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ABSTRACT

Gastrointestinal helminths interact with the gut microbiota in ways that shape microbiota structure and function, but these
effects are highly inconsistent across studies. One factor that may help explain variation in parasite-microbiota interactions is
host sex since helminths can induce sex-specific changes in feeding behaviour and diet that might cascade to shape gut micro-
bial communities. We tested this idea using an anthelmintic treatment experiment in wild Grant's gazelles (Nanger granti). We
found that in males, anthelmintic treatment induced short-term shifts in microbial diversity and structure within ~40-70days,
but in females, treatment had effects on microbiota structure that emerged over a longer period of ~500days. Long-term effects
of treatment on the microbiota of females were potentially due to sex-specific changes in feeding behaviour since deworming
nearly doubled the time females spent feeding, but did not affect feeding time in males. In support of this idea, anthelmintic
treatment eliminated associations between microbial diversity and diet in females, and treated females maintained a more stable
abundance of microbial taxa and predicted functions. Together, these findings suggest that accounting for host traits can help
uncover mechanisms, such as changes in diet, by which helminths interact with the microbiota.

1 | Introduction complicated by inconsistencies across studies. For example,

the presence of helminth infections has been associated with

Within the gastrointestinal tract, helminth parasites and com-
mensal bacteria commonly co-occur and can interact via their
use of space, release of metabolic products and modulation of
host immune responses [1, 2]. In laboratory rodents, for example,
helminths have been shown to influence gut microbiota compo-
sition in ways that suppress antiworm immunity and promote
their own persistence [3-5]. However, our ability to characterise
helminth-microbiota interactions in natural settings has been
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changes in gut microbial diversity in some species (e.g., wild pri-
mates [6]), but not others (e.g., wild mice [7]). These differential
effects of helminths on gut microbes are likely influenced by a
range of factors including host and helminth species identity
[7, 8]. In addition, intraspecific variation among hosts should
play a further role in determining how helminths interact with
the microbiota. For example, in primates, helminth effects on
gut microbial diversity were influenced by host habitat use [6].
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Host sex is another factor that drives considerable variation in
aspects of host physiology and behaviour that influence the gut
microbiota. In particular, males and females often differ in their
feeding behaviour and diet [9-11], and diet is one of the stron-
gest drivers of gut microbial composition and function [12, 13].
Indeed, in a range of wild animals studied to date, gut microbiota
composition tracks changes in diet across seasons [12, 14-17].
Interestingly, such microbiota—-diet relationships may be further
modified by helminth infection, which also commonly affects
host feeding behaviour, often by reducing feeding rates [18] or
changing dietary preferences [19-21]. Given this, host sex rep-
resents a promising starting point for examining intraspecific
variation in helminth-microbiota interactions — if both host sex
and helminth infection influence host feeding behaviour, these
factors should interact to shape how the microbiota responds
to diet.

In this study, we used an anthelmintic treatment experiment in
a wild mammal, Grant's gazelle to test for sex-based differences
in helminth-microbiota interactions. Specifically, we examined
the effects of de-worming on gut microbiota diversity and com-
position and host feeding behaviour in male and female gazelles.
We asked (i) whether anthelmintic treatment had sex-specific
effects on the gut microbiota and (ii) if these effects could be
explained by sex-dependent effects of treatment on host feeding
behaviour. If so, we predicted that anthelmintic treatment would
affect the microbiota’s ability to track changes in diet, with func-
tional consequences for the degradation of dietary components.

2 | Materials and Methods
2.1 | Animal Capture and Sampling

Male and female Grant's gazelles (Nanger granti) were captured
at the Mpala Research Centre, Kenya in June 2011 using heli-
copter net gunning [22-24]. All animals were tagged for indi-
vidual identification and randomly assigned to an anthelmintic
treatment group based on capture sequence. Treated animals
received a single dose of moxidectin (0.05mL/kg of cydectin
long-acting intramuscular injection for sheep, Virbac Animal
Health) and control animals received saline. Cydectin provides
protection against gastrointestinal nematodes for up to 120days
in sheep [25], and a similar duration of efficacy was reported
in Grant's gazelle [22, 23]. After collecting demographic infor-
mation and biological samples, animals were released back into
the wild. In this study, we report data collected from 13 adult
females (6 control, 7 anthelmintic-treated) and 11 adult males
(4 control, 7 anthelmintic-treated) that were monitored between
June 2011 and November 2012. Because male Grant's gazelles
transition between nonreproductive (bachelor) and reproduc-
tive (territorial) states during adulthood and territorial males
are most distinct from females in both behaviour and helminth
parasitism [22], we focused only on territorial males.

To examine anthelmintic treatment-associated changes in ga-
zelle feeding behaviour, we collected data on individual feeding
behaviour. Past work on this population of gazelles has shown
that anthelmintic treatment nearly doubles the amount of time
female gazelles spend feeding [23], so here we performed a sim-
ilar analysis focused on males that were captured at the same

time from the same population. To quantify male behaviour,
solitary males or male-female groups were located by vehicle
and territorial males were selected for focal observation [22].
For each observation, we recorded continuous data on five core
behaviours (feeding, vigilance, resting, moving, agonism/domi-
nance) using a hand-held recording device. Feeding was defined
as grazing or browsing at any height or actively searching for
food [24]. Observations were performed by a single observer and
each observation period ranged from 15 to 34 min.

For microbiota and parasitological analysis, a pretreatment
faecal sample was collected at capture, and subsequently, post-
treatment samples were collected by monitoring free-ranging,
individually identifiable animals. In total, 372 faecal samples
were collected, with 2-30 samples collected per individual. A
subset of each faecal sample was used for parasitological anal-
ysis and a second subset was stored at —20°C until DNA ex-
traction for microbiota sequencing.

2.2 | Parasitological Analysis

To assess helminth infection status we focused on strongyle
nematodes (Nematoda: Strongylidae), a group of gastrointesti-
nal nematodes found at high prevalence in Grant's gazelle [26].
Strongyle egg output in faeces was quantified using a modifica-
tion of the McMaster faecal egg counting technique. Briefly, 3 g
of each faecal sample was homogenised in water and strained to
remove debris, followed by centrifugation and suspension of the
pellet in sodium chloride solution (specific gravity 1.2). Aliquots
of the resulting suspension were used to fill two chambers of
a McMaster slide, and the number of strongyle eggs per gram
faeces was calculated from the average egg count across both
chambers [26]. In all cases, egg counts were performed on the
day of sample collection.

2.3 | Gut Microbiota Sequencing and Processing

Gut microbial communities were assessed via 16S rRNA gene
sequencing according to Earth Microbiome Project protocols
[27]. Briefly, the V4 region of the 16S rRNA gene was amplified
using 515F and 806R PCR primers and sequenced using an
Illumina MiSeq. Sequences were uploaded to the QIITA re-
pository, where forward 150bp reads were clustered into am-
plicon sequence variants (ASVs) with Deblur v. 2021.09 [28].
We excluded rare ASVs present at an abundance of < 0.01% of
the total dataset, and normalised samples across sequencing
depths by rarefying each sample to 5000 ASVs [29]. Study in-
dividuals were required to have both a pretreatment sample
and at least one posttreatment sample that passed these pro-
cessing steps to be included in further analyses. A phyloge-
netic tree relating ASVs was constructed using the fragment
insertion method (SATé-enabled phylogenetic placement or
SEPP [30]). We assessed microbial alpha diversity by calcu-
lating ASV richness and Faith's phylogenetic diversity (PD),
which accounts for phylogenetic relationships among taxa. We
assessed microbial community structure by calculating Bray-
Curtis dissimilarities between samples, which considers both
the presence and relative abundance of ASVs, and weighted
UniFrac distances, which also accounts for phylogenetic
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relationships among taxa [31]. Both alpha diversity and com-
munity structure metrics were calculated using QIIME2 v.
2020.11 [32].

For analysis of microbial taxonomic abundance, we assigned
taxonomy to ASVs using the GreenGenes2 database (v. 2022.10)
and collapsed taxonomy at the genus level. To assess whether
anthelmintic treatment affected microbiota functions in ad-
dition to taxonomic composition, we predicted the functional
capacity of the microbiota using the PICRUSt2 plug-in [33] in
QIIME2 v. 2019.7. We used the “custom tree pipeline” with
SEPP [30] to compare ASVs to the PICRUSt2 annotated refer-
ence genome database, predicted the abundance of gene families
with the maximum parsimony method, and mapped counts to
MetaCyc pathways using MinPath [34]. We removed rare path-
ways present at an abundance of <0.01% of the total data set and
removed “engineered” pathways before rarefying samples to
425,000 pathways for analysis.

2.4 | Statistical Analyses

To examine whether effects of anthelmintic treatment on the
gut microbiota were sex-dependent, we performed all analyses
separately in males and females. This approach allowed us to
analyse how microbiota patterns differed by sex without using
three-way interaction terms, which require higher sample sizes
[35]. First, we examined if anthelmintic treatment had short-
term effects on the microbiota. In gazelles, treatment resulted in
reduced egg shedding for a period of ~120days [22, 23]. Within
this 120-day drug efficacy period, treated individuals shed fewer
parasite eggs than controls, whereas after 120days, treated and
control individual did not differ in the level of parasite shedding

[22, 23]. About halfway through the efficacy period (samples
collected 40-70days after treatment, mean: 55days), treated in-
dividuals were shedding zero parasite eggs prior to any worm
re-accumulation. We tested for differences in microbiota diver-
sity and structure between pretreatment samples (when worms
were present) and samples collected 40-70days posttreatment
and considered these differences as short-term effects. For alpha
diversity, we tested for an effect of time point (pre- vs. posttreat-
ment), treatment group (treated vs. control) and an interaction
between time point and treatment group using repeated mea-
sures analysis of variance (ANOVA) implemented in rstatix v.
0.7.2 [36] in R v. 4.3.1. Diversity values were normalised using
Box-Cox transformations (Shapiro-Wilk's test: W>0.937,
p>0.386). For structure, we tested for an effect of the interac-
tion between time point and treatment group after accounting
for animal ID, using permutational ANOVA (PERMANOVA)
implemented in adonis2 in vegan v. 2.6-4 [37]. PERMANOVA
models were run on square root-transformed distance matrices
with 1000 permutations.

Second, we examined if anthelmintic treatment had effects
on long-term trajectories of microbiota structure. To do this,
we calculated pairwise differences in microbiota structure
between an individual's pretreatment sample and each post-
treatment sample spanning the entire duration of the study
(~500days). We tested for an effect of treatment group, the
number of days since treatment and the interaction between
days since treatment and treatment group on dissimilarity
using generalised linear mixed models with a beta distribu-
tion implemented in glmmTMB v. 1.1.7 [38]. The dispersion
of simulated model residuals was assessed using DHARMa
v. 0.4.6 [39]. Animal ID was included as a random effect in
the model and to improve model fit, days since treatment was
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FIGURE1 | Changes in forage greenness during the study period. Forage greenness was assessed via average normalised difference vegetation
index (NDVT) values for Laikipia County, Kenya over 10-day intervals. The study period was divided into several time frames for analysis: the an-

thelmintic treatment was efficacious for 120days posttreatment, during which treated gazelles shed significantly fewer parasite eggs than control

gazelles. We analysed the short-term effects of treatment by comparing pretreatment samples to samples collected 40-70days posttreatment, when

treated gazelles shed zero parasite eggs prior to any worm re-accumulation. We analysed the long-term effects of treatment using samples collected

from the entire study period, which included samples collected after the 120-day treatment efficacy period, when treated and control gazelles did not

differ in parasite egg shedding.
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FIGURE 2 | Patterns of gut microbial diversity did not differ between male and female Grant's gazelles prior to anthelmintic treatment.
Pretreatment, male (N=11) and female (N=13) gazelles did not differ in microbial alpha diversity as measured by (a) amplicon sequence variant
(ASV) richness or (b) Faith's phylogenetic diversity. Pretreatment, (c) ASV richness and (d) Faith's phylogenetic diversity were not correlated with
worm egg counts, measured as eggs per gram of faeces (epg), in either male or female gazelles.

scaled without centering for analysis. To explore the potential
for nonlinear trajectories in microbiota structure over time, we
also fit these models with polynomial relationships. However,
polynomial models did not improve model fit compared to lin-
ear models (AAIC>2), so we report the linear models. This
analysis of dissimilarities in microbiota structure as a function
of time allowed us to examine whether microbial communi-
ties continuously diverged from pretreatment communities
throughout the study (reflected by a positive slope, indicat-
ing that dissimilarities from baseline increased over time),
did not accumulate changes from pretreatment communities
(reflected by a slope of zero, indicating that dissimilarities
from baseline remained stable over time), or initially diverged
from pretreatment communities, but then converged toward
pretreatment communities later in the study (reflected by a
negative slope, indicating that dissimilarities from baseline
decreased over time). While we recognise that using only one
pretreatment sample per individual may have limited our abil-
ity to fully characterise baseline (i.e., pretreatment) microbial
communities, given our focus here on long-term trajectories
at the treatment group level, uncertainty about the exact com-
position of each individual's baseline community should not
significantly bias our results.

Third, we examined if sex-specific effects of anthelmintic treat-
ment on the microbiota could be explained by changes in host
feeding behaviour. As a first step, we tested for an effect of treat-
ment on male feeding behaviour as was previously done for the
females [23]. Male and female gazelles were sampled from the
same population and received anthelmintic treatment at the same
time, so we were able to compare if the effects of treatment on
feeding behaviour differed by sex. To understand whether treat-
ment changed the behaviour of treated males relative to control
males, we used Wilcoxon rank-sum tests to compare the propor-
tion of time spent feeding by control and treated males during the
anthelmintic efficacy period (<120days posttreatment), during
which treated individuals maintained significantly lower para-
site burdens compared to control individuals [22, 23], as well as
after drug efficacy waned (> 120days posttreatment). This meth-
odology mirrors that used to examine the effects of anthelmintic
treatment on feeding behaviour for female gazelles in this popu-
lation [23]. Next, we looked for evidence of an anthelmintic treat-
ment effect on the relationship between host feeding behaviour
and diet. If helminths affect the microbiota via changes in host
feeding behaviour, then treatment should disrupt expected re-
lationships between the microbiota and host diet. Therefore, we
tested whether anthelmintic treatment affected the ability of the
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FIGURE3 | Anthelmintic treatment had short-term effects on gut microbial diversity in male Grant's gazelles. By 40-70days posttreatment, male

gazelles (N=7) showed a marginal decrease in microbial diversity as measured by (a) amplicon sequence variant (ASV) richness, and a significant

decrease microbial diversity as measured by (b) Faith's phylogenetic diversity. (c, d) By 40-70days posttreatment, there was no change in either mea-
sure of microbial diversity in female gazelles (N=11; Table S1). Points are connected by animal ID.

microbiota to track changes in diet in males and females. To mea-
sure how diet changed over time, we estimated the normalised
difference vegetation index (NDVI), a “vegetation greenness”
index frequently used as a proxy for diet quality in wild rumi-
nants [40, 41]. NDVI values were obtained from the USGS Early
Warning programme (Figure 1). These values represent the aver-
age NDVT for our study region over 10-day intervals, and here we
assume that all gazelles experienced the same forage greenness
at any given point in time. We used linear mixed models (Ime4 v.
1.1-34 [42] and ImerTest v. 3.1-3 [43]) to test whether anthelmintic
treatment modified the relationship between microbiota diver-
sity and forage greenness. Model predictors included days since
treatment, NDVI, treatment group and the interaction between
NDVI and treatment group. Animal ID was included as a random
effect. Diversity values were normalised using Box-Cox trans-
formations (Shapiro-Wilk's test of model residuals: W>0.965,
p>1e10~%). We also assessed how much inter-individual vari-
ability contributed to these patterns by estimating the amount
of variance explained by the random effect of animal ID. To do
so, we subtracted the marginal pseudo-R? value (representing

the variance explained by the fixed effects) from the conditional
pseudo-R? value (representing the total variance explained by the
model) for each model using performance v. 0.12.2 [44].

Finally, for either sex that showed an effect of treatment on the
relationship between the microbiota and NDVI, we also tested
for specific microbial genera and predicted functions contrib-
uting to these effects. First, we tested if treatment modified
relationships between microbial genera abundance and for-
age greenness. To do so, we used Analysis of Compositions of
Microbiomes with Bias Correction (ANCOMBC v. 2.4.0), which
analyses differences in microbial abundance among groups
while accounting for uneven sampling across samples [45]. For
this analysis, forage greenness values were binned according to
whether they fell above (high greenness) or below (low green-
ness) the median NDVI value for our study period. Then, we
compared how microbial genera abundance differed between
samples from treated individuals during periods of high green-
ness and all other groups: treated individuals during low green-
ness, control individuals during high greenness and control
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FIGURE 4 | Anthelmintic treatment had short-term effects on gut microbiota structure in male Grant's gazelles. Principal coordinate analysis
(PCoA) plots showed that treatment was associated with a shift in gut microbial structure, as measured by Bray-Curtis dissimilarity and weighted
UniFrac distance, by 40-70 days posttreatment in (a, b) male (N=7), but not (c, d) female (N=11) gazelles (Table S2).

individuals during low greenness. We corrected p-values for
multiple comparisons using the Benjamini-Hochberg method.

Second, we tested whether taxonomic patterns translated to
microbiota function by identifying how treatment modified
relationships between forage greenness and the abundance of
predicted functional pathways. To do so, we used a ‘songbird’
multinomial regression model [46] in QIIME2 v. 2019.7 to iden-
tify PICRUSt2-predicted functional pathways that were associ-
ated with the interaction between NDVI and treatment group
(see the Supporting Information S1). We viewed the output of
this model using the Qurro visualisation tool, selected the top
5% of predicted pathways that were most strongly associated
with NDVI in control versus anthelmintic-treated individuals,
and calculated the log-ratio of their abundances [47]. We then
used a linear mixed model to test how the abundance of these
pathways changed with NDVI in each treatment group. Model
predictors included days since treatment, NDVI, treatment

group and the interaction between NDVI and treatment group,
with animal ID as a random effect. When models indicated a
significant interaction effect, we tested whether slopes for each
treatment group differed from zero using emmeans, v. 1.8.7 [48]
and corrected p-values using the Benjamini-Hochberg method.

3 | Results

3.1 | Anthelmintic Treatment Had Short-Term
Effects on the Microbiota of Males, but Long-Term
Effects on the Microbiota of Females

Before anthelmintic treatment, samples from males and fe-
males did not differ in microbial alpha diversity as measured
by ASV richness or Faith's PD (Wilcoxon test: W range =46.5-
53.0, p>0.156; Figure 2a,b) nor was microbial diversity cor-
related with pretreatment worm egg count in males (Spearman
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FIGURES5 | Anthelmintic treatment had long-term effects on gut microbial structure in female Grant's gazelles. Anthelmintic treatment altered
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but not (a, b) male (N=166) samples (Tables S3 and S4). Fitted lines are derived from a generalised linear mixed model and shaded areas represent
standard errors. Open circles represent control samples and closed circles represent anthelmintic-treated samples.

correlation: p range =-0.387 to —0.410, p>0.210) or females (p
range =-0.072 to —0.083, p>0.788; Figure 2c,d).

Our analysis of short-term microbiota patterns examined how
samples collected 40-70days after treatment (when worm egg
shedding was zero) differed from pretreatment samples. In a
model testing the effect of treatment, time (pretreatment vs.
posttreatment) and the interaction between the two, we found
that there was a marginal decline in microbial diversity as
measured by ASV richness (repeated measures ANOVA: treat-
ment X time point, F=6.155, p=0.056; Figure 3a), and a signif-
icant decline in diversity as measured by Faith's PD (F=7.211,
p=0.044; Figure 3b, Table S1) among males. In contrast, there
was no effect of treatment on any measure of microbial diver-
sity in females (F range=0.157-0.254, p>0.627; Figure 3c,d,
Table S1). A short-term effect of anthelmintic treatment on the

microbiota of males was also apparent in microbiota structure;
treatment was associated with a difference in structure between
pretreatment and posttreatment samples as measured by both
Bray-Curtis dissimilarity (PERMANOVA: treatmentX time
point, R?=0.212, p=0.012; Figure 4a) and weighted UniFrac
distance (PERMANOVA: treatmentxtime point, R>=0.340,
p=0.002; Figure 4b, Table S2). There was no effect in females
(R? range =0.095-0.112, p>0.266; Figure 4c,d, Table S2).

Our analysis of long-term microbiota trajectories examined if
and how samples collected throughout the entire study period
(~500days) differed from an individual's baseline sample. In a
model testing the effect of treatment, time and the interaction
between the two, we found a main effect of treatment for one
of two measures of microbiota structure in males (Bray-Curtis
dissimilarity GLMM: treatment, estimate+SE=0.537+0.220,
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p=0.015, Figure 5a; Weighted UniFrac GLMM: treatment,
estimate + SE=0.223+0.220, p=0.311; Figure 5b, Table S3).
Treated males had a higher Bray-Curtis intercept (0.76) than
control males (0.65), suggesting more dissimilarity in micro-
biota structure between pretreatment samples and the first
samples collected (within weeks) after treatment. However,
there was no interaction effect for either measure of microbiota
structure (Bray-Curtis dissimilarity GLMM: treatment X time,
estimate + SE=—0.126£0.190, p=0.507, Figure 5a; Weighted
UniFrac GLMM: treatment X time, estimate + SE=0.055+0.202,
p=0.786, Figure 5b, Table S3), indicating that treatment did not
affect trajectories over time.

In females, for Bray-Curtis dissimilarity, there was a sig-
nificant main effect of treatment (GLMM: treatment, es-
timate+ SE=-0.441+0.210, p=0.035) and a significant
treatment X time interaction effect (treatmentXxtime, esti-
mate +SE=0.448+0.170, p=0.008; Table S3), where the slope
was positive for treated females and zero for control females
(treated: estimate +SE=0.350%+0.102, p=0.001; control: esti-
mate + SE=-0.098+0.136, p=0.472; Figure 5c, Table S4). The
positive slope in treated females suggests a directional change
in microbiota structure over time. For weighted UniFrac dis-
tance, there was a significant main effect of time (GLMM: time,
estimate + SE=—0.274£0.137, p=0.046) and a significant treat-
ment X time interaction effect (GLMM: treatment X time, esti-
mate +SE=0.516+0.168, p=0.002, Table S3), where the slope
was positive for treated females (estimate +SE=0.241+0.097,
p=0.025; Figure 5d, Table S4), also suggesting a directional
change in microbiota structure. However, the slope was negative
for control females (estimate+SE=-0.274+0.137, p=0.046;
Figure 5d, Table S4), indicating that microbiota structure ini-
tially deviated from baseline samples, but then became more
similar to baseline throughout the rest of the study.

3.2 | Treatment Affected Whether Gut Microbial
Diversity, Abundance and Predicted Function
Tracked Forage Greenness in Females

The lasting effect of anthelmintic treatment on the female gut mi-
crobiota may be linked to treatment-associated changes in feed-
ing behaviour. In males, treatment had no effect on time spent
feeding (Wilcoxon test: W=1210, p=0.564; Figure 6, Table S5),
which contrasts sharply with females, where treatment nearly
doubled feeding time [23]. To evaluate whether anthelmintic
treatment influenced how the microbiota responded to changes
in diet, we tested the effect of treatment, forage greenness and
the interaction between the two on microbial diversity mea-
sured as ASV richness and Faith's PD. For females, we found
a significant interaction between treatment and forage green-
ness for both ASV richness (LMM: treatment X NDVI, F=8.028,
p=0.005; Figure 7c) and Faith's PD (LMM: treatment X NDVI,
F=5.745, p=0.018; Figure 7d, Table S6), where control females
showed a negative relationship between forage greenness and
diversity (ASV richness: estimate + SE=—2.84 x 10*+9.34 x 10,
p=0.005; Faith's PD: estimate+SE=-3.34x103+1.24Xx 107,
p=0.015), and treated females did not (ASV richness: esti-
mate +SE=6.74x103+£8.23x 103, p=0.414; Faith's PD: esti-
mate + SE=603.63+1.09 x 103, p = 0.581; Figure 7c,d, Table S7).
In contrast, for males, both control and treated indiviudals
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FIGURE 6 | Anthelmintic treatment did not affect the propor-
tion of time that male Grant's gazelles spent feeding. Control and
anthelmintic-treated males spent similar amounts of time feeding both
during the treatment efficacy period (<120days after treatment, N= 9
individuals,97 observations) and following the treatment efficacy pe-
riod (>120days after treatment, N= 8 individuals,124 observations;
Table S5). Bars represent group means and error bars represent standard
deviations.

showed negative relationships between forage greenness and di-
versity as measured by ASVrichness (LMM: treatment, F =4.381,
p=0.038; control: estimate+SE=-1790+1201; treated: esti-
mate + SE=-1400+927; Figure 7a), and Faith's PD (LMM: treat-
ment, F=4.364, p=0.038; control: estimate + SE =—-585+377;
treated: estimate+SE=-416+291; Figure 7b, Table S6).
Interestingly, the fixed effects of forage greenness and treatment
explained the same amount of variation (5.9%-6.8%) as indi-
vidual identity (5.9%-6.2%) in males, whereas in females, the
pattern was starkly different, with the fixed effects explaining
~3-5 times more variation (18.6%-19.4%) than individual iden-
tity (3.4%-5.4%), highlighting the biological importance of the
combined effect of forage greenness and treatment in explaining
microbiota patterns in females.

The disruption of microbiota-diet relationships in treated fe-
males also affected the abundance of specific microbial gen-
era. Overall, we identified 159 microbial genera in the gazelle
microbiota. Samples from treated females collected during pe-
riods of high forage greenness resembled those from treated
females during periods of low greenness (difference in 3 gen-
era: W range =3.464-3.876, p <0.028; Figure 8a, Table S8) and
those of control females during periods of high greenness (dif-
ference in 1 genus: W=4.073, p=0.007; Figure 8b, Table S8).
In contrast, samples from treated females collected during pe-
riods of high greenness were most dissimilar to samples from
control females during low greenness (difference in 20 genera:
W range =—4.270-6.046, p <0.048; Figure 8c, Table S8). While
treated-high greenness samples were enriched with genera from
the Bacteroidetes and Proteobacteria phyla, control-low green-
ness samples were enriched with genera within the Firmicutes A,
Firmicutes D and Actinobacteriota phyla (Figure 8c, Table S8).

Similar to the microbial abundance results, anthelmintic treat-
ment stabilised the abundance of predicted microbial functional
pathways in females. The log-ratio of predicted functional path-
ways associated with NDVI in control versus treated females
was calculated from a “songbird” multinomial regression model
(Table S9), and the abundance of these pathways was differ-
entially sensitive to changes in NDVTI across treatment groups
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FIGURE 7 | Anthelmintic treatment decoupled relationships between gut microbial diversity and forage greenness in female, but not male,
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Grant's gazelles. (a, b) Both control and anthelmintic-treated male gazelles (N=166 samples) showed a negative relationship between forage green-

ness and gut microbial alpha diversity, as measured by (a) amplicon sequence variant (ASV) richness and (b) Faith's phylogenetic diversity (Table S6).
(c, d) However, the anthelmintic treatment caused relationships between forage greenness and gut microbial alpha diversity to be absent in female
gazelles (N=182 samples; Tables S6 and S7). Forage greenness was assessed via normalised difference vegetation index (NDVTI) values for Laikipia
County, Kenya. ASV richness values were Box-Cox transformed for analysis.

(LMM: treatmentXNDVI, F=5.305, p=0.022; Table S10).
Pathway abundance tended toward a negative association
with NDVI in control females (estimate + SE=—-2.848 +1.268,
p=0.052), while there was no association with NDVI in treated
females (estimate+SE=1.022+1.116, p=0.361; Figure 8d,
Table S11). Specifically, increases in NDVI were associated with
the enrichment of different pathways involved in the synthesis
of B vitamins and amino acids in control (e.g., glutamine) versus
treated (e.g., tyrosine) females (Table S9). As forage greenness
decreased, samples from control females were also enriched
with predicted pathways related to the synthesis of siderophores
and cell membrane components, and the degradation of amino
acids, nucleotides and sucrose, whereas samples from treated fe-
males were enriched with predicted pathways for the synthesis
of haeme molecules and degradation of various aromatic com-
pounds (Table S9). Together, these results suggest that treatment

interacted with forage greenness in females, resulting in a more
stable abundance of microbial taxa with implications for pre-
dicted microbial functions.

4 | Discussion

Conflicting effects of gastrointestinal helminths on the gut mi-
crobiota are widely described across human and animal hosts
[8, 49]. Here, we demonstrate that host sex can help explain
some of this variation. By using an anthelmintic treatment ex-
periment in a free-ranging mammal, we show that the magni-
tude and timing of helminth effects on the gut microbiota are
sex-dependent. Specifically, effects of anthelmintic treatment on
the microbiota emerged in the short-term (40-70days) in males
and were likely a direct result of the absence of worms, whereas
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FIGURE 8 | Anthelmintic treatment stabilised changes in gut microbial abundance and predicted function amidst changes in forage greenness
in female Grant's gazelles. Results of ANCOM-BC tests for differences in genera abundance in comparison to treated female samples at high forage
greenness (N=57; Table S8). While these samples showed only minor differences in abundance compared to samples from (a) control gazelles at
high forage greenness (N=31) and (b) treated gazelles at low forage greenness (N=52), they had more differences from (c) control gazelle samples
at low forage greenness (N=42). (d) A ‘songbird’ multinomial regression model used to identify PICRUSt2-predicted functional pathways that were
associated with forage greenness in control versus anthelmintic-treated female gazelle samples (N=182). The log-ratio of the top 5% of predicted
pathways associated with NDVI in treated females (numerator) versus the top 5% of predicted pathways associated with NDVT in control females
(denominator) was calculated to test how pathway abundances varied between treatment groups (Table S9). The abundance of this log-ratio tended
to be negatively associated with NDVTI in control females but was not associated with NDVI in anthelmintic-treated females (Tables S10 and S11).
Fitted lines are derived from a linear mixed model and shaded areas represent standard errors. Open circles represent control samples, and closed
circles represent anthelmintic-treated samples.

effects of treatment accumulated over a longer time frame
(~500days) in females. Given that treatment increased feeding
behaviour in females but not males, and that the strong diet-
microbiota relationships observed in males and control females
were absent in treated females, we hypothesise that long-term
effects of anthelmintic treatment on the female gazelle microbi-
ota were driven by an effect of worms on host feeding behaviour.

Anthelmintic treatment had transient effects on the microbiota
of males that were only present during the period when worm
egg shedding was absent. Moreover, treatment had no effect on

male feeding behaviour, and for all males (control and treated),
there was a strong negative association between microbial di-
versity and forage greenness (NDVTI). Negative relationships be-
tween microbial diversity and diet quality have been observed in
other ruminant hosts (e.g., African buffalo [50], cattle [51]) and
may reflect the dominance of select microbes that best degrade
readily metabolisable components available when diet quality is
relatively high, versus an expansion of more diverse microbial
taxa capable of degrading nutrients that remain as diet quality
declines [15, 52-54]. For example, in cattle fed a low protein diet,
fermentation of fibre was associated with increases in microbial
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diversity compared to starch, likely because complex fibre struc-
tures yield a greater diversity of by-products for microbes to de-
grade [51]. Thus, the consistent change in microbial diversity in
response to forage greenness in both control and treated male
gazelles implies that the microbiota was responding similarly to
environmentally mediated changes in host diet in both groups.
Coupled with the absence of a treatment effect on male feeding
behaviour, and the presence of a treatment effect on the micro-
biota that coincided with the absence of worm egg shedding, this
result suggests that the observed effects of anthelmintic treat-
ment on the male microbiota were unlikely to be mediated by
diet and could be the direct result of worm clearance.

In contrast to males, anthelmintic treatment had longer-term
effects on the microbiota of females that were accompanied by
strong effects of treatment on diet. Treatment nearly doubled the
time that females spent feeding [23]; it was associated with di-
rectional changes in microbiota structure over time; and it sub-
stantially weakened the negative association between microbial
diversity and forage greenness observed in males and control
females. This latter result is emphasised by the large amount of
variance explained by the interaction between treatment and
forage greenness in female compared to male models. Taken to-
gether, these results suggest that long-term microbiota changes
observed in females could reflect the influence of anthelmintic
treatment on host feeding behaviour. For example, if treated fe-
males spend more time feeding when forage quality is low, they
might maintain higher levels of diet quality and correspond-
ingly lower levels of microbial diversity. Indeed, we found that
microbial diversity remained at lower levels in treated compared
to control females as forage greenness declined. A similar pat-
tern was observed in wild squirrels and bats, where microbial
diversity increased in the spring with increases in the variety of
dietary substrates available, but decreased through the summer
as feeding rates increased [52, 53]. Interestingly, in populations
where helminth prevalence is high, worms have been proposed
to help maintain high levels of microbial diversity [7, 55]. Our
results extend this hypothesis by suggesting that helminth-
induced changes in feeding behaviour and diet could be one
mechanism contributing to the maintenance of gut microbiota
diversity.

Changes in the feeding behaviour of treated females may also
explain effects of anthelmintic treatment on microbial abun-
dance and predicted function. As observed for microbial di-
versity, both taxa abundance and predicted functional capacity
were less sensitive to changes in forage greenness in treated
females compared to control females. Specifically, during peri-
ods of high forage greenness, the microbiota of treated females
maintained a high abundance of microbes in the Bacteroidota
phylum that have been associated with cellulose and plant fibre
degradation (e.g., Muribaculaceae, UBA932 [56, 57]), whereas at
low forage greenness, the microbiota of control females were en-
riched with a greater number of genera in the Firmicutes phyla,
consistent with the potential to metabolise a broader range of
substances. These taxonomic differences also translated to pat-
terns of predicted microbial function. As forage greenness de-
clined, the microbiota of control females showed an increased
predicted capacity to degrade a variety of substrates, spanning
nucleotides, amino acids and sucrose, as well as to synthesise
siderophores, compounds released by bacteria to scavenge

iron from the environment [58]. In contrast, a majority of the
degradation pathways enriched in the microbiota of treated
females were for aromatic compounds derived from plant cell
walls [59, 60]. This suggests that the functional capacity of the
gut microbiota of control females could have been responding
to resource limitation, whereas increased feeding rates associ-
ated with anthelmintic treatment allowed the gut microbiota of
treated females to remain focused on degrading dietary com-
ponents found in a potentially higher quality diet. Importantly,
our functional analysis relied on predicting the functional ca-
pacity of the microbiota from taxonomic identifications rather
than directly measuring functional metabolites. Since databases
available for functional prediction are unlikely to capture the
full range of metabolic pathways present in the microbiota of
wildlife hosts, these results should be viewed as a starting point
for exploring changes in microbial function. Nonetheless, our
combined diversity, abundance and predicted function analyses
support a link between anthelmintic treatment-induced changes
in female feeding behaviour and changes in microbial abun-
dance and metabolism.

Sex-dependent microbiota responses to host helminth infec-
tion have been documented in the laboratory [61], and here,
we show that sex-dependent microbiota shifts also occur in a
natural host-helminth-microbiota system. Our results indicate
that studying wild animals can help uncover new mechanisms
driving variation in helminth-microbiota interactions. For ex-
ample, while sex differences in immunity are thought to shape
cestode-induced microbiota shifts in laboratory stickleback [61],
our study suggests that sex-specific changes in host feeding be-
haviour and diet may also determine microbiota responses to
helminths. By highlighting host-dependent connections among
helminths, diet and the microbiota, our findings reveal that fac-
tors driving variation in not only host physiology but also be-
haviour, can contribute to heterogeneity in parasite-microbiota
associations.

Author Contributions

V.O.E. designed the anthelmintic treatment study and K.A.S., A.C. and
V.O.E. conceptualised the anthelmintic treatment-microbiome project.
V.O.E. contributed to data collection; S.J.S. and R.K. contributed to
methodology and software resources; and K.A.S. and A.C. performed
data analysis. V.O.E. supervised the project. K.A.S. and V.O.E. prepared
the original manuscript draft, and all authors participated in manu-
script review and editing.

Acknowledgements

Animal protocols for this study were approved by the University of
Georgia Animal Care and Use Committee (protocol number A2010 10-
188), and the Kenya Ministry of Science, Education and Technology and
Kenya Wildlife Service gave permission to conduct this research. We
thank Frontier Helicopters, NZ and the Kenya Wildlife Service Game
Capture Unit for conducting animal captures, and the Mpala Research
Centre for logistical support. We also thank M. Snider, J. Ewoi, A.
Durcik, S. Hauver, V. Zero, Z. Chillag, S. Ekernas, A. Hines, J. Hooge,
J. Loroo, A. Mwachanje, M. Rajeev, W. Sarmento, A. Williams and K.
Worsley-Tonks for assistance in the field.

Disclosure

The authors have nothing to report.

11 0f 13

85UB017 SUOLULLID BAIFER1D 3|qedlidde auy Aq pausenob ke SSppiie VO ‘s o SaInJ 10} Afeiq 1 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SBYW0D" A3 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe SWis L 843 385 *[G202/20/TT] Uo AriqiTauliuo A8|im “AiseAIuN 3. A Ad 00002 WId/TTTT'OT/I0p/W00 A 1M Azeiq1putjuo//Sdny Wwolj papeojumoq ‘2T 7202 ‘vZ0ES9ET



Data Availability Statement

Data for this study are available in the QIITA repository at study ID
10323 (file 131002).

References

1. L. E. Peachey, T. P. Jenkins, and C. Cantacessi, “This Gut Ain't Big
Enough for Both of us. Or Is It? Helminth-Microbiota Interactions in
Veterinary Species,” Trends in Parasitology 33 (2017): 619-632.

2.J.M.Leung, A. L. Graham, and S. C. L. Knowles, “Parasite-Microbiota
Interactions With the Vertebrate Gut: Synthesis Through an Ecological
Lens,” Frontiers in Microbiology 9 (2018): 1-20.

3. E. C. White, A. Houlden, A. J. Bancroft, et al., “Manipulation of Host
and Parasite Microbiotas: Survival Strategies During Chronic Nema-
tode Infection,” Science Advances 4 (2018): 1-11.

4.C. Su, L. Su, Y. Li, et al., “Helminth-Induced Alterations of the Gut
Microbiota Exacerbate Bacterial Colitis,” Mucosal Immunology 11
(2018): 144-157.

5.S. Rausch, A. Midha, M. Kuhring, et al., “Parasitic Nematodes Exert
Antimicrobial Activity and Benefit From Microbiota-Driven Support for
Host Immune Regulation,” Frontiers in Immunology 9 (2018): 1-12.

6. C. Barelli, C. Donati, D. Albanese, et al., “Interactions Between Par-
asitic Helminths and Gut Microbiota in Wild Tropical Primates From
Intact and Fragmented Habitats,” Scientific Reports 11 (2021): 1-10.

7.J. Kreisinger, G. Bastien, H. C. Hauffe, J. Marchesi, and S. E. Perkins,
“Interactions Between Multiple Helminths and the Gut Microbiota in
Wild Rodents,” Philosophical Transactions of the Royal Society of Lon-
don. Series B, Biological Sciences 370 (2015): 20140295.

8. R. Scotti, S. Southern, C. Boinett, T. P. Jenkins, A. Cortés, and C. Can-
tacessi, “MICHELINdb: A Web-Based Tool for Mining of Helminth-
Microbiota Interaction Datasets, and a Meta-Analysis of Current
Research,” Microbiome 8 (2020): 10.

9. F. Koch, J. U. Ganzhorn, J. M. Rothman, C. A. Chapman, and C.
Fichtel, “Sex and Seasonal Differences in Diet and Nutrient Intake in
Verreaux's Sifakas (Propithecus verreauxi),” American Journal of Prima-
tology 79 (2017): 1-10.

10. L. M. Rosalino, M. J. Santos, I. Pereira, and M. Santos-Reis, “Sex-
Driven Differences in Egyptian mongoose's (Herpestes ichneumon) Diet
in Its Northwestern European Range,” European Journal of Wildlife Re-
search 55 (2009): 293-299.

11. F. Garcia, A. Alves da Silva, K. Ruckstuhl, et al., “Differences in the
Diets of Female and Male Red Deer: The Meaning for Sexual Segrega-
tion,” Biology (Basel) 12 (2023): 1-13.

12. A. L. Hicks, K. J. Lee, M. Couto-Rodriguez, et al., “Gut Microbiomes
of Wild Great Apes Fluctuate Seasonally in Response to Diet,” Nature
Communications 9 (2018): 1786.

13.J. L. Sonnenburg and F. Bickhed, “Diet-Microbiota Interactions as
Moderators of Human Metabolism,” Nature 535 (2016): 56-64.

14. C. F. Maurice, S. Cl Knowles, J. Ladau, et al., “Marked Seasonal
Variation in the Wild Mouse Gut Microbiota,” ISME Journal 9 (2015):
2423-2434.

15. G. T. Bergmann, J. M. Craine, M. S. Robeson, 2nd, and N. Fierer,
“Seasonal Shifts in Diet and Gut Microbiota of the American Bison
(Bison bison),” PLoS One 10 (2015): €0142409.

16. A. Baniel, K. R. Amato, J. C. Beehner, et al., “Seasonal Shifts in the
Gut Microbiome Indicate Plastic Responses to Diet in Wild Geladas,”
Microbiome 9 (2021): 1-20.

17. K. R. Amato, S. R. Leigh, A. Kent, et al., “The Gut Microbiota Ap-
pears to Compensate for Seasonal Diet Variation in the Wild Black
Howler Monkey (Alouatta pigra),” Microbial Ecology 69 (2014): 434-443.

18. A. M. Koltz, D. J. Civitello, D. J. Becker, et al., “Sublethal Effects of
Parasitism on Ruminants Can Have Cascading Consequences for Eco-
systems,” Proceedings of the National Academy of Sciences of the United
States of America 119 (2022): 1-10.

19. R. R. Ghai, V. Fugere, C. A. Chapman, T. L. Goldberg, and T. J. Da-
vies, “Sickness Behaviour Associated With Non-Lethal Infections in
Wild Primates,” Proceedings of the Royal Society B: Biological Sciences
282 (2015): 20151436.

20.7J.]J. Villalba, J. Miller, E. D. Ungar, S. Y. Landau, and J. Glendinning,
“Ruminant Self-Medication Against Gastrointestinal Nematodes: Evi-
dence, Mechanism, and Origins,” Parasite 21 (2014): 31.

21. S. A. Budischak, C. B. Hansen, Q. Caudron, et al., “Feeding Immu-
nity: Physiological and Behavioral Responses to Infection and Resource
Limitation,” Frontiers in Immunology 8 (2018): 1914.

22.V. O. Ezenwa and M. H. Snider, “Reciprocal Relationships Between
Behaviour and Parasites Suggest That Negative Feedback May Drive
Flexibility in Male Reproductive Behaviour,” Proceedings of the Biologi-
cal Sciences 283 (2016): 283.

23.K. E. L. Worsley-Tonks and V. O. Ezenwa, “Anthelmintic Treatment
Affects Behavioural Time Allocation in a Free-Ranging Ungulate,” An-
imal Behaviour 108 (2015): 47-54.

24.V. O. Ezenwa and K. E. L. Worsley-Tonks, “Social Living Simulta-
neously Increases Infection Risk and Decreases the Cost of Infection,”
Proceedings of the Royal Society B: Biological Sciences 285 (2018): 285.

25. E. Papadopoulos, I. A. Fragkou, V. S. Mavrogianni, et al., “Persistent
Efficacy of Long-Acting Moxidectin for Control of Trichostrongylid In-
fections of Sheep,” Small Ruminant Research 81 (2009): 171-173.

26.V. O. Ezenwa, “Habitat Overlap and Gastrointestinal Parasitism in
Sympatric African Bovids,” Parasitology 126 (2003): 379-388.

27.L. R. Thompson, J. G. Sanders, D. McDonald, et al., “A Communal
Catalogue Reveals Earth's Multiscale Microbial Diversity,” Nature 551
(2017): 457-463.

28. A. Amir, D. McDonald, J. A. Navas-Molina, et al., “Deblur Rapidly
Resolves Single-Nucleotide Community Sequence Patterns,” mSystems
2(2017): €00191-16.

29. S. Weiss, Z. Z. Xu, S. Peddada, et al., “Normalization and Microbial
Differential Abundance Strategies Depend Upon Data Characteristics,”
Microbiome 5 (2017): 27.

30. S. Janssen, D. McDonald, A. Gonzalez, et al., “Phylogenetic Place-
ment of Exact Amplicon Sequences Improves Associations With Clini-
cal Information,” mSystems 3 (2018): €00021-18.

31. C. Lozupone and R. Knight, “UniFrac: A New Phylogenetic Method
for Comparing Microbial Communities,” Applied and Environmental
Microbiology 71 (2005): 8228-8235.

32. E. Bolyen, J. R. Rideout, M. R. Dillon, et al., “QIIME 2: Reproducible,
Interactive, Scalable, and Extensible Microbiome Data Science,” 2018.

33. M. G. I Langille, J. Zaneveld, J. G. Caporaso, et al., “Predictive Func-
tional Profiling of Microbial Communities Using 16S rRNA Marker
Gene Sequences,” Nature Biotechnology 31 (2013): 814-821.

34.Y.Ye and T. G. Doak, “A Parsimony Approach to Biological Pathway
Reconstruction/Inference for Genomes and Metagenomes,” PLoS Com-
putational Biology 5 (2009): €1000465.

35. M. Heo and A. C. Leon, “Sample Sizes Required to Detect Two-Way
and Three-Way Interactions Involving Slope Differences in Mixed-
Effects Linear Models,” Journal of Biopharmaceutical Statistics 20
(2010): 787-802.

36. A. Kassambara, “rstatix: Pipe-Friendly Framework for Basic Statis-
tical Tests,” R Package Version 0.7.2., 2023.

37.J. F. Oksanen, G. Blanchet, M. Friendly, et al., “vegan: Community
Ecology Package. R package version 2.5-2,” 2018.

12 0f 13

Parasite Immunology, 2024

85UB017 SUOLULLID BAIFER1D 3|qedlidde auy Aq pausenob ke SSppiie VO ‘s o SaInJ 10} Afeiq 1 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SBYW0D" A3 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe SWis L 843 385 *[G202/20/TT] Uo AriqiTauliuo A8|im “AiseAIuN 3. A Ad 00002 WId/TTTT'OT/I0p/W00 A 1M Azeiq1putjuo//Sdny Wwolj papeojumoq ‘2T 7202 ‘vZ0ES9ET



38. M. E. J. K. K. Brooks, K. van Benthem, A. Magnusson, et al., “glm-
mTMB Balances Speed and Flexibility Among Packages for Zero-
Inflated Generalized Linear Mixed Modeling,” R Journal 9 (2017):
378-400.

39. F. Hartig, “DHARMa: Residual Diagnostics for Hierarchical (Multi-
Level/Mixed) Regression Models,” R Package Version 0.4.6., 2022.

40.S.J. Ryan, P. C. Cross, J. Winnie, C. Hay, J. Bowers, and W. M. Getz,
“The Utility of Normalized Difference Vegetation Index for Predicting
African Buffalo Forage Quality,” Journal of Wildlife Management 76
(2012): 1499-1508.

41.T. G. Creech, C. W. Epps, R. J. Monello, and J. D. Wehausen, “Pre-
dicting Diet Quality and Genetic Diversity of a Desert-Adapted Ungu-
late With NDV1,” Journal of Arid Environments 127 (2016): 160-170.

42.D. Bates, M. Michler, B. Bolker, and S. Walker, “Fitting Linear
Mixed-Effects Models Using lme4,” Journal of Statistical Software 67
(2015): 1-48.

43. A. Kuznetsova, P. B. Brockhoff, and R. H. B. Christensen, “ImerTest
Package: Tests in Linear Mixed Effects Models,” Journal of Statistical
Software 82 (2017): 1-26.

44.D. Liiddecke, M. Ben-Shachar, I. Patil, P. Waggoner, and D. Makow-
ski, “Performance: An R Package for Assessment, Comparison and
Testing of Statistical Models,” Journal of Open Source Software 6 (2021):
3139.

45. H.Linand S. D. Peddada, “Analysis of Compositions of Microbiomes
With Bias Correction,” Nature Communications 11 (2020): 1-11.

46.J. T. Morton, C. Marotz, A. Washburne, et al., “Establishing Micro-
bial Composition Measurement Standards With Reference Frames,”
Nature Communications 10 (2019): 2719.

47. M. W. Fedarko, C. Martino, J. T. Morton, et al., “Visualizing Omic
Feature Rankings and Log-Ratios Using Qurro,” NAR Genomics and
Bioinformatics 2 (2020): 1-7.

48. R. V. Lenth, “Least-Squares Means: The R Package Lsmeans,” Jour-
nal of Statistical Software 69 (2016): 1-33.

49. A. Cortes, L. E. Peachey, T. P. Jenkins, R. Scotti, and C. Cantacessi,
“Helminths and Microbes Within the Vertebrate Gut-Not all Studies
Are Created Equal,” Parasitology 146 (2019): 1-8.

50. K. A. Sabey, S.J. Song, A. Jolles, R. Knight, and V. O. Ezenwa, “Coin-
fection and Infection Duration Shape How Pathogens Affect the Afri-
can Buffalo Gut Microbiota,” ISME Journal 15 (2021): 1359-1371.

51. A. Belanche, M. Doreau, J. E. Edwards, J. M. Moorby, E. Pinloche,
and C.J. Newbold, “Shifts in the Rumen Microbiota due to the Type of
Carbohydrate and Level of Protein Ingested by Dairy Cattle Are Asso-
ciated With Changes in Rumen Fermentation,” Journal of Nutrition 142
(2012): 1684-1692.

52. G. Xiao, S. Liu, Y. Xiao, et al., “Seasonal Changes in Gut Microbiota
Diversity and Composition in the Greater Horseshoe Bat,” Frontiers in
Microbiology 10 (2019): 1-12.

53. H. V. Carey, W. A. Walters, and R. Knight, “Seasonal Restructuring
of the Ground Squirrel Gut Microbiota Over the Annual Hibernation
Cycle,” American Journal of Physiology. Regulatory, Integrative and
Comparative Physiology 304 (2013): 33-42.

54.S. Kruger Ben Shabat, G. Sasson, A. Doron-Faigenboim, et al., “Spe-
cific Microbiome-Dependent Mechanisms Underlie the Energy Harvest
Efficiency of Ruminants,” ISME Journal 10 (2016): 2958-2972.

55.S.C.Lee, M. S. Tang, Y. A. L. Lim, et al., “Helminth Colonization Is
Associated With Increased Diversity of the Gut Microbiota,” PLoS Ne-
glected Tropical Diseases 8 (2014): e2880.

56. L. Cabral, G. F. Persinoti, D. A. A. Paixdo, et al., “Gut Microbiome of
the Largest Living Rodent Harbors Unprecedented Enzymatic Systems
to Degrade Plant Polysaccharides,” Nature Communications 13 (2022):
1-16.

57.Y. Zhu, B. Chen, X. Zhang, et al., “Exploration of the Muribacula-
ceae Family in the Gut Microbiota: Diversity, Metabolism, and Func-
tion,” Nutrients 16 (2024): 1-14.

58. M. Ellerman and J. C. Arthur, “Siderophore-Mediated Iron Acquisi-
tion and Modulation of Host-Bacterial Interactions,” Free Radical Biol-
ogy & Medicine 105 (2017): 68-78.

59.N. Q. Dong and H. X. Lin, “Contribution of Phenylpropanoid Me-
tabolism to Plant Development and Plant-Environment Interactions,”
Journal of Integrative Plant Biology 63 (2021): 180-2009.

60. C. Weng, X. Peng, and Y. Han, “Depolymerization and Conversion
of Lignin to Value-Added Bioproducts by Microbial and Enzymatic Ca-
talysis,” Biotechnology for Biofuels 14 (2021): 1-22.

61. F. Ling, N. Steinel, J. Weber, et al., “The Gut Microbiota Response to
Helminth Infection Depends on Host Sex and Genotype,” ISME Journal
14 (2020): 1141-1153.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

13 0f 13

85UB017 SUOLULLID BAIFER1D 3|qedlidde auy Aq pausenob ke SSppiie VO ‘s o SaInJ 10} Afeiq 1 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SBYW0D" A3 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe SWis L 843 385 *[G202/20/TT] Uo AriqiTauliuo A8|im “AiseAIuN 3. A Ad 00002 WId/TTTT'OT/I0p/W00 A 1M Azeiq1putjuo//Sdny Wwolj papeojumoq ‘2T 7202 ‘vZ0ES9ET



	Anthelmintic Treatment Reveals Sex-Dependent Worm–Gut Microbiota Interactions
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Animal Capture and Sampling
	2.2   |   Parasitological Analysis
	2.3   |   Gut Microbiota Sequencing and Processing
	2.4   |   Statistical Analyses

	3   |   Results
	3.1   |   Anthelmintic Treatment Had Short-Term Effects on the Microbiota of Males, but Long-Term Effects on the Microbiota of Females
	3.2   |   Treatment Affected Whether Gut Microbial Diversity, Abundance and Predicted Function Tracked Forage Greenness in Females

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Disclosure
	Data Availability Statement
	References


