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Abstract Herbivorous beetles comprise a significant
fraction of cukaryotic biodiversity and their plant-feeding
adaptations make them notorious agricultural pests.
Despite more than a century of research on their ecology
and evolution, we know little about the diversity and
function of their symbiotic microbial communities. Recent
culture-independent molecular studies have shown that
insects possess diverse gut microbial communities that
appear critical for their survival. In this study, we com-
bined culture-independent methods and high-throughput
sequencing strategies to perform a comparative analysis of
Longitarsus flea-beetles microbial community diversity
(MCD). This genus of beetle herbivores contains host plant
specialists and generalists that feed on a diverse array of
toxic plants. Using a deep-sequencing approach, we char-
acterized the MCD of eleven Longitarsus species across the
genus, several of which represented independent shifts to
the same host plant families. Database comparisons found
that Longitarsus-associated microbes came from two hab-
itat types: insect guts and the soil rhizosphere. Statistical
clustering of the Longitarsus microbial communities found
little correlation with the beetle phylogeny, and uncovered
discrepancies between bacterial communities extracted
directly from beetles and those from frass. A Principal
Coordinates Analysis also found some correspondence
between beetle MCD and host plant family. Collectively,
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our data suggest that environmental factors play a domi-
nant role in shaping Longitarsus MCD and that the root-
feeding beetle larvae of these insects are inoculated by soil
rhizosphere microbes. Future studies will investigate MCD
of select Longitarsus species across their geographic ranges
and explore the connection between the soil rhizosphere
and the beetle MCD.
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Introduction

Herbivorous beetles comprise one of the most abundant
groups of multi-cellular organisms on the planet and con-
tribute significantly to overall biodiversity (Erwin 1982;
Novotny et al. 2006). Their plant-feeding habits are asso-
ciated with fascinating behavioral and physiological
adaptations (Bernays and Chapman 1994), which can also
make them devastating pests of agricultural and forestry
crops (Haubruge and Arnaud 2001; Paine et al. 1997;
Sexson and Wyman 2005; Wood 1982). The evolutionary
radiation of herbivorous beetles coincided with the diver-
sification of terrestrial plants and appears to have been
influenced by the evolution of plant secondary compounds
(Farrell 1998; Farrell and Mitter 1998; Futuyma and
Scheffer 1993; Mitter ct al. 1988). Over time, many beetle
herbivores became highly specialized in their diets, feeding
on a small number of related plants (Bernays and Graham
1988; Mitter et al. 1988; Mitter and Futuyma 1991). This
degree of specialization appears to have had dramatic
macroevolutionary consequences, accelerating rates of
speciation and often restricting evolutionary host-shifts to
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related or chemically similar plants (Dobler and Farrell
1999; Ehrlich and Raven 1964; Farrell 1998; Futuyma and
Moreno 1988; Futuyma and Scheffer 1993; Kelley and
Farrell 1998).

Although numerous studies have investigated the
molecular and physiological adaptations of insect herbi-
vores to host plant secondary compounds, very little is
known about the role gut microbial symbionts may play in
this process. This is largely because of the difficulties
inherent in culturing microbes from environmental sam-
ples, including animal host tissues. Studies of environ-
mental microbial communities have estimated that we have
cultured less than one percent of the true microbial
diversity (Amann et al. 1995; Harris et al. 2004,
Hugenholtz et al. 1998a; Hugenholtz and Pace 1996; Pace
1997). However, the development of culture-independent
molecular techniques, based primarily on PCR and
molecular cloning of small subunit (16S) ribosomal RNA
gene sequences (Amann et al. 1995; Hugenholtz et al.
1998a; Pace ct al. 1985), has revolutionized our ability to
study previously uncultured microbes in an enormous
range of environments, such as rainforest soils (Rondon
et al. 1999), geothermal springs (Hugenholtz et al. 1998b),
saturated salt pools (Ley et al. 2006a), and animal intes-
tines (Andersson et al. 2008; Backhed et al. 2005; Suh et al.
2005). Not only are rescarchers discovering vast numbers
of novel microorganisms, orders of magnitude more than
previously thought (Lozupone and Knight 2007; Pace
1997; Rondon et al. 1999; Tringe and Hugenholtz 2008;
Tringe et al. 2005; Warnecke et al. 2007), we are also
discovering the critical roles microbes play in virtually
every ecological setting. For instance, a steadily growing
list of culture-independent and metagenomic studies have
shown that animals harbor extremely complex communi-
ties of microorganisms (aka., “microbiota™) (Ley et al
2005; McKenna et al. 2008; Saface et al. 2006; Suh et al.
2005; Warnecke et al. 2007). These gut microbes are
critical for proper nutrition, immunity and development
(Haverson et al. 2007; Ley et al. 2008; Rhee et al. 2004,
Visotto et al. 2009; Warnecke et al. 2007).

Culture-independent studies of microbial communities
associated with insects, including ants (Van Borm et al.
2002), beetles (Delalibera et al. 2005; Suh et al. 2005), moths
(Broderick et al. 2004), termites (Warnecke et al. 2007), and
flies (Behar et al. 2008b) have also discovered complex
microbiota that appear to affect insect ecological adaptation.
Recent studies of the Mediterranean fruit fly and the gypsy
moth have shown that complex microbial communities can
play important roles in the adaptation of insects to plant
feeding. Female Med-flies vertically transfer bacteria during
oviposition and these bacteria express enzymes that start the
fruit rotting process and allow the larvae to feed and grow in
the fruit (Behar 2005, 2008a, b). In gypsy moths, Broderick
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et al. (2004) used culture-independent methods to show that
host plants had a dramatic effect on the insect gut microbial
community diversity (MCD). Collectively, these studies of
insects suggest that highly diverse gut microbial communi-
ties are involved in the adaptation of herbivores to host
plants. However, the precise nature of insect-microbial
interactions and how they might affect insect herbivore
evolution, remains little understood.

In this study, we use the flea-beetle genus Longitarsus
(Coleoptera: Chrysomelidae) as a model system for
studying the relationship of herbivorous beetle-associated
MCD to host plant utilization and specialization. Long-
itarsus flea-beetles (Coleoptera: Chrysomelidae) comprise
a morphologically well-defined group of species distributed
primarily in Eurasia and North Africa (Palearctic). Evolu-
tionary patterns of Longitarsus host plant utilization and
host plant secondary chemistry have been extensively
analyzed in the context of their phylogenetic relationships
(Dobler 2001; Narberhaus et al. 2003; Willinger and Do-
bler 2001). Most of the Longitarsus species have a host
range restricted to a few closely related plant species, with
a few host plant family “generalists”. However, the genus
as a whole uses plants from many different families,
including the Asteraceae, Boraginaceae, Lamiaceae, and
Scrophulariaceae. The overall wealth of evolutionary and
ecological information on Longitarsus enables the use of
the comparative method to identify multiple independent
shifts to plants with similar secondary chemistry, as well as
many sister-species phylogenetic controls (Dobler 2001).

The primary goal of this preliminary study was to
characterize Longitarsus MCD in the context of their
phylogenetic relationships. While the majority of host-
associated microbial community studies focus on a single
animal species, we used a parallel-tagged deep-sequencing
approach (Sogin et al. 2006) to survey multiple species
across the genus. Specifically, we investigated the MCD of
cleven different Longitarsus species feeding on members
of different host plant families (Table 1) that were col-
lected from locales across Germany. After obtaining the
sequence data, we used rarefaction analysis and database
matching to determine the number and types of bacteria
that tend to comprise Longitarsus microbial communities.
We then used phylogenetically-based statistical methods to
determine whether the microbial communities of related
Longitarsus species tended to be more similar in their
microbial diversity than unrelated species. A high degree of
similarity in the MCD of related Longitarsus species,
regardless of host plant, would indicate that the beetle host
plays an important role in determining the MCD. Alter-
natively, there may be little relationship between the beetle
phylogeny and MCD, suggesting that other factors, such as
diet or host plant chemistry, may play a stronger role in
shaping the beetle gut microbiome. Finally, we used
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Table 1 Host plant, sample type and locale information for Longitarsus specimens collected in this study

Sample code® Longitarsus species  Host plant species Host plant family ~ Chemistry”  Sample type®  Collection locale”
AER#Eup#APF L. aeruginosus Eupatorium cannabinum  Asteraceae PA Frass St. Valentin FR
AERH#Eup#APG L. aeruginosus Eupatorium cannabinum  Asteraccac PA Gut St. Valentin FR
ANCHEch#BPF L. anchusae Echium vulgare Boraginaceae PA Frass Burkheim FR
ANCHEch#BPG L. anchusae Echium vulgare Boraginaceae PA Gut Burkheim FR
ANC#Sym#BPF L. anchusae Symphytum officinale Boraginaceae PA Frass Freiburg
ECH#Ech#BPF L. echii Echium vulgare Boraginaceae PA Frass Burkheim FR
EXO#Ech#BPG L. exoletus Echium vulgare Boraginaceae PA Gut Burkheim FR
JAC#Sen#APG L. jacobaeae Senecio jacobaea Asteraceae PA Gut Duvenstedt HA
LAT#Pul#BPF L. lateripunctatus Pulmonaria officinale Boraginaceae PA Frass Niederweiler FR
MEM#Tew#LIF L. membranaceus Teucrium scorodonia Lamiaceae IG Frass St. Valentin FR
PRA#Pla#PIF L. pratensis Plantago lanceolata Plantaginaceac 1G Frass Burkheim FR
PRA#Pla#PIG L. pratensis Plantago lanceolata Plantaginaceae IG Gut Burkheim FR
SUCH#ACh#APG L. succineus Achillea millefolium Asteraceae PA Gut Schoenberg FR
SUCH#HEup#APG L. succineus Eupatorium cannabinum  Asteraceae PA Gut Zastler FR
SUT#Pet#APF L. suturellus Petasites albus Asteraceae PA Frass Zastler FR
SUT#Sen#APF L. suturellus Senecio jacobaea Asteraceae PA Frass Duvenstedt HA
TAB#Ver#SIG L. tabidus Verbascum thapsus Scrophulariaceae 1G Gut Schoenberg FR

* The codes summarize the information in the table. The first three letters are same as the specific epithet; the middle three refer to the host plant
genus; and the last three letters indicate the plant family, chemistry and sample type. (For example, APF = Asteraceae PA Frass.)

® Predominant host plant chemistry. PA Pyrrolizidine Alkaloids, /G Iridoid Glycosides

“ The “Gut™ samples indicate whole beetle extractions, which are presumably mostly gut in origin (see Methods)

4 Nearest town of collection site in Germany. FR Site near Freiburg, HA Site near Hamburg

Principal Coordinates Analysis (PCoA) to investigate
potential relationships between the beetle gut MCD and
aspects of their resource use, such as host plant family
affiliations and secondary chemistry. Altogether, our
results shed considerable light on the origins, diversity
and character of the Longitarsus gut-microbiome, and
suggested new avenues of research concerning the rela-
tionship of gut microbes to resource use in herbivorous
insects.

Materials and methods
Sample collection

Beetles were collected from host plants at numerous
locales around Germany cither via sweep-nets or through
the used of a modified leaf blower (sucker) positioned over
the plants. Table 1 lists the locales and host plants of the
beetles collected over the course of this study. After col-
lection, the beetles were transported live to the University
of Hamburg, in 50 ml centrifuge tubes, where they were
identified by S. Dobler. Some of the beetle species were
frozen at —80°C prior to DNA extraction, while other
specimens were kept alive and placed in sterile 15 ml
centrifuge tubes for frass collection.

Microbial DNA extraction

We extracted whole microbial community DNA from
pooled insect samples and from frass samples. The small
size of the flea-beetle species made gut-specific dissections
untenable for most Longitarsus species. In order to study
the Longitarsus MCD, we removed the legs, sterilized the
outside of the insects, and extracted bacterial DNA from
the whole specimen. These “whole beetle” extracted
samples, therefore, represent bacteria from all the internal
organs not just the gut. However, guts typically contain the
vast majority of the animal microbiota. Furthermore,
sequences of endosymbionts, such as Wolbachia, are easily
identifiable and can be removed from select downstream
analyses (c.g., Unifrac distance calculations, PCoA; sce
below). For the whole beetle extractions, we removed the
wings and elytra from individual beetles and dipped them
in 10% hydrogen peroxide for 10 s to remove external
bacteria and DNA contamination. The beetles were then
freeze-dried overnight and pulverized. We used 3-5 beetles
per DNA extraction depending on the size of the species.
Frass samples were scraped off the side of the 15 ml
centrifuge frass-collections tubes with a flame-sterilized
metal spatula and placed into a 1.5 ml tube for DNA
extraction. Fecal (excrement) samples are commonly used
to investigate gut communitics of animals, particularly
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vertebrates (Ley et al. 2008), and they provide a ready
source of bacteria that has passed through the gut.
However, to our knowledge, direct comparisons of gut
MCD to that found in frass have not been performed and
our system allowed an easy comparison of these sample
types within species. We also performed negative
extraction (water) controls to ensure that the buffers,
enzyme and solutions were not contaminated with
microbes or DNA.

The DNA extraction mixture had a total volume of
200 pl and included the following final concentration:
20 M Tris, 2 mM EDTA (pH 8.0), 1.2% P40 detergent,
20 mg ml~' lysozyme, and 0.2 pM filtered sterile water
(Sigma Chemical Co., St. Louis, MO). Samples were
incubated in a 37°C water bath for 30 min. Next, Pro-
teinase K (DNeasy Tissue Kit, Qiagen Corporation,
Valencia, CA) and AL Buffer (DNeasy Tissue Kit, Qiagen
Corporation, Valencia, CA) were added to the tubes and
gently mixed. Samples were incubated in a 70°C water
bath for 10 min. All samples were subjected to purification
using the DNeasy Tissue Kit. Following extraction, the
DNA was quantified using a Pharmacia Ultrospec 2000
(Pharmacia Biotech, Cambridge, UK).

PCR reactions were performed in small lots (46 reac-
tions plus a positive and negative extraction and PCR
controls) to reduce the possibility of contamination. The
PCR amplification was performed with “universal” bac-
terial primers. These primers were designed from regions
of the 16S gene conserved in all bacteria (27F and 338R)
and the same primer set were used in numerous other
studies (Costello et al. 2009; Fierer et al. 2008; Ley et al.
2008). These primers also contained a unique 12-nucleo-
tide “barcode™ for cach sample. The sequence barcode
allowed us to pool the PCR products from all the samples
into one 454 sequencing run. PCR reagent concentrations
and reaction conditions followed Fierer et al. (2008),
except that we performed fewer thermal cycles (30 instead
of 35).

Pyrosequencing

Individual PCR products were purified using the AMPure
purification kit (Agenourt, Beverly) following the manu-
facturer’s protocol. After Ampure purification, cach sample
was quantified on an Agilent 2100 Bioanalyzer. All sam-
ples were diluted down to 2 x 107° mol/pl and were then
pooled with a total combined concentration of
2 x 107> mol/ul (100 pl total volume). Pyrosequencing
reactions were performed on a 454 GS FLX Titanium
Sequencer (Roche). PCR purification, dilutions and py-
rosequencing were all conducted by the core facility at the
University of South Carolina (Environmental Genomics
Core Facility).
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Computational and statistical analyses

In-house programming scripts written in Python were used
to identify barcodes for all sequences and sort the
sequences by sample. Python scripts were also written to
remove sequences that were too short (less than <130 bases
in length), had low average quality scores (average score
<25), or had unrecognizable barcodes. We also blasted
against a database of well-curated 16S bacterial sequences
obtained from Greengenes (DeSantis et al. 2006).
Sequences that did not match a hit over their entire length
were excluded. For example, we excluded a sequence of
200 bp that matched nearly identically to a sequence in the
Greengenes database, but only aligned for 100 bp. These
were considered possible chimeric sequences.

We also analyzed our data using the QIIME (“Quanti-
tative Insights Into Microbial Ecology™) software pipeline
(Caporaso et al. 2010). QIIME is a software pipeline for
performing microbial community analysis that, among
many other things, performs quality checking and sorting
of high-throughput sequence datasets. QIIME also inte-
grates many of the third party tools which have become
standard in the field and which we also used separately
(e.g., RDP 10, UniFrac, PCoA analyses...etc.). The results
of the QIIME analysis were indistinguishable from our in-
house pipeline analysis, providing an independent confir-
mation of our sequence processing methods.

After quality checking, counting and sorting, we used
the Ribosomal Database Project (RDP) Classifier to iden-
tify the most likely match of each sequence in our samples.
Since all of our sequences were exact, or nearly exact
(>98% identical) matches to a sequence in the Greengenes
database, we used the Greengenes sequence instead of the
original sequence with the RDP classifier. The RDP Clas-
sifier uses a naive Bayesian algorithm to classify 16S
rRNA gene sequences according to the Bergey’s 2nd
Edition classification system down to the genus level. At
the time of our analysis, we used RDP version 10.13
(updated on July 28, 2009) which had a total of 1,049,433
sequences for comparison (Cole et al. 2009). The taxo-
nomic sequence identifications were also cross-checked
against the Greengenes database and NCBI nucleotide
database using BLAST.

QIIME was used to produce the rarefaction plots
(Caporaso et al. 2010). The Fast UniFrac program was used
to: (1) Calculate weighted and un-weighted UniFrac dis-
tance measures between all pairs of microbial communi-
ties; (2) Cluster microbial communities based on their
UniFrac distances; and (3) perform PCoA analyses. Uni-
Frac distances are a measure of the phylogenetic distance
between sets of taxa in a phylogenetic tree and is especially
useful for comparing the similarity of microbial commu-
nities. Specifically, “UniFrac, measures the phylogenetic

Tecan Ex. 2179, Page 4 of 11
QIAGEN Sciences, LLC v. Tecan Genomics - IPR2025-00029



Genetica (2011) 139:541-550

distance between sets of taxa in a phylogenetic tree as the
fraction of the branch length of the tree that leads to
descendants from either one environment or the other, but
not both (Lozupone and Knight 2005).” In regards to the
Longitarsus system, pair-wise UniFrac distances were
calculated for all the samples analyzed in the study
(Table 1). A small UniFrac distance indicated that a given
pair of microbial communitiecs were phylogenetically
similar to each other, while a large UniFrac distance
indicated the opposite. UniFrac distance calculations were
performed both weighted by sequence abundance (beta-
diversity) and un-weighted (alpha-diversity). The pairwise
UniFrac measures were also used to cluster similar com-
munities and for PCoA analyses.

Results and discussion

We were able to successfully amplify bacterial 16S TRNA
gene sequence from all Longitarsus species and sample
types (whole beetle or frass) collected in the study. Purified
and normalized PCR amplicons were pooled from seven-
teen different samples collected from eleven Longitarsus
species. A half-run of the final pooled PCR amplicons on a
454 GS FLX Titanium Sequencer yielded a total of
approximately 250,000 sequences (71 MB of data). Post-
quality checking (length, chimera, barcode and primer
sequence removal and base-quality checks) resulted in
145,000 sequences of more than 150 bp in length.

The sequences were also screened for eukaryotic rRNA
contamination. We found no evidence of insect nuclear or
mitochondrial rRNA contamination. However, the primer
set we used amplified an inordinate amount of plant chlo-
roplast rRNA sequences. Over half the sequences gener-
ated from our pyrosequencing run turned out to be plant
chloroplast in origin. These were missed at first because of
errors in the Greengenes databases that identified plant
chloroplast sequences as “uncultured environmental bac-
teria” and “cyanobacteria”. The fact that this primer set so
readily picks up plant chloroplast sequences was not
reported in earlier studies that used this primer set, likely
due to their subject matter (Costello et al. 2009; Fierer et al.
2008). Interestingly, we found hundreds of sequences from
environmental 16S rRNA studies labeled as “environ-
mental bacteria” in Genbank that were perfect matches to
plant chloroplast rRNA. A recent study by Redford et al.
(2010) on the bacteria present on leaf surfaces reported
similar problems. These authors designed a new primer set
that does not appear to amplify chloroplast sequences and
we will be using this alternative set in future studies of
Longitarsus.

Although we had to discard half the sequences due to
this contamination, we still retained more than enough
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Fig. 1 Rarefaction curve of three representative species indicating
the operational taxonomic unit (OTU) richness of Longitarsus gut
microbial samples. All sequences less than 1% divergence from one
another were grouped into an OTU. The curves include the most
(L. echii) and least (L. tabidus) diverse of the Longitarsus commu-
nities sampled

bacterial community sequences to analyze the diversity of
Longitarsus microbial communities. Figure 1 shows the
results of a 16S rRNA OTU (operational taxonomic unit)-
based rarefaction analysis. In this study, we conservatively
defined OTUs as sequences less than 1% divergence from
one another. The numbers of bacterial OTUs tended to be
quite limited compared to other animal microbial com-
munities and the rarefaction curves were not steep. How-
ever, none of the curves reached a clear asymptote,
suggesting the presence of many rare bacterial species.
Table 2 lists the taxonomic identification of the most
commonly occurring bacteria in Longitarsus microbial
communitics based on RDP and BLAST matches to
Genbank. Despite the low overall MCD per sample, the
types of bacteria found associated with these insects were
highly interesting and informative concerning the Long-
itarsus microbiome. The three most common organisms
found in most or all of the samples were identical to bacteria
belonging to the Enterobacteriaceae (y-Proteobacteria), and
have also been discovered in the guts of other animals,
particularly The most commonly occurring
sequence (found in all samples) was an identical match to an
uncultured Enterobacteriaceae found in mouse intestines
(Ley et al. 2008). The next two most commonly occurring
organisms were also Enterobacteriaceae, Rahnella sp. and
Serratia sp., and members of both these genera have been
found in insect gut studies (Grimont et al. 1979; Yu et al.
2008). The role of Rahnella sp. in insect guts is not known,
but these bacteria are common in the guts of fish (salmon
and trout) where they are involved in nitrate reduction and
the fermentation of complex carbohydrates (Yu et al. 2008).
Serratia sp. are known to metabolize both arthropod and
fungal chitins (Jones et al. 1986) as well as a complex
assortment of carbohydrates (Grimont et al. 1979).

insects.
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Table 2 Most commonly occurring bacterial genera in gut and frass samples among Longitarsus species surveyed and their typical habitat

associations
Bacterial lincage Habitat
Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae: Uncultured Mouse Gut
Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae; Rahnella Insect Gut
Gammaproteobacteria; Enterobacteriales: Enterobacteriaceae; Serratia Insect Gut
Gammaproteobacteria; environmental Soils/Sediments
Actinobacteria; environmental samples Soils
Gammaproteobacteria; Pseudomonadaceae; Pseudomonas Guts
Gammaproteobacteria; Pseudomonadaceae; Pseudomonas Guts
Gammaproteobacteria; Pseudomonadales; Acinetobacter Soils
Actinobacteria; Actinobacteridae: Actinomycetales: Corynebacterineae; Mycobacteriaceae; environmental samples Soils
Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae: Serratia Insect Gut
Alphaproteobacteria; Sphingomonadales; Sphingomonadaceae: Citromicrobium Unknown
Environmental
Gammaproteobacteria; Xanthomonadales; Xanthomonadaceae; Frateuria Plants
Actinobacteria: Actinobacteria: Actinobacteridae; Actinomycetales; Micrococcineae; Microbacteriaceae: Soils
Microbacterium
Alphaproteobacteria; Rhizobiales: Bradyrhizobiaceae; Blastobacter Rhizosphere
Proteobacteria; Alphaproteobacteria; Rickettsiales; Anaplasmataceae; Wolbachia Endosymbiont
Proteobacteria; Alphaproteobacteria; Rickettsiales; Rickettsiaceae; Rickettsia Endosymbiont

After the gut-associated bacteria, the second most
common group of organisms found in Longitarsus samples
matched sequences of bacteria found in soils and, specifi-
cally, the roots of plants (i.e., the “rhizosphere™). For
example, the fourth and fifth most common bacterial
matches were to an uncultured y-Proteobacteria found in
soil sediments (Genbank Accession number AB188783)
and to an uncultured Actinobacteria associated with the
Aspen rhizosphere (Lesaulnier et al. 2008; Genbank
Accession number EF020313). Other common soil bacteria
associated with Longitarsus species included several other
y-Proteobacteria  (Acinetobacter sp., Xanthomonads),
a-Proteobacteria (Sphingomonads, members of the Rhizo-
biales) and other Actinobacteria spp. Both Actinobacteria
and a-Proteobacteria are extremely common in soils and in
the rhizosphere.

Clearly, Longitarsus MCD shares important similarities
with other insect gut communities, but the significant
proportion of soil-associated organisms is quite remarkable
and deserving of further investigation. Like many other
herbivorous beetle species, Longitarsus larvae feed on the
roots of their host plants before emerging and feeding on
the leaf tissues. Thus, it seems logical to suggest that the
larvae are inoculated and colonized by soil microbes sur-
rounding the rhizosphere that may persist in the guts of the
adults. Needless to say, soil communities are far more
biologically complex than the microbial communities of
the insects (Borneman et al. 1996), indicating only a few of
the soil organisms persist long-term to the adult stage.
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Based on the findings of this study, one main goal of future
research in this system will be to determine how the life-
cycle of the insect, and root feeding in particular, con-
tributes to the MCD of the beetles.

The soil-inoculation hypothesis, if true, may explain the
general lack of association between Longitarsus MCD and
the phylogeny or life-history traits of the beetles. Figure 2
shows a clustering analysis of the Longitarsus microbial
communities analyzed in this study. The clusters indicate
which of the microbial communities were most similar
based on their UniFrac distances, a standard metric in
microbial ecology. The clustering analysis appeared to
reject the hypothesis that the phylogeny of the insects
provides the best explanation of MCD patterns in these
insects. Although the MCD of some related beetles clus-
tered together (e.g., L. aeruginosus (AER) and L. suturellus
(SUC)), we found other examples of unrelated species
clustering together. For example, L. aeruginosus, L. jaco-
baeae (JAC), L. tabidus (TAB) and L. suturellus (SUT)
samples formed a cluster that was well-supported by
jackknife re-sampling (Fig. 2) despite the fact that only
L. aeruginosus and L. suturellus are close relatives (Dobler
2001). Similarly, we find clustering of distant relatives
L. anchusae (ANC) and L. echii (ECH), while the MCD of
close relatives L. echii and L. aeruginosus was not similar
(Fig. 2). Perhaps supportive of the soil-inoculation
hypothesis, we note that the L. anchusae and L. echii
samples (ANCHEch#BPF and ECH#Ech#BPF; Table 1,
Fig. 2) were collected from beetles found feeding on the
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Fig. 2 UPGMA clustering of weighted pair-wise Unifrac distances
between Longitarsus microbial communities (Table 1) based on their
distribution of bacterial 16S rRNA gene sequences. Weighted
UniFrac distances incorporate sequence abundance (beta diversity).
The codes refer to samples in Table 1. The first three letters before
the # refer to the beetle species (e.g., AER L. aeruginosus), the middle
three letters refer to the host plant genus (e.g., Eup Eupatorium) and
the last three letters indicate host plant family, chemistry and sample
type. For example, APF Asteraceac PA Frass. In some cases, related
species has similar communities, but in many cases related beetle
species were highly dissimilar. We even found strong differences
within the same species on different hosts. In two cases, L. anchusae
(ANC) and L. praetensis (PRA), we found stark differences in the
microbial communities between gut and frass samples collected from
the same species on the same hosts in the same locale

same plants and probably developed in the same soil.
Collectively, these results indicate that some aspect of the
beetle’s environment (e.g., host-use or soil environment)
may be playing a stronger role in determining Longitarsus
microbial community diversity than the beetle itself, a
hypothesis that deserves further testing as suggested above.

One additional, and potentially important, finding of the
clustering analysis was the fact that in two of the three
comparisons made, whole beetle and frass communities
from the same insect species collected from the same
host and locales were not similar in their MCD. While
L. aeruginosus whole beetle and frass sample MCD clus-
tered together, whole beetle and frass samples of two other
species, L. pratensis (PRA) and L. anchusae, were quite
dissimilar (Fig. 2). Because the whole beetle extraction
included both gut symbionts and symbionts from other
organ tissues, these comparisons were not exclusively gut
versus frass. Nevertheless, we were surprised to see such a
dramatic difference between whole beetle and frass

PC3 (14.31%)

ANCH#Ech#BPF
SUCKEUp#APG o ‘

® EXO#Ech#BPG
PRA#Pla#PIG

,N:Sir @ \NCHECh#BPG

PC1 (52.58%) TAB&V

PRA#Pla#PIF

SUCHACh#APG
® @ surssentAPF
LAT#Pul#BPF

PC2 (18.93%)

Fig. 3 Longitarsus gut microbial communities clustered using PCoA
of the pair-wise weighted Unifrac distances. The ball colors indicated
the host plant family associations. (Red Asteraceae, Blue Boragina-
ceae, Yellow Lamiaceae, Purple Scrophulariaceae, Green Plantagin-
aceae). There appeared to be some clustering of the Asteraceae
feeders indicated by the circle. (Color figure online)

samples from the same species and even the same indi-
viduals. This finding suggests that frass MCD may not
always be reflective of gut MCD, perhaps because bacteria
that tend to be found in the gut remain there or that, after
defecation, certain bacteria grow better outside the anaer-
obic gut environment and dominate in the frass. This
finding has potential ramifications for not only this system
but also other systems, as most researchers prefer to use
fecal samples in metagenomic studies as a proxy for gut
MCD because of the case of sampling (Breitbart et al
2003, 2008; Hackstein et al. 1995; Ley et al. 2005, 2006b,
2008; Mittal et al. 2005). However, at least for herbivorous
beetles, this strategy may be inappropriate or should be
cautiously undertaken.

While the lack of association between the phylogeny of
the insects and their gut MCD indicated that the environ-
ment plays a dominant role in shaping these communities,
a PCoA analysis did not shed much light on the factors that
associate with MCD (Fig. 3). Despite the fact that the first
three principal components explained 84% of the variation
in pair-wise UniFrac distances, we did not see strong
associations with life-history characters, such as host plant
family, or secondary chemistry. However, we did see
clustering of Longitarsus samples associated with Astera-
ceaous plants and potential clustering of the Boraginaceae-
feeders (Fig. 3). These results suggest that host plants may
play a role in determining Longitarsus MCD, also that
some host plant types may have a much stronger impact on
insect MCD than others.

In summary, our results show that Longitarsus-associ-
ated microbial communities are comprised of a complex
mix of insect gut-associated and rhizosphere-associated
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bacteria. The general lack of association between envi-
ronmental factors or life-history traits (e.g., host plant
family and chemistry) may reflect random soil inoculation
at the larval stage. However, our results did suggest that
host plants may influence Longitarsus MCD, and that this
effect may vary in strength depending on the host plant
family. Clearly, a great deal more sampling needs to be
done in order to understand the origin and complexity of
the Longitarsus gut ecosystem. The next phase of the study
will include a much deeper intra-specific analysis of MCD
within a few easily accessible Longitarsus species across
their range, including individuals on the same host plants in
different locales and comparisons of unrelated sympatric
species from the same host plants. We will also explore the
soil microbial diversity around the roots of the plants and
compare it to that of the adults just after they emerge from
the soils. Future studies will also use other primer sets that
target bacterial housckeeping genes (Santos and Ochman
2004) and focus on whole beetle extractions to avoid issues
associated with frass samples. Finally, since fungi are
known to be important symbionts of many insects, and can
be very diverse in beetles (e.g., Suh et al. 2005), we will be
using “universal” 18S primers (Fierer et al. 2007) to target
Longitarsus-associated fungal diversity alongside the bac-
terial diversity.
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