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Thesis Abstract

Microbial symbioses are ubiquitous among insests@ants, but their roles in mediating
interactions between them remain poorly understdbd.manners in which bacterial symbionts
of many insects are acquired, or may be influernmeplant chemical defenses are central to
these relationships. Gypsy mottysnantria dispar L.) is a polyphagous leaf-feeding
Lepidoptera. | assessed the contributions of eggsmaad foliar sources of bacteria on larval
midgut communities, using culture-independent asedy Laboratory-reared egg masses had a
very low diversity of bacteria, while field-collessd populations were highly diverse. Despite
differences in egg mass-associated bacteria, lamaguts converged after extended feeding.
Larval bacterial communities resembled those ofdhiage they consumed, but also differed in
the abundances of some members. This indicatesusaioliar-acquired bacteria respond
differently to midgut conditions. To identify role$ midgut bacteria on gypsy moth
performance, | used artificial diets containing pblec glycosides, the principal chemical
defense of trembling aspegpulus tremuloides). Larvae were fed bacteria from aspen leaves,
field-collected fifth-instar larvae, or mock congolLarvae inoculated with bacteria from aspen
grew larger when phenolic glycosides were includediet, but not when they were absent.
Effects were post-ingestive, as consumption waffectad. Specific bacteria in larval midguts
were differentially affectedRalstonia decreased anicinetobacter increased, when phenolic
glycosides were added. Bacterial communities detmatesl high capabilities of degrading
phenolic glycosides. Among individual membeXsinetobacter most strongly reduced their
concentrations. Aspen genotype had little effectoliar communities, despite widely differing
chemical compositions. However, midguts from gypsyth larvae feeding on trees with

different chemical concentrations were stronglyuahced by the ratio of phenolic glycosides to
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condensed tannins in foliage. The limited effedt®bar chemistry on bacterial communities,
coupled with the strong effects of these chemiocalbacteria within larval midguts following
ingestion, indicate that partitioning of defensermiicals in plant cell vacuoles minimizes effects
on phyllosphere residents, but, feeding rupturesdtbarriers, causing strong interactions
between foliar compounds and bacteria within midgQiverall, these results broaden our
understanding of plant-insect-microbe relationshgosl identify important interactions among

these members.



Thesis Introduction

Microbial symbioses are ubiquitous among arthrepsdmetimes being critical to the
functioning of the host. These associations cagaaxtensively in their fidelity, acquisition
routes, consequentiality, and their functions. &ample, mutualistic microbial symbioses can
allow insect hosts to access recalcitrant sourtesergy (Geiket al., 2008; Reickt al., 2011),
produce essential amino acids not present in hes{douglas, 1996; Gunduz & Douglas,
2009), supplement sterols (Thompsbal., 2013), defend against natural enemies (Olevet.,
2003; Scarboroug# al., 2005; Dillonet al., 2005), protect mutualistic associates from
pathogens (Curriet al., 1999; Scottt al., 2008), modulate host plant defenses (Kagsel.,
2010; Chunget al., 2013), and ameliorate effects of deleterioudatlgemicals (Dowd & Shen,
1990; Kikuchiet al., 2012). It has been suggested that these mutaaysnbioses can expand a
host’s feeding breadth beyond its own capabilitley, 2013) . In recent years, advent of new
sequencing technologies has greatly enhanced etiglos into the ecology and evolution of
insect — microbe symbioses. In particular, our usid@ding of mechanisms by which bacteria
influence their hosts has been greatly improveandst insect herbivores, however, the
influence of bacteria on the functioning of the thasid how they interact with plant defenses,
are poorly understood.

Bacterial symbioses of herbivores associate watious tissues of the insect. They may
be restricted to specialized cells in which thegdiect distinct mutualistic functions (Baumann,
2005), colonize the entirety of the midgut, or spedocations of the gut tract (Kaltenpoéhal.,
2009). Likewise, these relationships may demmeenfevolutionary feedbacks between a single

bacterium with its insect host, or be highly plasthd multipartite, where different bacteria may



be functionally substitutable or redundant. Thédohtinuum of these relationships can be
observed in insect gut symbioses.

Gut bacteria vary considerably in their acquisitioutes and ecologies. Bacteria may be
acquired from nestmates (Minkleyal., 2006), maternal deposition (Kaltenpethal., 2009;
Hosokaweet al., 2012), the environment (Kikuchi al., 2007; Dematheigt al., 2012), or by
some combination of the three. Routes of symbi@mtsimission may all be critical to the
functioning of the host. For example, the relatltopetween some Heteroptera and
environmentally acquireBulkholdaria symbionts appears to be highly conserved across the
group (Kikuchiet al., 2011; Garciat al., 2014). These environmentally based relationshgyve
also been shown to be integral to host (Kikwetlal., 2012). Some of the most well-described
relationships of host - gut bacterial interactibase been documented in Heteroptera and
Hymenoptera, but our understanding of these relakigs in other insect orders is lacking in
comparison.

In Lepidoptera, acquisition routes and ecologiesimiobes are not well understood. It
has been shown that diet influences compositidchefut consortia (Brodericdt al., 2004,
Priyaet al., 2012). However, whether these changes in microiéanbership are due to diet-
acquired microbes or effects on maternally soumaulobiota are unclear. The functions of gut
bacteria in Lepidoptera remain unclear. Putativegen fixers are present in Lepidoptera
(Brodericket al., 2004), but larvae also circumvent nitrogen degdron through compensatory
feeding (Stockhoff, 1993). It is known that thesenobes actively colonize and persist in gut
tissues (Shaet al., 2014), but unknown whether they are mutualistienmensals, or latent

pathogens.



| investigated the roles of bacteria in interacsitetween the gypsy mothyfnantria
dispar L.) and its host plants. Specifically, | askétbw do bacteria enable gypsy moth to
contend with plant chemical defenses? Gypsy moth is an ideal system because some infamat
regarding its microbial associates was availabledBricket al., 2004), but the ecologies of
these gut bacteria have not been explored. | facasdrembling asperiPopulus tremuloides
Michx.) and hybrid poplarH. nigra x P. nigra) as models. These were ideal counterparts to the
gypsy moth due to the amount of information knowow their ecological and biochemical
interactions (Lindroth & Hemming, 1990; Hemming &ndroth, 2000; Lindroth & St. Clair,
2013). There were two major gaps in the literaadrthe start of this research, which have since
received increasing attention. The first was couotion of maternal and environmental sources
of bacteria to the guts of Lepidotpera. The seasasl how do bacteria and plant defense
interact, and what are the consequences to eithier gr insect host.

My initial hypothesis this was that bacterial asates of gypsy moth enabled this
herbivore to better utilize its plant host, and #ssociates of the plant benefited the plant. As
experimental results progressed, the lines demgtkiese two separate concepts became
blurred. It became increasingly clear that compartalizing the bacteria of these systems as
plant-associated or insect-associated was not lyseid it became more informative that
bacteria were its own entity would adapt to thegsent environmental conditions.

This thesis contains four chapters, which invedég the role of bacteria in gypsy moth —
plant interactions. All chapters have been pubtishe submitted to, or prepared for peer-
reviewed publication, and as such some redundantgsbe evident.

In Chapter One, | evaluate the contribution of-ciéd egg-associated on gypsy moth

midgut bacterial communities. | conducted two ekpents using laboratory and field-collected



egg masses. In the first experiment, | used aesingst plant as a diet source, looking at changes
in the midgut bacterial community over the develeptrof gypsy moth. Using the information
gained from the first experiment, | conducted aseausing multiple host plants.

Chapter Two investigates the influence of aspasseciated bacteria on gypsy moth’s
interaction with the aspen plant defenses, phegbjiwosides. | conducted bioassays, evaluated
midgut bacterial community composition, culturedteaia, and conductad vitro metabolism
assays with phenolic glycosides.

Chapter Three evaluates the effects of host plafeinse on foliar bacterial communities.
| surveyed the bacterial communities of leaves femwveral aspen genotypes grown in a common
garden that vary in their plant defense charadiesis

Chapter 4 investigates the influence of host plilefiénse phenotype on the bacterial
community composition of the gypsy moth midguts$@ssed bacteria associated with foliage of
three aspen genotypes, and midguts of insectsiigegion them. Two classes of aspen defense
compounds, phenolic glycosides and condensed tanmare quantified and related to

respective bacterial communities.
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Chapter 1

Published as:
Acquisition and structuring of midgut bacterial communities in
gypsy moth larvae Lymantria dispar L.).
in Environmental Entomology

Charles J. Mason and Kenneth F. Raffa



Abstract:

Insects are associated with a diversity of bactbaacolonize their midguts. The extent to
which these communities reflect maternal transmigsenvironmental acquisition, and
subsequent structuring by the extreme conditiomisimvthe insect gut are poorly understood in
many species. We used gypsy madtinfantria dispar L.) as a model to investigate interactions
between egg mass and environmental sources ofriaactelarval midgut communities. Egg
masses were collected from several wild and laboyaiopulations, and the effects of diet,
initial egg mass community, and internal host emuinent were evaluated using 454 16S-rRNA
gene pyrosequencing. Wild populations were highheide, while laboratory maintained egg
masses were associated with very few OTAsslarvae developed, their midgut bacterial
communities became more similar to each other lam@dnsumed diet despite initial differences
in egg mass-associated bacteria. Subsequent eygres revealed that while midgut
membership was more similar to bacteria associatéddiet than with egg mass-associated
bacteria, we were unable to detect distinct, pensislifferences attributable to specific host-
plants. The difference between foliar communiéied midgut communities of larvae that
ingested them were due to relative changes in ptipuk of several bacteria phylotypes. We
conclude that gypsy moth has a relatively charestiemidgut bacterial community that is
reflective of, but ultimately distinct from, itslfar diet. This work demonstrates that
environmental acquisition of diverse microbes @adlto similar midgut bacterial assemblages,
underscoring the importance of host physiologicai®nment in structuring bacterial

communities.
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Introduction

Insect guts represent challenging microbial hahitistinguished by often having
extreme environments, relatively stable conditibesveen intermittent pronounced
disturbances, and substantial substrate turnoviéoand Dillon 2004, Engel and Moran
2013). Their bacterial communities are taxononhyoariable across host species, and can
range from having relatively few members (Koch &otimid-Hempel 2011, Wong et al. 2011,
Moran et al. 2012) to being highly diverse (Geilale2009a, Rani et al. 2009, Kohler et al.
2012). The composition of gut microbial communitrgghin individual insect species can also
exhibit substantial variation (Broderick et al. 20@Geib et al. 2009a, Boissiére et al. 2012, Tang
et al. 2012, Kautz et al. 2013, Wong et al. 201t3%. unclear to what extent this variation is due
to innate differences, environmental inputs, oirtimteractions. Processes such as maternal
acquisition of symbionts, the behavior of the adimaluding its foraging activities and diet
selection, the host’s inherent physiology, and emrental exposure can structure an insect’s
gut bacterial community. These components are nbtiatly exclusive, but rather interact
extensively under natural conditions. The uniqueabers, environmental interactions, feeding
ecologies, and gut physiologies, of each inseatispecan affect microbial colonization and
establishment.

Maternal routes of transmission have typically béenmajor focus of studies on
intracellularly acquired symbionts. Bacteria resglin bacteriocytes of sap-feeding insects are
highly conserved, maternally acquired, and phygjichlly integral symbionts (Baumann
2005). Additionally, there are several exampletotitative, transovarially-transmitted
bacteria that may vary in their tissue associat{®ikatsu et al. 2000, Russell et al. 2013, von

Dohlen et al. 2013). Maternal transmission of qadtbria has been shown to occur via glands
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(Aksoy et al. 1997), specialized capsule productirkatsu and Hosokawa 2002), or deposition
on eggs that are subsequently consumed by emdrgineg (Lauzon et al. 2009, Bansal et al.
2011, Hosokawa et al. 2012).

Insect behavior can influence bacterial communayposition through additional
processes, such as direct transmission betweendnédls within colonies of social and
gregarious species (Minkley et al. 2006, Moranl.e2@12, Woodbury et al. 2013). However,
these behaviors are exclusive to insects that beedapping generations. Relatively plastic
behaviors, such as dietary preference, also magegaerturbations to populations and
communities of these consortia (Sudakaran et 4RR0nsect dietary choice has been suggested
to be a major factor in shaping midgut bacteriaghposition in a number of host species
(Lundgren and Lehman 2010, Broderick and Lemai@E2.

Insect host physiology can also be an importamvediof microbial interactions (Dillon
and Dillon 2004). Insect digestive systems oftentain multiple compartments, and variable
conditions among and within hosts can yield differ@istributions of bacteria (Kaltenpoth et al.
2009). Insect midguts usually constitute extremarenments, ranging from very acidic (pH
2.8) to highly basic (pH >11) (Clark 1999) and mmayiow oxygen tensions (0-6.0 mm HG)
(Johnson and Barbehenn 2000). Furthermore, patimged commensal bacteria can trigger
host immunological responses against many micr{@ashon et al. 2013). In order for bacteria
to establish and survive in animal guts, they nhast the phenotypic plasticity to contend with
a diversity of hosts (Rawls et al. 2006), ingestexlabolites (Kohl and Dearing 2012), and
microbial competitors (Dillon et al. 2005, Robinseiral. 2010, Bando et al. 2013).

The impact of the external environment on transimissand its interaction with the host

internal environment, are critical, yet understddispects of insect gut communities. Some
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insect species acquire gut-colonizidgrkholderia spp from soil, whichhave widespread
association across many insect host species (Kilai@t. 2007, 2011a). In addition, dietary
sources of microbiota may represent a source @npiadly helpful, harmful, or seemingly inert
bacteria. While several studies have noted thaebatcommunities differ due to diet
(Broderick et al. 2004, Geib et al. 2009b, Pintowés et al. 2011, Anderson et al. 2012, Colman
et al. 2012, Jones et al. 2013), few have survéyediet they consumed (Su et al. 2010, Brucker
and Bordenstein 2012, Dematheis et al. 2012, Rtigh 2012). Recently, it has been noted that
in at least one syster@yrosophila, frequent replenishment of gut microbiota by baate
colonizing food is essential for continued mainteseof its communities (Blum et al. 2013).
Gypsy moth lymantria dispar L.) is a leaf-feeding insect previously shown toitain
distinct and diverse microbiota, that are potelytiafluenced by a variety of exogenous and
endogenous components that introduce variatiommmneunity structure (Broderick et al. 2004).
The larvae are highly polyphagous, capable of camsg several hundred species of plants
(Liebhold et al. 1995). The larval midguts are waiffered (Appel and Maines 1995), highly
alkaline (Schultz and Lechowicz 1986), and have ¢tawgen tensions (Johnson and Barbehenn
2000). Female adults oviposit in a single egg nrassid-summer on a variety of surfaces,
depositing scales from its abdomen during the m®oshere they overwinter until spring. Upon
eclosion, neonate larvae consume a portion of gggshell, then disperse by wind and feed
solitarily (Leonard 1970). A previous census of conmity membership suggests gypsy moth
midgut consortia are influenced by both populatod diet sources (Broderick et al.
2004). However, whether these differences aregamew community members from diet or
changes in bacteria acquired from initial feedipgmueggs immediately after eclosion is

unknown.
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The goal of this study was to determine the predatei forces influencing midgut
bacterial community composition in gypsy moth. Vésessed the influence of dietary and egg
mass-associated bacterial components in acquisiidrcomposition of midgut bacteria using
high-throughput 16S-rRNA gene amplicon sequendigt represents a potential environmental
source of gut bacteria, while egg masses may ieaiaternal and environmental sources. We
used egg mass sources of laboratory and fieldrovigh the intention to provide very different
starting community compositions. Egg masses souncésded three wild populations and a
historically lab-reared population. Eclosed larvase provided three different host plant species
as diet sources. Changes in community compositiene \@ssessed throughout insect
development using two insect populations feeding smgle foliar diet source. We conducted a
second experiment using three insect populatiodstaee plant dietary sources on a single

developmental stage to confirm our conclusions uddgerent diet regimes.

Methods:

Insect and plant rearing, maintenance, and sampleotlection:

Experiment 1: How does gypsy moth bacterial commmesdiffer through development

on the same host plantAs some samples were pooled in this study, a @etaiéscription of

which samples were pooled and how much many indalglwere combined are included in
Supplemental Table IEgg masses were obtained from two sources: a lavgraaintained
colony (lab) (USDA APHIS) and a field populatiomin the bark of oak trees near Temperance,
MI. Dormant two-year-old white birctBétula papyrifera Marshall) trees were obtained from
the Wisconsin Department of Natural Resources @MilNursery, Boscobel, WI) and planted in
20 cm diameter pots with Metro Mix soil media, dadilized with 10-14-10 Osmocote slow

release fertilizer. Trees were grown in cold frametside of the University of Wisconsin-
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Madison Walnut Street Greenhouses, and waterebbbg frrigation every two days. Foliage
was collected daily with sterilized forceps interde plastic collection bags and transported to
the laboratory. Leaves were cut into 2-3 cm squargsflame-sterilized instruments.
Approximately 25-40% of each leaf was pooled, flaslzen, and stored at -80°C until DNA
extraction, and the remainder was provided todheak. Foliage material was collected off of
two trees and the molecular analysis included spongon from approximately 40 leaves.
Insects were hatched from non-sterilized egg mamséseared in the same growth chamber at
24°C 50-70% relative humidity across all experingsehfarvae from a single egg mass from each
source were reared in sterile 10 cm diameter plastiri dishes. Samples of each egg mass
(unpooled) and 10%instar (L1) larvae were collected after eclosiharvae were reared en
masse until 2nd instar, after which they were eandividually in sterile 24-well plates until
molting. At 3 instar (L3), insects were transferred to 12-wkdtgs, and atinstar they were
transferred to 5.0 cm diameter petri dishes ufitiinstar (L5). Upon molting into L3 and L5, 10
larvae from each source were starved for 18 hthegsed by placing in -20°C for 10 minutes,
surface sterilized with 95% ethanol, and their midgvere dissected. The 10 larval midguts of
each lifestage were pooled and stored at -80°C ffllss deposited by L5 larvae during the
starvation period was collected and stored forrianalysis.

Experiment 2:How does gypsy moth bacterial comnmesiiffer on different host

plants?The second experiment was performed with insedaidd from the same lab-reared
colony, and two field-collected populations sepedaty 255 km near Bayfield, Wl and

Lakewood, WI. Field populations were collected frma bark of hardwood trees. Leaves of
white birch, quaking aspef@pulus tremuloides Michx.), and white oakQuercusalba L.) were

collected from mature trees on the UW-Madison canps described in the first experiment,
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leaves were collected in sterile plastic bags siparted to the laboratory, fed to the larvae, and a
portion was pooled, frozen, and stored at -80°@lage material was collected was collected off
of two trees and included some portion from appr@tely 20 leaves. This second experiment
was conducted under identical conditions, in thmesgrowth chamber as the first experiment,

but was terminated after larvae had molted int@h8 midguts were dissected.

DNA extraction:

DNA was extracted from gypsy moth tissues usinggpeenter Master Pure Complete
DNA and RNA purification Kit (lllumina, Madison, W] according to the manufacturer’s
protocols with minor modifications. Tissues wererfogenized in 2.0 ml screw-cap vials with
one 3 mm diameter bead in 500 T&C buffer. Samples were centrifuged at 560&r 3 min,
supernatant was collected, and the remaining matua's directions were followed. If
contamination from reagents or kits was presemiag below detectable levels based on our
methods.

DNA was extracted from plant foliage using the poatl of Ikeda et al. (2009) with
minor modifications. Leaves collected throughowt éxperiment were homogenized in liquid
nitrogen and suspended in 50mM Tris-HCI (pH 7.0}, Triton X-100, and 2mMs-
mercaptoethanol. The homogenate was centrifugd@akg for 5 min. Supernatant was
transferred and centrifuged at 5,506 for 20 min. The resulting pellet was used for DNA
extraction described above sans modifications.
16S-rRNA gene amplification and 454 pyrosequencing:

We included appropriate negative controls attelps in our PCRs reactions. Controls

were completed using identical protocols as stattdw, but with the inclusion of the TE buffer
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used to elute DNA. If contamination from reagentgits was present, it was below detectable
levels based on our methods.

Two-step PCR procedures were performed to amgilgym6V8 region of the 16S rRNA
gene using the primers 799F-mod6 and 1392R, asibedén Hanshew et al. (2013). PCR
reactions of the pooled samples were done in ¢afpi containing 50 ng template DNA, @5
Herculase Il DNA polymerase (Agilent), 1.0 nM dNTRLOuL DMSO, 10uL buffer, 300 nM
forward and reverse primers, and water totalinipa f/olume of 5QuL. Reaction conditions
were: 95°C for 2 min, 30 cycles of 95°C for 20&°Glfor 30 s, 72°C for 30 s, and a final
elongation of 72°C for 3 min. The triplicate reant of each sample were combined and gel
extracted using a Zymoclean Gel DNA Recovery Kitr{ido Research, Irvine, CA). Secondary
PCR was completed usinqu2 of the recovered PCR product. Primers in th@sdd®CR
contained the A- and B- adaptors along with 5 bjitiplax identifiers (MIDs). PCR conditions
were identical except only 10 cycles were perform&de ~700 bp product were purified by gel
extraction and quantified by an Invitrogen Qubitdtiometer (Life Sciences, Grand Island,
NY). Equimolar concentrations of samples weretdduand pooled for 454 pyrosequencing.

454 pyrosequencing was conducted on a GS Junibriwanium Chemistry (Roche,
Indianapolis, IN). Modifications to emPCR to aceuondate longer amplicons included
increasing Amp mix to 294L, Amp Primer to 104iL, and decreasing water to 3pR.
Thermocycler conditions were modified to: 94°C 4amin, 50 cycles of 94°C for 30 sec, 60°C

for 10 min, and storage at 10°C. No other modiitces to manufacturer's protocols were made.

Data processing and analysis:
The 454 16s-rRNA amplicon data were processedoithon v.1.29.2 following

recommendations outlined in the Schloss standaedating procedures (Schloss et al. 2009,
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2011). Data were denoised via PyroNoise. Sequemessprocessed as to allow for no
differences in MIDs and primers, no homopolymereding six nucleotides, and a minimum
length of 200 nucleotides. Sequences were alitméte SILVA SEED database, and performed
a preclustering step to reduce sequencing errdrisné€as were detected using UCHIME and
discarded (Edgar et al. 2011). Sequences werdfeddsssing the SILVA SEED database at an
80% confidence threshold and those classified Esagtiast, eukaryotic, or unknown at the
Kingdom taxonomic level were removed from furthealyses.

Operational taxonomic unit (OTU) analyses were cated by clustering at 3%
dissimilarity. Since the number of spurious OTbhlsreases with sampling depth, units were
subsampled to least number of sequences (140®.Sfannon and Simpson diversity indices,
Chaol richness estimates (Chao 1984), and Good&sage (Good 1953) were calculated using
the OTUs. The Yue-Clayton index (Yue and Clayto@3and the Jaccard similarity coefficient
were used to assess community structure and menipersspectively. The pair-wise distances
were used to conduct non-metric multidimensionalisg (MDS) in PRIMER-E (v.6.0). We
conducted three separate MDS ordination analyseg:ulifferent insect life stages and diet
from samples in the first experiment (2011), egg$ea, L3, and diet samples from the second
experiment (2013), and a subset containing L3 aetdsdmples. A permutation-based
MANOVA was conducted between third-instar gut saasph PRIMER using Yue-Clayton and
Jaccard dissimilarities. In order to determinec#fpebacterial genera that may contribute to the
communities, genera phylotypes were designatedpleasnwvere subsampled, and the resulting
designations were used to compute Bray-Curtisrditaiities to conduct unweighted pair-group
method using arithmetic mean (UPGMA) clusteringniothur.

Deposition of sequences
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All sequences obtained in this study were depositékde NCBI Sequence Read Archive under

the accession number SRP030624.

Results:

Composition and diversity of bacterial communitiesassociated with gypsy moth:

The 454 pyrosequencing of the 16S rRNA gene ampsi¢rom the plant and gypsy moth
samples yielded 169,144 sequences after removahveduality reads. Following removal of
unclassified and contaminating plastid and chimgeiguences, a total of 162,661 sequences
remained. After clustering at 3% dissimilarity, vemdomly subsampled to 1,400 sequences per
sample.

There were a total of 791 operational taxonomit¢suf@®TUs) across all samples at the
3% cutoff after processing and subsampling. Thend6t abundant OTUs comprised 62% of the
total abundance, and the 50 most abundant com@B&%d Observed OTUs ranged from 2 to
206 per sample (Table 1). Wild egg mass samples the most diverse, lab reared egg masses
were the least diverse, and the other larval sasrpie diet had intermediate levels of
diversity. Gypsy moth midguts harbored an averdel.8 (+ 6.4 standard error) OTUs, and
ranged from 30-110. Chaol and Good’s coverage atsinndicated that we had reached
sampling saturation in all samples with exceptibthe wild egg masses. The high inverse
Simpson diversity estimates in these samples stegydsat many OTUs occurred in low
abundances. In these wild egg mass samples, 838@hUs contributed less than 0.01% of
the total abundance.

In the first experiment, 23 orders of bacteriaevassociated with at least one
developmental stage or foliar diet of gypsy motig(EA). Ten orders constituted the majority

(97%) of these sequences. Lab egg masses werenredely associated with Bacillales
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(97.3%). The Michigan wild egg mass source hadfardnt starting bacterial community
composition than that of the lab population eggsaasBacillales were not detected in the egg
mass, with predominant bacterial belonging to ttiees Sphingomonadales (13.1%),
Sphingobacteriales (12.6%), Pseudomonadales (29&@%)Burkholderiales (23.7%). Larval
instars followed similar trends regardless of eggssource. Upon feeding, larvae had similar
bacterial composition and were dominated by Burttboéles (~50%), which was found in L3
midguts, L5 midguts, and L5 frass. The bacteriahgosition of the birch foliage diet included
many members found in the insect tissues, butffardnt abundances. Actinobacteriales
comprised 42% of the total abundance and Burkhiaidsrcomprised 19.9%, while
Enterobacteriales comprised 11% and Rhizobial€% 4.8

We conducted finer OTU taxonomic designations, tracged dissimilarity matrices, and
conducted MDS ordination analyses to determinedfdrder-level differences were present.
Supporting the observations in order-level diffees) the different insect life-stages had formed
different groups (Fig. 1B). Both egg masses wentside of one major group, which was
composed of the midguts and frass samples. Tharkaé both were outside of the midgut and
frass group but distanced from the correspondimggnegss. The birch diet was the closest

sample to the midguts and frass samples, but wiagdewf the grouping.

Despite initial differences arising from differentdiets and egg sources, midgut communities
within gypsy moth larvae become highly similar thraugh larval development:

We conducted a second experiment to partition xtené to which the community
structures we observed in our first experiment veere to the source of egg masses or larval
diet. Along with the laboratory-reared egg massesincluded two additional egg masses from
two field populations, three foliage diets, and mhielguts of the insects of these nine population-

by-diet sources. Similar to the ordination anayer the first experiment, egg masses were
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positioned away from foliage, from midgut sampbasg from each other (Fig. 2A). The lab and
field-collected egg mass sources were differenhftbe other samples and each other. Midguts
ordinated tightly together, with the foliage sansptiestinct from each other and of this

group. To obtain better resolution, we removed eggses from the analysis and conducted
another MDS that focused on diet and midguts (#&). No discernible clustering of larval
midguts by either population source or diet wasoked. Community membership as
determined by Jaccard pairwise distances follovidas trends. Midgut bacterial communities
were more similar to foliar diet communities tharegg masses (Fig. 2C), but did not form
distinct groupings (Fig. 2D).

We conducted phylotype level analyses to evaluatatipe bacterial genera that may
influence the differences between the samples. URG@GMSstering yielded similar results to
ordination-based analyses (Fig. 4A). Midgut baateommunities were found to be more
similar to each other than to the bacterial contpmsof the ingested diet or to their
corresponding egg source. Several OTUs contribiotédese cluster®falstonia was particularly
high in abundance in the larval midguts comparethiédoliage and midgut samples (Fig.
4B). The foliage had low (4.0%) to moderate (2%#)ndances dRalstonia sequences, in
contrast to the higher levels of the larval midghtst ranged from 30-56% abundance. The
abundances dRalstonia in larval midguts did not correspond to either tfagundances in the
foliage the larvae consumed or their egg massés3®) from which they originated. The
differences between the foliage and midgut comnesivere also due to other OTUs. For
example Acinetobacter were detected in birch and oak foliage in 201Bigh abundances (21-
26%), but were uncommon in larval samples (0-2.7%imilar trends existed with birch in 2011

with Streptomyces and in aspen witRseudomonas. The major differences among larval gut
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samples was due to lower phylotype abundanceshbsé differences did not appear attributable
to either diet or population source. Additional abant bacteria were unclassified at the genus
level. One phylotype associated with both diet smdigut sources were classified\&slbachia

with the SILVA SEED. This is more likely an artitaaf the length of the sequence and

classifier, rather than of contamination from otkeurces outside of our study.

Discussion:

This study identified factors that contribute te #stablishment and structuring of
bacterial communities in the midguts of gypsy mativae. These communities appeared to arise
from multiple sources, including egg masses and We found that communities associated
with egg masses differ extensively, and range fveny high (field collected) to low diversity
(Fig. 1, 2). However, these differences in bact@damunities of egg masses did not translate
into which bacteria ultimately inhabited the copesding larval midgut tissues. Instead, midgut
bacterial communities more closely resembled tlvosemunities associated with the host plant
diet, suggesting that seeding by phyllosphere itimgbacteria was a more influential factor in
initial acquisition of bacteria, than the initishbsmission from egg masses (Fig. 2). For
example, the laboratory egg masses had extremeldilersity produced larvae that had
midguts with much higher diversity after feedingfohage, supporting the role of dietary
seeding in acquisition of midgut bacteria. Desdifeerences associated with the plant species
consumed, larval midgut communities ultimatelyiatd a similar consortium. The
physiological and biochemical conditions within thast insect midgut appear to play an
important role in ultimately structuring these conmities.

The convergence of dramatically different initiahemunities, arising from different egg

mass and foliar communities, into a very similadguit consortia was attributed to population



22

shifts of specific bacterial taxa (Fig. 1A, Fig.)3Bhis suggests that certain taxa are likely Ipette
suited for colonizing and proliferating in gypsy thanidgut tissues than others. That is, gypsy
moth guts act as an environmental filter that altbe abundances of ingested microbiota. Two
potential environmental feedbacks contributinghis filtering may relate to pH and oxygen
tensions. Shifts in bacterial communities of nasts have been observed along pH gradients
and oxygen availability (Lauber et al. 2009, Shragt al. 2009), which are extremely high and
limited, respectively, in gypsy moth larval midgutsis currently unknown if there are
conserved functions of gut microbiota in gypsy mdiit some members may be involved in
nutrient provisioning (Belda et al. 2011, Engel &hokan 2013).

Previous studies on gypsy moth (Broderick et ab4d@nd other Lepidoptera (Xiang et
al. 2006, Pinto-Tomas et al. 2011, Priya et al.20tave indicated diet is a key factor
influencing larval midgut community composition. IQesults support these conclusions in
general, but suggest subsequent host-inducedwtingcimay be greater than previously thought.
This may arise in part from differences in expentaédesign, methodologies, and analyses.
Previous work on gypsy moth evaluated bacterial beship and maintained plants in the
greenhouse (Broderick et al. 2004), whereas we asg&bbor plants exposed to natural
conditions and evaluated community structure. AlBroderick et al. (2004) used plants with a
broader range of host-plant chemistries, so thexrglme limits to the community similarities that
we observed. The relatively minor differences wsesbed in gypsy moth midgut communities
over multiple years bears some resemblan&t&holderia symbionts in various stinkbug
species, in which environmental sources of bacteaconsistently obtained every generation
from diet (Kikuchi et al. 2007, 2011b). Gypsy magilts do not contain the same extent of

morphological compartmentalization as these Heterapso physiological features of the entire
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system may primarily structure the overall commyrpeerhaps with variation in these features
providing more specialized sites for bacterial oiation and proliferation.

Several other recent studies have reported dift@®m microbiota between laboratory
and field populations, specifically Drosophila melanogaster Meigan (Wong et al. 2013) and
the lepidopteraiieliconius erato (Hammer et al. 2014). In contrast to the work wdticonius,
we observed small differences in larval instarstaitted to the historical artifact of rearing
conditions. This is possibly due to our study faegson the midgut tissues, as opposed to whole
insects. Differences in the diversities of bactex@anmunities in laboratory versus wild egg
masses likely correspond to different degrees vifenmental exposure. Laboratory colonies of
the gypsy moth are often reared under axenic condito minimize pathogens, while wild
populations are exposed to potentially transiemtofiiota and changing weather conditions over
a 10-month period. Overall, our results supporttbed to incorporate ecological context, i.e.
bacteria consumed through diet, into laboratoryetas«periments.

Despite large differences in starting egg massdaetdassociated phyllosphere
communities, the resulting communities of the gyp®th midgut were very similar to each
other. In our study, we pooled samples, so vartglmf community composition among
individuals of the same treatments were not evatidhvestigating this potential variability,
especially at the time of initial acquisition, isetded in future work. Likewise, little is known
about the functions midgut bacteria in this hostdiional studies are needed assess the
potential advantageous or deleterious (Broderick.e2006) effects of various midgut-residing
bacteria in gypsy moth. Similarly, it would be inmfant to know if the midgut community
retains this stability when gypsy moth feeds oatre¢ly resistant host-plants. Our study utilized

highly palatable plant hosts to ensure gypsy mottsamption and development, and perhaps
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less preferred species within its broad host ramg@d alter community composition. This
insect could serve as a model for comparative etuadli bacterial associations among foliar
feeding insects that have different midgut physjalal constraints. The high polyphagy of the
gypsy moth makes it a uniquely well-suited systencbnsistent comparisons with other

folivorous insect species.
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Table 1: Number of observed OTUs at 3%cutoff and computed diversity
metrics. Samples were randomly standardized to coain 1,400 sequences.

Sample Observed Good's Chaol 1/Simpson Shannon

OTUs Coverage
APHIS 2011 Eqggs

Egg mass 18 0.995 22.67 1.077 0.235
L1 whole larvae 54 0.991 69.00 2.795 1.842
L3 midgut 34 0.999 34.00 7.512 2.561
L5 midgut 39 0.998 40.00 3.758 2.239
L5 frass 37 0.994 55.00 4,293 2.243
Michigan 2011 Eqgs
Egg mass 185 0.945 304.63 10.054 2.563
L1 whole larvae 104 0.976 141.05 6.610 3.419
L3 midgut 34 0.994 41.20 3.348 2.741
L5 midgut 49 0.995 54.60 6.315 1.879
L5 frass 48 0.992 61.00 4,109 2.501
APHIS 2013 Eqggs
Egg mass 2 0.999 2.00 1.001 0.005
L3 midgut-Birch 43 0.997 48.00 5.293 2.414
L3 midgut-Oak 32 0.996 33.75 2.803 1.674
L3 midgut-Aspen 110 0.990 116.00 9.763 3.453
Bayfield 2013 Eggs
Egg mass 206 0.941 354.83 21.762 4.071
L3 midgut-Birch 72 0.998 72.30 5.607 2.893
L3 midgut-Oak 40 0.997 45.00 5.580 2.460
L3 midgut-Aspen 49 0.997 50.67 6.538 2.674
Lakewood 2013 Eqggs
Egg mass 205 0.932 383.36 13.655 3.639
L3 midgut-Birch 63 0.995 66.50 7.649 2.899
L3 midgut-Oak 58 0.994 67.00 3.451 2.242
L3 midgut-Aspen 43 0.9985 44.00 4.456 2.428
Foliage diet
Birch foliage 2011 73 0.991 81.75 5.948 2.649
Birch foliage 2013 43 0.996 50.50 9.264 2.806
Oak foliage 2013 67 0.989 86.00 5.746 2.563

Aspen foliage 2013 70  0.996 72.63 10.628 3.056
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Figure legends:

Figure 1: Order level designations (A) and OTU-lblagae-Clayton dissimilarity 2D- MDS plot
(B) of gypsy moth developmental stages (egg mak4,3, frass) and the birch foliage diet. Egg
masses are from a single source, while all othapses were pooled from 10 individually reared
samples. Only samples from the first experimenL{3Qvere included in this analysis.
Determination of orders was conducted with an 80¢#mum confidence threshold using the
SILVA SEED database. Any orders comprising < 1.G%tal abundance were included in the

group ‘other.’

Figure 2: 2D-MDS plots including (A and C) egg nessopen circles), all pooled foliage
samples (oak, birch 2011, birch 2013, and asperareqg), and L3 midgut samples (closed
circles) and (B and D) only foliage and L3 midgu@sdination plots in panels A and B were
performed with Yue-Clayton-based dissimilaritiesl grnels C and D with Jaccard-based
dissimilarities. Data from both experiments (20h#l 2013) were included for a total of 11

midgut samples.

Figure 3: UPGMA dendrogram of phylotypes usingyB@artis dissimilarity (A) and relative
abundances of the 14 most abundant 3% cutoff pypéstacross all samples (B). Phylotypes
unable to be classified by genus using the SILVABHKlatabase were designated unclassified

with their corresponding order-level classification
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Figure 3:
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Supplemental Table 1: Pooling of lifestages in expeents.

Sample: Pooled? Number Pooled
egg mass no n/a

L1 larvae yes 10

L3 larvae yes 10

L5 larvae yes 10

L5 frass yes 10

portions of 20-30 leaves

foliage yes from 2-3 trees of same species
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Abstract:

Phytophagous insects must contend with numerowsdacy defense compounds that can
adversely affect their growth and development. gyyesy moth Lymantria dispar) is a
polyphagous herbivore that encounters an extemgigseand chemical range. We used this
folivore and a primary component of aspen chendef¢nses, phenolic glycosides, to
investigate if bacteria detoxify phytochemicals &eaefit larvae. We conducted insect
bioassays using bacteria enriched from environnheataples, analyses of microbial community
in midguts of bioassay larvae, aimdvitro phenolic glycoside metabolism assays. Inoculation
with bacteria enhanced larval growth in the presebat not absence, of phenolic glycosides in
artificial diet. This effect of bacteria on growttas observed only in larvae administered
bacteria from aspen foliage. The resulting midguhmunity composition varied among the
bacterial treatments. When phenolic glycosides werleded in dietthe composition of

midguts in larvae fed aspen bacteria was signifigaitered. Phenolic glycosides increased
population responses by bacteria that we show roktalthese compounds in liquid growth
cultures. Several aspects of these results sutigastectoring or pairwise symbiosis models are
inadequate for understanding microbial mediatioplaht-herbivore interactions in some
systems. First, bacteria that most benefitted Eware initially foliar residents, suggesting that
toxin-degrading adaptions of phyllosphere inhaligandirectly benefit herbivores upon
ingestion. Second, assays with single bacteriadictconfer the benefits to larvae obtained with
consortia, suggesting multi- and inter-microbidénactions are also involved. Our results show
that bacteria mediate insect interactions with fptlefenses, but are community specific and

highly complex.
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Introduction:

Insect herbivores must contend with a wide vardétglant-derived toxins, which have
broad ranges of activities, are highly variablspace and time, and exhibit a high diversity of
molecular structures and physical properties. feurtimese barriers to utilizing plants may
intensify upon initial feeding, when induced respes can greatly increase concentrations of
constitutive compounds, alter their relative abuntés, and biosynthesize new compounds not
previously present (Kessler and Baldwin 2002). ¢tsean partially contend with toxins through
behavioral, physiological, and biochemical mechasisincluding detoxification enzymes such
as esterases, glutathione-s-transferases, anchegtoe P450 monoxidases (@tial. 2007).
However, detoxification systems can be overcomhbigly toxin concentrations, and they incur
physiological costs (Carriert al. 1994).

Our understanding of how microbial associates cadiate plant-insect interactions is
rapidly improving. Plant-associated microbes magatly (Clay 1988) and indirectly (Pineda
al. 2010) influence herbivores. Insect herbivoresamsociated with microbes that can supply
essential nutrients (Douglas 1996), contributexpa@sion of diet breadth (Cletial. 2013),
modulate plant responses to attack (Kagset. 2010; Chunggt al. 2013), and defend against
natural enemies (Kellner 2002; Olivetral. 2003). Insect-associated microorganisms may also
suppress opportunistic pathogens (Cardoza et @6;20ch and Schmid-Hempel 2012) and
produce volatiles that are exploited as cues bgigioes (Boonet al. 2008). These relationships
can range from being closed, obligate, and pairtasgen and extensively multipartite.

Bacteria-insect associations are considered tdlopiiious, yet in most cases our

understanding of how they function or are maintdiisgpoorly understood. While environmental
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sources of microorganisms have been used extepsivehemical remediation efforts, it has
now been shown that insect-associated microbemegabolize insecticides (Kikuchi al.

2012), heavy metals (Senderovich and Halpern 2@t®) plant defense chemicals (De Fine
Licht et al. 2013; Boone et al. 2013; Hammerbaehed. 2013). The source of bacteria can vary
extensively from being environmentally acquiredkiGhiet al. 2012) and relatively
indiscriminate from host plant communities (Adaghal. 2013), to being predominantly egg-
associated (Senderovich and Halpern 2013). How#weextent to which microbial metabolism
of plant defenses influences insect performancthecomposition of associated microbes and
their feedbacks, is unknown.

Gypsy moth lymantria dispar) is an insect folivore distinguished by its brdaa$t range
and intermittent landscape scale population ouklsré@at cause considerable tree mortality and
alter forest composition. This insect must contettl both low nutrient content of foliage and
a large variety of host-plant chemicals that vatgesively within and among hosts. Gypsy
moth larvae use several mechanisms to metaboliz@ctivate secondary products, such as its
highly alkaline midgut (Govenagt al. 1997) and detoxification enzymes (Lindroth and
Hemming 1990; Jankog4dHladni et al. 1997). These larvae also contain a midgut badteri
community that is influenced by ingested, foliactesia (Broderick et al. 2004). Specifically,
most bacterial members of gypsy moth midgut comtreshare obtained primarily from foliage
in their diet, but the structure of this commungysubsequently determined largely by the host
insect’s internal physiology (Mason & Ratffiapublished data). The roles of these bacteria in
mediating gypsy moth—plant interactions are unknown

Quaking asperFppulus tremuloides) is among gypsy moth’s preferred hosts and is

defended from these herbivores through producti@meweral secondary chemicals, of which
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phenolic glycosides are critically important. Ineseng concentrations of phenolic glycosides
decrease gypsy moth growth and development (Hemamdd.indroth 1995). Concentrations
of these compounds vary (2% to 25 % dry weighthunée genotype, phenology, demography,
and environmental conditions (Hemming and Lindrb@85; Donaldsoset al. 2006). While the
exact mechanisms of phenolic glycoside detoxiftzatre still unclear (Boecklet al. 2011),
there is substantial evidence that metabolism rases is involved (Lindroth 1989; Hemming
and Lindroth 2000), as larval growth and survivalreases with the level of enzyme activity
(Lindroth and Weisbrod 1991). However, high phengliycoside concentrations overwhelm
these enzyme systems resulting in reduced groveibnaganied by increased mortality and
pathogen susceptibility (Hwargyal. 1995). Since esterases are prevalent amongsrizaate
postulated that gypsy moth might benefit from mocganisms that mediate interactions with
phenolic glycosides.

We evaluated whether bacteria associated withypsygmoth-aspen system facilitate
the ability of larvae to contend with host plantesese chemicals under controlled, laboratory
conditions using a four-pronged approach: 1.) Oxsederial inoculation of laboratory
populations of gypsy moth improve larval performanct artificial diet, and in a manner that
relates to concentrations of phenolic glycoside¥®a phenolic glycosides incorporated into
artificial diets in concentrations mimicking foliguantities affect larval midgut bacterial
communities? 3.) Can pure culture isolates ofdreectreduce concentrations of phenolic
glycosides incorporated into bacterial growth med?ud.) Can individual bacterial isolates
provide the same results as complete communitienwdrvae are fed artificial diet amended

with phenolic glycosides?

Methods:
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Question 1: Do bacteria influence gypsy moth performance, and if so, are improvements related

to overcoming negative effects of phenolic glycosides?

Experimental overview: We conducted bioassays that included three bakteria
treatments and three phenolic glycoside treatnfents total of nine unique treatment
combinations. Larvae were randomly selected fromsterilized egg masses, reared on
artificial diet, and randomly administered one phlenglycoside by bacteria treatment.
Individual larva served as our unit of replicateomd had a minimum of 11 larvae per treatment
combination.

Rearing conditions: Gypsy moth egg masses were obtained from a USDAISPH
rearing facility (Otis Air National Guard Base, MA) arvae were maintained on artificial diet
(MP Biomedical, Solon, OH) in a growth chamber Bt@ with 50-70% relative humidity using
previously described methods (Broderétlal. 2004). Larvae were reared en mass in 25-cm
plastic petri dishes until8instar (L3), at which time they received bacteir@iculations.

Bacterial preparation and larval inoculations: Previous work demonstrates that the
consortia within gypsy moth are both acquired frfofrage and structured by the insects’
internal environment (Broderiddt al. 2004, Mason & Raffanpublished data), so we used both
leaves and midguts as sources of bacteria. Weharitwvo environmental sources of bacteria:
aspen leaves from trees maintained for severakyramold frames, and midguts from a wild
population in Wisconsin, where gypsy moths areently abundant in oak-dominated stands.
Samples were homogenized by pulverizing with dtealds. 10QL of homogenate was
inoculated into 5 mL of dilute tryptic soy broth@d.) amended with 100 mg cyclohexamide to
retard fungal growth. Samples were incubated slithking at 25°C for 18h, concentrated by

centrifugation, and washed with phosphate buffsadohe (PBS). Gypsy moths were inoculated
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by feeding with 18 cells as quantified by a hemocytometer. Newly etlarvae were provided

a standard diet disk (1Imm X 3 mm diameter) withesitof the bacterial enrichments or PBS
control in 24-well culture plates. Only larvae tkahsumed the entire diet disk were used in the
bioassay. Insects were then starved for 24h.

Amendments of diet with phenolic glycosidesCrude extracts of phenolic glycosides
were obtained from quaking aspen foliage as desdrib Lindroth et al. (1986). Extracts had a
purity of approximately 90%, and contained predatefy tremulacin and salicortin. The
artificial diet was amended with 3 or 6% (w/v) ceueltract phenolic glycosides dissolved in
water, or with an equal volume of water added. TBéarvae were weighed after starvation and
maintained on a randomly assigned diet treatmemdividual 30 mL plastic cups until molting
into the 4" stadium (L4). All insects molted by the ninth dzfithe stadium (see results). L4
larvae were anesthetized, and midguts were askyititssected and frozen at -80°C. Larval
carcass and the remaining diet were dried to atanhmass to quantify growth and
consumption.

Statistical analysesiarval growth and consumption were analyzed usivmway
cross-factorial analysis of covariance (ANCOVARm. 3.0.1 (R Core Development Team
2012). Phenolic glycoside concentration and baadtedurce were fixed effects, and larval initial
dry weight was used as a covariate. Initial dryghs of diet and larvae were determined from a
ratio-based relationship with fresh weight caloedbtrom ten separate individuals at the start of
the feeding trial R > 0.91). Pairwise comparisons were conducted usiadR package

‘agricolae’ using an LSD test.
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Question 2: Isthe bacterial community composition of gypsy moth midguts influenced by

phenolic glycosides?

Experimental overview: We conducted culture-independent analysis of batter
community composition using 454 16S-rRNA gene pggoencing. Three larvae from each
treatment combination from Question 1 were randaselgcted for the analysis.

DNA extraction and 16S-pyrosequencing analysesVe conducted 16S-rRNA gene
pyrosequencing to assess how larval midgut battmramunities respond to phenolic glycoside
treatments. Three samples per bacterial-phengjaongide treatment were randomly selected for
a total of 27 samples. DNA was extracted from midgising a CTAB protocol with an addition
of a phenol-chloroform cleanup step. Two-step 18R Rmplification was conducted using the
protocols and primers 799F-mod6 and 1392R desciibeldnshewvet al. (2013).

Pyrosequencing was conducted on a 454 GS Junieh@Réndianapolis, IN).

Data processing and analysisAll 454 pyrosequencing data were processed in nnathu
1.29.2 (Schlosst al. 2009). Data were denoised via PyroNoise and segsenere processed so
as to allow for no differences in multiplex idergrs and primers, a maximum homopolymer
exceeding six nucleotides and a minimum lengthO&f 2. Sequences were aligned using the
SILVA SEED database, and chimeras were detected) WiCHIME and removed. Sequences
were classified with an 80% confidence threshold thiose classified as chloroplast, eukaryotic,
or unknown at the Kingdom taxonomic level were rgetbfrom further analyses. Operational
taxonomic unit (OTU) analyses were conducted bgteling at 3% dissimilarity. All samples
were randomly subsampled to the unit with the féweasber of OTUs. Bray-Curtis
dissimilarities were computed, and non-metric nauttiensional scaling (MDS) was conducted

in Primer-E (v. 6.0). Statistical analyses of dsigr metrics and individual OTUs were
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conducted in R. Diversity metrics were analyzeshgsin ANOVA with phenolic glycosides
treated as a factor, while individual OTUs werelyred using phenolic glycosides as a
continuous variable. Pairwise comparisons were goted using a LSD test with the R package
‘agricolae.’

Sequences from this experiment were deposited iBINSéquence Read Archive under

the project accession SRP036073.

Question 3 Do bacteria associated with gypsy moth reduce concentrations of phenolic glycosides

in vitro?

Experimental overview: Pure culture isolates @éifcinetobacter andRalstonia (see
results) were obtained from gypsy moth guts. Phemgbycosides were inoculated in liquid
medium after 24h of bacterial cell growth and ametyafter 24h post-inoculation. There were
three replicates of each control and bacteriatrmneat.

Isolation and culturing of isolates:We conducted a targeted culturing approach to
obtain representative bacterial cultures of the @IdJs having the largest shifts in abundance in
our previous experiments. Bacteria were isolatethfmidguts of gypsy moth larvae feeding on
aspen foliage, using casamino acid-peptone-glu@@B&) medium (Denny and Hayward 2001)
and yeast-glucose medium (Kikudhial. 2011). Briefly, the larval midgut was sterilelymeved
from larvae as previously described, homogenizdeB6, and applied to the solid media with
standard plate-spreading technique. Cultures wezaked for isolation, and subcultured at least
twice, or until there was a single morphology. Grds were then maintained on CPG medium.
Between the two media, approximately twenty baatetltures with unique morphologies were
isolated. Bacteria were identified by amplificatiand sequencing of the16S-rRNA gene and

confirmed using NCBI blastN. We used representsatof the genera é&alstonia and
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Acinetobacter in subsequent experiments as they exhibited thst dramatic population shifts in
our 16S-rRNA pyrotag experiments (see results)u8eces of the isolates used in these
experiments were deposited to the NCBI Genbankesenpudatabase under the ascension
numbers KJ364529 and KJ364530.

In vitro metabolism assayExperiments evaluating bacterial metabolism of phien
glycosides were conducted with an effort to minienmackground levels of degradation.
Specifically, we minimized the duration in whicheptolic glycosides were in water and avoided
heat sterilization. Treatments were conductedipti¢ate and included untreated controls at O
and 24h post- phenolic glycoside inoculatiBalstonia sp. A3-1, Acinetobacter sp. R7-1, and
heat-killedAcinetobacter cells. In 10 mL glass culture tubes®bdlony forming units (CFUs)
were added to 350L of liquid CPG medium (pH 7.2) for a total volurae400uL. After 18h,
phenolic glycosides were added to control and Inacteoculated tubes. The crude extract
described earlier was suspended in water andizéetilsing a 1.am PES syringe filter.
Phenolic glycosides concentrations were approxiiynat&% w/v after addition. Cultures were
incubated at 25°C with shaking (180 RPM) for 24tfter 24h, samples were diluted and
centrifuged at 16,000 gfor 5 min. and supernatants were collected. Detddrsalicylic acid
was used as an internal standard and was addkd sample supernatant for a final
concentration of 0.1 mg/mL. Samples were passeditiira 0.4um PTFE filter prior to liquid
chromatography analysis.

Analysis of phenolic glycosidesSamples were analyzed by ultra-high performance
liquid chromatography with negative electrosprayization single quadrupole mass
spectrometry using a Waters integrated AcquitydsSIUPLC (Milford, MA). Samples were

injected (2uL) onto a Waters Acquity CSH C-18 (2.1 x 100 mnT,dm) column and separated
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at 40°C on a gradient of water (solvent A) and @u#tile (solvent B), both acidified with 0.1%
formic acid, at a flow rate of 0.5 mL/min. Gradi@onditions were: 1-15% B over 0-4 min, 15-
25% B (4-12 min), 25% B (12-16 min), 25-31% B (1&+2in), 31-62% B (20-23 min), 62-99%
B (23-24 min), 99% B (24-25 min). The mass speu#ter was operated under negative
ionization mode (200 — 700 m/z) with a cone potdrdf 30 V. Commercially available salicin
and laboratory-purified compounds of tremulaciantuloidin, and salicortin were suspended in
methanol and used as analytical standards. Cooftgrtenolic glycosides in samples were
determined from calculated standard curves fit igdgatic models/¢ > 0.98).

We assessed further putative breakdown producssiithed in Boeckleet al. 2011) on a
subset of our samples. Samples were run on UPLGé$ASeviously described under negative
ionization mode (100 — 700 m/z). Products weretifled and quantified by using masses that
were deprotonated with a formate adduct (Keefd¥eg, personal communication). Among the
products we looked for were the HCH moiety (200103), 6-HCH (157.05 m/z), and benzoic
acid (167.12 m/z).

Statistical analysesContents of individual phenolic glycosides werelgred using an
ANOVA with bacterial treatment treated as a fixéi@et. Pairwise comparisons were conducted

using the package ‘agricolae’ in R with a BonferrBrvalue adjustment.

Question 4: Are single species of phenolic glycoside-degrading bacteria sufficient to protect

gypsy moth larvae?

Bioassay and analysisWe conducted a larval bioassay under identicatlitmns and
experimental design as in Question 1. Newly moligdarvae were either inoculated with PBS
or pure cultures consisting of AGFUs ofRalstonia or Acinetobacter. Larvae were fed

commercial diet alone or amended with 4% wi/v crexteact phenolic glycosides and reared to



48

L4. Midguts were removed and larval dry weightsevassessed. Data were analyzed as
previously described using an ANCOVA with initiabight being a covariate and pairwise

comparisons were completed using an LSD test.

Results:

Bacteria improve gypsy moth performance in the presence, but not absence, of phenolic

glycosides.

Phenolic glycosides ¢h23= 118.44P < 0.001), bacterial inoculation {lps= 17.672P
< 0.001), and their interaction{s= 3.541,P = 0.009) influenced gypsy moth larval growth.
Larvae grew well regardless of bacterial treatnvegmen administered diets that did not contain
phenolic glycosides (Fig. 1A). Phenolic glycoside8% and 6% w/v reduced growth relative to
the control by 46% and 65%, respectively. Bacteramhmunities enriched from aspen leaf
sources enhanced gypsy moth growth under phengtogjde treatments?(< 0.05). Larvae
inoculated with bacteria from aspen foliage werg@rger than the non-inoculated larvae at
the moderate phenolic glycoside concentration,@#¥d larger at the high concentration. These
effects on growth were not attributable to initelval mass (F123= 0.245,P = 0.6215).

Larval consumption of diet (Fig. 1B) was decreadsgghenolic glycoside concentration
(F2,123= 92.143 P < 0.001). Neither bacterial inoculation (3= 1.421,P = 0.2455), nor its
interaction with phenolic glycosides (3= 2.043,P = 0.0924) affected feeding. Stadium
duration ranged from 6-9 days (Supplemental FigDg&yelopment time increased under
phenolic glycoside inclusion §k.3= 6.559,P = 0.002), but was unaffected by inclusion of
bacteria (£ 123= 0.389,P = 0.679), and the bacterial interaction with phenglycosides (k123=

0.786,P = 0.537).
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Ingestion of phenolic glycosides alters the composition of midgut bacterial communities.

After removal of low-quality and contaminating seques, we had 97,073 high-quality
sequences that we rarified to 1600 sequences pgisaWe detected 278 total OTUs at 97%
similarity with sample richness ranging from 2-64rvae inoculated with the environmental
samples of bacterial had an increased number ofSQFl)s = 38.741P < 0.001), Chaol
richness estimates {lz = 25.8,P < 0.001), Simpson diversity, {l;s= 10.226 P = 0.001) and
Shannon diversity (hg= 163.57P < 0.001) compared to the control (Table 1). Phenoli
glycosides had marginally significant effects omtoer of OTUs (k1= 3.527,P = 0.051) and
Chaol estimates Chaol estimateg{E 3.152,P = 0.067), a significant effect on Shannon
diversity (k1= 14.697P < 0.001), and had no effect on Simpson diversiti{E 3.067,P =
0.714). An interaction between phenolic glycosided bacteria was only present in Shannon
diversity estimates ¢hs= 10.081P < 0.001) Chaol and Good’s coverage estimates itadica
that we approached sampling saturation for our &snp

At the completion of our bioassay, control larcaatained very few taxa (Fig. 2A), as
opposed to the larvae receiving inoculations ofiremvwnental bacterial enrichments. Control
larvae were dominated (97%) by one OTU in the ot@etobacilliales. Larvae receiving
inoculations from the gypsy moth midgut bacterid Bamilar community compositions to what
we have previously found to naturally inhabit gypsgth (Mason & Raffaunpublished data).

In both the controls and the midgut inoculatiohgré were only minor order-level differences
attributed to phenolic content (Fig. 2A), and thewes no difference in clustering patterns in our
ordination analysis (Fig. 2C).

In contrast to the other samples, the midgut comnesiof larvae inoculated with

bacteria from aspen foliage underwent changessiorese to the presence of phenolic
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glycosides. Amending larval diet with phenolic gigades resulted in a major decrease in the
abundance dralstonia (F;,7 = 19.39,P = 0.003) (80% to 4%), and corresponding increases i
several other bacterial orders (Fig. 2A). The ndnamatic response to phenolic glycosides was
in Acinetobacter, which rose from < 0.1% to 31%;(f= 7.13,P = 0.032) (Fig. 2B). On the
whole, ordination analyses indicated the midgut mamity structure of the aspen bacterial
inoculations were more variable than the other $asnp response to phenolic glycosides (Fig.

20).

Bacteria reduce concentrations of phenolic glycosides in vitro; Variation in between-species

capabilitiesis consistent with population shifts following larval ingestion of phenolic glycosides.

In the previous experiments, we found that inocohatvith bacteria from aspen reduced
the negative effects of phenolic glycosides on gypsth growth, and that the ingestion of
phenolic glycoside shifted the abundanceRadétonia andAcinetobacter. Therefore, we
focused on these two genera in our metabolism expats. We obtained pure-culture
representatives from gypsy moth midguts fed aspawels, and evaluated their abilities to reduce
phenolic glycoside concentratiomsvitro.

Salicortin and tremulacin comprised the majorityhad phenolic glycosides used in our
extracts. We observed large differences in phemijicoside contents witAcinetobacter
compared to the control#\cinetobacter sp. R7-1 elicited significant reductions of salicortin
(70%) and tremulacin (88%). It also caused an @d ifhicrease in salicin content, although the
absolute change was relatively minor compareddaeduction of the other compounds. There
were no effects of bacteria on the content of tderdin in the samples (o= 2.843P =
0.082) (Fig. 3D).Ralstonia sp. A3-1 and heat-killed\cinetobacter sp. R7-1 cells did not affect

the contents of salicortin, tremuloidin, or salicompared to the control at inoculation, and the
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reductions seen in tremulacin (32% and 26%, resmdg} were not significantly different from
the control after 24h. The controls at inoculatoa 24h post-inoculation had similar levels of
salicortin, slightly reduced (11%) concentratiohsremulacin, and there were no differences in
amounts of immediate degradation products of trerdinl or salicin.

The decrease in phenolic glycoside content wasicaimpanied by corresponding
increases in degradation products, such as bene®CH-derived groups. Therefore, it is likely
that theAcinetobacter culturesare further degrading the compounds beyond simgreatic
cleavage of phenolic glycosides’ glycosidic ancebhkage.

Addition of individual isolates cannot emulate full-community benefits to gypsy moth

We inoculated gypsy moth larvae with the pure cekwof bacteria we used in thre
vitro metabolism assay. As before, inclusion of phengliicosides reduced larval growth
(Supplemental Fig. 2;1k3= 26.496P < 0.001). However, inoculation of single cultures of
bacteria (F43= 0.372,P =0.692), and their interaction with phenolic glyaes (k 43= 0.120,

P = 0.888) exerted no effects on the growth of thesgypoth larvae.

Discussion

Our results demonstrate that bacteria associatiddgypsy moth can reduce
concentrations of phenolic glycosides that inhijgipbsy moth growth (Fig. 3). This supports
research in other systems that have shown micra@ngas metabolize plant terpene (Bo@he
al. 2013) and stilbene defenses (Hammerbaehar 2013). Our results further demonstrate that
these bacteria assist larvae in contending withtglhemical defenses, as the bacterial
inoculations improved insect performance (Fig.ldyecent studies, investigators have shown
that bacteria can suppress the induction of pldefsnses to the insect’s benefit (Chehgl.

2013), reduce concentrations of insecticidal defeatemicalsn vitro (Booneet al. 2013), and
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expand an insect’s host breadth through increasmtiiption of cysteine proteases (Gial.
2013). Our study presents the first example ottirssumption and establishment of specific
midgut bacteria consortia enhancing insect larvavth in response to plant-derived chemical
defenses.

The influence of bacterial inoculation on gypsy mperformance was dependent upon
source. Larvae fed bacteria from aspen foliage Wwetter able to contend with the aspen-
derived defenses than the other treatments. Thssaweaxpected, as an initially more intuitive
prediction might be that plant-associated micrdimgefit plants and insect-associated microbes
benefit insects. However, “insect-associated bactaray be a relatively uninformative and
overly strict categorical designation in gypsy mats its gut bacteria are largely acquired from
foliage rather than vertically transmitted throwegiys (Masonunpublished data). This parallels
similar results with bark beetles in which bactelegrade terpenes toxic to the beetle and its
fungal symbionts, utilize terpenes as a carboncgyand are enriched with genes encoding
terpene-degrading enzymes, yet these associatesampaally in the plant host and beetles
(Adams et al. 2011; Adams et al. 2013; Boone Gl3). It appears, then, that benefits to some
herbivores may be a byproduct of the bacterial canmity's need to contend with plant toxins in
their environment, and even more so when thesedarcrease upon herbivore attack. In aspen,
increased contact between foliar bacteria and dleeglgcosides occurs by rupturing of
vacuoles. For some systems then, simple modelsatbring or paired symbiotic relationships
may be less useful than more open models, in whielbacteria’s ability to respond to the
environmental conditions of both plant and insexgth confer collateral benefits to the
herbivore. There are likely limits to these effeets bacterial degradation may be overcome by

high phytochemical concentrations (Boone et al.3201
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The complexity of bacterial-plant-insect interangas further illustrated by the
specificity of responses in the midgut communiteethe plant toxins. When administered
phenolic glycosides, the larvae fed bacteria frepea experienced increased abundances of
Acinetobacter and decreases Ralstonia in their midgutqFig. 2). These population shifts are
consistent with the metabolism data (Fig. 3) showiratAcinetobacter, but notRalstonia,
reduces phenolic glycoside content. In contrast)dhvae not fed bacteria, or fed bacteria
consortia enriched from gypsy moth midguts, didal@nge. The differences associated with
inoculation source may arise from several potemi@thanisms. Thacinetobacter cells that
seeded the midgut communities in larvae fed aspeteba may have been better adapted to or
primed for contending with phenolic glycosidesrealated to the other bacteria. In contrast,
environmental sources of bacteria other than admknot have members that increased
following administration of phenolic glycosides. thNeally occurring populations of bacteria may
have different enzymatic capacities that can medablogical interactions. For example,
bacteria-salicin interactions can mediate effet&neoeboid predators (Sonowal et al. 2013). In
a taxonomically distant and structurally differem@mmalian gut system, diet history can affect
differential microbial responses to plant toxin®fKand Dearing 2012), similar to what we
observed in gypsy moth midguts. While the respafgeinetobacter was the most dramatic,
several other OTUs also shifted in abundance testegree in response to the phenolic
glycoside treatments (Fig 2A). This suggests thau#itude of interactions are occurring.

These results support other studies showing thatquitures of fungi and bacteria do
not elicit the same effects alone as when theyawotevith other community members (Brenner
et al. 2008; Aylwardet al. 2013). Specifically, our results suggest thatrextBons among

bacterial community members, and interactions betwEacteria and the host insect, contribute
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to herbivore detoxification systems. Pure cultwkghenolic glycoside-degrading
Acinetobacter, did not enhance larval growth in the same manseoaplete communities.
Several mechanisms could explain how additionalds&cin the consortia may directly or
indirectly enhance gypsy moth growth in responsghtenolic glycosides (Fiele al. 1995).

First, additional bacteria may enalleinetobacter to tolerate and function under the extreme
conditions of the midgut. Second, other bacterig also contribute to the metabolism of
phenolic glycosides, such as by enzymatic degradati contributing molecular oxygen (Ettwig
et al. 2010; Imlay 2011) to cytochrome P450-like enzyiftesyereisen 1999). Lastly, other
bacteria in the system may provide some unknowatifom, possibly unrelated to phenolic
glycoside detoxification. Regardless of mechanigmase findings further underscore the value
of working with bacterial consortia, and incorpamgtecological context, as opposed to
individual isolates.

Our findings contribute to a growing body of eviderthat microorganisms mediate
numerous facets of plant-herbivore interactionsseninteractions are likely widespread, and
future studies should explore comparisons amongrgést and specialist insects, and across a
range of host plant chemistries. Our study alseveldathat these interactions are highly
complex, as the source of the bacteria determime@xtent of the interaction. Hence, current
models of symbiotic mutualisms or vectoring maydie simplified to describe many of these
associations. Further testing of this model is ssagy.

The results presented here illustrate a directfitesfeoacterial detoxification to an
herbivore under controlled conditions, and futuggkwcan improve our understanding of these
processes in nature. In the gypsy moth, futureissughould evaluate the specific bacteria-

bacteria or bacteria-host interactions that medregeeffects of phenolic glycosides on larval
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growth. These studies should include both cultageld methods and natural settings to emulate
the environmental conditions encountered by mi@taband their host. Specifically,
development oin vitro growth media systems is needed to more closelyaethe pH and
redox conditions of lepidopteran midguts, which rdagctly (Ruuhola et al. 2003) or indirectly
influence degradation. Furthermore, evaluatingaheteractions using host plants, including
their multiple sources of variability, and with rtiple feeding bouts, is needed. Our results
indicate that aspen provides a useful model to gonsuch work. Evaluating how interactions
among members of the midgut community contributelémt defense degradation, and how
these microbes interface with the herbivore’s diéittation system would further our knowledge
of functioning under varying environmental conditso
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Table 1: Average OTU diversity and estimates dinéss and coverage. Different
letters represent significant difference$at 0.05.

Good’s
Sample® Observed OTUs Coverage Chaol 1/SimpsonShannon

Control

0% 7.33d 0.997 10.06 e 1.01lc 0.04 c

3% 5.67d 0.998 8.33 e 1.02c 0.05c¢

6% 15.67 dc 0.998 18.33 de 1.12c 0.32c
Aspen inoculated

0% 26.67 bc 0.996 33.50 cd 151c 0.96 b

3% 39.33 ab 0.995 53.50 ab 7.32a 2.62 a

6% 29.33 b 0.996 42.17 bc 7.18 ab 2.382 a
Midgut inoculated

0% 32.67b 0.998 40.67 bc  4.62 abc 222 a

3% 50.00 a 0.995 61.25 a 6.45 ab 2.50 a

6% 36.67 b 0.998 37.17 bcd 3.44 bc 2.16 a

a. Samples include the bacterial inoculation aredctincentration of ingested phenolic
glycosides (0, 3, 6%).
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Figure legends:

Figure 1. Effects of inoculation with bacteria and amendantificial diet and phenolic
glycosides on gypsy moth larval growth (A) and aonption (B). Bars represent means + 1
standard error. Columns with different letters sigmificantly different (ANCOVA followed by
LSD test:P < 0.05).

Figure 2. Midgut communities following the administratiohlmacterial and phenolic glycoside
treatments in Fig. 1, as assessed by 16S-rRNA eguescing. A: Average abundance (n = 3) of
Silva-derived orders (calculated with an 80% cutbféshold; ‘other’ includes those amounting
to < 1.0% of the total abundance. B: OTUs that lexxéd the greatest degree of change in
abundance due to phenolic glycosides in the aspauiation. C: MDS plot constructed with
Bray-Curtis dissimilarities calculated from OTUssamated at 97% similarity. Symbols
coloring represent different phenolic glycoside @amtrations: control inoculation - blue; midgut
inoculation - black; aspen inoculation - red.

Figure 3: Effects of bacterial source on phenolic glycosidatents in samples. Phenolic
glycosides are salicortin (A), tremulacin (B), sadi(C), and tremuloidin (D). Bars represent
means + 1 standard error. Bars with different tetége significantly different (ANOVA

followed by Bonferroni correctior® < 0.05).

Supplemental Figure 1 Influence of bacterial consortia and phenoliaccglsides on the duration
of the 3 larval instar. Bars represent means + 1 standaod €olumns with different letters

are significantly different (ANCOVA followed by LSEest:P < 0.05).
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Supplemental Figure 2 Influence of individual bacteria and phenolicgigides on the L3
growth. Bars represent means + 1 standard errdun@s with different letters are significantly

different (ANCOVA followed by LSD test? < 0.05).
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Abstract:

Microbial associations with plants are widely distited, and are structured by a number of
biotic and physical factors. Among biotic factdise host plant genotype may be integral to
these plant-microbe interactions. Trees in thaug@opulus have become models for studies in
scaling effects of host plant genetics and in ptanticrobe interactions. Using 454
pyrosequencing of the 16S-rRNA gene, we assessdoltar bacterial community of seven
genotypes of mature trembling aspen tr&ep(lus tremuloides Michx.) grown in a common
garden. Trees were selected based on prior anakeggng clonal variation in their
concentration of chemicals conferring resistanaeresg insect herbivores. At broad taxonomic
designations, the bacterial community of tremblsgen was similar across all plant genotypes.
At finer taxonomic scale, the foliage of these $rearied in their community composition, but
there was no distinct pattern to colonization asredance related to plant genotype. The most
abundant operational taxonomic units (OTUs) weassified adralstonia, Bradyrhizobium,
Pseduomonas, andBrucella. These OTUs varied across the common garden, bngt wees no
significant effect of host plant genotype, or sgligpiosition on the abundance of these members.
Our results suggest that aspen genotype is lessriam in the structuring of foliar bacterial
communities than other factors, such as environaheonditions, interactions among microbes,
and plant intracellular structures that separatersgary compounds from residents of this

phyllosphere.
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Introduction:

Plant - microbe symbioses are ubiquitous in natecakystems and occur among all
plant organs (Compant et al., 2011; Schulz and&®005). Both fungal and bacteria associates
can be located on the plant surface (Mercier anddw, 2000; Osono, 2008), or in vascular
tissue (Hallmann et al., 1997). Often these symbretationships do not have any apparent
effects on the host (Faeth and Fagan, 2002), bet o¢lationships range from pathogenic to
mutualistic (Saikkonen et al., 1998). In plantdgie, benefits may arise from these associations
through production of plant growth promoters (Alam et al., 1999; Compant et al., 2010),
resistance to abiotic stressors (Ruiz-Lozano efi885; Sziderics et al., 2007), production of
insecticidal defenses (Schulz et al., 2002), addéible defense priming against both
necrotrophic and biotrophic organisms (Balint-Kettial., 2010; Conrath et al., 2006). Different
symbiotic microbial species and strains can elinigjue plant responses to various
environmental interactions (Klironomos, 2003).

Numerous biotic and abiotic factors influence tierobial colonization of host plants.
Geographic location (Gottel et al., 2011; Knie&kt 2010; Redford et al., 2010), nutrient
characteristics and availability (Mercier and Limg@®000), access to water (Beattie and
Lindow, 1994), temperature (Brandl and MandrelD2)Q UV light (Kadivar and Stapleton,
2003), and temporal variation (Redford and Fie2609) are among the principal abiotic factors
shown to influence microbe associations with plaRéatures of both the host and microbe, and
their interactions, can affect the degree of tle@aation. Genetic variation of the microbiota
(Achouak et al., 2004; Weyens et al., 2011), respsmof microbiota to plants secretions (De-la-
Pefia et al., 2012), as well as plant species amokyg@e can be key components in structuring

fungal (Bailey et al., 2005; Bever et al., 1996nRaal., 2008) and bacterial communities
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(Bulgarelli et al., 2012; Redford et al., 2010)al phenotypic traits that can affect microbial
associations include leaf characteristics (Huntet.e2010; Reisberg et al., 2013) and chemical
composition of foliage (Ruppel et al., 2008; Yad#al., 2005).

Trees of the genuwRopulus have emerged as models for studying effects df drsetics
on environmental processes (e.g., DeWoody et@L32Lindroth et al., 2007; Whitham et al.,
2006) and of plant — microbe interactions (vanlddie et al., 2009).Populus include some of
the most widely distributed and ecologically andreamically important tree species in the
Northern Hemisphere (Stettler et al., 1996). P¢gmotype has been shown to mediRdpulus
interactions with fungal colonizers of foliage (s et al., 2005), endophytic bacteria (Ulrich et
al., 2008), lichins (Lamit et al., 2011) and belowgnd interactions with both bacteria and
mycorrhizal fungi inhabiting the rhizosphere (Schwer et al., 2008; Shakya et al., 2013). Plant
secondary chemistry can be an important factonmgél endophyte associations (Bailey et al.,
2005).Populus produce two major groups of defense chemicalsjensed tannins and phenolic
glycosides (Lindroth and Hwang, 1996; Lindroth &tdClair, 2013), which vary considerably
among genotypes (Holeski et al., 2012; Hwang androth, 1997; Osier and Lindroth, 2001).
These compounds have differential effects on bibtieats, whereby phenolic glycosides exert
stronger adverse effects on herbivores, partigulagpidoptera (Hwang and Lindroth, 1997),
and condensed tannins have been correlated withition of fungi (Holeski et al., 2009).

In a recent study, bacteria of trembling asg@wp(lus tremuloides Michx.) were shown
to mediate interactions between the lepidopterndiee gypsy mothl(ymantria dispar L.) and
the Populus defense chemicals phenolic glycosides (Mason @b gress). In this study, we
aimed to assess whether aspen genotypes knownytanvaliar defense chemistry influence

bacterial community composition. We hypothesizeat thfferent plant genotypes growing in the
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same environment would harbor different bactemahmunities. We used a common garden
approach to test this hypothesis using seven agpaotypes. We conducted bacterial 454
pyrosequencing using the 16S-rRNA gene of DNA etéie from the foliage tissue sampled

from these trees, including both external and makresidents in our communities.

Methods:

Ste description and sample collection: Aspen leaves were sampled from genotypes grown in
10-year old common garden at the University of Wisin-Madison Arlington Agricultural
Research Station. Details of the plot layout artdl#shment are in Holeski et al. (2009).
Briefly, genotypes were arranged in a randomizedpdete block design with individual trees
spaced 3 m apart (Fig. 1). The common garden cweddivelve aspen genotypes, and we
selected a subset of seven that are known to pravidnge of plant chemistries based on
previously published work (Holeski et al., 2009; &wg and Lindroth, 1997).

Fully expanded leaves were collected in early Bi#. A single ramet from the lowest
branch (3 — 4 m) was removed from the north sideeafs with pole pruners. Seven undamaged
leaves showing no symptoms of herbivory or diseasse removed. Leaves were detached at
the petiole and placed into one sterile plasticfoagach tree. Leaves were transported to the
laboratory on ice, flash frozen, and stored atC80ftil DNA extraction.

DNA extraction: Samples were processed in three sets in randden.okLeaves were
homogenized in liquid nitrogen in a mortar and lge250-400 mg of ground leaf material was
added to sterile 2 mL screw-cap microcentrifugeesjlafter which 50QL preheated (65°C)
CTAB buffer preheated was added. Samples were atedkat 65°C for 1 hour, and homogenate
was vortexed every 15 min. After incubation, anaqwlume of phenol: chloroform: isoamyl

alcohol (24:24:1) was added, samples were briaflyexed, and centrifuged at 4°C. Supernatant
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was collected, transferred to a fresh tube, anelgaial volume of chloroform: isoamyl alcohol
(24:1) was added. Samples were centrifuged, sufanaas collected, and an equal volume of
cold 100% isopropanol was added and incubated mldrat -20°C to precipitate DNA. DNA
was pelleted and rinsed twice with 70% ethanol tgeébuting in sterile TE (10 mM Tris-HCI,

1.0 mM EDTA; pH 8.0).

16SrRNA gene amplification: PCR and sequencing conditions followed protodelksiled in
Hanshew et al. (2013). Briefly, the V6V8 regiontloé¢ 16S-rRNA gene was amplified using the
primers 799F-mod6 and 1392R. Triplicate PCRs werelucted using 25 ng template DNA,
0.25uL Herculase 1l DNA polymerase (Agilent, Santa Clat#), 1.0 nM dNTPs, 0.hL

DMSO, 5uL buffer, 300 nM forward and reverse primers, aradex totaling a final volume of
25 L. Reaction conditions were: 95°C for 2 min, 30legaf 95°C for 20 s, 48°C for 30 s, 72°C
for 30 s, and a final elongation of 72°C for 3 mPCR products were pooled and gel-extracted
with a Zymoclean Gel DNA Recovery Kit (Zymo Resédarecvine, CA). Second PCR was
completed using gL of the recovered PCR product. Primers in th@sddCR contained the
A- and B- adaptors required for 454 sequencinggiemh 5 bp multiplex identifiers

(MIDs). PCR conditions were identical except ohfycycles were performed. The ~700 bp
product were purified by gel extraction and quaadifoy an Invitrogen Qubit Fluorometer (Life
Sciences, Grand Island, NY). Equimolar conceraretiof samples were diluted and pooled for
454 pyrosequencing. 454 pyrosequencing was congpbteten GS-Junior (Roche, Indianapolis,
IN) using modifications described in Hanshew e{2013).

454 Data processing: The 454 16S-rRNA amplicon data were processed ithuny.1.32.0
following recommendations outlined in the Schlassidard operating procedures (Schloss et al.,

2011, 2009). Data were denoised via PyroNoiseu&wsrps were processed to allow for no
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differences in MIDs and primers, no homopolymereding six nucleotides, and a minimum
length of 200 nucleotides. Sequences were aligméae SILVA SEED database, and a
preclustering step was conducted to reduce sequegraiors. Chimeras were detected using
UCHIME and discarded (Edgar et al., 2011). Sequenage classified using a mothur
formatted Ribosomal Database Project training\se?.0) at an 80% confidence threshold
(Wang et al., 2007). Sequences classified as ghlast eukaryotic, or unknown at the Kingdom
taxonomic level were removed from further analysserational taxonomic unit (OTU)
analyses were conducted by clustering at 97% gityil&Jnits were randomly subsampled to

2500. Diversity metrics of OTUs were computed & time using the standardized data.

Satistical analyses: Dissimilarity matrices were computed in mothur gsine Bray-Curtis
dissimilarity index and the Jaccard similarity demént. Bray-Curtis dissimilarities incorporated
abundance, and Jaccard distances assessed usitgragmesence or absence. The pair-wise
distances were used to conduct non-metric multidsimmal scaling (MDS) in PRIMER-E v.
6.0. A permutation-based MANOVA was conducted betwsamples in PRIMER using Bray-
Curtis and Jaccard dissimilarities with plant hgestotype as a fixed effect. The PERMANOVA
was conducted using 9,999 permutations with Tygaans of squares.

Diversity metrics, individual OTUs, and spatial bs#s of individual OTUs were
analyzed in the R v. 3.0.1 programing environmeérgnds of the most abundant individual
OTUs were analyzed with an ANOVA. OTU abundanceeevemalyzed with an ANOVA using
with genotype as a fixed effects. OTUs that didmett the assumption of normality were bog(
+ 1) transformed prior to analysis. Spatial patdor the four most abundant OTUs within the
garden were assessed with visual mean abundargelfind semi-variogram plots

(supplemental Fig. 2). Visual abundance plots &mheOTU were created by colorimetrically
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overlaying mean aggregated OTU abundance for eaelas it positioned in our samples. Semi-
variograms for the four most abundant OTUs wereutated (including all genotypes) at a max

distance of half the garden (15m) and using thé&kgeackage v. 1.7-4.

Results:

After curation and quality control, 16S-rRNA ggmgosequencing yielded 159,017 total
sequences. The number of sequences per samplel faoe990 to 7669 prior to subsampling.
Two samples were discarded at the subsampling puoeeOne had a low number of sequences
compared to the other samples. The other was ddediy one OTU that was classified as a
putative phytoplasma and was considered an otliftre remainder of the samples.

The number of OTUs in individual samples rangednfrelatively low (15) to
comparatively diverse (86), with an average of 34t@. error = 2.68). Estimates of sampling
depth indicated the number of sequences obtaindtidcstudy was sufficient (Supplemental
Fig. 1). OTUs richness was not influenced by gepetyf the host tree k3= 1.461P = 0.222).
Moreover, aspen genotype did not have an effe@h@mnon (f33= 1.10P = 0.383) or
Simpson (k33= 1.277P = 0.295) estimates of diversity.

Taxonomic designations of sequences at order-tdassification did not reveal distinct
differences of foliar bacterial composition amoremgtypes (Fig. 2). Ten orders comprised the
majority of abundance, with unclassified bacteoeprising approximately 8% of the total.
Burkholdariales was the most prevalent order acabsamples. Some trends appeared to be
present, so multivariate analyses on the OTUs wemnelucted. Nonmetric multidimensional
ordination (MDS) plots were generated using théadise matrices constructed from OTUs using
Bray-Curtis dissimilarities and Jaccard index diskrities. MDS plots indicated no clear

grouping of samples by genotype (Fig. 3). A PERMARKNCOIndicated that genotype did not
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influence community membership (Jaccard dissintie] Pseudod=33 = 0.979P = 0.609) or
structure (Bray-Curtis dissimilarities; Pseudgsf= 0.854P = 0.860). However, some clustering
appeared to occur among some samples of WAU2 atBSgnotypes (Fig. 3B).

Although there was no clear difference in bactanambership on the community as a
whole, we assessed whether genotype effects wesemramong individual members. We
analyzed the influence of genotype on the four mbsidant individual OTUs, which
comprised between 20 and 90% of the relative amoedwith an average of 50% across all
samples. At the genus level, these OTUs were GledsisRalstonia, Brucella, Pseudomonas,
andBradyrhizobium (Fig. 4 A-D). None of these OTUs were affectechbgt plant genotypd>(
> 0.30), with the exception d¢fseudomonas where the effect was marginal (logf1}
transformed; F33= 1.969P = 0.099).

We evaluated the influence of sample position @naundance of these OTUs to
evaluate potential spatial effects (Supplementgl E). Ralstonia OTUs varied in abundance
across the common garden, but there was no statigtsignificant effect (Fig. 4E). Similar
patterns were present with tBeucella andBradyrhizobium OTUs (Fig. 4F, 4H). The
Pseudomonas OTU had higher abundances in tH8 @nd 3 rows that were sampled than
elsewhere in the plot (Fig. 4G). In these rows nalaumnces were highest when associated with
two trees of the aspen genotype SAU3. Elsewhetteeiplot, the SAU3 genotype did not have

high abundances.

Discussion:
We evaluated the influence of host plant genotypébar bacterial community
composition in a common garden of trembling asf@@amotype did not exert strong effects on

either the entire community or individual OTUs (F3y Fig. 4). Although the abundances of
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OTUs varied throughout the common garden, a spadidérn of the OTUs was not detected in
our survey (Fig. 4; Supplemental Fig. 2). Thesellts suggest that if trembling aspen genotype
influences the commensal bacteria associated wiige, it is minor compared to other
environmental and biological factors. The bactes@isortium of trembling aspen is quite
consistent at both order and OTU levels, and s@atifes of the aspen leaf environment may
influence the composition of these communities.

Contrary to our hypothesis, host plant genotygesnying secondary chemical
composition did not influence the bacterial consasssociated with foliar tissues. The
possibility that a spatial influence at the platlecobscured potential genotypic differences was
not supported. A likely explanation involves a sganfluence at the micro-scale, specifically
that compartmentalization of the major phytocheisich aspen within plant cells limits contact
with phyllosphere residents. Defense chemicals, pikenolic glycosides and condensed tannins,
are compartmentalized in the vacuoles of folialsoglees et al., 1993; Wink, 1993). This
compartmentalization may serve as a barrier tgthylosphere bacteria, as they would
predominantly reside in the external portions diisoen the foliar surface or in the vascular
tissues. This contrasts with some other systemsghiaoh the plants exude their metabolites
through glands onto the foliar surface, coming wlitect contact with the microorganisms
(Yadav et al., 2005). Likewise, exudates from figgues of some plants can structure
rhizosphere bacterial communities, butPwpulus, root communities are only weakly explained
by host plant genotype (Shakya et al., 2013). Tdmtypes we selected did not have foliar
exudates. Thus, other member$?opulus and Salicaceae exude foliar and extrafloral semmsti
might yield different results (Greenaway et al.929Thadeo et al., 2008). Overall, it seems

likely that species — level features of tremblisgen may be more important in affecting
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bacterial community composition than intra - speaiuances of foliar chemistry and physical
characteristics. These data support previous wakfound trees within a species had very
similar bacterial communities at the plot level dfed et al., 2010).

The most abundant bacterial OTUs found withinabemon garden are known to be
plant and environmentally associated microbes. &laesl other members of the same bacterial
phyla and families been frequently found associatiga plants (Vorholt, 2012), and we have
previously found them associated with tremblingessfpliage (Mason and Raffa in press).
Almost all of the abundant OTUs were distributetighout the common garden plot (Fig 4E-
H), suggesting sources that seed the communitythehéhey reside internally or externally, are
accessible to the foliar tissueal stonia andPseudomonas are commonly considered as potential
plant pathogens, but also can colonize the phylesppas commensals or mutualists (Hol et al.,
2013). The roles of these foliage-colonizing baater aspen biology are unknown.

ThePseudomonas OTU had a higher abundance associated with the$eaftwo trees,
both from the SAU3 genotype, compared with otheroggpes in the common garden (Fig. 4G).
Several possible mechanisms could contribute teethegh incidences. Although we sampled
visibly undamaged leaves, those associated witettrees may have had ruptured cells. This
could result in chemical changes to the phyllosplrausing the newly available nutrients as
well as the defense metabolites. Alternatively,tilgh abundance may be indicative of the
initiation of a pathogenic infection. We only samgblone time point, and these bacterial
communities can vary temporally (Redford and Fig2809). However, it is unclear from these
data if the associatdeseudomonas are indeed plant pathogens.

These results demonstrate that host plant gendigpan overall minor effect on

bacterial community composition of aspen foliagatHer, interactions among microbiota and
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the abiotic environment may more strongly affeehowunity composition, with limited effects

of defense chemicals imposed by intracellular catnpentalization. Future studies should
investigate how foliar morphological characterist@nd interactions among microbes affect
bacterial community composition. The dynamics efsthconsortia should also be assessed
through time. The influence of herbivory on relegsiefense chemicals from vacuoles, and thus
potentially influencing microbial associates, shibalso be investigated. Given the ability of
bacterial associates to strongly mediate interastletween plants and herbivores (Mason et al.
in press), understanding how variation in host plant chimastics can influence bacterial
communities is particularly important to understagdlant - herbivore - microbe relationships,
and their implications to both evolutionary theand resource management.
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Figure 1: Plot layout of the aspen genotypes selected ferstindy. Trees were planted 3 m
apart in both X- and Y- coordinates. Trees werectetl from every other row, with
exception of one from row two (DAN1), because ettmortality from the first row.
Locations of the two trees excluded from the diaikanalyses are not present in the
figure. Samples are arranged in this and in sulesgdigures by increasing phenolic

glycoside concentration as evaluated by Holeskl.€R009).

Figure 2. Mean relative abundance of sequences at the axienomic classification. Trees are
arranged in increasing phenolic glycoside contased on measurements conducted by

Holeski et al. (2009).

Figure 3: Nonmetric multidimensional scaling plots of tleedard (A) and Bray-Curtis (B)
dissimilarity matrices made from bacterial OTUscdad assesses shared OTU membership
without taking relative abundance into account, Bray-Curtis assesses membership with

the abundance of the OTUSs.

Figure 4: Average number of sequences of the four most@ntrOTUs (A-D) and the
abundance of those OTUs throughout the common ggEiéd). Taxonomic designation of
the OTUs was based on RDP classifier. Bars areE:-1G8&notype did not have a significant
effect on the number of sequences of all the ORJs (.05). OTU3 (C) was log(+1)
transformed to help meet normality assumptions. difierence in abundance of OTU3 was
influenced by high abundances of two particulan{ddG). The two samples removed from

the analysis were not included in the spatial plots
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Supplemental Figure 1:Rarefraction curves of observed OTUs foliar baatemommunities of
the genotypes after subsampling in mothur. Leveliwérsity differed among and
between genotypes. All rarefaction curves reaclmeglsgmptote, indicating the level of
sampling was sufficient.

Supplemental Figure 2 Semivariograms of the four most abundant OTUDjASemivariance
was estimated form mean aggregated OTU abundarcmaxk distance of half the size
of the garden (15m). Low semivariance at shoritgadces relative to high semivariance
at larger distances (logarithmic fit to the datanps) would be indicative of spatial

correlation. Spatial correlation is not apparemtgioy OTU.
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Supplemental Fig. 2:
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Aspen defense chemicals influence the midgut bacter community of gypsy moth.
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Abstract:

Microbial symbionts are becoming increasingly rategd as mediators of many aspects of
plant — herbivore interactions. However, the infloe of plant chemical defenses on gut
associates of insect herbivores is less well utoleds We used gypsy mothymantria dispar

L.), and trembling asperP¢pulus tremuloides Michx.) genotypes that vary in chemical defenses,
to assess the influence of foliar chemistry on dxéat communities of larval midguts. We
evaluated the bacterial community composition daée, and of midguts of larvae feeding on
those leaves, using next-generation high-througbegtiencing. Plant defense chemicals did not
influence the composition of foliar communities.contrast, both phenolic glycosides and
condensed tannins affected the bacterial consairtggpsy moth midguts. The two most
abundant operational taxonomic units were clagbdisRal stonia andAcinetobacter. The

relative abundance éfalstonia was higher in midguts than foliage when phendicaside
concentrations were low, but lower in midguts wipéenolic glycosides were high. In contrast,
the relative abundance Bllstonia was lower in midguts than foliage when condenaedin
concentrations were low, but higher in midguts wbendensed tannins were high.

Acinetobacter showed a different relationship with host chengidbeing relatively more

abundant in midguts than in foliage when condemaedin concentrations were low, but lower

in midguts when condensed tannins were higimetobacter tended to be more abundant in
midguts of insects feeding on genotypes with higanwlic glycoside concentrations. These
results show that plant defense chemicals influéreebivore midgut communities, which may

in turn influence host utilization.
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Introduction:

Microbial-arthropod symbioses are ubiquitous inteaams that are often critical to insect
functioning, performance, and survival. Symbiorftsieect herbivores have been shown to
mediate interactions with natural enemies (Oliveale2003, Scarborough et al. 2005, tukasik et
al. 2013), enable access to recalcitrant sourcearbbn (Geib et al. 2008), contribute to
nitrogen provisioning (Gundiz and Douglas 2009, &fles-Jiménez et al. 2013, Ayayee et al.
2014), circumvent plant defenses (North et al. 1@hung et al. 2013), and augment
detoxification of plant-derived toxins (Dowd ande®h1990, Kikuchi et al. 2012, Boone et al.
2013, Hammerbacher et al. 2013). Mechanisms afisitigpn vary extensively. For example,
midgut bacteria can be acquired from both matgifaltenpoth et al. 2009, Hosokawa et al.
2012) and environmental sources (Kikuchi et al.20h many social insects, eukaryotic and
bacterial members of the midgut are transmittedregmeest mates through stomodeal and
proctodeal trophallaxis (Noda et al. 2007). Irffeeding Lepidoptera, midgut bacteria appear
to be seeded primarily through dietary sourcesabeisubsequently influenced by larval host
plants within midgut environmental conditions (Beoidk et al. 2004, Priya et al. 2012, Mason
and Raffa, 2014).

Plant defense chemicals pose significant barteetise abilities of insect herbivores to
utilize plant substrates (Mithofer and Boland 201&)addition to being deleterious to the insect
host, these defenses may also affect microbiacades. Plant defense chemicals have been
shown to influence vectored (Klepzig et al. 199&J alant pathogenic fungi (Holeski et al.
2009). Additionally, differences in the ability b&cteria associated with various bark beetles to
tolerate terpenoid defenses may relate to diffexemt the beetles’ life history strategies (Adams

et al. 2011, Boone et al. 2013). Both bacterial famgial symbionts of insects possess enzymes,
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or genes encoding for enzymes, that are typicakbpaated with toxin detoxification (DiGuistini
et al. 2011, Adams et al. 2013). The toxin-metaudj capacities of these symbionts vary in
presence and level of activity (Hammerbacher 2@l3, Sonowal et al. 2013).

The European gypsy mothyfnantria dispar L.) is an important defoliator of deciduous
trees in North America. The gypsy moth is highlyypbagous (Liebhold et al. 1995), and thus
encounters a diversity of plant chemistries. Thesgymoth larval midgut poses an extreme
environment to microorganisms, being both highkalhe (Appel and Maines 1995) and
relatively hypoxic (Johnson and Barbehenn 2000¢t&#a residing in the midgut tissues are
mostly obtained from consumption of the host p(&nbderick et al. 2004), but their
communities are subsequently structured by theremwviental conditions of the midgut (Mason
and Raffa 2014).

Trembling aspenRopulus tremuloides Michx.) foliage contains a suite of chemical
defenses that can deter feeding by herbivorestlgrealucing their growth and development
(Boeckler et al. 2011, Lindroth and St. Clair 20I)e most prominent chemical defenses
produced by aspen consist of phenolic glycosiddscandensed tannins (Lindroth and Hwang
1996). Phenolic glycosides are aspen’s principahtbal defense against folivorous
lepidopterans, and vary considerably among genstgidemming and Lindroth 1995, Hwang
and Lindroth 1997, Osier and Lindroth 2001)Pwpulus, condensed tannins have been shown
to be negatively correlated with the colonizatidioiar fungal communities (Bailey et al.
2005) and pathogens (Holeski et al. 2009), but terithve limited effects on the performance of
Lepidoptera (Osier et al. 2000, Barbehenn et £928arbehenn and Constabel 2011). Like
many plant secondary metabolites, condensed taanohphenolic glycosides are thought to be

stored in cell vacuoles in aspen (Lees et al. 1988k 1993, Payyavula et al. 2009). Upon
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herbivore feeding, this storage structure rupturagsing toxin release and deleterious effects to
the herbivore. Despite these defenses, gypsy mathaxploit aspen by selecting less well-
defended trees and detoxifying or tolerating albkmicals.

Colonization of gypsy moth midgut tissues by baateriginating from aspen foliage
augments larval detoxification of phenolic glycasdin experimentally amended artificial diets
(Mason et al. 2014). In that study, some bactegaeevehown to be more sensitive to phenolic
glycosides than others. Those that exhibited irrgeaelative abundances in host midguts in
response to phenolic glycosides also had gréatetro phenolic glycoside degrading capacities.
However, whether differences in aspen foliar chémisfluence bacterial community
composition in the midgut is unknown. Here, we stigated the interaction among foliar
bacterial communities, trembling aspen genotyped the midgut community of gypsy moth.
We conducted bacterial 16S-rRNA gene pyrosequerannggired host plant and gypsy moth
larval midgut samples. Phenolic glycoside and caedd tannin concentrations of these trees
were quantified to assess if variation in tree dleahrdefenses may explain bacterial community

composition of foliage and the larval midgut.

Materials & Methods:

Insect rearing and plant propagation: Gypsy moth egg masses were obtained from a
laboratory culture maintained by a USDA APHIS regriacility (Otis, MA, USA). Larvae were
reared on commercial wheat germ based artificetl P Biomedical, Santa Ana, CA, USA) in
sterile 9.5 cm diameter plastic petri dishes untlting into the third stadium (L3).

Aspen genotypes were maintained in a common gattre University of Wisconsin-
Madison were cloned by Knight Hollow Nursery, lfgliddleton, WI, USA) using tissue culture

propagation following the method of Sellmer et(2B89). Three aspen genotypes were selected
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to provide a range of phenolic glycoside and cosddriannin concentrations, based on
previously published analyses (Hwang and Lindr&#71 Holeski et al. 2009). We transplanted
individual microcuttings into Deepots pots (Studugons, Tangent, OR, USA) containing a 1:1
mix of MetroMix 366PSC (Sun-Gro, Agawam, MA, USA)datorpedo sand. We maintained the
trees outdoors in cold-frames during summer (20dgrwintered them in a greenhouse (2011 —
2012), and returned them to the cold-frames tHevimhg spring (May, 2012) until conducting
our experiment (June, 2013). We applied water-deltdstilizer (20-10-20 N-P-K) to the trees
once per week between July and mid-September, 2011.

Experimental feeding and tissue collection: Three replicate trees of each genotype were
randomly selected for analysis. After molting itive third stadium, individual gypsy moth
larvae were paced into sterile 5.5-cm diametettiglagtri dishes and provided with two leaves
from a single replicate tree.. Leaf position wasdardized from the first fully expanding leaf
among all genotypes and replicates. Forceps wefacgudisinfected by rinsing in 2% bleach
followed by 70% ethanol. Leaves at LPI 3 and 4 veeidéected at the petiole and transported to
the laboratory in sterile plastic bags. Larvae wal@wved to feed for 72h. We anesthetized
larvae at -20°C for 15 minutes, surface-sterilizad] removed their midguts by dissection.
Tissues were stored at -80°C until DNA extraction.

Leaf samples were collected for DNA extraction ahgitochemical analysis at the same
time as tissue collection of insects. For microb@hmunity analyses, five leaves from each tree
were removed, placed into a sterile plastic baigen, and stored at -80°C until processing.
Tissues for phenolic glycoside analysis were ct#iéin paper envelopes, flash frozen, and

stored at -20°C until freeze drying.
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Analysis of foliar defense chemistry: Aspen foliage was analyzed for phenolic glycoside
and condensed tannin concentrations to verify esum@ption that the genotypes differed in
these constituents. Foliage was lyophilized anddgenized with 30 3 mm steel beads in 20 mL
plastic scintillation vials.

Phenolic glycosides were extracted from 20-30 mipldige in 1.5 mL of ice-cold
methanol with sonication. Extracts were diluted andlyzed by ultra-high performance liquid
chromatography (UHPLC) with negative electrosp@ayzation single quadrupole mass
spectrometry using a Waters integrated AcquitydsSIUPLC (Milford, MA) according to a
modified method of Abreu et al. (2011). Brieflyngales (2uL) were injected onto a Waters
Acquity CSH C-18 column (2.1 x 100 mm, Lufh) and separated at 40°C on a gradient of water
and acetonitrile, both acidified with 0.1% formio@ at a flow rate of 0.5 mL/min. The mass
spectrometer was operated in negative ionizatiodenwith selective ion recording of the
salicinoid-formate adducts. Operating and data iadepn conditions for the mass spectrometer
were as follows: cone potential, 30 V; capillarygrdial, 2500 V; extractor potential, 3 V; RF
lens potential, 0.1 V; source temperature, 120d¥3plvation temperature, 250 °C; desolvation
gas flow, 500 L/h; cone gas flow, 10 L/h; infusi@te, 5.1L/min; dwell time, 0.025 s.
Calibrations were based on internal standardizdijosalicylic acid-g (Sigma-Aldrich, St.

Louis, MO, USA), using four-point (15 — 1500 mg/kglicin, salicortin, tremulacin, quadratic
models. The salicin calibration standard was pwgetidrom Sigma-Aldrich (St. Louis, MO,
USA) and the tremulacin and salicortin calibratsdandards were extracted from aspen foliage
by liquid-liquid extraction (Lindroth et al. 198@nd purified by normal phase liquid

chromatography (Still et al. 1978).
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Condensed tannins were extracted from 20-30 mgaafgl foliage in cold 70% acetone
containing 10 mM ascorbic acid as an antioxidarh wonication. Extracts were quantified
spectrophotometrically using acidified butanol adaag to Porter et al. (1986). Condensed
tannin standards were purified from aspen accorttirtdagerman and Butler (1980).

DNA extraction: Foliage was homogenized in liquid nitrogen imartar and pestle.
Ground leaf material was added to sterile 2 mLwarap microcentrifuge tubes. 50Q of
preheated (65°C) cetrimonium bromide (CTAB) buffers added to the ground tissue. Samples
were incubated at 65°C for 1 hour, mixing homogesnatery 15 min. After incubation, an equal
volume of phenol:chloroform:isoamyl alcohol (24:2Awas added, samples were briefly
vortexed, and centrifuged at 13,20@ for 10 min at 4°C. Supernatant was collected, feared
to a fresh tube, and an equal volume of chlorofasmamyl alcohol (24:1) was added. Samples
were centrifuged, supernatant was collected, an s precipitated by adding an equal
volume of cold 100% isopropanol and overnight iratidn at -20°C. Samples were centrifuged
and DNA pellets were rinsed twice with 70% ethdmefore eluting in sterile TE (10 mM Tris-
HCI, pH 8.0; 1.0 mM EDTA, pH 8.0).

Insect midgut samples were homogenized in|@0@ot CTAB with a 4 mm steel bead
by bead beading in 2 mL plastic screw cap tubdssuisequent steps were identical to the DNA
extraction used for the plant tissue.

16S-rRNA gene amplification and sequencing: PCR reactions were performed as
described in Hanshew et al. (2013). The V6V8 regibthhe 16S rRNA gene was amplified using
the primers 799F-mod6 and 1392R. PCR reactions #a@re in triplicate containing 25 ng
template DNA, 0.2%L Herculase Il DNA polymerase (Agilent Technologi8santa Clara, CA,

USA), 1.0 nM dNTPs, 0.5L DMSO, 5uL buffer, 300 nM forward and reverse primers, and
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water totaling a final volume of 28.. Reaction conditions were: 95°C for 2 min, 30legmf

95°C for 20 s, 48°C for 30 s, 72°C for 30 s, afida elongation of 72°C for 3 min. Triplicates
were pooled for each sample, and lanes were egttdicaim the gel using a Zymoclean Gel DNA
Recovery Kit (Zymo Research, Irvine, CA, USA). Tdexond PCR was completed using2

of the recovered PCR product. Primers in the s#€4PR contained the 454 A- and B- adaptors
along with 5 bp multiplex identifiers (MIDs). PG#nditions were identical except only 10
cycles were performed. The ~700 bp product wadiedrby gel extraction and quantified by an
Invitrogen Qubit Fluorometer (Life Sciences, Grasldnd, NY, USA). Pyrosequencing was
completed on a Roche 454 GS-Junior (Roche Diagrgpshl, USA) using modifications
described in Hanshew et al. (2013).

454 Data processing: The 454 16S-rRNA amplicon data were processed ithano
v.1.32.0 following the Schloss standard operatirgg@dures (Schloss et al. 2009, 2011). Data
were denoised via PyroNoise. Sequences were pextessas to allow for no differences in
MIDs and primers, no homopolymer exceeding six eotttles, and a minimum length of 200
nucleotides. Sequences were aligned to the SILEED database, and we performed a
preclustering step to reduce sequencing errorsnéiais were detected using UCHIME and
discarded (Edgar et al. 2011). Sequences werdfeddsssing a mothur formatted Ribosomal
Database Project training set (v. 9.0) at an 80Btidence threshold (Wang et al. 2007).
Sequences classified as chloroplast, eukaryotisnknown at the Kingdom taxonomic level
were removed from further analyses. Operationairiaric unit (OTU) analyses were
conducted by clustering sequences at a 97% sityilautoff. Units were standardized by

randomly subsampling to 2500.
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Satistical analyses. Concentrations of aspen secondary metabolites vadculated as
dry weight percentages. Chemical concentrationg wealyzed in the R v. 3.0.1 programing
environment (R Core Team 2013) using an ANOVA. Samwere assessed for normality and
pairwise comparisons were conducted using an LSDagh the package ‘agricolae’ v. 1.1-4.

In mothur, OTUs were used to calculate ShannonSamghbson diversity metrics, and to
compute dissimilarity matrices with the Bray-Cudissimilarity index and the Jaccard
similarity coefficient. Bray-Curtis dissimilaritigacorporate abundance, while Jaccard
dissimilarities use presence and absence of OThispair-wise distances were used to conduct
a principal coordinates analysis (PCO) in PRIMER-B.0. We conducted linear regression
analysis of the axis scores computed from the Pi@Iysis using phenolic glycosides and
condensed tannins as predictive variables. Linegnession was conducted on the PCO axis
scores from the first axis of the PCO conductetheBray-Curtis dissimilarity matrix. This
analysis was not conducted on subsequent axegrorthie PCO produced from the Jaccard
matrix, because the axes explained a relativelylgaecentage of the variation (see Results).

We found that two OTUs comprised 25% - 98% (averad8%) of the relative
abundance across the samples, so we assessefette @f genotype and ingestion on them
individually. Numbers of OUT sequences were Yad() transformed to fit normality
assumptions, and analyzed in R with the statispaakage ‘nlme’ v. 3.1-109. OTUs were
analyzed with an ANOVA using genotype and herbivasyfixed effects and plant as a random
effect. Differences in OTU relative abundances leetwthe paired foliar and midgut met
normality assumptions, and samples were analyzed as ANOVA with genotype as a fixed
effect followed with pairwise comparisons conductéth the package ‘agricolae.” We then

assessed how the phenolic glycosides and condéms@d concentrations influenced the
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differences in relative abundance between foliagkraidgut samples of the most abundant

OTUs using linear regression.

Results:

Foliar concentrations of phenolic glycosides (Hi&§) and condensed tannins (Fig. 1B) differed
among plant genotypes. SAU3 had significantly higd&%) concentrations of phenolic
glycosides than WAU2, but not PG2¢= 5.583 P = 0.043). Salicortin, tremulacin, and

salicin were the most prevalent phenolic glycosidesmulacin and salicortin comprised 98% of
the total dry weight percentage in approximate®ymaratio. PG2 had the highest concentration
of condensed tannins; it was significantly high&8%) than SAU2, but not WAU2 { =

10.057,P = 0.012). Concentrations of phenolic glycosides ditlaorrelate with condensed
tannin concentration among clon&= 0.755:R* = 0.015).

454 pyrosequencing yielded 68,857 high-qualityuseges prior to subsampling. After
processing and subsampling, OTUs ranged from 18ah@®nhg both midgut and foliage samples.
Samples from foliage had an average of 50% more < samples from midguts, =
7.145,P = 0.037), but neither genotype nor its interactiothwhether the community was
foliar or midgut influenced the number of OTUs. Tdevas no effectR > 0.05) of genotype,
foliar or midgut tissues, or their interaction, 8hannon and Simpson diversity indices of the
bacterial communities.

Two-dimensional ordination analyses were conduai¢ial Bray-Curtis and Jaccard
dissimilarity matrices computed from OTUs. Overglhts generated from principal coordinates
analysis (PCO) did not appear to form distinct g (Fig. 2). The Bray-Curtis PCO did not
produce tight clustering of groups in two-dimensi@hig. 2A). Samples from the midguts

formed loose groupings by genotype, but there whstantial overlap from communities of
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foliage samples. Foliar and midgut samples froness\genotypes were oriented in close
proximities, indicating similar bacterial communggmposition. In contrast, midgut samples
appeared to form a gradient along BC-PCO1, whidtrileed 40.8% of the variation between
the communities. Larvae feeding on SAU3 tendedateeha higher value along BC-PCOL1 than
either WAU2 or PG2. Foliar samples did not havehsupattern. The PCO constructed using
Jaccard dissimilarities yielded separation betwssanple types. Midgut samples tended to
cluster on the right side of the graph, while foBamples were to the left (Fig. 2B). However,
axes in Jaccard PCO explained very little (J-PCIQ17%; J-PCO2: 9.7%) of the total variation
in the communities.

The midgut samples appeared to arrange along-&xésxoy genotype (Fig 2A; BC-
PCO1). Therefore, we assessed whether foliar defeimsmicals explained the orientation of leaf
and midgut bacterial communities along this coaatBnWe conducted linear regression using
the phenolic glycoside and condensed tannin corat@ms as explanatory variables for the axis
scores of BC-PCOL1 (Fig. 3). Total phenolic glydesfFig. 3A), tremulacin (Fig. 3B), salicortin
(Fig. 3C), and condensed tannin concentration Fg.did not describe the position of the foliar
samples along the BC-PCOL. In contrast to therfebanples, tremulacin (Fig. 3F), salicortin
(Fig. 3G), and total phenolic glycosides descrithedvariation observed in the bacterial
communities in midgut samples along this coordirfgig. 3E). Midguts from insects that fed on
trees having higher phenolic glycoside concentngtivad larger axis scores. Condensed tannins
also helped explain some of this variation in tkis gcores of the midgut samples, but to a lesser
extent (Fig. 3H). The relationship between the akwre and foliar condensed tannin
concentration was the opposite of that for phemgliyjcosides; higher condensed tannins

correlated with a smaller axis score.
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We assessed the effects of genotype and ingegtitimearelative abundances of the two
most prevalent OTUd$Ralstonia andAcinetobacter (Fig. 4).Ralstonia abundances were not
influenced by genotype {= 1.703P = 0.260) or whether they were on the foliar or in the
midgut environment (Fs = 0.734,P = 0.424). However, interactions between foliar andgut
properties influenced OTU abundancesgE 5.294P = 0.047).Ralstonia abundances were
larger in the midguts of insects feeding on the V2Adnd PG2 genotypes than on the
corresponding foliage (Fig. 4B), but were smallkethe gut than foliage when feeding upon the
SAU3 genotype (Fs = 11.722P = 0.008). In contrast, tot#cinetobacter abundances (Fig. 4A)
were not influenced by genotype,@= 0.901,P = 0.452), environment (i = 0.295P =
0.606), or by their interaction {E= 2.476P = 0.164). The difference in the relative abundance
of Acinetobacter between foliage and the larval midgut varied amplagt genotypes (Fig. 4B).
Acinetobacter had lower relative abundances in the midgut contptireéhe foliage of WAU2
and PG2, but had increased abundances in the raidfirtsects feeding on SAU3 compared to
the corresponding foliage {E= 4.832P = 0.056).

We analyzed the difference betweRadstonia andAcinetobacter relative abundance
using total phenolic glycoside and condensed taomintentrations as separate continuous
variables. Phenolic glycoside concentrations dbedrthe differences iRalstonia abundances
between foliar and midgut samplgdg. 5A), but not forAcinetobacter (R? = 0.154;P = 0.297).
Ralstonia had lower abundances in the midguts than the feelgen insects fed on plants with
higher phenolic glycoside contents. While not statally significant, higher abundances
Acinetobacter in the midgut tended to occur when insects consumees with high phenolic
glycoside concentrations (Fig. 5B). Condensed tanancentration described these relationships

better than phenolic glycosides. With high foti@nnins, the abundance Rélstonia in the
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midgut increased compared to corresponding pldistge (Fig. 5C), while the abundances of

Acinetobacter in the midgut decreased (Fig. 5D).

Discussion:
We assessed the influence of aspen genotypesahaitnvdefense chemistries on bacterial

communities of leaves and in midguts of gypsy maithae . Gypsy moth larvae exhibited a
different composition of bacteria in their midghan of the leaves they were consuming.
Phenolic glycoside and condensed tannin concemtisatlid not influence foliar bacterial
communities. However, both groups of compoundsierited the bacterial composition in larval
midguts. This suggests that the partitioning inut@t vacuoles limits effects of metabolites on
bacteria of foliage, but upon insect feeding anatuting of the plant cells, these compounds
affect both the herbivore and the community strectf insect midgut bacteria. We propose a
general model of these processes in Figure 6.idmtbdel, different foliar chemical
concentrations yield different bacterial commursitrehen secondary metabolites are released.
Similar responses by herbivore-associated bacwsramunities to plant chemical defenses have
been documented in mammal (Kohl and Dearing 20d4@)aathropod guts (Mason et al. 2014),
and in sub-epidermal plant tissues excavated Wy liegtles (Adams et al. 2013) and leaf miners
(Humphrey et al. 2014).

Several behavioral and physiological factors cqadtentially influence the composition
of larval midgut bacterial communities. Gypsy mtatvae acquire the majority of their
community from foliage they consume. Potential adon in feeding sites within or among
plants, along with the accompanying microbial asdes, could affect these relationships. For
example, in our study we found that the bactewahmunity of both midgut and foliar samples
varied considerably within a clone (Fig. 2). Theref the ingestion of bacteria that either benefit

or impair larval success (Mason et al. 2014) may vratime and space. However, despite the
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initial variation in the communities that seed gypsy moth midgut, the resulting midgut
consortia become more similar under similar chehwoaditions (Fig. 3). As gypsy moth
acquires bacteria, these symbionts face a radiddfgrent environment from that of the foliar
surface. Fluids are much more abundant in thehgut on the foliage, the pH is much higher
(Appel and Maines 1995), and oxygen tensions arehrtawer (Johnson and Barbehenn 2000).
Under these new and extreme environmental conditidifferent bacteria may be better suited
to colonize the midgut, while others are more ret&d by this barrier (Mason and Raffa, 2014).
Within this context, host plant defense chemistimé®duce an additional component to the
structuring of insect midgut bacterial communifiEgy. 3).

The effects of foliar chemical defenses on midradterial communities could arise from
two nonexclusive processes: directly on the miabbommunity members, or indirectly by
affecting the host midgut and physiological proess#/any plant chemicals are toxic to both
insect and bacteria. Bacteria show differentiarahces to plant chemical defenses, and also
vary in their toxin metabolic capacities (Andersdral. 1993, Adams et al. 2011, Boone et al.
2013, Miller et al. 2014). The two most abundantU3Tetected in this studsggcinetobacter and
Ralstonia, have previously been shown to change in relaiuendance due to phenolic
glycosides in artificial diets, and to vary in thigi vitro metabolic capacities (Mason et al.
2014). Indirect effects on community compositionyrba mediated through changes in the gut.
Phenolic glycosides are more damaging than conddasains to the midguts of lepidopterans.
Deterioration of the midgut lumen induced by phenglycosides could potentially alter sites at
which bacteria colonize. Although the exact colatian sites of microbiota within the gypsy
moth midgut are unknown, bacteria in other Lepidogphave been shown localize in the

mucosal layer (Shao et al. 2014).
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The relative extents to which phenolic glycosides)densed tannins, and their
interactions affect gypsy moth midgut bacterial position remain unclear. Bopulus,
condensed tannins have been shown to reducedétamposition rates (Driebe and Whitham
2000), and colonization by commensal (Bailey e2@05) and phyotpathogenic fungi (Holeski
et al. 2009). However, effects of condensed tanmmBacteria are less understood. Likewise,
considerably more research has been conductedwplenolic glycosides affect herbivores
than microbial associates. Because concentratiopisemolic glycosides and condensed tannins
were not correlated within aspen clones, it is plde both chemical groups exert some effects.
Specifically, these compounds may affect the bacthfferently, whereby some speciesve
low tolerance for one class of compounds while igtlean tolerate compounds more effectively.
However, which of these processes predominatehandhey interact, is not known. Our data
suggest that plant phytochemistry mediates the etittgm among bacteria within the midgut,
producing communities with distinct structures desmitial variation in acquisition.

The results presented here show that bacteriahzorty composition in the gypsy moth
midgut is influenced by aspen foliar defense chemi¥he midgut bacterial sequences that
increased in association with genotypes under piginolic glycoside concentrations have been
shown to metabolize these compounds (Mason e0a#)2However, we do not know how these
changes would affect herbivore fithess when feedmghese various genotypes. Future research
is needed to determine how relationships betweant plefense chemistry and midgut
communities affect herbivore performance, the n&tatles of different chemical components,
and what properties of gut physiology contributgad community structure across a broad
range of insect herbivores.
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Fig. 1: Mean phenolic glycoside and condensed tannin cdratems of three aspen genotypes.
Different letters represent statistically signifitaifferences aP < 0.05. Bars represent +1
standard error.

Fig. 2 Principal coordinates analysis plots constructgidg Bray-Curtis (A) and Jaccard (B)
dissimilarity matrices of 97% similarity bacterfallfUs. Bacterial communities originate from
either foliage (open shapes) or gypsy moth midgstes (filled shapes).

Fig 3: Relationship of foliar total phenolic glycoside éhd E), the phenolic glycosides
tremulacin (B and F) and salicortin (C and G), anddensed tannin concentration (D and H)
with the axis scores of the first principal coomtim from Fig. 2A (x-axis; BC-PCO1). The
principal coordinate analysis was generated froayBturtis dissimilarities. Different shapes
represent different aspen genotypes being WAAJ2RG2 D], and SAUS3 [1]. The top row
(open shapes) includes samples from foliage (A+id)the bottom row (closed shapes) contains
samples from midguts of gypsy moth larvae feedimdodiage (E-H). BC-PCO1 axis scores of
the foliage samples were not influenced by foliaeraical composition.

Fig. 4 Abundances of the two most prevalent OTUs acatissamples. Number of sequences of
the two OTUs classified d&alstonia andAcinetobacter from each sample (A) and the
differences in relative abundance between the gamegut and foliage samples (B). Bars
represent 1 standard error.

Fig. 5: Difference in relative abundance between folrat enidgut populations dRalstonia and
Acinetobacter OTUs in relation to dry weight concentrations oéphblic glycosides (A and B)
and condensed tannins (C and D). The dashed limeratindicates there was no difference
between the abundance in the larval midgut anddeli Any number above zero indicates the

OTU had a higher relative abundance in the midgan the foliage.
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Fig. 6: Conceptual diagram of interactions among phyllosplacteria, foliar chemistry, and
herbivores. BacteriedRa = Ralstonia; Ac = Acinetobacter; X, Y, Z = other species) on aspen
foliage experience little contact with phenolicgbgides (PGs) or condensed tannins (CTs).
Gypsy moth larvae acquired their midgut bacterizdnysuming foliage. Herbivory ruptures
plant cells, releasing chemical defenses. Foliantbals interact with foliar bacteria, jointly
structuring the midgut community. When insects ferdoliage with a ratio of higher phenolic
glycosides to condensed tanriejnetobacter exceedralstonia. The opposite chemical
environment favors a community in whiBlalstonia yield Acinetobacter. The extent to which
these changes are mediated through direct conttictive phytochemical, or indirectly through

the host, is unclear.
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Thesis Conclusions

Bacterial communities of the gypsy moth midgut ar@btained primarily from the
foliage it consumes, but are subsequently structudeby the midgut environment.
Gypsy moth larvae had a similar community compositp that of its foliage. However,
the communities were more distinct from foliageater instars. Some bacteria species
proliferated in the midgut, while others becamessaititially reduced in abundance
compared to the diet. This indicates that certaictdria are better adapted than others to
the extreme conditions of the gypsy moth midgut.

Egg mass - associated bacteria have an overall mmmontribution to the bacterial
community of the larval midgut. Different sources of egg masses had varying
community composition, where field-collected eggsses were highly diverse and those
from a rearing facility were dominated by one taRaspite there large differences in
starting bacterial communities, the resulting midguere very similar. In most cases,
these differences were attributed to bacteriaghabsent from the egg mass
community.

After extended feeding, gypsy moth midgut bacteriare relatively stable throughout
development.Only minor differences were observed between thagatibacterial
community composition of third and fifth instarvae. Moreover, frass was also similar
to midguts. This indicates that these communiteesat undergo drastic changes in

structure in response to additional immigratione Bimilarities of the frass bacterial
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communities to the midgut suggest that hindgut ¢mm$ do not substantially alter the
bacteria.

. Despite feeding on different host trees, larvae delop similar midgut bacterial
communities. Gypsy moth larvae feeding on different host plgrgcses ultimately
attained a similar community composition. This $amiy arises despite differences in
bacterial communities among different host plahtss further supports the view that
features of the midgut ultimately result in staflielgut bacterial communities.

. Bacteria can improve gypsy moth larval growth, butonly in the presence of the
aspen defense compounds, phenolic glycosid€spsy moth larvae that were
inoculated with bacteria enriched from aspen ledéagkincreased growth when phenolic
glycosides were included in artificial diet. Thisssvnot accompanied by increases in
consumption. The growth response was not obserheth whenolic glycosides were
excluded from diet. This was not due to the additbbacteria to the insect, as
enrichments from insect midguts were not diffefemn the water controls.

. Bacteria respond differently to phenolic glycosides the larval midgut and in vitro.
Insects inoculated with aspen bacteria had diftecemmunities when phenolic
glycosides were included in the diet. These chamgee attributed to two OTUs,
Ralstonia andAcinetobacter. In the larval midgutsRalstonia decreased in relative
abundance with phenolic glycoside inclusion indiet. ConverselyAcinetobacter
increased in relative abundance under the samatimorsd These bacteria corresponded
to the phenolic glycoside degradation capacitiediftérent bacteria. When phenolic
glycosides were added to growth medjuiralstonia did not degrade phenolic glycosides

to an appreciable level. Howevéginetobacter significantly reduced phenolic



127

glycosides. Degradation appears to be fairly cotepkes there was little accumulation of
immediate breakdown products of phenolic glycosides

Plant genotype and phenotypic have small effectsdhe foliar bacteria community

of trembling aspen. Foliar bacterial communities were not influencgchbst plant
genotype or phenotypic differences. Rather, it app#hat the community composition of
established stands is influenced by other facteobar bacterial communities of trees
grown in the common garden had very little variatibut trees grown in the cold frame.
The differences were not explained by host planbgge, or phenotypic characteristics.
. Concentrations of foliar defense chemistry influene the bacteria community in

larval midguts. Although aspen genotype and phenotype did notenfie foliar

bacterial communities, they did influence the baateomposition of the gypsy moth
midgut. This is likely due to the partitioning offénse compounds within the aspen,
where these compounds are stored in vacuoles. Véheas are ruptured upon feeding
by herbivores, defense chemicals and foliar comtresncome into contact. The extent to
which interactions between foliar chemistry andtbaa are mediated by direct influence
on the microbes, indirectly through the host, eombination, is unknown.

. Changes in bacterial abundance in the gypsy moth mgut relate to different

chemical classesDifferent chemical classes elicited different baeteabundances in

the gut. Concentrations of phenolic glycosides @nmtlensed tannins did not covary, but
both partially explained variation in midgut bacdé&communities of gypsy moth. When
trees had higher concentrations of condensed taniném phenolic glycosideRalstonia
had higher relative abundances. In contrast, wheretwere higher phenolic glycoside

than condensed tannin concentratidknetobacter had higher relative abundances.
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Appendix 1

Bacteria in gypsy moth oral secretions do not intlgbplar inducible defenses.
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Summary:

In this experiment, | tested the influence of baaten gypsy moth larval oral secretions on
hybrid poplar inducible defenses. | used antibsta prevent colonization of bacteria, and
used wounding with oral secretion application tuce defenses. Hybrid poplars were
propagated from green wood cuttings, maintainecugceenhouse conditions, and used
larval bioassays to assess induction. While thexe an induced response to the wounding
and oral secretion application, | did not obsemefiect of bacterial removal on the induced
defenses in poplar. This suggests that, at ledhtsrsystem, gypsy moth-associated bacteria
are not involved in the manipulating host plantcithle defenses.

Introduction:

Plants are capable of eliciting defensive respotseassect herbivores and microbial
pathogens. The signaling pathways that initiatengka in plant defense interact extensively
(Felton & Korth, 2000; Thalest al., 2002). Herbivores contain multiple propertied tha
plants may serve as cues for, and also cause nemeamical damage to plant tissue than
microbial pathogens (Felton & Tumlinson, 2008).chbes are capable of overcoming host
defense by minimizing signals until a thresholdeisched. However, some groups of
microbes have features that allow plants to key defense, elicit signaling cascades, and
prevent colonization even if they are not pathogé@iarcia-Bruggeet al., 2006).

Herbivores are frequently associated with microbégse associates can be intracellular and
obligate, or colonize different body components badignificantly more facultative. These
microbial components may affect plant defensivealigg. Indeed, symbiotic fungi have
been shown to elicit defensive signaling againsk baetles in conifers (Paimeal., 1997).

Bacteria have received recent attention in how thay affect plant responses against
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herbivores. For example, the bacteridhilbachia, in leaf miners can inhibit plant
senescence (Kaiseral., 2010) and several bacteria in Colorado potattideeal secretions
can inhibit tomato inducible defenses, effectivelgsking the effects of herbivory (Chuetgy
al., 2013).

In this experiment, | investigated whether the reatof bacteria in gypsy moth affected the
influence of oral secretions on induced responséglarid poplar to herbivory. | used a
hybrid poplar clone previously identified to be hliginducible (Havill & Rafffa, 1999), and
conducted insect bioassays on the leaves of theatttrees.

Materials and Methods:

Plant and insect culturing:

Hybrid poplar clone NC527P( nigra x P. nigra) was vegetatively propagated from
greenhouse-maintained tissue. Shoots were colléciedactively growing branches. Tissue
was cut into several 5 cm segments allowing foraamately 0.5 cm above the bud and
petiole. Leaves were left intact to the segmentsti®ys were dipped into distilled water,
and then into Hormex #8 Rooting Powder (Chatswd@th). Cuttings were planted into
Metro Mix soil media in a flat containing porifei@s. Propagules were maintained under a
15 s misting regimen occurring every 10 minutes 46:8 light dark photoperiod until roots
were established. Plants were potted into 3:1 Mdiro- peat moss mixture in Classic 300
pots. Trees were fertilized with 15-15-15 Osmoadvev-release fertilizer. Trees were
maintained in a greenhouse (16:8 photoperiod, 245C)-6 weeks prior to the experiment.

Two groups of gypsy moth larvae were reared fw ¢éxperiment. Both groups were
obtained from a USDA lab-maintained colony (BuzzdBady, MA), and reared on artificial

diet in a growth chamber (16:8 photoperiod, 24C@p5tumidity). The first group was reared



131

to induce plant tissues. Larvae were either reaitd or without an antibiotic cocktail
included in the artificial diet. The antibioticscinded 500 mg / L of rifampin, gentamycin,
penicillin, and streptomycin. Insects were rearetl Bth instar. Oral secretions were
collected from larvae using a capillary pipet. Gratretions were stored at 4°C for, at most,
48 h. The second group was reared as bioassayismgarpon molting into the 3rd instar,
larvae were isolated and starved for 24 h pridrit@assay.

Plant induction and bioassay:

Trees were randomly selected and assigned a eeatireaf numbers were assigned on
trees starting with the first fully expanded I€Hhe first leaf was designated a leaf position
index (LPI) of one. Induction treatments were dmePI1 6, and LPI 4 was used as the
bioassay leaf. Tree defenses were induced by wogrmi a hemostat and application of 10
uL of larval oral secretions. Oral secretions wegspli@d evenly over the wound site with an
autoclaved paintbrush. Control treatment was cotedidsy applying 1QL of sterile water
over the induction leaf.

24 h post-induction LPI 4 leaves were removedhafpetiole, placed into plastic bags,
and transported to the lab on ice. Leaves weretgtéto a water pik, and placed into a 100
mm — diameter arena. Bioassay larvae were weighédaadomly assigned a treatment.
Larvae were allowed to feed on material for twoslafter the start of the bioassay. Upon
completion, insects were weighed again, and redarowth rate for the larvae was
calculated. Data were analyzed using an analysrardnce with a Tukey’s HSD post-hoc
correction.

Results



132

Gypsy moth larvae that fed on leaves from treesivéeng wounding and oral secretion
application had significant reductions in theirgtb (F = 4.344P = 0.021). Wounding and
oral secretions reduced larval growth rates by 8% 1). However, larval oral secretions
from those fed antibiotics did not influence hastip induction. Antibiotic inclusion in the
artificial diet limited the number of culturabledtaria present in gypsy moth oral secretions.
No bacteria were cultured in the antibiotic treatisewhile a full complement was present
when antibiotics were excluded.

Discussion

Recent studies have indicated that symbiotic b@acéee able to mediate host plant
responses to herbivory to benefit insect feedinthahmaterial (Kaiseat al., 2010; Chung
et al., 2013). The results of my study suggest thatghenomenon does not appear to occur
gypsy moth — poplar interactions. This was notcadiaof bacteria being absent from both
control and antibiotic treatments, as bacteria wsskated from insects that were not fed
antibiotics. Possible include bacterial species@ated with these components, and the
amount of bacteria present in the secretions. Eiffebacteria have different features that
could be integral for modulating host plant resgsng-or example, flagellated bacteria can
induce these components readily. In the Coloradatpdeetle system, the flagella of the
bacteria in the oral secretions were partially o&sble for the inhibition of induction
(Chunget al., 2013). Bacterial titers may also play an impartate in affect host plant
induction (Casteetdt al., 2012), and the amount of bacteria in gypsy mao#h secretions

may not be high enough to inhibit responses.



133

References

Casteel CL, Hansen AK, Walling LL, Paine TD 2012 Manipulation of plant defense
responses by the tomato psyllid (Bactericerca aatlkeand its associated endosymbiont
Candidatus Liberibacter psyllauroi®oSone 7: e35191.

Chung SH, Rosa C, Scully ED, Peiffer M, Tooker JRoover K, Luthe DS, Felton GW.
2013 Herbivore exploits orally secreted bacteria tpmass plant defense?.oceedings of
the National Academy of Sciences of the United States of America 110 15728-15733.

Felton GW, Korth KL . 2000 Trade-offs between pathogen and herbivore regista
Current opinion in plant biology 3: 309-14.

Felton GW, Tumlinson JH. 2008 Plant-insect dialogs: complex interactions atglat-
insect interfaceCurrent opinion in plant biology 11: 457—63.

Garcia-Brugger A, Lamotte O, Vandelle E, Bourque SlLecourieux D, Poinssot B,
Wendehenne D, Pugin A2006 Early signaling events induced by elicitors cdnyl
defensesMolecular plant-microbeinteractions’’: MPMI 19: 711-24.

Havill N, Rafffa KF . 1999 Effects of elicitation treatment and genotypiciaton on
induced resistance in Populusimpacts on gypsy moth ( LepidopteraLymantriidae )
development and feeding behavi®ecologia 12: 295-303.

Kaiser W, Huguet E, Casas J, Commin C, Giron D201Q Plant green-island phenotype
induced by leaf-miners is mediated by bacterial lsipmts.Proceedings. Biological sciences
/ The Royal Society 277 2311-9.

Paine TD, Raffa KF, Harrington TC. 1997 Interactions among Scolytid bark beetles, their
associated fungi, and live host conifekanual review of entomology 42: 179-206.

Thaler J, Karban R, Ullman DE, Boege K, Bostock R2002 Cross-talk between
jasmonate and salicylate plant defense pathwafectefon several plant parasites.
Oecologia 131 227-235.



134

Figure 1: Relative growth rates of%instar gypsy moth larvae feeding on induced or-non
induced leaves of hybrid poplar. Induction was deit oral secretions from larvae fed
artificial diets with antibiotics present (bactemat cultured) or absent (bacteria cultured).

Asterisk indicates significant differenceRak 0.05.
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Appendix 2:

Larval feeding does not alter the foliar commurityhybrid poplar.
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Summary:

In these experiments, | investigated the effegypisy moth herbivory on bacterial communities
of hybrid poplar foliage using 454 pyrosequencinfigund that while there were differences
between communities of the larval midgut and fadigdpere were only minor differences in
bacterial communities among foliar samples. Thesalts suggest that foliar bacterial
communities are resistant to disturbance assocwatbdyypsy moth herbivory, but do undergo
disturbances once consumed and encountering thgumid

Introduction:

Microbial communities are susceptible to both ibiand abiotic disturbances which can
have drastic effects on community composition amttfioning (Shadet al., 2012). Among
biotic agents, there are multiple mechanisms byclvthey can alter the community or habitat.
These can include the facilitation of introductmfimew members, changing chemical natures of
the environment, physically changing aspects oktingronment, or by some combination.
These changes range from minor to drastic. Insgetamong organisms that may drastically
alter microbial communities.

In the field of plant — herbivore interactionshés become increasingly recognized that
microbiota may affect the relationship, but alsat tihe converse is true. Recent examples of
insects disturbing plant microbial communities ua® pollinators (Alekletét al., 2014), leaf
miners (Humphrewt al., 2014), bark beetles (Adarasal., 2013), and folivores (Mullezt al.,
2003). In addition to directly disturbing the commities, systemic inducible defenses can also
affect plant — microbial relationships. For examjgheluction by phytohormone application can

influence the structure of these communities (Kaislet al., 2007).
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In this study, | investigated the effects of gypsgth Cymantria dispar L.) herbivory on
the foliar bacterial communities of a hybrid pogtaeviously shown to be systemically inducible
(Havill & Rafffa, 1999). | assessed the bacter@hposition of leaves receiving, and not
receiving herbivory and compared them to correspani@rval midguts. | hypothesized that
local and systemically induced leaves would hatfemint bacterial communities than that of
the control trees.

Methods:

Plant and insect culturing: Hardwood cuttings of hybrid poplar clone NC52PLiigra
x P. nigra) were obtained from dormant trees maintainedéoramon garden. In early Summer
2012, cuttings were soaked cuttings in distilledexéor 48 h at 25°C under a 16:8 light — dark
photoperiod to break dormancy. Trees were pottéd5rc diameter cone pots in MetroMix soill
media, which were positioned to allow the bottomtipa of the cone was submerged in a flat of
water. After observing visible rooting, trees waansplanted to 3.8L plastic pots in MetroMix,
fertilized with 14-14-14 Osmocote slow-releaseiliegr, and transported outdoors to cold
frames. Plants were flood irrigated daily for twomths before our experiment.

Gypsy moth egg masses were obtained from a USDWIBPaboratory culture (Otis,
MA). Insects were reared on wheat germ artificiat th a growth chamber (25°C, 50-70% RH).
Larvae were maintained untif'4nstar, at which point they were used in our eipent.

Experimental design and tissue collection: A graphical depiction of the experiment and
the bacterial communities that we evaluated is askin Fig. 1. At the time of the experimental
treatments, plants were transported into a greesghbaving the aforementioned conditions. All
trees had five undamaged leaves collected pritra@xperiment. Trees were randomly selected

and assigned treatments. Sindlbidstar gypsy moth larvae were caged onto entxatinent
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trees using mesh cloth. Cages were sterilized % k@ach, rinsed in autoclaved distilled water,
and air-dried. Both herbivory and no herbivory tneents were caged. Insects were allowed to
feed for 72 h. Samples of leaves that were partesdten were collected, along with samples of
uneaten leaves from the same tree. All leaf sanwpdes collected in a sterile plastic bag and
stored at -80°C until processing. At the same tiesajes were sampled from control trees.
Midguts from the larvae feeding on the trees warefically removed and stored until DNA
extraction.

DNA extraction: Plant material was homogenized in liquid nitrogea mortar and
pestle. 250-400 mg of ground leaf material was dddesterile 2 mL screw-cap microcentrifuge
tubes after which 500L preheated (65°C) CTAB buffer preheated was ad8athples were
incubated at 65°C for 1 hour, and homogenate wdaexexl every 15 min. After incubation, an
equal volume of phenol: chloroform: isoamyl alcof®4:24:1) was added, samples were briefly
vortexed, and centrifuged at 4°C. Supernatant whected, transferred to a fresh tube, and an
equal volume of chloroform: isoamyl alcohol (24w3gs added. Samples were centrifuged,
supernatant was collected, and an equal volumeldfl®0% isopropanol was added and
incubated overnight at -20°C to precipitate DNA.MNas pelleted and rinsed twice with 70%
ethanol before eluting in sterile TE (10 mM Tris-KHHEH 8.0; 1.0 mM EDTA, pH 8.0).

Larval midgut tissue was homogenized in 2 mL vialSOOuL CTAB using a 4 mm
diameter steel bead. All subsequent steps werdicaéto the procedures done for the plant
tissue.

16SrRNA gene amplification: PCR and sequencing conditions followed protocols
described in Hanshew et al. (2013). The V6V8 regibtine 16S-rRNA gene was amplified

799F-mod6 and 1392R. Triplicate PCRs were condugseng 25 ng template DNA, 0.25
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Herculase Il DNA polymerase (Agilent), 1.0 nM dNTRsSuL DMSO, 5uL buffer, 300 nM
forward and reverse primers, and water totalinipa f/olume of 251L. Reaction conditions
were: 95°C for 2 min, 30 cycles of 95°C for 20&°CGlfor 30 s, 72°C for 30 s, and a final
elongation of 72°C for 3 min. PCR products werelpd and gel extracted with a Zymoclean
Gel DNA Recovery Kit (Zymo Research, Irvine, CAecond PCR was completed usingl2

of the recovered PCR product. Primers in the s#€4DR contained the A- and B- adaptors
required for 454 sequencing along with 5 bp mutxpdentifiers (MIDs). PCR conditions were
identical except only 10 cycles were performede F@00 bp product were purified by gel
extraction and quantified. Equimolar concentraiohsamples were diluted and pooled for 454
pyrosequencing. 454 pyrosequencing was completed@8-Junior using modifications
described in Hanshew et al. (2013).

454 Data processing: The 454 16s-rRNA amplicon data were processed ithano
v.1.32.0 following recommendations outlined in 8&hloss standard operating procedures
(Schlosst al., 2009, 2011) with an effort to minimize sequenaengrs. Data were denoised
via PyroNoise. Sequences were processed as to fatave differences in MIDs and primers, no
homopolymer exceeding six nucleotides, and a mimntength of 200 nucleotides. Sequences
were aligned to the SILVA SEED database, and dystaring step was conducted to reduce
sequencing errors. Chimeras were detected usingiIMERnNd discarded (Edgat al., 2011).
Sequences were classified using a mothur form&tedsomal Database Project training set (v.
9.0) at an 80% confidence threshold (Wahgl., 2007). Sequences classified as chloroplast,
eukaryotic, or unknown at the Kingdom taxonomicelewere removed from further analyses.

Samples were found to have a sequence determirexildacteria, but otherwise was
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unclassified which was removed from the analysjger@tional taxonomic unit (OTU) analyses
were conducted by clustering at 97% similarity.

Satistical analyses: In mothur, dissimilarity matrices were computesshg Bray-Curtis
dissimilarities. The pair-wise distances were usecbnduct non-metric multidimensional
scaling (MDS) in PRIMER-E v. 6.0. A permutatioased MANOVA was conducted between
samples in PRIMER using Bray-Curtis with herbivtigatment as a fixed effect. The
PERMANOVA was conducted using 9,999 permutatiorth Viype | sums of squares using an
unrestricted permutation. Numbers of sequenceseofiiree most abundant individual OTUs
were analyzed using an ANOVA in R v. 3.0.1 with tposc comparisons conducted with a
Tukey HSD test in the ‘agricolae’ package. Larvadgaits and leaves receiving herbivory were
analyzed using a two-sample t-test.

Results
Sequence curation and general trends

454 pyrosequencing yielded xxx sequences acress@isamples in the study. During the
processing of sequences, a portion of the abundaeeclassified as Bacteria, but unclassified
at finer taxonomic levels. NCBI BLASTn indicatedatltlosest matches of these sequences were
plastid sequences. Therefore, | removed these segsiérom our analysis, and subsampled to
675 sequences for each sample. Rarefaction estinmalieated that adequate sampling at this
level was achieved. A number of samples had lowbamnof sequences after quality curation,
so they were removed from subsequent analysesa@igonal sample found to be very
different from all others, was considered an outbed was removed from subsequent analyses.

The number of OTUs in the samples ranged frono1®t Overall, the five most

abundant OTUs comprised approximately 80% of thed tlhundance. In comparing the poplar
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foliage samples, there was no difference betwespkes on the number of observed OTUs
(Fs31=2.56;P = 0.072), Simpson diversity indices@dr=1.78;P = 0.172), but there were
differences in Shannon diversitys(fz = 2.87;P = 0.052) where the control had higher estimates.
Herbivory does not alter |eaf foliar bacterial communities.

In the first set of analyses, | only evaluatedlibeterial communities associated with the
poplar foliage. An MDS plot of the data did noteal’any clear clustering of the leaf bacterial
community samples by treatment (Fig. 2A). With ¢éixeeption of three samples, there was very
little separation between samples. These obsensti@re supported with a PERMANOVA of
the Bray-Curtis dissimilarity matrix with thesedtments.

While abundances of the most prevalent individuBU® varied among treatments (Fig
3), a pattern related to presence or absence bivoey was not present. There were no
differences betweeRal stonia andBradyrhizobium among herbivory treatmentcinetobacter
had significantly higher abundances §F= 4.018;P = 0.016) associated with uneaten leaves
from trees receiving herbivory than either contaipartially consumed leaves.

Bacterial communities in gypsy moth midguts differ from the leaves receiving herbivory.

In contrast to the poplar foliage, the gypsy nlatival midguts had very different
bacterial communities. MDS ordination analysis sedwhat with midguts included, the foliar
samples were clustered together (Fig 2B). In cehtthe larval midguts were positioned along
the perimeter of the cluster. Additionally, the gud samples had a degree of variation that was
not observed in the foliar samples.

Since the larval midguts were intimately associatét the poplar foliage that they
consumed, | compared the most abundant OTUs watlalfage that received herbivory. Larval

midgut samples had lower abundanceRabdétonia than the foliage (Fig 4A; t = 7.31B,<
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0.001), and tended to have higher abundancésioétobacter (Fig 4C), where the effect was
marginally significan{t = 2.032,P = 0.08). In contrast, there was no significantetighce in the
abundances @radyrhizobium among the foliage and larval midguts (Fig 4B).

Discussion

Contrary to my hypothesis, there were few disd¢#endifferences among foliar bacterial
communities. | did not observe significantly diéat communities, regardless of localized
herbivory or systemic induction. This contrastdwmather studies finding effects of leaf feeding
on bacterial communities (Mullet al., 2003; Humphrewt al., 2014) However, differences of
bacterial communities among foliage and gypsy ntextval midguts were observed, where
different bacteria were either fewer or greatesbmmndance than the foliage. This supports some
of my other findings in the system (Mason and Rafia4, Mason et al 2014, chapter 4), in
which the midgut conditions exert effects that easisifts in bacterial populations.

There are a few possibilities for the minor eféeat gypsy moth feeding on foliar
bacterial communities. One may be the nature®fd¢bding. In contrast to leaf miners, gypsy
moth consumes large portions of the leaf. Therefdremical changes in response to herbivory
may only be present along the feeding edge. Algpsygmoth larvae may not harbor bacteria on
its exterior that could adequately colonize foliagmally, there may be features of hybrid poplar
that enable bacterial communities resistant tottue of disturbance. In one of my previous
chapters, | found that aspen genotype had minecifion bacterial communities, and similar
processes may be present here.

Ultimately, these results provide further guidafarefuture studies in this system. The
limited effects of herbivory on foliar bacteria,ttapparently stronger effects of the midgut once

those microbes are consumed, has been observefitdg Identifying the factors in which
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these microbes respond, and their subsequentetiadhe larval host, are areas of research that

should be pursued.
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Figure 1: Diagram of experimental design.
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Figure 2: MDS plots of bacterial communities of [avgoliage excluding (A) or including (B)

the larval midgut samples. MDS plots were crea@dgiOTUs at a 97% similarity cutoff with

Bray-Curtis dissimilarites.
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Figure 3: Number of sequences of the three mostagdnt OTUs across all samples. Bars

represent +1 standard error. Asterisks indicatgrafecant difference aP < 0.05.
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Figure 4. Number of sequences of the three mostiagdnt OTUs across all samples. Bars
represent +1 standard error. Asterisks indicatgrafecant difference aP < 0.05.
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