human contact: 20 subjects). Molecular analysis of the 139 isolates to assess the frequency and 
distribution of 54 molecular characteristics (phylogenetic group markers and virulence-associated genes) showed that strains from both groups of chimpanzees 
(Kanyawara, n = 64; Ngogo, n = 28) were more similar to strains from villagers (n = 16) than to strains from park workers (n = 31). Genes associated with 
extraintestinal disease in humans such as fimbrial and afimbrial adhesins, hemolysin, toxins, and iron uptake systems were, paradoxically, most prevalent among 
chimpanzee isolates. By multi-dimensional scaling, the closest between-species population similarity for molecular characteristics was between strains from 
Kanyawara chimpanzees and those from villagers. These data support the potential sharing of transmissible resistance markers between chimpanzees and 
humans in close contact, whereas similarities in commensal strains’ genetic background is more related to shared habitat and host species.

ABBREVIATIONS

ANOVA: analysis of variance; BVAMC:  Boston Veterans Affairs 
Medical Center; E. coli:  Escherichia coli; ExPEC: Extraintestinal 
Pathogenic E. coli; LB: Luria-Bertan; MVAHCS: Minneapolis 
Veterans Affairs Health Care System; NCCLS: National Committee 
for Clinical Laboratory Standards; PFGE: Pulsed-field gel 
electrophoresis 

INTRODUCTION

Humans have increasingly incurred into previously remote 

regions, resulting in both habitat encroachment and higher 
levels of human-animal interaction [1]. This increases the risk for 
physical contact and exchange of pathogenic organisms and/or 
genetic elements between species. 

The extent of interspecies transfer of microbiota and 
microbial genetic elements could logically be predicted to vary in 
proportion to the level of interspecies contact. Human-to-animal 
transfer is of concern because it conceivably could increase the 
risk for human diseases in animals or establish animal reservoirs 
of pathologic organisms and/or disease-relevant microbial 
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elements that could later undergo zoonotic transmission back 
to humans [2,3]. However, clear documentation of a contact-
proportionate risk for microbiologic transfer from a human 
source to animals is lacking, except in special cases.

With non-captive animals the interspecies transfer of 
bacteria and/or genetic elements between humans and animals 
is minimally documented. Two studies in wild baboons were the 
first to demonstrate that the level of contact with human habitats 
was associated with an increased risk of recovery of antimicrobial 
resistant fecal organisms [4,5]. 

In one of these studies, Rolland et al., studied three groups 
of baboons within the Amboseli National Park of Kenya [4]. 
Two of the groups had minimal human contact, whereas the 
third (Lodge group) raided refuse pits and latrines used by the 
lodge. Whereas cultures of feces taken from members of the 
Lodge group showed much higher percentages of antibiotic-
resistant Gram-negative bacteria, there was also a larger fraction 
of non-lactose fermenting fecal organisms, i.e., bacteria other 
than Escherichia coli or Klebsiella. Resistance to the antibiotics 
studied – tetracycline, kanamycin, ampicillin, and cephalexin – is 
typically plasmid mediated, which these authors confirmed for 
the study isolates by conjugation experiments. Thus, whether 
the resistant population could be attributed to acquisition of 
antibiotic resistant plasmids by otherwise susceptible organisms 
such as E. coli, versus a change in fecal coliforms to an inherently 
resistant bacterial population, is unknown. 

Likewise, Routman et al., studied five baboon communities 
in Tanzania [5]. Two communities raided garbage dumps of a 
local village, whereas three had minimal to no human contact. 
By contrast, with the above-mentioned Kenyan study, this study 
found no difference in the fraction of antimicrobial-resistant fecal 
organisms between animals with and without human contact. A 
relevant design difference between these studies is that in this 
Tanzanian study the human contact was with local villagers, who 
were agrarian and would have had limited outside contact and, 
presumably, less antimicrobial exposure, whereas in the Kenyan 
study it was at the site of a tourist lodge, with humans of higher 
socioeconomic status and, presumably, more antimicrobial 
exposure. 

Field research into the primates of Kibale National Park, 
Uganda, has been ongoing since the 1970’s. The Kibale 
Chimpanzee Project was established in the early 1980s as a 
field research program to assess the ecology, physiology, and 
behavioral science of endangered primates [6]. Within the park, 
primate research is conducted in three regions, Kanyawara, 
Ngogo, and Sebitoli [6], each with its own chimpanzee group. In 
particular, the Kanyawara group habitat overlaps with villages 
within the park and are human tolerant, whereas the Ngogo 
group has minimal human contact [6,7]. 

Four studies from the Kibale Chimpanzee Project are 
relevant. One found that respiratory illness was common in the 
Kanyawara chimpanzee group, but temporal patterns over a 
number of years did not match those in the neighboring village 

[8]. By contrast, two other studies documented outbreaks in 
the Kanyawara and Ngogo chimpanzees of human rhinovirus C, 
human metapneumovirus, and human respirovirus 3 (formerly 
parainfluenza virus 3), suggestive of spread of human pathogenic 
viruses to both of these chimpanzee populations, despite their 
differing degrees of human contact [9,10]. 

The only Kibale Chimpanzee Project study that has assessed 
possible interspecies transfer of bacteria was that of Goldberg, 
et al. [11]. In that study, chimpanzees harbored Escherichia coli 
strains genetically more similar (according to PCR-based genomic 
profiling) to those of humans employed in chimpanzee-directed 
research and tourism than to those of humans from a local village. 
The chimpanzee strains also exhibited antibiotic resistance levels 
intermediate between those of the two human groups. Notably, 
however, this study lacked a chimpanzee group without human 
contact, and did not define the phylogenetic group or virulence 
genes of the E. coli strains.

Here we investigated, within the Kibale National Park, the 
potential transfer from humans to chimpanzees of antibiotic 
resistance and/or other genetic elements associated with human 
disease. Specifically, we compared the prevalence of resistance 
phenotypes and selected genetic markers between fecal E. coli 
isolates from Kanyawara and Ngogo chimpanzees, local villagers, 
and park workers, to assess whether the outcome variables 
segregate by host species, lifestyle, or exposure to other hosts. 
We also assessed associations between different bacterial 
characteristics, independent of host group.

MATERIALS AND METHODS

Study populations

Stool samples from chimpanzees and human participants 
were collected in and near Kibale National Park, Uganda during 
June and July 1995 and in June 1996, using established methods 
that allowed sample assignment to specific donors [11]. Six 
human residents of a neighboring village and 25 park workers 
were sampled in 1995 and 1996, respectively. Chimpanzees from 
the Kanyawara and Ngogo communities were selected for study 
as representing contact and non-contact animals, respectively, as 
explained below. 

The Kanyawara chimpanzees are human-habituated wild 
chimpanzees with years of daily exposure to field researchers and 
locally hired research assistants (hereafter, park workers). Park 
workers follow and observe the chimpanzees for several hours 
every day, thus serving as the greatest source of human exposure 
to the chimpanzees. The contact is indirect but high (defecation 
by chimps and humans, and movement of both species through 
those areas daily).

Chimpanzees also range across the park boundary and into 
adjacent agricultural fields to raid crops (plantains, corn, etc.). 
Local farmers and their families often camp in those fields to 
protect their crops from raiding by various wildlife species. Crop 
raiding outside the park along its borders (by chimpanzees), 
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and illegal hunting (by villagers crossing into the park) allow 
additional chimpanzee-human habitat overlap and interspecies 
exposures. 

By contrast, the Ngogo chimpanzees live in a much more 
remote area of Kibale National Park, farther away from villages 
and crops. At the time of sample collection for the present study, 
the Ngogo chimpanzees were not human-habituated and had 
minimal overlapping habitat or exposure to humans, including 
park workers and villagers. (This has since changed; the Ngogo 
chimpanzees are now habituated and under study).

Isolate collection, antimicrobial resistance testing, 
pulsed-field gel electrophoresis

Stool was triple streaked onto MacConkey agar and incubated 
at ambient temp. From each plate six lactose-fermenting colonies 
(as available) were selected arbitrarily and inoculated into stabs 
containing trypticase-soy agar, which were then sealed and 
shipped in batches to the BVAMC for analysis. 

At the BVAMC, material from each stab was streaked onto 
MacConkey agar. After overnight incubation a single lactose-
fermenting colony per plate was picked and grown overnight in 
Luria-Bertani (LB) broth, from which aliquots were made and 
stored at -70°C. 

For antimicrobial susceptibility testing, frozen isolates were 
freshly grown overnight in LB broth. Broth cultures were diluted 
to a 0.5 McFarland standard, then spread onto the surface of a 
6” agar plate using a cotton-tipped swab. Antibiotic discs were 
placed onto the surface of each plate. After incubation overnight 
at 37°C, inhibition zones around each disc were measured. 
Zone diameter interpretations (susceptible, intermediate, and 
resistant) were per National Committee for Clinical Laboratory 
Standards (NCCLS) criteria [12]. 

Pulsed field gel electrophoresis (PFGE) was performed as 
described previously [13]. Each single-colony isolate from each 
fecal sample was incubated overnight in LB broth, and genomic 
DNA was isolated. Following restriction digestion with XbaI, 
DNA fragments were resolved in agarose gels and stained with 
ethidium bromide. PFGE profiles, as assessed by visual inspection, 
were compared within each subject. Isolates from a given host 
that exhibited indistinguishable PFGE profiles were regarded 
as representing the same strain, and those with different PFGE 
profiles as different strains.

For each study subject, one isolate per strain was selected and 
shipped in an agar stab to the Minneapolis VA Health Care System 
(MVAHCS) for further molecular analysis. Isolates collected 
in different years from the same subject were considered as 
independent collections. 

PCR-based molecular analysis

At the MVAHCS, established conventional multiplex PCR-
based assays, with primers and conditions as described elsewhere, 
were used to resolve seven major phylogenetic groups (A, B1, B2, 

C, D, E, F) [14], and to detect 48 genetic markers associated with 
extraintestinal virulence [15,16]. Boiled lysates of single-colony 
overnight broth cultures were used as target DNA. All PCR testing 
was done in duplicate, using relevant positive and negative 
controls. Using established molecular definitions, isolates were 
classified presumptively as extraintestinal pathogenic E. coli 
(ExPEC) if they contained ≥ 2 of papAH or papC (P fimbriae 
structural subunit and assembly; counted as one), sfa/focDE (S 
and F1C fimbriae), afa/draBC (Dr-binding adhesins), kpsM II 
(group 2 capsules), and iutA (aerobactin siderophore system) 
[17]. The number of discrete virulence gene operons detected 
was the virulence gene score.

Statistical analysis

Analyses involving antimicrobial resistance prevalence 
by study group were done at the by-subject level, for which 
each subject was scored for presence/absence of any detected 
resistance to a given agent, to account for possible non-
independence between multiple isolates from a given subject 
due to within-host transfer of mobile resistance elements. 
Comparisons involving phylogenetic group and virulence genes, 
most of which are minimally or not horizontally mobile, and 
those involving antimicrobial resistance in comparison with 
other bacterial characteristics, were done at the by-isolate level.

For comparisons between study groups that involved 
dichotomous variables, an initial overall four-group comparison 
(which was tested using the Fisher-Freeman-Halton Exact Test) 
was followed by pairwise between-group comparisons using 
a Z-test. The number of statistically significant (i.e., P ≤ 0.05) 
between-group differences was tabulated and compared with 
group identity. Because according to the Kolmogorov-Smirnov 
and Shapiro-Wilk tests virulence gene scores were not normally 
distributed, comparison involving them were tested using the 
Kruskal-Wallis test for an overall four-group comparison and the 
Mann-Whitney test for pairwise between-group comparisons.

For combined variables, we conducted multidimensional 
scaling in R, using antimicrobial resistance at the by-subject 
level to place individuals subjects on a two-dimensional plot 
(Figure 1), then used Analysis of Variance (ANOVA) to test for 
differences between groups on each dimension (Table 4). We 
likewise conducted multidimensional scaling using isolate-level 
virulence factors to place individual strains on a two-dimensional 
plot (Figure 5), then used ANOVA to test for differences between 
groups on each dimension (Table 5).

RESULTS

A total of 33 Kanyawara chimpanzees, 20 Ngogo chimpanzees, 
25 park workers, and 6 villagers were sampled one or more 
times each, for 84 total subjects. For each animal (n = 53), and 
human (n = 31), participant, PFGE analysis of six presumptive 
E. coli colonies per fecal sample demonstrated a dominant (i.e., 
most abundant) strain, which in most cases accounted for all six 
colonies from that sample. Clonal deduplication yielded a total 
of 139 unique fecal E. coli strains, as defined based on source 
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host and PFGE profile. The strains were distributed by host 
group as follows: Kanyawara chimpanzees, 64 strains; Ngogo 
chimpanzees, 28 strains; park workers, 31 strains; and villagers, 
16 strains. Each host yielded from 1 to 7 unique strains (median, 
1).

Antimicrobial resistance

The by-host prevalence of antimicrobial-resistant fecal E. 
coli varied significantly by host group for all four studied agents, 
including (overall resistance prevalence) ampicillin (23%), 
ampicillin-sulbactam (7%), trimethoprim-sulfamethoxazole 
(17%), and tetracycline (12%) (Table 1). Park workers 
consistently had the highest resistance prevalence values, 
Kanyawara chimpanzees had intermediate values, and villagers 
and Ngogo chimpanzees had the lowest values. In pairwise 
between-group comparisons (Tables 1 and 2), statistically 
significant differences were limited to comparisons of park 
workers vs. other groups.

Phylogenetic group distribution

In a by-strain analysis of the 139 total unique strains, 
phylogenetic group distribution varied significantly by host 
group (Table 3). Specifically, phylogenetic group B2 accounted 
for most strains from chimpanzees, whether Kanyawara (72%) 
or Ngogo (89%), and for 50% of strains from villagers, but was 
nearly absent from park workers (7%). Conversely, phylogenetic 
groups A and B1 accounted jointly for 77% of strains from 

park workers, but were scarce to absent among strains from 
chimpanzees or villagers (0-19% each per host group). The 
low-prevalence phylogenetic groups (C, D, E, and F) did not 
segregate significantly by host group. In pairwise between-
group comparisons, significant differences in phylogenetic group 
distribution occurred between the park workers and the three 
other groups, and between villagers and Ngogo chimpanzees, but 
not between the two chimpanzee groups, or between villagers 
and Kanyawara chimpanzees.

Virulence genotypes

Forty (83%), of the 48 studied virulence-associated genes 
were detected, at overall prevalence levels ranging from 0.07% 
to 92%, and 34 (71%), were detected in ≥ 5% of strains (Table 3). 
Overall, 19% of strains qualified molecularly as ExPEC. 

Of the 34 virulence-associated genes with ≥ 5% overall 
prevalence, 18 (53%) were distributed significantly by host 
group, in diverse patterns (Table 2). Two patterns predominated. 
One involved total, or near-total, confinement to chimpanzee 
strains, suggestive of a species effect. This occurred with papAH 
(P fimbriae structural subunit), papC (P fimbriae assembly), papG 
(P fimbriae adhesin), hlyA (alpha hemolysin), ibeA (invasion of 
brain endothelium), and clbB/N (colibactin). A similar but less 
extreme concentration among chimpanzee strains over human 
strains, consistent with a partial species effect, occurred with 
fyuA (yersiniabactin receptor) and ompT (outer membrane 
protease). The second main pattern involved a predominance 

Figure 1 Multidimensional scaling of antibiotic resistance data. The analysis was based on the by-subject (n = 84) presence of fecal E. 
coli resistant (individually) to ampicillin, ampicillin-sulbactam, trimethoprim-sulfamethoxazole, or tetracycline. Axes X1 and X2, the most-
informative axes, are orthogonal. Each subject appears once, either individually (small circles) or combined with others that share the same grid 
position (larger circles). Circle size and darkness reflects the number of strains at a given position, except for the four large dark circles, which 
are the group centroids. Kanyawara chimpanzees had human contact; Ngogo chimpanzees did not.
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Table 1: Colonization with antimicrobial-resistant Escherichia coli among 84 co-localized chimpanzees and humans in Uganda. 

Prevalence of antimicrobial resistance by host group, no. of subjects 
(column%) Pairwise between-group comparison P valuea

Anti-
micro-

bial 
agentb

Total
(n = 84; 139
PFGEc types)

Kanyawara 
chimpsd (K)
(n = 33; 64 

PFGEc types)

Ngogo chimpsd 
(N)

(n = 20; 28 
PFGEc types)

Park workers 
(PW)

(n = 25; 31 
PFGEc types)

Villagers (V)
(n = 6; 16 

PFGEc types)

Four-group 
compa-rison

P valuee
Kf vs. Nf Kf vs. PWf Ke vs. 

Ve Nf vs. PWf Nf vs. 
Vf

PWf vs. 
Vf

AMPa 19 (23) 7 (21) 2 (10) 10 (42) 0 (0) 0.04 NS < 0.05 NS < 0.05 NS NS

SAMa 6 (7) 1 (3) 0 (0) 5 (21) 0 (0) 0.03 NS < 0.05 NS < 0.05 NS NS

SXTa 14 (17) 1 (3) 0 (0) 13 (54) 0 (0) < 0.001 NS < 0.05 NS < 0.05 NS < 0.05

TETa 10 (12) 2 (6) 0 (0) 8 (33) 0 (0) 0.002 NS < 0.05 NS < 0.05 NS NS

aPairwise between-group comparison P values (according to the z-test), which are unadjusted for multiple comparisons, are shown dichotomously as P < 0.05 or NS (not 
significant, i.e., P ≥ 0.05).
bAMP, ampicillin; SAM, ampicillin-sulbactam; SXT, trimethoprim-sulfamethoxazole; TET, tetracycline.
cPFGE, pulsed-field gel electrophoresis
dChimps, chimpanzees.
eFour-group comparison P values (by the Fisher-Freeman-Halton Exact Test).
fK, Kanyawara chimpanzees (human contact); N, Ngogo chimpanzees (no human contact); PW, park workers; V, villagers.

Table 2:  Number of statistically significant pairwise differences between host groups for prevalence of individual bacterial characteristics. 

Compared host groups Antibiotic resistance Molecular characteristics Total
Ngogo chimpsb vs. Kanyawara chimpsb 0 4 4
Park workers vs. Kanyawara chimpsb 4 18 22

Villagers vs. Kanyawara chimpsb 0 8 8
Park workers vs. Ngogo chimpsb 4 15 19

Villagers vs. Ngogo chimpsb 0 9 9
Villagers vs. park workers 1 10 11

aBased on the statistical comparisons shown in Tables 1 and 2. Limited to variables that yielded P < 0.10 in an initial four-group comparison. The unit of analysis for antibiotic 
resistance was the subject, and for molecular characteristics was the strain.
bChimps, chimpanzees. (Kanyawara chimps had human contact; Ngogo chimps did not.)

Table 3: Molecular characteristics of 139 fecal Escherichia coli isolates from co-localized chimpanzees and humans in Uganda.

Molecular characteristic Prevalence of characteristic by host group, no. 
(column %)

Pairwise between-group comparison 
P valuea

Category Specific 
traitb,c,d 

Total
(n = 139)

Kanya-wara 
chimpse (K)

(n = 64)

Ngogo 
chimpse 

(N)
(n = 28)

Park 
workers 

(PW) 
(n = 31)

Villagers 
(V)

(n = 16)

Four-group 
comparison 

P valuef

Kg 
vs. 
Ng

Kg 
vs. 

PWg

Kg 
vs. 
Vg

Ng 
vs. 

PWg

Ng 
vs. 
Vg

PWg 
vs. 
Vg

Phygrouph Group A 21 (15) 7 (11)1 0 (0) 11 (36) 3 (17) 0.001 NS P < 0.05 NS P < 0.05 P < 0.05 NS

Group B1 15 (11) 1 (2) 0 (0) 13 (42) 1 (6) < 0.001 NS P < 0.05 NS P < 0.05 NS P < 0.05

Group B2 82 (58) 45 (71) 26 (90) 2 (7) 9 (50) < 0.001 NS P < 0.05 NS P < 0.05 P < 0.05 P < 0.05

Adhesins papAH 15 (11) 14 (22) 1 (4) 0 (0) 0 (0) 0.001 P < 0.05 P < 0.05 P < 0.05 NS NS NS

papC 19 (13) 14 (22) 4 (14) 1 (3) 0 (0) 0.03 NS P < 0.05 P < 0.05 NS NS NS

papG 18 (13) 14 (22) 3 (11) 1 (3) 0 (0) 0.02 NS P < 0.05 P < 0.05 NS NS NS

afa/draBC 8 (6) 0 (0) 0 (0) 8 (26) 0 (0)1 < 0.001 NS P < 0.05 NS P < 0.05 NS P < 0.05

bmaE 6 (4) 1 (2) 2 (7) 0 (0) 3 (19) 0.01 NS NS P < 0.05 NS NS P < 0.05

Toxins hlyA 14 (10) 11 (17) 3 (11) 0 (0) 0 (0) 0.03 NS P < 0.05 NS NS NS NS

sat 8 (6) 0 (0) 0 (0) 8 (26) 0 (0) < 0.001 NS P < 0.05 NS P < 0.05 NS P < 0.05

vat 65 (46) 38 (59) 20 (71) 2 (7) 5 (31) < 0.001 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05

Ironh iroN 32 (23) 17 (27) 10 (36) 0 (0) 5 (31) 0.005 NS P < 0.05 NS P < 0.05 NS P < 0.05

fyuA 74 (52) 38 (59) 20 (71) 10 (32) 6 (38) 0.008 NS P < 0.05 NS P < 0.05 P < 0.05 NS

iutA 11 (8) 1 (2) 0 (0) 10 (32) 0 (0) < 0.001 NS P < 0.05 NS P < 0.05 NS P < 0.05

chuA 101 (72) 56 (88) 28 (100) 6 (19) 11 (69) < 0.001 P < 0.05 P < 0.05 NS P < 0.05 P < 0.05 P < 0.05

Misc.h usp 42 (30) 21 (33) 15 (52) 2 (7) 4 (22) 0.001 NS P < 0.05 NS P < 0.05 P < 0.05 NS

ibeA 50 (35) 28 (44) 18 (64) 3 (10) 1 (6) < 0.001 P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS

ompT 91 (65) 53 (83) 24 (86) 8 (26) 6 (38) < 0.001 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS

iss 2 (1.4) 0 (0) 0 (0) 0 (0) 2 (13) 0.001 NS NS P < 0.05 NS NS NS

malX 56 (40) 33 (52) 17 (61) 1 (3) 5 (31) < 0.001 NS P < 0.05 NS P < 0.05 P < 0.05 P < 0.05

clbB/N 6 (4) 1 (2) 5 (18) 0 (0) 0 (0) 0.001 P < 0.05 NS NS P < 0.05 NS NS
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among chimpanzee strains and villager strains, with low or zero 
prevalence among park worker strain, suggestive of a within-
park exposure effect. This occurred with vat (vacuolating toxin), 
iroN (siderophore), chuA (heme uptake), usp (uropathogenic-
specific protein), and malX (pathogenicity island marker).

Two less common patterns also occurred. One was near 
or total confinement to park worker strains, consistent with 
an outside-park exposure; this applied to afa/draBC (Dr-
binding adhesins), sat (secreted autotransporter toxin), and 
iutA (aerobactin receptor). The other was predominance 
specifically among villager strains, e.g., bmaE (M fimbriae), ireA 
(siderophore), and iss (increased serum survival), consistent 
with village-specific exposures.

Pairwise between-group comparisons for the frequency 
of individual virulence-associated genes identified numerous 
statistically significant differences. (Table 3). The number of 
such differences was greatest for comparisons between park 
workers versus chimpanzees (whether Kanyawara or Ngogo), 
intermediate for comparisons between villagers versus park 
workers or chimpanzees, and lowest for comparisons between 
Kanyawara versus Ngogo chimpanzees (Table 2).

Virulence gene scores (median, 6.0; range, 0 to 14.75) also 
varied significantly by study group (overall, P = 0.006), being 
higher (median [interquartile range]) among Kanyawara 
chimpanzees (6.0 [5.9]) and Ngogo chimpanzees (7.0 [5.3]) than 
among park workers (4.0 [3.0]) or villagers (5.0 [3.75]). The only 
statistically significant pairwise between-group differences were 
between park workers and Kanyawara or Ngogo chimpanzees. 
The proportion of strains qualifying as ExPEC, by contrast, did 
not vary significantly by study group (park workers, 29%; Ngogo 
chimpanzees, 25%; Kanyawara chimpanzees, 16%; villagers, 0%: 
P = 0.07).

Multidimensional scaling: antimicrobial resistance

In a two-dimensional plot of the X1 and X2 axis values from a 
multidimensional scaling analysis of the by-subject antimicrobial 
resistance data the subjects were distributed broadly, although 
concentrated near the origin (Figure 1). The centroids for three 

of the groups, i.e., the Kanyawara and Ngogo chimpanzees and 
villagers, were closely spaced on both axes, well separated on 
the X1 axis from the centroid for park workers. The centroid 
closest to the park workers’ centroid was that for the Kanyawara 
chimpanzees. Statistical analysis of the X1 and X2 axis values 
showed no significant differences between the Kanyawara 
chimpanzees, Ngogo chimpanzees, and villagers, but on the X1 
axis, significant differences between each of these groups and 
park workers (Table 4). 

Multidimensional scaling: molecular characteristics

In a two-dimensional plot of the X1 and X2 axes from a 
multidimensional scaling analysis of the by-isolate molecular data 
the individual isolates were distributed in an inverted U-shaped 
pattern (Figure 2). The four study groups overlapped extensively, 
but had well separated centroids that were distributed along a 
diagonal in the upper left quadrant of the plot. The centroid for 
the villager strains was intermediate between the centroids for 
the park worker strains and the chimpanzee strains, closer to 
the centroid for Kanyawara chimpanzee strains than to that for 
Ngogo chimpanzee strains. 

Statistical analysis of the X1 and X2 axis values identified 
no significant differences between Kanyawara and Ngogo 
chimpanzee strains, and only one difference – of marginal 
statistical significance (P = 0.04) – between chimpanzee strains 
(Ngogo group, X2 axis) and villager strains (Table 5). By contrast, 
park worker strains differed from both groups of chimpanzee 
strains on both axes (P < 0.001, all four comparisons), and from 
villager strains on axis X2 (P = 0.002).

Phylogenetic distribution of antimicrobial resistance 
and virulence genotypes

In a by-isolate phylogenetic analysis that was limited to 
isolates with available resistance data (131 [94%] of 139) and, 
for statistical reasons, the three most abundant phylogenetic 
groups (A, B1, and B2), antimicrobial resistance was significantly 
phylogenetically distributed for ampicillin-sulbactam, 
trimethoprim-sulfamethoxazole, and tetracycline, and exhibited a 
similar trend for ampicillin (Table X). In each instance, resistance 

aPairwise between-group comparison P values (according to the z-test), which are unadjusted for multiple comparisons, are shown dichotomously as P < 0.05 or NS (not 
significant, i.e., P ≥ 0.05). 
bCharacteristics shown are those that yielded P < 0.05 in an overall four-group comparison. Definitions: afa/draBC (Dr-binding adhesins); bmaE (M fimbriae); chuA (heme 
uptake); clbB/N (colibactin synthesis); fyuA (yersiniabactin receptor); hlyA (alpha hemolysin); ibeA (invasion of brain endothelium); iroN (salmochelin receptor); iss 
(increased serum survival); iutA (aerobactin receptor); malX (pathogenicity island marker); ompT (outer membrane protein T); papAH, papC, papG (P fimbriae major pilin, 
assembly, and adhesin); sat (secreted autotransporter toxin); usp (uropathogenic-specific protein); vat (vacuolating toxin).
cDetected but not yielding P < 0.05, total n (% of 141): group C, 1 (0.7%); group D, 10 (7%); group E, 6 (4%); group F, 6 (4%); astA (enteroaggregative E. coli toxin), 24 (17%); 
cdtB (cytolethal distending toxin), 7 (5%); clpG (non-P adhesin), 1 (0.7%); cnf1 (cytotoxic necrotizing factor), 3 (2%); ExPEC (extraintestinal pathogenic E. coli), 26 (19%); 
fimH (type 1 fimbriae), 130 (92%); fliC H7 (variant flagellin), 11 (7%); focG (F1C fimbriae), 11 (8%); hlyF (variant hemolysin), 1 (0.7%); hra (heat-resistant agglutinin), 
iha (adhesin-siderophore), 6 (43%); ireA (siderophore); kpsM II (group 2 capsules), 39 (28%); K1 (variant group 2 capsule), 19 (14%); K2 (variant group 2 capsule), 18 
(13%); papEF (P fimbriae assembly), 18 (13%); papG allele II (variant P adhesin), 3 (2%); papG allele III (variant P adhesin), 12 (9%); pic (protein associated with intestinal 
colonization), 10 (7%); rfc (O4 lipopolysaccharide), 2 (1%); sfa/focDE (S and F1C fimbria); 38 (27%); traT (serum resistance-associated), 49 (35%); tsh (temperature-
sensitive hemagglutinin), 6 (4%).
dNot detected: cvaC (colicin V), F17 (non-P adhesin), gafD (G fimbriae), kpsMT III (group 3 capsules), K5 (variant group 2 capsule), K15 (variant group 2 capsule), papG allele 
I (variant P adhesin), sfaS (S fimbriae).
eChimps, chimpanzees.
fFour-group comparison P values (by the Fisher-Freeman-Halton Exact Test).
gK, Kanyawara chimpanzees (human contact); N, Ngogo chimpanzees (no human contact); PW, park workers; V, villagers.
hPhygroup, phylogenetic group. Iron, iron uptake. Misc., miscellaneous.
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Figure 2 Multidimensional scaling of molecular data. The analysis, which was by strain (n = 139), was based on phylogenetic group and 
virulence-associated gene content. Axes X1 and X2, the most-informative axes, are orthogonal. Each strain appears once, either individually 
(small circles) or combined with others that share the same grid position (larger circles). Circle size and darkness reflects the number of strains 
at a given position, except for the four large dark circles, which are the group centroids. Kanyawara chimpanzees had human contact; Ngogo 
chimpanzees did not.

Table 4: Statistical analysis of multidimensional scaling results for antimicrobial resistance data.a 

Axis X1 Axis X2

Comparison groups Difference in means P valueb Difference in means P valueb

Ngogo chimpsc vs. Kanyawara chimpsc  0.32 0.87 -.09 0.97

 Park workers vs. Kanyawara chimpsc -1.67  < 0.001 .01  0.99

Villagers vs. Kanyawara chimpsc .43 .93 -0.26 0.87

Park workers vs. Ngogo chimpsc -1.99 < 0.001 .10 0.96

Villagers vs. Ngogo chimpsc .11 0.99 -.17 0.97

Villagers vs. park workers 2.10 0.02 –.28 0.87

aData were the by-subject detection of E. coli resistant to ampicillin, ampicillin-sulbactam, trimethoprim-sulfamethoxazole, or tetracycline. Each agent was counted separately.
bP values, by the F-test from ANOVA, are shown in boldface when P < 0.05.
cChimps, chimpanzees. (Kanyawara chimps had human contact; Ngogo chimps did not.)

Table 5: Statistical analysis of multidimensional scaling results for molecular dataa. 

Axis X1 Axis X2

Comparison groups Difference in means P valueb Difference in means P valueb

Ngogo chimpsc vs. Kanyawara chimpsc  0.39 0.94 1.05 0.11

Park workers vs. Kanyawara chimpsc -2.86 < 0.001 -2.97 < 0.001

Villagers vs. Kanyawara chimpsc – 1.93 .11 -0.67 0.64

Park workers vs. Ngogo chimpsc -3.25 < 0.001 -4.02 < 0.001

Villagers vs. Ngogo chimpsc -2.33 0.08 -1.72 0.04

Villagers vs. park workers .92 0.76 2.29 0.002

aMolecular data included all phylogenetic groups and virulence-associated genes, regardless of the corresponding P values for between-group comparison.
bP values, by the F-test from ANOVA, are shown in boldface when P < 0.05.
cChimps, chimpanzees. (Kanyawara chimps had human contact; Ngogo chimps did not.)
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was most prevalent within groups A and B1, which had similar 
values, but scant within group B2.

Virulence gene scores also varied significantly by phylogenetic 
group (overall, P < 0.001). Among all 139 strains, virulence gene 
scores (median [interquartile range]) were typically much higher 
for group B2 (8.0 [3.5]) than for the other phylogenetic groups, 
including groups A (4.0 [3.6]), B1 (3.0 [3.0]), C (2.0 [n = 1]), D (3.0 
[2.5]), E (3.0 [0.25]), and F (2.0 [6.25]). Statistically significant 
differences in pairwise between-group comparisons were limited 
to comparisons involving group B2 (not shown). By contrast, the 
proportion of strains qualifying as ExPEC (n = 26, 19%) did not 
vary significantly with phylogenetic group (A, 19%; B1, 27%; B2, 
20%; C, 0%; D, 11%; E, 0%; F, 17%: overall P = 0.85).

DISCUSSION

In this study we compared fecal E. coli from four groups of co-
localized humans and chimpanzees in rural Uganda that differed 
for the extent of between-group contact and other exposures. 
We sought for evidence of between-group commonality of 
strains, resistance elements, and virulence-associated genes 
in relation to host species, degree of inter-group contact, and 
shared environmental factors. Our findings support three main 
conclusions. First, antimicrobial resistance in the chimpanzees 
correlated directly with their level of human contact. Second, 
although phylogenetic group and virulence-associated genes 
tracked mainly with host species, they also followed patterns of 
between-group contact and shared environments. Third, these 
associations varied greatly between different traits, consistent 
with the traits’ diverse functions and genetic backgrounds.

Evidence suggesting contact-related transmission was 
greatest for antimicrobial resistance, which followed a 
descending prevalence gradient from park workers (highest), 
through Kanyawara chimpanzees (intermediate), to villagers 
and Ngogo chimpanzees (lowest). A plausible explanation is that 
park workers, who presumably were most heavily exposed to 
antimicrobials and to external sources of resistant organisms, 
served as a reservoir of resistant E. coli and mobile resistance 
elements. It is notable that although the Kanyawara community is 
known to raid crops [18] and would thus have contact to villagers, 
these data would additionally suggest exposure to fecal flora 
from park workers as an explanation for antimicrobial transfer. 
Ngogo chimps, which had no such exposures, correspondingly 

Table 6: Phylogenetic distribution of resistance phenotypes.

No. of isolates resistant 
(column %) P valuea, individual group vs. all other isolates

Agentb Total 
(n = 131)

Group A
(n = 19)

Group B1
(n = 14)

Group B2
(n = 78)

Three-group 
comparison P valuea A vs. all B1 vs. all B2 vs. all

AMP 21 (16) 4 (21) 5 (36) 10 (13) 0.09 0.51 0.049 0.24
SAM 6 (5) 2 (11) 2 (14) 1 (1.3) 0.04 0.21 0.12 0.04
SXT 19 (15) 7 (37) 5 (36) 1 (1.3) < 0.001 0.001 0.01 < 0.001
TET 19 (15) 5 (26) 3 (21) 1 (1.3) < 0.001 0.006 0.075 0.001

aP values, by Fisher’s exact test (two-tailed), are shown in boldface when P < 0.05.
bAMP, ampicillin; SAM, ampicillin-sulbactam; SXT, trimethoprim-sulfamethoxazole; TET, tetracycline.

nearly lacked resistance. Whereas a prior study reported similar 
findings [11], the present study extends the findings of Goldberg 
et al., by the inclusion of the Ngogo community, with minimal 
human contact, as well as determination of antibiotic resistance 
based on separate individuals or chimps, which eliminates 
potential overrepresentation of isolates from a single individual.

By contrast, a predominant species effect – as suggested 
by comparably high prevalence levels in both chimpanzee 
groups, and comparably low prevalence levels (or absence) in 
both human groups – was most apparent for certain group B2-
associated virulence genes (papAH/C/G, hlyA, ibeA, clbB/N, fyuA, 
and ompT). Finally, a predominant environmental exposure 
effect was suggested by the disproportionately high prevalence 
of iroN among Kanyawara chimpanzees, Ngogo chimpanzees, 
and villagers (possibly related to their joint in-park residence); 
of group B1 strains, afa/draBC, and sat specifically among park 
workers (possibly reflecting outside-park exposures); and of 
bmaE and iss among villagers (possibly reflecting within-village 
exposures).

Multidimensional scaling allowed a consolidated analysis 
of all studied antimicrobial markers and, separately, all 
studied molecular markers. These results suggested that, for 
antimicrobial resistance prevalence, exposure-related effects 
dominated, given the outlier position of park workers relative 
to other groups in the X1-X2 axis plot. Contact effects – implying 
transmission – were intermediately important, whereas species 
effects were minimally important. By contrast, all three types of 
effect appeared to contribute substantially to the distribution of 
molecular traits, with species effects predominating, especially 
for chimpanzees. These relationships are consistent with the 
greater horizontal mobility (including between bacterial species) 
of resistance determinants, as compared with other accessory 
traits – including virulence-associated genes – and core genome 
elements, which by contrast are more important for host 
adaptation.

To our knowledge, this is the first study of the phylogenetic 
group distribution and virulence-associated gene content of 
fecal E. coli from nonhuman primates without human contact, 
or from chimpanzees irrespective of degree of human contact. 
Previous studies of fecal E. coli from nonhuman primates relied 
on zoo animals [19-21], or wild animals with human contact [22], 
included very few subjects [19,20,23], and/or did not address 
phylogenetic groups and virulence genes [11]. 
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In that regard, three prior studies warrant mention. Foster-
Nyarko et al., studied 101 fecal E. coli isolates from 43 human-
associated monkeys and baboons in The Gambia [22]. As among 
our chimpanzee isolates, phylogenetic group B2 predominated 
(42%), but was followed closely by group B1 (35%), which was 
nearly absent among our chimpanzee isolates. Comparisons 
with archival Gambian human isolate genomes showed fewer 
antimicrobial resistance genes among the monkey and baboon 
isolates than among the human isolates and several instances 
of human-animal genomic similarity, consistent with recent 
host jumps. Murphy at al. [24], studied the genomes of 119 
commensal E. coli isolates from wild animals in Mexico [23], 
including four monkey isolates. Comparisons with archival 
human-source genomes showed scant commonality at the strain 
level, but appreciable commonality for resistance and virulence 
genes, consistent with horizontal transfer. Lescat et al., studied 
fecal E. coli from humans, domestic animals, and wild animals 
(no primates) in rural Guyana [25]. As in our study, phylogenetic 
group B2 prevalence followed a descending gradient from 
wild animals (high), through domestic animals (intermediate), 
to humans (low), whereas group A prevalence and extent of 
antimicrobial resistance followed the reverse gradient (human 
isolates high, wild animal isolates low).

Our findings uniquely document, for 92 wild chimpanzee-
source isolates, a heavily group B2-dominated fecal E. coli 
population, which contrasts with the groups A and B1-dominated, 
or more broadly distributed, fecal E. coli populations of the park 
workers and villagers. The predominance of group B2 among 
the chimpanzee isolates supports the concept that group B2-
associated characteristics may have been selected evolutionarily 
because they promote commensalism, rather than virulence [26]. 
Notwithstanding the notable differences between the present 
chimpanzee-source and human-source E. coli populations, it is 
conceivable that their commonalities, albeit limited, facilitated 
interspecies transfer of resistance elements or resistant strains, 
and subsequent retention in the new host.

The highly divergent phylogenetic distribution of park worker 
vs. villager isolates, which echoes the findings of Goldberg et al. 
[11], supports the concept that the human fecal E. coli population 
is shaped heavily by environmental and other exposures, even 
within a given locale [27,28]. This precludes broadly valid 
statements about a ‘typical’ profile [29,30].

The observed phylogenetic distribution of resistance scores 
(group B2 lowest) and virulence gene scores (group B2 highest) 
is consistent with patterns observed in other settings [31,32], 
but here may additionally reflect confounding by study group 
and the associated species and exposure effects. Untangling such 
confounding would require a larger sample size and, possibly, a 
different study design.

The study has several limitations. First, the sample size and 
depth of sampling were limited, especially for villagers. Despite 
this, however, multiple statistically significant differences 
emerged. Second, transmission was inferred presumptively from 

observed prevalence trends and known inter-group contact 
patterns, not assessed directly. Third, exposures were inferred 
from the groups’ known ecological characteristics, not measured 
directly. Fourth, the strain typing addressed a limited range of 
targets and used traditional methods rather than whole-genome 
sequencing, which could have allowed a more fine-grained 
phylogenetic analysis. Fifth, conditions at the resource-limited, 
tropical study site during sample collection and initial processing 
may have introduced unrecognized artifacts; these, however, 
would not be expected to bias the study’s key comparisons.

The study also has notable strengths. Its setting and design 
provided a unique opportunity to assess host species, contact, 
and presumed exposures as determinants of colonization with 
antibiotic-resistant and virulent E. coli. It uniquely examined 
commensal E. coli from wild chimpanzees with and without 
human contact. The sample collection method allowed individual 
host attribution to each sample. Molecular deduplication of the 
multiple isolates per sample allowed resolution of unique strains, 
as needed for valid statistical analyses, while preserving clonal 
diversity. Finally, the multidimensional statistical analyses 
complemented conventional univariable analyses, allowing 
a consolidated overview of the extensive datasets without 
multiple-comparison artifacts. 

CONCLUSIONS

Among fecal E. coli from co-localized humans and wild 
chimpanzees in rural Uganda we found evidence suggesting 
contact-related, inter-species transfer of antimicrobial resistance 
from park workers to chimpanzees. We also identified likely 
species and exposure-related influences on the phylogenetic 
background and accessory gene content of fecal E. coli. These 
findings provide novel insights into the phylogenetic composition 
and virulence-gene content of chimpanzee-associated E. coli 
and suggest that the fecal E. coli population in humans and 
chimpanzees is multiply determined.
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