'l) Check for updates

Received: 2 February 2022 | Accepted: 29 August 2022

DOI: 10.1111/1365-2435.14184

RESEARCH ARTICLE

Experimental removal of extracellular egg-associated microbes

Functional Ecology Egﬁfﬁm

has long-lasting effects for larval performance

Su’ad A. Yoon'!

10kinawa Institute of Science and
Technology, Okinawa, Japan

2Department of Botany, University of
Wyoming Laramie, Laramie, Wyoming,
USA

3Department of Biology, Program of
Ecology, Evolution, and Conservation
Biology, University of Nevada Reno, Reno,
Nevada, USA

Correspondence
Su’ad A. Yoon
Email: suad.yoon@oist.jp

Funding information

National Science Foundation, Grant/
Award Number: DEB-1638793, DEB-
1929522 and 105-1456354; Society for
the Study of Evolution

Handling Editor: Kwang Pum Lee

1 | INTRODUCTION

| Joshua G. Harrison? | Angela M. Smilanich® | Matthew L. Forister®

Abstract

1.

Maternally transmitted microbes are ubiquitous. In insects, maternal microbes
can play a role in mediating the insect immune response. Less is known about
how ecological factors, such as resource use, interact with maternal microbes to

affect immunity.

. In the context of a recent colonization of a novel host plant by the Melissa blue

butterfly Lycaeides melissa, we investigated the interaction between host plant
use and vertically transmitted, extracellular egg-associated microbes in deter-

mining the strength of the insect immune response.

. We reared larvae on two different host plant species: a native host Astragalus

canadensis and a novel host Medicago sativa. Egg-associated microbes were re-
moved through a series of antimicrobial egg washes prior to hatching. Immune
response was measured through three assays: standing phenoloxidase (PO),

total PO and melanization.

. We detected strong effects of microbial removal. Egg washing resulted in lar-

vae with an increased immune response as measured by total PO—contrary to
reports from other taxa. The effect of washing was especially strong for larvae

consuming the native host plant.

. This result may explain why consumption of the egg casing is not a universal

behaviour in insects, due to negative effects on larval immunity.

KEYWORDS
extracellular microbes, immune response, melanization, novel host use, phenoloxidase, vertical
transmission

Mason et al., 2019). Insect-associated microbes are important for

Maternally transmitted microbes are common in all animal lin-
eages where their presence has been investigated (Funkhouser &
Bordenstein, 2013). These microbes can be obligate mutualists that
increase the fitness of the host organism, commensals that do not
strongly affect the host negatively or positively, or parasites that de-
crease the fitness of the host (Dillon & Dillon, 2004; Douglas, 2013;

© 2022 The Authors. Functional Ecology © 2022 British Ecological Society.

pollination, herbivory, plant defence and insect immunity (Mogren
& Shikano, 2021).

Maternally transmitted microbes mediate the insect immune re-
sponse in several species. For example, in Galleria mellonella, higher
immunity-related gene expression was found in eggs from mater-
nal lines consuming bacteria as larvae, compared to bacteria-naive

lines (Freitak et al., 2014). Fluorescent tagging of these bacteria
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confirmed that maternally ingested bacteria crossed the midgut,
were entrapped in the hemocoel, accumulated in the ovary and
then were finally deposited into the egg chorion and yolk. In the to-
bacco hornworm Manduca sexta, larval ingestion of non-pathogenic
and pathogenic bacteria induced both immune responses in the in-
fected host and changes in DNA methylation and histone acetyla-
tion (Gegner et al., 2019). In this system, maternal transgenerational
immune priming was demonstrated by showing that bacterial struc-
tures were translocated from the gut lumen to the egg yolk, result-
ing in transcriptional reprogramming of immunity-associated genes.
More generally, examples are accumulating that suggest transgen-
erational immune priming might be common in insects, including in
bumblebees (Sadd et al., 2005), moths (Tidbury et al., 2011; Trauer &
Hilker, 2013) and beetles (Knorr et al., 2015; Zanchi et al., 2011). The
growing recognition of the importance of immune priming in insects
has recently led to it being dubbed the ‘secret weapon’ of the insect
world (Sheehan et al., 2020).

The likely importance of bacteria for immune priming in insects
is especially interesting because, at least in the Lepidoptera, mi-
crobiome composition tends to be highly variable and fluctuates in
response to environmental drivers, gut physiology, developmental
stage and host diet (Paniagua Voirol et al., 2018). In other insects
that consume the egg casing after hatching, this early larval be-
haviour has been identified as a transmission mechanism for both
intracellular and extracellular microbes (Salem et al., 2015). Although
vertical transmission is less well understood in Lepidoptera, it is
plausible that some portion of the larval microbiome is determined
by the extracellular egg microbiota, given the ubiquity of egg casing
consumption. For example, the microbiome of gypsy moth larvae is
determined by egg mass of origin (which includes both maternal and
environmental effects), and also host diet (Mason & Raffa, 2014).
While it is clear that the lepidopteran microbiome can be influenced
by many factors, what is less clear is the role of maternally transmit-
ted extracellular bacteria in affecting the lepidopteran immune re-
sponse, and how these bacteria may interact with ecological factors,
such as host plant use (Smilanich et al., 2018).

In this study, we sought to investigate how ecological varia-
tion in host plant use may interact with egg-associated microbes to
affect the insect immune response in a common North American
butterfly, Lycaeides melissa. This species is of interest from an evo-
lutionary ecology standpoint because within the past 200years it
has undergone an expansion of diet to include the exotic legume
Medicago sativa. Lycaeides melissa uses this host in many parts of its
range, even though larval survival and adult fecundity are reduced
when reliant upon M. sativa as compared to development on a com-
mon native host plant Astragalus canadensis (Forister et al., 2009).
Furthermore, consumption of the novel host plant M. sativa results
in a distinct suite of larval microbes, compared to larvae consuming
the native host (Yoon et al., 2019). Thus, it is a system well suited for
investigating interactions between host plant use and extracellular,
egg-associated microbes. Specifically, we used a crossed (plant by
population by experimental treatment) design to ask the following
questions: (1) Does removing extracellular, egg-associated microbes

affect the strength of the caterpillar immune response? (2) Is this
effect dependent on the species of host plant consumed during de-
velopment or (3) the population of origin of the mother?

If the immunological effects of egg-associated microbes are
contingent on the identity of the host plant or maternal popula-
tion of origin, then the outcome of host plant choice by ovipositing
L. melissa females potentially affects not only larval performance
via nutrition, but could also result in optimal versus non-optimal
immune priming associated with other ecological factors. After
testing for effects associated with the whole microbial community,
we also investigated whether specific microbial taxa were associ-
ated with increased or decreased immune function. Finally, we note
that our use of the idea of ‘extracellular egg-associated microbes’
is meant to include all microbes on the external surface of the egg,
acknowledging that these microbes may have an origin from within
the mother but might also have been acquired from the environ-
ment (including the leaf) after oviposition. However, since the fe-
male makes the choice of the oviposition site, these other sources
are also maternally influenced, albeit not separately assayed in the

present study.

2 | MATERIALS AND METHODS
2.1 | Experimental design

Gravid L. melissa females were collected from a population associ-
ated with the native host plant A. canadensis at Washoe Lake NV,
USA (hereafter referred to as WLA) and from a population utilizing
the novel host M. sativa (alfalfa) at Verdi NV, USA (hereafter: VUH)
during late June and early July 2016 (approximately 40 females from
each location; see Figure S1 for an illustration of our experimental
design). Permits were not required for collection at either site. Eggs
acquired from these females were randomly assigned to a wash-
ing treatment (washed or unwashed, N = 200 eggs per treatment).
For eggs destined to consume the novel host plant M. sativa, these
females laid on M. sativa. For eggs destined to consume the native
host plant A. canadensis, these females laid on A. canadensis. Females
were randomly assigned to either one host treatment or the other.
Females were placed into individual oviposition cages in a lath house
the same day they were caught in the field. They were given fresh
host plant material for oviposition and fed Gatorade™ every day
(Fruit Punch flavour), as well as misted with water several times a day,
as we have done in previous experiments. Oviposition took place
over 2-3days, with most females laying between 10 and 20 eggs
each. Eggs were removed from host plant material using a sterilized
small paintbrush. Half the eggs were left unwashed as controls, and
half were immediately washed. Washed eggs were surface sterilized
with a series of anti-microbial rinses, beginning with 96% ethanol,
and ending with PVP-| Betadine solution (Beard et al., 1992). A sub-
set of eggs from each treatment group was set aside and frozen for
sequencing after washing (N = 20 eggs per treatment group). Each
rinse was done three times for approximately 30 s per treatment,
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and eggs were dried before being put back underneath a bright light
for hatching. Washed eggs were kept separate from unwashed eggs.
About 3-4days after washing, eggs began hatching. Neonate lar-
vae were transferred to host plant material using a sterilized small
paint brush. Larvae were reared individually in petri dishes at ambi-
ent temperature and 10 h of light per day, as previously described
(Forister et al., 2009). Plants were collected weekly from the same
localities where the maternal butterflies were collected and leaves
in rearing dishes were replaced every 2-3days. Immune assays,
weight measurements and DNA sequencing occurred once all larvae
reached 4th instar (approximately 2weeks after hatching). Larvae
were frozen prior to sequencing.

2.2 | Immune assays

Larval immune response was measured using three assays: standing
phenoloxidase (PO), total PO and melanization via filament injec-
tions. Standing PO is a measure of the naturally activated enzyme
after the haemolymph is taken from the caterpillars (Gonzalez-
Santoyo & Cordoba-Aguilar, 2012). This assay measures the forma-
tion of dopachrome, which is assumed to be largely driven by active
PO. Total PO is measured by chemically activating all the proenzyme
prior to measuring PO activity to measure the basal amount of PO
plus any inactive amount (Adamo, 2004). Filament injections serve
as a proxy for a parasitism event (attack by a parasitoid wasp or fly
that leaves an egg or eggs within the body of the caterpillar) and
melanization of filaments is an indicator of immune response (Lavine
& Beckage, 1996). Both PO measurement and melanization reflect
the strength of the immune response (Hansen et al., 2017; Smilanich
et al., 2009).

Standing PO activity was measured by taking 5 pl of haemo-
lymph from the posterior abdominal segment of individual larvae
using a sterilized sewing pin. Pins and handling instruments were
sterilized with 100% ethanol before each extraction. Individuals
were observed after extraction to ensure no larvae bled excessively,
which could have confounded our measures of immune response.
Haemolymph was added to 50l of ice-cold, distilled water in an
Eppendorf tube and chilled on ice while dopamine solution was pre-
pared. Powdered dopamine (Sigma-Aldrich) (0.0257g) was added
to 20ml of distilled water. Samples were incubated for 20 min at
room temperature, then 50pl of the haemolymph/distilled water
solution was added to a 96-well plate with 200 ul of dopamine. The
reaction then proceeded in a microplate reader (Bio-Rad iMark) for
45 min (data recorded every 30 s at 490nm). Data were analysed
using Microplate Manager software (Bio-Rad v.6.3). We extracted
the kinetic rate for the linear phase of the reaction (0-45 min). In
addition, blanks, which consisted of distilled water and dopamine,
were included as negative controls for each run. We did not run a
positive control with each run; however, samples from all treatment
groups (both host treatments) were run together to avoid confound-
ing treatment with instrument variation. For total PO, the same
protocol was followed with the addition to the well of 10 pl of the

activator CPC (Cetylpyridinium chloride; Sigma-Aldrich) solution at a
concentration of 1.0 g/20ml of distilled water.

After haemolymph extraction, larvae were individually injected
with approximately 2mm of clear, sterilized monofilament. Larvae
were returned to their respective petri dishes and given access to
plant tissue for 24 h, then frozen and dissected to remove filaments.
The procedure for analysing the filaments involved selecting the
entire surface of the filament in the photograph, then obtaining a
continuous numerical value corresponding to how dark the selected
area is. Darker filaments have more melanization and indicate a
strong immune reaction. Filaments were photographed at 80X mag-
nification using a dissecting microscope connected to a digital cam-
era (Carl Ziess Discovery V.8, AXIOCAM Software) and their grey
value recorded using Adobe Photoshop (CC 2018; Adobe System
Inc.). Light for the photographs was provided by a fibre optic dual
gooseneck light source with the intensity set at level three (out of
six) for all photographs. To obtain the grey value, we used the ‘quick
selection’ tool located in the side menu of the screen. Once the en-
tire filament was selected, we changed the ‘mode’ to grayscale by
selecting ‘image’ from the top menu ribbon, selecting ‘mode’, then
changing from RGB which is the default setting to grayscale. To
get the mean grey value, we chose ‘analysis’ from the ‘image’ tab,
then selected ‘record measurements’. The mean grey value is given
along with other measurements of the selected area, with the scale
ranging from O (black) to 255 (white). Average melanization was cal-
culated by taking the mean grey value measured in Photoshop and
then calculating the inverse such that smaller values represent paler
filaments and larger values correspond with darker filaments. Darker
filaments represent a stronger immune response as darker filaments
signify a higher quantity of melanin deposited.

2.3 | DNA extraction, sequencing and library
preparation

DNA was extracted from whole frozen larvae using a DNeasy
blood and tissue kit (Qiagen). An extraction blank was created as
a negative control. Library preparation and sequencing were per-
formed by the Genome Sequencing and Analysis Facility (GSAF) at
the University of Texas, Austin. A two-step PCR approach was used
where template was amplified during the first round of PCR, and
barcoded lllumina primers were added to amplicons during the sec-
ond round. To target the V4 region of the 16S locus, we used the
515-806 primers developed by Wang and Qian (2009). PCR condi-
tions for the first round were 1 cycle of 98°C for 30s, followed by 12
cycles of 98°C for 305, 62°C for 30s and 72°C for 30s. Final exten-
sion at 72°C was conducted for 5 m. Total reaction volume was 20 pl
(1 pl template, 7 pl water, 10 ul NEBNext 2X Master Mix and 1 pl of
each primer). AMPure beads were used to clean amplicons (0.8x).
Conditions for the second round of PCR were as above, except seven
amplification cycles were conducted instead of 12. AMPure beads
were again used to clean amplicons. Positive and negative controls
were used by GSAF to verify PCR success. Amplicons were pooled
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and sequenced on the lllumina MiSeq platform using paired end

2x250bp sequencing.

2.4 | Sequence processing

Sequences were merged using USEARCH v10.0.240_i860sx32
(Edgar, 2010; Edgar & Flyvbjerg, 2015). Only reads with less than one
expected base calling error were retained. Exact sequence variants
(ESVs) were defined using the UNOISE3 command (Edgar, 2016a).
ESVs that were less than 64 bp long, were low complexity (e.g. filled
with repeats) or that matched PhiX, were discarded. An ESV table
was constructed using the ‘usearch_global’ command of VSEARCH
v2.6.2_macos_x86_64 (Rognes et al., 2016). Original, unfiltered
reads were queried with the consensus ESV sequences to generate
this table, thus recovering information from some low-quality reads
that were removed during our stringent filtering process. VSEARCH
was used to identify ESVs corresponding with mitochondrial DNA
through comparison with the MIDORI (accessed 29 January 2018;
Machidaetal.,2017), MITOFUN (accessed 7 February 2018; Ntertilis
et al., 2013) and RefSeq mitochondria (accessed 7 February 2018;
O'Leary et al., 2016) databases. ESVs corresponding with chloro-
plast DNA were identified through comparison with the RefSeq
plastid database (accessed 7 February 2018). Taxonomic hypotheses
were generated via SINTAX (Edgar, 2016b) through comparison with
the Ribosomal Database Project 16s training set (version 16; Cole
et al., 2014) and the Greengenes database (v13.5, DeSantis et al.,
2009). ESVs identified as mtDNA or cpDNA by either database were
discarded. When 1% or more of the reads for a given ESV were pre-
sent in the negative control, then these ESVs were deemed contami-

nants and removed.

2.5 | Statistical analyses

To understand how immune function (standing PO, total PO and mel-
anization) varied by treatment group and was influenced by bacterial
diversity and larval mass, we used Bayesian linear models separately
for each of the three measures of immune function. Estimates of
bacterial diversity were generated for each replicate as described
below and used as a predictor variable in models. Response variables
were assumed to be normally distributed with a mean that was the
output of the linear model and a precision sampled from a gamma
distribution with shape and rate parameters of 0.01. Priors for beta
coefficients and the intercept term for each sampling group were
normally distributed with a mean centred at zero and precision of
0.001.

This model structure was also used to estimate the individual
effect of abundant bacterial taxa on each metric of immune func-
tion. We deemed abundant bacterial taxa those that comprised on
average 0.1% or more of the reads in samples (167 taxa met this

threshold). Larval mass was included as a covariate in all models.

Beta coefficients for each bacterial taxon were estimated for each
treatment group to determine if the influence of a particular taxon
was affected by experimental treatments.

The proportional relative abundance of all ESVs as a function
of experimental treatments was estimated using a hierarchical
Bayesian model that relies on the Dirichlet and multinomial distribu-
tions (for full model exposition, see Harrison et al., 2020). The model
estimates parameters of the multinomial distribution, which are a
vector of probabilities that describe ESV relative abundance within
the replicate (e.g. an assemblage of two equally abundant taxa would
have a parameter vector of [0.5,0.5]). Additionally, the model uses
the Dirichlet distribution as the prior for replicate-specific multino-
mial distributions. Thus, the parameters of the Dirichlet distribution
are estimates of sampling group wide relative abundances of all mi-
crobial taxa. Rather than using a single maximum likelihood estimate
for ESV abundance in a particular treatment group, this approach
facilitates the retention and propagation of uncertainty (associated
with microbial abundance) in the investigation of differences among
treatments as per Harrison et al. (2020) and Fordyce et al. (2011),
and is thus appropriate for a situation in which many individual ef-
fects (in this case for the many microbial taxa) are being estimated.
Posterior probability distributions (PPDs) for the relative abundance
of each ESV within a treatment group were subtracted from PPDs
for that microbial taxon in a different treatment group. If the major-
ity (95%) of the PPD of those differences was on either side of zero,
then there was high certainty that ESV was influenced by treatment.

To examine differences in diversity among treatment groups, we
calculated Shannon's entropy for each PPD sample of Dirichlet pa-
rameters for that group (as per Harrison et al., 2020). This resulted in
a PPD of diversity, thus propagating our uncertainty in taxon relative
abundance through our calculations. Differential diversity among
sampling groups was determined through subtraction of these dis-
tributions, as described above. For linear models, point estimates of
diversity were used and were the means of the PPDs of diversity.

All models were defined in JAGS (Plummer, 2003) and im-
plemented through the riacs package in r (R Core Team, 2017).
Specification of all models is provided in the Supporting Information.
When modelling bacterial relative abundance, the Markov chain
Monte Carlo (MCMC) sampler used by riacs was optimized via an
adaptation period long enough to approach the theoretical optimum
for sample proposition, or for 30,000 steps, whichever came first.
Model adaptation was allowed to run for up to 10,000 steps for
linear models. For relative abundance modelling, the first 500,000
MCMC samples chosen were discarded (burn in) and for linear mod-
elling, the first 100,000 samples were discarded. The Geweke statis-
tic was used to determine if burn in was sufficient to arrive at stable
distributions for parameters of interest. Subsequent to sampler ad-
aptation and burn in, MCMC sampling continued for 4000 iterations
and every fourth sample retained. Two chains were run for each
abundance model and convergence of focal parameters determined
through the Gelman-Rubin statistic and through visual inspection of

chain histories.
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3 | RESULTS

Washing treatment reduced bacterial diversity on sequenced
eggs as measured by the exponentiated Shannon's diversity (see
Figure S2). Overall, the washing treatment had the strongest
positive effect on total PO (main effects summarized in Table 1).
This effect of washing was stronger among larvae eating the
native host A. canadensis compared to larvae eating the novel,
non-native host plant M. sativa (see Table 2 for host plant spe-
cific effects). For standing PO, by contrast, our model results do
not suggest an effect of egg washing. Furthermore, melaniza-
tion was affected by host diet. Specifically, there was an over-
all positive effect of consuming the novel, exotic host plant M.
sativa on melanization (Table 1), although this effect involves a
population-specific interaction, as can be seen in Figure 1. While
the overall treatment effects are quantified in Table 1 (from a
model that estimated those effects while controlling for other

factors), Figure 1 shows data (not controlling for larval weight)
broken down by host and population of origin, as discussed fur-
ther below.

Our Bayesian model allows us to compare the relative impor-
tance of predictor variables across a scale of continuous prob-
ability. Thus, there are several notable main effects that do not
cross the 95% probability threshold (for probability of effect in a
particular direction) but are still worthy of discussion. For exam-
ple, egg washing had a 93.7% probability of positively affecting
melanization (Table 1). There was also a 93.3% probability of larval
mass having a strong positive effect on melanization. This trend
was consistent across immune assays, with larval mass having an
88.3% probability of positively affecting total PO and an 87.8%
probability of positively affecting standing PO. There was also an
89.6% probability of a maternal source population effect, with ma-
ternal lines originating from WLA (Washoe Lake: the native site)
producing larvae with higher melanization.

TABLE 1 Effects of maternal population, egg washing, larval mass and host diet on caterpillar immune function. Values shown are means
of posterior probability distributions (PPDs) for beta coefficients output from Bayesian hierarchical linear models. The proportion of each
PPD above zero and associated highest density intervals are shown in parentheses. If ~95% or more of a PPD was above or below zero,
then there was a high certainty of a non-zero effect of that covariate (bolded). Beta-coefficients for source population describe the effect
of shifting from the reference category to the alternative category (e.g. from unwashed to washed). Shannon's microbial diversity was also
tested as a part of this model but had an effect near zero in all cases and thus is not reported here

Washing treatment Host diet (A. canadensis is

Response Site (reference is VUH) (unwashed is reference) Larval mass (mg) reference)

Total PO -1.12 (-6.7-4.6; 34.7%) 7.27 (1.1-13.3; 99.0%) 2.77 (-1.7-7.5; 88.3%) 5.64 (-3.4-15.7; 88.2%)
Standing PO -1.55(-11.1-8.2; 36.6%) -2.88 (-13.1-7.4; 28.7%) 4.6 (-2.8-12.5; 87.8%) -3.1(-18.5-13.4; 34.6%)
Melanization 7.33 (-3.9-19.0; 89.6%) 9.65 (-2.4-21.5; 93.7%) 6.95 (-2.1-16.6; 93.3%) 17.95 (-0.7-36.3; 97.1%)

Abbreviation: PO, phenoloxidase.

TABLE 2 Effects of maternal population, egg washing, larval mass and bacterial diversity on caterpillar imnmune function. Values shown
are means of posterior probability distributions (PPDs) for beta coefficients output from Bayesian hierarchical linear models. Separate
models were created for caterpillars reared on either host. The proportion of each PPD above zero and highest density intervals are shown
in parentheses. If ~95% or more of a PPD was above or below zero, then there was a high certainty of a non-zero effect of that covariate
(bolded). Beta-coefficient estimates for source population describe the average effect of shifting from the reference category to the
alternative category (e.g. from VUH to WLA). Shannon's microbial diversity was also tested as a part of this model but had an effect near
zero in all cases and thus is not reported here

Maternal population (VUH is
reference)

Washing treatment (unwashed is
Response reference) Weight (mg)
Milkvetch (Astragalus canadensis); native host
Total PO 2.8 (-5.4-10.8; 75.0%)
Standing PO -2.4 (-15.7-10.9; 36.8%)
Melanization 20.2 (4.7-35.9; 99.4%)

Weight 1.1 (-5.7-7.9; 62.2%)

13.3(4.1-22.5; 99.8%) -1.3(-5.8-3.2; 28.6%)
0.83 (-13.3-15.9; 53.8%) -2.12 (-9.9-5.5; 28.2%)

23.12 (6.4-40.8; 99.8%) -3.43(-12.4-5.2; 23.1%)

11.22 (4.4-18.1; 100%) -

Alfalfa (Medicago sativa); introduced host

-4.88 ((-11.7-2.2; 8.5%)
3.0 (-9.3-15.5; 68.2%)

Melanization -0.13 (48.2%)

Weight -2.4 (-8.1-3.4; 20.8%)

Total PO
Standing PO

3.03(-3.6-9.6; 81.4%)
-1.6 (-14.0-11.1; 40.4%) 8.1(1.8-14.6; 99.1%)

8.72 (87.8%) 7.45(97.2%)

3.6 (-2.0-9.4; 87.7%) =

4.09 (0.5-7.6; 98.8%)

Abbreviation: PO, phenoloxidase.
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FIGURE 1 Differencesinimmune
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3.1 | Host- and population-specific effects
We detected a number of interesting interactions apparent when
the results are subset by host plant treatment (Table 2). For exam-
ple, larval mass appears to have a strong positive effect on total PO
(98.8% probability), standing PO (99.1% probability) and melani-
zation (97.2% probability) for larvae consuming the novel host M.
sativa, but these patterns do not occur with larvae consuming the
native host A. canadensis (Table 2). Thus, the main effect discussed
above of larval mass positively impacting immune response is most
likely driven by larvae consuming the novel host plant, M. sativa.
Furthermore, while washing treatment had positive effects broadly
for immune response, this treatment appears to affect larvae con-
suming the native host plant more strongly (Table 2, Figure 1).
Another insight obtained by partitioning the model by host plant
and population is that there appear to be maternal source popu-
lation effects for larvae consuming the native host, but less so on
the novel host. For example, originating from WLA appears to give
larvae consuming the native host a positive boost for melanization

@ & @ 6 6 @O ©
§ $§ § 3 §S s

(Table 2), which appears to be driven by a strong difference between
WLA and VUH origins in the unwashed treatment (Figure 1). The
same effect was not seen in larvae consuming the novel host plant
M. sativa. Lastly, larvae grew larger when eggs were washed, and
this effect was much stronger in larvae consuming the native host
plant (Table 2).

3.2 | Microbial taxon-specific effects

We analysed 2,522,363 reads that merged successfully, passed
stringent quality filtering and aligned to one of the 3738 ESVs iden-
tified. ESVs with fewer than 30 reads across samples were removed,
which left 2240 ESVs. Taxa observed were primarily Proteobacteria,
with the Enterobacteriaceae particularly well represented. In gen-
eral, washing reduced overall bacterial diversity (Figure 2). Taxon-
specific analyses demonstrated that the influence of any given
bacterial taxon shifted depending upon treatment (Figure 3). For in-
stance, several Enterobacteriaceae had particularly strong negative
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FIGURE 2 Bacterial diversity in treatment groups. Points

shown are the mean of posterior probability distributions (PPDs) of
diversity, whiskers extending from each point range from the 2.5 to
97.5 quantile of each PPD. Diversity is represented as the exponent
of Shannon-Wiener entropy (i.e. the effective number of taxa).
Numbers above each treatment denote treatment groups with a
high certainty (at 95% probability) of differing from the focal group.
Treatment groups are numbered from left to right. For instance,
treatment group 3 (AsCa-WLA-Unwashed) was estimated to differ
from all other treatment groups. We observed high certainty of
pairwise differences among treatment groups in most cases (see
Supplemental Tables)

associations with total PO for all treatments, except when caterpil-
lars were fed the native host and were reared from unwashed eggs.
We observed 216 ESVs that were hypothesized to be Wolbachia.
These ESVs shifted in relative abundance depending on treatment,
but the total proportion of reads ascribed to members of the genus
was always between 11% and 12%. Most Wolbachia taxa were nega-
tively associated with immune function, however there were some
Wolbachia taxa that had relatively weak positive effects (Figure 3).

4 | DISCUSSION

The importance of insect-plant-microbe interactions has recently
gained substantial attention as a driver of both evolutionary and eco-
logical processes (Mogren & Shikano, 2021). However, knowledge
gaps remain in how vertically transmitted, extracellular microbes
might mediate novel host plant use and plant-herbivore interactions.
Our results demonstrate that extracellular, egg-associated microbes
can have long-lasting impacts on larval immune function as measured
by total PO, and, to a lesser extent, melanization (see Figure 4). We
also found long lasting-impacts as reflected in greater larval weight
from washed as compared to unwashed egg treatments. These im-
pacts have the potential to cascade up to higher trophic-level inter-
actions, as the PO pathway is one of the main mechanisms larval
lepidopterans use to defend against parasitoids (Hansen et al., 2017,
Slinn et al., 2018).

Removal of egg-associated microbes had a positive effect on
several metrics of immune function, including both total PO and

melanization. This result was contrary to what we expected, as
previous studies have shown that maternal bacterial priming can in-
crease the strength of the immune response (Freitak et al., 2009).
Interestingly, there is some evidence that lepidopteran larvae fed
bacteria-free diets gain an immune boost when compared to larvae
fed a diet supplemented with non-pathogenic bacteria. For example,
in the lepidopteran pest species Trichoplusia ni, larvae fed a bacteria
free diet had higher levels of PO than larvae fed diets supplemented
with non-pathogenic Escherichia coli and Micrococcus luteu (Freitak
et al., 2007). However, the same larvae that experienced a reduction
in their PO levels also experienced an increase in their general anti-
bacterial activity levels, suggesting some immunological compensa-
tion was occurring. Thus, it is possible our larvae also experienced
some level of compensation in an unmeasured metric of immune
function, such as general anti-bacterial activity or the production
of anti-microbial peptides. Interestingly, the aforementioned study
with T. ni also showed that bacteria-free larvae had increased pupal
weight, a result that is consistent with our own study, where egg
washing positively affected 4th instar larval weight. Future eco-
immunology studies should attempt to measure as many different
types of immune effectors as possible in order to best capture po-
tential compensatory patterns.

Given the positive immune response we observed and the in-
creased size of caterpillars from washed eggs, it seems unlikely
that our washing treatment negatively affected larval develop-
ment. Betadine is known to have low toxicity and previous stud-
ies using Betadine washes on amputated flatworms have shown
that the washing treatment had no effect on either growth or re-
generation when compared to a control spring water treatment
(Shaffer, 2010).

4.1 | Theimportance of host diet and maternal
microbes is context dependent

Previous literature reviews have found complex relationships be-
tween host plant diet and immune response in lepidopterans
(Lampert, 2012; Singer et al., 2014). In some cases, larval consump-
tion of the novel, low-quality host plant resulted in a weakened im-
mune response compared to consumption of the typical, high-quality
host plant (Diamond & Kingsolver, 2011; Resnik & Smilanich, 2020).
In other cases, consumption of the alternative, lower quality host
plant actually resulted in a stronger immune response (Klemola
et al., 2007; Yang et al., 2008). Thus, although we might predict that
higher quality hosts (in terms of performance, e.g. larval weight) will
result in a more robust immune response due to higher resource
availability, this relationship is increasingly proving to be highly con-
text dependent. An added source of complexity is the role of plant
chemistry (phytochemistry) in mediating plant-insect interactions.
Previous work in this system has shown that variation in phytochem-
ical diversity can significantly affect immune response, with higher
phytochemical diversity resulting in lower PO activity in fourth in-
star larvae (Yoon et al., 2019).

A “T1 ‘TTOT "SEVTSIET

[saqy/:sdny woxy

:sdny) suonipuo) pue SWIAL, a1 398 *[720T/21/10] U0 Areaqry uiuQ A[IA RN ‘0USY BPEAIN JO ANSIOAIUN Aq b1 T°SEPT-S9E1/1111°01/10p/Wwod KI[Im”

3 woo Kapim A

ASUADI suowwoy) 2Aneax) d[qearidde ay) £q pauseaos aue sa[dMIE YO SN JO SN 10§ Kreiqi] duruQ LI UO (¢



YOON ET AL.

Functional Ecology | 3255

FIGURE 3 Associations between native (AsCa) exotic (MeSa)
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FIGURE 4 Summary of immune results.
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posterior probability distributions (PPDs)
for beta coefficients output from Bayesian
hierarchical linear models. If ~95% or
more of a PPD was above or below zero,
then there was a high certainty of a non-
zero effect of that covariate (bolded).

See Tables 1 and 2 for exact values and
density intervals

Larval mass

Furthermore, the role of egg-associated microbes in mediating
the larval immune response also appears to be context dependent:
microbes were broadly important for predicting immune strength
for all larvae, but more so for larvae consuming the native host plant.
Previous studies with L. melissa have demonstrated that consump-
tion of the novel host plant M. sativa results in a significantly differ-
ent larval microbiome, when compared to the native host plant A.

Native vs. exotic source
pop.
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Standardized effect size

Moraxellaceae © Bacillaceae
©® Unknown

Staphylococcaceae
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canadensis (Yoon et al., 2019). Interestingly, this study also demon-
strated that larval microbial diversity had direct negative effects on
immune response (as measured by standing PO) when larvae con-
sumed the novel host M. sativa, but had no effect when larvae con-
sumed the native host A. canadensis. Since it is thought that the larval
lepidopteran microbiome is mostly shaped by transient diet-derived
microbes (Hammer et al., 2017), these results suggest that changes
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to both the larval microbiome and egg microbiome have context-
dependent effects on immunity in L. melissa. In contrast with our
previous work, a study by Chaturvedi et al. (2017) found that larval
microbiomes in L. melissa were only weakly influenced by host diet.
However, that study included a different host plant comparison than
ours (the native host plant Lupinus argenteus vs. Medicago sativa),
which supports the hypothesis that host plant identity mediates lar-
val microbiomes (Chaturvedi et al., 2017).

We found some evidence for effects of population of origin,
and even different effects of washing for larvae originating from
the native-host site (Washoe Lake; WLA) versus those originat-
ing from the novel-host site (Verdi; VUH). For example, if females
originate from the exotic-associated population (VUH) and immi-
grate to a patch of native host plants, they could be expected to
suffer especially low melanization (lower panel of Figure 1) which
could leave them vulnerable to parasitoid attack. Previous work has
suggested that alfalfa-associated populations have lost some of the
ability to develop successfully on the ancestral host plant (Gompert
et al., 2015), and the results reported here point to another axis of
(immune-related) host-specific maladaptation that could prevent
backwards colonization of the native host. It is possible that cer-
tain populations of L. melissa have lost the ability to digest toxins
associated with the ancestral host plant, A. canadensis. These plant-
associated toxins may play a protective role against viral patho-
gens, as has been reported in other lepidopteran systems (Robert
et al., 2017; Zhang et al., 2019).

Recent experiments with L. melissa have shown that the ability to
survive a viral pathogen is highly dependent on population of origin
(Yoon et al., unpublished data). Thus, it is possible that larvae from
different sites have divergent evolutionary history, with possible
immunological consequences. Previous work with L. melissa and re-
lated species has also shown that putative immune-associated genes
were possibly involved in reproductive isolation as inferred from
patterns of introgression across a hybrid zone, which highlights the
possibility for taxon- and population-specific importance of immune
function in this system (Chaturvedi et al., 2020).

4.2 | Enterobacteriaceae had strong negative
associations with immune response

The compositional nature of microbial sequencing data makes it dif-
ficult to be certain of associations between individual microbial taxa
and immune function (Gloor et al., 2017). When a highly abundant
taxon decreases in relative abundance, it has effects which ripple
through the sample, elevating the relative abundance of other taxa.
The opposite is true when an abundant taxon increases in relative
abundance. This aspect of compositional data necessitates caution
when comparing the influence of microbial taxa on immune function
across treatment groups. However, we see consistent effects of cer-
tain taxa across compositions (e.g. the handful of Enterobacteriaceae
that have strong negative associations with total PO across most
treatment groups); thus, we suspect that these associations are

not spurious or an artefact of the compositional nature of the data.
Our results add to the growing body of literature on the functional
role of Enterobacteria within the Lepidoptera. For example, previ-
ous work on the diamondback moth Plutella xylostella identified two
highly abundant Enterobacter species in the lepidopteran gut that
played critical functional roles in detoxification and synthesis path-
ways (Xia et al., 2017). This result is consistent with recent work in
the Indian Cabbage white Pieris canidia which reported high abun-
dance of cellulose-degrading Enterobacter species in the gut (Wang
et al., 2020). Furthermore, some species of Enterobacter serve a pro-
tective role against Bt toxin (Raymond et al., 2009). In this study, P.
xylostella larvae fed Enterobacter sp. Mn2 experienced reduced Bt

toxicity compared to aseptically reared larvae.

5 | CONCLUSIONS

Despite a certain amount of context dependency, we observed an
overall effect of extra-cellular egg microbe removal that had com-
plex but surprisingly direct and long-lasting effects on caterpillars.
Specifically, washing treatment had strong overall positive effects
on immune response and larval weight, and these effects were
stronger for larvae consuming the native host plant A. canadensis.
Although we only experimentally altered the microbiome on the egg
surface, this change was influential enough to significantly lower the
diversity of 4th instar larvae microbiomes while increasing their final
body weight in a diet-dependent manner. These results, taken to-
gether, add to our knowledge of ecological contingency in the colo-
nization of the novel host (Forister et al., 2020). Furthermore, they
suggest that the lepidopteran microbiome is functionally important
even if highly contingent and transient as others have suggested.
Further research should examine the functional role of the extracel-
lular egg microbiome in mediating immunity especially in ecological

contexts involving divergent juvenile resources.

AUTHOR CONTRIBUTIONS

All authors conceived the project. Su'ad A. Yoon conducted the field
and laboratory work. Joshua G. Harrison processed sequence data
and developed the statistical models. All authors contributed to the

writing of the manuscript.

ACKNOWLEDGEMENTS

We would like to thank the Society of the Study of Evolution for their
funding of this project through the Rosemary Grant research grant
to SY, and the National Science Foundation (grant DEB-1638793 to
MLF; 10S-1456354 to AMS; DEB-1929522 to AMS and MLF).

CONFLICT OF INTEREST

The authors have no competing interests.

DATA AVAILABILITY STATEMENT
Data are available from the Dryad Digital Repository https://doi.
org/10.5061/dryad.xgxd254kd (Yoon et al., 2022).

A “T1 ‘TTOT "SEVTSIET

[saqy/:sdny woxy

:sdny) suonipuo) pue SWIAL, a1 398 *[720T/21/10] U0 Areaqry uiuQ A[IA RN ‘0USY BPEAIN JO ANSIOAIUN Aq b1 T°SEPT-S9E1/1111°01/10p/Wwod KI[Im”

3 woo Kapim A

ASUADI suowwoy) 2Aneax) d[qearidde ay) £q pauseaos aue sa[dMIE YO SN JO SN 10§ Kreiqi] duruQ LI UO (¢



YOON ET AL. Functional Ecology | 3257

Freitak, D., Wheat, C. W., Heckel, D. G., & Vogel, H. (2007). Immune sys-
ORCID tem responses and fitness costs associated with consumption of
Su’ad A. Yoon ‘2 https://orcid.org/0000-0002-8324-219X bacteria in larvae of Trichoplusia ni. BMC Biology, 5(1), 1-13.

Matthew L. Forister " https://orcid.org/0000-0003-2765-4779

REFERENCES

Adamo, S. A. (2004). Estimating disease resistance in insects:
Phenoloxidase and lysozyme-like activity and disease resistance
in the cricket Gryllus texensis. Journal of Insect Physiology, 50(2-3),
209-216.

Beard, C. B., Mason, P. W,, Aksoy, S., Tesh, R. B., & Richards, F. F. (1992).
Transformation of an insect symbiont and expression of a foreign
gene in the Chagas' disease vector Rhodnius prolixus. The American
Journal of Tropical Medicine and Hygiene, 46(2), 195-200.

Chaturvedi, S., Lucas, L. K., Buerkle, C. A., Fordyce, J. A., Forister, M. L.,
Nice, C. C., & Gompert, Z. (2020). Recent hybrids recapitulate an-
cient hybrid outcomes. Nature Communications, 11(1), 1-15.

Chaturvedi, S., Rego, A., Lucas, L. K., & Gompert, Z. (2017). Sources of
variation in the gut microbial community of Lycaeides melissa cater-
pillars. Scientific Reports, 7, 1133.

Cole, J. R, Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y.,
Brown, C. T., Porras-Alfaro, A., Kuske, C. R., & Tiedje, J. M. (2014).
Ribosomal database project: Data and tools for high throughput
rRNA analysis. Nucleic Acids Ressearch, 42(D1), D633-D642.

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L.,
Keller, K., Huber, T., Dalevi, D., Hu, P., & Andersen, G. L. (2006).
Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Applied and Environmental
Microbiology, 72(7), 5069-5072.

Diamond, S. E., & Kingsolver, J. G. (2011). Host plant quality, selection
history and trade-offs shape the immune responses of Manduca
sexta. Proceedings of the Royal Society B: Biological Sciences, 278,
289-297.

Dillon, R. J., & Dillon, V. M. (2004). The gut bacteria of insects:
Nonpathogenic interactions. Annual Reviews in Entomology, 49(1),
71-92.

Douglas, A. E. (2013). Microbial brokers of insect-plant interactions re-
visited. Journal of Chemical Ecology, 39(7), 952-961.

Edgar, R. (2010). Search and clustering orders of magnitude faster than
BLAST. Bioinformatics, 26(19), 2460-2461.

Edgar, R. (2016a). UNOISE2: Improved error-correction for Illumina 16S
and ITS amplicon sequencing. BioRxiv, 081257.

Edgar, R. (2016b). SINTAX: A simple non-Bayesian taxonomy classifier
for 16S and ITS sequences. BioRxiv, 074161.

Edgar, R.C., & Flyvbjerg, H.(2015). Error filtering, pair assembly and error
correction for next-generation sequencing reads. Bioinformatics,
31(21), 3476-3482.

Fordyce, J. A., Gompert, Z., Forister, M. L., & Nice, C. C. (2011). A hier-
archical Bayesian approach to ecological count data: A flexible tool
for ecologists. PLoS ONE, 6(11), e26785.

Forister, M. L., Nice, C. C., Fordyce, J. A., & Gompert, Z. (2009). Host
range evolution is not driven by the optimization of larval perfor-
mance: The case of Lycaeides melissa (Lepidoptera: Lycaenidae) and
the colonization of alfalfa. Oecologia, 160(3), 551-561.

Forister, M. L., Philbin, C. S., Marion, Z. H., Buerkle, C. A., Dodson, C.
D., Fordyce, J. A., Forister, G. W., Lebeis, S. L., Lucas, L. K., Nice,
C. C., & Gompert, Z. (2020). Predicting patch occupancy reveals
the complexity of host range expansion. Science Advances, 6(48),
eabc6852.

Freitak, D., Heckel, D. G., & Vogel, H. (2009). Dietary-dependent trans-
generational immune priming in an insect herbivore. Proceedings of
the Royal Society B: Biological Sciences, 276(1667), 2617-2624.

Freitak, D., Schmidtberg, H., Dickel, F., Lochnit, G., Vogel, H., & Vilcinskas,
A. (2014). The maternal transfer of bacteria can mediate trans-
generational immune priming in insects. Virulence, 5(4), 547-554.

Funkhouser, L. J., & Bordenstein, S. R. (2013). Mom knows best: The
universality of maternal microbial transmission. PLoS Biology, 11(8),
e1001631.

Gegner, J., Baudach, A., Mukherjee, K., Halitschke, R., Vogel, H., &
Vilcinskas, A. (2019). Epigenetic mechanisms are involved in sex-
specific trans-generational immune priming in the lepidopteran
model host Manduca sexta. Frontiers in Physiology, 10, 137.

Gloor, G. B., Macklaim, J. M., Pawlowsky-Glahn, V., & Egozcue, J. J.
(2017). Microbiome datasets are compositional: And this is not op-
tional. Frontiers in Microbiology, 8, 2224.

Gompert, Z., Jahner, J. P., Scholl, C. F., Wilson, J. S., Lucas, L. K., Soria-
Carrasco, V., Fordyce, J. A, Nice, C. C., Buerkle, A., & Forister, M. L.
(2015). The evolution of novel host use is unlikely to be constrained
by trade-offs or a lack of genetic variation. Molecular Ecology,
24(11), 2777-2793.

Gonzalez-Santoyo, I, & Cordoba-Aguilar, A. (2012). Phenoloxidase:
A key component of the insect immune system. Entomologia
Experimentalis et Applicata, 142, 1-16.

Hammer, T. J.,, Janzen, D. H., Hallwachs, W., Jaffe, S. L., & Fierer, N.
(2017). Caterpillars lack a resident gut microbiome. Proceedings of
the National Academy of Sciences of the United States of America, 114,
9641-9646.

Hansen, A. C., Glassmire, A. E., Dyer, L. A., & Smilanich, A. M. (2017).
Patterns in parasitism frequency explained by diet and immunity.
Ecography, 40, 803-805.

Harrison, J. G., Calder, W. J., Shastry, V., & Buerkle, C. A.(2020). Dirichlet-
multinomial modelling outperforms alternatives for analysis of
microbiome and other ecological count data. Molecular Ecology
Resources, 20(2), 481-497.

Klemola, N., Klemola, T., Rantala, M. J., & Ruuhola, T. (2007). Natural
host-plant quality affects immune defence of an insect herbivore.
Entomologia Experimentalis et Applicata, 123(2), 167-176.

Knorr, E., Schmidtberg, H., Arslan, D., Bingsohn, L., & Vilcinskas, A.
(2015). Translocation of bacteria from the gut to the eggs triggers
maternal transgenerational immune priming in Tribolium castaneum.
Biology Letters, 11(12), 20150885.

Lampert, E. (2012). Influences of plant traits on immune responses of
specialist and generalist herbivores. Insects, 3(2), 573-592.

Lavine, M. D., & Beckage, N. E. (1996). Temporal pattern of parasitism-
induced immunosuppression in Manduca sexta larvae parasitized by
Cotesia congregata. Journal of Insect Physiology, 42, 41-51.

Machida, R. J,, Leray, M., Ho, S. L., & Knowlton, N. (2017). Metazoan
mitochondrial gene sequence reference datasets for taxonomic
assignment of environmental samples. Scientific Data, 4, 170027.

Mason, C. J,, Jones, A. G., & Felton, G. W. (2019). Co-option of microbial
associates by insects and their impact on plant-folivore interac-
tions. Plant, Cell & Environment, 42(3), 1078-1086.

Mason, C. J., & Raffa, K. F. (2014). Acquisition and structuring of midgut
bacterial communities in gypsy moth (Lepidoptera: Erebidae) lar-
vae. Environmental Entomology, 43(3), 595-604.

Mogren, C. L., & Shikano, I. (2021). Microbiota, pathogens, and parasites
as mediators of tritrophic interactions between insect herbivores,
plants, and pollinators. Journal of Invertebrate Pathology, 186, 107589.

Ntertilis, M., Kirmitzoglou, I., Promponas, V. J., Kouvelis, V., & Typas, M.
(2013). MitoFun: A curated resource of complete fungal mitochondrial
genomes. http://mitofun.biol.uoa.gr

O'Leary, N. A., Wright, M. W., Brister, J. R., Ciufo, S., Haddad, D.,
McVeigh, R., Rajput, B., Robbertse, B., Smith-White, B., Ako-
Adjei, D., Astashyn, A., Badretdin, A., Bao, Y., Blinkova, O., Brover,
V., Chetvernin, V., Choi, J., Cox, E., Ermolaeva, O, ... Pruitt, K. D.
(2016). Reference sequence (RefSeq) database at NCBI: Current
status, taxonomic expansion, and functional annotation. Nucleic
Acids Research, 44(D1), D733-45.

A “T1 ‘TTOT "SEVTSIET

[saqy/:sdny woxy

:sdNY) SUONIPUOD) PUB SULIR, 341 993G [720Z/T1/10] U0 K1e1qU] QuluQ AI[IAN TIN *OUY BPBAIN JO ANSIOAIUN AQ #81+1°SEPT-S9E1/1111°01/10p/WOd K1

3 woo Kapim A

ASUADI suowwoy) 2Aneax) d[qearidde ay) £q pauseaos aue sa[dMIE YO SN JO SN 10§ Kreiqi] duruQ LI UO (¢



3258 Functional Ecology

YOON ET AL.

Paniagua Voirol, L. R., Frago, E., Kaltenpoth, M., Hilker, M., & Fatouros, N.
E. (2018). Bacterial symbionts in lepidoptera: Their diversity, trans-
mission, and impact on the host. Frontiers in Microbiology, 9, 556.

Plummer, M. (2003). JAGS: A program for analysis of Bayesian graphical
models using Gibbs sampling. Proceedings of the 3rd International
Workshop on Distributed Statistical Computing (vol. 124, no. 125.10).

R Core Team. (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Raymond, B., Johnston, P. R., Wright, D. J.,, Ellis, R. J., Crickmore, N., &
Bonsall, M. B. (2009). A mid-gut microbiota is not required for the
pathogenicity of bacillus thuringiensis to diamondback moth larvae.
Environmental Microbiology, 11(10), 2556-2563.

Resnik, J. L., & Smilanich, A. M. (2020). The effect of Phenoloxidase ac-
tivity on survival is host plant dependent in virus-infected caterpil-
lars. Journal of Insect Science, 20(5), 26.

Robert, C. A., Zhang, X., Machado, R. A., Schirmer, S., Lori, M., Mateo, P.,
Erb, M., & Gershenzon, J. (2017). Sequestration and activation of
plant toxins protect the western corn rootworm from enemies at
multiple trophic levels. eLife, 6, e29307.

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F.(2016). VSEARCH:
A versatile open source tool for metagenomics. PeerJ, 4, e2584.

Sadd, B. M., Kleinlogel, Y., Schmid-Hempel, R., & Schmid-Hempel, P.
(2005). Trans-generational immune priming in a social insect.
Biology Letters, 1(4), 386-388.

Salem, H., Florez, L., Gerardo, N., & Kaltenpoth, M. (2015). An out-of-
body experience: The extracellular dimension for the transmission
of mutualistic bacteria in insects. Proceedings of the Royal Society B:
Biological Sciences, 282(1804), 20142957.

Shaffer, T. R. (2010). The effects of betadine®, polyvinylpyrrolidone (PVP),
and iodine on regeneration in the planarian Dugesia tigrina (MS thesis).
Eastern Tennessee State University.

Sheehan, G., Farrell, G., & Kavanagh, K. (2020). Immune priming: The se-
cret weapon of the insect world. Virulence, 11(1), 238-246.

Singer, M., Mason, P. A., & Smilanich, A. M. (2014). Ecological immu-
nology mediated by diet in herbivorous insects. Integrative and
Comparative Biology, 54(5), 913-921.

Slinn, H. L., Richards, L. A., Dyer, L. A, Hurtado, P. J., & Smilanich, A. M.
(2018). Across multiple species, phytochemical diversity and her-
bivore diet breadth have cascading effects on herbivore immunity
and parasitism in a tropical model system. Frontiers in Plant Science,
9, 656.

Smilanich, A. M., Dyer, L. A., & Gentry, G. L. (2009). The insect immune
response and other putative defenses as effective predictors of
parasitism. Ecology, 90(6), 1434-1440.

Smilanich, A. M., Langus, T. C,, Doan, L., Dyer, L. A., Harrison, J. G.,
Hsueh, J., & Teglas, M. B. (2018). Host plant associated enhance-
ment of immunity and survival in virus infected caterpillars. Journal
of Invertebrate Pathology, 151, 102-112.

Tidbury, H. J., Pedersen, A. B., & Boots, M. (2011). Within and transgen-
erational immune priming in an insect to a DNA virus. Proceedings of
the Royal Society B: Biological Sciences, 278(1707), 871-876.

Trauer, U., & Hilker, M. (2013). Parental legacy in insects: Variation of
transgenerational immune priming during offspring development.
PLoS ONE, 8(5), €63392.

Wang, Y., & Qian, P. Y. (2009). Conservative fragments in bacterial 16S
rRNA genes and primer design for 16S ribosomal DNA amplicons in
metagenomic studies. PLoS ONE, 4(10), e7401.

Wang, Y., Zhu, J,, Fang, J,, Shen, L., Ma, S., Zhao, Z., Yu, W., & Jiang, W.
(2020). Diversity, composition, and functional inference of gut
microbiota in Indian cabbage white Pieris canidia (Lepidoptera:
Pieridae). Life, 10(11), 254.

Xia, X., Gurr, G. M., Vasseur, L., Zheng, D., Zhong, H., Qin, B., Lin, J.,
Wang, Y., Song, F., Li, Y., & Lin, H. (2017). Metagenomic sequencing
of diamondback moth gut microbiome unveils key holobiont adap-
tations for herbivory. Frontiers in Microbiology, 8, 663.

Yang, S., Ruuhola, T., Haviola, S., & Rantala, M. J. (2008). Effects of host-plant
shift on immune and other key life-history traits of an eruptive geo-
metrid, Epirrita autumnata (Borkhausen). Ecological Entomology, 33(4),
510-516.

Yoon, S. Y., Harrison, J. G., Philbin, C. S., Dodson, C. D., Jones, D. M.,
Wallace, I. S., Forister, M. L., & Smilanich, A. M. (2019). Host plant-
dependent effects of microbes and phytochemistry on the insect
immune response. Oecologia, 191(1), 141-152.

Yoon, S. Y., Harrison, J. G., Smilanich, A. M., & Forister, M. L. (2022). Yoon
et al. 2022: Immune Data. Dryad Digital Repository, https://doi.
org/10.5061/dryad.xgxd254kd

Zanchi, C., Troussard, J. P.,, Martinaud, G., Moreau, J., & Moret, Y. (2011).
Differential expression and costs between maternally and pater-
nally derived immune priming for offspring in an insect. Journal of
Animal Ecology, 80(6), 1174-1183.

Zhang, X., Van Doan, C., Arce, C. C., Hu, L., Gruenig, S., Parisod, C.,
Hibbard, B. E., Herve, M. R., Nielson, C., Robert, C. A., & Machado,
R. A. (2019). Plant defense resistance in natural enemies of a spe-
cialist insect herbivore. Proceedings of the National Academy of
Sciences of the United States of America, 116(46), 23174-23181.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Yoon, S. A., Harrison, J. G., Smilanich,
A. M., & Forister, M. L. (2022). Experimental removal of
extracellular egg-associated microbes has long-lasting effects
for larval performance. Functional Ecology, 36, 3248-3258.
https://doi.org/10.1111/1365-2435.14184

A “T1 ‘TTOT "SEVTSIET

[saqy/:sdny woxy

:sdNY) SUONIPUOD) PUB SULIR, 341 993G [720Z/T1/10] U0 K1e1qU] QuluQ AI[IAN TIN *OUY BPBAIN JO ANSIOAIUN AQ #81+1°SEPT-S9E1/1111°01/10p/WOd K1

3 woo Kapim A

ASUADI suowwoy) 2Aneax) d[qearidde ay) £q pauseaos aue sa[dMIE YO SN JO SN 10§ Kreiqi] duruQ LI UO (¢



	Experimental removal of extracellular egg-­associated microbes has long-­lasting effects for larval performance
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Experimental design
	2.2|Immune assays
	2.3|DNA extraction, sequencing and library preparation
	2.4|Sequence processing
	2.5|Statistical analyses

	3|RESULTS
	3.1|Host-­ and population-­specific effects
	3.2|Microbial taxon-­specific effects

	4|DISCUSSION
	4.1|The importance of host diet and maternal microbes is context dependent
	4.2|Enterobacteriaceae had strong negative associations with immune response

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


