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Synopsis Food resources can affect the health of organisms by altering their symbiotic microbiota and affecting
energy reserves for host defenses against parasites. Different diets can vary in their macronutrient content and there-
fore they might favor certain bacterial communities of the host and affect the development and maintenance of the
immune system, such as the inflammatory or antibody responses. Thus, testing the effect of diet, especially for animals
with wide diet breadths, on host-associated microbiota and defenses against parasites might be important in deter-
mining infection and disease risk. Here, we test whether the early-life diet of Cuban tree frogs (Osteopilus septen-
trionalis) affects early- and later-life microbiota as well as later-life defenses against skin-penetrating, gut worms
(Aplectana hamatospicula). We fed tadpoles two ecologically common diets: a diet of conspecifics or a diet of algae
(Arthrospira sp.). We then: (1) characterized the gut microbiota of tadpoles and adults; and (2) challenged adult frogs
with parasitic worms and measured host resistance (including the antibody-mediated immune response) and tolerance
of infections. Tadpole diet affected bacterial communities in the guts of tadpoles but did not have enduring effects on
the bacterial communities of adults. In contrast, tadpole diet had enduring effects on host resistance and tolerance of
infections in adult frogs. Frogs that were fed a conspecific-based diet as tadpoles were more resistant to worm
penetration compared with frogs that were fed an alga-based diet as tadpoles, but less resistant to worm establishment,
which may be related to their suppressed antibody response during worm establishment. Furthermore, frogs that were
fed a conspecific-based diet as tadpoles were more tolerant to the effect of parasite abundance on host mass during
worm establishment. Overall, our study demonstrates that the diet of Cuban tree frog tadpoles affects the gut
microbiota and defenses against parasitic gut worms of frogs, but these effects depend on the stage of the host and
infection, respectively.

Introduction

Resource availability can significantly alter host de-
fense strategies, such as resistance, against parasites
(Lee et al. 2006; Sternberg et al. 2012; Howick and
Lazzaro 2014; Knutie et al. 2017). Resistance mecha-
nisms, such as immune responses that serve to reduce
the damage that parasites cause by reducing parasite
fitness, require an energetic investment by the host
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(Read et al. 2008; Rohr et al. 2010). Because immune
responses can be energetically costly to produce, only
hosts in good condition may be physiologically able
to invest in these defenses (Sheldon and Verhulst
1996; Svensson et al. 1998; Lochmiller and
Deerenberg 2000; Demas 2004). For example, higher
food availability (i.e., quantity) can increase host re-
sistance to infections by providing more resources for
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immunity (Sternberg et al. 2012; Howick and Lazzaro
2014; Knutie et al. 2017).

The quality (e.g., nutritional content) of food can
also affect the maintenance and development of the
immune system (Kelly and Coutts 2000; Gil and
Rueda 2002; Venesky et al. 2012). Specific macronu-
trients may be beneficial for different defense mech-
anisms. Supplemented protein can increase cellular
(e.g., eosinophils, globule leukocytes, and mast cells)
(reviewed in Coop and Kyriazakis 2001) and humoral
immunity (e.g., Ig antibodies) (Datta et al. 1998) to
parasites. For example, hosts fed a high protein diet
produce more eosinophil cells and IgG antibodies to
parasitic worms, which decreased infection risk, com-
pared with hosts fed a low protein diet. Additionally, a
high lipid diet can increase leptin hormone production,
which in turn, increases cellular immunity, including
the inflammatory response (Demas 2004, reviewed in
Kau et al. 2011). Thus, food quality, especially for an-
imals with a wide breadth of diet composition, is likely
an important factor that determines infection risk.

Host diet composition can also alter the gut
microbiota of hosts (David et al. 2014; Carmody
et al. 2015; Bletz et al. 2016). For example, hosts
that consume a plant-based diet have different bac-
terial communities than hosts that consume an
animal-based diet (David et al. 2014). Such differ-
ences in the host-associated gut microbiota may af-
fect the development and maintenance of the
immune system of the host. For example, early-life
reductions in certain bacterial taxa (e.g., Bacteroides
fragilis, Cetobacterium sp.) in the guts of hosts can
adversely affect development of the immune system
(reviewed in Round and Mazmanian 2009; Hooper
et al. 2012) and can decrease later-life resistance to
infection (Knutie et al. 2017). Thus, the host-
associated microbiota may play a role in mediating
the effect of diet on host health, and specifically pre-
dicting infection risk.

Here, we tested whether the early-life diet in
Cuban tree frogs (Osteopilus septentrionalis) affects
host-associated microbiota and later-life infection
risk. Cuban tree frog tadpoles have a wide breadth
of diet composition. For example, two common re-
sources consumed by tadpoles are algae and conspe-
cifics (Crump 1986; Babbitt and Meshaka 2000;
Smith 2005), which vary in their nutritional content
(e.g., amount of protein, lipid, and fiber). Because
nutritional content of a diet can affect both host-
associated microbiota and immunity in other sys-
tems, tadpole diet may play an important role in
determining gut bacterial community composition
and infection risk in Cuban tree frogs.
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In our study, we experimentally fed Cuban tree frog
tadpoles either a diet consisting of spirulina algae
(Arthrospira sp.) or conspecifics. We then: (1) charac-
terized the gut microbiota of tadpoles and adults; and
(2) measured host defenses against an environmentally
common, skin-penetrating, gut worm Aplectana hama-
tospicula (Ascaridida: Cosmocercidae). Juvenile worm
larvae penetrate the skin of frogs and then, in approx-
imately three weeks, establish, mature, and reproduce
in the gastrointestinal tract (Ortega et al. 2015; Knutie
et al. 2017). Worm eggs and larvae (they are ovovi-
viparous) are defecated by frogs, and after approxi-
mately a week of development, juvenile worms can
infect the next host. We experimentally exposed adult
frogs, that were fed different diets as tadpoles, to ju-
venile A. hamatospicula and then quantified host re-
sistance of frogs during the skin penetrating and gut
establishment stages of the parasite. We also measured
host tolerance, which was quantified as the reaction
norm between parasite abundance and change in host
body mass (Simms 2000), while worms established in
the gut.

We predicted that the diet treatment of tadpoles
would alter bacterial communities in tadpoles but
that these effects would not be enduring into adult-
hood, as found in other studies (Knutie et al. 2017;
Vences et al. 2016). We also predicted that the early-
life diet treatment would affect later-life infection
risk; if a conspecific-based diet in tadpoles alters
the microbiota that affect the development of resis-
tance mechanisms (e.g., bacterial diversity and rela-
tive abundance of phylum Fusobacteria and genus
Cetobacterium; Knutie et al. 2017), then frogs that
were fed a conspecific-based diet as tadpoles would
be differentially resistant to worm infections com-
pared with frogs that were fed an alga-based diet
as tadpoles. Additionally, the nutritional content
(e.g., protein vs. lipids) of either diet could favor
the development of resistance mechanisms, such as
the inflammatory or antibody response. Because the
inflammatory response of the skin is likely important
during the penetration stage of the worm and studies
have shown that a lipid-rich diet can favor the de-
velopment of the inflammatory response (Kau et al.
2011), we predicted that an alga-based diet (higher
lipid content) would favor resistance to worm pen-
etration. Additionally, because the antibody response
is important during the establishment stage of the
worm (Knutie et al. 2017) and studies have shown
that a protein-rich diet can favor the antibody
response (Datta et al. 1998), we predicted that an
alga-based diet (higher protein content) would favor
resistance to worm establishment. Finally, we

Downl oaded from https://academni c. oup. conlich/article-abstract/57/4/732/3896234
by University of South Florida user
on 22 January 2018


Deleted Text: to 
Deleted Text: <italic>i</italic>
Deleted Text: ,
Deleted Text: to 

734

predicted that tadpole diet treatment would not af-
fect later-life host tolerance of infection because
adult frogs would have access to ad libitum food
resources (Knutie et al. 2017).

Methods
Experimental protocol

Osteopilus  septentrionalis tadpoles were collected
from the University of South Florida Botanical
Gardens. In the laboratory, tadpoles (all at Gosner
stages ~25; Gosner 1960) were divided randomly
among 60 tanks with 3L of pond water and housed
at a density of three tadpoles per tank. Tanks were
assigned to one of two experiments to test the effect
of tadpole diet on either: 1) early- and later-life host-
associated microbiota (n=30 tanks), or 2) later-life
infection risk (n=30 tanks). Tanks were then as-
signed to receive either ad libitum diets of conspe-
cifics or algae (n=15 tanks per treatment per
experiment), which were suspended in agarose to
prevent spoiling. To create the agarose mixture, 4g
of agarose powder were added to 200 mL of deion-
ized (DI) water and then heated for 1min in the
microwave until it reached approximately 100 °C.
The boiling agarose mixture was then added to
each of the two diet mixtures (100 mL each) and
refrigerated for 4h until solidified. For the alga-
based diet preparation, three tablespoons of spirulina
powder (NOW foods, Bloomingdale, IL) were added
to 100 mL of DI water. The powder contained ap-
proximately 60% protein, 0% lipids, and 0% fiber.
For the conspecific-based diet preparation, 10 con-
specific tadpoles (approximately three tablespoons;
presumably non-kin, fed an alga-based diet, and
Aplectana-free) were euthanized and then macerated
with a sterile mortar and pestle and added to 100 mL
of DI water. Tadpoles contain approximately 40%
protein, 25% lipids, and 15% fiber (Nagai et al
1971; Sogbesan and Ugwumba 2007, 2008;
Sogbesan et al. 2007; Hindatu and Solomon 2017).
Food was prepared twice per week for the duration
of the tadpole diet experiment (approximately
8 weeks). Tadpoles were maintained under laboratory
conditions (12h light cycle, air temperature: 22 °C,
water temperature: 22.6°C, pH 7.7, dissolved oxy-
gen: 59, nitrates: 0.96). Water was changed weekly
and survival was checked daily.

For the microbiota experiment, a subset of tad-
poles (n=10) was euthanized and necropsied to col-
lect the gut contents after six weeks on their
respective diet. For the remaining tadpoles, individ-
uals with all four limbs (metamorphs) were removed
from the tanks daily, weighed (g), and placed
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individually in cups (6 cm high x 12cm diameter)
with sterilized organic Sphagnum moss (autoclaved
for 30 min at 121 °C). Adults were maintained in the
laboratory (12h light cycle, 22 °C) on non-sterile vi-
tamin- and mineral-dusted crickets (fed ad libitum)
and survival was checked daily. Approximately three
months after metamorphosis, adult frogs were eutha-
nized and their guts were collected and stored at
—80°C until DNA extractions. Adults were also
weighed (g) and their snout—vent length (SVL) was
measured (mm).

For the infection experiment, metamorphs were
also removed from the tanks daily, placed individu-
ally in cups, and maintained under laboratory con-
ditions, as described above. Adult frogs were then
exposed or sham-exposed to A. hamatospicula
worms. Frogs were weighed (g) and then placed in-
dividually in parafilm-sealed petri dishes (100 mm
diameter) with an air hole at the top of the lid.
Frogs were exposed to worms by pipetting 20 infec-
tious larval A. hamatospicula worms (collected from
naturally-parasitized adult frogs) in 3mL of auto-
claved pond water or sham-exposed by pipetting
3mL of autoclaved pond water without worms
through the hole in the lid. After 24h in the petri
dish, frogs were returned to their individual cups
with sterile Sphagnum moss and a dissecting micro-
scope was used to count the worms remaining in the
petri dish to determine the number of worms that
penetrated each frog. All frogs survived parasite ex-
posure in the petri dishes. Three weeks after expo-
sure to A. hamatospicula, frogs were weighed (g) and
their SVL was measured (mm) and then they were
euthanized. Blood samples were collected from the
heart with heparinized microcapillary tubes and
stored in 0.6mL centrifugation tubes on wet ice.
Within 2h of collection, samples were spun for
5min at 13,000rpm to separate the plasma from
red blood cells. Samples were stored in a freezer at
—20°C until the plasma was used in the immuno-
assay. Frogs were then necropsied under a dissecting
microscope to count the number of worms that had
established in the colon.

Quantifying the antibody-mediated immune
response

An enzyme-linked immunosorbent assay (ELISA)
was used to detect the presence of IgY antibodies
in frog plasma following the protocol from Knutie
et al. (2017). Each well of a 96-well plate was coated
with 100 pL of individual frog serum diluted 1:100 in
carbonate coating buffer (0.05 M, pH 9.60). Each
sample was applied in triplicate (i.e., across three


Deleted Text: <italic>.</italic>
Deleted Text: sixty 
Deleted Text: :
Deleted Text: x
Deleted Text: -
Deleted Text: -
Deleted Text: 24 
Deleted Text: ours
Deleted Text: two 
Deleted Text: ours
Deleted Text: -

Effects of diet on frogs

wells) on the plate. The plate was incubated over-
night at 4°C and then washed and coated with
200 pL/well of bovine serum albumin (BSA) blocking
buffer and incubated for 30 min at room tempera-
ture on an orbital table. Between each of the follow-
ing steps, the plate was washed five times with a
Tris-buffered saline wash solution, loaded as de-
scribed, and incubated for 1h on an orbital table
at room temperature. The plate was then loaded
with 100 pL/well of primary detection antibody
(Goat-a-Alligator-IgG,  diluted  1:1000;  Bethyl
Laboratories) for 1h, washed, then loaded with
100 uL/well of a conjugate detection antibody
(Rabbit-o-Goat-IgG,  diluted  1:5000;  Bethyl
Laboratories) for 1h. Finally, the plate was loaded
with 100 pL/well of peroxidase substrate (tet-
ramethylbenzidine; Bethyl Laboratories) and incu-
bated for exactly 30 min. The reaction was halted
using 100 puL/well of stop solution (Bethyl
Laboratories). Optical density (OD) was measured
with a spectrophotometer (BioTek, PowerWave HT,
450-nanometer filter).

Bacterial DNA extraction and sequencing

We isolated total DNA from frog guts using a MoBio
PowerFecal DNA Isolation Kit; DNA extracts were
then sent to Argonne National Laboratory for se-
quencing. We also extracted and sequenced “blank”
samples, which were collected using sham-necropsies
and sham-extractions (i.e., without an experimental
sample) to control for methodological contamina-
tion (Salter et al. 2014). Bacterial DNA was also se-
quenced from the tank water (n=2 per treatment;
50 mL of water from each tank) and bacterial com-
munities (diversity, structure, membership) were
similar between treatments.

Bacterial inventories were conducted by amplify-
ing the V4 region of the 16S rRNA gene using pri-
mers 515F and 806R and paired end sequencing with
v2 chemistry (2 x 150bp) on an Illumina MiSeq
platform wusing a single barcode approach
(Caporaso et al. 2012). Sequences were analyzed us-
ing QIIME version 1.9.1 (Caporaso et al. 2010b). We
applied standard quality control settings and split
sequences into libraries using default parameters in
QIIME. Sequences were grouped into operational
taxonomic units (OTUs) using pick_open_referen-
ce_otus.py with a minimum sequence identity of
97%. The most abundant sequences within each
OTU were designated as a “representative sequence”
and aligned against the Greengenes core set
(DeSantis et al. 2006) using PyNAST (Caporaso
et al. 2010a) with default parameters set by QIIME.
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A PH Lane mask supplied by QIIME was used to
remove hypervariable regions from aligned se-
quences. A phylogenetic tree of representative se-
quences was built using FastTree (Price et al.
2009). OTUs were classified taxonomically using
UCLUST (Edgar 2010) with the reference
Greengenes database (DeSantis et al. 2006).
Singleton OTUs and sequences identified as chloro-
plasts or mitochondria were removed from the anal-
ysis. Additionally, any OTUs present in the “blank
samples” were considered contaminants and were re-
moved from all other samples (Salter et al. 2014).
Contaminant OTUs were largely similar to those
presented in Salter et al. (2014).

Several measurements of alpha diversity were cal-
culated. We calculated the number of observed
OTUs (species richness), equitability (species even-
ness), the Shannon index, and Faith’s phylogenetic
diversity (Faith 1992), the latter of which measures
the cumulative branch lengths from randomly sam-
pling 1000 sequences from each sample (the mini-
mum number of sequences returned from each
sample). For each sample, we calculated the mean
of 20 iterations of random sampling. We calculated
unweighted and weighted UniFrac distances between
samples in QIIME using 1000 sequences for bacterial
community composition analyses.

All sequences were deposited in the Sequence
Read Archive under accession PRJNA383840.

Statistical analyses

We determined the effect of tadpole diet on bacterial
diversity metrics using generalized linear models
(GLMs) with Gaussian errors because we only char-
acterized the microbiota of one tadpole per tank. To
determine the effect of tadpole diet on bacterial di-
versity metrics of adults, health metrics of tadpoles
and adults, host resistance and tolerance of infection,
as well as the effect of health metrics on infection
risk, we used generalized linear mixed models
(GLMMs) with Gaussian errors and tank as a ran-
dom effect because we often had more than one in-
dividual per tank. Analyses were conducted using the
glm (GLM) and lmer (GLMM) functions with the
Ime4 package. We determined the effect of diet on
tadpole and adult survival using a censored Cox
mixed effects model (Coxme) with the coxme func-
tion. Probability values were calculated using log-
likelihood ratio tests using the Anova function in
the car package. GLM, GLMM, and survival analyses
were conducted in RStudio (2013, version
0.98.1062). All figures were made in Prism (2008,
version 5b).
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Table 1 Effect of tadpole diet treatment on the health of tadpoles and adult frogs

Variable Algae

Conspecifics

Time to metamorphosis
Mass at metamorphosis

Tadpole survival

By individual 51/80 individuals
By replicate 28/30 tanks
Adult mass

Adult snout—vent length
Adult survival
By individual

By replicate

3454 + 2.59 days (28)
038 + 0.03g (13)

046 + 0.02g (26)
17.74 * 024mm (26)

42/51 individuals
28/28 tanks

37.15 + 4.06 days (26)
033 + 003g (13)

50/80 individuals
27/30 tanks

044 = 0.01g (23)
17.62 = 0.25mm (23)

39/50 individuals
26/27 tanks

Notes: Time, mass, and length are displayed as mean = SE. Numbers in parentheses represent the number of tanks. Survival by replicate is
displayed as the number of tanks for which at least one individual survived, out of the total number of tanks. The tadpoles that were necropsied
(n=10 per treatment), and therefore did not complete the experiment, were removed from the survival analyses.

We determined the effect of tadpole diet on bac-
terial community membership (unweighted UniFrac
distances) and  structure  (weighted)  using
PERMANOVA+ (2008, version 1.0.1; with 999 per-
mutations) in PRIMER (2008, version 6.1.11).
Bonferroni post-hoc multiple comparison tests were
used to compare bacterial communities among treat-
ment levels. For adults, tank of origin was included
as a random effect. We used Principal Coordinate
Analyses (PCoA) on unweighted UniFrac distances
to visualize similarities of bacterial community mem-
bership across water treatments. Unweighted scores
represent bacterial community membership, which is
based on the presence or absence of bacterial taxa,
whereas weighted scores represent bacterial commu-
nity structure, which also takes into account relative
abundance of bacterial taxa.

To compare relative abundances of bacterial taxa
across groups, we first removed any phyla that were
present in less than 25% of samples. Given that the gut
bacterial community is largely restructured over the
course of metamorphosis (Kohl et al. 2013), we com-
pared relative abundances of bacteria in tadpoles and
adult frogs separately. Relative abundances (arcsine
square root transformed; Shchipkova et al. 2010;
Kumar et al. 2012) of bacterial phyla in tadpoles and
adults were analyzed in JMP (2016, version 13) using
one-way ANOVAs with water treatment as an indepen-
dent variable and, for adults, with tank as a random
effect. For all analyses, P-values were corrected using the
false discovery rate correction for multiple comparisons.

Results
Effect of diet on host health

Tadpole diet treatment did not affect time to meta-
morphosis (GLMM, Xz =0.11, df =1, P=0.74), mass

at metamorphosis (;{2 =2.04, df=1, P=0.15), tad-
pole survival (Coxme, ¥’ =0.17, df=1, P=0.68),
adult mass (GLMM, »5*=1.18, df=1, P=0.28),
adult SVL (xz =0.21, df=1, P=0.65), or adult sur-
vival (Coxme, y*=0.28, df=1, P=0.60) (Table 1).

Effect of diet on host-associated microbiota

Tadpole diet treatment did not affect bacterial phy-
logenetic diversity (GLM, )(2:0.17, df=1, P=0.68)
or species richness (;{2:0.03, df=1, P=0.85)
(Table 2). Tadpoles that were fed a conspecific-
based diet tended to have bacterial communities
with a higher Shannon index (X2:3.20, df=1,
P=0.06) and species evenness (;(2:4.02, df=1,
P=0.045) compared with tadpoles that were fed
an alga-based diet (Table 2). Tadpole diet treatment
also altered bacterial community membership
(PERMANOVA, F; ;5 =1.40, P=0.03) and structure
(Fig. 1; Fy15 =2.71, P=10.058) of tadpoles.
Tadpole diet treatment did not affect relative
abundance of bacterial phyla (Supplementary Fig.
S1). However, tadpoles that were fed a conspecific-
based diet had higher relative abundances of genera

Microvirgula (one-way ANOVA, F=10.73,
P=0.049), Rathayibacter (F=11.55, P=0.049),
Ruminococcus (F=10.04, P=0.049), and

Corynebacterium (F=8.93, P=0.05), but lower rela-
tive abundance of Nodularia (F=8.92, P=0.05)
compared with tadpoles that were fed an alga-
based diet (Supplementary Table S1). Relative abun-
dances of phylum Fusobacteria and genus
Cetobacterium, which have previously been shown
to relate to later-life host resistance to worm estab-
lishment (Knutie et al. 2017), were on average higher
in tadpoles that were fed an alga-based diet
(Fusobacteria:  13.87 £ 6.25%, 9/9 individuals;
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Table 2 Grand mean £ SE of bacterial diversity metrics from the guts of tadpoles and adults in response to tadpole diet treatment

Tadpole

Adult

Diversity metric Algae

Conspecifics

Algae Conspecifics

Phylogenetic diversity 85.31 £ 4.85 (9)
4.63 = 0.38 (9)
1437.79 = 119.22 (9)

044 + 0.03 (9)

Shannon index
Species richness

Species evenness

88.45 = 5.94 (7)
548 = 0.24 (7)
1469.40 * 11629 (7)
052 + 0.02 (7)

7440 = 457 (11)
556 = 0.22 (11)
1511.85 * 103.12 (11)
053 = 0.02 (11)

79.26 = 4.76 (9)
573 = 0.18 (9)
162646 * 12735 (9)
054 =+ 0.01 (9)

Note: Numbers in parentheses represent the number of tanks.
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Fig. 1 PCoA of gut bacterial community structure from tadpoles (A) and adults (B) that were fed either an alga- or conspecific-based
diet as tadpoles. Tadpole diet treatment affected the bacterial community structure of tadpoles but not adults. Community structure
uses weighted Unifrac distances, which considers relative abundances of bacterial lineages.

Cetobacterium: 1.40 = 1.28%, 9/9 individuals) com-
pared with tadpoles that were fed a conspecific-
based diet (Fusobacteria: 5.59 * 2.14%, 7/7 individ-
uals; Cetobacterium: 0.09 = 0.08%, 3/7 individuals),
but  these  differences  were  non-significant
(Supplementary  Fig. S1; Fusobacteria: F=0.94,
P=0.33, Cetobacterium: F=4.42, P=0.056).

Tadpole diet treatment did not have an enduring
effect on bacterial diversity of adult frogs (Table 2;
GLMM, phylogenetic diversity: y*=0.47, df=1,
P=0.49; Shannon index: y*=0.41, df=1, P=0.52;
species richness: ;{220.43, df=1, P=0.51; species
evenness: 9(2:0.37, df=1, P=0.54), community
membership (PERMANOVA, F,,, =1.14, P=0.15)
and structure (Fig. 1; F) 50 =1.10, P=0.35), or rel-
ative abundance of bacterial taxa (Supplementary
Fig. S1; P> 0.05 for all phyla and genera) of adults.

Effect of diet on host resistance and tolerance of
infection

Tadpole diet treatment affected host resistance to
worm penetration (Fig. 2A; GLMM, ;{2 =7.14,
df=1, P=0.008); adult frogs that were fed an
alga-based diet as tadpoles were penetrated by three

more worms, on average, and were therefore less
resistant than frogs that were fed a conspecific-
based diet as tadpoles. However once infected, diet
treatment did not affect worm establishment (Fig.
2B; > =0.72, df=1, P=0.40).

Antibody levels in parasitized frogs that were fed
an alga-based diet as tadpoles (0.25 = 0.08) were ap-
proximately twice as high as parasitized frogs that
were fed a conspecific-based diet as tadpoles
(0.10=0.02) and non-parasitized frogs (Fig. 2GC;
alga-based diet: 0.13 = 0.02, conspecific-based diet:
0.15*0.03; interaction controlling for age:
=296, df=1, P=0.08). We controlled for adult
age in this analysis because age was positively related
to antibody levels (X2:6.89, df=1, P=0.009).
Additionally, there was a marginally non-significant
effect of the interaction between diet treatment and
gut worm infections on antibody levels among par-
asitized  frogs (interaction: }(2:3.09, df=1,
P=0.08); antibody levels were negatively related to
the proportion of worms that established in the gut
for frogs that were fed an alga-based diet as tadpoles,
whereas frogs that were fed a conspecific-based diet
as tadpoles showed no relationship between antibody
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Fig. 2 Effect of early-life diet treatment on host resistance and tolerance of parasitism later in life. Adult frogs that were fed a conspecific-
based diet as tadpoles were more resistant to worm penetration than adults fed an alga-based diet as tadpoles (A), however, were less
resistant to worm establishment because the number of worms that established in the gut did not differ between treatments (B).
Parasitized adult frogs that were fed an alga-based diet as tadpoles had a higher antibody-mediated immune response compared with non-
parasitized frogs and parasitized frogs fed a conspecific-based diet (C). In contrast, frogs that were fed a conspecific-based diet as tadpoles
were more tolerant to the effect of parasite load on mass compared with frogs fed an alga-based diet as tadpoles (D).

levels and worm establishment. The number of
worms that penetrated the host did not affect anti-
body levels when controlling for diet treatment
(4*=0.16, df=1, P=0.69).

Tadpole diet treatment affected host tolerance to
worm establishment (Fig. 2D; interaction: )(2 =461,
df=1, P=0.03). Frogs that were fed a conspecific-
based diet as tadpoles did not lose mass in response
to increasing parasite abundance, whereas the mass
of frogs that were fed an alga-based diet as tadpoles
decreased with increasing parasite loads.

Worm penetration and establishment were not af-
fected by days to metamorphosis (penetration: >
=0.09, df=1, P=0.77; establishment: y* = 0.24, df=1,
P=0.62), adult mass (penetration: X2 =0.07, df=1,
P=0.79; establishment: }(2 =041, df=1, P=0.52), or
adult age at infection (penetration: Xz =0.09, df=1,
P=10.77; establishment: y* = 0.24, df=1, P=0.62).

Discussion

Our study demonstrated that the diet of Cuban tree
frog tadpoles affected their gut microbiota and

defenses against parasitic gut worms, but these ef-
fects depended on the stage of the host and infec-
tion, respectively. Specifically, tadpole diet affected
bacterial communities in the guts of tadpoles (Fig.
1A), but did not have an enduring effect on bacterial
communities in adults (Fig. 1B). In contrast, tadpole
diet had an enduring effect on host resistance and
tolerance of infections in adults (Fig. 2). Frogs that
were fed a conspecific-based diet as tadpoles were
more resistant to worm penetration (Fig. 2A) but
less resistant to worm establishment compared with
frogs that were fed an alga-based diet as tadpoles,
which resulted in no overall effect of the diet on
resistance (Fig. 2B). Reduced resistance to worm es-
tablishment in frogs fed a conspecific-based diet as
tadpoles may have been related to their suppressed
antibody-mediated immune response during this
stage of infection compared with frogs that were
fed an alga-based diet as tadpoles (Fig. 2C). In con-
trast, frogs that were fed an alga-based diet as tad-
poles were less tolerant to the effects of parasite
abundance during worm establishment, which may
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have been related to the cost of producing an anti-
body response (Fig. 2D). Our results suggest that the
diet of Cuban tree frog tadpoles has enduring effects
on infection risk, which could be related, in part, to
shifts in the early-life microbiota because a disrup-
tion of host-associated microbiota can affect im-
mune system development (reviewed in Round and
Mazmanian 2009; Hooper et al. 2012) and later-life
resistance to infections (Knutie et al. 2017).

The diet of Cuban tree frog tadpoles affected their
gut bacterial communities (Fig. 1A). Tadpoles that
were fed a conspecific-based diet had higher species
evenness compared with tadpoles fed an alga-based
diet (Table 2), suggesting that diet selected for the
relative abundance of certain taxa (Supplementary
Table S1). Other studies have found an effect of
diet on host-associated microbiota (Kau et al. 2011;
Gordon et al. 2012; David et al. 2014). David et al.
(2014) found that humans who consume almost an
exclusively animal-based diet had high abundances
of bile-tolerant bacteria (genera Alistipes, Bilophila,
and Bacteroides) and low abundances of bacteria
that metabolize dietary plant polysaccharides (genera
Roseburia, Eubacterium, and Ruminococcus) when
compared with humans who consume a plant-
based diet. In contrast, tadpoles that were fed a
conspecific-based diet in our experiment had a
higher relative abundance of Ruminococcus compared
with tadpoles fed an alga-based diet, which could
have been because the conspecific-based diet con-
tained more fiber than the alga-based diet (~15%
in conspecifics vs. 0% in algae). Bacteria from the
genus Ruminococcus can increase butyrate levels in
the gut of hosts, which can increase the digestibility
of resistant starches (i.e., complex carbohydrates
found in high fiber foods) (Tremaroli and Backhed
2012; Ze et al. 2012) and also increase the transcrip-
tion of genes related to the inflammatory response
(reviewed in Gourbeyre et al. 2011; Rosenbaum et al.
2015). The potential immune-related function of
Ruminococcus sp. in other systems could possibly ex-
plain the differential resistance to worm penetration
observed between treatments, but this idea requires
further investigation.

In contrast, we found that the diet of tadpoles did
not have an enduring effect on gut bacterial com-
munities of adult Cuban tree frogs. We found that
bacterial communities across diet treatments homog-
enized after metamorphosis (Fig. 1B, Table 2,
Supplementary Fig. S1), which was likely the result
of either the community reconstructing during frog
metamorphosis (Kohl et al. 2013; Vences et al. 2016)
or the adult diet consisting of non-sterile crickets
reducing the treatment-induced variation in the
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microbiota that existed in tadpoles. However, wild
adult Cuban tree frogs have a variable animal-
based diet, which can include con- and heterospe-
cifics (Glorioso et al. 2010), and thus variation in the
diet of adults could affect their gut microbiota.

The diet of Cuban tree frog tadpoles affected later-
life host resistance to parasitic gut worms, which
depended on the stage of infection. A conspecific-
based diet favored adult resistance at the worm pen-
etration stage, whereas an alga-based diet favored
resistance at the worm establishment stage, which
reduced the net effect of resistance on worm survival
to zero. Such differences in resistance might be re-
lated to the effect of nutrient content on the devel-
opment of the immune response (Kelly and Coutts
2000; Venesky et al. 2012). That is, the higher lipid
content of the conspecific-based diet versus the
higher protein content of the alga-based diet might
have affected the development of the inflammatory
response of the skin and antibody response in the
gut, respectively (Demas 2004; Lee et al. 2006). For
example, studies suggest that a high lipid diet can
increase leptin hormone production, which in turn,
can increase cytokine levels to promote the inflam-
matory response (reviewed in Kau et al. 2011). We
did not quantify the inflammatory response in adult
frogs but we did quantify the IgY antibody response
during worm establishment in the gut. Adult frogs
that were fed an alga-based diet (higher protein) as
tadpoles produced a higher antibody response to
parasitism than parasitized adults fed a conspecific-
based diet (lower protein) as tadpoles. Similarly,
Datta et al. (1998) found that hosts fed a high pro-
tein diet at the time of infection had a higher anti-
body response to parasitic gut worms compared with
hosts on a low protein diet. These results suggest
that protein may affect the priming and/or produc-
tion of the antibody response. Our study found that
frogs on an alga-based diet as tadpoles did not pro-
duce more baseline antibodies as adults compared
with frogs on a conspecific-based diet as tadpoles
because antibody levels did not differ between diet
treatments in non-parasitized frogs. Instead, the
protein-rich, alga-based diet in tadpoles may have
favored the development of either: (1) hematopoietic
stem cells from the bone marrow where B cells (the
Ig antibody precursor) form; or (2) immune organs,
such as the spleen, where activation and class switching
of B cells to Ig antibodies occur. We did not measure B
cell concentration in tadpoles or adults but this hypoth-
esis should be tested in the future.

Observed differences in resistance at the worm
establishment stage might also be, in part, related
to the early-life microbiota because changes in the
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host-associated microbiota can influence the devel-
opment of the immune system (reviewed in Round
and Mazmanian 2009; Hooper et al. 2012), which in
turn, may affect infection risk. Knutie et al. (2017)
found that an early-life disruption in the microbiota
of Cuban tree frog tadpoles can decrease later-life resis-
tance to worm establishment in the gut; the relative
abundance of phylum Fusobacteria and more specifi-
cally genus Cetobacterium in tadpoles negatively pre-
dicted worm establishment in adults. In our study, we
found that the relative abundance of Cetobacterium was
higher in tadpoles that were fed an alga-based diet than
tadpoles fed a conspecific-based diet, which could, in
part, be related to higher later-life resistance to worm
establishment in adults.

Adult Cuban tree frogs that were fed a conspecific-
based diet as tadpoles were more tolerant to the ef-
fects of parasitism compared with adults reared on an
alga-based diet. This result was surprising given that
frogs were fed the same ad libitum diet as adults and a
high resource diet favors tolerance to parasitism in the
Cuban tree frog-Aplectana system (Knutie et al. 2017),
as well as other systems (Vale et al. 2011; Sternberg
et al. 2012; Howick and Lazzaro 2014; Knutie et al.
2016). However, the difference in tolerance between
treatments might be related to the cost of producing
an immune response. Adult frogs that were fed an
alga-based diet as tadpoles produced a higher anti-
body response in response to parasitism compared
with adults fed a conspecific-based diet, which helped
hosts resist worm establishment. Thus, frogs that were
fed an alga-based diet as tadpoles may lose mass in
response to parasitism due to the cost of producing
antibodies (Sheldon and Verhulst 1996; Svensson
et al. 1998; Lochmiller and Deerenberg 2000; Demas
2004) or collateral damage related to the immune re-
sponse (Sears et al. 2011; Cornet et al. 2014).

Our study contributes to the growing body of ev-
idence that environmental factors, such as diet, can
affect host-associated microbiota and host—parasite
dynamics. Other factors, such as pollutants (Koch
and Schmid-Hempel 2011; Shehata et al. 2013;
Kohl et al. 2015) and climate (Kohl and Yahn
2016), can disrupt the microbiota of hosts, and as
a consequence, could impact infectious disease risk
(Rohr et al. 2013; Alberdi et al. 2016). Our study
suggests that identifying the environmental factors
that affect early-life factors of the host could help
predict host—parasite interactions later in life.

Acknowledgments

We thank Kailey Catapano, Alexis Marquess, Jeannie
Perez, Sahara Peters, Tiffany Ross, Jelena Runjaic,

S. A. Knutie et al.

Sarah Strauss, Daniela Sucre, and Marissa Wolfe for
their assistance with the experiments. This project
was approved by the JACUC No. 1S00001610. All se-
quences were deposited in the Sequence Read Archive
under accession PRJNA383840. Data are available
through FigShare (doi:10.6084/m9.figshare.4789735).

Funding

This work was supported by grants from the British
Ecological Society [5599-6643 to S.A.K.], and
National = Science  Foundation  [EF-1241889],
National Institutes of Health [R01GM109499,
RO1TWO010286], United States Department of
Agriculture [NRI 2006-01370, 2009-35102-0543],
and Environmental Protection Agency [CAREER
83518801 to J.R.R.], and National Science
Foundation [I0S-1638630 to K.D.K.].

Supplementary data
Supplementary data available at ICB online.

References

Alberdi A, Aizpurua O, Bohmann K, Zepeda-Mendoza ML,
Gilbert MTP. 2016. Do vertebrate gut metagenomes confer
rapid ecological adaptation? Trends Ecol Evol 31:689-99.

Babbitt KJ, Meshaka WE. 2000. Benefits of eating conspe-
cifics: effects of background diet on survival and metamor-
phosis in the Cuban treefrog (Osteopilus septentrionalis).
Copeia 2000:469-74.

Bletz M, Goedbloed D, Sanchez E, Reinhardt T, Tebbe CC,
Bhuju S, Geffers R, Jarek M, Vences M, Steinfartz S. 2016.
Amphibian gut microbiota shifts differentially in commu-
nity structure but converges on habitat-specific predicted
functions. Nat Commun 7:13699.

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ,
Andersen GL, Knight R. 2010a. PyNAST: a flexible tool
for aligning sequences to a template alignment.
Bioinformatics 26:266-7.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K,
Bushman FD, Costello EK, Fierer N, Pena AG, Goodrich
JK, Gordon JI, et al. 2010b. QIIME allows analysis of high-
throughput community sequencing data. Nat Methods
7:335-6.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D,
Huntley J, Fierer N, Owens SM, Betley J, Fraser L, Bauer
M, et al. 2012. Ultra-high-throughput microbial commu-
nity analysis on the Illumina HiSeq and MiSeq platforms.
ISME ] 6:1621-4.

Carmody RN, Gerber GK, Luevano JM, Gatti DM, Somes L,
Svenson KL, Turnbaugh PJ. 2015. Diet dominates host ge-
notype in shaping the murine gut microbiota. Cell Host
Microbe 17:72-84.

Coop RL, Kyriazakis I. 2001. Influence of host nutrition on
the development and consequences of nematode parasitism
in ruminants. Trends Parasitol 17:325-30.

Cornet S, Bichet C, Larcombe S, Faivre B, Sorci G. 2014.
Impact of host nutritional status on infection dynamics

Downl oaded from https://academni c. oup. conlich/article-abstract/57/4/732/3896234
by University of South Florida user
on 22 January 2018


Deleted Text: to 
Deleted Text: to 
Deleted Text: -
Deleted Text: -

Effects of diet on frogs

and parasite virulence in a bird-malaria system. J Anim
Ecol 83:256-65.

Crump ML. 1986. Cannibalism by younger tadpoles: another
hazard of metamorphosis. Copeia 4:1007-9.

Datta FU, Nolan JV, Rowe JB, Gray GD. 1998. Protein sup-
plementation improves the performance of parasitised
sheep fed a straw-based diet. Int J Parasitol 28:1269-78.

David LA, Maurice CF, Carmody RN, Gootenberg DB,
Button JE, Wolfe BE, Ling AV, Devlin AS, Varma Y,
Fischbach MA, et al. 2014. Diet rapidly and reproducibly
alters the human gut microbiome. Nature 505:559-63.

Demas GE. 2004. The energetics of immunity: a neuroendo-
crine link between energy balance and immune function.
Horm Behav 45:173-80.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL,
Keller K, Huber T, Dalevi D, Hu P, Andersen GL. 2006.
Greengenes, a chimera-checked 16S rRNA gene database
and workbench compatible with ARB. Appl Environ
Microbiol 72:5069-72.

Edgar RC. 2010. Search and clustering orders of magnitude
faster than BLAST. Bioinformatics 26:2460-1.

Faith DP. 1992. Conservation evaluation and phylogenetic
diversity. Biol Conserv 61:1-10.

Gil A, Rueda R. 2002. Interaction of early diet and the
development of the immune system. Nutr Res Rev 15:263-92.

Glorioso BM, Hardin Waddle J, Crockett ME, Rice KG,
Percival HF. 2010. Diet of the invasive Cuban treefrog
(Osteopilus septentrionalis) in pine rockland and mangrove
habitats in South Florida. Caribb ] Sci 46:346-55.

Gordon JI, Dewey KG, Mills DA, Medzhitov RM. 2012. The
human gut microbiota and undernutrition. Sci Transl Med
4:137ps12.

Gosner KL. 1960. A simplified table for staging anuran em-
bryos and larvae with notes on identification.
Herpetologica 16:183-90.

Gourbeyre P, Denery S, Bodinier M. 2011. Probiotics, prebi-
otics, and synbiotics: impact on the gut immune system
and allergic reactions. J Leukoc Biol 89:685-95.

Hindatu A, Solomon R]. 2017. The use of tadpole meal as a
substitute for fish meal diets of Clarias gariepinus finger-
lings. Direct Res J Agric Food Sci 5:35-48.

Hooper LV, Littman DR, Macpherson AJ. 2012. Interactions
between the microbiota and the immune system. Science
336:1268-73.

Howick VM, Lazzaro BP. 2014. Genotype and diet shape re-
sistance and tolerance across distinct phases of bacterial
infection. BMC Evol Biol 14:56.

Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI.
2011. Human nutrition, the gut microbiome and the im-
mune system. Nature 474:327-36.

Kelly D, Coutts AG. 2000. Early nutrition and the develop-
ment of immune function in the neonate. Proc Nutr Soc
59:177-85.

Knutie SA, Owen JP, McNew SM, Bartlow AW, Arriero E,
Herman JM, DiBlasi E, Thompson M, Koop JAH, Clayton
DH. 2016. Galdpagos mockingbirds tolerate introduced
parasites that affect Darwin’s finches. Ecology 97:940-50.

Knutie SA, Wilkinson CL, Kohl KD, Rohr JR. 2017. Early-life
disruption of amphibian microbiota decreases later-life
resistance to parasites. Nat Commun (doi: 10.1038/
$41467-017-00119-0).

Downl oaded from https://academni c. oup. conlich/article-abstract/57/4/732/3896234
by University of South Florida user
on 22 January 2018

741

Knutie SA, Wilkinson CL, Wu QC, Ortega CN, Rohr JR.
2017. Host resistance and tolerance of parasitic gut worms
depend on resource availability. Oecologia 183:1031-40.

Koch H, Schmid-Hempel P. 2011. Socially transmitted gut
microbiota protect bumble bees against an intestinal para-
site. Proc Natl Acad Sci U S A 108:19288-92.

Kohl KD, Cary TL, Karasov  WH, Dearing MD. 2013.
Restructuring of the amphibian gut microbiota through
metamorphosis. Environ Microbiol Rep 5:899-903.

Kohl KD, Cary TL, Karasov WH, Dearing MD. 2015. Larval
exposure to polychlorinated biphenyl 126 (PCB-126) causes
persistent alteration of the amphibian gut microbiota.
Environ Toxicol Chem 34:1113-8.

Kohl KD, Yahn J. 2016. Effects of environmental temperature
on the gut microbial communities of tadpoles. Environ
Microbiol 18:1561-5.

Kumar PS, Mason MR, Brooker MR, O’Brien K. 2012.
Pyrosequencing reveals unique microbial signatures associ-
ated with healthy and failing dental implants. J Clin
Periodontol 39:425-33.

Lee KP, Cory JS, Wilson K, Raubenheimer D, Simpson SJ.
2006. Flexible diet choice offsets protein costs of pathogen
resistance in a caterpillar. Proc R Soc B Biol Sci 273:823-9.

Lochmiller RL, Deerenberg C. 2000. Trade-offs in evolution-
ary immunology: just what is the cost of immunity? Oikos
88:87-98.

Nagai Y, Nagai S, Nishikawa T. 1971. The nutritional effi-
ciency of cannibalism and an artificial feed for the growth
of tadpoles of Japanese toad (Bufo vulgaris sp.). Agric Biol
Chem 35:697-703.

Ortega N, Price W, Campbell T, Rohr J. 2015. Acquired and
introduced macroparasites of the invasive Cuban treefrog,
Osteopilus septentrionalis. Int ] Parasitol Parasites Wildl
4:379-84.

Price MN, Dehal PS, Arkin AP. 2009. FastTree: computing
large minimum evolution trees with profiles instead of a
distance matrix. Mol Biol Evol 26:1641-50.

Read AF, Graham AL, Réberg L. 2008. Animal defenses
against infectious agents: is damage control more impor-
tant than pathogen control. PLoS Biol 6:2638—41.

Rohr JR, Raffel TR, Hall CA. 2010. Developmental variation
in resistance and tolerance in a multi-host—parasite system.
Funct Ecol 24:1110-21.

Rohr JR, Raffel TR, Halstead NT, McMahon TA, Johnson SA,
Boughton RK, Martin LB. 2013. Early-life exposure to a
herbicide has enduring effects on pathogen-induced mor-
tality. Proc R Soc B Biol Sci 280:20131502.

Rosenbaum M, Knight R, Leibel RL. 2015. The gut micro-
biota in human energy homeostasis and obesity. Trends
Endocrinol Metab 26:493-501.

Round JL, Mazmanian SK. 2009. The gut microbiota shapes
intestinal immune responses during health and disease. Nat
Rev Immunol 9:313-23.

Salter SJ, Cox M]J, Turek EM, Calus ST, Cookson WO,
Moffatt MF, Turner P, Parkhill J, Lowman NJ, Walker
AW. 2014. Reagent and laboratory contamination can crit-
ically impact sequence-based microbiome analyses. BMC
Biol 12:87.

Sears BF, Rohr JR, Allen JE, Martin LB. 2011. The economy
of inflammation: when is less more? Trends Parasitol
27:382-7.



742

Shchipkova AY, Nagaraja HN, Kumar PS. 2010. Subgingival
microbial profiles of smokers with periodontitis. ] Dent Res
89:1247-53.

Shehata AA, Schrodl W, Aldin AA, Hafez HM, Kriiger M.
2013. The effect of glyphosate on potential pathogens and
beneficial members of poultry microbiota in vitro. Curr
Microbiol 66:350-8.

Sheldon BC, Verhulst S. 1996. Ecological immunology: costly
parasite defences and trade-offs in evolutionary ecology.
Trends Ecol Evol 11:317-21.

Simms EL. 2000. Defining tolerance as a norm of reaction.
Evol Ecol 14:563-70.

Smith KG. 2005. Effects of nonindigenous tadpoles on native
tadpoles in Florida: evidence of competition. Biol Conserv
123:433—-41.

Sogbesan OA, Madu CT, Ugwumba AAA. 2007. Culture and
utilization of tadpole as animal protein supplement in the
diet of Heterobranchus longigilis Fingerlings. J Fish Aquat
Sci 2:353-60.

Sogbesan OA, Ugwumba AAA. 2008. Nutritional values of
some non-conventional animal protein feedstuffs used as
fishmeal supplement in aquaculture practices in Nigeria.
Turkish J Fish Aquat Sci 8:159-64.

Sogbesan OA, Ugwumba AAA. 2007. Growth performance
and nutrient composition of Bufo maculata (Linneaus)

S. A. Knutie et al.

tadpole fed different practical diets as fish meal substitute.
African ] Biotechnol 6:2177-83.

Sternberg ED, Lefevre T, Li J, de Castillejo CLF, Li H, Hunter
MD, de Roode JC. 2012. Food plant derived disease toler-
ance and resistance in a natural butterfly—plant—parasite
interactions. Evolution 66:3367-76.

Svensson E, Raberg L, Koch C, Hasselquist D. 1998. Energetic
stress, immunosuppression and the costs of an antibody
response. Funct Ecol 12:912-9.

Tremaroli V, Backhed F. 2012. Functional interactions between
the gut microbiota and host metabolism. Nature 489:242-9.

Vale PF, Wilson AJ, Best A, Boots M, Little TJ. 2011.
Epidemiological, evolutionary, and coevolutionary implica-
tions of context-dependent parasitism. Am Nat 177:510-21.

Vences M, Lyra ML, Kueneman ]G, Bletz MC, Archer HM,
Canitx J, Handreck S, Randrianiaina R, Struck U, Bhuju S,
et al. 2016. Gut bacterial communities across tadpole eco-
morphs in two diverse tropical anuran faunas. Sci Nat 103:25.

Venesky MD, Wilcoxen TE, Rensel MA, Rollins-Smith L,
Kerby JL, Parris MJ. 2012. Dietary protein restriction im-
pairs growth, immunity, and disease resistance in southern
leopard frog tadpoles. Oecologia 169:23-31.

Ze X, Duncan SH, Louis P, Flint HJ. 2012. Ruminococcus
bromii is a keystone species for the degradation of resistant
starch in the human colon. ISME ] 6:1535-43.

Downl oaded from https://academni c. oup. conlich/article-abstract/57/4/732/3896234
by University of South Florida user
on 22 January 2018



	icx028-TF1
	icx028-TF2

