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Pathogen interactions arising during coinfection can exacerbate
disease severity, for example when the immune response
mounted against one pathogen negatively affects defense of
another. It is also possible that host immune responses to a
pathogen, shaped by historical evolutionary interactions between
host and pathogen, may modify host immune defenses in ways
that have repercussions for other pathogens. In this case, negative
interactions between two pathogens could emerge even in the
absence of concurrent infection. Parasitic worms and tuberculosis
(TB) are involved in one of the most geographically extensive of
pathogen interactions, and during coinfection worms can exacer-
bate TB disease outcomes. Here, we show that in a wild mammal
natural resistance to worms affects bovine tuberculosis (BTB)
severity independently of active worm infection. We found that
worm-resistant individuals were more likely to die of BTB than
were nonresistant individuals, and their disease progressed more
quickly. Anthelmintic treatment moderated, but did not eliminate,
the resistance effect, and the effects of resistance and treatment
were opposite and additive, with untreated, resistant individuals
experiencing the highest mortality. Furthermore, resistance and
anthelmintic treatment had nonoverlapping effects on BTB pathol-
ogy. The effects of resistance manifested in the lungs (the primary
site of BTB infection), while the effects of treatment manifested
almost entirely in the lymph nodes (the site of disseminated dis-
ease), suggesting that resistance and active worm infection affect
BTB progression via distinct mechanisms. Our findings reveal that
interactions between pathogens can occur as a consequence of
processes arising on very different timescales.
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Interactions between pathogens cooccurring within a single host
can have profound effects on infection outcomes, ranging from

the severity of clinical disease in individual hosts to the rate of
disease spread across populations (1–3). Because most hosts are
commonly infected by more than one type of pathogen at a time
(4), understanding the consequences of pathogen interactions
during concurrent infection (or coinfection) is essential for ef-
fective disease management and control. While many studies
focus on pathogen interactions that are the result of one path-
ogen responding to the simultaneous presence of another (5),
two pathogens need not overlap in time to interact with one
another. For example, heterologous immunity, where prior ex-
posure or infection with one pathogen modifies the immune
response to another, can drive both positive and negative inter-
actions between pathogens (6). This phenomenon highlights how
modifications of the host immune system by one pathogen that
occur during the lifetime of a host (i.e., in ecological time) can
shape future responses to secondary pathogens. Likewise, strong
selection pressure imposed by pathogens on hosts, particularly

on immune function (7), can result in modifications of the host
immune system that occur over generations (i.e., in evolutionary
time), a process which should also affect responses to secondary
infections. In this case, a historical population-level response to
selection by one pathogen may generate heritable differences
among individuals in contemporary responses to another. Cru-
cially, ecological- vs. evolutionary-scale interactions between
pathogens may operate for different reasons, so distinguishing
between the two is integral to understanding both the mecha-
nistic basis and consequences of these interactions.
Helminths, or parasitic worms, and tuberculosis (TB) are in-

volved in one of the most geographically extensive of pathogen
interactions (2, 8). Both pathogens affect approximately one-
third of the world’s human population and are widespread in
domestic and wild animals (9–11). Caused by bacteria in the
Mycobacterium tuberculosis complex, including M. tuberculosis
(Mtb), the causative agent of human TB, and Mycobacterium
bovis (Mb), the causative agent of bovine TB, TB is responsible
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for 2 million human deaths (12) and 25% of all disease-related
cattle deaths (13) annually. In humans, about 10% of individuals
infected with Mtb progress to active pulmonary disease, but the
mechanisms underlying progression to active TB are poorly de-
fined (14). Accumulating evidence suggests that coinfection with
worms may be a factor in TB disease progression (2, 15), al-
though some studies do not support this link, highlighting the
complex nature of worm–TB interactions (16). Interestingly,
research in laboratory animals suggests that enhanced immunity
(i.e., resistance) to worms can compromise a host’s ability to
control TB even in the absence of active worm infection (17–20),
implying that evolved defenses against worms may independently
affect the response to TB. Considered in light of widespread
worm resistance in human and animal populations (21, 22) and
the broad geographic coincidence of worms and TB, worm–TB
interactions may represent an illustrative case where variation in
evolved resistance to one pathogen (worms) contributes to var-
iable responses to another (TB).
In this study, we tested the hypothesis that resistance to worms

modifies the host response to TB. To do this, we monitored
gastrointestinal (GI) worm (specifically strongyle nematode) and
Mb infections in a cohort of wild African buffalo (Syncerus caffer)
to assess the effects of natural variation in worm resistance on
the incidence, severity, and progression of bovine TB (BTB). In
previous work, we demonstrated the presence of an ecological
interaction between worms and BTB in buffalo by showing that
clearance of active worm infection via anthelmintic treatment
reduces BTB-associated mortality (23). Thus, we took advantage
of the fact that half of our study animals were subject to long-
term deworming to compare the relative effects of worm coin-
fection vs. natural worm resistance on BTB outcomes. We found
evidence of a genetic basis to worm resistance in buffalo and that
buffalo with resistance to worms were more severely affected by
BTB in terms of both mortality risk and disease progression.
However, the mechanisms by which natural variation in the host
response to worms was associated with BTB progression
appeared to be distinct from the effects of anthelmintic treat-
ment. Our results suggest that negative effects of worms on BTB
outcomes occur as a result of both concurrent worm infection
and genetically based differences in host responsiveness to
worms. This discovery fundamentally alters our understanding of
the timescales over which worms and TB interact in real-world
populations.

Results
We tracked 209 female African buffalo over 4 y in Kruger Na-
tional Park (KNP), South Africa. One hundred twelve animals
(53%) were infected with worms at initial sampling, and the
number of worm eggs shed in the feces of all individuals (here-
after referred to as the fecal egg count [FEC]) varied from 0 to
850 eggs per gram of feces (mean ± SE = 96.9 ± 10). At the first
and all subsequent sampling events, approximately half of the
study animals, designated as the treatment group, received an
anthelmintic drug to control their worm infections. This treat-
ment regime effectively reduced worm egg shedding (23), which
is a reliable proxy for adult worm burden in this study population
(24). Of the subset of untreated animals that did not receive the
anthelmintic, FEC was significantly repeatable within an indi-
vidual over time (R = 0.41, 95% CI: 0.31 to 0.49; P < 0.0001; n =
103 individuals, 651 observations), revealing a high degree of
natural within-individual consistency in the magnitude of worm
egg shedding. Since FEC is a widely used proxy of worm resis-
tance in livestock (25) and low vs. high FEC values have been
used as a basis for phenotypic selection (26), we investigated the
potential source of consistent variation in egg shedding in buffalo
by grouping animals into discrete categories based on egg
shedding levels at initial sampling. We used a model-based ap-
proach to identify statistically distinct clusters in the FEC data

(SI Appendix, Fig. S1) and then classified individuals into two
groups based on these clusters: “low” FEC (≤50) representing
the largest cluster and “high” FEC (≥100) representing all other
clusters. We then tested whether this low vs. high FEC pheno-
type was predictive of variation in the host immune response to
worm infection and looked for evidence of a genetic basis to the
phenotype. The model-guided approach of discretizing FEC
values allowed us to identify patterns that might have been ob-
scured due to a highly overdispersed distribution of the FEC
data (Fig. 1A), potential nonlinear relationships between con-
tinuous FEC and our focal predictor variables, or both.
Sixty percent of animals fell into the low FEC category and

40% fell into the high FEC category (Fig. 1A), and the proba-
bility of an individual expressing a low vs. high FEC phenotype
was repeatable over time (R logit-link approximation = 0.355,
95% CI: 0.22 to 0.44; P < 0.0001), indicating that our discretized
measure of FEC phenotype captured the consistent variation in
egg shedding apparent in the continuous FEC metric. Further-
more, FEC phenotype at initial capture was associated with
differences in worm egg shedding throughout the study nearly
equivalent in magnitude to the effect of anthelmintic treatment
(SI Appendix, Tables S1 and S2). Accounting for a range of
ecological factors associated with worm exposure risk (age, herd,
and season), we found that among untreated animals individuals
with the high phenotype shed significantly more worm eggs than
individuals with the low phenotype, but treatment eliminated the
difference between high and low individuals (Fig. 1B and SI
Appendix, Table S2). Moreover, the difference in egg shedding
between untreated-high and untreated-low individuals was sim-
ilar to the difference between untreated-high and treated-high
individuals (Fig. 1B and SI Appendix, Table S2), indicating that
FEC phenotype had effects on worm egg shedding almost as
potent as anthelmintic treatment. Crucially, the high–low phe-
notype was reflective of differences in key immune responses to
worms. Among untreated animals, low individuals had more
eosinophils, mast cells, and immunoglobulin A (IgA) than high
individuals in both the abomasum (Wilcoxon rank sum test, n = 7
high, 7 low, eosinophils: Z = −2.41, P = 0.0159, Fig. 2A; mast

Fig. 1. FECs at initial capture were highly aggregated across individuals,
and worm egg shedding phenotype (high or low) at first capture interacted
with anthelmintic treatment to determine shedding throughout the study.
(A) At the beginning of the study, 60% of buffalo were shedding fewer than
100 worm eggs per gram of feces and were classified as the “low” pheno-
type, while 40% were shedding more than 100 eggs per gram of feces and
were classified as the “high” phenotype (SI Appendix, Fig. S1). (B)
Throughout the study, high-FEC individuals in the untreated group
(untreated-high) shed significantly more worm eggs than either low-FEC
individuals in the untreated group (untreated-low) or high-FEC individuals
in the treated group (treated-high). The magnitude of the effect of worm
phenotype on worm egg shedding (untreated-high – untreated-low: 0.79; SI
Appendix, Table S2) was nearly equivalent to the effect of anthelmintic
treatment (untreated-high – treated-high: 0.98; SI Appendix, Table S2). FECs
were log (x + 1)-transformed; symbols show means and SEs and asterisks
denote significant differences from an LMM (***P < 0.001, **P < 0.01; NS =
not significant).
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cells: Z = −2.13, P = 0.0328, Fig. 2B; IgA: Z = −3.07, P =
0.00006, Fig. 2C) and small intestine (n = 6 high, 6 low, eosin-
ophils: Z = −1.86, P = 0.0632; mast cells: Z = −2.81, P = 0.0049;
IgA: Z = −2.80, P = 0.0021), two primary sites of worm infection.
The fact that all three of these well-known markers of anti-
helminth immunity (27) were higher in low FEC individuals
supports the presence of a more robust worm resistance response
in these animals.
FEC phenotype was also associated with allelic variation near

the interferon gamma gene (IFNG), a gene region that has
previously been linked to variation in nematode egg counts in
domestic sheep (28), feral Soay sheep (29), and buffalo (30).
Focusing on the BL4 locus, which is located 3.6 cM upstream of
IFNG (31), we identified nine alleles, two of which, BL4-141 and
BL4-167, were associated with FEC phenotype. BL4-141 oc-
curred at a frequency of 29% in the study population (51 out of

177 sampled individuals), and low animals were significantly
more likely to carry this allele (high = 12/67, low = 39/110,
Pearson’s χ2 test: χ2 = 6.25, P = 0.0124; Fig. 2D). By contrast,
BL4-167 occurred at a frequency of only 7%, and in this case
high animals were significantly more likely to be carriers of the
allele (high = 8/67, low = 4/110, Pearson’s χ2 test: χ2 = 4.54, P =
0.033; Fig. 2E). Further supporting these patterns, the presence
of both alleles was correlated with continuous FEC at initial
sampling. Individuals carrying BL4-141 were shedding signifi-
cantly fewer worm eggs (Wilcoxon rank sum test: Z = −2.49, P =
0.0129; Fig. 2D), while those carrying BL4-167 tended to shed
more eggs (Z = 1.94, P = 0.0518; Fig. 2E). In combination, both
the immunological and genetic patterns suggest that the high–
low FEC phenotype in buffalo is a reliable proxy for genetically
based differences in natural resistance to worm infection.

Fig. 2. The high–low FEC phenotype in buffalo reflects variation in the immune response to worms at the site of infection in the gut and has an underlying
genetic basis. Low-FEC individuals had significantly more (A) eosinophils (cells per 2 mm2), (B) mast cells (cells per 2 mm2), and (C) IgA (number IgA+ leu-
kocytes) in the abomasum than high-FEC individuals. Horizontal bars show median values, open circles are raw data points, and asterisks denote significant
differences from Wilcoxon rank sum tests (***P < 0.001, *P < 0.05). Furthermore, FEC phenotype was associated with polymorphism at the BL4 locus near the
interferon gamma gene. (D) Allele BL4-141 was overrepresented among low-FEC (dark red vs. light red) compared to high-FEC (dark blue vs. light blue)
individuals, and individuals carrying allele 141 shed significantly fewer worm eggs (cross represents median and interquartile range, open circles show full
range of FEC values, and the P value is from a Wilcoxon rank sum test). (E) In contrast, allele BL4-167 was overrepresented among high-FEC (dark blue vs. light
blue) compared to low-FEC individuals (dark red vs. light red), and individuals carrying this allele tended to shed more worm eggs (cross represents median
and interquartile range, open circles show full range of FEC values, and the P value is from a Wilcoxon rank sum test).
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When we examined the consequences of FEC phenotype
(herafter called “worm resistance” phenotype) for BTB disease,
we found that resistance did not affect the risk of buffalo ac-
quiring BTB (high = 29/77, low = 37/118; hazard ratio [HR] =
0.693, 95% CI: 0.406 to 1.185, P = 0.181; SI Appendix, Table S3)
but was a strong predictor of mortality risk after BTB infection.
Among BTB-infected individuals, mortality was approximately
six times higher in low compared to high individuals (high = 2/24,
low = 10/32; HR = 5.68, 95% CI: 1.08 to 29.9, P = 0.04; Fig. 3
and SI Appendix, Table S4). This worm resistance effect was
independent of anthelmintic treatment status, but lack of treat-
ment had an additive effect on mortality risk (SI Appendix, Table
S4). There was a 26% cumulative mortality difference between
untreated-high and untreated-low individuals (Fig. 3). However,
cumulative mortality of treated-high individuals was 0% com-
pared to 14% in treated-low individuals (Fig. 3), suggesting that
treatment dampened the effect of worm resistance phenotype,
although worm resistance still imposed a BTB-associated mor-
tality cost despite significantly reduced worm burdens due to
treatment. Treatment reduced BTB-associated mortality in both
high and low individuals, as reflected by 18% and 30% reduc-
tions in cumulative mortality in untreated vs. treated, high and
low individuals, respectively (Fig. 3). Also, the additive negative
effect of worm resistance and lack of treatment was most ap-
parent in the substantial cumulative mortality differential be-
tween treated-high and untreated-low individuals (0% vs. 44%;
Fig. 3). Importantly, there was no effect of worm resistance
phenotype on mortality among individuals that were not infected
with BTB (SI Appendix, Table S5), implicating an interaction
between worm resistance phenotype and BTB as the driver of
the resistance-based mortality pattern. Finally, when we exam-
ined associations between continous FEC and mortality, we
found patterns consistent with results based on worm resistance
phenotype. Among BTB-infected individuals, those with lower
FECs showed a tendency toward higher mortality (P = 0.07; SI
Appendix, Table S6), whereas this trend disappeared among in-
dividuals not infected with BTB (P = 0.42; SI Appendix, Table
S7). These patterns corroborate that our discretized FEC
(i.e., worm resistance) phenotype captures an important
underlying biological phenomenon.

To better understand how worm resistance phenotype and
anthelmintic treatment accelerated BTB mortality, we per-
formed gross and histolopathological examination of the lungs
and respiratory lymph nodes of a subset of BTB-infected indi-
viduals to identify the effect of these traits on BTB disease
progression. The lungs are the primary site of BTB infection and
the lymph nodes, a common site of extrapulmonary infection,
reflect dissemination of the disease (32). In the lungs, we
quantified the host’s ability to control bacterial infection (num-
ber of lesions, multinucleated giant cell [MNGC] formation), the
length and severity of infection (lesion stage), and the degree of
tissue damage within lesions (presence of mineralization), in-
cluding the inability to return to normal tissue architecture (fi-
brosis). After accounting for the duration of BTB infection,
subjects with the low phenotype tended to have more lung le-
sions (Table 1). Lesions in this group of animals were also sig-
nificantly more likely to have MNGCs present (Table 1 and SI
Appendix, Fig. S2A) and were at a significantly more advanced
stage (Table 1), both of which are indicators of less effectively
controlled BTB infection. Only one index of disease in the lung,
the presence of fibrosis within lesions, was affected by anthel-
mintic treatment and not worm resistance phenotype. Treated
animals had a higher degree of fibrosis within lung lesions (Ta-
ble 1), which suggests that treatment was associated with an in-
ability to reverse tissue damage in the lung, while worm infection
promoted tissue regeneration.
In contrast to the lungs, BTB progression in the lymph nodes

was exclusively associated with anthelmintic treatment status and
not worm resistance phenotype (Table 1). To evaluate lymph
node disease, we quantified the number of respiratory lymph
nodes with BTB lesions and also assessed lesion severity within
the retropharyngeal lymph node (RPLN). In the RPLN, we
quantified the distribution (granuloma score), severity (stage),
and degree of tissue damage (mineralization, caseous necrosis,
and MNGC formation). Animals treated with an anthelmintic
had signficantly fewer positive lymph nodes (Table 1), and le-
sions in the RPLN were less advanced in terms of disease stage,
with less node involvement (i.e., lower granuloma score) and
fewer MNGCs (Table 1 and SI Appendix, Fig. S2B).

Discussion
Our study revealed that resistance to worms, like worm coin-
fection, affects the host response to BTB infection. Specifically,
worm-resistant hosts with naturally low worm burdens were more
severely affected by BTB, while anthelmintic-treated hosts with
artifically low worm burdens were less severely affected by BTB.
We also showed that worm resistance and anthelmintic treat-
ment had distinct effects on BTB disease progression. These
opposing and distinct effects of treatment vs. resistance pheno-
type suggest that TB severity is independently affected by the
timescale of the host response to worms (i.e., ecological [active
infection] vs. evolutionary [genetically determined resistance]).
This conclusion is further supported by our finding that worm-
resistant individuals infected with BTB suffered from more se-
vere disease progression and higher mortality, even when they
were treated for worms. Thus, concurrent interactions between
worms and TB were not required for resistance-induced negative
TB outcomes to manifest. Rather, genetic variation in worm
resistance, likely driven by historical evolutionary interactions
between hosts and worms (33, 34), appeared to be sufficient to
generate variation in TB disease progression. Counterintuitively,
this means that hosts who control worms best and have the
lowest rates of worm coinfection may be as compromised in their
ability to control TB as hosts with high worm burdens.
In livestock, FECs are widely used as a proxy for worm re-

sistance (25). In sheep, for example, FECs are a heritable trait
predictive of variation in antihelminth immunity (35). We
showed that FEC phenotype in buffalo was repeatable, linked to

Fig. 3. Worm resistance phenotype affects the survival of buffalo infected
with BTB, and anthelmintic treatment reduces, but does not eliminate, this
effect. Survival curves showing the proportion of worm-resistant (low worm
FEC phenotype) and nonresistant (high FEC phenotype) buffalo by
anthelmintic-treated and untreated status surviving BTB infection as a func-
tion of time in days. The probability of death given BTB infection was signif-
icantly higher for low-FEC individuals compared to high-FEC individuals and
worm resistance effects were independent of anthelmintic treatment (SI Ap-
pendix, Table S4). Cumulative mortality rates across all groups show that while
treatment moderated the mortality effect of worm resistance (treated-high vs.
untreated-high and treated-low vs. untreated-low), resistant animals treated
for worms (treated-low) still suffered a mortality cost of resistance.
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differences in antihelminth immunity, and associated with vari-
ation at an immune gene known to play a role in worm resis-
tance. In aggregate, this body of evidence supports the use of
FEC phenotype as a proxy for worm resistance in our pop-
ulation. Crucially, our proxy for worm resistance was highly
predictive of variation in mortality among BTB-infected, but not
uninfected, buffalo, suggesting that worm resistance phenotype
and BTB interacted to drive mortality outcomes. Furthermore,
the effect of worm resistance on BTB mortality was independent
of the presence or burden of worms, and the dual effects of worm
resistance and treatment status were additive, such that indi-
viduals who were both resistant to worms and actively infected
with worms experienced the most severe mortality costs. The
additive effect implies that worm–TB interactions can arise from
distinct processes.
The nonoverlapping effects of resistance and anthelmintic

treatment on BTB pathology support the idea that treatment and
resistance affect BTB progression via distinct mechanisms. We
found that the effects of worm resistance on BTB pathology
manifested primarily in the lungs, whereas the effects of an-
thelmintic treatment manifested primarily in the lymph nodes.
The most commonly cited mechanism by which worms affect TB
is via modulation of the host immune response. Specifically,
activation of T helper cell 2 (Th2) immune responses by worms
and concomitant down-regulation of antibacterial T helper cell 1
(Th1) responses has been identified as a central mechanism
linking worm infection to increased TB severity (36–39). More
recently, induction of alternatively activated macrophages
(AAMs) in the lungs during worm coinfection has been associ-
ated with compromised TB control (17, 18). Intriguingly, AAMs
are also associated with enhanced immunity to worms (19, 20),
and genetic variability in arginase-1 activity, the key enzyme
expressed by AAMs, affects the outcome ofMtb infection even in

the absence of worm infection (17, 40). Taken together, these
observations suggest a potential mechanistic pathway (i.e., level
of AAM activation) by which resistance to worms may inde-
pendently affect TB control and disease progression.
The idea that AAM activation may explain the link we found

between worm resistance and BTB disease progression is indi-
rectly supported by several of our histopathology observations.
First, MNGC formation is typically associated with chronic in-
flammation in the lung (41), and the more severe lung inflam-
matory state we described in worm-resistant, BTB-infected
animals (SI Appendix, Fig. S2A) mirrors observations that Mtb-
infected mice with increased arginase-1 activity show greater
inflammatory damage in the lungs (17). Second, an AAM-
mediated inflammatory effect would explain why we saw only a
weak association between resistance phenotype and the number
of lung lesions, since the primary effect of worm resistance
should operate via inflammation-induced pathology rather than
via bacterial control. Indeed, if this hypothesis is correct, the lack
of an effect of worm resistance phenotype on BTB progression in
the lymph nodes may be a direct consequence of a less immu-
noreactive environment in the lymph node (explaining no effect
on tissue architecture) and limited impact on bacterial replica-
tion (explaining the weak effect on bacterial dissemination to
lymph nodes). Third, in direct contrast, the strong effect of an-
thelmintic treatment on the lymph nodes, particularly the re-
duction in numbers of Mb-infected nodes, is consistent with a
dampening of worm-induced Th1 impairment by anthelmintic
treatment and concomitant increase in host control over bacte-
rial replication. Together, these observations suggest an in-
triguing role for AAM activation in explaining effects of worm
resistance on BTB; however, future studies at the mechanistic
level are required to test this hypothesis. More broadly, under-
standing the contribution of host genetic variation to

Table 1. Effects of anthelmintic treatment, worm resistance phenotype, and duration of infection on BTB severity quantified by gross
and histolopathological examination of the lungs and respiratory lymph nodes

Variable Model type n
Anthelmintic
treatment

Resistance
phenotype

Duration of
infection

Treatment × resistance
phenotype

Treatment/resistance
phenotype effect direction

Lungs
No. of positive
lesions

Negative
binomial
GLM

34 — 1.079+ 0.0024* — (Low: +)

Mineralization Binomial GLM 29 — — 0.0022+ —

Fibrosis Binomial GLM 29 −2.996* 20.33 — — Untreated: −
MNGC Binomial GLM 29 — 3.00* 0.0039* — Low: +
Stage Ordinal

regression
29 — 1.99* 0.003* — Low: +

Lymph nodes
No. of positive
respiratory nodes

Negative
binomial
GLM

34 2.12** 1.84+ 0.0045* — Untreated: + (Low: +)

Mineralization Binomial GLM 34 −0.287 −18.06 — 19.85
Caseous Binomial GLM 34 — — — —

MNGC Binomial GLM 34 2.602** — — — Untreated: +
Granuloma score Ordinal

regression
34 2.45** — — — Untreated: +

Stage Ordinal
regression

34 2.505** — — — Untreated: +

In the lungs, severity was measured as the number of BTB lesions and MNGC formation (indicators of the host’s ability to control bacterial infection), lesion
stage (indicator of the length and severity of infection), and the presence of mineralization and fibrosis (indicators of the degree of tissue damage within
lesions). In the lymph nodes, severity was measured as the number of respiratory nodes with BTB lesions (indicator of disease dissemination), the RPLN
granuloma score and stage (indicators of the distribution and severity of infection), and mineralization, caseous necrosis, and MNGC formation (indicators of
the degree of tissue damage within RPLN lesions). Full models of the structure: Y ∼ anthelmintic treatment + resistance phenotype + infection duration +
treatment × resistance phenotype were run for each variable and final models were selected using AIC-based model simplification. Values represent estimates
from the final models. Significant factors appear in bold (significance codes: **P < 0.01, *P < 0.05, +P < 0.1). Effect description summarizes the direction of
each significant treatment and resistance phenotype effect; trends appear in parentheses.
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heterogeneities in immune cell populations and how this creates
assymmetries in disease outcomes (e.g., ref. 42) is integral to
identifying the range of plausible mechanisms that might account
for the phenomenon we describe in this study.
Irrespective of the precise mechanisms governing the effects of

worm resistance and anthelmintic treatment on BTB disease
progression, our results shed important light on the nature and
complexity of worm–TB interactions specifically and pathogen
interactions more generally. Despite overwhelming laboratory
evidence that worms and various microbes interact in ways that
can be detrimental to hosts (2, 43), there is very little consensus
on the consequences of these interactions for disease outcomes
in real-world populations. Our work in wild buffalo reveals that
interactions between the same pair of pathogens can originate
from processes operating on very different timescales, driven by
potentially distinct underlying mechanisms. Crucially, both eco-
logical and evolutionary phenomena may act in tandem to shape
the outcome of pathogen interactions. For example, all of the
animals in our study had prior exposure to worms. Wild buffalo
are exposed to worms soon after weaning (median age of first
infection is ∼9 mo), with worm burdens hitting a peak around 3
to 4 y of age, after which they begin to decline, likely as a result
of acquired immunity (44, 45). In livestock, worm exposure
triggers the development of protective immunity, with the level
of protection varying by genotype (27). Likewise, in buffalo, we
hypothesize that early life exposure to worms helped shape the
degree of phenotypic variation in worm resistance we observed.
Moreover, worm exposure (an ecological phenomenon) inter-
acted with host genotype (the product of evolutionary history) to
produce significant variation in how buffalo responded to BTB
infection. Thus, ecological pressure from worms was critical in
unmasking the full negative effect of worm resistance, a result
easily obscured in laboratory studies where study animals are
typically not subject to natural ecological processes such as prior
pathogen exposure or other environmental stressors that can
magnify variation among individuals (46).
Finally, our findings may be central to fully understanding the

dynamics of coinfection and implications for disease control. For
TB, accounting for worm–TB interactions driven by processes
operating on an evolutionary timescale might help reconcile in-
consistencies in empirical patterns (e.g., ref. 15) currently viewed
solely through the lens of ecological time. There are also rami-
fications for disease control. For example, in humans, accounting
for patterns of genetic variation in worm resistance may provide
new targets in the search for biomarkers of TB disease pro-
gression, while in livestock, where breeding for worm resistance
is an increasingly necessary alternative to anthelmintic drug use
(25), it may be economically expedient to understand whether
breeding for resistance is associated with unanticipated BTB-
associated health costs.

Materials and Methods
Animal protocols for this study were approved by the University of Georgia
and Oregon State University Institutional Animal Care and Use Committees
(UGA AUP no. A2010 10-190-Y3-A5; OSU AUP nos. 3822 and 4325).

Animal Captures. We captured female African buffalo (S. caffer) in the
southern portion of KNP, South Africa between June 2008 and August 2012.
Animals were captured by helicopter in 2008, fitted with radio collars, and
then recaptured twice a year by vehicle. Animals were captured from two
herds in different locations, the Crocodile Bridge (CB) herd and the adjacent
Lower Sabie (LS) herd. At initial capture, we randomly assigned animals to
an anthelmintic treatment group (fenbendazole bolus; Intervet) or un-
treated group. Individuals lost due to death or emigration during the study
were replaced and replacements were assigned to the same experimental
group as the original animal. Animals were captured on average six times
(range: two to nine times), and at all captures we collected fecal and blood
samples to monitor worm infection and BTB infection status, respectively.
We assessed each animal’s age as described in ref. 47. At the outset of the

study, the average age of study animals was 4 y (range: 1.4 to 11 y). In total,
we followed 209 unique individuals who were BTB-negative at the begin-
ning of the study and for whom data were available on worm infection at
initial capture.

Worm Infection, Resistance, and Immunity. The GI worm community of buffalo
in our study was comprised of at least seven species of nematodes: Cooperia
fuelleborni, Haemonchus placei, Haemonchus bedfordi, Parabronema sp.,
Trichostrongylus sp., Africanastrongylus giganticus, and Africanastrongylus
buceros, dominated by the strongyle nematodes C. fuelleborni, H. placei,
and H. bedfordi (24). The drug fenbendazole is highly effective against
strongyle nematodes (48), and lethal sampling of a subset of our study an-
imals indicated that treatment with a slow-release fenbendazole bolus
nearly eliminated adult worms in the GI tract of treated animals for up to
200 d (49). In live animals, we monitored strongyle worm infection status
using fecal samples collected at capture. Feces were collected directly from
the rectum of immobilized animals, stored on ice in the field, and processed
the same day. We quantified nematode egg output using a modification of
the McMaster fecal egg counting technique with a sensitivity of 50 eggs per
gram of feces (50). Strongyle nematode eggs are not distinguishable to the
species level, so our FECs reflect the output of all nematode species com-
bined. Nevertheless, egg counts provide an accurate representation of total
adult worm counts in our buffalo population (24), and as with adult worms
our anthelmintic treatment regime effectively reduced worm egg shedding
in experimental subjects throughout the study, such that only 8% of fecal
samples collected from treated buffalo within the mean ∼180-d recapture
interval contained worm eggs, compared to 55% for untreated buffalo (23).

To maximize our ability to discern signal in buffalo worm shedding pat-
terns across analyses with variable sample sizes, we used an unsupervised
machine-learning approach to identify statistically distinguishable groups in
the FEC data that allowed us to categorize individuals into two discrete
worm egg-shedding phenotypes. We used a Gaussian mixture model
implemented in the mclust v5 package (51) in R version 3.4.3 to identify
clusters in an FEC dataset that included each study subject’s level of worm
egg shedding at initial capture only. Model parameters were estimated us-
ing the expectation-maximization algorithm and the optimal model was
selected using the Bayesian information criteria (BIC). The model that
maximizes BIC is considered optimal since it represents the model with the
highest integrated likelihood (52). All possible models, including up to nine
clusters with two different covariance structures (E and V), were compared.
The optimal model had seven clusters (log-likelihood = −1,221.863, n = 209,
degrees of freedom = 14, BIC = −2,518.518), with 126 of 209 individuals
placed in the first cluster, representing FECs of 0 to 50, and 83 individuals
placed in all remaining clusters, representing FECs of 100 to 850 (SI Ap-
pendix, Fig. S1 A–C). Based on these results, we classified animals into two
FEC categories (i.e., worm resistance phenotypes), “low” vs. “high,” which
separated animals that shed no to very few worm eggs (0 to 50), the lowest
statistically distinct FEC cluster, from those that shed higher numbers of
worm eggs (≥100). Finally, we verified that these two resistance phenotypes
were associated with differences in immunological resistance to worms by
testing for an association between phenotype and key mucosal immuno-
logical responses to worm infection: numbers of eosinophils, mast cells, and
total IgA secretion in the GI tract (27, 53).

We quantified GI tract immune responses to worms focusing on the ab-
omasum and small intenstine (jejunum), the two primary sites of infection for
our focal nematode species. GI tract tissue was collected from a subset of
study animals killed and necropsied at the conclusion of the study. Killing was
performed as part of the KNP BTB surveillance program and implemented
according to KNP standard operating procedure. The number of eosinophils
was recorded by examining standard formalin-fixed, paraffin-embedded
sections of abomasum and proximal jejunum tissue sections (8 mm thick)
stained with hematoxylin and eosin. For mast cells, replicates of the same
tissue sections were stained with Giemsa stain and then counted. The
presence of eosinoophilic granules and a polymorphic nucleus allowed the
identification of eosinophils and the presence metachromatic granules fa-
cilitated the identification of mast cells (53). Eosinophil and mast cell counts
are reported as the number of cells per 10 random high-power fields at the
villi lamina propria, which is equivalent to the number of cells per 2 mm2.

IgA production was measured using immunohistochemistry. In this case,
formalin-fixed, paraffin-embedded sections of abomasum and proximal
jejeunum were deparaffinized, rehydrated, and incubated with a diluted
(1:800), rabbit, anti-bovine IgA primary antibody for 1 h (A10-108A; Bethyl
Laboratories). After 30 min of incubation with biotinylated universal goat
link (Dako), visualization of antigen–antibody complexes was obtained via a
10-min incubation with streptavidin-conjugated horseradish peroxidase
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(Biocare), followed by a 5-min incubation with diaminobenzidine-peroxidase
(Vector Laboratories). For negative controls, we applied the same protocol
to abomasum and small intestine sections but replaced the primary antibody
with phosphate-buffered saline. For positive controls, we used sections of
jejunum and mesenteric lymph node from domestic cattle infected with
Haemonchus sp. and Cooperia sp. No staining was detected in negative
controls, and positive controls always yielded marked cytoplasmic staining of
crypt enterocytes, plasma cells, and other leukocytes. IgA production in the
mucosa was estimated based on the number of IgA-positive leukocytes in 10
randomly selected microscope fields (400×) along the intestinal villi and
crypts (54). We compared gut immunity between high- and low-FEC animals
using data from untreated animals that did not receive anthelmintic treat-
ment. For abomasal immunity, we used data from 14 animals (seven high
FEC, seven low FEC), and for intestinal immunity we used data from 12 an-
imals (six high FEC, six low FEC). Since individuals can acquire immuity with
age, we verified that the subset of animals used for both analyses did not
differ in age at the time of sampling (abomasal immunity mean age [range]:
high = 7.3 [5.4 to 9.8] y, low = 7.4 [5.5 to 9.5] y; t test: n = 14, t = −0.12, P =
0.9; intestinal immunity mean age [range]: high = 7.3 [5.4 to 9.8] y, low = 7.4
[5.5 to 9.5] y; t test: n = 12, t = −0.08, P = 0.93).

Genetics of Worm Resistance. To test for an underlying genetic basis to the
worm resistance phenotypes characterized in our study population, we
collected tissue samples from buffalo and stored them in silica gel at room
temperature for up to 24 mo prior to DNA extraction. DNA was extracted
from tissue samples using the Qiagen Blood & Tissue Kit following the
manufacturer’s protocol. DNA samples were genotyped at the BL4 micro-
satellite locus, which is located ∼3 cM upstream of the interferon gamma
gene (31). BL4 and other microsatellites in this chromsomal region have
been associated with nematode resistance in sheep (28, 29, 55, 56). The BL4
locus has also previously been associated with nematode resistance in Afri-
can buffalo (30). Genotyping was performed using PCR and fluorescently
labeled DNA fragment visualization on an ABI3130xl automated capillary
sequencer (Applied Biosystems) as described in ref. 31. Allele sizes were
determined using the ABI GS600LIZ ladder (Applied Biosystems). Chro-
matograms were analyzed by two independent technicians using Gene-
Mapper v3.7. Tests for the presence of null alleles and deviations from
Hardy–Weinberg proportions (HWP) showed no null alleles present at BL4
and no deviations from HWP (31).

BTB Infection and Disease Progression. We tested buffalo for BTB at each
capture using a whole-blood interferon gamma (IFNγ) assay (BOVIGAM)
implemented according to the manufacturer’s instructions. We used bovine
and avian tuberculin as stimulants for in vitro release of IFNγ in buffalo
blood samples. BTB tests were considered negative if the optical density
reading for bovine tuberculin-stimulated samples was below a cutoff of
0.375 and positive at readings of 0.375 or higher. Tests were also considered
negative if the optical density reading for bovine tuberculin-stimulated
samples failed to exceed the reading for avian tuberculin-stimulated sam-
ples by at least 10%, due to likely cross-reactivity to exposure to Mycobac-
terium avium. This test protocol achieves a specificity of ∼93.5% and a
sensitivity of 85.4% (57). For each buffalo, we used a time series of two to
nine test results to classify BTB conversion status. For each animal, each test
was interpreted in the context of the full time series of results to increase
confidence in our assignment of BTB infection status (see ref. 23 for details).

To quantify BTB progression, we performed gross and histopathological
examinations on killed animals. First, animals were necropsied to assess the
distribution of macroscopic BTB lesions in the lungs and respiratory lymph
nodes (mandibular, parotid, palatine tonsil, retropharyngeal, caudal medi-
astinal, and tracheobronchial). Necropsies were performed by South African
National Parks Veterinary Wildlife Services and South African State Veteri-
nary Services veterinarians following standard protocols for BTB detection in
buffalo (58). During necropsies, we serially sectioned the bronchial and
RPLNs from every culled buffalo at 1-cm intervals to examine for tuberculous
or other lesions and immediately placed a 2- × 2- × 0.5-cm section from each
lymph node (with or without lesions) in 10% neutral-buffered formalin
(NBF). We thoroughly examined the lungs and diagrammed and measured
all BTB lesions. We collected a 2- × 2- × 0.5-cm section from the edge of the
largest pulmonary lesion of each animal into 10% NBF. From animals with
no TB lesions, we collected a representative section of lung into 10% NBF. All
formalin-fixed tissues were routinely processed for histopathology and
stained with hematoxylin and eosin stains. Histological sections were ex-
amined by a board-certified veterinary pathologist who was blinded to the
experimental groups. Sections of all tissues with tuberculous granulomas
were examined for approximate percentage of the section affected by

granulomatous inflammation and the percentage of the lesion that was
necrotic. Lung sections were assessed for granuloma stage (59) and presence
or absence of mineralization, fibrosis, and multinucleated giant cells. RPLN
sections were assessed for stage (59), granuloma score (1 = focal, 2 = mul-
tifocal, 3 = coalescing, 4 = majority of the section), and presence or absence
of mineralization, caseous necrosis, and multinucleated giant cells. We
performed gross and histopathological examinations on 34 animals (18 high
FEC, 16 low FEC; 21 treated, 13 untreated) that tested positive for BTB via
BOVIGAM assay. Neither high vs. low nor treated vs. untreated subsets of
animals differed in age at the time of examination (t test: high–low,
t = −0.99, P = 0.33; treated–untreated, t = −1.37, P = 0.18).

Buffalo Mortality. All study animals were fitted with radio collars, so we
continuously monitored the activity of all individuals to detect natural
mortality events. For all possible mortality cases, we searched for the collars
associated with these cases to determine the animal’s fate. Mortality was
confirmed in 50 out of 67 cases and cause of death was ascertained where
possible (e.g., predation). Three deaths that were deemed capture-related
(e.g., a lion attack immediately after a captured animal was released) were
excluded from the dataset. For each mortality event, the date of last
recorded collar activity was assigned as the death date.

Statistical Analyses: Repeatability of FEC and Worm Resistance Phenotype. To
examine the degree to which buffalo showed consistency in their level of
worm egg shedding over time, we estimated the repeatability (R) of both
continuous FEC [log10 (FEC) + 1] and categorical worm egg shedding phe-
notype (high FEC or low FEC). We estimated repeatability of FEC and worm
phenotype using the linear mixed model (LMM) (Gaussian) and generalized
LMM (binary) methods, respectively, implemented with the rptR package
(60) in R version 3.4.3. Confidence intervals were estimated using 1,000
parametric bootstraps. For binary repeatability, we present R as a logit link-
scale approximation, which provides a better estimate of the underlying
propensity for an individual to express a high or low FEC. For both repeat-
ability analyses, we restricted our analyses to the subset of nonanthelmintic
treated buffalo (n = 103 individuals, 651 observations) in order to estimate
the levels of natural consistency in worm shedding in the absence of an-
thelmintic treatment, which we expected to disrupt egg shedding patterns.

Effect of Initial Worm Phenotype on Egg Shedding over Time and Interaction
with Anthelmintic Treatment. To evaluate whether worm phenotype (low vs.
high) at an animal’s initial capture predicted worm egg shedding over the
course of the study and how this related to anthelmintic treatment, we
tested for an effect of worm phenotype at capture #1 on FEC at captures #2-
n using an LMM. Animal ID was included as a random effect in the model,
and treatment status (untreated, treated), age, herd (CB, LS, Other), season
(early dry, late dry, early wet, late wet), and capture interval (time since last
capture) were included as fixed effects. We accounted for treatment and an
interaction between worm phenotype and treatment, since our past work
showed that treatment significantly affected egg shedding rates (23). Age,
herd, and season were included as predictors since these factors are likely
associated with differences in worm exposure and have a known influence
on worm egg shedding in buffalo (23). Finally, we included capture interval
to account for variable parasite reaccumulation in treated animals captured
at different interval lengths. Prior to analysis, we normalized the distribu-
tion of the dependent variable (FEC) using log transformation. The model
was run using the R packages lme4 and lmerTest. Model validity was
assessed by visual inspection of residuals as described in (61). The difflsmeans
function in lmerTest was used to test for significant differences between
least squared means. P values were adjusted for multiple comparisons using
Holm’s method implemented with the p.adjust function in the
stats package.

Associations between Worm Resistance Phenotype and GI Immunity and BL4
Genotype. We tested for an association between worm resistance phenotype
(high FEC vs. low FEC) and GI tract immune responses using Wilcoxon rank
sum tests. This analysis focused only on non-anthelmintic-treated buffalo and
we evaluated the effect of high vs. low status on numbers of eosinophils,
mast cells, and IgA production in the abomasum and small intestine. We
tested for associations between worm resistance phenotype and allelic
variation at the BL4 locus (presence/absence of alleles 141 and 167) using χ2

tests. We also used Wilcoxon rank sum tests to examine whether the pres-
ence of the two BL4 alleles were associated with differences in FEC at initial
capture. For these genotype-based analyses, we included all sampled indi-
viduals (untreated and anthelmintic-treated) because treatment should have
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had no impact on worm phenotype (which was classified at initial capture
prior to first treatment) or genotype.

Effect of Worm Resistance Phenotype on BTB Infection Probability and
Mortality. To examine the effects of worm resistance phenotype on BTB
infection probability while accounting for anthelmintic treatment status, we
added resistance status (high FEC vs. low FEC) and age at first capture as
covariates into a multivariate proportional hazards model previously used to
test the effects of anthelmintic treatment on BTB infection risk (see ref. 23).
The model included worm resistance phenotype, treatment, herd of origin,
and age as predictors. BTB infection probability was estimated as the time
from an animal’s initial capture to BTB infection or until the last BTB test.
Including an interaction term between treatment status and worm resis-
tance phenotype had no qualitative effect on the model results, so we do
not report the interaction model. Our analysis included 195 individuals with
known BTB infection histories that were also characterized for worm phe-
notype at initial capture. Data for individuals that did not test BTB-positive
by the end of the study period or that left the study due to death or emi-
gration were right-censored. The Efron method was used to address ties in
event times, and the validity of the proportional hazards assumption was
examined using Schoenfeld residuals (worm phenotype, low: χ2 = 0.048, P =
0.826, treatment, control: χ2 = 0.241, P = 0.623, herd, LS: χ2 = 0.014, P =
0.906, age: χ2 = 1.59, P = 0.207, global model: χ2 = 2.566, P = 0.633). Cox
regression models and residual checks were performed in R with the survival
package. HRs, CIs, and likelihood ratio tests for the model are reported in SI
Appendix, Table S3. The HR for the worm-resistant phenotype variable
(i.e., high FEC vs. low FEC) represents the instantaneous probability that a
low-FEC individual is more or less likely than a high-FEC individual to
acquire BTB.

We used a similar modeling procedure to test the effects of worm resis-
tance phenotype on mortality risk for BTB-infected individuals. In this case,
the multivariate model included worm resistance phenotype, treatment,
herd, and age at first capture as predictors. A model including an interaction
term between treatment status and worm resistance phenotype was unde-
finable due to low sample size. For all BTB-positives with known fates that
were characterized for worm phenotype at initial capture (n = 56), we used
the time from BTB conversion to either death or the end of the study as the
response variable. Animals that did not die by the end of the study or those
removed from the study for other reasons (e.g., emigration from the study
area) were right-censored. Four BTB-positive individuals that converted at
their last capture were truncated from the dataset. Checks of the Schoenfeld
residuals upheld assumptions of proportional hazards (worm phenotype,
low: χ2 = 3.344, P = 0.0675, treatment, control: χ2 = 0.113, P = 0.7363, herd,
LS: χ2 = 0.645, P = 0.4217, age: χ2 = 0.267, P = 0.6052, global model: χ2 =
6.307, P = 0.1774). HRs with confidence intervals and likelihood ratio tests
are reported in SI Appendix, Table S4.

To verify that the effect of worm resistance phenotype on buffalo mor-
tality we observed was restricted to BTB-positive individuals and was not
characteristic of BTB-negative individuals, we also examined the predictors

of mortality risk in BTB-negative buffalo. There were 116 BTB-negative an-
imals with known fates and worm phenotype characterizations. For these
individuals we used the time from initial capture to death or the end of the
study as the relevant response variable. Animals that did not die by the end
of the study or those removed from the study for other reasons were right-
censored. The multivariate proportional hazards model had the same
structure as the model run for BTB-positive individuals (SI Appendix, Table
S5). Residual checks upheld the assumptions of proportional hazards for this
model (worm phenotype, low: χ2 = 0.085, P = 0.771, treatment, control: χ2 =
0.105, P = 0.706, herd, LS: χ2 = 0.702, P = 0.402, age: χ2 = 0.156, P = 0.693,
global model: χ2 = 1.076, P = 0.898).

Finally, to assess whether our use of discretized FEC categories (i.e., worm
resistance phenotypes) influenced conclusions about mortality patterns, we
reran the mortality analyses described above for both BTB-infected and
uninfected buffalo substituting continuous FEC for worm resistance phe-
notype. All other predictors remained the same and residual checks were
performed as described. Model details are reported in SI Appendix, Tables S6
and S7.

Effects of Worm Resistance Phenotype and Treatment on BTB Progression. We
examined the combined effects of worm resistance phenotype (high FEC vs.
low FEC) and anthelmintic treatment on the progression of BTB disease using
general and generalized linear models (GLMs). Dependent variables were
gross and histological measures of lung and lymph node pathology. Nominal
variables were modeled using binomial GLM, ordinal variables were modeled
using ordinal regression (R package: ordinal), and two continuous variables
(number of lung lesions and number of positive lymph nodes) were modeled
using negative binomial GLMs. For all models, worm resistance phenotype,
treatment, duration of BTB infection, and the interaction between worm
phenotype and treatment were included as predictor variables. A forward
and backward stepwise Akaike information criterion (AIC)-based model se-
lection approach (implemented with the function “step”) was used to sim-
plify each model and identify the key predictor variables explaining
variation in disease progression.

Data Availability. Data have been deposited in Dryad, https://doi.org/10.5061/
dryad.pk0p2ngmh (62).
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