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Abstract

Genetic and environmental factors shape host susceptibility to infection, but how and how
rapidly environmental variation might alter the susceptibility of mammalian genotypes
remains unknown. Here, we investigate the impacts of seminatural environments upon the
nematode susceptibility profiles of inbred C57BL/6 mice. We hypothesized that natural
exposure to microbes might directly (e.g., via trophic interactions) or indirectly (e.g., via
microbe-induced immune responses) alter the hatching, growth, and survival of nematodes
in mice housed outdoors. We found that while C57BL/6 mice are resistant to high doses of
nematode ( Trichuris muris) eggs under clean laboratory conditions, exposure to outdoor
environments significantly increased their susceptibility to infection, as evidenced by
increased worm burdens and worm biomass. Indeed, mice kept outdoors harbored as many
worms as signal transducer and activator of transcription 6 (STAT6) knockout mice, which
are genetically deficient in the type 2 immune response essential for clearing nematodes.
Using 16S ribosomal RNA sequencing of fecal samples, we discovered enhanced microbial
diversity and specific bacterial taxa predictive of nematode burden in outdoor mice. We also
observed decreased type 2 and increased type 1 immune responses in lamina propria and
mesenteric lymph node (MLN) cells from infected mice residing outdoors. Importantly, in our
experimental design, different groups of mice received nematode eggs either before or after
moving outdoors. This contrasting timing of rewilding revealed that enhanced hatching of
worms was not sufficient to explain the increased worm burdens; instead, microbial
enhancement and type 1 immune facilitation of worm growth and survival, as hypothesized,
were also necessary to explain our results. These findings demonstrate that environment
can rapidly and significantly shape gut microbial communities and mucosal responses to
nematode infections, leading to variation in parasite expulsion rates among genetically simi-
lar hosts.
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Author summary

The environment in which an individual resides is likely to change how she or he
responds to infection. However, most of our understanding about host responses to infec-
tion arises from experimental studies conducted under uniform environmental condi-
tions in the laboratory. We wished to investigate whether findings in the laboratory
translate into the wild. Therefore, in this study, we placed common strains of laboratory
mice into large, outdoor enclosures to investigate how a more natural environment might
impact their ability to combat intestinal worm infections. We found that while mice are
able to clear worm infections in the laboratory, mice residing outdoors harbored higher
worm burdens and larger worms than their laboratory cousins. The longer the mice lived
outdoors, the greater the number and size of worms in their guts. We found that outdoor
mice harbored more diverse gut microbes and even specific bacteria that may have
impacted worm growth and survival inside the mice. Mice kept outdoors also produced
decreased immune responses of the type essential for worm expulsion. Together, these
results demonstrate that the external environment significantly alters how a host responds
to worms and germs in her or his gut, thereby leading to variation in the outcome of
infections.

Introduction

Individuals vary tremendously in their susceptibility to infection. For example, even with iden-
tical exposure rates, some hosts become heavily infected with parasitic worms, while others
harbor none [1,2]. This variation in susceptibility impacts individual health and also shapes
patterns of disease emergence [3], epidemiology [4], and control [5] at the population level.
The causes of varied susceptibility are therefore important to understand yet can be complex
to unravel. For example, host genetics explain some variation in susceptibility (e.g., [6,7]), but
environmental heterogeneity in space and time (e.g., in abiotic variables such as ambient tem-
perature [8] and biotic variables such as microbial diversity [9]) can also alter the susceptibility
phenotype of a given genotype. As a result, the forces driving genetic susceptibility to infection
in one environment may have no predictable effect, or even opposite effects, under other envi-
ronmental conditions [10].

Unfortunately, despite the importance and ubiquity of variable environments and the dem-
onstrated impact of environment upon human genetic susceptibility to disease [11], most
experimental studies investigating mammalian susceptibility to infection are conducted under
uniform environmental conditions in the laboratory. Such controlled laboratory conditions
are no doubt critical to the discovery of molecular details of defense mechanisms. If susceptible
genotypes described in the laboratory do not remain susceptible across all environments, how-
ever, or if the type, strength, or dynamics of the immune response are altered by the environ-
ment, it may become difficult to translate laboratory findings to the field. Here, we report a
novel approach to bridging the divide between laboratory and field in mammalian immunol-
ogy: rewilding experiments in which we quantify infection susceptibility, gut symbionts, and
immune phenotypes of inbred strains of laboratory mice (Mus musculus) kept outdoors in
seminatural conditions. We use the common C57BL/6 strain of M. musculus that has been a
main focus of experimental immunology, placing individuals in outdoor environments that
approximate the natural, farm-like habitats of agriculture-adapted human commensals such as
Mus species. [12]. This experimental design allows us to control for factors such as host
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genetics, age, and sex in order to study the effects of environment on immune phenotype and
susceptibility (and its converse, resistance) of hosts to infection.

Our rewilding approach builds upon other lab-to-wild bridging systems in three major
ways: by bringing laboratory mice of selected genotypes into microbe-rich and otherwise com-
plex environments, rather than bringing the microbes to them; by focusing on the gut as an
arena of environmental exposure; and by investigating impacts of environment upon gut
macrobiota (i.e., parasitic helminths) as well as microbiota. Indeed, recent studies have shown
substantial immunophenotypic divergence between M. musculus laboratory strains versus
field populations [13], in addition to significant effects of the microbial environment on how
mice kept in the laboratory respond to infection [14,15]. For instance, even when laboratory
mice are maintained continuously under hygienic conditions, differences in gut microbes
associated with different commercial breeders can alter susceptibility to systemic infection
(e.g., [16]). Importantly, mice raised under hygienic laboratory conditions lack the highly dif-
ferentiated effector memory killer (CD8+) T cells found in wild and pet store-raised mice,
which increases their susceptibility to viral and bacterial pathogens; “normalizing the environ-
ment” by housing laboratory-reared mice of the C57BL/6 strain with wild mice induces such T
cells, improves resistance against pathogens, and thereby renders C57BL/6 mice a better
immunological match for human adults [17]. This work demonstrates that the immune phe-
notype of a laboratory mouse genotype is altered when it is exposed to “dirty” [17] conspecif-
ics. Laboratory mice reconstituted with the natural microbiota from wild mice also exhibit
increased resistance against viral infections and mutagen- and inflammation-induced colorec-
tal tumorigenesis [15]. While “clean” laboratory mice exhibited increased inflammatory cyto-
kines, chemokines, and growth factors and, hence, collateral damage, during lethal influenza
infection and tumorigenesis, those reconstituted with a more natural gut microbiota were bet-
ter able to balance local and systemic inflammatory responses upon disease challenges, thus
aiding in survival [15]. Furthermore, infection of laboratory mice with a series of common
pathogenic viruses and parasites induces more natural immune phenotypes and alters host
responses to vaccines [18].

Despite these advances, how external ecology impacts the internal ecology of the most prev-
alent symbionts of mammals remains a major knowledge gap. For instance, it is not known
whether or how different environments, especially natural gut microbial exposures, impact the
immune phenotype and gastrointestinal nematode susceptibility of mammalian genotypes.
This gap is perhaps surprising, given that the gut presents a large surface area that is a primary
interface with the external environment and given that billions of people harbor such ecosys-
tems within their guts [19,20]. Interestingly, susceptibility to the nematode, Heligmosomoides
polygyrus, is highly dependent on the mouse strain under laboratory cage conditions, but sus-
ceptibility differences disappear when the mice acquire infection at realistic, low transmission
rates in an indoor arena [21,22]. These findings are consistent with the dose dependence of
immune response induction by H. polygyrus [23]. However, no study to date has controlled
both host genotype and parasite transmission to investigate impacts of a natural environment
on host susceptibility to infection.

With our novel rewilding study design, we fill that gap. Our perspective is ultimately eco-
logical, as we seek to understand how a mammal’s gastrointestinal interface with the exter-
nal environment affects gut mucosal symbiont ecology and host immunology. Controlled
laboratory studies (e.g., [15,17,18]) suggest that microbial exposure is the crucial aspect of
nature that is missing from most of laboratory immunology, but the impact of microbes in
an otherwise natural context remains unknown. Our experimental approach of putting
mice on “farms” exposes them to environmental microbial diversity but also to other natu-
ral challenges, including the need to navigate a complex environment, find and build
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shelter, and endure variable weather conditions [24]. Importantly, we controlled for tem-
perature and humidity differences between the laboratory and field so that we could rule
out simple thermal preferences (which, for mice, is around 30°C [25], well above the usual
“mouse house” temperature of 20-22°C) as a cause of any difference between susceptibility
phenotypes in the laboratory versus field.

We expect a natural microbial environment to impact the nematode susceptibility of hosts
via two main ecological processes: via direct (e.g., bottom-up) effects of altered microbes on
hatching, growth, and development of worms or via top-down effects on the growth and sur-
vival of worms through changes to gut mucosal immune responses to infection. These two
mechanisms can act independently or synergistically to shape host susceptibility to nematode
infection. Guided by this community ecology logic and a detailed knowledge of the study sys-
tem from laboratory experiments, our specific hypotheses are as follows. Our experiments pit-
ted M. musculus genotypes in the laboratory and outdoors against T. muris, a natural colonic
parasite of mice that is often used as a model system for T. trichiura, which infects over 450
million people [20]. The life cycle of T. muris follows a direct fecal-oral route. Ingested embry-
onated eggs travel to the cecum, where they hatch upon exposure to gut microbes [26,27] and
initiate the release of infective larvae. We therefore hypothesized that any bottom-up, environ-
mental effects on the composition and diversity of the gut microbiota could directly affect T.
muris hatching, growth, and development and therefore host susceptibility. To investigate the
effect of the gut microbiota on T. muris hatching per se, we manipulated the timing of rewild-
ing (see below) so that different groups were infected either before or after exposure to envi-
ronmental microbes.

Next, as T. muris larvae grow and molt, they move from the base of the crypts into the gut
lumen and mature into adult worms. Along the way, the type of immune response mounted
plays a critical role in determining host susceptibility to persistent infection. The generation of
type 2 (Th2) cytokines, particularly interleukins (IL)-13 and IL-4, is associated with parasite
expulsion through increased epithelial cell turnover, mucus production, and muscle hypercon-
tractility [28]. The expression of these worm-clearing cytokines is promoted by a transcription
factor, signal transducer and activator of transcription 6 (STAT6), and mice deficient in
STAT6 (STAT6-/-) are highly susceptible to nematode infections [29]. Binding of IL-4 to the
IL-4 receptor, IL-4R, activates STAT6 [30], and hence blocking IL-4 function in vivo has been
shown to prevent T. muris expulsion [31]. T. muris burdens in STAT6-/- mice are therefore
high and often used to maintain the T. muris life cycle [32]. Conversely, type 1 (Th1) cytokines,
such as interferon-gamma (IFNYy) [33,34], pro-inflammatory cytokines such as IL-17 [35], and
the regulatory cytokine, IL-10 [36], lead to increased susceptibility to high doses of T. muris
and the establishment of chronic infections. Similarly, low infective doses of T. muris in labora-
tory mice favor the development of a susceptibility-associated Th1 response [37], whereas
higher infective doses (>200 eggs) lead to the development of an effective Th2 response and
hence resistance to T. muris in laboratory C57BL/6 mice [38]. We therefore further hypothe-
sized that any environmental effects on the type of immune response mounted (e.g., top-down
effects on high doses of worms) could alter laboratory-defined susceptibility profiles. We thus
compared immune and infection profiles of rewilded C57BL/6 mice to susceptible STAT6-/-
mice. Lastly, we hypothesized that gut microbes might have indirect effects on nematode sus-
ceptibility, e.g., that microbes altered induced immune responses and thus top-down control
of worms.

A key innovation of our study is the rewilding of established strains of laboratory mice by
introducing them into outdoor enclosures [39], which include natural soil, weather, and vege-
tation but also protection against predation (Fig 1A). Importantly, we varied the timing of the
environmental shift relative to the timing of worm infection to explore how different worm
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Fig 1. Experimental design. (A) Images of the outdoor enclosures depicting the environments that the Short-term Wild and Long-term Wild mice were exposed to.
Images shown include a representative wedge of the enclosure, burrows created by C57BL/6 mice in the dirt, and natural sources of water for the mice. (B) Treatment
groups and sampling time points for investigating the effects of environmental variation on Trichuris muris infection in C57BL/6 mice. The T. muris life cycle [40] is
also depicted in relation to the study time line to illustrate the different nematode growth stages during the experiment. (C) Treatment groups and sampling time points
for investigating the effects of environmental variation on T. muris infection in C57BL/6 and STAT6-/- mice. L1, larval stage 1; STAT6-/-, mouse deficient in STAT6.

https://doi.org/10.1371/journal.pbio.2004108.9001

stages were impacted by altered microbes and immunity, as follows (Fig 1B). The Lab mice
group remained in the laboratory for the duration of the study. The Short-term Wild mice
remained in the laboratory initially, were infected with T. muris while in the laboratory, and
were then moved to the outdoor enclosures 10 days postinfection (p.i.). According to the life
cycle of T. muris, this allowed for the hatching of T. muris eggs and the molting of larval stage
1 (L1) to larval stage 2 (L2) in the laboratory before the Short-term Wild mice moved outdoors
(Fig 1B and 1C). Long-term Wild mice resided in the outdoor enclosures for the duration of
the study, receiving the nematode inoculum after 2 weeks outdoors. Mice from all three treat-
ment groups were sampled at two time points following infection (at 3 weeks and 4 weeks p.i.)
to investigate the dynamics of susceptibility and immune variation (Fig 1B). With this experi-
mental design, we aimed to determine whether T. muris hatching, growth rates, and subse-
quent survival were all impacted by the change in host environment, or whether an effect of
the external environment on just one part of the nematode life cycle (e.g., hatching) was
paramount.
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Results
Increased worm survival and biomass in mice kept outdoors

Persistent worm burden and a large biomass of nematodes are common quantitative indices of
host susceptibility [41], so we focus on those here. Worm counts obtained from the ceca
revealed that Lab mice harbored few worms at 3 weeks p.i., whereas Short-term Wild and
Long-term Wild mice had significantly higher worm burdens at this time point (Fig 2A; Long-
term Wild versus Lab: z = 6.015; Short-term Wild versus Lab: z = 4.980; both P < 0.0001). The
worm burdens of the two wild groups did not differ from each other (P > 0.4). Hosts residing
outdoors also harbored larger worm biomasses at 3 weeks p.i., compared to laboratory mice
(Fig 2B). Indeed, the mean worm biomass in Long-term Wild mice was significantly greater
than in both Short-term Wild and Lab mice (Fig 2B; Long-term Wild versus Short-term Wild:
z=3.443 and P = 0.00165; Long-term Wild versus Lab: z = 6.354 and P < 0.0001). The Short-
term Wild mice also harbored larger worm biomasses than Lab mice (Fig 2B; z = 3.372 and

P =0.00208). Unsurprisingly, given that worm length (along with width) is used to calculate
biomass, significant differences in worm length across environments mirrored the worm bio-
mass data: worms from Long-term Wild mice had the largest average helminth length, fol-
lowed by worms from the Short-term Wild mice. Lab mice had the smallest average worm
length (Long-term Wild versus Short-term Wild: z = 3.800 and P = 0.0004; Long-term Wild
versus Lab: z=5.719 and P < 0.0001; Short-term Wild versus Lab: z = 2.428 and P = 0.04). Fur-
thermore, worm burdens of C57BL/6 mice residing outdoors for the short term were statisti-
cally indistinguishable from the burdens of genetically worm-susceptible STAT6-/- mice at 3
weeks p.i. (Fig 2C; z = 1.36 and P = 0.174), although STAT6-/- mice did harbor greater nema-
tode biomass (Fig 2D; z = 2.51 and P = 0.0121) and average worm length (|z| = 5.622 and

P < 0.0001). No statistical differences in worm burdens were observed between the Short-term
Wild mice in the main experiment (Fig 2A) and the C57BL/6 mice in the STAT6-/- experi-
ment (Fig 2C) (unpaired t test, P = 0.469), although the worm biomasses from the C57BL/6
mice in the STAT6-/- experiment were greater (unpaired ¢ test, P = 0.03) (Fig 2B and 2D).

By 4 weeks p.i., infected C57BL/6 mice harbored few worms, but the pattern of variation
according to environment was similar: mice maintained outdoors harbored greater nematode
burdens than Lab mice (S1A Fig; Long-term Wild versus Lab: z = 3.367 and P = 0.00214;
Short-term Wild versus Lab: z = 3.032 and P = 0.00659; and P > 0.9 for comparison of the two
wild groups). By 4 weeks p.i., however, there were no significant differences in worm biomass
in mice across locations (S1B Fig). Across both time points, all worms collected from infected
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Fig 2. Trichuris muris worm burdens and worm biomass in C57BL/6 mice in laboratory versus outdoor environments at 3 weeks p.i. (A) Worm burdens and (B)
worm biomass from infected C57BL/6 mice residing in laboratory and outdoor environments at 3 weeks p.i. Lab: N = 8; Short-term Wild: N = 10; Long-term Wild:

N =10. (C) Worm burdens and (D) worm biomass from C57BL/6 and STAT6-/- mice residing outdoors for the short-term at 3 weeks p.i. C57BL/6: N = 4; STAT6-/-:

N =5. Box centers show the medians, and the upper and lower box edges correspond to the 25th and 75th percentiles. Whiskers extend 1.5 times the interquartile range.
Please see Materials and methods for further information on potential sources of variation and associated statistical tests. Asterisks denote significance as *P < 0.05,

**P < 0.01, ***P < 0.001. https://doi.org/10.5061/dryad.h9g697r. ng, nanograms; n.s., not significant; p.i., postinfection; STAT6-/-, mouse deficient in STAT6.

https://doi.org/10.1371/journal.pbio.2004108.g002
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Lab mice were in the larval stage, whereas 5% (8/160) and 5.9% (16/272) of measured worms
from Short-term Wild and Long-term Wild mice, respectively, had matured into adults. No
other gastrointestinal worms were found in any of the mice at either end time point.

Taken together, these results indicate that T. muris hatching, growth, and/or survival, and
thus host susceptibility to infection, were enhanced in outdoor environments compared to lab-
oratory conditions. Longer duration of outdoor residence strengthened several of these associ-
ations. Environment also partly eroded the susceptibility difference expected for wild-type
C57BL/6 versus STAT6-/- genotypes [29,32].

Although moving to the outdoor enclosures induced transient weight loss, the weights of
the mice rebounded, such that Long-term Wild mice weighed significantly more than Lab
mice at the end of the experiment (|z| = 2.91 and P = 0.0099) (S2 Fig; S1 Text). Still, differences
in nutritional resources between laboratory and outdoor mice could potentially have contrib-
uted to the differences in T. muris susceptibility (S1 Text). We found no significant differences
in total protein and leptin levels in blood between infected and uninfected mice across all envi-
ronments at 3 weeks and 4 weeks p.i. (S3A Fig, S3B Fig, S1 Table). There was, however, a sig-
nificant location by infection effect on blood albumin at these two time points, with
uninfected Lab mice exhibiting the lowest levels of blood albumin (S3A Fig, S3B Fig, S1
Table). Interestingly, this albumin pattern suggests that the wild mice may be at a higher pro-
tein nutritional plane than their laboratory counterparts and thus cannot explain the observed
differences in T. muris susceptibility across locations. Instead, we identified two significant
correlates of the enhanced nematode susceptibility in outdoor mice: microbial and immuno-
logical, as described in the following sections.

Enriched gut microbiota in mice kept outdoors

Long-term Wild mice resided outdoors for 2 weeks before T. muris infection (Fig 1B). This
period outdoors altered the composition and diversity of their gut microbiota compared to
mice residing in the laboratory (Fig 3A top left panel, 3B). Bacteroidetes and Firmicutes made
up the top two phyla of the murine gut in both locations (S4A Fig). However, at lower taxo-
nomic levels, residing outdoors for only 2 weeks induced clear shifts in the composition of the
gut microbiota. Outdoor environments led to a significant increase in the abundance of opera-
tional taxonomic units (OTUs) belonging to the Enterobacteriaceae, Lachnospiraceae, and
Ruminococcaceae families and a reduction in OTUs belonging to the Clostridiaceae and Erysi-
pelotrichaceae families, compared to mice residing under laboratory conditions (Fig 3A top
left panel, P < 0.05). Relocation of Short-term Wild mice from the laboratory to the outdoors
similarly shifted their gut microbial community to more closely resemble that of the Long-
term Wild mice after just 10 days outdoors (Fig 3A, top right two panels).

The alpha (within samples) and beta (between samples) diversity of the intestinal micro-
biota also differed among mice residing outdoors for two weeks compared to mice residing in
the laboratory. Alpha diversity (calculated for unfiltered data using the Shannon index) was
significantly higher in Long-term Wild mice after 2 weeks of outdoor exposure compared to
mice that had been residing under laboratory conditions (Fig 3B; P < 0.0001). Based on the
Bray-Curtis dissimilarity distances, both time (i.e., Week 0 versus Week 3 and Week 4 p.i.)
and the environment (i.e., laboratory versus outdoors) also significantly altered the gut com-
munity structure and hence the beta diversity of bacteria in laboratory versus outdoor mice
(S4B Fig, PERMANOVA test: P < 0.05). However, no significant difference in species richness
as measured by Chaol was observed between outdoor and laboratory mice (S4C Fig,

P =0.089). We did, however, find approximately a quarter log reduction in bacterial density,
as measured by 16S gene copies/ug of DNA, in the Long-term Wild mice compared to mice in

PLOS Biology | https://doi.org/10.1371/journal.pbio.2004108 March 8, 2018 7/28


https://doi.org/10.1371/journal.pbio.2004108

@’PLOS | BIOLOGY

Environmental effects on worm susceptibility in mice

A Week 0 B ok
1.00+ :
0.75+ . 4.0
I 5 Family >g
i 3 Anaeroplasmataceae =25
© 0.50 @' MBacteroidaceae = 36
o @ M Clostridiaceae 25>
S 0.25- 2 [ Enterobacteriaceae o ¢
T MErysipelotrichaceae &5
3 0.00A ML achnospiraceae S <390
2 Lactobacillaceae FE U
S 1.00+ M Other
> M Porphyromonadaceae |
® 0.75- B Prevofellaceae 2.8-
[0} 5 HRikenellaceae Lab Lona—t
T 4 50- @ MRuminococcaceae a ong-ierm
- g M Verrucomicrobiaceae Wild
o
0.25-
0.00+
g\
&
NS
Cc Lab Short-term Wild Long-term Wild
Bacteroides [ = Bacteroides [ =
Barnesiella s
Prevotella — = Par bprte‘ﬂs”a I
i uc_Lachnospiraceae [ = arabacteroides [ =
Alistipes —| Barnesiella [ - Escherichia/Shigella -
Turicibacter - Barnesiella =
uc_Lachnospiraceae [ = uc_Lachnospiraceae -
ue_Erysipelotrichaceae I " Clostridium XVIIl [ =
ostridium =
uc_Lachnospiraceae — = uc_Porphyromonadaceae -
- Barnesiella - Barnesiella -
Ruminococcus uc_Lachnospiraceae - Clostridium XIVa -
Clostridium XIVa . Clostridium XIVb =
ugcﬁt?nﬁgggzggggggz ‘- uc_Erysipelotrichaceae -
uc_Porphyromonadaceae [N uc_unclassified -
Clostridium XIVa — uc_Lachnospiraceae -l
uc_unclassified — Clostridium XIVa R
Barnesiella uc_Erysipelotrichaceae — Clostridium sensu stricto I
uc_l_c:alch?g);plrac):gse - uc_Ruminococcaceae —
o] . [ Johnsonella|
uc_Lachnospiraceae | — uc_Lachnospiraceae | —| N
-10 -5 O 5 -5 0 5 10 -5 0 5 10

Log2 Fold Change

Log2 Fold Change

Log2 Fold Change

Fig 3. Heterogeneous environments and Trichuris muris infection alter the composition of the fecal microbiota. (A) Taxa summary plots at the family level
showing the microbiota composition of uninfected and infected mice at Week 0 and at Week 3 and Week 4 p.i. Data represent the mean relative abundance.
Blank spaces represent an absence of data for those groups. The Lab group at Week 0 includes both Lab and Short-term Wild mice, as both groups were
residing under laboratory conditions at this time. (B) Shannon diversity of fecal samples from mice residing in laboratory and outdoor environments before T.
muris infection (Week 0). The Lab group includes both Lab and Short-term Wild mice, as both groups were residing under laboratory conditions at this time.
Box centers show the medians, and the upper and lower box edges correspond to the 25th and 75th percentiles, respectively. Whiskers extend 1.5 times the
interquartile range. The difference between diversity was determined using an unpaired Student ¢ test. Asterisks denote significance as ***P < 0.001. (C) Mean
log, fold change of OTUs in infected compared to uninfected mice residing in laboratory and outdoor environments at 3 weeks p.i. using DESeq2. Data shown
have been filtered to include OTUs that have a P-adjusted value <0.05 and a log, fold change >|2| with a baseMean >20 to show the abundant OTUs that are
most changed with infection. Bars are colored to direct the attention of readers to two main OTUs, Barnesiella and Alistipes. Gray bars are used to show how
Barnesiella is decreased in Lab mice but increased in Short-term Wild mice. White bars are used to show how Alistipes is increased in Lab mice but decreased in
Short-term Wild mice. Bars show mean + standard error. Mice that had purged all worms (Lab mice: N = 2) were excluded from the infected group analyses.
16S rRNA gene sequences are available at NCBI SRA: SRP132155. NCBI, National Center for Biotechnology Information; OTU, operational taxonomic unit;
p-i., postinfection; uc, unclassified.

https://doi.org/10.1371/journal.pbio.2004108.g003

the laboratory (54D Fig, unpaired ¢ test: P < 0.05). Thus, mice residing in the outdoor enclo-
sures for just 2 weeks harbored an altered gut microbial composition, diversity, and bacterial
density compared to mice in the laboratory.
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Mice kept outdoors also acquired different fungal communities in their guts compared
to mice residing in the laboratory (S4E Fig, top left panel). This was shown most evidently
in a randomized subset of the Short-term Wild mice. At Week 0, when the Short-term Wild
mice were still residing under laboratory conditions, only 25.0% of mice (5 out of 20 mice)
were positive for fungi. After residing outdoors for at least 10 days, 90.0% of the Short-term
Wild mice (18 out of 20 mice) now harbored fungal communities. Metabarcoding of fungal
communities revealed that the top three fungal families present in the Short-term Wild
mice under laboratory conditions (Week 0) belonged to the families Debaryomycetaceae,
Mrakiaceae, and Mucoraceae, whereas movement outdoors led to increased abundances of
OTUs belonging to the family Chaetomellaceae and a larger proportion of unclassified fun-
gal families (S4E Fig).

At the study end point, serology testing for 18 common pathogens of mice (see Materials
and methods) revealed that the Short-term Wild and Long-term Wild mice had not been
detectably exposed to infections aside from the inoculated worms. These changes demonstrate
that movement of C57BL/6 mice to outdoor environments rapidly altered the composition of
the gut microbial community, and while mice acquired new bacterial and fungal communities
in the gut, we detected no exposure to common mouse pathogens.

Realigned gut microbe-nematode communities in mice kept outdoors

Infection with T. muris induced distinct changes to the gut microbiota, depending on the host
environment (Fig 3C, P < 0.05). In Lab mice, at 3 weeks p.i., we identified an increase in an
OTU belonging to the genus Alistipes and a decrease in OTUs belonging to the Ruminococcus
and Barnesiella genera with infection compared to uninfected Lab mice. Once mice moved to
the outdoor enclosures, the acquisition of more diverse microbes (Fig 3B) likely enabled a
greater number of OTUs to be differentially regulated upon T. muris infection, as we observed.

Crucially, a few key OTUs altered by nematode infection in the rewilded groups showed
opposite trends compared to mice in the laboratory. For example, at 3 weeks p.i., the same
OTU belonging to Alistipes, which was enriched with worm infection in Lab mice, was
reduced in the Short-term Wild infected mice compared to Short-term Wild uninfected mice.
Additionally, the same Barnesiella OTU, which showed the largest log-fold decrease in labora-
tory mice due to worm infection, was now one of the most elevated OTUs found in the Short-
term Wild group following infection (Fig 3C). At 4 weeks p.i., the presence of this Barnesiella
OTU was also increased in the Long-term Wild infected mice compared to Long-term Wild
uninfected mice (S5A Fig). These results suggest that interactions between T. muris and the
gut microbiota (the main constituents of the gut community here) are likely to be influenced
by the environment in which the host lives, and these effects may oppositely alter specific bac-
terial taxa, depending on the host environment.

Alpha diversity analysis using the Shannon index revealed a significant effect of infection,
location, and the interaction between infection and location at 3 weeks p.i. (S5B Fig; S2 Table).
Short-term Wild and Long-term Wild uninfected mice had increased alpha diversity com-
pared to uninfected and infected Lab mice. There was also a decrease in Shannon diversity due
to infection in the Short-term Wild mice. Additionally, there was a significant main effect of
location on bacterial density (P = 0.0001), with up to half a log reduction in bacterial density in
uninfected Long-term Wild mice compared to Lab mice (S5C Fig), which was a similar trend
to what was observed at Week 0 (54D Fig). At 4 weeks p.i., there was a significant effect of loca-
tion on Shannon diversity (S2 Table). Beta diversity using Bray-Curtis dissimilarities revealed
a greater dissimilarity among samples from different locations and due to time than with
nematode infection (S4B Fig; PERMANOVA test: P<0.05). These indices demonstrate that
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although nematode infection impacts gut microbial diversity, the impacts of environment and
time, especially outdoors, are considerably stronger.

Decreased Th2 and increased Th1 bias in T. muris infected mice kept
outdoors

Lamina propria mononuclear cells (LPMCs) from the colon were isolated from a randomized
subset of infected and uninfected mice to evaluate gut mucosal responses to T. muris infection
under varying environments. Among these, we focused primarily upon phenotyping the CD4+
T (i.e., “T-helper”) cells due to their established role in determining susceptibility to gastrointesti-
nal nematodes [41], but we also collected data on phenotypes of the CD8+ T (i.e., “killer T”) cells
(S6A Fig, see below). To characterize wider, intestinal immune phenotypes of the mice, we also
cultured mesenteric lymph node (MLN) cells in vitro and measured production of cytokines.

For many of these immunological readouts, we found significant interactions between
mouse location and infection (S3 Table: At 3 weeks p.i., significant interaction terms for cyto-
kines in LPMCs include IL-13, IL-4, and IL-17, and for MLN cells, IL-13, IFNYy, and IL-10),
suggesting that the mice responded differently to nematode infection in the laboratory versus
field. Changes to the Th2 and Th1 balance of the immune response when outdoors were of
particular interest, as follows. At 3 weeks p.i., infected Lab mice exhibited the expected increase
in the proportion of T-helper cells producing IL-13 compared to uninfected Lab mice (Fig 4A,
S3 Table). However, mice kept outdoors had higher baseline proportions of IL-13—producing
cells (in uninfected mice) and lower induction of IL-13 (in infected mice) than their labora-
tory-kept counterparts. For example, infected Long-term Wild mice residing outdoors had sig-
nificantly decreased proportions of cells producing IL-13 in CD4+ LPMCs compared to
infected Lab mice (Fig 4A; S3 Table; two-way ANOVA interaction effect: F(2,18) = 11.20;

P =0.0007). These IL-13 differences were also mirrored in MLNs stimulated against T. muris
antigens at 3 weeks p.i. (Fig 4B; S3 Table; two-way ANOVA interaction effect: F(2,38) = 3.65;

P =0.035). Conversely, there was a trend towards an increased proportion of IFNy-producing
CD4+ LPMCs in the two infected wild groups compared to Lab mice (Fig 4A; S3 Table; baseline
levels did not differ significantly). This difference was also reflected in MLNs, with infected
Long-term Wild mice producing significantly more IFNy than infected Lab mice (Fig 4B; S3
Table; two-way ANOV A interaction effect: F(2,38) = 3.68; P = 0.035). Interestingly, while
infected STAT6-/- were indeed deficient in the proportion of CD4+ cells producing IL-13 in
LPMC:s (Fig 4C), the proportions of CD4+ IFNy+ cells were indistinguishable between infected
C57BL/6 and STAT6-/- mice after just 10 days outdoors (Fig 4C; P > 0.05). Aside from CD4+
IL-4+ production in LPMCs, which followed trends similar to that of IL-13, production of other
CD4+ cytokines in LPMCs and MLNs did not show such clear patterns in relation to location
or infection status (S6B Fig, S6C Fig, S1 Text). Furthermore, at 3 weeks p.i., only IFNy and
tumor necrosis factor-alpha (TNFo) were produced by CD8+ T cells in the lamina propria,
with a highly significant increase in the proportion of CD8+ cells producing IFNy associated
with nematode infection (i.e., the mice dosed with nematode eggs) across host environments
(S6D Fig; S3 Table; P < 0.0001).

At 4 weeks p.i., the differences in the proportion of CD4+ cells producing IL-13 in LPMCs
due to a main effect of location disappeared, but there was still a significant effect of infection
and an interaction between location and infection (S7A Fig, S3 Table: At 4 weeks p.i., signifi-
cant interaction effects for LPMC cytokines include IL-13, IL-4, IL-17, and TNFa). There were
also significant main effects of location and infection upon IL-13 production in MLNs (S7B
Fig, S3 Table). Long-term Wild mice also had significantly increased proportions of CD4
+ cells producing IFNy in LPMCs compared to Lab mice (S7A Fig, S3 Table). IFNy and TNFa
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https://doi.org/10.1371/journal.pbio.2004108.g004

were again the only cytokines produced by a significant proportion of CD8+ T cells in the lam-
ina propria at the Week 4 time point, with an increase in the proportion of CD8+ cells produc-
ing IFNy among mice that had resided outdoors longest (S7C Fig; S3 Table; P = 0.018).

These results indicate that the Th1 and Th2 immune responses of CD4+ LPMCs and of
MLN cells responding to T. muris antigen at 3 weeks and 4 weeks p.i. are significantly altered
by the environment of the host. Unsurprisingly, the dampened Th2 and elevated Th1 response
was associated with increased mean susceptibility in the mice kept outdoors. Indeed, among
infected mice in the laboratory and outdoors, correlational analyses between worm burdens
and the CD4+ LPMC cytokine data at 3 weeks p.i. revealed that higher worm burdens were
significantly associated with decreased levels of IL-13-producing CD4+ cells and increased
levels of IFNy-producing CD4+ cells (Fig 5A; Spearman’s rank correlation coefficient, all
P < 0.05) across treatment groups. Similarly, worm biomasses at 3 weeks p.i. were associated
with decreased proportions of CD4+ cells producing IL-13 cells and increased proportions of
CD4+ cells producing IFNy (Fig 5B; Spearman’s rank correlation coefficient, all P < 0.05).
LPMC analysis also confirmed that the Th2 deficiency of STAT6-/- mice was maintained out-
doors (Fig 4C, S8 Fig), suggesting that the IFNy bias of all outdoor mice may be the most
important immunological driver of their nematode susceptibility. Regression analysis using a
random forest algorithm showed no significant association between the variation in the pro-
portion of CD4+ cells producing IL-13 or IFNYy and the presence of microbial or fungal fami-
lies. Taken together, these results demonstrate that residing outdoors skews the type of
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immune response elicited against T. muris infection from a Th2-dominated response observed
in the laboratory to a Th1 response, which likely impacts worm burden and biomass.

Discussion

We investigated how changes to the external environment can lead to phenotypic variation in
the susceptibility of a given host genotype to the gastrointestinal helminth, T. muris. We found
that the C57BL/6 mouse strain, which is resistant to T. muris infection in the laboratory [42],
interacts differently with nematodes when exposed to an outdoor environment. Outdoor mice
experienced increased susceptibility to T. muris infection, exhibited by increased worm bur-
dens and worm biomass, compared to mice residing under clean laboratory conditions. These
changes in susceptibility were observed after just 10 days outdoors, as demonstrated in the
Short-term Wild group, revealing how rapidly nematode susceptibility can change with envi-
ronment. The environment-induced changes in worm burden and worm biomass in C57BL/6
hosts persisted to 4 weeks p.i., although how long the effects would have lasted thereafter is
unknown. At a minimum, the new environment prolonged the persistence of large worms for
several weeks in this otherwise resistant host genotype. We note that our maintenance of Lab
mice at field-mimicking temperature and humidity conditions (which arguably brings mice
closer to their thermal and thus physiological optima [25]) did not render them susceptible to
T. muris.

We primarily investigated two potential ecological mechanisms that could be capable of
explaining these alterations in susceptibility: environmental alterations to the gut microbiota
and the host immune response, which may interact with one another to impact different aspects
of worm life history and produce the observed effects. We expected these changes to alter nema-
tode susceptibility via positive or negative effects on worm hatching, growth, and/or survival.
We expected worm hatching would be determined by microbial diversity and composition,
whereas worm growth and survival would depend on both microbial and immune factors.
Indeed, by manipulating the time point at which worms interacted with the gut microbiota, we
showed that environmental impacts on multiple worm stages combined to enhance the nema-
tode susceptibility profiles of rewilded mice.

First, the increased diversity and novel composition of microbial communities resulting
from residence outdoors could alter T. muris hatching, colonization, and growth, thus
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contributing to the differences observed in worm burdens between groups. Indeed, the gut
microbial community is known to play an essential role in host colonization by T. muris
[26,27]. Eggs of the nematode can only hatch when gut microbes directly attach to the polar
egg caps, and depleting gut bacteria with antibiotics significantly reduces T. muris hatching
rates in mice [26]. This requirement for the gut microbiota appears to be shared among hel-
minth species, as germ-free (microbiota-lacking) and gnotobiotic hosts exhibit increased resis-
tance to a variety of helminths [43-47]. In our study, two weeks of outdoor exposure prior to
T. muris infection increased gut microbial diversity and altered the composition of the gut
microbiota in Long-term Wild mice, compared to mice residing under laboratory conditions.
The rapidity of microbial changes is not unexpected, given (for example) how quickly diet
changes can alter the human microbiota [48]. The enhanced microbial diversity in the Long-
term Wild mice prior to T. muris infection may have contributed to higher hatching rates of
nematodes and, hence, higher worm burdens compared to mice in the laboratory. We also
observed a modest, yet significant, quarter log reduction in bacterial density in outdoor mice
compared with laboratory mice. This difference could be attributable to microbe turnover in a
new environment, such that certain preexisting bacteria may be rapidly lost in the outdoor
environment and only slowly replaced by new taxa. We note that our observed reduction in
bacterial density is certainly less than that observed with antibiotic treatment, which showed
significant effects on T. muris worm burdens [26]. Future studies with more frequent sampling
time points could help elucidate the successional dynamics of microbes, in terms of both den-
sity and diversity, in the rewilded mice.

The presence of particular gut microbes can also facilitate the persistence of helminth infec-
tions, whether directly, such as nematodes grazing on gut flora, or indirectly, via immunomo-
dulation. For instance, certain species of Lactobacillus have been shown to promote the
persistence of T. muris [49] and H. polygyrus [50] worm burdens in specific mouse strains. Pre-
vious studies investigating alterations in the gut microbiota during T. muris infection [51,52]
found similar gut microbial changes as seen in our Lab mice. For instance, Holm et al. (2015)
also observed increased abundances of Barnesiella and decreased abundances of Alistipes with
low-dose T. muris infection in C57BL/6 laboratory mice [51]. Our results indicate that OTUs
in these two taxa were oppositely abundant in mice residing outdoors, although the changes
were not entirely consistent across all groups and time points. However, the reversal of the
abundances of Barnesiella and Alistipes and the additional correlation with Ruminococcus, all
of which we observed during nematode infection in outdoor environments, could be critical
factors impacting the survival of T. muris in the murine gut and warrant further testing.

The second major mechanism that we investigated as potentially driving the differences in
T. muris susceptibility was the host immune response following changes to the environment.
For T. muris, it is well established that resistance and susceptibility are tightly associated with
the generation of a Th2 or Th1 immune response, respectively [53]. Our results indicate that
residing outdoors skews the host immune response towards a Th2 response at baseline, but
then towards an induced Th1 response during T. muris infection. Given that outdoor mice
harbored increased fungal communities and that most fungi induce a Th2 response [54], we
tested whether the increase in Th2 responses at baseline were due to fungi, but no association
between the strength of the Th2 response and fungal abundance was found. As for the induc-
tion of IFNy during nematode infection, this could result from the introduction of new
microbes into the gastrointestinal tract of mice (as described above) and/or be due to higher
overall immune activation rates (both Th1l and Th2) outdoors [13]. In T. muris-susceptible
animals, IFNy has been shown to play a critical role in regulating the processes underlying epi-
thelial cell turnover [55], which is an efficient and effective mechanism of T. muris expulsion
from the gut [28]. Production of IFNy induces the chemokine C-X-C motif chemokine
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ligand10 (CXCL10), which slows down the rate of epithelial cell turnover required to expel T.
muris, and expulsion is especially likely to fail once the nematodes achieve a threshold size
[28]. Microbe-facilitated growth of the nematodes and Th1-skewed immunity might therefore
synergize to enhance host susceptibility. In fact, IFNy production and T. muris worm burdens
in wild-type mice kept outdoors for the short term were nearly as high as those of STAT6-/-
mice that are genetically susceptible to nematode infection. Despite similar worm burdens
between STAT6-/- and wild-type mice, the significantly higher worm biomass in STAT6-/-
mice supports the important role of host immunity in worm growth. While previous studies
found an increase in highly differentiated CD8+ T cells in blood samples from wild compared
to laboratory mice [17], we observed no difference in the proportion of CD8+ T cells in
LPMC:s of our laboratory versus outdoor mice, although there was an increase in IFNYy positiv-
ity in CD8+ cells among mice that had resided longest outdoors at 4 weeks p.i. Thus, the new
environment rapidly altered host responses to parasitism through alterations to both the gut
microbiota and immune response.

Interestingly, Rosshart et al. (2017) recently demonstrated increased resistance to viral
influenza infection in laboratory mice reconstituted with the natural microbiota from wild
mice [15]. In their study, the wild mouse gut microbiota abrogated excessive inflammation
and inflammatory cell infiltration, which was beneficial in promoting host fitness in the con-
text of a lethal influenza infection. Increased resistance to infection is what may be expected
for mice made more immunologically competent following natural microbial exposure (e.g.,
[17]). However, our study demonstrates that helminth-infected mice exposed to a more natu-
ral microbial environment actually experienced increased susceptibility to nematode infection,
due in part to their induction of Th1 responses with infection. This result would be expected
given the Th2 dependence of worm resistance. Future studies investigating how exposure to a
more natural microbial environment alters susceptibility to microparasites compared to
macroparasites are thus warranted.

The intestinal environment that the worms experienced in the Lab, Short-term Wild, and
Long-term Wild mice were ultimately quite different due to the relative timing of nematode
inoculation and the movement outdoors. This allowed us to assess the impacts of microbial
and immune factors on different life stages (e.g., hatching, growth, and survival) of T. muris.
The Lab mice had low gut microbial diversity at worm hatching and were able to mount an
effective Th2 response following infection. The Short-term Wild mice had low gut microbial
diversity at worm hatching and potentially impaired immunocompetence while responding to
the growing worms. The Long-term Wild mice, by contrast, harbored diverse gut microbes at
worm hatching (a potential driver of high nematode colonization) but also high baseline Th2
immunity (a potential driver of low nematode colonization). At 3 weeks p.i., the average worm
burdens in the Long-term Wild mice were over 20 times those of the Lab mice. The Short-
term Wild mice also harbored over 13 times as many worms as the Lab mice on average. Our
study design cannot conclusively distinguish between increased helminth hatching or reduced
expulsion rates in generating the observed worm burden differences. We can nonetheless infer
the following. Given the lack of difference in worm burdens between the Short-term Wild
mice, who were initially infected in the laboratory, and the Long-term Wild mice, we can
deduce that an increased hatching rate is not the only explanation for the higher worm burden
observed outdoors. Moreover, because the Short-term Wild mice and Lab mice were infected
under the same laboratory conditions and hence should have comparable rates of egg hatch-
ing, we can deduce that Lab mice effectively expelled their worms by 3 weeks p.i., whereas the
worms in the Short-term mice survived longer following their host’s movement to an outdoor
environment.
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Furthermore, the total worm biomass significantly differed between the Lab, Short-term
Wild, and Long-term Wild mice. The average log biomass per worm in the Long-term Wild
mice was over three times greater than that of the Short-term Wild mice and over seven times
greater than that of the Lab mice. The worms in the Short-term Wild mice also had over twice
the average log biomass of worms in the Lab mice. The larger per-worm biomass of worms in
mice residing longest outdoors suggests that the environment accelerated growth and gener-
ated more robust worms. Together, our results show that enhanced worm growth or survival,
and not just enhanced hatching, must be critical factors in determining T. muris susceptibility
of rewilded mice.

Host environment during nematode inoculation could also potentially affect nematode col-
onization via host energetic or other stressors, which are potentially immunosuppressive [56].
However, our results suggest that such factors cannot fully explain the observed differences in
nematode susceptibility across groups. The relocation outdoors coincided with a transient
period of weight loss, potentially due to increased energetic demands (e.g., exercise) or stress
associated with the move. The Short-term Wild mice moved outdoors and experienced a tem-
porary weight loss period while they were already infected with nematodes. The Long-term
Wild mice, on the other hand, had recovered their body weight and had at least acclimated to
some of the stresses of the enclosure by the time of nematode inoculation. Thus, the Long-
term Wild mice may have been nutritionally and otherwise better able to mount an immune
response to worms, as demonstrated by their increased concentrations of albumin compared
to uninfected Lab mice. However, we observed that the Long-term Wild mice were in fact
more susceptible to worm infection, as the worms they harbored were significantly larger in
size compared to the Short-term Wild mice. Less hatching, but also less immune pressure,
could have led to the intermediate worm burdens and worm biomass observed in Short-term
Wild mice. It is important to note that while the rewilded mice were able to access food sources
found within the enclosures, including berries, seeds, and insects, they were also provided ad
libitum with the same mouse chow used in the laboratory, and thus their nutritional state may
differ from that of truly wild mice.

Others have shown that host susceptibility to helminth infection is altered in more natural
arenas [21,22]. For example, strains of mice defined in the laboratory as differentially suscepti-
ble to H. polygyrus infection become indistinguishable under low transmission rates [21,22].
Similarly, different infective doses of H. polygyrus alter the fitness cost paid by hosts, with resis-
tant mouse strains paying the highest costs with increasing parasite exposure [23]. However,
these helminth studies were all conducted in indoor cages or arenas with mice maintained on
controlled substrates that were inoculated with uncontrolled doses of nematode larvae. Our
study is the first to show altered susceptibility when nematode exposure is controlled while
other aspects of the environment are altered. We provided a more realistic environment out-
doors to M. musculus, with natural vegetation, weather, and microbial exposure as experienced
in the wild. Furthermore, in these previous helminth studies, the within-host mechanisms
underlying these changes in susceptibility were not examined. We sought to uncover such
mechanisms by examining associations of the gut microbial community and host immune
response with susceptibility differences to equivalent T. muris exposures in laboratory and out-
door mice. In order to prevent transmission cycles and compare with the worm expulsion
dynamics of C57BL/6 mice in the laboratory, we ended our experiment before T. muris fully
developed into adults (expected 32 days p.i. [57]). Natural transmission of T. muris would have
also required approximately 2 months for released eggs to embryonate and become infective
[58]. In future, longer-term studies, it would be interesting to investigate whether the entire
life cycle of T. muris progresses faster and with greater fecundity in outdoor versus laboratory
conditions and to assess host susceptibility under natural transmission at uncontrolled doses.
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Previous studies in other host taxa have shown that small yet realistic changes in the envi-
ronment can significantly alter host responses to parasitism. For instance, slight increases in
temperature can cause genotypes of the freshwater crustacean, Daphnia magna, to reverse
their susceptibility profiles against bacterial pathogens [8]. Similar genotype-by-temperature
interactions (e.g., [59-61]) as well as genotype interactions with biotic factors such as popula-
tion density, food sources, predation, and competition (e.g., [62-64]) alter host susceptibility
to infection in a range of other invertebrates. These studies demonstrate that the environment
can maintain variation in immune defense by favoring certain host genotypes over others,
depending on the environment in which the host lives. Our study, although not a factorial
genotype by environment (GxE) design, shows the profound impact of environment on the
rates at which nematodes are established or cleared from mammalian hosts of a controlled
genotype. Heterogeneous environments can thus shape the variation observed in mammalian
susceptibility to infection and potentially the evolutionary trajectories of host and parasite
alike.

In summary, our data demonstrate that environment has a clear and rapid effect on host
susceptibility to nematode infection, enhancing susceptibility of C57BL/6 mice that are highly
resistant under laboratory conditions. We observed multiple changes in the gut microbial
community and intestinal immunity as a result of the movement to outdoor enclosures. Our
experimental manipulation of the time point at which the worms and microbes began to inter-
act suggests that impacts on multiple worm life stages contribute to the differences observed in
T. muris susceptibility in the rewilded mice. Furthermore, natural environments, such as our
outdoor enclosures, provide the opportunity for mice to compensate energetically for infection
and induced defense with additional or selective feeding [24]. Thus, laboratory studies con-
ducted under a single environment, while important for uncovering detailed, molecular mech-
anisms of defense, are likely to illuminate only a small fraction of the causes of heterogeneity
in nematode burden, especially given the immense differences in immune phenotypes of labo-
ratory and wild mice [17] and the substantial immune divergence between M. musculus strains
in the laboratory versus the field [13]. Just as for genetic variation [65], we suggest that future
empirical studies therefore need to incorporate diverse environments to better reflect the con-
text-dependency of host susceptibility and resistance in the wild [66]. Such studies will eluci-
date how the external environment impacts the ecology of symbioses and defenses within.

Materials and methods
Ethics statement

All experimental procedures were approved by the Princeton University Institutional Animal
Care and Use Committee (Protocol #1982-14).

Animals, outdoor enclosures, nematode exposures, and sampling

Specific pathogen-free female C57BL/6 mice (6-8 weeks of age) were obtained from Jackson
Laboratories. Upon arrival, animals were housed in cages in groups of 5 after insertion of ear
tags and radio-frequency identification (RFID) transponders to identify individuals. Mice
were gradually acclimated to and then kept for 2 weeks at 26°C + 1°C with a 15-hour light/
9-hour dark cycle (to approximate local summer solstice daylight patterns during the May-
July experimental time frame). After 1 week, cage bedding was swapped with a bedding mix-
ture from all of the cages to homogenize the gut microbiota. Cages were then randomly
assigned to one of three environment groups: Lab (N = 20), Short-term Wild (N = 30), and
Long-term Wild (N = 40). Mice within each environment were then randomly assigned to
infection groups. Lab mice, housed in cages in groups of 5, remained in the laboratory with
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the above temperature and light conditions for the duration of the study. Short-term Wild
mice remained in the above laboratory conditions initially and then moved to the outdoor
enclosures 10 days after infection with T. muris. Long-term Wild mice resided in outdoor
enclosures for the duration of the study, receiving the nematode inoculum after 2 weeks out-
doors (Fig 1B).

The enclosures consist of replicate outdoor wedge-shaped pens arranged in a circle, each
measuring about 180 m” and fenced by a 1.5-m high, zinced iron wall that is buried >80 cm
deep and topped with electrical fencing to keep out terrestrial predators. Aluminum pie plates
were strung up to deter aerial predators. A small (180 x 140 x 70 cm) straw-filled shed was
present in each enclosure, along with two watering stations and a feeding station, so that the
same mouse chow used in the laboratory (PicoLab Rodent Diet 20) was provided ad libitum to
all mice. Mice outdoors, however, also had access to food sources found within the enclosures,
including berries, seeds, and insects. Each enclosure housed 11-12 mice. Short-term Wild and
Long-term Wild mice were released into the same enclosures but separated by infection status
(i.e., 4 enclosures for infected mice and 2 enclosures for uninfected mice); cages were other-
wise randomly assigned to enclosures. Longworth traps baited with chow were used to catch
mice weekly; approximately two baited traps were set per mouse per enclosure in the early
evening, and all traps were checked within 12 hours. For subsequent microbiome assessment,
a fresh stool sample was collected directly from the caught mice, flash frozen on dry ice, and
stored at —80°C until further analysis. Mice were also weighed with a spring balance.

Mice assigned to receive nematodes were infected by oral gavage with T. muris strain E
with a high-dose infection using 200 embryonated eggs (as previously described by [57]; see
sample sizes in Fig 1B and 1C). Three weeks (days 20-22) p.i. and 4 weeks (days 26-29) p.i.,
mice were trapped and sampled, as described above. Outdoor mice were then moved to the
laboratory overnight and then humanely killed by CO, inhalation followed by cervical disloca-
tion. The cecum and MLNs were removed, and a randomized subset of mice in each treatment
group had their colons removed for analysis of LPMCs by flow cytometry.

A second experiment was conducted to compare nematode susceptibility in C57BL/6 mice
residing outdoors for the short term with STAT6-/- mice that are highly susceptible to hel-
minth infection. STAT6-/- mice on a C57BL/6 background were originally obtained from
Jackson Laboratories and bred at the New York University (NYU) mouse facility. For this
experiment, C57BL/6 mice bred at NYU were used for comparison against the NYU-bred
STAT6-/- mice. Ten female STAT6-/- mice and 10 female NYU-bred C57BL/6 mice (all 6-8
weeks of age) were acclimated to field conditions in the animal facility at Princeton University.
Upon arrival, mice followed the same time line as the Short-term Wild group (Fig 1C), as
described above, except that all mice in this experiment were trapped and sampled at 3 weeks
p.i. for the end time point. All infected (N = 5 of each genotype) and uninfected (N = 5 of each
genotype) STAT6-/- and C57BL/6 mice were moved to the outdoor enclosures 10 days p.i.
STAT6-/- mice were released into separate enclosures based on infection status, and the
C57BL/6 mice moved into enclosures with the previous Jackson mice, based upon infection
status.

Worm burden and biomass assessment

The cecum was removed from all infected and uninfected mice at necropsy and frozen at
—20°C until assessment of worm burdens. Enumeration of T. muris worms in the cecum was
carried out as previously described [57] (S1 Text). The life stage of each extracted worm was
noted based on morphology. Worms were then placed in 100% ethanol for calculation of
worm biomass.
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To estimate biomass, images of each collected worm were taken under a dissecting micro-
scope using a Canon EOS Rebel T3i and the Adobe Lightroom 5 program. Up to 25 images of
different intact helminths from each mouse were randomly selected for measurement of worm
length and width using the program, Fiji [67], to calculate the cylindrical volume of each hel-
minth. Given that most of the worms extracted were larvae, a single cylinder appropriately
characterizes their volume. For adult worms, the posterior and anterior ends of the worms
were measured separately and the sum of the two cylindrical volumes was then calculated for
each end. The volume was then multiplied by the assumed wet mass density of 1.1 g/mL for
parasites [68] to calculate worm biomass. This assumed density has been found to work well
for worms ranging from trematodes to cestodes [69]. To estimate the total helminth biomass
per mouse, the mean helminth biomass across the measured worms was then multiplied by
the total helminth burden in that mouse. Mice that had purged all worms were excluded from
biomass analyses.

Nutritional measurements

Plasma albumin concentrations were measured colorimetrically using the QuantiChrom BCG
albumin assay kits (BioAssays) according to the manufacturer’s instructions. Samples were
diluted 1:2 with ultrapure water and run in duplicate. Concentrations were determined in
comparison to a standard curve run in duplicate (R* > 0.96). Plasma total protein concentra-
tions were analyzed using the Pierce Coomassie Plus assay kit according to the manufacturer’s
instructions. Concentrations were determined in comparison to a standard curve run in dupli-
cate (R* > 0.98). Plasma leptin concentrations were analyzed using a RayBio Mouse Leptin
ELISA kit according to the manufacturer’s instructions (RayBiotech). Samples were diluted
1:10, and concentrations were determined in comparison to a standard curve run in duplicate
(R* > 0.99).

16S rRNA sequencing and analyses

DNA from frozen fecal samples collected at Week 0 (right before T. muris infection) and at the
end of the experiment (either Week 3 or Week 4 p.i.) was extracted using the NucleoSpin Soil
Kit (Macherey-Nagel) according to the manufacturer’s instructions. A single fecal pellet per
mouse per time point was used for extraction. All DNA samples were shipped to the Research
Technology Support Facility at Michigan State University for 16S rRNA sequencing. The V4
region of the 16S rRNA gene was amplified with the universal primers 515F and 806R and
sequenced on an Illumina MiSeq sequencer as previously described [70] to generate 2x250 bp
paired-end reads. Generated sequences were analyzed using the mothur pipeline [71] (S1
Text), and subsequent analyses were performed in R and R-Studio using the PhyloSeq [72],
DESeq2 [73], vegan [74], and GGplot2 [75] packages. DESeq2 was used to detect OTUs that
were differentially abundant between compared groups, as previously recommended [73,76].
To identify significantly different OTUs, data were subsetted by sampling time, and a Wald
test approach was used with models incorporating infection status and location as predictors.
OTUs with adjusted P values <0.05, an estimated fold change >2 or <2, and an estimated
base mean >20 were considered significantly differentially abundant between the examined
groups. To determine if the microbial communities in outdoor mice contributed to the vari-
ance observed in Th1 and Th2 immune responses, the random forest algorithm using the R
package “randomForestSRC” [77] was applied to the family relative abundance table, using the
log(x+1) cytokine responses as the response variable.

Alpha diversity analysis was performed on unfiltered data using the Shannon index. At
Week 0, an unpaired Student f test was used to detect any significant differences in alpha
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diversity (as measured by the Shannon diversity index) and species richness (as measured by
Chaol) between groups. At 3 weeks and 4 weeks p.i., predictor variables of infection, location,
and their interactions were used in models of alpha diversity using a two-way ANOVA, fol-
lowed by the Tukey post hoc test for multiple comparisons. Beta diversity was analyzed using
the Bray-Curtis dissimilarity distance. Due to the highly skewed distribution of bacterial spe-
cies, a permutation-based multivariate ANOVA (PERMANOVA) [78] using the function
“adonis” with 1,000 permutations in the vegan R package [74] was used to analyze beta diver-
sity differences based on time, location, and infection.

Determination of bacterial density in stool

DNA extracted from fecal samples collected at Week 0 and Week 3 was used for qPCR assess-
ment of bacterial density using the 16S rRNA gene primers for Eubacteria, UniF340 (5-ACTC
CTACGGGAGGCAGCAGT-3), and UniR514 (5-ATTACCGCGGCTGCTGGC-3) [79] (S1
Text). To create a standard curve, the 16S gene, obtained from Clostridia strains isolated from
stool, was cloned into a pcr2.1-TOPO plasmid, and the DNA was extracted. The amount of
extracted DNA and the length of the plasmid were used to calculate the number of 16S copies/
ul. Fivefold dilutions of the plasmid standard were then used for quantification of 16S gene
copies in the tested samples. 16S gene copies were normalized against the amount (micro-
grams) of fecal DNA extracted in order to account for the amount of initial stool input. gPCR
reactions were performed using the PowerUp SYBR Green Master Mix in a total reaction vol-
ume of 20 pl (S1 Text).

Metabarcoding of fungal communities

DNA from frozen fecal samples was extracted using the NucleoSpin Soil Kit (Macherey-
Nagel) according to the manufacturer’s instructions. The internal transcribed spacer (ITS)
1 rDNA region was PCR amplified with the primers ITS5 [80] and ITS5.8 [81] to determine
the presence of fungi in the extracted DNA samples. Samples with a positive ITS band were
sequenced on a MiSeq and analyzed using OBITools [82] to determine the composition of
fungal communities in the fecal samples. To determine if the fungal communities in out-
door mice contributed to the variance observed in Th1 and Th2 immune responses, the
random forest algorithm using the R package “randomForestSRC” [77] was applied to the
family relative abundance table, using the log(x+1) cytokine responses as the response
variable.

Serology testing for common pathogens of mice

Serum samples obtained from two randomly selected mice per wedge in the outdoor enclosure
were collected at the end of the experiment and sent to Charles River Research Animal Diag-
nostic Services to screen for antibodies against common pathogens infecting laboratory mice.
Mice chosen for screening included those that displayed high levels of IFNy or IL-17 in their
LPMCs, which may be indicative of potential microbial infections. Serum samples were tested
against sendai virus, pneumonia virus of mice, mouse hepatitis virus, minute virus of mice,
mouse parvovirus 1 and 2, parvovirus NS-1, murine norovirus, theiler’s murine encephalomy-
elitis virus, reovirus, rat rotavirus, lymphocytic choriomeningitis virus, ectromelia virus (mou-
sepox), adenovirus 1 and 2, mouse pneumonitis virus, polyoma virus, and Mycoplasma
pulmonis (the Charles River Assessment Plus profile).
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Isolation and cytokine secretion profiles of LPMCs and MLNs

Isolation of LPMCs was carried out as previously described [83] (S1 Text) to measure gut
mucosal cytokine responses from a randomized subset of mice. Subset numbers were imposed
by daily processing limitations, and each time point (i.e., 3 weeks p.i. or 4 weeks p.i.) was repre-
sented by multiple sacrifice days. Sample sizes can be found in the appropriate figure legends.
Isolated cells were stimulated together with 50 ng/mL PMA, 500 ng/mL Ionomycin, and bre-
feldin A for 4 hours at 37°C. Treatment with PMA and Ionomycin induces activation of cells
to produce cytokines, and brefeldin A, a protein transport inhibitor, helps keep secreted cyto-
kines within cells for intracellular cytokine staining. Following stimulation, cells were first
stained extracellularly with a live/dead marker, anti-CD3, anti-CD4, and anti-CD8. After a fix-
ation and permeabilization step, cells were stained with anti-IL-13, anti-IL-4, anti-IFNYy, anti-
TNFao, anti-IL-10, and anti-IL-17A (S1 Text). Samples were acquired on an LSRII (Becton
Dickinson [BD] Biosciences) and analyzed with the Flow]Jo (Tree Star, Ashland, OR) software.
Cytokine-positive cells were quantified among single, live CD4+ and CD8+ T cells within the
CD3+ population (S6A Fig).

Single cell suspensions were prepared from MLNs to measure intestinal cytokine
responses to T. muris infection as previously described [84] (S1 Text). Concentrations of IL-
13, IFNYy, IL-17, and IL-10 were determined in MLN culture supernatants using half-reac-
tions of the Beckton Dickinson Cytometric Bead Array kit (BD Biosciences, UK; S1 Text).
Samples were acquired on an LSRII (BD) and analyzed with the FCAP Array software (BD,
Oxford, UK).

Statistical analyses

All immunoparasitological data were analyzed using general or generalized linear models, as
follows. Data on nematode biomass, cytokine-positive lamina propria cells, and in vitro cyto-
kine secretion were all log;o(x+1) transformed to meet assumptions of analysis, but no addi-
tional data required transformation. Nematode burden data were analyzed using a negative
binomial error distribution; log-likelihood comparison confirmed the appropriateness of that
distribution rather than Poisson. Data were analyzed separately for the Week 3 versus Week 4
experimental end points. Random effects of source cage (i.e., the group in which each mouse
arrived from the vendor) and destination enclosure (i.e., the outdoor enclosure into which
each mouse was released) were fitted in mixed models but explained negligible variance in all
cases. To facilitate estimation of effect sizes for fixed predictors (as described below), final
models excluded random effects. Data on the gut microbiota were analyzed as described
above.

In models of nematode burdens and biomass for T. muris-inoculated C57BL/6 mice, the
predictor variable of “location” (Lab, Short-term Wild, or Long-term Wild) was used, followed
by the Tukey post hoc test for multiple comparisons. For the model of nematode burden in
C57BL/6 versus STAT6-/- mice maintained for the short term outdoors, genotype was the pre-
dictor variable. In models of LPMC and MLN cytokine production, predictor variables of
infection (nematode infected versus uninfected), location (as above), and their interaction
were used, followed by the Tukey post hoc test for multiple comparisons. In models of body
weight, predictor variables of infection, location, and their interaction (as above) were also
used, along with a covariate of the initial weight of each individual. For depiction in figures, P
values were categorized as significant according to the following levels: *P < 0.05, **P < 0.01,
***P < 0.001. Analyses were run in R version 3.1.2, using default glm functions plus the Ime4
[85], MASS [86], and multcomp [87] packages.

Data deposited in the Dryad repository: http://dx.doi.org/10.5061/dryad.h9g697r [88].
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Supporting information

S1 Fig. Trichuris muris worm burdens and worm biomass in C57BL/6 mice residing in lab-
oratory versus outdoor environments at 4 weeks p.i. (A) Worm burdens and (B) worm bio-
mass from infected C57BL/6 mice residing in laboratory and outdoor environments at 4 weeks
p.i. Lab: N = 7, Short-term Wild: N = 7, Long-term Wild: N = 8. Box centers show the medians,
and the upper and lower box edges correspond to the 25th and 75th percentiles. Whiskers
extend 1.5 times the interquartile range. Asterisks denote significance as **P < 0.01. https://
doi.org/10.5061/dryad.h9g697r. p.i., postinfection.

(TIF)

S2 Fig. Effects of environmental variation and infection on host weight over time. Body
weight in grams lost/gained over the course of the experiment from uninfected and infected
mice residing in laboratory and outdoor environments. Data are means + standard error
mean. https://doi.org/10.5061/dryad.h9g697r.

(TIF)

$3 Fig. Albumin, total protein, and leptin levels in blood between infected and uninfected
mice across all environments at 3 weeks and 4 weeks p.i. (A) Plasma albumin, total protein,
and leptin levels in uninfected and infected mice across all environments at 3 weeks p.i. Sample
sizes: Uninfected Lab mice: N = 2; Infected Lab mice: N = 8; Uninfected Short-term Wild
mice: N = 5; Infected Short-term Wild mice: N = 10; Uninfected Long-term Wild mice: N =9;
Infected Long-term Wild mice: N = 10. (B) Plasma albumin, total protein, and leptin levels in
uninfected and infected mice across all environments at 4 weeks p.i. Sample sizes: Uninfected
Lab mice: N = 3; Infected Lab mice: N = 7; Uninfected Short-term Wild mice: N = 5; Infected
Short-term Wild mice: N = 7; Uninfected Long-term Wild mice: N = 7; Infected Long-term
Wild mice: N = 8. Nutritional data were log(x+1) transformed to meet assumptions of analysis.
Box centers show the medians, and the upper and lower box edges correspond to the 25th and
75th percentiles. Whiskers extend 1.5 times the interquartile range. https://doi.org/10.5061/
dryad.h9g697r. p.i., postinfection.

(TIF)

$4 Fig. Outdoor environments alter the microbial and fungal communities of the gut. (A)
Taxa summary plots at the phylum level showing the microbiota composition of individual
Lab mice (N = 47) compared to Long-term Wild (N = 28) mice, which had been residing out-
doors for two weeks. The Lab group includes both Lab and Short-term Wild mice, as both
groups were residing under laboratory conditions at this time (Week 0). (B) Bray-Curtis dis-
similarity in the gut microbiota of fecal samples from uninfected and infected mice in labora-
tory and outdoor environments at Week 0 and Weeks 3 and 4 p.i. Separation of sampling time
is depicted by 95% confidence ellipses. (C) Species richness in the gut microbiota of fecal sam-
ples from laboratory and outdoor environments before T. muris infection, as measured by
Chaol. The Lab group includes both Lab and Short-term Wild mice, as both groups were
residing under laboratory conditions at this time (Week 0). Box centers show the medians,
and the upper and lower box edges correspond to the 25th and 75th percentiles. Whiskers
extend 1.5 times the interquartile range. (D) Bacterial density, as measured by 16S gene cop-
ies/ug of DNA for fecal samples from laboratory and outdoor environments before T. muris
infection. The Lab group includes both Lab and Short-term Wild mice, as both groups were
residing under laboratory conditions at this time (Week 0). Asterisks denote significance as
***P < 0.001. Box centers show the medians, and the upper and lower box edges correspond
to the 25th and 75th percentiles. Whiskers extend 1.5 times the interquartile range. (E) Taxa
summary plots at the family level showing the fungal composition of uninfected and infected
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mice across all environments at Week 0 and at 3 weeks and 4 weeks p.i. Data represent the
mean relative abundance. Blank spaces represent an absence of data for those groups. https://
doi.org/10.5061/dryad.h9g697r. 16S rRNA gene sequences available at NCBI SRA: SRP132155.
p.i., postinfection.

(TTF)

S5 Fig. Alterations in the composition, diversity, and density of the fecal microbiota with
high-dose Trichuris muris infection. (A) Log, fold change of OTUs that differ between
infected and uninfected mice residing in laboratory and outdoor environments at 4 weeks p.i.
using DESeq2. Data shown have been filtered to include OTUs that have a log, fold change >2
or <2 with a baseMean >20 to show the abundant OTUs that are most changed with infection.
Bars are colored to direct the attention of readers to one main OTU, Barnesiella. Gray bars are
used to show how Barnesiella is decreased in Lab mice but increased in Long-term Wild mice.
Bars depict mean + standard error. Mice that had purged all worms were excluded from the
infected group analyses. (B) Mean alpha diversity based on Shannon index of unfiltered micro-
biota data for fecal samples at 3 weeks and 4 weeks p.i. (C) Bacterial density as measured by
16S gene copies/ug of DNA for fecal samples at 3 weeks p.i. Box centers show the medians,
and the upper and lower box edges correspond to the 25th and 75th percentiles. Whiskers
extend 1.5 times the interquartile range. Statistical analyses were performed with a two-way
ANOVA, followed by Tukey posttest for multiple comparisons using R. 16S rRNA gene
sequences available at NCBI SRA: SRP132155. OTU; operational taxonomic unit; p.i., postin-
fection; uc, unclassified.

(TIF)

S6 Fig. Differences in the relative abundance of LPMC and MLN cytokines in mice living
in laboratory and outdoor environments at 3 weeks p.i. (A) Representative gating strategy
for CD4+ and CD8+ cytokine analyses from LPMCs of a laboratory mouse. (B) Proportion of
CD4+ cells that are producing IL-4, IL-10, IL-17, and TNFa in LPMCs from mice residing in
laboratory and outdoor environments at 3 weeks p.i. Sample sizes: Uninfected Lab mice:

N = 2; Infected Lab mice: N = 4; Uninfected Short-term Wild mice: N = 3; Infected Short-term
Wild mice: N = 5; Uninfected Long-term Wild mice: N = 4; Infected Long-term Wild mice:

N = 6. (C) Concentrations of IL-10 and IL-17 produced from MLNs of mice residing in labora-
tory and outdoor environments 3 weeks p.i. Sample sizes: Uninfected Lab mice: N = 2; Infected
Lab mice: N = 8; Uninfected Short-term Wild mice: N = 5; Infected Short-term Wild mice:

N = 10; Uninfected Long-term Wild mice: N = 9; Infected Long-term Wild mice: N = 10. (D)
Proportion of CD8+ cells that are producing IFNy and TNFa. in LPMCs from mice residing in
laboratory and outdoor environments at 3 weeks p.i. Sample sizes: Uninfected Lab mice:

N = 2; Infected Lab mice: N = 4; Uninfected Short-term Wild mice: N = 3; Infected Short-term
Wild mice: N = 5; Uninfected Long-term Wild mice: N = 4; Infected Long-term Wild mice:

N = 6. Data on cytokine-positive lamina propria cells and in vitro cytokine secretion were log
(x+1) transformed to meet assumptions of analysis. A two-way ANOVA was conducted to
investigate the effects of location, infection, and a location by infection interaction effect on
cytokine expression, followed by Tukey post hoc test for multiple comparisons. Box centers
show the medians, and the upper and lower box edges correspond to the 25th and 75th percen-
tiles. Whiskers extend 1.5 times the interquartile range. https://doi.org/10.5061/dryad.
h9g697r. IFNy, interferon-gamma; IL, interleukin; LPMC, lamina propria mononuclear cell;
MLN, mesenteric lymph node; p.i., postinfection; TNFo, tumor necrosis factor-alpha.

(TIF)
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S7 Fig. Differences in the relative abundance of LPMC and MLN cytokines in mice living
in laboratory and outdoor environments at 4 weeks p.i. (A) Proportion of CD4+ cells that
are producing IL-13, IFNy, IL-4, IL-10, IL-17, and TNFo in LPMCs of mice residing in labora-
tory and outdoor environments at 4 weeks p.i. Sample sizes: Uninfected Lab mice: N = 3;
Infected Lab mice: N = 5; Uninfected Short-term Wild mice: N = 5; Infected Short-term Wild
mice: N = 7; Uninfected Long-term Wild mice: N = 4; Infected Long-term Wild mice: N = 6.
(B) Concentrations of IL-10 and IL-17 produced from MLNSs of mice residing in laboratory
and outdoor environments at 4 weeks p.i. Sample sizes: Uninfected Lab mice: N = 3; Infected
Lab mice: N = 7; Uninfected Short-term Wild mice: N = 5; Infected Short-term Wild mice:

N = 7; Uninfected Long-term Wild mice: N = 7; Infected Long-term Wild mice: N = 8. (C) Pro-
portion of CD8+ cells that are producing IFNy and TNFo. in LPMCs from mice residing in
laboratory and outdoor environments at 4 weeks p.i. Sample sizes: Uninfected Lab mice:

N = 3; Infected Lab mice: N = 5; Uninfected Short-term Wild mice: N = 5; Infected Short-term
Wild mice: N = 7; Uninfected Long-term Wild mice: N = 4; Infected Long-term Wild mice:

N = 6. Data on cytokine-positive lamina propria cells and in vitro cytokine secretion were log
(x+1) transformed to meet assumptions of analysis. A two-way ANOVA was conducted to
investigate the effects of location, infection, and a location by infection interaction effect on
LPMC cytokine expression, followed by Tukey post hoc test for multiple comparisons.

Box centers show the medians, and the upper and lower box edges correspond to the 25th and
75th percentiles. Whiskers extend 1.5 times the interquartile range. https://doi.org/10.5061/
dryad.h9g697r. IFNY, interferon-gamma; IL, interleukin; LPMC, lamina propria mononuclear
cell; MLN, mesenteric lymph node; p.i., postinfection; TNFa, tumor necrosis factor-alpha.
(TTF)

S8 Fig. Cytokine production in LPMCs of infected C57BL/6 and STAT6-/- mice residing
outdoors for the short term. Proportion of CD4+ cells that are producing IL-4, IL-10, IL-17,
and TNFo from LPMCs of infected C57BL/6 (N = 4) and STAT6-/- (N = 5) mice residing out-
doors for the short term. Data on cytokine-positive lamina propria cells were log(x+1) trans-
formed to meet the assumptions of analysis. Box centers show the medians, and the upper and
lower box edges correspond to the 25th and 75th percentiles. Whiskers extend 1.5 times the
interquartile range. https://doi.org/10.5061/dryad.h9g697r. IL, interleukin; LPMC, lamina pro-
pria mononuclear cell; STAT6-/-, mouse deficient in STAT6; TNFa, tumor necrosis factor-
alpha.

(TIF)

S1 Table. Statistical table showing blood albumin, total protein, and leptin levels at 3
weeks and 4 weeks p.i. Two-way ANOVA results for plasma albumin (g/dl), total protein (g/
dl), and leptin (pg/ml) levels at 3 weeks and 4 weeks p.i., with location and infection as main
factors. Nutritional data were log(x+1) transformed to meet assumptions of analysis. When
the interaction term is not significant, the main effect results come from a model from which
the interaction is dropped. p.i., postinfection.

(XLSX)

$2 Table. Statistical table showing the alpha diversity of 16S microbiota data for fecal sam-
ples collected at 3 weeks and 4 weeks p.i. Two-way ANOVA results showing the alpha diver-
sity as represented by the Shannon index of microbiota data for fecal samples at 3 weeks and 4
weeks p.i. When the interaction term is not significant, the main effect results come from a
model from which the interaction is dropped. p.i., postinfection.

(XLSX)
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S3 Table. Statistical table showing LPMC and MLN cytokine production at 3 weeks and 4
weeks p.i. Two-way ANOVA results for CD4+ and CD8+ LPMC and MLN cytokine produc-
tion at 3 weeks and 4 weeks p.i. with location and infection as main factors. Data on cytokine-
positive lamina propria cells and in vitro cytokine secretion were log(x+1) transformed to
meet assumptions of analysis. When the interaction term is not significant, the main effect
results come from a model from which the interaction is dropped. LPMC, lamina propria
mononuclear cell; MLN, mesenteric lymph node; p.i., postinfection.

(XLSX)

$1 Text. Supporting information.
(DOC)
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