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Abstract

Transcriptome studies of insect herbivory are still rare, yet studies in model systems
have uncovered patterns of transcript regulation that appear to provide insights into
how insect herbivores attain polyphagy, such as a general increase in expression
breadth and regulation of ribosomal, digestion- and detoxification-related genes. We
investigated the potential generality of these emerging patterns, in the Swedish
comma, Polygonia c-album, which is a polyphagous, widely-distributed butterfly.
Urtica dioica and Ribes uva-crispa are hosts of P. c-album, but Ribes represents a recent
evolutionary shift onto a very divergent host. Utilizing the assembled transcriptome for
read mapping, we assessed gene expression finding that caterpillar life-history (i.e. 2nd
vs. 4th-instar regulation) had a limited influence on gene expression plasticity. In
contrast, differential expression in response to host-plant identified genes encoding
serine-type endopeptidases, membrane-associated proteins and transporters. Differential
regulation of genes involved in nucleic acid binding was also observed suggesting that
polyphagy involves large scale transcriptional changes. Additionally, transcripts coding
for structural constituents of the cuticle were differentially expressed in caterpillars in
response to their diet indicating that the insect cuticle may be a target for plant defence.
Our results state that emerging patterns of transcript regulation from model species
appear relevant in species when placed in an evolutionary context.
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Background

Insect herbivores display a dynamic range of evolution-
ary relationships with their host plants, ranging from
generalist- to specialist-feeding interactions (Schoonho-
ven et al. 2005). Butterflies have long been one of the
primary examples of diversification via co-evolution
(Ehrlich & Raven 1964), with some clades frequently
recolonizing a small number of host plants used previ-
ously in ancestral lineages (Futuyma ef al. 1995; Janz
et al. 2001). These oscillatory patterns appear to have
helped generate species diversity (Janz et al. 2006; Janz
& Nylin 2008). To improve our understanding of how
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these patterns emerge in herbivores, a functional under-
standing of plant-matter detoxification and assimilation
is needed (Janz 2011). However, almost nothing is
known of the molecular mechanisms underlying such
recurrent host-plant shifts.

In general, the underlying genetic mechanisms used
by insects in response to their host plants still remain
poorly understood (Dermauw et al. 2013). However,
recent findings suggest that insect herbivores, particu-
larly generalists, use transcriptional plasticity to their
advantage, regulating three main categories of genes in
response to their diet: ribosomal, digestive and detoxi-
fying genes.

Genes coding for ribosomal proteins are known to be
differentially regulated in response to a variety of host
plants in different insect species. In the gut tissue of the
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cotton bollworm, Helicoverpa armigera, these genes are
both up- and down-regulated when the insects feed on
unsuitable hosts (Celorio-Mancera et al. 2012). In two
other generalist species, most ribosomal genes were up-
regulated: when the hemipteran Bemisia  tabaci
responded to a genetically modified host that was pro-
ducing higher amounts of secondary defence metabo-
lites (Alon et al. 2012) and when the lepidopteran
Heliothis virescens responded to a host silenced for its
ability to elicit jasmonate-mediated defences (Govind
et al. 2010). Because ribosomal proteins are mostly asso-
ciated with their standard role in protein translation,
the genes encoding them have been considered stably
expressed ‘housekeeping’ genes, and therefore, it has
been surprising to learn that these genes are in fact dif-
ferentially regulated.

While changes in ribosomal gene expression may
reflect the consequences of the observed large-scale
changes in transcription, two additional dynamics may
account for these observations. First, plants produce
ribosome-inactivating proteins (RIPs) that inhibit pro-
tein synthesis in eukaryotes (Puri et al. 2012). Indeed,
RIPs have been found to have insecticidal activity in
aphids (Shahidi-Noghabi et al. 2009), beetles (Dowd
et al. 2003), mosquitoes (Zhou et al. 2000) and moths in
the family Noctuidae (Zhou et al. 2000; Shahidi-Noghabi
et al. 2009). Therefore, the differential regulation of ribo-
somal genes in the insect might help counteract the
presence of RIPs in the food source. Second, ribosomal
proteins in different biological systems, including
Drosophila melanogaster, have been shown to contribute
to the regulation of genes via their interaction with epi-
genetic factors; this interaction leads to chromatin
remodelling (Surovtseva et al. 2011; Coleno-Costes et al.
2012). In this case, the differential regulation of ribo-
somal genes might be reflecting an epigenetic mecha-
nism for regulating gene expression.

Among the different genes involved in insect diges-
tion, those coding proteases in particular have been
studied extensively, perhaps because nitrogen acquisi-
tion is essential for insect nutrition (Mattson 1980;
Brown et al. 2002). Insects must be able to efficiently
digest plant proteins, as is demonstrated by the fact that
protease inhibitors are a widespread defence mecha-
nism against herbivory among plants (Ryan 1990).
Therefore, special attention has been directed towards
understanding how insects known to have a wide diet
respond to specific plant protease inhibitors (Liu et al.
2004; Moon et al. 2004; Chi et al. 2009; Govind et al.
2010; Li et al. 2010). This research field has revealed that
phytophagous insects react to protease inhibitors by
either up-regulating those inhibitor-sensitive proteases
or expressing an array of proteases that are not targets
of the inhibitors (Vogel et al. in press).
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The third class of genes commonly studied in
response to specific plant-derived compounds are
detoxifying genes; these include cytochrome P450
monooxygenases (P450s), glutathione S-transferases
(GSTs), UDP-glycosyltransferases (UGTs) and carboxy-
lesterases (CEs) (Teese et al. 2010; Ahn et al. 2012; Fang
2012; Feyereisen 2012; Montella et al. 2012). Specifically,
enzymes coded by these genes help to chemically trans-
form toxins entering the insect system into hydrophilic
compounds that can be eliminated or sequestered for
further use. Recent transcriptome-wide expression anal-
yses in insects responding to secondary plant metabo-
lites such as phenolic compounds have found these
genes are differentially regulated (Celorio-Mancera et al.
2011; Alon et al. 2012; Tao et al. 2012). Only one study
has compared the global transcriptional regulation
between a lepidopteran generalist and specialist species
in response to a common host (Govind et al. 2010). In
response to certain plant defences, the generalist regu-
lated more detoxifying transcripts than did its specialist
counterpart (Govind ef al. 2010). A similar conclusion
was reached when researchers compared the total num-
ber of known genes coding for different detoxifying
enzymes in a generalist and a specialist aphid species
(Ramsey et al. 2010). Another group of genes indirectly
involved in detoxification found to be differentially reg-
ulated in generalist insects are those encoding trans-
porters (Govind et al. 2010; Dermauw et al. 2013).
Rather than structurally modifying chemicals, transport-
ers carry toxic substances or metabolites out of cells;
notably, a member of the major facilitator super family
of transporters has been found to confer drug resistance
to a fungal strain (Henderson & Maiden 1990; Hayashi
et al. 2002).

To investigate these emerging patterns of gene regu-
lation in generalist herbivores, that is, the transcrip-
tional plasticity of ribosomal, digestive and detoxifying
genes, we focus on the well-studied butterflies of the
tribe Nymphalini (Family Nymphalidae), which have
an ancestral association with the plants in the nettle
family (Urticaceae) of approximately 90 Ma (Janz et al.
2001; Weingartner et al. 2006, Wahlberg et al. 2009).
While most Nymphalini species feed exclusively on
Urticaceae, some feed on more than one host-plant
order outside of this ancestral host taxon and a few
have specialized on these novel hosts (Janz & Nylin
2008). The Swedish comma butterfly, Polygonia c-album,
is one of those exceptions. Hosts of P. c-album include
Urtica dioica (nettle) and host plants from different
related orders within the Rosids group (Rosales, Mal-
pighiales, Fagales). Various species of Ribes are also
used, such as R. uva-crispa (gooseberry), which repre-
sents the use of a host from a distantly related order
(Saxifragales), one that is outside of the Rosids (Nylin
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1988). In fact, the ability to feed on Ribes is an evolu-
tionary innovation in the genus Polygonia and is part of
a series of host-range expansions in the Nymphalis-Poly-
gonia clade of the Nymphalini (Janz et al. 2001; Wein-
gartner et al. 2006). These expansions coincide with a
large positive change in net speciation rate for this
clade, reversing the lower speciation trend across Nym-
phalini (Janz & Nylin 2008). If the use of Ribes is consid-
ered a single colonization event, it can be dated around
15 Ma (Wahlberg et al. 2009), which makes this event a
more recent colonization compared with the association
with Urticaceae (~90 Ma). Moreover, Ribes is not used
as a host by any other genus in the family Nymphali-
dae and is also a very rare host among the rest of the
butterflies (Savela 2013; and references therein).
Although the uniqueness of the colonization implies
that there is something ‘difficult’ about Ribes, because
only Polygonia species and some lycaenids can feed on
them (Savela 2013), there is no detailed knowledge of
the physiological impact of feeding on these plants.

It is possible that the challenge represented by Ribes
resides in the quality of hydroxynitrile glucosides
(including cyanogenic glucosides) and cyanolipids they
produce. The hydroxynitrile glucosides produced by
members of the order Saxifragales including Ribes are
different from those produced by plants grouped in
Rosales including Urtica. The difference arises from the
type of amino acid used as a precursor for the synthesis
of hydroxynitrile glucosides, with leucine used in
Rosales and isoleucine in Saxifragales (Bjarnholt &
Moller 2008). Hydroxynitrile glucosides can be classi-
fied in two groups: those that release toxic cyanide
upon plant cell disruption — these are known as cyano-
genic glucosides — and those that are noncyanogenic,
namely B- and y-hydroxynitrile glucosides. Cyanogenic
glucosides may deter those insects that casually try to
feed on plants that contain this type of hydroxynitrile
glucosides but do little against insects that specialize on
cyanogenic plants (Zagrobelny et al. 2004; Bjarnholt &
Moller 2008). In fact, the production of noncyanogenic
hydroxynitrile glucosides in plants may reduce their
nutritious value to herbivores that have evolved the
ability to exploit cyanide (Bjarnholt & Moller 2008). For
example, larvae of Zygaena filipendulae performed better
on a Lotus species containing only cyanogenic gluco-
sides than on a Lotus containing both cyanogenic and
noncyanogenic hydroxynitrile glucosides (Zagrobelny
et al. 2007). These observed metabolic differences and
the evolutionary distance between Rosales and Saxifra-
gales indicate that a significant host-expansion adapta-
tion has taken place in P. c-album.

Gene expression plasticity has been previously inves-
tigated in P. c-album caterpillars in response to different
hosts. Heidel-Fischer et al. (2009) inspected whether

plant growth form (tree vs. herb) and relatedness (Urti-
cales vs. Malpighiales) among host plants affected gene
expression in different caterpillar tissues. The authors
observed the differential regulation of genes encoding
ribosomal proteins, transporters and serine proteases
depending on the host and tissue type. However, genes
related to detoxification were not differentially regu-
lated in the gut tissue, and in the rest of the body, only
one P450 gene was up-regulated when the larvae fed
on the leaves of trees (Heidel-Fischer et al. 2009). To our
knowledge, global transcriptional changes have not
been inspected in response to a novel host, distantly
related to the other plants in the diet repertoire of
P. c-album or any other polyphagous herbivore. In addi-
tion, the extent of differences in gene expression among
developmental stages (instars) has not been investigated
in this butterfly species. This is an important consider-
ation because previous work has shown that different
plants affect the growth rate of P. c-album larvae (Janz
et al. 1994).

Here, we report our functional insights into host-
plant adaptation and likely detoxification using RNA-
Seq analysis of two different P. c-album instars feeding
either on U. dioica or on R. uva-crispa. Our goal was to
test whether, in response to the novel host, our focus
species displays a pattern of gene expression consistent
with patterns in generalist insects. We predicted that
comparisons of gene expression profiles in response to
the ancestral host (U. dioica) and the acquired host dis-
tantly related to U. dioica (R. uva-crispa) would show
the differential regulation of the three categories of
genes mentioned above. More genes related to ribo-
somes were found to be up-regulated when the larvae
of P. c-album fed on U. dioica in comparison with when
they fed on the other two plant diets tested in the gene
expression analysis performed by Heidel-Fischer et al.
(2009). Therefore, we predicted that this pattern will be
maintained, meaning that a higher number of ribosome-
related genes would be up-regulated in larvae feeding
on U. dioica than in those larvae when feeding on
R. uva-crispa. In terms of genes related to digestion —
specifically, those encoding proteases — we limited our
prediction to the differential expression of a higher
number of genes in response to R. uva-crispa feeding.
However, unlike the results obtained by Heidel-Fischer
et al. (2009), we expected the qualitative and
quantitative regulation of detoxification-related genes in
P. c-album larvae in response to R. uva-crispa feeding to
be broad. We also expected that a particular develop-
mental stage uses different categories of genes depend-
ing on the host plant, not only genes related to
detoxification and digestion but also genes related to
growth and development. Finally, we hypothesized that
the accumulation of plant material over time — that is,
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the comparison between developmental stages feeding
on a given host from the beginning of their develop-
ment — mostly entails the regulation of genes involved
in primary metabolism.

Experimental procedures

Insects and host plants

P. c-album females were caught in the surrounding areas
of Stockholm, Sweden, during summer 2010 and used
for egg production. Offspring from 5 female butterflies
were reared from neonate stage to second or fourth instar
on either U. dioica or R. uva-crispa according to a split-
brood experimental design with two biological replicates
at the unit level. Each experimental unit consisted of two
individual larvae from each of the 5 families (i.e. n = 10
larvae total per unit). There were 2 units per larval instar
(second and fourth) by host-plant feeding treatment
(U. dioica and R. uva-crispa), for a total of 8 sampled
units. This split-brood design ensured that two full-sib-
lings were represented in each unit of experimental mea-
surement, and this procedure was duplicated. The split-
brood design was intended to account for possible vari-
ability due to the effect of family, as these could poten-
tially confound the results. Larvae were reared under
controlled conditions in a climate chamber (LD 12:12,
17 °C) and were snap-frozen in liquid nitrogen after they
reached the desired developmental stage and stored at
—76 °C until RNA isolation. Some larvae were thus
killed on their first day as second-instar larvae, whereas
others were frozen on their third day as that instar,
because our purpose was to freeze as many individuals
as possible on the same date. Development time up until
freezing was recorded.

High-throughput mRNA sequencing

Whole larvae were pooled per experimental unit
(n =10, two from each family) and homogenized under
liquid nitrogen, with total RNA extracted from a frac-
tion of the pulverized tissue with TRIsure (Bioline
GmbH, Luckenwalde, Germany) following the manu-
facturer’s protocol. DNA traces were removed from the
samples by DNase treatment following the manufac-
turer’s protocol (Turbo DNase; Ambion, Darmstadt,
Germany). Additional RNA purification, quantification
and quality control were performed following the pro-
tocols described previously (Celorio-Mancera et al.
2012). Instar and host-specific transcriptome sequencing
of the 8 mRNA pools was performed using RNA-Seq
assays on an Illumina HiSeq 2000 Genome Analyzer
platform, using 100-bp single-end sequencing with
RNA fragmented to an average of 150-bp size, with
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sequencing performed by a commercial service provider
(Fasteris, Switzerland).

Gene expression analysis

P. c-album de novo transcriptome assembly (TA) as refer-
ence. Quality control measures, including the filtering of
high-quality reads based on the score value given in
‘fastq’ files, removal of reads containing primer/adaptor
sequences and trimming of read length, were taken using
the CLC Genomics Workbench software 5.5.1 (http://
www.clcbio.com). The de novo TA was performed using
the CLC Genomics Workbench software by comparing
an assembly with standard settings and two additional
CLC-based assemblies with different parameters. Default
settings were nucleotide mismatch cost =3; inser-
tion = deletion costs = 3; length fraction = 0.3; similar-
ity = 0.80; second assembly settings were nucleotide
mismatch cost = 2; insertion = deletion costs = 2; length
fraction = 0.4; similarity = 0.85. Third assembly settings
were nucleotide mismatch cost = 2; insertion = deletion
costs = 3; length fraction = 0.3; similarity = 0.9; conflicts
among individual bases were resolved in all assemblies
by voting for the base with the highest frequency. In all
assemblies, word size and bubble size of the graph
parameters were automatically calculated. Contigs
shorter than 250 bp were removed from the final analy-
sis. The three assemblies were subsequently compared
according to quality criteria such as N50 contig size, total
number of contigs and the number of sequence reads not
included in the contig assembly. For each assembly, the
100 largest contigs were manually inspected for chimeric
sequences. The presumed optimal consensus transcrip-
tome was selected among the three different assemblies
based on the criteria of highest N50 contig size, lowest
total number of contigs and lowest number of chimeric
sequences in the 100 largest contigs found in the contig
assembly with the following parameters: nucleotide mis-
match cost = 2; insertion = deletion costs = 3; length
fraction = 0.3; similarity = 0.9. The selected TA was used
as a reference for mapping the reads of the individual
P. c-album samples.

Annotation of the consensus transcriptome used
BLAST searches conducted on a local server against the
National Center for Biotechnology Information (NCBI)
using the NCBI BLAST. Homology searches (BLASTx
and BLASTn) of unique sequences and functional annota-
tion by gene ontology (GO) terms (www.geneontology.
org) used the BLAST2GO software suite with an e-value
cut-off <10 to obtain the best homolog (Gotz et al. 2008).
The sequence data generated in this study have been
deposited at NCBI in the Short Read Archive database.

Quality assessment of the RNA-Seq data used princi-
pal component analysis and hierarchical clustering on
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CLC Genomic Workbench software (CLC Bio, Aarhus,
Denmark). Analyses of both methods were conducted
on normalized ‘reads per kilobase of exon model per
million mapped reads” (RPKM). These relative transcript
levels were generated from each mapped sample condi-
tion against the optimal consensus TA using the CLC
Genome workbench RNA-Seq function (minimum
length fraction = 0.7, maximum mismatches =2). We
performed one analysis grouping data per host, instar
and host-instar interaction comparison in order to dis-
cover differential expressed genes for each of these
effects, and in the process, the corresponding normal-
ized RPKM data were analysed using the count-based
gene expression analysis Baggerly’s test [false discovery
rate (FDR) P-value <0.05]. The Baggerly’s test (beta-bino-
mial) is a weighted t-type test statistic that compares the
proportions of counts in a group of samples against
those of another group, giving them different weights
depending on their sizes (total counts) (Baggerly et al.
2003). Additional gene set enrichment analyses (GSEAs)
were performed on the corresponding lists obtained
from these statistical tests per comparison (minimum
number of genes per ontology annotation = 10). The dif-
ferential gene expression and GSEAs were performed
using the CLC Genomic Workbench program. This gene
expression analysis based on TA-contig mapping and its
annotation obtained via BLAST2GO search is denoted
from this point forward “TA-contig expression.”

Quantitative  whole-gene  expression. The de  novo
TA-contigs used for the RNA-Seq mapping were
assigned to a database of predicted proteins from
D. plexippus (monarch butterfly) using BLASTx. Each
TA-contig was assigned to its putative D. plexippus ortho-
log using the following cut-off levels: bit score >50,
e-value <1 x 107°, over a length of 33 amino acids. The
database of predicted D. plexippus proteins was pro-
duced by a self-blast of the complete predicted gene set
from the D. plexippus genome (obtained from Monarch-
Base http://monarchbase.umassmed.edu/). For proteins
having > 90% amino acid identity in the self-blast over a
region 33 peptides long, the shorter of the two was dis-
carded to filter out recent gene duplicates and alternative
splicing isoforms. The functional annotation of the
D. plexippus proteins was based on GO terms, which
were obtained as described above for the TA-contig
expression. We then used this relational table between
the TA-contigs and their putative D. plexippus orthologs
to generate whole-gene expression values for the P. c-
album raw reads. For each P. c-album TA-contig hitting
the same D. plexippus protein, the raw reads mapping to
those contigs were summed, and this was done indepen-
dently for each of the sequenced pools. RPKM expression
levels were calculated using the nucleotide length for the

corresponding D. plexippus predicted gene. This gene
expression analysis is referred to henceforth as ‘whole-
gene expression’, and the quantitative gene expression
levels comparing host, instars and all host-instar con-
trasts were analysed using normalized RPKM data by
Baggerly’s and GSEA tests under the parameters
described for the TA-contig expression analysis.

Results

Development time

It was considered that the treatment termination date —
that is, the day the larvae was frozen — indicated the
development time of larvae on a given host. A t-test com-
parison between the development time up until freezing
between the two different host plants for each termination
instars (second and fourth) revealed that P. c-album larvae
grew faster on U. dioica than on R. uva-crispa (second
instar: df = 70; t = 2.099; P = 0.039, fourth instar: df=57;
t = 2.79; P = 0.007)(Fig. S1, Supporting information).

RNA-Seq and transcriptome assembly

A total of 80 million, 100-bp single-end reads were
obtained. Approximately 20 million reads were gener-
ated, on average, for each group of second and fourth in-
stars feeding on either U. dioica or R. uva-crispa. The
optimal de mnovo TA resulted in 45649 contigs
(N50 = 628) against which approximately 75% of the
reads could be remapped. Almost 98% of the TA-contigs
had reads corresponding to a response to U. dioica feed-
ing remapped onto them, regardless of larval instar. In
turn, 61 and 70% of the TA-contigs contained remapped
reads generated, respectively, from second and fourth in-
stars feeding on R. uwva-crispa (Table 1). GO annotations
were obtained for 45% of the total number of TA-contigs,
with most contigs identified as gene products active in
catabolic processes, associated with protein complexes
and/or involved in nucleotide binding (Fig. S2, Support-
ing information). Another 3592 contigs hit a gene in the
databases encoding a predicted or hypothetical protein
with no GO annotation. Most of the predicted genes in
the TA were identified as homologs of species within In-
secta (78.5%), while the remaining predicted genes corre-
sponded to other species of eukaryotes. 3.3% belonged to
eubacteria, which is to be expected as we were sequenc-
ing whole larvae. Only 0.4% corresponded to viruses.
The highest number of predicted genes, representing
approximately 70% of those identified (with and without
GO annotation), had the best homolog from the D. plexip-
pus coding sequence data set (see species distribution
graph, Fig. S3, Supporting information). Estimating the
total number of genes in a typical butterfly genome
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Table 1 P. c-album caterpillar sequence reads used for the consensus transcriptome assembly (TA) and mapping for gene expression
analysis. Host-feeding treatments: U. dioica and R. uva-crispa. Two biological replicates for each developmental stage of P. c-album lar-

vae (second and fourth)

U. dioica R. uva-crispa
Second Fourth Second Fourth
1 2 1 2 1 2 1 2
Total number of reads 7 149 006 11968 888 11 001 464 8788272 9801293 7476496 7 639 101 16 668 961
Number of reads after 7122862 11925681 10961911 8757589 9761390 7449965 7609906 16 603 647
trimming
Number of reads used 80 192 951
for TA
Number of TA-contigs 45 649
N50 (bp) 628
Longest contig (bp) 24 053
Percentage of reads 78.5 80.4 79.9 81.1 80.2 719 74.7 80.9
mapped to TA
Percentage of TA-contigs ~ 96.7 96.7 70 61

with mapped reads

covered by our TA, we found that the P. c-album TA hit
66% of the total number of D. plexippus genes, with 77%
of these D. plexippus genes having a GO annotation
(Table S1, Supporting information).

TA-contig expression

Host effect. Principal component analysis showed that the
samples clearly grouped together by host-feeding treat-
ment. However, there is no clear grouping of samples by
instar within each host-feeding treatment (Fig. 1). Individ-
ual gene analyses identified 8% (FDR corrected P-value
<0.05) of the total number of contigs as differentially
expressed in response to host (Table 2). GSEAs detected
that most of these differentially expressed genes, indepen-
dent of confidence level, were involved in transmembrane
transport (many of them monocarboxylate transporters),
encoding ribosomal proteins and/or proteins which inter-
act in a selective, noncovalent way with other molecules.
This gene list included transcription factors and RNA-
binding proteins (Table 3; Table S2, Supporting informa-
tion). Additionally, a smaller number of genes predicted
to encode proteins integral to membranes, serine-type
endopeptidases and the structural constituents of the
insect cuticle were also differentially expressed in the cat-
erpillars in response to host regardless of the p-value cut-
off. Nucleic acid and protein binding predicted products
along with hydrolases (mostly carboxylesterases) were
also differentially regulated in response to the host only at
the least conservative corrected P-value (Table 3; Table S2,
Supporting information).

There was no GO term enriched among the fraction
of genes (0.3%) that was differentially expressed
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between second and fourth instar from the total number
of contigs in the TA.

Effect of the host—instar interaction

The analysis of the effect of the host—instar interaction
allowed us to test (i) whether different genes were used
by a particular developmental stage depending on the
host plant, (ii) whether feeding on a particular host over
time might result in different gene regulation in later
instars and (iii) gene regulation differences between dif-
ferent instars feeding on different hosts.

Genes were differentially expressed in all host-instar
comparisons, and enriched GO categories were found
prevalent on all lists of statistically filtered genes
(Table 2). The highest number of enriched GO catego-
ries was found in the comparisons between fourth-
instar larvae reared on U. dioica and fourth-instar larvae
reared on R. uva-crispa, and between the fourth-instar
larvae reared on U. dioica and second-instar larvae
reared on R. uva-crispa (Fig. 2; comparisons 3 and 4),
reflecting mostly the effect of the host on primary
metabolism and on both genetic and environmental
information processing in the caterpillars. Chitin and
lipid metabolic processes along with transmembrane
transport were affected with up-regulated transcripts in
response to U. dioica, particularly in fourth-instar larvae.
A higher number of ribosome-related proteins remained
up-regulated when U. dioica was a host, but when dif-
ferent developmental stages feeding on R. uva-crispa
were compared, all differentially expressed genes were
up-regulated exclusively in the second instar. A similar
pattern was observed for the general category of binding,
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Fig. 1 Quality control of P. c-album RNA-Seq data using con-
sensus transcriptome as a reference. Principal component anal-
ysis on normalized RNA-Seq reads mapped onto consensus
transcriptome. Second-instar larvae reared on U. dioica (trian-
gle); fourth-instar larvae reared on U. dioica (circle); second-
instar larvae reared on R. uva-crispa (rhombus); fourth-instar
larvae feeding on R. uva-crispa (square).

although in this case even more proteins in this category
were up-regulated in the oldest larval stage when it fed on
U. dioica. More hydrolase-encoding genes were transcribed
in the fourth-instar larvae regardless of host (Fig. 2).
Larvae of different developmental stages did not differ
greatly in their response to either U. dioica or R. uva-cri-
spa, because both the total number of differentially
expressed genes and that of enriched GO annotations
were the fewest among the comparisons (Table 2; Fig. 2;
comparisons 5 and 6). When feeding on U. dioica, second-
and fourth-instar larvae produced different levels of those
transcripts encoding serine-type endopeptidases. Fourth-
instar larvae up-regulated many more of these enzymes
in response to both hosts. More genes encoding the struc-
tural constituents of the cuticle were up-regulated in the
fourth-instar larvae when they fed on R. uva-crispa.

Whole-gene expression vs. TA-contig expression

Both expression analyses were consistent with the find-
ing that the regulation of caterpillar genes involved in

Table 2 Percentage of P.c-album TA-contigs or D. plexippus
orthologous genes showing differential expression in response
to host, instar and their interaction (Baggerly’s test, FDR
P-value correction <0.05). Only the absence of GO category
significantly enriched in the corresponding fraction of differen-
tially expressed genes is noted (No GSEA). Host-plant feeding
treatment by instar comparisons: 1: U. dioica/second vs.
R. uva-crispa/second; 2: U. dioica/second vs. R. uva-crispa/
fourth; 3: U. dioica/fourth vs. R. uva-crispa/fourth: 4: U. dioica/
fourth vs. R. uva-crispa/second; 5: U. dioica/second wvs. U. -
dioica/fourth; 6: R. uva-crispa/second vs. R. uva-crispa/fourth

Expression % putative genes
analysis Effect/comparison by FDR P-value 0.05
TA-contig Host 8.0
Instar 0.3/No GSEA
Host-instar 1 4.2
interaction 2 7.1
3 7.0
4 4.6
5 1.1
6 1.7
Whole gene Host 10.5
Instar 0.6/No GSEA
Host-instar 1 6.4
interaction 2 8.8
3 8.5
4 7.3
5 1.8/No GSEA
6 2.0

Table 3 Gene set enrichment analysis on differentially
expressed predicted genes detected in response to host-feeding
treatment using TA-contig and whole-gene expression analy-
ses. (Baggerly’s test, FDR P-value correction <0.05). Information
within parentheses corresponds to the results obtained using
the whole-gene expression analysis

No. of
putative
GO domain GO term genes
Biological process Transmembrane transport 32 (11)
Cellular component Ribosome 36
Integral to membrane 24 (23)
Molecular Function Binding 46
Serine-type endopeptidase 40
activity
Structural constituent of 20 (15)
cuticle
Hydrolase activity 13 (15)
Nucleic acid binding 10 (22)
Protein binding 9

environmental (proteins integral to the membrane) and
genetic (nucleic acid binding) information processing
depends on the type of host, even at the most conserva-
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Fig. 2 Effect of host-instar interaction on transcriptional regulation in P. c-album caterpillars analysed by GSEA. Charts depict the
proportion of up-regulated predicted genes in each condition per comparison within the most enriched and significant categories
found by GSEA (light grey = uppermost/first condition in the comparison). Host-plant feeding treatment by instar comparisons:
1 = U. dioica/second vs. R. uva-crispa/second; 2 = U. dioica/second vs. R. uva-crispa/fourth; 3 = U. dioica/fourth vs. R. uva-crispa/
fourth: 4 = U. dioica/fourth vs. R. uva-crispa/second; 5 = U. dioica/second vs. U. dioica/fourth; 6 = R. uva-crispa/second vs. R. uva-
crispa/fourth. Results within parentheses correspond to the whole-gene expression analysis.

tive confidence level (Table 3). Neither analysis found
any enriched gene categories in response to instar
(Table 2). However, while the TA-contig analysis found a
differential expression of certain groups of genes in
response to host (e.g. ribosome-related proteins or serine-
type endopeptidases), such groups were not detected in
the whole-gene expression analysis (Table 3).

Two fewer GO categories were found to be enriched
by whole-gene expression (Fig. 2). In addition, narrower
functional categories, such as zinc, calcium and nucleic
acid binding, were detected by whole-gene expression
in the different host-instar comparisons (Fig. 2). The
differential expression of genes involved in the primary
metabolism and encoding of ribosome-related proteins
in response to the host-instar interaction effect was
observed only when using TA-contig expression. The
rest of the categories were consistently observed, at
least in one comparison, and the direction of gene regu-
lation was also in agreement between analyses.

© 2013 John Wiley & Sons Ltd

Discussion

Differentially requlated genes

Ribosomal genes. According to our predictions, genes
coding for ribosomal proteins were up-regulated in
P. c-album larvae reared on U. dioica. Nevertheless, such
differential regulation was only observed when using
the TA-contig expression analysis. On the other hand,
we consider important to note the differential expres-
sion of transcription factors and a few other gene prod-
ucts, such as RNA-binding proteins, when the larvae
fed on the novel host. It is well established that tran-
scription factors can either directly or indirectly regulate
the expression of a target gene (Spitz & Furlong 2012)
and that RNA-binding proteins play an important role
in eukaryotic post-transcriptional regulation (Glisovic
et al. 2008). As ribosomal proteins may have a role in
the regulation of gene expression, it might be worth
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investigating their possible interaction with these other
genes involved in transcript regulation. Stricter func-
tional analyses are, however, necessary to confirm the
relevance to insect herbivory and host adaptation of the
candidate genes found in this study.

Digestion-related genes. Regarding digestive enzymes,
protease activity in particular has been suggested to
potentiate polyphagy in Helicoverpa armigera. Chikate
et al. (2013) chose a set of trypsin and chymotrypsin
transcripts and inspected their pattern of expression
across different developmental stages of this lepidop-
teran pest species in response to diets with different
nutritional qualities. The authors observed a dynamic
regulation of protease expression in response to diet
and developmental stage. On the basis of gene expres-
sion profiling, substrate and inhibitor specificity of gene
products, it was concluded that serine proteases are key
enzymes allowing larvae to adapt to many different
diets and therefore augmenting polyphagy (Chikate
et al. 2013). Here, coming from an unbiased global tran-
scriptome-wide analysis, we reached similar conclu-
sions. P. c-album is able to regulate the expression of
serine-type endopeptidase transcripts in an instar- and
host-specific manner. We expected a higher number of
these genes to be differentially regulated in response to
R. uva-crispa. However, the results from this study indi-
cate that the instar effect is a stronger determinant of
expression of serine-type endopeptidase transcripts;
older larvae can up-regulate more of these genes
regardless of host plant. It remains to be investigated
whether this ability to regulate protease-encoding genes
made it possible to include R. uva-crispa in the diet rep-
ertoire of P. c-album.

Detoxification-related genes. According to our prediction,
we found that detoxification-related genes, specifically
CEs, were differentially regulated when comparing host-
feeding treatments. Nevertheless, the number of up-regu-
lated genes with hydrolase activity, including CES, was
also determined by the developmental stage of larvae.
Again, this differential regulation was only observed
when using the TA-contig expression analysis. Our find-
ings also agree with those reported in a recent study
inspecting the global transcriptional response in the
extreme generalist species Tetranychus urticae. When Der-
mauw ef al. (2013) examined the adaptation of this spider
mite to host-plant transfer and pesticides, they found dif-
ferential regulation characterized in genes encoding not
only detoxifying enzymes but also membrane-binding
proteins and transporters. The authors conclude that
membrane-binding proteins and transporters belonging
to the ‘major facilitator super family’ (MFS) are key play-
ers facilitating insects’” adaptation and survival in

response to a new diets and toxic compounds such as
pesticides (Dermauw et al. 2013). We also observed these
two types of proteins in our examination of P. c-album’s
transcriptional response to host plant. Specifically, we
detected a strong up-regulation of genes coding for trans-
porter and membrane-binding proteins regardless of lar-
val instar in response to R. uva-crispa. Therefore, we
consider the dynamic regulation of membrane-associated
proteins and transporters (including MFS and monocarb-
oxylate types) to be an emerging trend, which may facili-
tate polyphagy in herbivores.

Genes coding for structural proteins. Particularly intrigu-
ing is the differential expression of transcripts coding
for structural constituents of the cuticle observed in our
analysis. Unsurprisingly, as it is such a vital element of
the insect body, the cuticle may be a target for plant
defence. A microarray-based study revealed the differ-
ential expression of cuticular proteins when insecticide-
resistant and insecticide-susceptible strains were com-
pared in a generalist aphid species (Puinean et al. 2010).
It was suggested that cuticular proteins may help
thicken the cuticle and, as a consequence, reduce the
penetration of insecticides (Puinean et al. 2010). There-
fore, in P. c-album, it is possible that a strengthened
cuticular component in the insect gut may prevent
material and toxic plant metabolites from entering the
insect body. Alternatively, plant chemicals may inter-
fere with chitin metabolism and cuticular protein inter-
actions, compelling the insect to regulate the production
of those important structural constituents.

Whole-gene vs. TA-contig expression analyses. Functional
insights into host-plant utilization from GSEAs were
partially concordant in the two different expression
analyses implemented (whole gene vs. TA-contig). The
inconsistencies between these methods may be attrib-
uted to two factors. First, the whole-gene expression
analysis is expected to be less sensitive to the frag-
mented nature of transcriptome assemblies (several con-
tigs in an assembly can represent one gene) and
therefore is more robust (Hornett & Wheat 2012). How-
ever, in the case of recent gene families, this approach
offers a much more conservative analysis than the
TA-contig approach. Second, the whole-gene expression
analysis used the predicted gene set of a specialist
insect species. Therefore, using D. plexippus as our
proxy for a full transcriptome could have biased some
of our results. We expect then that results found in
common for both analyses are robust. Thus, the differ-
ential regulation of digestive enzymes, cuticular pro-
teins, membrane proteins, transcription factors and
transporters in P. c-album caterpillars detected by the
TA-contig expression was consistent with the results

© 2013 John Wiley & Sons Ltd



observed for the whole-gene expression analysis for
most host—instar comparisons.

How do insect herbivores attain polyphagy?. Considering
that polyphagy is rarely found among phytophagous
insects, in contrast to the relative abundance of oli-
phagy, which is a more intermediate level of host
specificity (Bernays & Graham 1988), and that host-
range expansions seem to promote species diversity
(Janz et al. 2006; Weingartner ef al. 2006), it is useful to
study generalist species under a phylogenetic frame-
work for host-plant use. Because knowledge about the
evolutionary history of host use for P. c-album and its
lineage is available, we considered this species a good
candidate for the inspection of transcriptional plasticity
in response to plant feeding. It has been suggested that
P. c-album derives from an ancestor able to make use
of a wide host repertoire, including Ribes spp, envi-
sioning the Nymphalis-Polygonia clade as being pre-
adapted for host shifts that facilitated parallel coloniza-
tion attempts of novel host plants (Weingartner et al.
2006). This pre-adaptation may indicate how induced
biochemical pathway(s) confer the ability to feed on
the novel host plant, in this case R. uva-crispa (West-
Eberhard 2005; Weingartner ef al. 2006; Agosta & Kle-
mens 2008). While some Polygonia species have either
become respecialized on hosts in the Urticaceae family
of Rosales or a novel host (e.g. P. egea and P. gracilis,
respectively) (Janz et al. 2001), the polyphagous state of
P. c-album includes ancestral and novel hosts and thus
resembles the possible state of the Nymphalis-Polygonia
ancestor at the ‘evolutionary moment’ of expanded
host-plant use.

We take results presented here to be initial evi-
dence in support of our prediction that plasticity of
gene expression is mostly responsible for the ability
of larvae of the comma butterfly to eat R. uva-crispa.
If we assume that P. c-album represent a species at
the evolutionary moment of expanded host-plant use,
we can speculate that the ancestor of the Nymphalis-
Polygonia clade resembled P. c-album in terms of host
repertoire and that it may have shaped similar tran-
scriptional regulatory switches to use novel plants. In
this light, our observations suggest that future work
should compare insects’ transcriptional profiles in
response to sustained exposure to either host (this
study) and those in response to immediate and reci-
procal host switches in a particular time point in lar-
val development. This comparison will allow us to
assess another level of genetic plasticity and test
whether the expression of host-specific genes or tran-
script levels is readily induced, given that the polyph-
agous insect species has more than one host plant
available at a particular place and time (ecological
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polyphagy). In addition, attention should be focused
on gene function in the specialist species that have
derived from polyphagous and ‘plastic ancestors’ sim-
ilar to P. c-album, in accordance with the ‘oscillation
hypothesis’ of insect-plant interactions (Janz & Nylin
2008). Only by studying such transitional species can
we build up enough empirical insights to attain a
general understanding of the mechanisms of polyph-
agy and their role in evolution.

Conclusions

Recently, gene expression profiling in generalist insect
herbivores has indicated their ample ability to regulate
the transcription of ribosome-related, detoxifying and
digestive enzymes in response to diet. We tested
whether these emerging transcriptional patterns will be
observed in caterpillars of the polyphagous species
P. c-album when feeding on a host plant that has been
recently added to their diet repertoire. We hypothesized
that those gene expression signatures found in P. c-
album will be observed independently of the larval
stage. In this study, we observed that P. c-album cater-
pillars primarily regulate transcripts coding for detoxifi-
cation and digestive enzymes. Additionally, P. c-album
larvae reconfigure the expression of membrane proteins
and transporters depending on their diet just as other
generalist species. Moreover, when we contrast two cat-
erpillar developmental instars, the direct effects of host-
plant chemistry seem to overshadow those due to life
history experience on a particular host plant. The differ-
ential regulation of cuticular proteins, membrane pro-
teins and transporters in P. c-album caterpillars in
response to the host plants reveals new candidates for
understanding the molecular dynamics in the plant-
insect interaction. The transcription factors that were
found differentially regulated deserve special attention
for future functional investigations, because they are
potentially responsible for the transcriptional plasticity
observed in other gene groups responding to the host-
feeding treatments. In order to understand the macro-
evolutionary mechanisms that may allow insect species
to achieve polyphagy, we must investigate plasticity in
insect species within an evolutionary framework of
host-plant use.
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