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Host's genetic background determines s

the outcome of reciprocal faecal transplantation
on life-history traits and microbiome
composition

Heli Juottonen'’, Neda N. Moghadam'", Liam Murphy', Johanna Mappes'? and Juan A. Galarza'?

Abstract

Background: Microbes play a role in their host's fundamental ecological, chemical, and physiological processes. Host
life-history traits from defence to growth are therefore determined not only by the abiotic environment and genotype
but also by microbiota composition. However, the relative importance and interactive effects of these factors may
vary between organisms. Such connections remain particularly elusive in Lepidoptera, which have been argued to
lack a permanent microbiome and have microbiota primarily determined by their diet and environment. We tested
the microbiome specificity and its influence on life-history traits of two colour genotypes of the wood tiger moth
(Arctia plantaginis) that differ in several traits, including growth. All individuals were grown in the laboratory for several
generations with standardized conditions. We analyzed the bacterial community of the genotypes before and after a
reciprocal frass (i.e., larval faeces) transplantation and followed growth rate, pupal mass, and the production of defen-
sive secretion.

Results: After transplantation, the fast-growing genotype grew significantly slower compared to the controls, but the
slow-growing genotype did not change its growth rate. The frass transplant also increased the volume of defensive
secretions in the fast-growing genotype but did not affect pupal mass. Overall, the fast-growing genotype appeared
more susceptible to the transplantation than the slow-growing genotype. Microbiome differences between the gen-
otypes strongly suggest genotype-based selective filtering of bacteria from the diet and environment. A novel cluster
of insect-associated Erysipelotrichaceae was exclusive to the fast-growing genotype, and specific Enterococcaceae
were characteristic to the slow-growing genotype. These Enterococcaceae became more prevalent in the fast-growing
genotype after the transplant, which suggests that a slower growth rate is potentially related to their presence.

Conclusions: We show that reciprocal frass transplantation can reverse some genotype-specific life-history traits in
a lepidopteran host. The results indicate that genotype-specific selective filtering can fine-tune the bacterial commu-
nity at specific life stages and tissues like the larval frass, even against a background of a highly variable community
with stochastic assembly. Altogether, our findings suggest that the host’s genotype can influence its susceptibility to
being colonized by microbiota, impacting key life-history traits.
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Background

Variation in traits within a population can be partly
determined by genetic polymorphisms. Uncovering
genotype—phenotype associations allows the analysis
of the evolution and adaptive advantages of the traits.
It is increasingly recognized that phenotype may also
be influenced by the microbiome, which all animals,
including insects, possess [20]. In general, the microbi-
ome can potentially influence the host’s life history and
fitness [31, 58, 99]. In insects, the microbiome has been
related to behavioural, nutritional, and life-history traits
[11, 114, 119]. Moreover, microbiome composition can
vary according to the host’s genetic background [58, 119].
For instance, the gut microbiome can mediate genotype
effects on the phenotype: In Drosophila, the host geno-
type influences the microbiome composition, leading to
differences in nutrition between phenotypes [11].

A stable, symbiotic microbiome can confer benefits on
the insect host, such as aiding its growth [18, 41, 48]. On
the other hand, even mutualistic symbionts incur costs
[75], and opportunistic pathogenic bacteria can severely
disadvantage the host [39, 97]. The outcome of these
associations can depend on genotype-genotype interac-
tions between the microbe and its host [79], as well as
among microbes [55, 98]. For example, in the pea aphid
(Acyrthosiphon pisum), the host’s genotype influences the
protection given by bacterial symbionts against patho-
gens [79, 121]. In turn, host-to-microbe effects can play
an important role in microbiome assembly in the host
[23]. Selective mechanisms that impact the establishment
of microbes in insects include specialized organs [53, 73]
and mechanisms that vary with host genetic background,
such as innate immunity [54, 72]. Such filtering due to
host traits and genetic background could influence the
host’s fitness and life-histories [52].

The gut bacteria of lepidopteran larvae show metabolic
potential to benefit the host by digesting and detoxifying
food plants [117, 124] and by producing antimicrobial
compounds against invaders [92]. However, disruptions
of the gut during moulting and metamorphosis, a highly
alkaline pH (up to 11-12), lack of specialized gut struc-
tures, and fast passage of food can constrain the devel-
opment of a consistent symbiotic microbiome [20].
Accordingly, several studies have concluded that there
is no stable microbiome in Lepidoptera [35, 61, 103].
Despite reports on the effects of diet, habitat, and devel-
opmental stage on gut bacteria [7, 29, 44, 92, 93, 103], no

clear consensus exists on the ecological roles of bacteria
in Lepidoptera [77].

Lepidopteran larval growth has been found to be cor-
related [90] and not correlated [12] with microbiome
composition. Antibiotic treatment of lepidopteran lar-
vae has similarly led to increased growth [27, 116],
decreased growth [124], or no effect on growth [35].
Moreover, increased growth has been observed in axenic
larvae [62]. Thus, the causal connections between micro-
biota and Lepidoptera growth traits remain elusive. One
way to identify such connections is through microbiota
transplants. Transplants (or bacteriotherapy) have been
extensively applied in the biomedical field to study the
potential of microbes to impact health and disease [1,
118, 126]. The principle is to transfer microbes from a
healthy individual to an unhealthy individual aiming to
enrich beneficial microbes and restore a balanced micro-
biome. In insects, gut microbiota transplants are starting
to reveal the importance of microbes in host develop-
ment, immune response, and survival in dung beetles,
cockroaches, bumblebees and parasitoid wasps [42, 68,
78, 80, 113]. However, such studies are lacking in Lepi-
doptera, one of the most species-rich and ecologically
important groups of insects, in which less than 0.1% of
species have been screened for microbes [77]. The uncer-
tainties of the functional role and specificity of microbes
in Lepidoptera make this group a particularly important
target for transplant experiments.

Here, we investigate the effect of microbiome trans-
plantation on wood tiger moths (Arctia plantaginis) with
distinct genetic backgrounds and life-history traits. A
reciprocal faecal transplantation was carried out between
wood tiger moths of two colour genotypes that differ in
the duration of their larval stage by adding frass (i.e., lar-
val faeces) to their diet. The experimental insects have
been reared in the laboratory for several generations,
kept in similar conditions and fed the same diet. We fol-
lowed the microbiome’s compositional changes during
larval development and in the resulting adults. Thus, any
consistent microbiome differences between host geno-
types could reflect selective filtering of bacteria. We ask
(i) if each genotype has its own associated microbiome,
(ii) if it is stable across life-stages, and (iii) if microbiome
transplant can reverse the growth rate between the geno-
types. We also examine if the transplantation impacts
other important fitness traits, such as pupal mass and the
volume of defensive secretions.
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Methods

Study species and genotype lines

The wood tiger moth is an aposematic species distributed
throughout the Holarctic [37]. In Europe, males display
colour polymorphism, having yellow or white hindwings
and co-occur at variable frequencies within populations
[25, 37]. The two colour morphs differ in key fitness traits
such as mating success [30, 69], immune responses [70],
protection against predators [56, 87], and flight activity
[88]. The yellow-white hindwing polymorphism is deter-
mined by a single Mendelian locus with two alleles in
which the yellow allele (y) is recessive to the white (W)
allele [71]. Hence, the white colouration is produced by
WW and Wy allelic combinations, whereas yy produces
yellow. Analyses of selection lines show that the homozy-
gous genotypes differ in the length of their larval stage
(i.e., from egg hatching to pupation). Individuals of the
WW genotype have a significantly shorter larval stage
than those of the yy genotype (Additional file 1: Fig. S1).
Adults of both colour morphs release defensive secre-
tions from their anal cavity, which are effective at deter-
ring invertebrate predators, with yellows having stronger
chemical defence than whites [86]. Thus, this species
offers a good opportunity to study the impact of microbes
on life-history and fitness traits in relation to the host’s
genetic background.

Larval sampling and rearing before frass transplant

Genotype selection lines of wood tiger moths have been
maintained for over 12 generations at the University of
Jyvéskyld, Central Finland. For this study, we selected
four families of WW and four of yy genotypes to char-
acterize their bacterial communities as they develop

Page 3 of 16

with or without faecal transplantation (see below).
We included four families to cover for possible varia-
tion among families in the analysis of genotype effects,
and we did not analyze family effects. The general rear-
ing protocol and the pedigree are described in detail in
Nokelainen et al. [71] and De Pasqual et al. [17]. In the
rearing protocol, larvae are fed with dandelion (Taraxa-
cum spp.) collected from the wild without disinfection or
antibiotic supplementation. Here we modified the rear-
ing protocol as follows. Immediately after hatching and
before being given any food, we collected larvae to assess
the bacteria in newly hatched larvae. Newly hatched lar-
vae are too small for dissection (~2 mm), and hence, the
whole larva was used. The larvae were surface sterilized
to exclude microbial contamination from the environ-
ment. We cut the filter from a 1-ml filter tip and placed
it inside a 1.5-ml tube. We pooled four larvae into a sam-
ple on the filter and added 450 pl of autoclaved double-
distilled water (AddH,0), creating a whirlpool with a
1-ml filtered pipette tip for 2 min. The water was col-
lected and the procedure was repeated three times. The
collected washing water (Table 1) was stored at — 20 °C
until DNA extraction to represent bacteria on the out-
side of the larva, including environmental contamination.
The washed larvae were then transferred to a new 1-ml
filter tip, rinsed with 450 pl of 5% sodium hypochlorite
(NaOCl) solution, and centrifuged at 2000 rpm for 30 s.
The rinsing process was repeated three times, after which
the surface sterilized larvae were stored at — 20 °C until
DNA extraction (hatched larvae in Table 1).

The remaining larvae (374/genotype) were split into
groups of 20-25 larvae and reared inside sterile petri
dishes. The dishes were kept in climate chambers in a

Table 1 Sample types included in bacterial 16S rRNA gene sequencing

Sample type Sample type definition n per genotype* Total
no. of
samples

Hatched larvae Surface sterilized newly hatched larvae analyzed as whole 8

Washing water Water from washing newly hatched larvae 4 8

Control diet Artificial diet na 2

Transplant diet Mix of control diet and frass 2 4

Frass before Frass from larvae fed with control diet before transplantation 2 4

Frass after Frass from larvae fed with transplant diet of the other genotype WW: 3, yy: 2 5

Frass after control Frass from larvae fed with transplant diet of the same genotype 2 4

Gut Gut of adult from larvae fed with transplant diet of the other genotype WW: 2, yy: 1 3

Gut control Gut of adult from larvae fed with transplant diet of the same genotype WW: 3, yy: 2 5

Abdominal fluid Abdominal fluid of adult from larvae fed with transplant diet of the other genotype WW: 10, yy: 4 14

Abdominal fluid control Abdominal fluid of adult from larvae fed with transplant diet of the same genotype WW: 8, yy: 4 12

Water control Water used in artificial diet and sample storage na 3

*Uneven n caused by difficulties obtaining PCR products or sample collection (i.e., abdominal fluids, guts)
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18:6 h light:dark cycle at 21 °C during the light and 14 °C
during the dark. An artificial diet was prepared consist-
ing of 3 g agar, 32.1 g semolina, 8.58 g yeast, 8.3 g wheat
germ, 1.76 g Vanderzant vitamin mix, 1.8 ml nipagin and
180 pl acetic acid in 200 ml freshly boiled AddH,O to
minimize diet-derived bacteria. Two samples of this diet
were stored at — 20 °C until DNA extraction (control
diet in Table 1). Roughly 5 g of this diet was presented to
the larvae on top of a sterilized microscope slide inside
the petri dish. After 48 h, approximately 0.5 g of larval
faeces, hereafter frass, was collected from the bottom
of the petri dish using sterilized tweezers and stored at
— 20 °C until DNA extraction (frass before in Table 1).

Frass transplantation and rearing
To prepare diets for frass transplantation between geno-
types, approximately 10 frass pellets from each petri dish
were collected after 48 h of giving the control diet and
pooled to obtain~1 g/genotype and mixed with 50 g
of the control diet. Four samples of this transplant diet
(two of each genotype) were mixed with 2 ml of boiling
AddH,O and stored at — 20 °C until DNA extraction
(transplant diet of genotypes WW and yy in Table 1).
The larvae, all in their 3rd or 4th instar, were then
divided into treatment and control groups in sterile
petri dishes with 10-15 larvae of the same genotype per
petri dish. The treatment group was fed the opposite
genotype’s transplant diet: each petri dish of WW larvae
received ~5 g of yy transplant diet, and each petri dish of
yy larvae received ~5 g of WW transplant diet. The con-
trol group larvae received ~ 5 g of transplant diet of their
own genotype. The petri dishes were kept in the climate
cabinets in the same conditions as above. Twenty-four
hours after the food was given, approximately 1 g of frass
was collected from each genotype as above and stored
at — 20 °C until DNA extraction (frass after, frass after
control in Table 1). The rearing continued until all larvae
pupated or died. The pupae were placed individually in
150-ml plastic containers, kept in the climate chambers
in the same conditions and weighed to the nearest milli-
gram. From a subset of the emerging adults, we dissected
the gut following Moghadam et al. [67] with minor modi-
fications. Briefly, each adult moth was placed on a ster-
ile petri dish and its head was removed using a sterilized
scalpel. A drop of AddH,O was placed next to the abdo-
men and the gastrointestinal tract (i.e., gut) including the
crop, foregut, midgut, and hind gut was pulled out using
sterilized forceps under a light stereoscope with a Bun-
sen burner next to it to reduce the risk of contamination.
The dissected guts were placed individually in 30 pl of
AddH,0 and stored at — 20 °C until DNA extraction (gut
in Table 1). Likewise, we collected the abdominal defen-
sive secretions from the adults. We gently pressed the
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abdomen of live adults with sterilized tweezers until the
secretion was released from the anal cavity. The secretion
was collected using UV-sterilized 10-ul glass capillar-
ies under a laminar flow, measured with a digital caliper,
and placed individually in 30 pl of AddH,O and stored
at — 20 °C until DNA extraction (abdominal fluid in
Table 1). Finally, we took 30 ul of the AddH,O batch used
to prepare all the samples above and stored it at — 20 °C
until DNA extraction (water control in Table 1).

Life histories

We followed several life-history traits of individual lar-
vae, pupae, and adults from the different genotypes and
treatments. The overall developmental rate was deter-
mined by counting the number of days elapsed from egg
hatching until adult eclosion. This included the larval
and pupal stages. We further analyzed the development
rate within the larval stage (i.e., from egg hatching until
pupation), as well as within the pupal stage (i.e., from
pupation to adult eclosion). In addition, we recorded the
weight of all individual pupa, and at the adult stage, we
measured the volume of abdominal defensive secretions
as described above.

DNA extraction, PCR and PacBio amplicon sequencing
DNA was extracted by homogenizing the sample (larvae,
frass, gut, abdominal fluid, diet) in 30 ul of water with a
metal bead (¢ 2.3 mm) in a Bead Ruptor (OMNI) at speed
3.93 m/s for 2 x 30 s. After homogenization, the samples
were boiled at 100 °C for 10 min and stored at -20 °C until
further use. DNA quantification was performed with the
Qubit BR DNA kit (ThermoFisher).

To assess bacterial diversity in the larvae, their
frass, and adult moths, we amplified ~ 1550 bp of the
16S ribosomal RNA (rRNA) gene using custom prim-
ers (forward 5-AGAGTTTGATCMTGGCTCAG-3/,
reverse 5-CCTTGTTACGACTTCACCCCAG-3/).
The primers were designed using Primer3 [112] from
Lepidoptera-associated 16S rRNA gene sequences
downloaded from National Center for Biotechnology
Information (NCBI) and aligned using ClustalW [95].
Polymerase chain reactions (PCR) were performed in a
C1000 thermal cycler (Bio-Rad) using 5 pl of DNA tem-
plate, 1 x Platinum SuperFI Mastermix (ThermoFisher),
1 x enhancer buffer, 0.5 uM of each primer, and 0.5 mM
MgCl, in reaction volume of 20 pl. The cycling condi-
tions were as follows: 98 °C for 30 s, 40 cycles of 98 °C
for 10 s, 49 °C for 10 s, 72 °C for 1 min, and a final elon-
gation of 5 min at 72 °C. The PCR products were run
in 3% agarose gels, and the bands were excised using
gel cutting tips (Axygen) and purified by centrifug-
ing through 1-ml filter tips at 6000 rpm for 15 min.
DNA concentration of the purified PCR products was
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measured using PicoGreen dsDNA Assay Kit (Ther-
moFisher), and a sequencing library was prepared
according to the PacBio multiplexed amplicon library
preparation protocol. The samples were barcoded
and sequenced in a PacBio Sequel at the Novogene
sequencing laboratories. In addition, a mock com-
munity (ZymoBIOMICS Microbial Community DNA
Standard, Zymo Research) and the water control (i.e.,
negative control) were amplified and sequenced with
each library.

Sequence processing and quality control

Sequence reads were processed with PacBio tools
distributed in Bioconda. PacBio subreads were com-
bined into consensus sequences with ccs in package
pbccs (v.6.0.0) with the default settings. The consensus
sequences (797,984 reads) were demultiplexed based
on barcodes with lima (v. 2.0.0) with the settings -peak-
guess, -different- -ccs, -min-length 1440, -max-input-
length 1580, -min-end-score 26, and -split-bam-named.
The resulting bam files were converted into fastq
with bam2fastq in the package bam2fastx (v. 1.3.1).
Sequences were submitted to the National Center for
Biotechnology Information Sequence Read Archive
under accession code PRINA804133.

The reads were processed further and amplicon
sequence variants (ASVs) inferred in DADA2 (v. 1.16.0,
[8] following guidelines for PacBio data [9], https://
benjjneb.github.io/LRASManuscript/LRASms_fecal.
html) in R (v. 4.0.4, [84] and RStudio (v. 1.4.1106).
Primers were removed with the command removeP-
rimers. Reads were filtered with the command fil-
terAndTrim and the settings minQ =3, minLen = 1300,
maxLen=1600, maxN =0, and maxEE =2. The reads
were dereplicated and denoised using PacBio-specific
error estimation function. Chimeras were removed
from the denoised reads with the command remove-
BimeraDenovo and setting minFoldParentOverAbun-
dance =3.5. Taxonomy was assigned against the Silva
database (v. 138.1, [83]. The ASV data was imported
into phyloseq (v. 1.32.0, [64], and ASVs assigned to
chloroplasts or mitochondria or not assigned to Bacte-
ria were removed. Potential contaminants were exam-
ined based on ASVs in water control and washing water
samples (Table 1) with the package decontam based
on frequency (threshold 0.2), prevalence (threshold
0.5), and inspection of frequency vs. DNA concentra-
tion plots [16], and none were detected. This resulted
in 226 ASVs (when excluding ASVs in the mock com-
munity controls) and on average 6898 reads per sample
(in total 565,705 reads).
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Statistical analyses and phylogenetic diversity measures
All analyses were carried out in R (v. 4.0.4) through RStu-
dio. The package ggplot2 [122] was used for generating
plots. To examine the effect of the frass transplantation
on the life histories of the genotypes, we implemented a
Kruskal-Wallis one-way analysis of variance (ANOVA)
followed by pairwise Dunn’s tests to the traits measured.
All tests’ significance values were corrected for multiple
comparisons. This non-parametric approach was chosen
because the samples violate parametric assumptions of
normality and/or equality of variance (Additional file 1:
Fig. S2).

For comparing bacterial diversity and community
composition, the ASV table was rarefied to the median
number of reads (6915 reads) with the function rrarefy in
vegan (v. 2.5.7, [74]. If a sample had fewer reads than the
median, all its reads were included. Then, the ASV table
was standardized to relative abundances. Sequences of
the ASVs were aligned and a phylogenetic tree was con-
structed using RAXML (model GRT + gamma, [101]) on
the SILVA ACT server [82]. Faith’s phylogenetic diver-
sity (PD) and ASV richness were determined in picante
(v. 1.8.2, [49]. The phylogenetic tree was converted into
a phylogenetic distance matrix with the function cophe-
netic. Measures of phylogenetic relatedness among com-
munities (phylogenetic beta diversity) were calculated
in picante as mean pairwise distance (MPD, [120], func-
tion comdist, abundance weighted) and mean nearest
taxon distance (MNTD, function comdistnt, abundance
weighted). MPD emphasizes the clustering of basal
clades in the phylogenetic tree, whereas MN'TD empha-
sizes patterns closer to the tips of the tree. These values
were used as distance measures in non-metric multidi-
mensional scaling (NMDS) with function metaMDS in
vegan and permutational multivariate analysis of vari-
ance (PERMANOVA) with function adonis2 in vegan [2].

Separate phylogenetic trees of Erysipelotrichaceae and
Enterococcus ASVs were constructed by aligning the
sequences and selected reference sequences (described
strains and similar environmental sequences identified
by Blast searches) with SINA v. 1.2.11 on the SILVA ACT
server and inferring a maximum likelihood tree with
RAXML (model GTR+gamma, [101]) in QIIME2 (v.
2021.8.0, [4].

We used the same phylogenetic relatedness measures as
above to assess phylogenetic clustering of bacterial com-
munities against null models across sample types. This
analysis aims to determine whether bacterial community
assembly and turnover across life stages are driven by
niche-based (i.e., environmental filtering) or stochastic
processes [104]. For example, if gut conditions favour the
proliferation of specific bacterial taxa, it would be shown
as phylogenetic clustering. Net relatedness index (NRI)
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was calculated as the standardized effect size of MPD
(function ses.mpd in picante, abundance weighted) mul-
tiplied by -1. Nearest taxon index (N'TI) was calculated as
the standardized effect size of MNTD (function ses.mntd,
abundance weighted) multiplied by -1. Positive values of
NRI and NTI indicate phylogenetic clustering (taxa are
more closely related than by chance), whereas negative
values indicate phylogenetic overdispersion (taxa are less
closely related than by chance). Values of NRI and NTI
differing from O and thus showing more clustering by
chance were identified by Welch’s t-test (function t.test).
To compare mechanisms of phylogenetic turnover along
life history and experimental stages, we calculated PNTI
values for pairs of communities according to Stegen et al.
[104] and https://github.com/stegen/Stegen_etal ISME_
2013. PNTI>2 indicates significantly higher community
turnover than by chance driven by deterministic selec-
tion [104, 105]. BNTI between -2 and 2 indicates commu-
nity assembly driven by stochastic processes. PNTI<-2
indicates less community turnover than by chance.

Results

Life-history effects of frass transplantation

Overall developmental time (i.e., from egg hatching to
adult eclosion) differed between the controls of geno-
types WW and yy (Additional file 1: Fig. S3), as in the
stock selection lines (Additional file 1: Fig. S1). This dif-
ference was mainly due to the faster growth of WW indi-
viduals at the larval stage (Fig. 1). The length of the pupal
stage did not differ between the genotypes (Kruskal-Wal-
lis one-way ANOVA statistic=7.74, P>0.05) (data not
shown). When WW larvae received the frass transplant
from genotype vy, they grew slower than the control WW
larvae that received WW frass (Fig. 1, Additional file 1:
Fig. S3). The opposite was not observed: WW frass trans-
plant did not affect the growth of yy larvae.

Pupal weight differed with genotype in the controls,
with WW pupae being lighter than yy pupae (Additional
file 1: Fig. S4). However, we observed no differences in
pupal weight between the controls and the pupae that
received the frass transplant of the other genotype. This
suggests that the frass transplant did not affect pupal
weight. Transplantation also did not affect pupal mortal-
ity (controls WW 10%, yy 12%; treatments yy to WW 7%,
WW to yy 15%).

The adults of genotype WW secreted a smaller vol-
ume of defensive abdominal fluids than the adults of yy
in the controls. Transplantation with yy frass signifi-
cantly increased abdominal fluid secretion in WW adults
(Fig. 2). As in the case of growth rate, this could point to
greater susceptibility or adaptability of the WW genotype
to the transplantation and the presence of foreign bac-
teria. Larger volumes in defensive secretions were also
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observed in the yy genotype transplanted with WW frass.
However, this difference was not significant relative to
the yy controls, likely because of the unbalanced number
of samples. Overall, it can be suggested that frass trans-
plantation generally increased the volume of defensive
secretions.

Bacterial community composition and diversity

with genotype, life stage and frass transplant

Bacteria detected in newly hatched larvae showed no
difference in phylogenetic diversity or ASV richness
between the genotypes (Additional file 1: Fig. S5). Com-
pared to the newly hatched larvae, larval frass before
transplantation had lower phylogenetic diversity (Addi-
tional file 1: Fig. S5), which indicated that frass contained
a reduced set of bacteria. However, the frass bacteria
were not solely a subset of the bacteria detected in newly
hatched larvae. Frass before transplantation shared only
one out of five ASVs (genotype WW) or three out of
11 ASVs (genotype yy) with the newly hatched larvae
(Fig. 3).

Unlike in newly hatched larvae, the bacterial com-
munity in frass differed between the genotypes (Fig. 4,
Additional file 1: Fig. S6; PERMANOVA hatched larvae
R*=0.27, P=0.24; frass R*=0.38, P=0.001). Frass of
genotype WW collected before transplantation had lower
ASV richness and phylogenetic diversity than yy frass
(Additional file 1: Fig. S5). Bacteria in WW frass were
dominated by Erysipelotrichaceae (Firmicutes; Fig. 5),
which were only detected in genotype WW: in addition
to larval frass in WW adult gut and abdominal fluids
(Fig. 3). These Erysipelotrichaceae belong to a novel clus-
ter with no described species that includes uncultured
bacteria detected in termite gut (Additional file 1: Fig. S7;
[40, 65]. Frass of genotype yy was instead dominated by
Enterococcaceae (Firmicutes,Fig. 5). These ASVs included
ASV1 and ASV5 (Fig. 3) that occurred across the geno-
types in frass, adult gut, and abdominal fluids and had
100% sequence similarity to Enterococcus gallinarum
and E. casseliflavus strains from Lepidoptera (Additional
file 1: Fig. S8; [14, 15]. These Enterococcaceae ASVs were
among the only four common core ASVs detected in one
or more sample types with 50% prevalence (Fig. 3).

When WW larvae received the yy frass trans-
plant, their frass retained the WW-specific Erysipel-
otrichaceae. Notably, WW frass also gained or showed
an increased relative abundance of the two common
Enterococcaceae ASVs detected in yy frass (ASV1,
ASV5) (Fig. 5). The prominence of these ASVs in WW
frass after transplantation suggests they may have origi-
nated from the yy frass transplant. Enterococcus ASVs
became more prevalent also in one of the WW controls
that received WW frass, but these ASVs represented a
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different cluster within Enterococcus not detected in yy
frass (ASV3, ASV12, 99-100% sequence similarity to
E. mundtii strains, Additional file 1: Fig. S9). Bacteria
in yy frass, on the other hand, changed almost com-
pletely both with WW frass transplant and in the con-
trols that received genotype yy’s own frass (Figs. 4B,
5). After the transplant, yy frass bacteria consisted of

sporadic ASVs representing bacterial groups detected
in the control diet and transplant diet fed to the larvae
(Fig. 5, Additional file 1: Fig. S9). Therefore, we found
no evidence pointing to the transfer of WW frass bac-
teria to genotype yy. Variation of bacterial community
in adult gut and abdominal fluid could not be linked to
the transplant treatment or to genotype, partly due to
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large variation among individuals (Fig. 4C, Additional
file 1: Fig. S10). The ASVs affiliated with E. casselifla-
vus/gallinarum and E. mundtii occurred in adult gut
with no consistent pattern. In adult abdominal fluids,
both Enterococcus types were present in both geno-
types, but E. casseliflavus/gallinarum ASVs dominated

in genotype WW and E. mundtii type in genotype yy
(Additional file 1: Fig. S10).

Phylogenetic clustering and turnover of bacteria with life
stage and genotype

We used phylogenetic clustering and turnover measures
to identify potential ecological mechanisms structuring
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the bacterial community with life stage and genotype.
Bacterial communities in larval frass before and after
transplantation and in adult abdominal fluid showed
higher phylogenetic clustering than by chance (NRI,
NTI>O0, Fig. 6A, B), which suggests selection or environ-
mental filtering of specific bacterial lineages. In newly
hatched larvae and adult gut, NRI and NTI did not differ
from 0, and thus no evidence of selection of specific line-
ages was detected. Only frass before and after transplant
showed potential differences in the extent of clustering
with genotype. When looking at phylogenetic turno-
ver in transitions between life stages, bacterial commu-
nity turnover was largest in the transition from newly
hatched larvae to frass (Fig. 6C). BNTI values of>2 indi-
cated deterministic selection in this community shift.
Community dynamics of the other transitions appeared
more driven by stochastic processes (— 2 <NTI>2). Dif-
ference in BPNTI values between the genotypes in frass
suggests that genotype affected the dynamics and com-
munity assembly of the frass bacterial community.
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ww ww ww
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” - - Family
75% 1
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Fig. 5 Taxonomic distribution of bacterial 165 rRNA gene amplicon
sequence variants (ASVs) at family level in frass before and after
transplantation within genotypes WW and yy (ctrl) and between
genotypes WW and yy (transpl). White horizontal lines separate

ASVs. Each ASV with relative abundance above 0.5% is shown as its
own section in the columns. Family ‘0319-6G20" belongs to phylum
Bdellovibrionota, class Oligoflexia. Enteroc. stands for Enterococcus, and
cass/qgall for casseliflavus/gallinarum
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Discussion

Bacteria in insect hosts have been connected to fitness
and development [21, 32] and even to driving changes
in host allele frequencies [89]. Many insects show highly
species-specific microbiome composition, but Lepidop-
tera are considered to deviate from this pattern of insect
phylosymbiosis [59], but see [33]. Consequently, the
mechanisms of bacterial community assembly and the
role of bacteria in key traits such as growth and defen-
sive mechanisms of Lepidoptera remain unresolved [35,
77]. Here, we show that a reciprocal frass transplantation
between a fast-growing and a slow-growing genotype of
the wood tiger moth reversed the growth rate, but only in
the fast-growing genotype, also increasing the volume of
defensive secretions. The host bacterial community had
components that (1) were genotype specific, (2) passed
strong environmental filtering in the gut, and (3) were
retained through life stages. Together, these findings sug-
gest that whether the microbiome influences Lepidoptera
growth may depend on genotype-specific ability of the
host to gain and retain specific bacteria.

The life-history traits of the fast-growing genotype
WW were more susceptible to frass transplantation
than those of the slow-growing genotype yy. In addi-
tion to growth rate, the white and yellow colour morphs
that the genotypes represent differ in their immune
response mechanisms. The yellow morph that the geno-
type yy represents has more effective lytic activity in its
haemolymph [70]. This stronger innate immune response
against bacterial invaders could partly explain why the
slow-growing genotype yy was more resistant to frass
transplantation than the WW genotype. The immune
system has been proposed as one of the mechanisms
driving microbiome differences between hosts with dif-
ferent genetic backgrounds [24, 51, 100]. Furthermore,
the costs of this stronger immune defence in genotype yy
could be reflected in slower growth [3, 6, 96].

Effective defence against bacterial invaders in the yy
genotype could have prevented it from acquiring bac-
teria from the frass transplant or the environment that
are potentially beneficial for growth in the fast-growing
genotype WW. Alternatively, or in addition, the chemical
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or physiological environment in the gut of genotype WW
may favour the establishment of different bacteria [51].
We detected Erysipelotrichaceae only in the fast-growing
genotype WW, and their relative abundance decreased
together with growth rate after yy frass transplantation.
Transplantation increased Enterococcus ASVs seen in yy
frass, which could imply the transfer of these bacteria to
the WW genotype. We detected no transfer of bacteria
from WW to yy. One limitation here is that we cannot
rule out changes in bacterial community composition
in frass after it was excreted and before it was collected.
Nevertheless, WW-specific Erysipelotrichaceae (increas-
ing growth), yy-originating Enterococcus (constraining
growth) or the balance between these groups could pre-
sumably be a bacterial component associated with larval
growth.

Erysipelotrichaceae, which can be considered geno-
type-specific core taxa here, commonly occur in insect
guts [108]. For example, they occur in dung beetles
depending on genus and diet [19], and in Lepidoptera
depending on growth environment [28] and season [38].
The family Erysipelotrichaceae consists of anaerobic
or aerotolerant bacteria with fermentative metabolism
[108]. However, the ASVs we detected are too distant
from any described strains (Additional file 1: Fig. S7) to
allow more detailed speculation on their metabolism.
In vertebrates, a relative increase of Erysipelotrichaceae
has been connected to dietary fat, weight gain, meta-
bolic disorders, and high feed-to-weight conversion
rate [47, 102, 111, 125]. Congruently, their decrease has
been linked to reduced growth [5]. These findings show
Erysipelotrichaceae as a responsive member of the gut
microbiota with connections to lipid metabolism and
growth. Here, we linked Erysipelotrichaceae to lepidop-
teran larval growth rate when the genetic background
allowed the establishment of these bacteria in the gut.
Characterization of isolates or genomes of this distinct
novel cluster of Erysipelotrichaceae is required to estab-
lish potential mechanisms for how these bacteria affect
growth, directly or indirectly.

The other scenario that our results put forward is that
specific members of Enterococcus could have an impact
in reducing larval growth rate. Enterococci are lactic
acid bacteria well adapted to survival in the harsh gut
environment by evading host defences [22, 63] and com-
monly found in Lepidoptera throughout their life cycle
[13, 29, 36, 109]. The specific enterococci we detected in
connection to slower growth clustered with E. casselifla-
vus and E. gallinarum, which can be the dominant bac-
teria in Lepidoptera [44, 60, 93, 106]. These enterococci
have been suggested to potentially play beneficial roles in
larvae, such as detoxifying diet plant compounds [115]
and degrading cellulose and proteins [15, 81], which
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may not align with reduced growth. On the other hand,
strains of E. casseliflavus have also been reported to be
pathogenic to larvae [92, 110], though not in all cases
[76]. The larvae in our experiment showed no signs of
pathogenic effects, and the only negative outcome we
can connect is the presence of E. casseliflavus/gallinarum
with slower larval growth. In the control transplant of
the faster-growing WW genotype, we instead detected
enterococci that grouped with E. mundtii. This proposed
lepidopteran symbiont has been reported to be antago-
nistic against potential pathogens, including E. casselifla-
vus, by producing an antimicrobial peptide and to appear
later in larval development than E. casseliflavus [43, 45,
92]. Overall, our results suggest that the establishment
and dynamics of these two clusters of enterococci (E. cas-
seliflavus/gallinarum vs. E. mundltii) can be influenced by
host genotype with potential effects on larval growth.

In adults of the wood tiger moth which, in contrast to
larvae, are short-lived and do not feed, we detected both
E. mundtii and E. casseliflavus/gallinarum ASVs across
genotypes and treatments. This co-occurrence implies
that different mechanisms could control their commu-
nity dynamics in adults vs larvae. If these dynamics are
further sensitive to the host’s genetic background, as
our results suggest, the specific functional roles of these
enterococci are most likely highly context dependent. It
is possible that under some conditions, they form a host-
adapted core microbiome [85, 94], which is often con-
sidered lacking in Lepidoptera. The context-dependency
would, however, suggest that any effects of these ente-
rococci on growth are causal role functions depending
on the presence or absence of the microbe, rather than
selected effect functions driven by evolutionary mecha-
nisms and consistent maintenance of the microbe in the
host population [50]. Further manipulative studies tar-
geted at enriching or depleting such taxa are needed to
confirm this notion. In addition, it should be taken into
account that frass transplants contain not only bacteria
but also other microbes such as viruses and fungi, which
could influence the bacterial dynamics and life-history
outcomes.

Our results agree with previous findings of low bacte-
rial diversity in Lepidoptera and a lack of a consistent
core microbiome with striking variability among indi-
viduals [44, 61, 66]. The artificial diet we fed the larvae
to minimize the presence of non-frass microbes most
likely led to even lower diversity than in wild-collected
or plant-fed larvae. This low bacterial load could also
accentuate stochastic processes such as ecological
drift and priority effects more than in hosts with more
diverse and stable microbiomes, leading to high inter-
individual variation [10, 51]. Yet, against this low and
variable background, the results also support previous
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notions that specific taxa have an advantage in the
harsh conditions of the lepidopteran larval gut [106].
Taxa characteristic to a genotype (Erysipelotrichaceae)
or common in Lepidoptera (E. casseliflavus/gallinarum,
E. mundtii), which were not detected or barely detected
among the diverse bacteria of the newly hatched larvae,
became dominant in larval frass via non-random selec-
tion and were retained in adults (Figs. 3, 6). Moreover,
the filtering process in the larvae appeared to be largely
genotype specific. In the adults, the deterministic and
genotype-specific patterns seen in the larvae were
attenuated, which may reflect the role of the adult stage
in the life history of the wood tiger moth as a very short
reproductive stage (5-7 days). A caveat here is that
our set of adult gut samples is relatively small due to
difficulties in dissecting them. Since the adults do not
feed, functional guts are not necessary, and their gut
structures are the remnants of the larval gut that are
partly absorbed during metamorphosis. Nevertheless,
our results provide a rare view of lepidopteran bacte-
rial community dynamics through life stages in a spe-
cies that does not feed as an adult. Butterflies that do
feed as adults display relatively more consistent bacte-
rial community composition in adults compared to lar-
vae [33]. In the non-feeding wood tiger moth, bacteria
in both whole larvae and adults varied greatly, and pas-
sage through the larval gut to frass was the most selec-
tive step.

The frass transplantation impacted the volume of
abdominal secretions in the same way as the growth
rate of the genotypes. The WW genotype significantly
increased its defensive secretions, whereas the expected
opposite decrease in the yy genotype was not observed
(Fig. 2). A recent study found no differences in the volume
of abdominal secretions of wild-caught or laboratory-
reared white and yellow wood tiger moths [57]. Here, we
observed larger volumes in the yy control genotype rela-
tive to the WW control genotype, and a general increase
in both genotypes after frass transplantation. Differ-
ent diets may partly explain the discrepancies between
the studies. For instance, laboratory-reared moths were
fed dandelion (Taraxacum spp.) in the previous study,
whereas an artificial diet was used here. Likewise, the
larval diet of wild-caught adults is unknown. Hence, it is
difficult to draw comparisons between absolute volumes
of defensive secretions. However, it can be inferred that
diet is not a major contributor to the defensive secre-
tions, because the frass transplantation increased the vol-
ume of defensive secretions in both genotypes, which fed
on the same artificial diet mixed with frass of the other
genotype.

Differences in antipredator efficacy have also been
reported, where the abdominal secretions of yellow
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moths are more deterrent against ants than secretions
from white individuals [87]. The exact chemical composi-
tion of the abdominal fluids has not been characterized.
However, the wood tiger moth can sequester hepatoxic
organic compounds, such as pyrrolizidine alkaloids
(PAs), from its diet [123], and these compounds have
been detected in the abdominal secretions of wild-caught
adults (Winters et al., unpublished). PAs are well-known
for providing protection to plants against herbivores,
which in turn can host bacterial associates with detoxi-
fying abilities [46, 107]. Some bacteria have even been
suggested to synthesize PAs, as inferred by the presence
of alkaloid biosynthesis gene clusters [91]. Manipulative
experiments are needed to study PA sequestration-detox-
ification processes in the wood tiger moth. The great
diversity of bacteria found in the abdominal secretions
holds great potential to help elucidate the mechanism
underlying these processes and to better understand dif-
ferences in protection between the colour morphs.

The great and largely unexplained variation of bacteria
among individuals in the defensive secretions represents
an example of how the drivers of bacterial community
composition can be decoupled in larvae vs. adults [34].
We have previously shown that the wood tiger moth’s
pre- and post-metamorphosis life stages are only partly
decoupled [26]. Our across-life stage analysis provides
additional evidence for this partial de-coupling. For
instance, the genotype-specificity of Erysipelotrichaceae
remained in the abdominal fluids, which showed that
their bacterial community was not completely uncoupled
from the previous life stages. A curious observation was
a higher diversity of Enterococcus ASVs in the abdominal
fluids compared to larvae, frass or gut. Together with the
signs of phylogenetic clustering in the fluids, this find-
ing suggests that distinct and partly unidentified drivers
govern the bacterial community dynamics in the adult’s
defensive secretions vs. in the larvae.

Conclusions
We show for the first time that genotype-specific life-his-
tory traits in a lepidopteran host can be reversed with a
reciprocal frass transplantation. Our results help clarify
bacterial community assembly in Lepidoptera at differ-
ent life-stages and relate the bacterial community com-
position to the genotype and growth of the wood tiger
moth. With nearly full-length 16S rRNA gene amplicons,
we were able to discern the dynamics of closely related
enterococci and recovered a novel cluster of insect-asso-
ciated, genotype-specific Erysipelotrichaceae.

Our findings indicate that an insect host can fine-tune
its bacterial community in a genotype-specific man-
ner even against a highly variable bacterial community
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background with stochastic community assembly. The
strong selection of bacteria in larval frass appeared to be
relaxed in adults, which shows that previous findings of
consistent bacterial community in adult Lepidoptera [33]
may not apply to species that do not feed as adults. Thus,
not only life stage but also species-specific adult feeding
habits and host genotype can influence bacterial com-
munity assembly contributing to the high variation and
inconsistencies observed in Lepidoptera microbiomes.
Overall, our results suggest that the digestive processes
of slow- and fast-growing host genotypes differ in filter-
ing or retaining specific bacterial groups. Looking deeper
into the functional, chemical and genomic background of
these differences could reveal the molecular and ecologi-
cal mechanism of the filtering.
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