Evolution, 2023, 77(2), 519-533
https://doi.org/10.1093/evolut/qpac049
Advance access publication 7 December 2022

Original Article

OXFORD

Larval transcriptomes reflect the evolutionary history of
plant-insect associations

Maria de la Paz Celorio-Mancera, PhD""
Agata Smialowska, PhD?, Mariana Pires Braga, PhD*
Christopher W. Wheat, PhD"2, Séren Nylin, PhD'’

'Department of Zoology, Stockholm University, Stockholm, Sweden

2Evolutionary Biology Centre, Uppsala University, Uppsala, Sweden

*National Bioinformatics Infrastructure Sweden, Science for Life Laboratory, Stockholm University, Stockholm, Sweden
‘Department of Ecology, Swedish University of Agricultural Sciences, Uppsala, Sweden

Corresponding author: Department of Zoology, Stockholm University, S-106 91 Stockholm, Sweden. Email: soren.nylin@zoologi.su.se
‘M.P.C.M. and R.A.S. should be considered joint first authors.

, Rachel A. Steward, PhD""(2, Peter Pruisscher, PhD?,
, Niklas Janz, PhD’,

Abstract

In this study, we investigated whether patterns of gene expression in larvae feeding on different plants can explain important aspects of
the evolution of insect—plant associations, such as phylogenetic conservatism of host use and re-colonization of ancestral hosts that have
been lost from the host repertoire. To this end, we performed a phylogenetically informed study comparing the transcriptomes of 4 nymph-
alid butterfly species in Polygonia and the closely related genus Nymphalis. Larvae were reared on Urtica dioica, Salix spp., and Ribes spp.
Plant-specific gene expression was found to be similar across butterfly species, even in the case of host plants that are no longer used by
two of the butterfly species. These results suggest that plant-specific transcriptomes can be robust over evolutionary time. We propose that
adaptations to particular larval food plants can profitably be understood as an evolved set of modules of co-expressed genes, promoting
conservatism in host use and facilitating re-colonization. Moreover, we speculate that the degree of overlap between plant-specific tran-
scriptomes may correlate with the strength of trade-offs between plants as resources and hence to the probability of colonizing hosts and

complete host shifts.
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Interactions between phytophagous insects and their host
plants are ubiquitous on the planet and, as such, have attract-
ed considerable attention from both basic and applied scien-
tists over the years (e.g., Bale et al., 2002; Dyer et al., 2007;
Ehrlich & Raven, 1964; Erb & Reymond, 2019; Futuyma &
Agrawal, 2009; Janz, 2011; Liebhold et al., 1995; Mitter et
al., 1991). Consequently, the ecological and evolutionary pat-
terns of insect—plant associations have been well documented
in many respects. Insect—plant interactions are often very con-
servative over evolutionary time (Mitter et al., 1991; Nylin et
al., 2014; Ronquist & Liljeblad, 2001), and specialization on
a plant species or clade is the dominating pattern (Forister et
al., 2015).

Somewhat paradoxically, given the general evolutionary
conservatism of insect—plant associations, colonizations of
new host plants are still commonly seen. This can result in
a broadening of the host repertoire or a complete host shift
(Forister et al., 2012; Joshi & Thompson, 1995; Nyman,
2010). Furthermore, phylogenetic recurrence (i.e., the same
hosts apparently being colonized repeatedly in a clade over
the course of its evolution) is often observed, suggesting that
historical hosts that have been “lost” can be re-colonized rel-
atively easily (Agosta & Klemens, 2009; Janz et al., 2001;

Nylin et al., 2014). Such re-colonizations can contribute to
the oscillations in host range (from relatively specialized to
more generalized associations and vice versa) which seems
to be another general feature of the evolution of insect-plant
associations (Braga et al., 2018a; Janz & Nylin, 2008; Nosil,
2002). Ancestral hosts sometimes evidently will remain as
potential hosts for the future even when they are temporarily
not used (Braga et al., 2018b; Nylin & Wahlberg, 2008; Nylin
et al., 2014), and the realized host range can thus fluctuate
between including them or not. Very similar evolutionary
patterns of specialization, phylogenetic conservatism, coloni-
zations, re-colonizations, and oscillations in host range are
observed in other parasite-host and even mutualistic species
associations, broadening the perspective even further and
implying consequences for invasive species and emerging
infectious diseases (Agosta et al., 2010; Brooks et al., 2019;
Nylin et al., 2018; Torres-Martinez et al., 2021).

The proximate mechanisms explaining these evolutionary
patterns are much less well understood. In the case of insect—
plant dynamics adaptations to deal with plant chemistry is
often assumed to play an important role in constraining host
use (Ehrlich & Raven, 1964; Heidel-Fischer & Vogel, 20135;
Janz, 2011; Speed et al., 2015), and there is evidence that this
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is true in at least some insects (Becerra, 1997; Edger et al.,
2015; van der Linden et al., 2021; Wahlberg, 2001). However,
even in these taxa, it is not clear precisely how plant chemistry
affects ecology and evolution. In order to better understand
the causality behind such dynamics, we need to better under-
stand what it actually means to be genetically “adapted” to
use a specific plant as a resource. Recent genomic studies have
provided much new information, but patterns are idiosyn-
cratic and complex, meaning that generalizations are difficult
to make regarding candidate genes (Chaturvedi et al., 2018;
Vertacnik & Linnen, 2017). This is also true regarding entire
plant-specific transcriptomes—i.e., the reaction norms of dif-
ferentially expressed genes showing how the juvenile insect
responds with phenotypic plasticity to a particular plant and
its chemistry of secondary metabolites (Birnbaum & Abbot,
2020).

The study presented here is based on the hypothesis that
such adaptations can be understood as sets of host plant-de-
pendent modules of co-expressed genes and the correspond-
ing phenotypes. Modularity is an old concept in evolutionary
biology (see e.g., Schlosser & Wagner, 2004; West-Eberhard,
2003). It refers to the universal property of living things that
although the parts of an organism are integrated, there is also
always a degree of discreteness and dissociation among parts,
and some integration within parts; this is in fact the reason
why we can distinguish “traits” of organisms. In the early
stages of the evolution of new modularity, we expect a low
degree of discreteness and much overlap among modules, but
over time selection may result in discrete co-functional mod-
ules (West-Eberhard, 2003). Recently, modularity has again
emerged as a central concept in evolutionary biology, serving
as a unified conceptual framework for genetics, developmen-
tal biology, systems biology, and all kinds of multivariate evo-
lution (Melo et al., 2016; Schlosser & Wagner, 2004; Wagner
et al., 2007), including the evolution of phenotypic plasticity
and environment-specific gene expression (Snell-Rood et al.,
2010). In genetics, the term “module” is most often applied to
small sets of functionally related genes, typically members of
the same biological pathway (Wagner et al., 2007). Here, we
also use it in a broader sense to refer to sets of genes showing
plant-specific expression, since co-expressed traits can poten-
tially “evolve together as a coadapted set” (West-Eberhard,
2003). Such sets will in turn most likely contain smaller
genetic modules related to specific functions and pathways.

Comparative studies of plant-specific gene expression in
insects are still rare, even though they are an important step
toward understanding the ecology and evolution of insect—
plant associations (Birnbaum & Abbot, 2020). We theorize
that ancestral modules of gene expression shared among
related species could contribute to the evolutionary conserva-
tism in insect—plant interactions and provide a possible mech-
anism for phylogenetic recurrence by functioning as a genetic
“memory” of lost host plants (cf. Ho et al., 2020). To inves-
tigate this theory, we here use a comparative gene expression
dataset from larval gut tissue of four related butterfly species
reared on three different plant genera to test the following
specific hypotheses:

1) Transcriptomes from larvae are plant-specific (i.e., shows
broad-sense modularity).

2) Such plant-specific transcriptomes are shared between
related species (i.e., reaction norms are conserved over
evolutionary time).
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3) Plant-specific transcriptomes are evolutionarily con-
served even when the plant is no longer used as a host by
ovipositing females.

4) Plant-specific transcriptomes show evidence of function-
al genetic modules, shared between related species (i.e.,
strict-sense modularity is conserved over evolutionary
time).

The hypotheses were tested using butterflies in the nymph-
alid tribe Nymphalini. Previous research on this tribe has
provided a wealth of information on the ecological and evo-
lutionary dynamics of host utilization (e.g., Celorio-Mancera
et al., 2013; Janz et al., 2001; Nylin, 1988; Nylin et al.,
2015; Weingartner et al., 2006) and inspired the “oscillation
hypothesis” (Janz & Nylin 2008). Notably, a limited set of
plant families seem to be repeatedly colonized by butterflies
in the clade (or never completely lost as hosts), and larvae
of most species can survive and, in some cases, thrive on the
ancestral host (the family Urticaceae and its relatives) even
when it is no longer used by females (Janz et al., 2001; Nylin
et al., 2015). Here, we show that conserved modularity in
phenotypically plastic gene expression has likely facilitated
these observed patterns—in this system as well as other species
associations sharing similar features.

Materials and methods

Study organisms and phylogenetic context

The butterfly tribe Nymphalini (family Nymphalidae, sub-
family Nymphalinae) has the plant family Urticaceae and/
or other “urticalean rosids” (Ulmaceae and Cannabaceae) as
sole hosts for all basal branches in the tribe and this is clearly
the ancestral host association (Janz et al., 2001; Nylin &
Wahlberg, 2008). Phylogenetic reconstructions suggest that
the host repertoire was later widened to include other plant
families such as Salicaceae, Betulaceae, and (in Polygonia)
Grossulariaceae, in most species followed by re-specialization
on the ancestral or novel hosts (Janz et al., 2001; Weingartner
et al., 2006). Figure 1A shows part of the tribe, with the study
species in Nymphalis and Polygonia and some phylogenetic
context. The four species tested here (Figure 1A) were the
following: Eurasian Nympbhalis xanthomelas, a specialist
on Salix; North American Polygonia satyrus, a specialist on
Urtica; Eurasian Polygonia c-album, polyphagous on Urtica
and the related Ulmus and Humulus (“urticalean rosids”)
as well as Salix, Ribes, Betula, and the related Corylus; and
finally its sister species, North American P. faunus, polypha-
gous on Salix, Ribes, Betula, and the related Alnus as well as
Rhododendron, but not using Urtica or other “urticalean ros-
ids” as hosts in the field (Janz et al., 2001; Nylin et al., 2015;
Weingartner et al., 2006).

The divergence between Nymphalis and Polygonia hap-
pened about 9-10 My ago, between P. satyrus and (P. c-al-
bum + P. faunus) about 5 My ago and between the P. c-album
species complex (including the putative species P. extensa, P.
gongga, and P. interposita) and P. faunus about 2 My ago
(Figure 1A; divergence times from Chazot et al. [2021]).

The two polyphagous species P. c-album and P. faunus were
collected and reared for gene expression studies on Urtica
dioica, Salix spp., and Ribes spp. in Stockholm, Sweden and
Edmonton, Canada, respectively. The stinging nettle U. dioica
occurs on both continents and was used at both sites, but for
the other two genera, we used pairs of similar species thought
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Figure 1. Project design. (A) Simplified phylogenetic context (left) for the study species in Nymphalis and Polygonia together with experimental design
and geographical source population (right). Lineages reconstructed by parsimony as specialists on urticalean rosids in gray, Salix specialists in red, Ribes
specialists in blue and polyphagous species in black. Species divergence times (bottom) from Chazot et al. (2021). Note that the ancestral host Urtica is
a non-host for N. xanthomelas and R faunus but viable for growth and could thus be tested. (B) Flowchart of analyses performed on transcriptome data
in order to find plant-specific gene expression and putative host plant-related genetic modules shared among butterfly species. Analytical tools in bold.

to be closely related (S. caprea and S. discolor; R. uva-crispa
and R. oxycanthoides; see also Nylin et al [2015]). P. satyrus
was collected and reared in Edmonton on U. dioica (hatch-
lings did not survive to first molt on Salix or Ribes), and N.
xanthomelas was collected and reared in Stockholm on U.
dioica and S. caprea (hatchlings did not survive to first molt
on Ribes).

The genera Urtica, Salix, and Ribes are quite distantly
related (placed in the orders Rosales, Malpighiales, and
Saxifragales, respectively) and thus can be expected to differ
in plant chemistry. The chemical composition of the species
used here has been studied individually, but unfortunately,
not in a systematic manner allowing for easy comparison.
However, the plants do differ in the chemistry of secondary
metabolites. Known compounds in leaves of U. dioica include
sterols, saponins, coumarins, alkaloids, flavonoles such as
quercetin and rutin (Abdeltawab et al., 2012; Kavtaradze et
al., 2001) and (in the stinging hairs) also, e.g., histamine and
acetylcholine (Hegnauer, 1990). S. caprea (and presumably the
close relative S. discolor) is low in the phenolic glucosides that

characterize some other Salix species and deter many insects,
but have high levels of condensed tannins (Hallgren et al.,
2003). There are also unusual flavonoids such as salicaprene
present, in addition to, e.g., quercetin and rutin (Hegnauer,
1990). Ribes is not used as a host by any other nymphalid
butterflies outside of Polygonia, suggesting that it is challeng-
ing to colonize (Celorio-Mancera et al., 2013). One possible
reason is that leaves contain a rare form of hydroxynitrile glu-
cosides with isoleucine as a precursor, including cyanogenic
glucosides in at least some species, like the two tested here
(Bjarnholt & Moller, 2008; Celorio-Mancera et al., 2013;
Hegnauer, 1990). Also present are more common compounds
such as, e.g., quercetin and kaempferol (Hegnauer, 1990).

Sampling for gene expression

Larvae were reared individually from hatchlings, on cut-
tings of the respective plants. A split-brood design was pos-
sible for those species that could be reared on more than
one plant species. For each of the nine butterfly species x
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plant treatments (Figure 1A), three larvae from three differ-
ent families (7 = 9) were sacrificed in the fourth instar, and
the midgut was dissected out. This is the penultimate instar,
where much of the feeding (in absolute terms) happens, but
before any processes related to pupation are expected to take
place. The peritrophic membrane containing the digested
plant material was removed, and midguts were stored in
RNAlater (Ambion, Austin, TX). Samples were stored at
-80°C until they could be processed. Total RNA was iso-
lated by first homogenizing the midgut tissue in TRIzol (Life
Technologies Corporation, Carlsbad, CA) and later pro-
cessed using the Direct-zol RNA miniprep (Zymoresearch,
Irvine, CA) following the manufacturer’s instructions. The
quality of RNA was verified by gel-based electrophoresis
(Experion, Bio-Rad, Hercules, CA) and the quantity by flu-
orometry (Qubit, Life Technologies Corporation, Carlsbad,
CA).

The RNA from the midgut of individual larvae was
sequenced at the National Genomics Infrastructure (NGI),
Science for Life Laboratory, Stockholm, Sweden. The RNA
libraries constructed with poly-A selection (Illumina TruSeq
Stranded mRNA) were sequenced using paired read length of
2 x 125 bp on a HiSeq2500 platform. Four de novo transcrip-
tomes were assembled, one for each butterfly species, using
Trinity software 2.4.0. (Grabherr et al., 2011). The quality
assessment of the transcriptomes and downstream analyses
such as transcript quantification were performed following
the protocol for using Trinity for de novo transcriptome
assembly (Haas et al., 2013).

We obtained an average of 12 M reads of raw data per
sample. After trimming and aligning the reads in pairs, we
obtained 97%-99% of them represented by each species-spe-
cific transcriptome assembly. We also assessed the transcript
contig length based on the set of transcripts representing
90% of the normalized expression data (E9ONS0). Detailed
statistics of the transcriptomes assembled are summarized in
Supplementary Table S1.

Orthology across butterfly species

In order to be able to assess the degree of similarity of
plant-specific transcriptomes between all four butterfly spe-
cies (enabling a test of Hypotheses 2—4; see a flowchart of
analyses in Figure 1B), it was necessary to determine the
orthology of genes across species. This was done by mak-
ing use of the most closely related butterfly species with a
well-annotated genome, Heliconius melpomene (version
Hmel2; The Heliconius genome consortium, 2012; Davey et
al., 2016). We searched for sequences in the four study-spe-
cies with high similarity to genes in this species, providing us
with a read-count table for genes identified as expressed in all
butterfly—plant pairs.

The method to obtain this dataset used DIAMOND
(Buchfink et al., 20135) to align the transcript sequences to the
non-redundant (CD-hit collapsed) predicted gene set (PGS) of
the H. melpomene genome at the amino acid level (Fu et al.,
2012; Li & Godzik, 2006) available from Lepbase (Challis et
al.,2016). In order to estimate transcript abundance, once the
ortholog set was obtained, we implemented the RNA-Seq by
Expectation-Maximization analysis (Haas et al., 2013). The
CD-Hit collapsed PGS for H. melpomene resulted in 12,607
sequences and out of these 10,923 had orthologues in the
study species. 8,653 genes were expressed in all four study
species and included in the full dataset.
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Patterns of gene expression

Unsupervised multivariate statistical analyses and princi-
pal component analyses (PCA) were applied to the ortho-
log dataset (8,653 genes) using Qlucore Omics Explorer 3.7
(Qlucore, Lund, Sweden). Gene expression count data for
PCA were first filtered to remove genes with very low counts
(<10 in >90% of samples), leaving 7,923 genes. Following the
Qlucore default and recommended pipeline, log-transformed
counts were set to a mean of zero and scaled to unit variance.

Since the number of variables in our study exceeds the
number of samples and have highly correlated functions
and expression patterns, we applied a supervised multivar-
iate analysis to test whether the profiles of gene expression
group according to plant used for rearing (Hypotheses 1-2).
The multivariate analysis consisted of an orthogonal par-
tial least squares (OPLS) method using the package ropls
(v.1.22.1; Thevenot et al., 2015) in R (v. 4.0.5; R_Core_Team,
2018), available via Bioconductor (Huber et al., 2015) and
the BiocManager package. We tested the predictability of our
model with a training set containing the real association of
the plant treatment to each sample. In order to test whether
the predictability of our model was possible just by chance,
we instead used a training set where the association between
sample and plant was randomized. Both tests were cross-val-
idated by using 1,000 iterations.

Differential gene expression among butterfly species and
plant treatments was analyzed using limma + voom (pack-
ages “limma” [Ritchie et al., 2015] and “edgeR” [Robinson
et al., 2010] in R) as implemented in the “extended statistics”
available for the Qlucore program. To reduce the risk of false
positives, we chose a g-value (i.e., p-value adjusted for false
discovery rates) threshold of g < 0.05 for significance in these
analyses.

Gene ontology terms were assigned to the dataset as
described in Celorio-Mancera et al. (2016). Significance of
overlap between genes expressed on the same plant in differ-
ent species (of relevance to test Hypotheses 2—4) was inves-
tigated using the R package GeneOverlap (Shen & Sinai,
2021) or calculated using the phyper function in R, where
the probability of the overlap is given by phyper(q, m, n, k,
lower.tail = FALSE) and q = size of overlap-1, m = number of
upregulated genes in species 1, n = total number of genes in
dataset-m), and k = number of upregulated genes in species 2.
The expected overlap from chance is (m * k)/n.

Co-expressed genes and modularity

We used two methods, fuzzy c-means clustering and WGCNA
gene co-expression analysis (Langfelder & Horvath, 2008), to
further investigate plant-specific co-expression of genes and
putative plant-specific genetic modules (testing Hypothesis 4;
Figure 1B). The two methods are different and complemen-
tary. We used fuzzy c-means clustering to find sets of differ-
entially expressed genes (previously identified with limma
+ voom, see above) with similar expression profiles across
plant treatments. In contrast, WGCNA evaluates normal-
ized counts from all genes to find networks of genes (termed
“modules”) with correlated gene expression across samples,
and only after that “modules” are tested for significant cor-
relation with treatment (or any other variable describing the
samples). The first method is more direct and intuitive, but the
second should be more powerful in finding putative genetic
modules.
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C-means clusters

Clustering of differentially expressed genes across plants was
performed separately for P. c-album and P. faunus. They were
reared on three different plants, leading to a complex pattern
of many small clusters when all genes were included. Since we
were focusing on responses to plant treatments across species,
we decided to reduce the complexity by analyzing only the
set of genes that were differentially expressed according to
plant treatment, in a dataset including only these two species
(limma + voom at q < 0.05; 2,047 genes). The number of
clusters present in the data was determined by SSE cluster-
ing using K-means (Jain & Dubes, 1988). The raw expres-
sion data of the genes were standardized using the variance
stabilizing transformation (vst, DESeq2 package; Love et al.,
2014), and subsequently centered and scaled (scale, edgeR
package; Robinson et al., 2010). This was done in order to be
able to compare between genes and to identify clusters with
similar expression profiles independent of expression levels.
After scaling, the replicates of each sample were averaged
within each gene to one sample mean. These scaled mean
values were used in the cluster estimation and subsequent
clustering. Fuzzy c-means clustering was performed by esti-
mating the “fuzzifier” needed for c-means clustering (Kumar
& Futschik, 2007), and then using the cmeans function of the
R package e1071 (Pal et al., 1996) to estimate “membership”
or the degree to which a genes expression fit with the overall
expression of each cluster. The combination of these methods
allowed for the detection of supported clusters inherent in the
data. Finally, in order to obtain a representative, non-over-
lapping group of genes with similar expression, we filtered
clusters to contain only genes with membership scores > 0.51.
This cutoff was chosen because it ensured that, of all clusters,
this gene belongs most to this particular cluster. We further
explored the potential biological processes of different and
overlapping clusters using GO terms previously assigned to
each gene. GO terms were considered if they appeared two or
more times in a cluster.

Gene co-expression networks

We used the WGCNA R-package (Langfelder & Horvath,
2008) to investigate gene co-expression networks and detect
putative genetic modules in all four butterfly species. The
dataset was filtered to exclude genes where > 90% of sam-
ples had counts < 10, as suggested by the WGCNA FAQ.
The data was subsequently TMM-normalized (edgeR pack-
age) and log-transformed. We chose a soft-clustering power
of 18 as suggested by the authors for signed networks with
< 20 samples. We specified signed networks using biweight
midcorrelation and Pearson correlations as a fallback, per
package recommendations, with a minimum of 30 genes per
module. The same settings were used for all analyses, except
the mergeCutHeight parameter (the threshold for merging of
modules), which was adjusted to produce a similar number
of modules in each species (P. c-album 0.1; P. faunus 0.2; P.
satyrus 0.2; N. xanthomelas 0.3). This was deemed neces-
sary because the number of modules identified by WGCNA
is somewhat arbitrary and dependent on settings as well as
on the exact patterns of correlated gene expression in each
dataset. Choosing the same setting for all species resulted in
one very large module or many very small modules identified
in one or more species, making comparisons between species
impractical. For the species reared on more than one plant,
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we tested for a correlation between module eigenvalues and
plant used for rearing. In the case of P. c-album and P. faunus,
reared on three plants, we performed completely separate
analyses including only data from two plants at a time (Urtica
and Ribes or Urtica and Salix), i.e., with the nominal variable
“plant treatment” coded as a binary trait. The analysis on the
Urtica specialist P. satyrus was performed without the plant
treatment variable, in order to test whether similar modules
still emerge when all data is from the same plant treatment.

The R package GeneOverlap (Shen & Sinai, 2021) was
used to test the significance of gene overlap between different
gene sets. The size of the total gene set for analysis was set to
7,923 for all analyses except for comparing clusters identified
in P. c-album and P. faunus (where only the 2,047 differen-
tially expressed genes in these two species were included);
this is the number of genes expressed in all four species and
excluding genes with consistently low expression as above.

For P. c-album, the 10 genes identified by WGCNA as hav-
ing the highest probability of belonging to each module, as
well as (for significantly plant-associated modules) the 10
genes in each module being most significantly correlated
with the plant variable (in the Urtica vs. Ribes analysis only)
were manually investigated for probable function in the spe-
cific context of the midgut. This was typically done using the
STRING database (Jensen et al., 2009) to find homologs to
the H. melpomene gene in Drosophila melanogaster followed
by scrutiny of the record in FlyBase (Larkin et al., 2021). If
no relatively close homolog in D. melanogaster was found,
the UniProt database (The UniProt Consortium, 2021) was
used to find probable functions of closer homologs in other
species. A few of the H. melpomene genes were not found
in the STRING database. In such cases, the sequence was
downloaded from Lepbase (Challis et al., 2016) and anno-
tated homologs were searched for using the Blastx procedure
at NCBI (Bethesda, MD). The same procedure was followed
for modules in P. faunus and N. xanthomelas, but only for
the two modules most significantly positively and negatively
correlated with the plant variable. For the Urtica specialist P.
satyrus, we used a similar approach to investigate gene func-
tion in two modules (the “Psa_m1” and “Psa_m12” modules)
showing strong gene overlap with the most strongly Urtica-
and Ribes-associated modules, respectively, in P. c-album and
P. faunus.

Results

Gene expression is predicted by species and plant
treatment

We compared gene expression among 81 different samples
(nine treatments with nine replicates each: P. c-album and P.
faunus each x 3 plant treatments; P. satyrus x 1 plant; N.
xanthomelas x 2 plants). Samples clustered in PCA space
both according to butterfly species and plant genus (the lat-
ter supporting Hypothesis 1 and potentially 2-3). This was
seen regardless of whether all 10,923 genes were included
(Supplementary Figure S1A,B), or only genes expressed in all
four species and filtered to exclude genes with consistently
low counts (7,923 genes; Supplementary Figure S1C,D).

A supervised multivariate analysis of the dataset (OPLS)
confirmed that gene expression is significantly predicted by
plant treatment across butterfly species, despite the large spe-
cies effect (Figure 2; supporting Hypothesis 1 and potentially
2-3). The model assigned all Urtica samples correctly to plant
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Figure 2. Plant feeding treatment significantly predicts gene expression profiles in orthogonal partial least squares (OPLS) model. (A) A model using
plant treatment as the explanatory variable and trained using about half of the samples from each plant in the experiment (n = 41) assigned the
remaining samples (n = 40) to the correct plant treatment with 85% accuracy (blue line). This was significantly higher (p < .001) than model predictions
when plant treatment was randomized for each of the test samples (1,000 iterations). (B) Number of samples per plant genus that were used to train
the OPLS model, and number of samples correctly and wrongly assigned by the model.

treatment, but performed less well with in particular Ribes
(used only by two species, and thus not well represented in
the training set). The proportion of plant treatments correctly
assigned by the model using the gene expression dataset
(85%) was much higher than when the model was run on
randomized data (Figure 2; permutation test p < .001).

Plant-specific gene expression is shared between
species

We found a total of 7,578 genes with significantly different
gene expression among butterfly species and 3,553 genes dif-
fering among plant treatments (limma + voom at q < 0.05).
The strongest plant treatment expression differences were
found between Urtica and Ribes in both Polygonia c-album
and P. faunus (limma + voom at g < 0.05; Supplementary
Table S2). Of these genes, many were similarly up or down
regulated in both butterfly species, representing 63.3% and
37.9% of differentially expressed genes in P. c-album and P.
faunus, respectively (Supplementary Figures S2A and S3A).
The overlap between the sets of genes upregulated on either
Urtica or Ribes, respectively, is much higher than expected
from chance (phyper p < .001; Supplementary Table S2). We
note that this similarity in expression is driven by plant treat-
ment (supporting Hypotheses 1-3), as there is in contrast very
low overlap between genes upregulated on different plants
in the two species (Supplementary Figure S2A). However,
the two Polygonia species differed considerably in their gene
expression on Salix (Supplementary Table S2).

Gene expression in Nymphalis xanthomelas showed a
degree of overlap with Polygonia concerning upregulation
on Urtica or Salix (Supplementary Table S2; Supplementary
Figure S2B,C). Many of the significantly upregulated genes
in N. xanthomelas on Urtica (limma + voom at g < 0.05)
were the same as the genes upregulated in one or both of
the two Polygonia species when reared on Urtica (vs. Salix),
in both cases higher than chance would predict (supporting
Hypotheses 2-3; phyper, p < .001; Supplementary Table S2;
Supplementary Figure S2B,C). The overlap between N. xanth-
omelas and P. c-album is however not statistically significant
when it comes to upregulation on Salix, whereas the overlap

with P. faunus is significant (phyper p < .001; Supplementary
Table S2; Supplementary Figure S2B,C).

Shared genes also tended to have the largest fold changes
between plant treatments (Supplementary Figure S3). When
differentially expressed genes were filtered to only the 20 most
upregulated (highest fold change), there was a high degree
of overlap between the two Polygonia species, and also with
N. xanthomelas (supporting Hypotheses 2—-3; Supplementary
Table S3). On Urtica, these shared genes included hemicen-
tin-1; an attacin-like protein; a carboxypeptidase; two pep-
tidoglygan recognition proteins and an antibacterial peptide.
On Ribes (and Salix in the case of N. xanthomelas) a pros-
taglandin reductase-like gene and two facilitated trehalose
transporter tret1-like genes were the most prominently shared
upregulated genes, besides several non-annotated genes
(Supplementary Table S3).

Plant-specific gene expression shows shared
broad-sense modularity

Genes that were differentially expressed among plant treat-
ments were further evaluated using PCAs with individual
genes as data points, revealing distinct and almost mutually
exclusive sets of genes with high or low expression on Urtica,
and the reverse on Ribes, in both P. c-album and P. faunus
(Figure 3). These plant-specific transcriptomes indicate simi-
lar broad-sense genetic modules (sets of co-expressed genes)
in the two species, supporting Hypotheses 2-3. This is less
true for Salix, where gene expression patterns are much less
distinctly clustered in PCA space and overlap with the other
two plant treatments (Figure 3). N. xanthomelas could only be
reared on Urtica and Salix and, similarly to Polygonia, there
was a lack of very distinct clusters of co-expressed plant-spe-
cific genes. However, a tendency for genes with high expres-
sion on Urtica and low expression on Salix can be seen at
negative values of the PC1 axis (Figure 3). Results are similar
when including all genes except consistently low-expressed
genes (Supplementary Figure S4). Finally, P. satyrus could
only be reared on Urtica. It is nonetheless interesting to note
that genes with particularly high expression in this Urtica spe-
cialist (relative to the other species) are again mainly seen at
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Figure 3. Genes clustered by expression on Urtica and Ribes when compared across all butterfly species. PCA plots of the first and second principal
components showing high (in red) or low (in blue) gene expression on the respective plant when larvae were reared on Urtica, Salix and Ribes plants.
Each plot point represents a single gene, and genes showing similar expression patterns (i.e., nearest neighbors in total PCA space, including additional
principal components not visible in this rotation) are joined with lines. Top row with all four study species included; following rows with only data from
Polygonia c-album, R faunus or Nymphalis xanthomelas, respectively. Genes were filtered to those differing significantly by plant treatment, leaving

3,653, 2,355, 2,571, and 975 genes, respectively.

negative values of the PC1 axis, in the shared PCA space of
the “all species” dataset (Supplementary Figure SS5).

To summarize, samples differed between plant treatments in a
similar manner across butterfly species, supporting Hypotheses
2-3.This is well illustrated by plotting the gene expression reac-
tion norms based on the position of each sample on the PC1
axis in the PCA space including all four species. In both general-
ist and specialist species, Urtica samples are consistently found
toward negative values of the PC1 axis (regardless of whether
Urtica is an actual host for the species), Ribes samples more at
the positive end, and Salix samples in between (Figure 4).

Co-expression of genes suggest shared
plant-specific functional modules

Gene clusters

We used two different approaches to search for putative
functional genetic modules involved in adaptation to specific

plants (Hypothesis 4). The first approach involved clustering
of differentially expressed genes according to their expression
levels across plant treatments. Six such clusters were identi-
fied in P. c-album (containing 44-287 genes each) and six in P.
faunus (79-221 genes each; Figure SA and B; Supplementary
Table S4).

In line with results reported above, no cluster shows
clearly specific upregulation on Salix in any of the two
polyphagous Polygonia species (Figure 5A and B). Rather,
there tends to be intermediate expression on this plant for
all genes, or upregulation on both Salix and another plant.
Overlooking Salix for simplicity, in P. c-album, there are
two clusters with genes upregulated on Urtica (referred to
below as “Urtica up”) and four clusters with genes upregu-
lated on Ribes (“Ribes up”; Figure SA and C). In P. faunus,
there are four “Urtica up” clusters and two “Ribes up” clus-
ters (Figure 5B and C).
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Figure 4. (A) PCA plot of all samples, based on the gene expression dataset filtered to 3,553 genes that were differentially expressed according to plant
treatment, showing how samples from the same plant treatment tended to cluster across butterfly species. (B) Reaction norms for gene expression
according to plant treatment (position of each sample on the PC1 axis of Figure 4A; error bars show 95% confidence intervals around the means) in
larvae of the butterfly species Polygonia c-album, P faunus, P satyrus, and Nymphalis xanthomelas when reared on the plants Urtica dioica, Salix spp.,

or Ribes spp. Not all species could be reared on all plants.
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Figure 5. Patterns of gene expression in Polygonia c-album and P, faunus across three plant treatments. (A,B) Clusters of co-expressed genes across
the plant treatments Urtica, Salix and Ribes in (A) R c-album and (B) R faunus. Lines represent individual genes and darker lines indicate stronger
membership in the cluster. (C) Statistical significance of overlap between the gene clusters identified in P c-album and P faunus, out of 2,047 total
differentially expressed genes in these two species. Darker green background indicates higher odds ratios. Tiles are labeled with p-values (Fisher's
exact test, Benjamini-Hochberg correction for multiple comparisons, p > .05 labeled as n.s.). Clusters are labeled by row and column, and according to
whether they show more upregulation on Urtica or Ribes. Clusters with significant overlap all show similar patterns of upregulation on Urtica or Ribes.

Notably, we found that the sets of genes in P. c-album
and P. faunus clusters overlapped significantly in gene iden-
tity only when the clusters showed the same plant-specificity
(supporting Hypotheses 2-3 and potentially 4; i.e., “Urtica
up” or “Ribes up” in both species; see Figure 5C). Several of
the “Urtica up” clusters in these two Polygonia species also
overlapped significantly with the set of genes upregulated on
Urtica in N. xanthomelas, whereas all “Ribes up” clusters in
Polygonia overlapped with genes upregulated on Salix in N.
xanthomelas (Supplementary Figure S6). It is thus of inter-
est to further characterize the biological processes associated

with these gene sets (Supplementary Table S5). All “Urtica
up” clusters in both polyphagous Polygonia species had a
high frequency of genes associated with the biological process
“regulation of transcription, DNA-dependent.” Other com-
monly shared GO terms between “Urtica up” clusters in P.
c-album and P. faunus included “regulation of GTPase activ-
ity,” “mRNA splicing, via spliceosome,” “microtubule-based
movement,” “intracellular signal transduction,” “protein
ubiquitination,” and “serine family amino acid metabolic pro-
cess.” Genes in the “Ribes up” clusters most commonly shared
the processes “oxidation-reduction process,” “ribosome
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in N. xanthomelas primarily shared genes with the most Urtica-correlated modules in both Polygonia species, while modules correlated with Salix
(blue) shared genes with Ribes-correlated modules. Modules are ordered from strongest correlation with upregulation on Urtica at the top to most
upregulation on the alternative plant at the bottom. Nonsignificant correlations are colored in light gray. Overlaps of gene sets were calculated using
Fisher's exact tests implemented in GeneOverlap and are represented by gray bars connecting labeled modules. Bar width scales with the number of
shared genes and darker colors indicate more significant overlaps. Nonsignificant overlaps are not shown.
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biogenesis,” “transmembrane transport,” “transport,” “pro-
ton transport,” and “protein folding.” Other processes were
not as generally shared, but more characterized single clusters
in both species, suggestive of more strict-sense modularity
(Hypothesis 4). The clearest example is “ATP hydrolysis cou-
pled proton transport” (high frequencies in the highly over-
lapping clusters Pca_c6 and Pfa_c3 but rare or absent in the
other “Ribes up” clusters).

Regarding differentially expressed genes according to plant
treatment in N. xanthomelas, similarly to Polygonia, the term
“regulation of transcription, DNA-dependent” was more
common among the “Urtica up” genes, and “oxidation-re-
duction process,” “ribosome biogenesis,” “transmembrane
transport,” “proton transport,” and “protein folding” were
more common among upregulated genes in the “alternative
host” (Salix) treatment (Supplementary Table S5).

Gene co-expression networks

The second approach to gene co-expression was to use the
WGCNA R package to find networks of genes with cor-
related expression patterns, termed “modules” in the package
(putative functional genetic modules in the sense of the pres-
ent paper). With the settings employed 13 such modules were
identified in P. c-album, 14 in P. faunus, 15 in N. xanthomelas,
and 12 in P. satyrus. Four of the modules in P. c-album, totaling
5,615 genes, were significantly negatively correlated with the
plant treatment variable (i.e., upregulated on Urtica; Figure
6A) and five were significantly positively correlated (i.e.,
upregulated on Ribes; 542 genes). In P. faunus, four modules
were significantly upregulated on Urtica (4,740 genes) while
only one module was significantly associated with Ribes (344
genes; Figure 6A). Significantly plant-correlated modules in
the two species showed strong gene identity overlap when the
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same plant treatment was involved, less when the plant treat-
ments differed (supporting Hypotheses 2—4). This is depicted
graphically in Figure 6A, with details given in Supplementary
Figure S7. Considering only modules significantly correlated
with upregulation on a given plant in one of these two species,
and only modules showing significant gene overlap with such
a module in the other species, the same plant treatment was
generally involved (11 out of 14 cases; Supplementary Figure
S7). Moreover, all three exceptions involved the Pfa_m4 mod-
ule in P. faunus, the module showing the weakest (significant)
correlation with Urtica up-regulation. The single significant
“Ribes up” module in P. faunus (Pfa_m14) shows significant
gene overlap with all of the five “Ribes up” modules in P. c-al-
bum (Supplementary Figure S7 and cf. Figure 6A).

For N. xanthomelas, there was significant overlap between
several of the “Urtica up” modules in N. xanthomelas and
Urtica-correlated modules in the two Polygonia species,
as well as some overlaps conflicting with plant treatments
(Supplementary Figure S8 and cf. Figure 6B). The module
most correlated with upregulation in the alternative plant
treatment (here Salix; Nxa_m15 module) shows significant
gene overlap with most of the Ribes-associated modules in
the two Polygonia species (Supplementary Figure S8 and cf.
Figure 6B). Setting the “alternative plant” to Salix, rather
than Ribes, for module detection and plant treatment cor-
relations also in the two Polygonia species shows much less
overlap between plant-specific modules in the three species
(Supplementary Figures S9 and S10). This is consistent with
gene expression on Salix being intermediate to expression on
the other two plants in Polygonia (cf. Figures 3 and 4).

Polygonia satyrus was only reared on Urtica, and similar
plant treatment correlations thus cannot be formally tested.
However, it is interesting to note that the major Urtica-
correlated modules in P. c-album (Pca_m2, Pca_m4) and P.
faunus (Pfa_m1, Pfa_m2), for both species show strong and
significant gene overlap with the same P. satyrus module
(Psa_m1; Supplementary Figure S11). Similarly, the Ribes-
correlated modules in the two polyphagous species show
significant gene overlap with the same modules in P. satyrus
(in particular Psa_m12; Supplementary Figure S11 and cf.
Supplementary Figure $12). Other modules in P. c-album and
P. faunus that overlap strongly with each other also typically
overlap with the same module in P. satyrus (Supplementary
Figure S11 and cf. Supplementary Figure S12). This suggests
that similar gene networks are present also in the separate
analysis of the specialist, meaning that they are not a product
of including two plant treatments in the data for WGCNA
analysis but rather may be related to actual functional gene
modules shared among these related butterflies (supporting
Hypothesis 4).

Gene modularity
Comparing the gene clusters found in P. c-album and P. fau-
nus, and the plant-specific differentially expressed genes in N.
xanthomelas, with the WGCNA “modules” (i.e., gene co-ex-
pression networks) confirms that these plant-specific gene sets
overlap significantly (Fisher’s exact test) with the gene sets
in the corresponding plant-specific modules both within and
across species (supporting Hypotheses 2—4; Supplementary
Figures S13 and S14). This was true especially for the modules
most strongly correlated to upregulation in a plant treatment.
Thus, the biological processes described above for genes in
the clusters should also broadly apply to the gene modules.

de la Paz Celorio-Mancera et al.

This is supported by a closer manual inspection of the genes
with the highest scores for membership in the module or
highest correlation to the host variable (Supplementary Table
S6A-D). First, the main Urtica-correlated modules in P. c-al-
bum and P. faunus are both characterized by genes with the
biological functions found for the “Urtica up” clusters (see
above), in particular regulation of transcription and mRNA
splicing (Supplementary Table S6A-B). They are also to some
extent characterized by defense/immune functions. The single
significant Ribes-correlated module in P. faunus (Pfa_m14)
is characterized by genes with functions related to respira-
tion and stress responses (Supplementary Table S6B), but the
module clearly also contains many genes related to metabo-
lism, transport, and translation/ribosome biogenesis, overall
similar to functions found above for the “Ribes up” clusters.
The evidence for this is the significant gene overlap with all
five Ribes-correlated modules in P. c-album where these func-
tions are seen in the inspected genes (Supplementary Figure
S7; Supplementary Table S6A and below).

There are some finer details on gene modularity which
are not captured by these broad patterns of plant-specificity.
First, not all Urtica-correlated or Ribes-correlated modules
are characterized by the same gene functions. This is particu-
larly true for the five Ribes-correlated modules in P. c-album.
Whereas three of the modules are similar in containing top
genes related to metabolism, respiration, and transport, one
(Pca_m11) is strongly characterized by ribosome biosynthesis
and another (Pca_m12) by genes coding for vacuolar ATPase
subunits (Supplementary Table S6A). These patterns are also
reflected by similar modularity in the other two butterfly spe-
cies. For instance, Pca_m11 in P. c-album overlaps strongly
with Nxa_m9 of N. xanthomelas and with Psa_m9 of P.
satyrus (Supplementary Figures S8A and S11A).

Other putative functional modules do not align with the
broad plant specificity of gene expression shared among but-
terfly species. One clear example is the Pca_m1 module in P.
c-album, which is the one most strongly correlated with Urtica
in this species. We tentatively interpret this module as related
to the development and function of the visceral muscles of the
midgut (Supplementary Table S6). It shows strong gene over-
lap with Pfa_mé6 in P. faunus and Nxa_m11 in N. xanthomelas
(none of which is significantly correlated to plant treatment)
as well as with Psa_m3 in P. satyrus (Supplementary Figures
S7,S8A, S11A and cf. Figure 6; Supplementary Figure S12).

Finally, as noted above genes with defense functions are
seen in many “Urtica up” clusters and Urtica-correlated net-
works, and are also among the very most upregulated genes
on this plant. None of the analysis methods well captures a
strict-sense functional module related to defense, but this may
rather be a shortcoming of the methods. After all, among the
genes observed to be upregulated are several actors in the
defense-related Toll pathway (Valanne et al., 2011), such as
peptidoglycan recognition proteins, Toll-activating genes, and
several antibacterial peptides.

Discussion

Going back to the hypotheses outlined in the Introduction,
we found evidence of plant-specific transcriptome plas-
ticity (broad-sense modularity; Hypothesis 1), presumably
largely because of differences in plant chemistry among the
distantly related plants used as food treatments. The plas-
tic responses were to a large extent shared among related
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butterfly species (Hypothesis 2), and this was true even for
species where the plant in question is no longer a host in the
wild (Hypothesis 3). We also found some evidence of shared
strict-sense genetic modules in response to plant treatments
(Hypothesis 4).

We found distinctive non-overlapping modules for Urtica
and Ribes gene expression, but not in the case of Salix. This
result is not compatible with a simple positive correlation
between time since colonization and degree of modularity,
since of the three hosts Ribes is the one most recently colo-
nized (Celorio-Mancera et al., 2013; Gamberale-Stille et al.,
2019). However, even the first colonization of Ribes appar-
ently happened several millions of years ago, as Ribes is used
as a host by several species of Polygonia in separate clades,
although not by other nymphalid butterflies (cf. Gamberale-
Stille et al., 2019; dating from Chazot et al. [2021]). Thus,
there has been plenty of time to evolve host-specific modular-
ity in all of the cases explored here.

The shared responses among species mean that these
plastic responses to specific plants have been evolutionarily
conserved at least to some extent over millions of years. It is
striking that this similarity in responses was robust enough
to be observed in both specialists and generalist butterflies,
and even though rearings were performed in two different
labs in Sweden and Canada, at different temperatures, and
for two of the plant treatments using congeneric plants rather
than the exact same species. Moreover, the similar transcrip-
tomes on Urtica dioica were seen even in two butterfly species
that no longer use this ancestral host in the field (P. faunus
and N. xanthomelas). Alternative predictions could well have
been that in these two species the evolved response to Urtica
would have been lost to drift and mutation, or perhaps that
this non-host would elicit a generalized stress response or a
universal genetic mechanism for coping with novel or subop-
timal plants (Celorio-Mancera et al., 2016; Mathieu-Bégné et
al., 2022). In any case, this would have been a response very
different from that observed in the two species for which it
is the preferred host. Instead, we observed shared plant-spe-
cific patterns of gene expression in all four species, providing
a possible mechanism for relatively easy re-colonization of
Urtica or relatives, particularly in P. faunus, where hatchlings
have been shown to readily accept Urtica as a resource in the
laboratory (Nylin et al., 2015).

It has been a long-standing enigma how phytophagous
insects and other organisms with symbiotic lifestyles evi-
dently can retain a repertoire of hosts over long evolutionary
time spans, on occasion losing them as actual hosts but still
keeping them as potential hosts that can be re-colonized at
a later time. This ability can be seen in establishment tests
with juveniles on non-hosts (Janz et al., 2001; Larose et al.,
2019; Lehnert & Scriber, 2012; Nylin et al., 20135; Scriber et
al., 2008). In phylogenetic reconstructions, it is reflected by
shifts back to ancestral hosts, and/or repeated colonizations,
losses and recolonizations of the same limited set of host taxa
(e.g., Agosta & Klemens, 2009; Janz et al., 2001; Nylin &
Wahlberg, 2008; Nyman et al., 2019; Stigenberg et al., 2015;
Weingartner et al., 2006; Wilcox et al., 2021). The shared
broad-sense modularity in gene expression among related
species shown here could potentially explain both phyloge-
netic conservatism in host use and phylogenetic recurrence
of hosts.

It should be noted that our analysis is restricted to genes with
identified orthologues across all four species. Furthermore,
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larvae were reared on the same plant from hatchling until
they were sacrificed in the fourth instar, meaning that the
responses would have included any downstream effects of
the host affecting growth and development, not only direct
responses to plant chemistry. This means that the observed
patterns of gene expression are not likely to be due to genes
with highly plant-specific functions, including members of
important rapidly evolving gene families such as detoxifying
cytochrome p450s (Calla et al., 2017; Scott & Wen, 2001) or
chemosensory genes (Briscoe et al., 2013). The reported tran-
scriptomes rather reflect how the overall conserved genetic
“machinery” is affected by exposure of juveniles to a partic-
ular plant resource, changing gene expression in an attempt
to sustain homeostasis (Petre et al., 2020). This is in line with
recent findings that host plant adaptation is likely to involve
many different genes and pathways (Celorio-Mancera et
al., 2013; Chaturvedi et al., 2018). Similarly, transcriptomic
adjustments involving core functions such as cellular machin-
ery or energetic metabolism permit host shifts in a crustacean
ectoparasite on fish (Mathieu-Bégné et al., 2022).

While the aforementioned caveats are important, they do
not take away from the fact that the ability to respond sim-
ilarly—and presumably adaptively—to a particular plant
resource seems to be conserved among related species and
remain long after it has been lost as an actual host, provided
that the insect lineage had enough time to evolve the modular
response in the first place (Hypotheses 2-3). Rather, the nature
of the dataset suggests an explanation for how plant-specific
modules of gene expression can be kept even when juveniles
are no longer exposed to the host. Modularity may help
adaptive plasticity to evolve but do not as such prevent these
genetic adaptations from being lost to mutation accumulation
(Snell-Rood et al.,2010). However, although genes with highly
plant-specific functions might, under such circumstances, be
lost (Edger et al., 20135), core genes with multiple functions
would be likely to remain, and evolving modularity can facil-
itate such co-option of existing gene activity (Espinosa-Soto
& Wagner, 2010). The situation would then be an additional
example of when adaptive reaction norms are conserved over
long time spans so that the appropriate phenotypes can be
expressed via an upstream developmental switch according
to the environment. Well-known examples of such develop-
mental plasticity shared across species in a clade—but not
always expressed in a given species—include temperature-de-
pendent sex determination in reptiles (Merchant-Larios &
Diaz-Hernandez, 2013), temperature- and/or photoperiod-de-
pendent seasonal forms in butterflies (Nylin et al., 2005; van
Bergen et al., 2017), and nutrition-dependent determination
of caste in social insects (West-Eberhard, 2003; Maleszka,
2008; Rajakumar et al., 2012; West-see also Lafuente and
Beldade [2019] for a review).

One relevant question is to what extent plant-specific tran-
scriptomes are analogous to the developmental plasticity in
the literature cited above, which mainly concerns morpho-
logical phenotypes (albeit with a physiological background).
This was discussed by Nylin and Janz (2009), who argued
that the multivariate nature of host plant utilization certainly
makes for a more complex phenotype, but that this rather
increases the scope for plasticity and developmental switches
since single genes will rarely if ever determine host use (cf.
Chaturvedi et al., 2018). Similarly, the concept of modularity
in biology was originally applied to morphological traits but
has been extended to functional traits such as protein—protein
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interactions and gene regulation (Wagner et al., 2007).
Indeed, West-Eberhard (2003) defines a modular trait as any
subunit of the phenotype determined by a decision point in
development, whether the endpoint is morphology, physiol-
ogy, or behavior, and it would seem likely that such decision
points are involved in shaping plant-specific transcriptomes.

We found not only a tight correlation of gene expression
patterns in PCA space across species at least on Urtica and
Ribes but also that many of the exact same genes are strongly
upregulated on a given plant. This is a strong indication that
not only broad-sense modularity is involved, but that genetic
modules in the stricter sense are switched on or off depend-
ing on the plant resource (Hypothesis 4). Identification and
description of these modules is mostly beyond the scope of
the present manuscript. This is due not the least to the lim-
itations of the dataset, which is from a single time-point and
tissue and thus cannot distinguish between up- and down-
stream patterns. It is possible that a few high-level regula-
tory factors could act as “developmental switches” driving
the plastic responses, but this cannot be determined from the
present data.

It, however, seems clear that one or more of the genetic mod-
ules upregulated on Urtica is involved in the regulation of tran-
scription, mRNA splicing, and development, whereas modules
upregulated on alternative plant resources (Salix or Ribes) are
more related to metabolism, detoxification, stress responses,
and respiration. The consistency of the latter responses across
species is somewhat unexpected given that these “alternative
hosts” are the preferred hosts (over Urtica) in two of the spe-
cies. It is, however, in agreement with the interpretation that
no strong barrier to feeding on the ancestral host has evolved,
whereas Salix and Ribes do present some challenges as a diet,
for all of the species. We also found evidence that modules
involved in defense against microorganisms are upregulated
on Urtica, a pattern also found in other comparative tran-
scriptome studies (Hou et al., 2021; Petre et al., 2020). Since
Urtica is a shared host with several other related butterflies,
sharing also pathogens, it may well be an environment where
infection risk is high. In contrast, a prostaglandin reductase is
strongly upregulated in the other plant treatments, which may
serve to dampen the immune response (Knight, 2020). It is not
clear whether the upregulation of defense genes on Urtica is a
direct response to the presence of pathogens or an example of
immune anticipation (Zhong et al., 2013).

We posit that the distinct and opposing patterns of gene
expression on Urtica and Ribes in P. c-album and P. faunus
(see also Celorio-Mancera et al., 2013) suggest alternative
developmental pathways being followed by larvae reared on
the respective plants. It is tempting to further speculate that
this may result in trade-offs preventing optimal use of both
plants as hosts, which could be a factor in explaining why
only one nymphalid species (P. c-album) normally use both
plants as hosts. One clade of Polygonia species in the Nearctic
has shifted more or less completely to Ribes (Figure 1A), at
least in some species even to the extent that they no longer are
able to feed on Urtica (Janz et al.,2001). In contrast, the weak
modularity seen on Salix, and the high degree of overlap with
gene expression on Urtica and Ribes, indicates that Salix
may have functioned as an evolutionary “bridge” among the
hosts of Polygonia butterflies, from the ancestral Urtica and
relatives, over Salix, to the more challenging Ribes. Selection
experiments to test this trade-off hypothesis are currently
being carried out.

de la Paz Celorio-Mancera et al.

In conclusion, the study of plant-specific modularity in gene
expression shows great promise as a tool in explaining insect—
plant association evolutionary dynamics, and by extension
other symbiotic species associations. Genetic adaptation to
a host may be best understood not in terms of single genes
but as having evolved genetic modules of co-expressed genes
capable of dealing well with the plant as a resource, after an
initial period where it can be used only poorly, as a byproduct
of existing adaptations. In other words, initial colonization
of a novel host happens through “ecological fitting” (Janzen,
1985) without genetic change; such change comes later as a
result of selection for improved performance. If the new host
is retained in the actual repertoire for long enough, this may
result in a suite of functional genetic modules adapted “for”
feeding on this particular host. Conserved modules of this
kind may help explain the host plant “memory” of larvae that
allow recurrence of ancestral host use, and strongly opposing
modularity may indicate a degree of incompatibility among
plant resources resulting in trade-offs, with evolutionary con-
sequences for the likelihood of colonizations and host shifts.
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