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Abstract

Background: Helminth parasites represent a significant threat to the health of human and animal populations, and
there is a growing need for tools to treat, diagnose, and prevent these infections. Recent work has turned to the
gut microbiome as a utilitarian agent in this regard; components of the microbiome may interact with parasites
to influence their success in the gut, meaning that the microbiome may encode new anthelmintic drugs. Moreover,
parasite infections may restructure the microbiome’s composition in consistent ways, implying that the microbiome
may be useful for diagnosing infection. The innovation of these utilities requires foundational knowledge about how
parasitic infection, as well as its ultimate success in the gut and impact on the host, relates to the gut microbiome. In
particular, we currently possess limited insight into how the microbiome, host pathology, and parasite burden covary
during infection. Identifying interactions between these parameters may uncover novel putative methods of disrupting
parasite success.

Results: To identify interactions between parasite success and the microbiome, we quantified longitudinal associations
between an intestinal helminth of zebrafish, Pseudocapillaria tomentosa, and the gut microbiome in 210 4-month-old
5D line zebrafish. Parasite burden and parasite-associated pathology varied in severity throughout the experiment in
parasite-exposed fish, with intestinal pathologic changes becoming severe at late time points. Parasite exposure,
burden, and intestinal lesions were correlated with gut microbial diversity. Robust generalized linear regression
identified several individual taxa whose abundance predicted parasite burden, suggesting that gut microbiota may
influence P. tomentosa success. Numerous associations between taxon abundance, burden, and gut

pathologic changes were also observed, indicating that the magnitude of microbiome disruption during infection
varies with infection severity. Finally, a random forest classifier accurately predicted a fish’s exposure to the
parasite based on the abundance of gut phylotypes, which underscores the potential for using the gut
microbiome to diagnose intestinal parasite infection.

Conclusions: These experiments demonstrate that P. tomentosa infection disrupts zebrafish gut microbiome
composition and identifies potential interactions between the gut microbiota and parasite success. The microbiome
may also provide a diagnostic that would enable non-destructive passive sampling for P. tomentosa and

other intestinal pathogens in zebrafish facilities.
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Introduction
Intestinal helminth infections present a major global health
concern [1, 2]. Over one billion people suffer helminth in-
fections [1, 2], which often manifest developmental, cogni-
tive, nutritional, and gastrointestinal defects [3—5]. While
safe and effective drugs can treat helminth infection, the
rapid rise of anthelmintic drug resistance [6] necessitates
development of new strategies for parasite control. Hope
for such strategies springs from the observation that
parasite-associated morbidity unevenly distributes across
populations [5], which indicates that personalized factors
impact infection outcome [7-9]. Elucidating these factors
may uncover new methods or drug leads to effectively
treat, predict, and ultimately prevent helminthic infection.
A growing body of evidence points to the gut micro-
biome as an agent that interacts with intestinal parasites
to influence their growth or mediate their physiological
effect on an individual. For example, helminth-infected
humans [10, 11] and mice [12] harbor gut microbiomes
with significantly different structures and diversity than
uninfected controls. Additionally, studies in mice have
found that helminth infection perturbs specific gut bac-
teria to yield alterations in host immune status [13].
Other work has shown that the gut microbiome acts as
an innate immune barrier to intestinal infection [14].
Despite this prior research, our insight into how the gut
microbiome, individual gut microbiota, or microbial me-
tabolites might contribute to parasite success in the gut
remains limited. Importantly, the extent to which micro-
biome composition or diversity associates with parasite
burden and intestinal pathology across the length of in-
fection remains unclear. Understanding these dynamics
will enhance our ability to resolve specific microbial taxa
that may influence or respond to parasite exposure and
identify putative microbial therapeutics and diagnostics.
For example, as parasite burden and tissue damage are
unlikely to be uniformly distributed throughout infection,
longitudinal analyses may allow identification of altered
microbiota abundance that corresponds to increases or
decreases in the worm abundance or intestinal pathology.
Here, we longitudinally assessed the gut microbiome
of zebrafish (Danio rerio) infected with Pseudocapillaria
tomentosa, an important cause of disease in zebrafish fa-
cilities [15], to clarify how the gut microbiome varies in
accordance with intestinal parasitic infection dynamics.
Pseudocapillaria tomentosa is a capillarid nematode,
closely relates to whipworm species that infect humans
and other mammals [16], and preferentially infects the
guts of fish to induce intestinal inflammation, tissue
damage, and epithelial hyperplasia [17]. Fish infected
with P. tomentosa often appear emaciated and lethargic,
although cryptic subclinical infections have also been
reported [15]. We monitored the gut microbiome, para-
site burden, and tissue damage in P. tomentosa-infected
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fish over 12 weeks of infection. We found that P. tomen-
tosa infection associates with inflammation, hyperplasia,
and weight loss over the course of the experiment. More-
over, P. tomentosa exposure alters microbial community
diversity. Additionally, regression models revealed that
parasite burden and gut lesions link to the abundance of
several individual microbiota, indicating that these taxa
may influence infection outcomes or are sensitive to infec-
tion. Finally, using machine learning, we demonstrate that
the gut microbiome predicts whether an individual fish
has been exposed to the parasite. Our study clarifies how
fish, their gut microbiota, and intestinal parasites interact
and suggests that the gut microbiome may be an import-
ant driver of parasitic success in the gut.

Methods

Zebrafish husbandry and Pseudocapillaria tomentosa
exposure

A total of 210 4-month-old 5D line zebrafish (recipient
fish) were randomly divided into six 9-L tanks (35 fish/
tank) and were allowed to equilibrate to the tank for 1
week. During the experiment, water conditions were
maintained at temperature 27 °C, pH 7.50, and total am-
monia 0.19mg«L™" (measured with pH and ammonia
test kits; Aquarium Pharmaceuticals Inc., Chalfont, PA).
Fish were fed Gemma Micro 300 (Skretting, Fontaine-
les-Vervins, France) ad libitum twice daily. The total
quantity fed daily was ~ 3% fish body weight.

To create an infectious inoculum, we collected feces
from ~ 50 5D line zebrafish (donor fish) that had previ-
ously been exposed to P. tomentosa. These feces were
spun at 1500 g for 45 m, and the pellet washed and sub-
jected to an additional spin at 300 g for 10 m to pellet
eggs and feces. The eggs and feces mixture was incu-
bated at 27°C for 7 days to allow the eggs to larvate.
Identical methods were used to generate a mock inocu-
lum from ~ 50 5D line fish that had never been exposed
to P. tomentosa. Before inoculation, the number of lar-
vated eggs was quantified using light microscopy and a
volume equivalent to 175 eggs/fish was delivered to
tanks. An equivalent amount of unexposed mock inocu-
lum was added to the unexposed tanks. To maximize
the potential that fish would become infected, the vol-
ume of each tanks was lowered to 4.5L and the water
flow was shut off for 24 h, after which the flow was
returned. After exposure, recipient fish were mixed and
randomly separated into three 3-L tanks of
parasite-exposed (hereafter, exposed) fish (N =105, 35
fish/tank) and three 3-L tanks of parasite-unexposed
(hereafter, unexposed) fish (N =105, 35 fish/tank; Add-
itional file 1: Figure S1). Sex ratios were similar between
exposed (66 female, 35 male) and unexposed (71 female,
33 male) groups (numbers do not sum to 105 due to
mortality, ambiguous sex, and sample removal due to a
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low number of sequences). The length of fish between
exposed and unexposed groups was also similar (mean
unexposed 26.39 mm, standard deviation unexposed
1.36, mean exposed 25.97 mm, standard deviation exposed
2.25; Additional file 2).

Fish were progressively evaluated at 0, 7, 10, 21, 30,
43, 59, and 86 days post-initial exposure (dpe). These
time points were selected as our prior unpublished work
indicated that important histological and microbiologic
changes occur at or near these times. Eighteen hours be-
fore necropsy, 15 negative control fish (N =5/tank) and
15 P. tomentosa-exposed (N =5/tank) fish were isolated
and individually housed in 1.8-L tanks for fecal collec-
tion. Stool was collected using a new 5-ml sterile trans-
fer pipet from each tank stored at — 20 °C until processing.
Nitrile gloves were worn during fecal collection and were
changed between exposure groups. With the exception of
the pre-exposure time point (day 0), all fish were eutha-
nized by rapid chilling in iced water (2—4 °C) immediately
after fecal collection. Fish were subsequently weighed and
measured from snout to tail, and their intestines removed
for parasitological and histopathological analysis using
70% ethanol-sterilized instruments. Condition factor was
calculated using the equation K = (weight x 100)/length? as
previously described [18]. Day zero animals were returned
to their source tank after fecal samples were collected.

To identify variables that may be associated with weight
or condition factor, a stepwise regression (R, MASS
v7.3.48; [19]) was calculated using the base formulae:

Weight = 8, + B, (sex) + 8, (exposure) + f3;(total burden)
+ f, (histopathology score)

+S;(length) + B, (sex : exposure)

Condition factor = 8, + S, (sex) + B, (exposure) + f;(total burden)
+ f3,(histopathology score)

+f¢(sex : exposure)

The stepwise search was performed in both directions,
and the final formula generated was used to calculate a
linear regression for the response and optimal parameter
set (R v3.3.2; [20]). The impact of sex on parasite burden
in the exposed fish was evaluated using a Wilcoxon rank
sum test in R.

Microscopic analysis

Following euthanasia, the abdomen of each fish was
opened and the entire intestine was removed. Wet mounts
were prepared from each intestine by placing the intestine
on a glass slide with a 25 x 60 mm coverslip, and the entire
intestine was examined with a compound microscope
(Leica DMLB, Wetzlar, Germany) at x 200 to quantify the
number of total live worms, mature female worms, and
dead worms present. After examination, each intestine
was preserved in Dietrich’s fixative, processed for
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histology, and stained with hematoxylin and eosin using
our standard protocol [21].

Pathological changes were scored by a pathologist (M.K.)
based on examination of tissues from each intestine. Fol-
lowing our previous study [22], two broad categories,
inflammation and hyperplastic changes, were scored in
zebrafish intestines. A total histopathology score, which
is the sum of the inflammation and hyperplasia scores,
was also calculated. A description of our scoring cri-
teria follows.

Hyperplasia

Normal intestine (score 0)—nuclei are basal, lymphocytes
are uncommon within the epithelium, and goblet cells
were frequently observed. Mild hyperplasia (score 1)—
changes are mild or equivocal, and there is some increase
in basal-located nuclei within the mucosal epithelium.
Moderate hyperplasia (score 2)—the mucosal epithelium
is diffusely thickened, and there are numerous intraepithe-
lial leukocytes composed primarily of lymphocytes and
rodlet cells. Severe hyperplasia (score 3)—the layer of basi-
lar nuclei is severely thickened and often extends to near
the brush border in some locations, and the mucosal epi-
thelium is markedly thickened at the bases of intestinal
folds and bulges into the muscularis. This score (hyperpla-
sia score 3) also includes dysplasia, in which proliferating
enterocytes lose their polarity and are poorly organized.
Neoplasia (also included in score 3)—small cell carcin-
omas, with neoplastic enterocytes invading through the
lamina propria and tunica muscularis. As only two fish ex-
hibited this change, they were included with the hyperpla-
sia 3 for statistical analyses.

Inflammation

While there was an increase in intraepithelial leukocytes
within the epithelium of intestines exhibiting hyperpla-
sia, we confine the inflammation category to chronic
inflammation of the lamina propria because migration
of leukocytes through the epithelium can be a transient,
physiological phenomenon. Mild inflammation (score
1)—detectable increase in cellularity of lamina propria
due to increased inflammation. Moderate inflammation
(score 2)—multifocal regions of increased cellularity of the
lamina propria, with localized and clear separation of the
epithelial crypts from the tunica muscularis. Severe in-
flammation (score 3)—similar to 2, except more extensive
and diffuse, in which most of the epithelium is clearly sep-
arated from the tunica muscularis by inflammation.

16S amplicon library preparation and sequencing

Isolation of microbial DNA from fecal samples was per-
formed using the MoBio PowerSoil® DNA isolation kit
(MOBIO, Carlsbad, CA, USA) following the manufacturer’s
protocol. An additional 10-min incubation at 65 °C before
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bead beating (0.7-mm garnet beads) was added to facili-
tate cellular lysis. Immediately following this incubation,
the samples underwent bead beating on the highest setting
for 20 min using Vortex Genie 2 (Fisher, Hampton, NH,
USA) and a 24 sample vortex adaptor (MOBIO). One
microliter of DNA was then used as input into triplicate
PCR reactions, and the remaining DNA stored at — 20 °C.
Amplification of the V4 region of the 16S rRNA was per-
formed as previously described using the 515f and 806r
primers [23, 24]. To ensure proper amplification, ampli-
cons were visualized using gel electrophoresis (1% agarose
gel) and quantified using the Qubit® HS kit (Life Tech-
nologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. A total of 200 ng of amplicon library
was pooled and then cleaned using the UltraClean® PCR
clean-up kit (MOBIO) and diluted to a concentration of
10 nM. The final pooled and cleaned product was submit-
ted to the Oregon State University Center for Genome Re-
search and Biocomputing (CGRB) for cluster generation
and 250-bp paired-end sequencing on an Illumina MiSeq
instrument. This generated ~ 9 million 250-bp paired-end
sequences from a total of 244 samples. Due to poor qual-
ity scores on the reverse reads, only forward reads were
input into DADA?2 [25] for quality filtering (truncLen =
240, maxEE = 1, truncQ = 11, rm.phix = TRUE), sequence
variant calling, chimera filtering (method = “consensus”)
and taxonomic assignment against the Silva reference
database (v128) [26].

Microbial community diversity analyses

The sequence variant table generated using DADA2 was
imported into R (version 3.3.2) and rarefied to a read
depth 5000 counts (using R, vegan v2.4.6) to produce a
sequence variant table that contained 4129 sequence
variants (Additional file 3). Two zebrafish fecal samples
were filtered during rarefaction as they had fewer than
5000 total counts. All downstream analyses were con-
ducted with this rarefied sequence variant table. Alpha-
diversity was assessed using Shannon entropy (R, vegan).
Stepwise regression was calculated to determine the set
of variables that best explained the variance in Shannon
entropy. The base formula used for this analysis was as
follows:

Shannon = f, + 3, (dpe) + B, (exposure) + B;(total burden)
+ B, (histopathology score)
+p5(condition factor) + S (dpe : exposure)

The stepwise search was performed in both directions,
and a linear regression was calculated for the best set of
predictors.

Bray-Curtis dissimilarity was quantified using vegan and
ordinated and visualized using non-metric multidimen-
sional scaling (NMDS). Kendall rank correlations between
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NMDS dimensions and worm burden and histopathology
were calculated using R. To identify host and parasite fac-
tors that may contribute to community structure, we
used permutational multivariate analysis of variance
(PERMANOVA, R vegan) with 5000 permutations. Days
post exposure, exposure status, sex, total worm burden,
condition factor, total histopathology, and tank, as well as
the interaction between days post exposure and exposure
status, were used as parameters in this model. The p
values for the coefficients of this model were corrected
using Holm’s method. Beta-dispersion for the exposed and
unexposed fish was also calculated using the vegan pack-
age with default parameters. An ANOVA was used to de-
termine if there were significant differences in dispersion
between groups.

Generalized linear models and generalized linear mixed
effect models

Associations between total parasite burden (burden) and
genera abundance (Additional file 4) were quantified
using negative binomial generalized linear models (R,
MASS v 7.3.48). The negative binomial distribution was
deemed appropriate as (1) negative binomial distributions
of parasite burden are commonly observed in nature [27],
(2) our previous work indicates that P. tomentosa burden
distributions are appropriately modeled by the negative bi-
nomial distribution [28], and (3) parasite burden in the
present study was overdispersed (¢*/u = 9.2; Additional file 5:
Figure S2A). A single baseline model was constructed to
quantify the association between burden, exposure status,
and days post exposure:

Burden = f3, + 3, (exposure) + 3, (dpe) + ¢ (1)

An additional model was then constructed for each
genus that incorporated a genus abundance parameter
in addition to exposure status and days post exposure:

Burden = j3, + 5, (genus abundance) (2)
B, (exposure) + B, (dpe) + &

We used the Akaike information criterion (AIC; R,
bbmle v 1.0.20) to select the best-fit model for each
genus. Genera for which the baseline model was found
to be the best fit were discarded. False discovery rate of
coefficients (excluding the intercept) was controlled
using the qvalue package in R (qvalue v 2.6.0; [29]).
Only genera with a prevalence of >10% were consid-
ered for downstream visualization.

To identify genera whose abundances were influenced
by parasite burden or histopathological changes that
accompany infection, we used zero-inflated negative
binomial generalized linear mixed effects models
(glmmTMB v 0.2.0 [30]). The glmmTMB package al-
lows the use of two negative binomial distributions in
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which the variance increases linearly or quadratically
with the mean. Rather than selecting one of these pro-
files, we fit the following model using both approxima-
tions of the negative binomial distribution:

Abundance ~ exposure + dpe + burden
-+ total histopathology score

The intercept of tanks (random effect) was allowed to
vary as previous work has indicated that co-housing
may influence microbial community composition [31].
For each model, a single zero-inflation parameter was
applied to all observations (i.e., ziformula = ~ 1). Fit AIC
was calculated as above, and the model that both con-
verged and had the lowest AIC was selected as the best fit.
False discovery rate was calculated as above for all p values
of fixed effects (excluding the intercept). Genera with
prevalence in fish >10% were used in downstream
visualization.

Machine learning to predict exposure, parasite burden,
and histopathology

Random forest analysis (R, randomForest v4.6.12; [32])
determined if microbial abundance predicts P. tomentosa
exposure, burden, or resulting pathology scores. Before
building classification trees, the genera abundance table
was filtered to exclude genera present in < 10% of fish. A
total of 10,000 trees were grown for the classifier, and
the default formula (/p, where p is the number of gen-
era) was used to calculate the number of variables to
sample at each split. Sampling was conducted with re-
placement and a minimum terminal node size of one.
During forest construction, variable importance was also
calculated (importance = TRUE, nPerm = 1) and the mean
decrease in accuracy across all classes was reported. To
test the robustness of the classifier to study effects, we
predicted the exposure status of a pilot dataset containing
65 P. tomentosa-exposed 5D line zebrafish (Additional file
6). Sensitivity was calculated as true positives (true posi-
tives/false negatives).

Phylogenetic assessment of Mycoplasma spp.

A phylogeny of Mycoplasma spp. 16S rRNA sequences
was constructed from all full-length Mycoplasma spp.
16S rRNA sequences in SILVA’s All-Species Living Tree
Project [26], a Mycoplasma sp. sequence described by
Burns et al. [22], and experimentally obtained samples
from zebrafish in this study. To ensure equitable lengths
of 16S sequences, we first trimmed the ARB-aligned
SILVA Mycoplasma spp. sequences to the V4 in silico
using aligned 515F and 806R universal 16S rRNA primer
sequences as bounding markers of this region. Myco-
plasma spp. sequences from SILVA, Burns et al., and
our experimental sequences were aligned with NAST
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aligner using the mothur [33] (v 1.39.3) commands
align.seqs (options: flip=TRUE) and filter.seqs (op-
tions: vertical = T). The SILVA-aligned E.coli was used
as the profile alignment for reference. A de novo phylo-
genetic tree consisting of 122 tips was constructed from
the V4 reads using FastTree (v 2.1.10, options —nt —gtr).

Results

P. tomentosa infection induces progressive weight loss
and gut lesions

To quantify the impact of P. tomentosa infection in zebra-
fish, we followed the progressive impacts of the infection
on parasite burden, weight loss, and gut pathology in 105
exposed and 105 unexposed fish. Worm burden was first
observed at 7 dpe (Fig. 1b) and peaked at 30 dpe. Early
time points were dominated by larval and immature
worms (Additional file 5: Figure S2B, Additional file 7:
Figure S3A, B), which declined in abundance beginning
at 43 dpe. Sexually mature female worms with eggs
(Additional file 7: Figure S3C, E) were observed begin-
ning at 30 dpe and were consistently found throughout
the remainder of the study (Additional file 5: Figure
S2C). Parasite prevalence increased from 47% at 7 dpe
to a peak of 93% at 43 dpe before falling slightly to ~
83% for the remainder of the study (Additional file 5:
Figure S2E). Interestingly, despite high prevalence and
robust burden, P. tomentosa resulted in infrequent mortal-
ity (1 of 105) during the experiment. Consistent with our
previous work [28], sex did not significantly influence para-
site burden (Wilcoxon rank sum, p = 0.41; Additional file 5:
Figure S2D, F).

Profound weight loss and emaciation is a common
sign of severe P. tomentosa infection. Exposed fish de-
clined in weight and condition factor, a length normal-
ized measure of weight, as compared to unexposed
controls following peak burden (Fig. 1¢, Additional file 8:
Figure S4). These differences were consistent across male
and female fish, indicating that P. tomentosa infection ef-
fects weight loss in both sexes similarly (Additional file 8:
Figure S4). However, this decrease was highly variable
across individuals, which indicates that additional factors
may impact weight loss in exposed fish. Stepwise multiple
linear regression uncovered the set of experimental factors
that best predicts and possibly influences fish weight. The
optimal regression included the factors sex, histopathology
score, and length (mm) (F3, 500 = 103.3, p<2.2 x 1076,
R*=0.60). Sex and histopathology score had significant
negative slopes, but fish length had a significant posi-
tive slope (Additional file 9: Table S1). These findings
indicate that shorter male fish with more severe gut
damage tended to weigh less. Similar associations were
observed between histopathology, sex, and condition
factor (Additional file 10: Table S2).
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To elucidate the pathological effects of P. tomentosa
infection on the zebrafish gut, histopathological examin-
ation was conducted on intestines collected from zebra-
fish at each time point. Intestines were scored (0-3) for
both inflammation and hyperplasia (Fig. 2a, b). A total
histopathology score, which was the sum of the inflamma-
tion and hyperplasia scores (range 0-6), was also calcu-
lated (Fig. 2c). Throughout the infection, worms
were almost exclusively detected in the epithelium and
lumen and pathological changes were most often

confined to the lamina propria and epithelium. How-
ever, two fish exhibited chronic coelomitis (Add-
itional file 7: Figure S3F, G), with a worm in the coelom of
one fish, at 43 dpe, and two fish exhibited small cell car-
cinomas with neoplastic cells invading through the tu-
nica muscularis at 86 dpe.

Histopathological changes were only observed in ex-
posed animals, and the intestines of all unexposed animals
appear clinically normal (Fig. 3a). Early in the infection
(e.g., 7 and 10 dpe), pathological changes were observed in
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Fig. 3 Pathologic changes in fish infected with Pseudocapillaria
tomentosa. Hematoxylin and eosin stained sections of parasite
exposed and unexposed intestines (a-f). a A representative
unexposed, control fish with minimal cellularity in the lamina
propria and numerous goblet cells (arrows). b Intestine of a P.
tomentosa-exposed fish at 7 dpe exhibiting mild hyperplasia
(score 1) and containing numerous larval worms (arrows). ¢ An
exposed fish at 59 dpe exhibiting severe hyperplasia (score 3)
with increased basilar nuclei (E) extending to near the brush
border in some locations, numerous rodlet cells (arrows), and
expanded lamina propria (L) due to chronic inflammation. d
Chronic inflammation, inflammation score 3, with extensive
expansion of the lamina propria (L), largely dysplastic epithelium
(E), and loss of epithelial cell polarity (hyperplasia score 3) in an
exposed fish at 59 dpe. e Extensive flattening of epithelial folds
(E) and moderate expansion of lamina propria (L) due to chronic
inflammation (hyperplasia 3, inflammation 2) at 86 dpe. f A
carcinoma in an exposed fish at 86 dpe with neoplastic epithelial
cells proliferating in the lamina propria (L), invading through
tunica muscularis (M), and nests of neoplastic cells (S) present in
the serosa. Scale bars =50 um

many fish. However, the extent of severity at these time
points was mild (Fig. 3b), with only two exposed fish
scored higher than mild (score 1) for hyperplasia or in-
flammation. Worms were larger at 21 dpe than at earlier
time points, but no sexually mature females were ob-
served. Concurrent with increased worm size and number,
13% of exposed fish were scored with severe (score 3)
hyperplasia at 21 dpe. The extent of hyperplasia remained
elevated after 21 dpe, with severe hyperplasia manifesting
in several individuals at later time points (Fig. 3c). Begin-
ning at 21 dpe, the underlying lamina propria exhibited
mild to moderate chronic inflammation (Additional file 7:
Figure S3D). The extent of the inflammatory response in
the lamina propria increased until 43 dpe. It remained
similar at 59 dpe (Fig. 2b, Fig. 3d) but declined at 86 dpe.
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Despite decreases in worm burden at time points late in
infection, total histopathology score remained high largely
due to elevated levels of hyperplasia. In addition, some
of the most severe lesions were observed at later time
points. For example, two fish exhibited prominent flat-
tening of the intestinal folds, one at 43 and one at 86
dpe (Fig. 3e). At the final time point examined (i.e., 86
dpe), intestinal neoplasms were observed in two exposed
fish. This diagnosis was confirmed by the observation of
de-differentiated epithelial cells invading through the lam-
ina propria and tunica muscularis and into the serosa
(Fig. 3f).

Pseudocapillaria tomentosa infection associates with
altered microbiome diversity

To determine if parasite infection or the subsequent
histopathological changes in the gut influence microbiome
diversity, we calculated Shannon entropy in exposed and
unexposed fish. Parasite infection resulted in elevated
Shannon entropy at multiple time points when compared
to unexposed controls (Fig. 4a, Additional file 11: Figure
S5). We used stepwise linear regression to identify param-
eters that best explained the variation in Shannon entropy.
The optimal regression equation included the factors dpe,
exposure, parasite burden, and the interaction between
time and exposure (Fyo0; =11.83, R*=0.17, p=1.199 x
107%%). Of these parameters, dpe and exposure had signifi-
cant positive slopes (Additional file 12: Table S3). These
results indicated that Shannon entropy was elevated in ex-
posed animals and increased over time upon initiation of
infection. The interaction between exposure and time pro-
duced a significant negative slope, which indicates that
time’s effect on Shannon entropy differs between unex-
posed and exposed animals.

Exposure to P. tomentosa is also associated with al-
tered community structure of the zebrafish gut micro-
biome (Fig. 4b). Permutational multivariate analysis of
variance (PERMANOVA) indicated that microbial com-
munities were significantly stratified by exposure (F;,
log = 46.4, R*=0.16, p=1.6 x 107%%), days post exposure
(Fy, 108=15.6, R*=0.05, p=1.6x10"%), sex (Fy 105 =
3.1, R*=0.01, p =0.03), parasite burden (F;, 103 = 11.0,
R*=0.04, p = 1.6 x 107°%), condition factor (F1, 108 =4.7,
R*=0.02, p=5.6 x 107°), and histopathology score (F;,
10s = 4.8, R*=0.02, p=5.6 x 107%), as well as the inter-
action between exposure and days post exposure (Fp,
108 = 13.1, R* = 0.04, p = 1.6 x 107%%). Microbial commu-
nity diversity was not associated with tank (Fy 103 =1.2,
R*=0.004, p=0.28). Unexposed animals had signifi-
cantly elevated levels of beta-dispersion with regard to
the exposed animals (F;, 335=4.6, p =0.03). We next
asked if parasite burden or infection-induced histopath-
ology was associated with the dispersion observed along
the primary axis in an MDS analysis (MDS1), as it
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visually appeared that this axis best stratified the ex-
posed and unexposed animals. Both histopathology (r
=041, p=1.7 x 1074 Fig. 4c, d) and total parasite bur-
den (7=0.38, p=2.9 x 10°'%; Fig. 4e, f) are significantly
associated with MDS1. Together, these data suggest
that the microbiome might contribute to P. tomentosa
success and subsequent infection-associated pathologies.

The abundance of gut taxa predicts parasite burden

To elucidate the potential interactions between intestinal
parasites and the zebrafish gut microbiome, we quanti-
fied how the relative abundance of specific gut taxa co-
varied with intestinal parasite burden over time, wherein
statistical associations between parasite burden and
microbiota relative abundance implicate their inter-
action in the gut. Briefly, a baseline negative binomial
generalized linear model with only exposure and days
post exposure variables was constructed. A second model
that included genus abundance, exposure, and days post
exposure was then constructed for each genus individually.
The Akaike information criterion was used to select the

best-fit model for each genus. We found numerous associ-
ations between microbial abundance and parasite burden
(Fig. 5, Additional file 13). The significant negative slopes
for the abundance of members of the genera Plesiomonas,
Shewanella, and Cetobacterium indicate that the abun-
dance of these taxa negatively associates with parasite bur-
den. Conversely, significant positive slopes were observed
for the majority (186 of 198) of genera examined, includ-
ing the abundant genera Pseudomonas and Pelomonas,
which reveal that their abundance increases as parasite
burden increases.

Notably, we observed a significant positive slope of
abundance for the genus Mycoplasma, which previously
has been associated with hyperplastic and neoplastic le-
sions in the intestine of zebrafish [22]. Several of the 16S
sequence variants that corresponded to the genus Myco-
plasma in our study formed a monophyletic clade with
the Mycoplasma sequence variant previously associated
with hyperplastic lesions (i.e., the Burns et al. sequence,
Additional file 14: Figure S6). The combined abundance
of this clade was also elevated in exposed animals (W=
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8128, p =0.03; Additional file 15: Figure S7A) and was
associated with intestinal hyperplasia score (r=0.21, p =
3.0 x 107°%). Similarly, the summed abundance of all the
sequence variants corresponding to the genus Myco-
plasma was also elevated in exposed animals (W = 8297,
p =0.01; Additional file 15: Figure S7B) and correlated
with intestinal hyperplasia score (7= 0.21, p = 3.3 x 107°%).

To clarify how changes in the gut microenvironment
(i.e., parasite infection) influence microbial communities
in the gut, we used negative binomial generalized linear
models to quantify the impacts of parasite exposure,
burden, histopathology, and time on each genus. The
abundance of several taxa is significantly associated with
parasite exposure, time, and severity of infection (Fig. 6,
Additional file 16). The highly prevalent genus Plesiomo-
nas had significantly negative slopes for exposure, time,
and parasite burden, indicating that the abundance of
this genus is lower in exposed animals and decreases as
parasite burden increases. Similarly, the genus Fusobac-
terium also had significant negative slopes for exposure;
however, the slope of histopathology score and burden
was significantly positive. This finding indicates that
while the abundance of these taxa was lower in exposed
animals overall, their abundance increases as histopath-
ology score and burden increases. Conversely, the slope
of exposure for the genus Pelomonas was strongly posi-
tive, indicating this taxon may be able to better inhabit
the parasitized intestine. However, significant negative
slopes were observed for histopathology, suggesting that
increasing pathology in the gut during infection associ-
ates with decreased abundance of this taxon. Several
other taxa, including the highly abundant genus Aeromo-
nas, exhibited similar patterns of association with expos-
ure, which indicates these genera are also increased in
exposed animals. Together these data showed that P.
tomentosa exposure associates with altered abundance of
specific microbial taxa, and that this may be due, in part,
to histopathological changes in the gut that occur during
infection.

Microbiome composition distinguishes parasite exposure

Given the associations between microbial abundance
and parasite burden we observed above, we next asked if
microbial abundance as measured in stool predicts an
individual’s exposure to P. tomentosa using machine
learning with random forest analysis. Briefly, a random
forest classifier was built for exposure status using gen-
era with a prevalence > 10% as predictors. The resulting
classifier accurately predicted exposure status with an
out-of-bag error rate of 10.1%. Consistent with the re-
sults of the regression analysis, the genera Plesiomonas,
Pseudomonas, Pelomonas, Ensifer, and Undibacterium
were the variables with highest importance (i.e., highest
mean decrease in accuracy; Additional file 17: Figure S8)
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indicating that removal of these taxa for our classifier re-
sulted in the greatest decrease in the accuracy of
classification.

While the random forest classifier performed well on
our data set, we questioned whether the information in
the classifier was pertinent for diagnosing exposure sta-
tus in new data. To obtain insight into the robustness of
the classifier, we predicted exposure status of zebrafish
from an independent, unpublished study. All individuals
in this study were exposed to and infected with P.
tomentosa; thus, if our classifier performed similarly on
this dataset, we would expect it to predict ~ 59 of these
fish had been exposed to the parasite (i.e., 10% error).
Our classifier predicted that 63 of the 65 fish from this
cohort were exposed to the pathogen, which corresponds
to a sensitivity of ~ 97%. Collectively, these results suggest
that passive microbiome sampling (ie., collecting fecal
samples from zebrafish tanks) may robustly and accurately
predict exposure to P. tomentosa without the need for de-
structive techniques.

Discussion

A growing body of evidence suggests that the gastro-
intestinal microbiome mediates parasitic infections and
their impact on host physiology [14, 34—36]. Microbiota
that interacts with intestinal helminths represents puta-
tive resources for the treatment, prevention, and diagno-
sis of parasitic infections. Such resources are especially
important to identify given the global and rapid rise of
anthelmintic drug resistance [6, 37]. Yet, relatively little
investigation of the gut microbiome-parasite dynamic
has been conducted [38-41]. This study represents, to
our knowledge, the most extensive longitudinal assess-
ment of host-parasite-microbiome dynamics to date. By
applying robust regression approaches, we identified as-
sociations between parasite burden, infection associated
pathologies, and host gut microbiome composition, which
suggests that microbiome taxa might inhibit or enhance
parasite success in the gut. Finally, we used machine
learning to develop a diagnostic algorithm, based on our
novel non-destructive sampling methodology that is able
to predict P. tomentosa exposure status in zebrafish.

We find that the infection results in restructuring of
the gut microbiome and that the gut microbiome diver-
sifies in association with parasitic burden and severity of
histopathology. Analogous studies in mammals found
similar, though inconsistent, changes in the gut micro-
biome upon infection by helminths [14], wherein infec-
tion associates with increases in alpha-diversity in some
studies [10] and decreases in others [11, 42]. Additionally,
specific alterations in microbial taxonomic abundance
after experimental infection with Trichuris suis [35], T.
muris [42], and Heligmosomoides bakeri [43] have been
reported. Unlike prior work, our study design enabled
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(See figure on previous page.)

Fig. 6 Microbial abundance is associated with parasite burden and histopathology. A heat map of coefficients from converged zero-inflated
negative binomial generalized linear mixed effects models with lowest AIC. The color of each cell represents the direction of the slope (red is
negative, blue is positive). Gray colored cells indicate that a model without an interaction parameter was selected as it had the lowest AIC. An

asterisk in a cell indicates g < 0.15

consideration of how the microbiome varies over the
course of parasitic infection and included comparisons
with histopathological changes. In zebrafish, exposure
is associated with increased microbial alpha-diversity
and altered beta-diversity, which indicates that infec-
tion with P. tomentosa results in a restructuring of the
gut microbiome. Increased alpha-diversity has been as-
sociated with intestinal helminth infection and has been
hypothesized to be due to altered gut immune environ-
ment in infected individuals [10, 39]. Concordantly,
prominent inflammation and hyperplasia in the gut of
exposed fish corresponded with maximal alpha-diversity.
We cannot, however, rule out possible confounding fac-
tors including the contribution of the parasite’s micro-
biome or the inoculum’s microbiome in our experiments.
We also observed significant elevation of beta-dispersion
in unexposed fish and associations between days post ex-
posure and microbiome beta-diversity. While the cause of
this variation is unclear, it is notable that there are two
distinct clusters of unexposed fish (cluster 1 comprising
days 10, 21, 30, 43 dpe and cluster 2 comprising days 0, 7,
59, 86 dpe) raising the possibility that these changes repre-
sent enterotype switching [44, 45]. However, we cannot
exclude other possible contributors to this variation such
as aging [46], random drift, or unmeasured changes in the
fish’s external environment. Moreover, as we focus primar-
ily on associations between the microbiome and parasite
burden and intestinal pathology, it is unlikely that this
variation would significantly impact the interpretation of
our results.

We also observed variation in parasite burden and the
extent of intestinal pathology scores across individuals
throughout infection. While several factors could con-
tribute to this variation, we consider that the compos-
ition of the gut microbiome may be important in
determining the colonization efficiency and pathogen-
icity of helminth parasites. In Drosophilia neotestacea, a
maternally transmitted bacterium protects the fly from
the helminth parasite Howardula aoronymphium [36].
Similarly, Lactobacillus casei and Bifidobacterium ani-
malis reduce Trichuris spiralis [47] and Strongyloides
venezuelensis [48] burden in mice, respectively. Relat-
edly, T. muris requires the intestinal microbiome to es-
tablish infections in mice [34] and germ-free mice
infected with H. bakeri harbor fewer worms than conven-
tionally raised animals [49]. Using a regression modeling
approach, we identified both positive and negative correla-
tions between worm burden and the abundance of specific

genera. These results suggest that interactions that either
promote or prohibit infection may exist between micro-
biota and parasitic infection or development in the zebra-
fish gut. These observations may extend from several
possibilities: (1) specific taxa promote or disrupt para-
site colonization, growth and development [34, 47, 48],
(2) some taxa may be better adapted to the altered gut
microenvironment during infection (e.g., inflammation)
and concordantly increase in abundance [50], (3) the
parasite either opens niche space for microbial taxa to dif-
ferentially colonize or destroys niche space of resident
bacteria, or (4) the composition of the parasite’s own
microbiome varies over the course of infection. Changes
in appetite or frequent coprophagy in exposed fish may
also influence some of the patterns observed here. Fur-
ther investigation that determines if these correlations
reflect causal relationships between microbial abun-
dance in the gut microbiome and P. tomentosa infectiv-
ity or fecundity is important because, if causative, these
associations would represent therapeutic targets for the
treatment or prevention of helminth infection.
Throughout this experiment, we observed increasing
hyperplasia in the gut epithelium and, at the terminal
time point, identified neoplasms. These observations are
consistent with a previous work that found infected
zebrafish infected with P. tomentosa and exposed to a
low dose of the carcinogen dimethylbenze[a]antracene
had higher incidence of gastrointestinal tumors than
similarly exposed fish that were not infected [17]. How-
ever, in conducting a large retrospective study of cases of
neoplasms from the Zebrafish International Resource
Center (https://zebrafish.org/), we found that neoplasms
occurred in many laboratories with no history of P.
tomentosa infections [51]. These results indicate there
likely exist other causes of zebrafish intestinal neoplasms.
An emerging hypothesis posits that these lesions are
caused by Mycoplasma spp. [22]. Mycoplasma spp. associ-
ate with genetic instability and oncogenesis in cell culture
[52] and neoplastic lesions in zebrafish [22]. In our study,
the genus Mycoplasma was increased in P. tomentosa-ex-
posed fish and correlated with hyperplasia. Importantly,
the Mycoplasma spp. sequence variants from our study
were closely related to those associated with neoplasms
[22]. We observed aggressive, unequivocal tumors at 3
months after exposure to P. tomentosa. While prevalence
of neoplasms was low in our study (2 of 30 fish examined
at 86 dpe), this was similar to the prevalence reported by
Burns et al. at 8-10months after Mycoplasma spp.
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exposure. Given the association between P. tomentosa in-
fection and neoplasms [17], we speculate that Myco-
plasma spp. may be the underlying initiator of these
tumors and that the worm, through its associated prolifer-
ative changes, acts as a potent promoter. This may be the
case with other helminths that are associated with cancers
in humans [53]. However, while we did find associations
between hyperplasia and Mycoplasma spp. abundance,
these correlations were relatively modest; thus, we cannot
rule out the contribution of other bacteria such as Pseudo-
monas spp. [54] or host innate immune responses [55] in
the development of these neoplasms. Regardless of the
specific causative agent, this study highlights the potential
of zebrafish as a model for spontaneous bacterially in-
duced tumorigenesis in the gut.

One of the goals of clinical microbiome research is to
develop microbiome-based diagnostics of disease. Current
diagnostic procedures for P. tomentosa involve euthaniz-
ing several individuals from a zebrafish colony and visually
examining the intestine for evidence of parasite infection.
Although effective, non-destructive diagnostics are con-
sidered preferable as they reduce animal use. Machine
learning has previously been used to classify disease risk
based on the microbiome [56]. Following this work, we
built a random forest classifier that identified fish exposed
to P. tomentosa with high accuracy. Importantly, this clas-
sifier performed equally well on a small-unpublished data-
set indicating that it is robust to study effects. However,
given the variability of zebrafish gut microbiomes across
facility and strain [57], data from additional zebrafish facil-
ities and strains may be needed to optimize the accuracy
of this classifier. In addition, it is unclear if the parameters
that influence the model are uniquely diagnostic of P.
tomentosa or rather diagnostic of a disturbed gut micro-
environment. For example, the genera Plesiomonas and
Pseudomonas were both highly important variables in our
classifier. In this study, the abundance of Plesiomonas was
decreased and the abundance of Pseudomonas was in-
creased in exposed animals relative to unexposed controls.
We have previously observed increased Pseudomonas and
decreased Plesiomonas in antimicrobial exposed fish [58]
suggesting that this pattern may be an indicator of dis-
turbed guts rather than parasite infection specifically. A
more general classifier of disturbed guts may, in fact, be
more useful as this could help identify specific tanks of
zebrafish that are unlikely to be suitable for experimenta-
tion. Future work should determine the specificity of this
classifier in the context of multiple diverse exposures.

It is also critical that future work strives to determine
if the perturbation of the gut microbiome by P. tomen-
tosa affects zebrafish physiology and other health parame-
ters. P. tomentosa is a frequent parasite found in zebrafish
research facilities, and thus challenges the maintenance
of functional experimental animal colonies. In addition
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to directly endangering animal health, P. tomentosa in-
fections may introduce potential confounding experimen-
tal results, especially in the case where the infection is
cryptic [15]. Given that disruption of the zebrafish gut
microbiome is linked to altered host physiology [59-62],
behavior [63], and disease [64, 65], it is possible that the
effect of P. tomentosa infection on host physiology is
driven in part due to changes in the microbiome. We
found that infection resulted in restructuring of the micro-
biome that persisted over the duration of the experiment,
even as burden decreased during later time points. How-
ever, because infection was never cleared in these fish, the
resilience of the microbiome upon resolution of parasite
infection either naturally or through treatment [66] re-
mains unclear. If the microbiome remains permanently al-
tered following infection, these fish may be unsuitable for
subsequent investigations.

The use of zebrafish as a model of host-microbiome
interactions is increasing. However, the zebrafish gut
microbiome is taxonomically distinct from that of mam-
mals [57, 67-69]. Despite these taxonomic differences,
substantial evidence exists indicating that mammal and
zebrafish microbiomes share functional similarities and
conserved responses to perturbation. For example, zeb-
rafish were used to demonstrate that a bacterial protein
found in the guts of fish induces the expansion of pan-
creatic B cells during development [70]. Although the
zebrafish taxa that encode these genes are not prevalent
in the human gut microbiome, homologs of this protein
that are expected to perform similar functions are found
in human microbiomes. The microbiomes of zebrafish
and humans also respond similarly to various stimuli in-
cluding increasing levels of dietary fat [71, 72] and toxicant
exposure [58, 73]. In addition, mammalian microbes can
colonize the zebrafish gut and vice versa [74, 75] and these
microbes elicit similar immune responses in both fish and
mammals [76]. Collectively, these studies indicate that
while the precise taxonomic changes may vary between
fish, humans, and other mammals, the functional out-
comes may remain largely consistent. Thus, while exact
taxonomic associations observed in this study may not
manifest in mammalian systems, there may exist analo-
gous interactions that do. Moreover, if any of the associa-
tions observed in this study are driven by microbial
production of compounds that inhibit helminth growth,
then we may be able to use these compounds to treat hel-
minth infection across a broad range of hosts. Concor-
dantly, several broad-spectrum anthelmintic compounds
have been isolated from host-associated and free-living
microbes [77-80]. Ongoing work in our group aims to un-
cover the molecular mechanisms underpinning the asso-
ciations described herein with the ultimate goal of
identifying novel broad-spectrum anthelmintic com-
pounds that can promote human and animal health.
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Conclusions

Collectively, these experiments demonstrate that infection
with P. tomentosa alters the zebrafish gut microbiome and
uncovered microbial taxa that might influence parasite
success and virulence in the gut. Our work also establishes
the utility of the microbiome as a potential diagnostic for
P. tomentosa exposure. Although it is unlikely that any
specific results (i.e., altered taxa) can be broadly gener-
alized to other intestinal helminth infections, we may
be able to use zebrafish to answer fundamental questions
about how parasites, associated pathological changes, hosts,
and the gut microbiome interact. Future work will clarify
the directionality of associations between the microbiome,
parasite success, and pathology.

Additional files

Additional file 1: Figure S1. Parasite exposure. A diagram of the
methodology used to expose fish to parasite or mock inoculum.
(PDF 10870 kb)

Additional file 2: Table S4. Microbiome sample metadata table (XLSX
54 kb)

Additional file 3: Tab delimited rarefied sequence variant abundance
table (TXT 1959 kb)

Additional file 4: Tab delimited genus abundance table (TXT 282 kb)

Additional file 5: Figure S2. Parasite burden across time. A) A histogram
of total worm burden in exposed fish. B) Total immature worm burden by
wet mount C) Total mature worm burden by wet mount. D) Total worm
burden by wet mount in male and female fish. E) Parasite prevalence in
exposed animals by day. F) Total worm count by histology in male and
female zebrafish. (PDF 63 kb)

Additional file 6: Supplemental text. (DOCX 149 kb)

Additional file 7: Figure S3. Microscopic examination of P. tomentosa
infected intestines. Wet mounts (A-C) of and histological sections (D-G) of
P. tomentosa infected zebrafish intestines. A) Larval worms (arrows) in
intestine at 7 dpe. B) Immature worms at 21 dpe (bar =100 um). C)
Adult female and free eggs (arrows) at 43 dpe (bar = 100 um). D) Structures
consistent with apoptotic bodies (A) and rodlet cells (arrow) observed in
epithelium. E) Sexually mature female worms and free eggs (arrows) in
intestine at 43 dpe (bar =25 um). F) Coelomitis (arrows), with chronic
inflammation in the serosal lining and G) worms in a fish at 43 dpe.
Scale bars =50 um unless otherwise indicated. (PDF 28169 kb)

Additional file 8: Figure S4. Parasite exposure associated with decrease
in weight and condition factor if zebrafish. A) Weight of P. tomentosa exposed
(red boxes) and unexposed (blue boxes) zebrafish. B) Condition factor of P.
tomentosa exposed and unexposed zebrafish. Plots are split to demonstrate
the impact of exposure on female (F) and male (M) fish. (PDF 46 kb)

Additional file 9: Table S1. Coefficients table for weight linear regression
(XLSX 36 kb)

Additional file 10: Table S2. Coefficients table for condition factor linear
regression (XLSX 32 kb)

Additional file 11: Figure S5. Temporal variation in microbiome
diversity in exposed and unexposed fish. Nonmetric multidimensional
scaling plots of A) unexposed and B) exposed zebrafish gut microbiomes
colored by days post exposure. (PDF 42 kb)

Additional file 12: Table S3. Coefficients table for Shannon entropy linear
regression (XLSX 35 kb)

Additional file 13: Coefficients table for burden generalized linear
models (TXT 56 kb)

Additional file 14: Figure S6. Mycoplasma spp. sequence variants are
closely related to sequence variants associated with gut tumors formation

Page 14 of 16

in zebrafish. A phylogenetic tree of sequence variants associated with the
genus Mycoplasma and Mycoplasma spp. 16S rRNA gene sequences from
the Silva database. Blue colored branches and labels indicate sequence
variants from the current study, and red branches and tip labels are from a
Mycoplasma sp. associated with tumorigenesis in zebrafish. (PDF 31 kb)

Additional file 15: Figure S7. Mycoplasma sequence variant abundance
is elevated in exposed animals. Boxplots of A) Mycoplasma spp. Burns et al.
clade members and B) the combined abundance of all Mycoplasma
sequence variants. Red dots represent the abundance in animals that
presented with neoplasms. (PDF 71 kb)

Additional file 16: Coefficients table for genus zero-inflated generalized
linear models (TXT 81 kb)

Additional file 17: Figure S8. Random forest variable importance. A
variable importance plot for the top 15 most important genera. Mean
decrease in accuracy is scaled by variable standard deviation. (PDF 32 kb)

Acknowledgements

The authors thank the members of the Oregon State University Center for
Genome Research and Biocomputing for technical assistance with sequencing
and maintenance of our computational infrastructure.

Funding

This study was supported in part by NIH ORIP 5 R24 OD010998 to MLK, NIH
NIAID R21 Al135641, National Council for Scientific and Technological
Development (CNPq 202030/2014-8) grant to MLM, National Sciences
Foundation Award #1557192 to TJS, National Institute of Environmental
Health Sciences supported Environmental Health Sciences Center P30
ES000210 and a pilot grant to TJS, and institutional funds to TJS.

Availability of data and materials

Additional data files including the sequence variant table, and genera abundance
table are available at the following URL: http:/files.cgrb.oregonstate.edu/
Sharpton_Lab/Papers/Gaulke_Microbiome_Journal_2018/. All code
generated during this analysis is available at the following URL: https://
github.com/chrisgaulke/pcap_2018/. The raw sequence files generated
during the current study are available at the NCBI Sequence Read
Archive (SRA) project numbers PRINA472413 and PRINA472775.

Authors’ contributions

CAG, TJS, MLK, and MLM conceived and designed the study. MLM, CAG, VW,
STS, and IRH conducted the experiments and contributed to the analysis
of results. CAG, TJS, MLK, MLM, and STS contributed to the preparation
and editing of the manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
The use of zebrafish in this study was approved by the Institutional Animal
Care and Use Committee at Oregon State University (permit number: 4800).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Department of Microbiology, Oregon State University, Corvallis, OR 97330,
USA. “AQUOS—Aquatic Organisms Health Laboratory, Aquaculture
Department, Federal University of Santa Catarina, Florianopolis, SC, Brazil.
*Department of Biomedical Sciences, Oregon State University, Corvallis, OR,
USA. 4Department of Statistics, Oregon State University, Corvallis, OR 97330,
USA.


https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
https://doi.org/10.1186/s40168-019-0622-9
http://files.cgrb.oregonstate.edu/Sharpton_Lab/Papers/Gaulke_Microbiome_Journal_2016/
http://files.cgrb.oregonstate.edu/Sharpton_Lab/Papers/Gaulke_Microbiome_Journal_2016/
https://github.com/chrisgaulke/pcap_2018
https://github.com/chrisgaulke/pcap_2018

Gaulke et al. Microbiome

(2019) 7:10

Received: 27 June 2018 Accepted: 8 January 2019
Published online: 24 January 2019

References

1.

20.

21,

22.

23.

24.

25.

Hotez PJ, Molyneux DH, Fenwick A, Kumaresan J, Sachs SE, Sachs JD, et al.
Control of neglected tropical diseases. N Engl J Med. 2007,357(10):1018-27.
Pullan RL, Smith JL, Jasrasaria R, Brooker SJ. Global numbers of infection and
disease burden of soil transmitted helminth infections in 2010. Parasit
Vectors. 2014;7:37.

Ojha SC, Jaide C, Jinawath N, Rotjanapan P, Baral P. Geohelminths: public
health significance. J Infect Dev Ctries. 2014;8(1):5-16.

Stephenson LS, Holland CV, Cooper ES. The public health significance of
Trichuris trichiura. Parasitology. 2000;121(S1):573-95.

Parija SC, Chidambaram M, Mandal J. Epidemiology and clinical features of
soil-transmitted helminths. Trop Parasitol. 2017,7:81-5.

Kaplan RM, Vidyashankar AN. An inconvenient truth: global worming and
anthelmintic resistance. Vet Parasitol. 2012;186:70-8.

Barber |, Wright HA. Effects of parasites on fish behaviour: interactions with
host physiology. Fish Physiol. 2005;24:109-49.

Anthony RM, Rutitzky LI, Urban JF, Stadecker MJ, Gause WC. Protective
immune mechanisms in helminth infection. Nat Rev Immunol. 2007;7(12):
975-87.

MacDonald AS, Araujo MI, Pearce EJ. Immunology of parasitic helminth
infections. Infect. Immun. 2002;70:427-33.

Lee SC, Tang MS, Lim YAL, Choy SH, Kurtz ZD, Cox LM, et al. Helminth
colonization is associated with increased diversity of the gut microbiota.
PLoS Negl Trop Dis. 2014;8:¢2880.

Cooper P, Walker AW, Reyes J, Chico M, Salter SJ, Vaca M, et al. Patent
human infections with the whipworm, Trichuris trichiura, are not associated
with alterations in the faecal microbiota. PLoS One. 2013:8(5):e288.
Kreisinger J, Bastien G, Hauffe HC, Marchesi J, Perkins SE. Interactions
between multiple helminths and the gut microbiota in wild rodents. Philos
Trans R Soc B Biol Sci. 2015;370:20140295.

Ramanan D, Bowcutt R, Lee SC, Tang MS, Kurtz ZD, Ding Y, et al. Helminth
infection promotes colonization resistance via type 2 immunity. Science.
2016;352:608-12.

Zaiss MM, Harris NL. Interactions between the intestinal microbiome and
helminth parasites. Parasite Immunol. 2016;38:5-11.

Kent ML, Harper C, Wolf JC. Documented and potential research impacts of
subclinical diseases in zebrafish. ILAR J. 2012;53:126-34.

Van Megen H, Van Den Elsen S, Holterman M, Karssen G, Mooyman P,
Bongers T, et al. A phylogenetic tree of nematodes based on about 1200
full-length small subunit ribosomal DNA sequences. Nematology. 2009;11:
927-50.

Kent ML, Bishop-Stewart JK, Matthews JL, Spitsbergen JM. Pseudocapillaria
tomentosa, a nematode pathogen, and associated neoplasms of zebrafish
(Danio rerio) kept in research colonies. Comp Med. 2002;52:354-8.

Siccardi AJ, Garris HW, Jones WT, Moseley DB, D'Abramo LR, Watts SA.
Growth and survival of zebrafish (Danio rerio) fed different commercial and
laboratory diets. Zebrafish. 2009;6:275-80.

Venables WN, Ripley BD. Modern applied statistics with S. 4th ed. New York:
Springer; 2002.

R Development Core Team R. R: a language and environment for statistical
computing. R found. Stat. Comput. 2011.

Spagnoli S, Sanders J, Watral V, Kent ML. Pseudoloma neurophilia infection
combined with gamma irradiation causes increased mortality in adult
zebrafish (Danio rerio) compared to infection or irradiation alone: new
implications for studies involving immunosuppression. Zebrafish. 2016;
13(S1):5107-14.

Burns AR, Watral V, Sichel S, Spagnoli S, Banse AV, Mittge E, et al. Transmission
of a common intestinal neoplasm in zebrafish by cohabitation. J Fish Dis. 2018;
41:569-79.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh
PJ, et al. Global patterns of 165 rRNA diversity at a depth of millions of
sequences per sample. Proc Natl Acad Sci U S A. 2011;1084516-22.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al.
Ultra-high-throughput microbial community analysis on the lllumina HiSeq
and MiSeq platforms. ISME J. 2012,6:1621-4.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581-3.

26.

27.
28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

Page 15 of 16

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, et al. The SILVA
and “all-species Living Tree Project (LTP)" taxonomic frameworks. Nucleic
Acids Res. 2014;42(Database issue):D643-8.

Crofton HD. A quantitative approach to parasitism. Parasitology. 1971;62:179.
Kent ML, Gaulke CA, Watral VG, Sharpton TJ. Pseudocapillaria tomentosa in
laboratory zebrafish Danio rerio: patterns of infection and dose response.
Dis Aquat Organ. 2018;131:121-31.

Storey JD. A direct approach to false discovery rates. J R Stat Soc Ser B
(Statistical Methodol). 2002;64:479-98.

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW,
Nielsen A, et al. glmmTMB balances speed and flexibility among
packages for zero-inflated generalized linear mixed modeling. R J.
2017;9(2):378-400.

Stagaman K, Burns AR, Guillemin K, Bohannan BJM. The role of adaptive
immunity as an ecological filter on the gut microbiota in zebrafish. ISME J.
2017;11(7):1630-9.

Liaw A, Wiener M. Classification and regression by randomForest. R news.
2002;2(3):18-22.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al.
Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communities.
Appl Environ Microbiol. 2009;75(23):7537-41.

Hayes KS, Bancroft AJ, Goldrick M, Portsmouth C, Roberts IS, Grencis RK.
Exploitation of the intestinal microflora by the parasitic nematode Trichuris
muris. Science. 2010;328:1391-4.

Li RW, Wu S, Li W, Navarro K, Couch RD, Hill D, et al. Alterations in the
porcine colon microbiota induced by the gastrointestinal nematode
Trichuris suis. Infect Immun. 2012;80:2150-7.

Jaenike J, Unckless R, Cockburn SN, Boelio LM, Perlman SJ. Adaptation via
symbiosis: recent spread of a Drosophila defensive symbiont. Science (80-. ).
2010;329:212-5.

Keiser J, Utzinger J. Efficacy of current drugs against soil-transmitted
helminth infections: systematic review and meta-analysis. JAMA - J. Am.
Med. Assoc. 2008,299(16):1937-48.

Bolick DT, Mayneris-Perxachs J, Medlock GL, Kolling GL, Papin JA, Swann
JR, et al. Increased urinary trimethylamine N-oxide following Cryptosporidium
infection and protein malnutrition independent of microbiome effects.
J Infect Dis. 2017;216:64-71 [Internet]. Available from: https://doi.org/
10.1093/infdis/jix234.

Broadhurst MJ, Ardeshir A, Kanwar B, Mirpuri J, Gundra UM, Leung JM, et al.
Therapeutic helminth infection of macaques with idiopathic chronic
diarrhea alters the inflammatory signature and mucosal microbiota of the
colon. PLoS Pathog. 2012;8(11):21003000.

Holm JB, Sorobetea D, Kiilerich P, Ramayo-Caldas Y, Estellé J, Ma T, et al.
Chronic Trichuris muris infection decreases diversity of the intestinal
microbiota and concomitantly increases the abundance of lactobacilli.
PLoS One. 2015;10(5):e0125495.

Houlden A, Hayes KS, Bancroft AJ, Worthington JJ, Wang P, Grencis RK; et al.
Chronic Trichuris muris infection in C57BL/6 mice causes significant changes in
host microbiota and metabolome: effects reversed by pathogen clearance.
PLoS One. 2015;10(5):¢0125945.

Cahenzli J, Koller Y, Wyss M, Geuking MB, McCoy KD. Intestinal microbial
diversity during early-life colonization shapes long-term IgE levels. Cell Host
Microbe. 2013;14:559-70.

Walk ST, Blum AM, Ewing SAS, Weinstock JV, Young VB. Alteration of the
murine gut microbiota during infection with the parasitic helminth
Heligmosomoides polygyrus. Inflamm Bowel Dis. 2010;16:1841-9.
Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al.
Enterotypes of the human gut microbiome. Nature. 2011;473:174-80.
Knights D, Ward TL, McKinlay CE, Miller H, Gonzalez A, McDonald D, et al.
Rethinking enterotypes. Cell Host Microbe. 2014;16(4):433-7.

OToole PW, Jeffery IB. Gut microbiota and aging. Science (80-.). 2015;350:
1214 LP-1215 [Internet]. Available from: http://science.sciencemag.org/
content/350/6265/1214.abstract.

Bautista-Garfias CR, Ixta-Rodriguez O, Martinez-Gémez F, Lopez MG, Aguilar-
Figueroa BR. Effect of viable or dead Lactobacillus casei organisms administered
orally to mice on resistance against Trichinella spiralis infection. Parasite.
2001;8:5226-8.

Oliveira-Sequeira TCG, David EB, Ribeiro C, Guimaraes S, Masseno APB,
Katagiri S, et al. Effect of Bifidobacterium animalis on mice infected with
Strongyloides venezuelensis. Rev Inst Med Trop Sao Paulo. 2014;56:105-9.


https://doi.org/10.1093/infdis/jix234
https://doi.org/10.1093/infdis/jix234
http://science.sciencemag.org/content/350/6265/1214.abstract
http://science.sciencemag.org/content/350/6265/1214.abstract

Gaulke et al. Microbiome

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

(2019) 7:10

Wescott RB. Experimental Nematospiroides dubius infection in germfree
and conventional mice. Exp Parasitol. 1968;22:245-9.

Batmler AJ, Sperandio V. Interactions between the microbiota and
pathogenic bacteria in the gut. Nature. 2016;535(7610):85-93.

Paquette CE, Kent ML, Buchner C, Tanguay RL, Guillemin K, Mason TJ, et al.
A retrospective study of the prevalence and classification of intestinal
neoplasia in zebrafish (Danio rerio). Zebrafish. 2013;10(2):228-36.

Tsai S, Wear DJ, Shih JW, Lo SC. Mycoplasmas and oncogenesis: persistent
infection and multistage malignant transformation. Proc Natl Acad Sci U S
A. 1995,92:10197-201.

Fried B, Reddy A, Mayer D. Helminths in human carcinogenesis. Cancer Lett.
2011;305(2):239-49.

Markou P, Apidianakis Y. Pathogenesis of intestinal Pseudomonas
aeruginosa infection in patients with cancer. Front Cell Infect
Microbiol. 2014;3:115.

Schwitalla S, Fingerle AA, Cammareri P, Nebelsiek T, Goktuna SI, Ziegler PK,
et al. Intestinal tumorigenesis initiated by dedifferentiation and acquisition
of stem-cell-like properties. Cell. 2013;152:25-38.

Schubert AM, Rogers MAM, Ring C, Mogle J, Petrosino JP, Young VB, et al.
Microbiome data distinguish patients with Clostridium difficile infection and
non-C. difficile-associated diarrhea from healthy. MBio. 2014;5:1-9.
Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh CM, Guillemin
K, et al. Evidence for a core gut microbiota in the zebrafish. ISME J. 2011;
5(10):1595-608.

Gaulke CA, Barton CL, Proffitt S, Tanguay RL, Sharpton TJ. Triclosan exposure
is associated with rapid restructuring of the microbiome in adult zebrafish.
PLoS One Public Library of Science. 2016;11:1-20.

Zackular JP, Baxter NT, Iverson KD, Sadler WD, Petrosino JF, Chen GY, et
al. The gut microbiome modulates colon tumorigenesis. MBio. 2013;4(6):
€00692-13.

Ra K, Wang Z, Levison BS, J a B, Org E, Sheehy BT, et al. Intestinal
microbiota metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med. 2013;19:576-85.

Glavan TW, Gaulke CA, Santos Rocha C, Sankaran-Walters S, Hirao LA,
Raffatellu M, et al. Gut immune dysfunction through impaired innate
pattern recognition receptor expression and gut microbiota dysbiosis in
chronic SIV infection. Mucosal Immunol. 2016,9:677-88.

Glavan TW, Gaulke CA, Hirao LA, Sankaran-Walters S, Dandekar S. SIV-
infection-driven changes of pattern recognition receptor expression in
mesenteric lymph nodes and gut microbiota dysbiosis. J Med Primatol.
2015;44:241-52.

Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T, et al.
Microbiota modulate behavioral and physiological abnormalities associated
with neurodevelopmental disorders. Cell. 2013;155:1451-63.

Endesfelder D, Castell WZ, Ardissone A, Davis-Richardson AG, Achenbach P,
Hagen M, et al. Compromised gut microbiota networks in children with
anti-islet cell autoimmunity. Diabetes. 2014;63:2006-14.

Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV, et al.
Dysfunction of the intestinal microbiome in inflammatory bowel disease
and treatment. Genome Biol. 2012;13:R79.

Collymore C, Watral V, White JR, Colvin ME, Rasmussen S, Tolwani RJ, et al.
Tolerance and efficacy of emamectin benzoate and ivermectin for the
treatment of Pseudocapillaria tomentosa in laboratory zebrafish (Danio
rerio). Zebrafish. 2014;11:490-7 [Internet]. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/25237985.

Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. Teleost microbiomes: the
state of the art in their characterization, manipulation and importance in
aquaculture and fisheries. Front Microbiol. 2014;5:207.

The Human Microbiome Project Consortium. Structure, function and
diversity of the healthy human microbiome. Nature. 2012;486:207-14.

Xiao L, Feng Q, Liang S, Sonne SB, Xia Z, Qiu X, et al. A catalog of the
mouse gut metagenome. Nat. Biotechnol. 2015;33:1103-8.

Hill JH, Franzosa EA, Huttenhower C, Guillemin K. A conserved bacterial
protein induces pancreatic beta cell expansion during zebrafish
development. elife. 2016;5:18.

Wong S, Zac Stephens W, Burns AR, Stagaman K, David LA, Bohannan BJM,
et al. Ontogenetic differences in dietary fat influence microbiota assembly
in the zebrafish gut. MBio. 2015;6(5):¢00687-15.

David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et
al. Diet rapidly and reproducibly alters the human gut microbiome. Nature.
2014;505:559-63.

73.

74.

75.

76.

77.

78.

79.

80.

Page 16 of 16

Ribado JV, Ley C, Haggerty TD, Tkachenko E, Bhatt AS, Parsonnet J.
Household triclosan and triclocarban effects on the infant and maternal
microbiome. EMBO Mol Med. 2017,9(12):1732-41.

Rawls JF, Mahowald MA, Ley RE, Gordon JI. Reciprocal gut microbiota
transplants from zebrafish and mice to germ-free recipients reveal host
habitat selection. Cell. 2006;127:423-33.

Seedorf H, Griffin NW, Ridaura VK, Reyes A, Cheng J, Rey FE. et alBacteria
from diverse habitats colonize and compete in the mouse gut. Cell. 2014;
159(2):253-66.

Rawls JF, Samuel BS, Gordon JI. Gnotobiotic zebrafish reveal evolutionarily
conserved responses to the gut microbiota. Proc Natl Acad Sci U S A. 2004;
101:4596-601.

Burg RW, Miller BM, Baker EE, Birnbaum J, Currie SA, Hartman R, et al.
Avermectins , new family of potent anthelmintic Agents: producing
organism and fermentation. Antimicrob Agents Chemother. 1979;15:361-7.
Devaraj S, Amirthalingam M, Sabapathy PC, Govindan S, Palanisamy S,
Kathirvel P. Anthelmintic efficacy of glycolipid biosurfactant produced by
Pseudomonas plecoglossicida: an insight from mutant and transgenic forms
of Caenorhabditis elegans. Biodegradation. 2018. https://doi.org/10.1007/
$10532-018-9831-3.

Kumar MLV, Thippeswamy B, Kuppust IL, Naveenkumar KJ, Shivakumar CK.
Evaluation of Bacillus cereus and Bacillus pumilus metabolites for
anthelmintic activity. Pharm Res. 2015;7:81-4.

Ballestriero F, Thomas T, Burke C, Egan S, Kjelleberg S. Identification of
compounds with bioactivity against the nematode Caenorhabditis elegans
by a screen based on the functional genomics of the marine bacterium
Pseudoalteromonas tunicata D2. Appl Environ Microbiol. 2010;76(17):5710-7.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.ncbi.nlm.nih.gov/pubmed/25237985
http://www.ncbi.nlm.nih.gov/pubmed/25237985
https://doi.org/10.1007/s10532-018-9831-3
https://doi.org/10.1007/s10532-018-9831-3

	Abstract
	Background
	Results
	Conclusions

	Introduction
	Methods
	Zebrafish husbandry and Pseudocapillaria tomentosa exposure
	Microscopic analysis
	Hyperplasia
	Inflammation

	16S amplicon library preparation and sequencing
	Microbial community diversity analyses
	Generalized linear models and generalized linear mixed effect models
	Machine learning to predict exposure, parasite burden, and histopathology
	Phylogenetic assessment of Mycoplasma spp.

	Results
	P. tomentosa infection induces progressive weight loss and gut lesions
	Pseudocapillaria tomentosa infection associates with altered microbiome diversity
	The abundance of gut taxa predicts parasite burden
	Microbiome composition distinguishes parasite exposure

	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

