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ARTICLE INFO ABSTRACT

Keywords: The gut microbiota constitutes a diverse community of organisms with pervasive effects on host homeostasis. The
Dysbiosis diversity and composition of the gut microbiota depend on both intrinsic (host genetics) and extrinsic (environ-
Genotype x environment interaction mental) factors. Here, we investigated the reaction norms of fecal microbiota diversity and composition in three
Iézl;fn;z;z;n;;ies polygyrus strains of mice infected with increasing doses of the gastrointestinal nematode Heligmosomoides polygyrus. We found
Nematode that a-diversity (bacterial taxonomic unit richness) declined along the gradient of infective doses, and p-diversity

(dissimilarity between the composition of the microbiota of uninfected and infected mice) increased as the infective
dose increased. We did not find evidence for genotype by environment (host strain by infective dose) interactions,
except when focusing on the relative abundance of the commonest bacterial families. A simulation approach also
showed that significant genotype by environment interactions would have been hardly found even with much larger
sample size. These results show that increasing parasite burden progressively depauperates microbiota diversity and

contributes to rapidly change its composition, independently from the host genetic background.

1. Introduction

The gut of vertebrates is one of the taxonomically and functionally
most diverse ecosystems on earth, with billions of microbes, mainly
bacteria, interacting with each other and with host cells (The Human
Microbiome Project Consortium, 2012). Given the importance of the gut
microbiota for host homeostasis (LeChatelier et al., 2013; Belkaid and
Hand, 2014), a particular effort has been devoted to understanding the
processes underlying the maintenance of a diverse and healthy micro-
biota (Lozupone et al., 2012).

Infection with gastrointestinal helminths is among the environmental
factors likely to affect the diversity and the composition of the gut
microbiota (Glendinning et al., 2014; Gause and Maizels, 2016; Zaiss and
Harris, 2016). The effect of infection with gastrointestinal helminths has
been investigated in several host species, with human and rodent studies
being the most numerous (Walk et al., 2010; Lee et al., 2014; Holm et al.,
2015; Houlden et al., 2015; Kreisinger et al., 2015; Cattadori et al., 2016;
Jenkins et al., 2017; Wegener Parfrey et al., 2017; Yang et al., 2017;
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Jenkins et al., 2018a,b; Martin et al., 2018; Rosa et al., 2018; Schnee-
berger et al., 2018; Su et al., 2018). This work has provided mixed results
since positive, negative or no effects have been reported. There are
several possible explanations for this discrepancy. First, it might prove
difficult to compare studies that used different helminth species, because
they may have different ecological requirements, differently altering the
intestinal ecosystem. In the same line, hosts with different genetic
backgrounds might provide worms and gut microbes with different
“habitat” features that may affect the outcome of helminth-microbiota
interactions. Experimental work has shown that, while infection with
the nematode Heligmosomoides polygyrus induces an increased abundance
of Lactobacillus bacteria in the duodenum and ileum of C57BL/6 mice
(Walk et al., 2010; Reynolds et al., 2014), a decrease occurs if BALB/c
mice are infected (Reynolds et al., 2014; Su et al., 2018). This suggests
that the effect of helminth infection on the gut microbiota might be host
genotype dependent, and therefore that genotype by environment
(G x E) interactions might be important determinants of microbiota
diversity.
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While the effect of environmental conditions and host genetic
background on the diversity and composition of the gut microbiota has
been investigated (see Spor et al., 2011 for a review), how the micro-
biota composition of a given host genotype changes when exposed to a
gradient of infection conditions (i.e. host genotype x infection burden
interactions) remains unexplored. To fill this gap, we performed an
experiment where three mouse strains were exposed to increasing
infective doses of the gastrointestinal nematode H. polygyrus (four
environmental conditions), a natural parasite of rodents. The three
mouse strains were chosen because they have different patterns of
resistance to H. polygyrus, and different expression of local (intestinal)
immune effectors (innate and acquired, humoral and cellular) (Filbey
et al., 2014). Given that the immune response plays a role in defining
the intestinal ecosystem where both helminths and the microbiota
strive, we deemed that these three host strains were ideal candidates to
assess the importance of genotype x environment interactions for
shaping the diversity and composition of the microbiota. We assessed
the diversity and composition of the microbiota and investigated
whether host strain and infective dose had additive (parallel reaction
norms) or synergistic (G x E) effects on o- and p-diversity of the
microbiota, as well as on the relative abundance of the commonest
bacterial families. If increasing infection burden with H. polygyrus in-
duces a perturbation of the intestinal ecosystem, we predict that high
burden should correlate with a loss of diversity and a change in the
composition of the microbiota. If the perturbation of the intestinal
ecosystem is due to the mounting of an anti-H. polygyrus immune
response (Su et al., 2018), we also predict that the loss of diversity and
the compositional changes of the microbiota should be host-strain
dependent, resulting in G x E interactions.

2. Materials and methods
2.1. Heligmosomoides polygyrus infection

BALB/c (n = 20), CBA (n = 20) and SJL (n = 20) female mice were
purchased from JanvierLabs (JRj, Le Genest-Saint-Isle, France), and
housed in plastic cages (18.5 x 38 x 22.5 cm) enriched with shelters at
the Université de Bourgogne, France. Mice were maintained under a
constant temperature (24 °C) and a photoperiod of 12:12 h (light:dark).
They were fed ad libitum with standard mouse pellets and had ad libitum
access to filtered tap water. At the age of 7 weeks, mice were infected
with L3 larvae of the intestinal nematode H. polygyrus bakeri. Five mice
per strain received, by gavage, 200, 400 or 600 larvae in 0.1 ml of
drinking water. Control, non-infected individuals, received the same
volume of water with no larvae. Therefore, the experiment included 12
groups (3 host strains x 4 infective doses). Six mice died (or were hu-
manely euthanized because they reached the end point, 2 CBA and 4
SJL), which reduced the sample size to 54 individuals. Further details on
the experimental design and the effect on host and parasite life history
traits can be found in Lippens et al. (2016).

2.2. Microbiota analysis

We collected fecal pellets at day 7, 11, 14 and 28 post-infection. To
this purpose, each mouse was set in a clean cage for 10 min. Feces were
collected using sterile tweezers, placed in microtubes, immediately
frozen and subsequently stored at —80 °C for further molecular analyses.
Nevertheless, not all mice produced feces during the 10-min period, at
each sampling time (24 mice were sampled 4 times, 16 mice 3 times, 9
mice twice, and 5 once). Sterile microtubes, opened during the feces
sampling, were used as negative controls, to assess any potential envi-
ronmental contamination.

We extracted bacterial DNA from fecal samples using Qiamp stool kit
(Qiagen, Hilden, Germany) following the protocol of the manufacturer.
We amplified a 251-bp fragment of the V4 region of the 16S rRNA bac-
terial gene using a slightly modified version of the dual-index method
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(Kozich et al., 2013; Galan et al., 2016). Detailed information on the
methods used to assess the diversity and composition of the gut micro-
biota is provided in Supplementary file 1 (see also Faivre et al., 2019).

2.3. Statistical analyses

We used linear mixed effects models to explore how microbiota di-
versity and composition was affected by mouse strain and H. polygyrus
infective dose. We investigated a-diversity, p-diversity, and relative
abundance of bacterial families. For each of these response variables, the
model included mouse strain (a class variable), infective dose (a
continuous variable), and the two-way interaction as fixed effects, and
mouse identity as a random effect.

a-diversity was assessed using two metrics: operational taxonomic
unit (OTU) richness and Shannon index. To model p-diversity, we
computed (i) the mean dissimilarity (Bray-Curtis and unweighted Uni-
Frac distances) between the microbiota of infected individuals at each
infective dose and the microbiota of non-infected mice; and (ii) the mean
dissimilarity between the microbiota of non-infected mice. Models on
relative abundance of bacterial families were restricted to the commonest
taxa (5 families with relative abundance > 10%), to avoid the risk of
spurious results when using rare taxa, occurring in a small number of
individuals. However, despite having a low relative abundance (1.67%),
we also included Lactobacillaceae in our analysis, because we had a priori
reasons to think that Lactobacilli may play a role during H. polygyrus
infection (Walk et al., 2010; Reynolds et al., 2014; Su et al., 2018).

All linear mixed effect models were run using PROC MIXED in SAS
and degrees of freedom were approximated using the Satterthwaite
method. To infer the amount of variance accounted for the fixed effects
included in the models we used two approaches. First, we used the
method proposed by (Nakagawa and Schielzeth, 2013), which gives an
estimate of the total amount of variation explained by fixed effects.
Secondly, in order to assess the relative contribution of each fixed effect,
we ran ANCOVA models where a-, f-diversity and relative abundances
were averaged for each individual mouse. Therefore, in these models,
each mouse had a single observation, allowing us to use ANCOVA
models. We used PROC GLM with the “effectsize” option to estimate the
proportion of variation (partial 1) explained by host strain, infective
dose and the two-way interaction.

Failure to report statistically significant G x E interactions is often
due to limited statistical power, which might prevent to draw strong
conclusion on whether genotypes do have different reaction norms. To
address this issue, we conducted a retrospective power analysis. The aim
of this analysis was two-fold. First, we wished to know how strong the
interaction would have been to get statistical support with the available
sample size (54 mice, 167 total observations). To this purpose, we
simulated 100 datasets with the same number of mice and observations
of the actual dataset. For each a- and p-diversity metric, the simulated
data were randomly drawn from a normal distribution with mean and
standard deviation corresponding to the actual values. For each of these
100 datasets, we ran a mixed effects model as described above, and we
checked whether the host strain x infective dose interaction was statis-
tically significant. We deemed that if none of these simulated datasets
returned a P-value < 0.05, this might be seen as an indication that the
actual sample size was too low to detect a significant host
strain x infective dose interaction. The second aim was to identify the
sample size that would have been needed to have 80% likelihood to get a
statistically significant G x E interaction, provided the strength of the
interaction reported by the model on the actual data does not change
with the sample size. To this purpose, for each a- and p-diversity metric,
we randomly drawn 100 values from a uniform distribution bounded
between +1 standard deviation (computed on the actual data). These
values were subsequently subtracted from the actual data, to obtain the
simulated data. Therefore, these simulated data represent slight de-
viations from the actual data, ensuring that the magnitude of the inter-
action effect did not change when increasing the sample size. The sample
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larvae) in three mouse strains. We report means =+ standard errors. Dotted lines refer to the fit of the linear mixed effects models.

declined with infection burden (26.8% of variance explained by infective
dose (Fig. 2; Table 3; Supplementary Table S2). Relative abundance of
S$24-7 varied among host strains [21.1% of variance explained (Fig. 2;
Table 3; Supplementary Table S1; Supplementary Table S2)]. Finally,
relative abundance of Porphyromonadaceae varied independently from
both host strain and infective dose (less than 10% of variance explained
by each term) (Fig. 2; Table 3; Supplementary Table S2).

4. Discussion

We investigated the reaction norms of the diversity and composition
of the fecal microbiota along a gradient of infection with a gastrointes-
tinal nematode in three host strains. We found that o-diversity (OTU
richness) declined with infective dose and differed among host strains
(both OTU richness and Shannon diversity). Similarly, p-diversity
increased along the gradient of infection burden (indicating more dis-
similar microbiota composition between uninfected and infected mice)
and varied among host strains. However, the rate of change of a- and
B-diversity was similar for the three host strains, as indicated by the non-
significant interaction between host strain and infective dose. Focusing
on the main bacterial families that occur in the gut, we found evidence
for a G x E interaction for three of them (Rikenellaceae, Lactobacillaceae
and Bacteroidaceae).

Although the effect of host genetic background and environmental
variation on the diversity and composition of the gut microbiota has
attracted considerable attention (see Spor et al. (2011) for a review), to
the best of our knowledge no studies have explicitly addressed whether
the effect of helminth infection is similar across different host genetic
backgrounds. Evidence suggesting that the diversity and composition of
the microbiota respond to environmental conditions depending on the
phenotype of the host comes from studies that have reported differential
effect of diet composition between males and females. For instance,
high-fat diet has recently been shown to alter the gut microbiota of
zebrafish (Danio rerio) differently in males and females (Navarro-Barron
et al., 2019), and similar results have also been reported in mice (Han
et al., 2018). Whether these phenotype x environment interactions
reflect genotype x environment interactions is an open question.

We used three mouse strains that have different patterns of resistance
to H. polygyrus, and different expression of local (intestinal) immune ef-
fectors (innate and acquired, humoral and cellular) (Filbey et al., 2014).
The choice of the different host genetic backgrounds was therefore based
on the assumption that by producing different immune responses to the
nematode (both in terms of type and strength of the response), the

different host strains would also provide changing environmental con-
ditions likely to affect the diversity and composition of the microbiota.

If different genotypes respond differently to varying levels of hel-
minth infection in terms of the diversity and composition of the gut
microbiota, this can potentially have several ecological and evolutionary
consequences. Helminths are very prevalent parasites in wildlife, do-
mestic animals and humans living in developing countries. In humans,
health-debilitating effects of soil-transmitted helminth infection depend
on the parasite burden and range from asymptomatic (low burden) to
impaired growth and development (high burden) (WHO, 2018). In
livestock, intestinal worms have been recognized since long time as a
factor impairing growth and other traits related to performance (Forbes
et al., 2000). Finally, in wildlife, helminths have been reported to have
debilitating effects on host fitness-linked traits, such as reproductive
output and survival (Pedersen and Greives, 2008). Therefore, helminths
do incur fitness costs to their hosts. We suggest that one component of
such costs might come from an altered gut microbiota. If, as reported
here, high levels of helminth infection are associated with changes in
microbiota diversity and composition, impaired host health might indi-
rectly arise through dysbiosis. However, if different host genotypes
manage to maintain a diverse microbiota, with key bacterial taxa, in the
face of infection, they might be able to pay a lower cost (e.g. maintain a
better health status) compared to genotypes whose microbiota is more
substantially altered by the infection. In other terms, we suggest that the
host genotype-specific capacity to maintain a stable and diverse micro-
biota might be seen as a tolerance mechanism (Medzhitov et al., 2012). In
addition to the direct effect of infection, due to the consumption of re-
sources that are no longer available for the host, helminths can also
impinge on host health by facilitating the infection by other parasites
(Ezenwa, 2016). While it has been often suggested that the positive as-
sociation between helminth and microparasite infection is due to the
immunosuppressive effect of helminths (Maizels et al., 2004), recent
work has shown that the microbiota can also play such a role. Mice
infected with H. polygyrus are more prone to suffer from severe infection
from the intestinal parasite Citrobacter rodentium (Chen et al., 2005), and,
with a series of elegant experiments, Su et al. (2018) showed that the
cause of such increased susceptibility to C. rodentium was due to an
altered microbiota. If these results can be extrapolated to a natural
context, one might predict that host genotypes able to maintain a steady
microbiota might be more resistant to other opportunistic diseases.
Therefore, G x E interactions in the diversity and composition of the
microbiota might play a role in the maintenance of genetic diversity of
host tolerance and resistance.



E. Guiver et al. Current Research in Parasitology & Vector-Borne Diseases 2 (2022) 100082

g % =2 o~ o Investigating G x E requires large sample size, which might come at
Lt . . . .
e 2 § 828 odds with the ethical requirements to keep the number of animals for
o2 'é S a °eee research purposes at its minimum. To address how much the sample
2R size that was actually available affected the probability to detect sta-
£ 3 oo tistically significant G x E interactions, we performed a retrospective
5 =S g N . . . .
g § § g i PN power analysis. This analysis showed that our sample size was large
e g ps enough to detect G x E interactions, provided the reaction norms had
5 % g § LT different signs (positive and negative slopes relating o- or p-diversity
§ < 3 a1k N and infective dose in the three host strains). Therefore, we can safely
e . . . .
S ox = conclude that we did not find any evidence for strong G x E in-
§ g 'f; % § § teractions. Similarly, the simulations suggested that even with very
83 § A 33 large sample size (up to four time the available one), we might not have
E é ~§ had enough power to detect significant G x E interactions, again sug-
3 g é . Qe gesting that the evidence in support to G x E was at best weak. A
Q . . . .
S = ; 3 5 : ~ : different picture emerged when focusing on the relative abundance of
o S - . .1 o .
':% =] -§ =z the commonest bacterial families and on Lactobacillaceae, because in
N ; £ é o o o three out of six cases we found support for G x E interactions, with
SRS S AR relative abundance increasing or decreasing as infection burden
NS = e ISIR=N}
Y g g increased in the three host strains. The discrepancy between the results
_:5 3 kY < 0 = on a-diversity, p-diversity and relative abundance of bacterial families
S 0 O O N . . . .
5ESE A cS2e might be due to the fact that the metrics used to describe diversity and
E § § dissimilarity integrate the whole bacterial community and therefore
§ g N ~ might be less sensitive than the relative abundance of specific bacterial
8 § 5 neY taxa. We would also stress that a possible caveat of the analyses on
= K] LR . . .
E S 5 § ) N = relative abundances is that these values are not independent. Therefore,
ER g 3 in principle, any effect of a given environmental factor (e.g. the infec-
=53 3 . . . .
g TR S 2Le8 tion burden) on the abundance of one bacterial family might be
g83 Rl dew mirrored by the opposing effect on the abundance of the other families.
- g \‘g However, we suggest that this is more likely to occur when higher
é g = 228 88 taxonomic groups are considered, such phyla, where changes in the
S TS A °eee ©e° abundance of one phylum (e.g. Firmicutes) are directly mirrored in the
% = § y abundance of the other main phylum (e.g. Bacteroidetes).
T K 4 S M o N © T . . .
g o @ 5] VN : The finding of crossing reaction norms for Lactobacillaceae abun-
5% — = o 0 N o N
[ES gls 2 : : : : dance is particularly interesting in the light of previous reports sug-
2 "é o § gesting that the abundance of Lactobacillus sp. might be an important
73 % §_" £ AL §Y factor contributing to the susceptibility to H. polygyrus (Walk et al.,
S) .
2 9~ S S S8 oS 2010; Reynolds et al., 2014; Su et al., 2018). Our results suggest that
SRE=INCY . - . ’ .
2= & there might be no such a general link between infection with
S ES® 98y I H. polygyrus and Lactobacillus abundance. Therefore, as mentioned
<] o . 17 . .
% ‘5 § N 33 I8 above, this result suggests that Lactobacilli might contribute to shape
£ g oy resistance or tolerance to H. polygyrus infection in a host
g i . -
é fg = oanN N genotype-specific way. The comparison of our results with those re-
=} 5] N Mo mn 0 . oy
o R g GRS orted by other groups, actually suggests that in addition to host ge-
) &0 S| w U . - p >
= é g .g = N A netic background, the original composition of the microbiota might also
; S S play arole. Indeed, for the same host strain (BALB/c) different effects of
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T3 i 1N § § § § g H. polygyrus infection on Lactobacillus abundance have been reported
R
TEg (Reynolds et al., 2014; Su et al., 2018; this study); although it should
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225 A SsSs Vo multiple doses). By the way, when comparing the change in relative
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g9 abundance in Lactobacillaceae in BALB/c mice between controls and
& 2 S ST 99 individuals infected with 200 H. polygyrus larvae (the dose used in
L e
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E E 9 5 : : :. : :1 previously published work), we did not find any difference (t = —1.66,
E" < 3 P =0.1387, n = 10 mice and 38 observations). The fact that the same
e g _S N ~ mouse strain coming from different vendors have different microbiota
-f’j 2 § § . § SR S3& composition has already been reported (Villarino et al., 2016). There-
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E < g fore, the trajectories linking infection burden and the abundance of
Z, g é > o specific bacterial taxa might actually depend on both the host genetic
v“g) -§ =g S5 background and the environmental-dependent initial composition of
EET Y § R the microbiota. If this applies to a natural context, it might actually
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R g ~E JE e%8 ¢ biota diversity and composition, and host genotype frequency that
Tt R EER R might also contribute to the process of local adaptation.
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L HEES|E|2 888288 ith le si h ibl is related the choice of
IR I EE R with our sample size, another possible concern is related the choice o
£S5 E5AR using three inbred strains of laboratory mice, which obviously do not
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represent the amount of genetic variation present in natural rodent
populations. With this respect, it also important to stress that diversity
and composition of the gut microbiota differs between wild house mice
and laboratory strains (Rosshart et al., 2017). Therefore, we cannot
exclude that in wild mice the natural microbiota might be more resilient
to the perturbation induced by a high infection burden, or that evidence
in support to G x E interactions might have been stronger when using a
larger range of genotypes derived from natural populations. Using nat-
ural populations of H. polygyrus-infected mice should also help to better
identify the role of key bacterial taxa (such as Lactobacilli) as a tolerance
mechanism, and how it varies among genotypes within and between
populations of hosts.

5. Conclusions

To conclude, our study provides evidence showing that infection with
the gastrointestinal nematode H. polygyrus depauperates the diversity of
the intestinal microbiota (a-diversity) and alters its composition (B-di-
versity) in a dose-dependent manner. We investigated these effects in
three mouse genotypes to assess the possible G x E interactions, but
found, at best, weak evidence in support for them. Focusing on specific
bacterial families provided, nevertheless, evidence for G x E interactions,
suggesting that the outcome of the host-parasite interaction might be
determined by keystone bacterial taxa whose action might depend on the
host genetic background.
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