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Abstract

That hardcoded genomes can manifest as plastic phenotypes responding to environ-
mental perturbations is a fascinating feature of living organisms. How such develop-
mental plasticity is regulated at the molecular level is beginning to be uncovered aided
by the development of -omic techniques. Here, we compare the transcriptome-wide
responses of two species of spadefoot toads with differing capacity for developmen-
tal acceleration of their larvae in the face of a shared environmental risk: pond drying.
By comparing gene expression profiles over time and performing cross-species net-
work analyses, we identified orthologues and functional gene pathways whose envi-
ronmental sensitivity in expression have diverged between species. Genes related to
lipid, cholesterol and steroid biosynthesis and metabolism make up most of a module
of genes environmentally responsive in one species, but canalized in the other. The
evolutionary changes in the regulation of the genes identified through these analyses

may have been key in the genetic accommodation of developmental plasticity in this

system.
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1 | INTRODUCTION

Adaptive phenotypic plasticity is a common feature of biological
organisms that allows a given genotype to appropriately express
alternative phenotypes under different environmental conditions
(Schlichting & Pigliucci, 1998; West-Eberhard, 2003). The genetic
regulation of such plasticity can diverge under selection in contrast-
ing environments, resulting in evolved differences across lineages in
their degree of responsiveness to environmental variation (Casasa
& Moczek, 2018; Schlichting & Wund, 2014; West-Eberhard, 2003).

Environmental heterogeneity is the norm in nature, and devel-
opmental processes can either be responsive or resistant to such
environmental fluctuations. The evolution of developmental re-

sponses to environmental factors therefore must vary along this

network analysis, Pelobates cultripes, RNA-Seq, Scaphiopus couchii, WGCNA

gradient between plasticity and robustness (Lafuente & Beldade,
2019; Schwab et al., 2019). Adaptive plasticity evolves readily in
organisms exposed to environmental heterogeneity given reliable
cues to assess the environment, capitalizing on the modularity of
development (Londe et al., 2015; Moczek, 2010) and its underlying
regulatory gene networks (Projecto-Garcia et al., 2019; Schneider
et al., 2014; Snell-Rood et al., 2009). During transitional phases to a
novel or different environment, plasticity increases the viability and
persistence of populations, contributing to the maintenance of ge-
netic variability due to both simple demographic effects and to the
shielding of genotypic variants from selection (Draghi & Whitlock,
2012; Gomez-Mestre & Jovani, 2013). If different plastic lineages
(species or populations) experience consistently divergent environ-

mental conditions, they can evolve differences in the environmental

Molecular Ecology. 2021;00:1-15.

wileyonlinelibrary.com/journal/mec

© 2021 John Wiley & Sons Ltd 1


www.wileyonlinelibrary.com/journal/mec
mailto:﻿
https://orcid.org/0000-0003-0094-8195
mailto:igmestre@ebd.csic.es
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmec.15883&domain=pdf&date_stamp=2021-04-02

LIEDTKE ET AL.

VPRS0 FCULAR FCOLOGY

sensitivity of the regulation of adaptive traits (i.e., experience ge-
netic accommodation; West-Eberhard, 2003). Trait plasticity can
therefore increase or decrease, and even be lost if organisms are
exposed to stable environments for long enough (Kulkarni et al.,
2011; Pigliucci et al., 2006; Suzuki & Nijhout, 2006). Such reduction
in environmental sensitivity and increased developmental robust-
ness may be achieved through a variety of mechanisms (Lafuente
& Beldade, 2019), such as redundancy in gene enhancers (Frankel
et al., 2010) and regulatory microRNAs (Brenner et al., 2010).

Environmentally induced changes in development often result
from environmentally induced changes in gene expression (Beldade
et al., 2011; Lafuente & Beldade, 2019). Consequently, a promising
approach to the study of genetic accommodation is to compare the
environmental sensitivity in gene expression of species or popu-
lations with divergent responses to standardized environmental
changes i.e., their transcriptomic reaction norms. By characterizing
the networks of coexpressed genes in each species and their re-
sponses to standardized environmental stimuli, we could compare
the transcriptomic sensitivity to environmental conditions in the
different lineages (Casasa et al., 2020), and identify modules within
networks of orthologous genes associated with differences in plas-
ticity across lineages.

Ancestral plasticity in developmental rate in spadefoot toad lar-
vae has evolved into genetically accommodated differences among
species in their developmental sensitivity to pond drying (Gomez-
Mestre & Buchholz, 2006; Kulkarni et al., 2017). Pelobatoid frogs
encompass the largest differences in developmental rate within an-
uran amphibians. At the two ends of this spectrum are the Western
spadefoot toad (Pelobates cultripes) and Couch's spadefoot toad
(Scaphiopus couchii). In benign conditions of high-water levels and
food abundance, P. cultripes larvae develop slowly and attain large
sizes at metamorphosis, although they are capable of accelerating
their development upon detection of a reduction in water level,
shortening their larval period by as much as 40%. This environmen-
tal sensitivity is controlled by the hypothalamic-pituitary-thyroid
(HPT) and the hypothalamic-pituitary-inter-renal (HPI) axes (Denver
et al., 2002), which regulate developmental acceleration by increas-
ing thyroid hormone and corticosterone levels, expression of thyroid
hormone receptors and metabolic rate (Gomez-Mestre et al., 2013;
Kulkarni et al., 2017). However, developmental acceleration comes
at the expense of reduced size at metamorphosis, consumption of
their fat bodies and increased oxidative stress (Gomez-Mestre et al.,
2013; Kulkarni et al., 2011, 2017). In comparison, S. couchii tadpoles
have greatly reduced the ancestral plasticity and have evolved an
overall faster developmental rate (the fastest known in anurans;
Buchholz & Hayes, 2002), and accordingly, show a constitutively
higher metabolic rate and base levels of thyroid hormone and corti-
costerone compared to P. cultripes (Kulkarni et al., 2017). Still unclear
however, is how these accommodated changes in developmental
plasticity across species are reflected at the transcriptomic level.

Under the null hypothesis that tadpoles of both species show at
least some sensitivity to ponds drying out, a reduction in water level
will trigger the HPT and HPI axes to accelerate development. Gene

expression in S. couchii is expected to experience greater differences
over the same absolute time because development proceeds at a
faster pace than in P. cultripes. Alternatively, because greater plas-
ticity is expected to be the result of greater differential gene expres-
sion (e.g., Casasa et al., 2020), we also hypothesize that P. cultripes,
with its significantly greater developmental plasticity, will experience
accordingly greater changes in differential gene expression between
normally developing and induced, fast developing tadpoles. Taking
advantage of recently published de novo transcriptomes of P. cul-
tripes and S. couchii (Liedtke et al., 2019), we test these hypotheses
by performing RNA-Seq experiments in which we exposed tadpoles
of both species to simulated pond drying at the same developmental
stage and compare their gene expression profiles over multiple time

points to control tadpoles reared in constant water levels.

2 | MATERIALS AND METHODS

2.1 | Experimental design and transcriptome
assembly

Sample collection, transcriptome sequencing and de novo assembly
are detailed in Liedtke et al. (2019) and published as part of the NCBI
BioProject PRINA490256. In brief, we individually raised tadpoles
from single clutches (i.e., siblings) of P. cultripes and S. couchii in 3 L
aquaria (water column = 18.5 cm) under laboratory conditions until
theyreachedastage at which developmental responses to water level
reduction are maximum in these species (Gosner stage 35; Gosner,
1960; Kulkarni et al., 2011). At this point, we dropped the water
level of half the tadpoles from each species to 675 ml (4 cm) to trig-
ger developmental acceleration. We very briefly removed tadpoles
from their containers to extract the water, also manipulating in the
same way tadpoles remaining in the constant water treatment. After
that, tadpoles in the constant water treatment of both species were
maintained for 24 h. We maintained P. cultripes tadpoles in reduced
water for a period of 24, 48 or 72 h, and S. couchii tadpoles for 24 or
48 h. Scaphiopus couchii develops so quickly that we did not include
a 72 h time point in our RNA-Seq analysis because development may
have progressed within that timeframe. Within the timeframe used,
however, we did not observe advancement in developmental stage
for either species, and the comparison was therefore stage-matched
(at Gonser 35). This experimental procedure follows Gomez-Mestre
et al. (2013) and elicits accelerated development in these species,
even if the response of S. couchii is much less pronounced than that
of P. cultripes (Kulkarni et al., 2011, 2017). At the end of each time
period, and after 24 h for the controls, we euthanized three tadpoles
per species, eviscerated and homogenized them for total RNA ex-
traction. We extracted RNA using a Trizol extraction method fol-
lowing the manufacturer's protocol (Invitrogen), and sequenced 21
TruSeq libraries using a HiSeq2000 (lllumina) sequencer in paired
end mode with the read length 2 x 76 bp, generating on average
38 million paired-end reads per library. We assembled de novo tran-
scriptomes for both species, based on 12 libraries for each species,
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using the Trinity pipeline (Haas et al., 2013), annotating them with
Trinotate (https://trinotate.github.io/).

2.2 | Transcript abundance and differential
gene expression

A schematic representation of the bioinformatic workflow and analyti-
cal procedures followed in this study is shown in Supporting Information
1. We estimated transcript abundance using kaLListo vO4.3.1 (Bray et al.,
2016) at the Trinity “gene” level and we explored clustering of individu-
als by treatment using a principal component analysis on the standard-
ized counts (log 2 counts per million). We used epcer v3.26.6 (McCarthy
et al,, 2012) to identify differentially expressed transcripts for across
all possible combinations of pairwise comparisons of treatment group
per species (a total of six comparisons for P. cultripes and three for
S. couchii). Each group consisted of three biological replicates, and we
deemed genes with a false discovery rate of g < 0.05 and absolute log
fold change >2 as significantly differentially expressed.

To identify genes that show correlated expression patterns over
time, we singled out genes that were differentially expressed for at
least one pairwise comparison and performed a clustering analysis
on their standardized expression values across all treatments. We
normalised the count data for these genes using the trimmed mean
of M-values (TMM) method in ebcer and averaged across replicates
to obtain mean expression per treatment. Subsequently, we stan-
dardized expression values per treatment to have mean =0, SD = 1
and clustered using the soft clustering in Mruzz v2.44.0 (Kumar &
Futschik, 2007). We set the fuzzification parameter to 1.8 and deter-
mined the number of clusters by graphically exploring the minimum
centroid distance between a range of cluster numbers, choosing as
cutoff the number of clusters above which this distance was no lon-
ger substantially reduced. We then assigned genes to clusters based
on their maximum membership probability.

We performed functional enrichment analyses using g:Profiler
(R package cproriLER2 v0.1.5; Raudvere et al., 2019) on differentially
expressed genes at each time point compared to the high water
control. For this enrichment analysis, we used transcriptome anno-
tations based on the Xenopus tropicalis proteome as the background
domain and differentially expressed genes per pairwise comparison
as the query (see Liedtke et al., 2019). We used the gSCS correction
algorithm of g:Profiler to correct for multiple testing and included
the following ontologies and pathway databases: GO-Biological
Processes, GO-Cellular Component, GO-Molecular Function, KEGG

and reacToME databases (versions e94_egd1_p11).

2.3 | Coexpression analysis
- orthologue assignment

We identified orthologues between P. cultripes and S. couchii using the
HaMStR pipeline (Ebersberger et al., 2009). HaMStR compares query se-
quences (based on open reading frames: ORFs) with reference proteins

from curated databases and profile hidden Markov models (pHMMs) de-
rived from alignments of reference proteins. Orthologues are identified
when there is reciprocity between query sequence, reference protein
and pHMM. We downloaded our reference proteins from orTHoDB V.9
(Kriventseva et al., 2007 accessed 28/03/2018). As only one amphibian
species was available from ortHoDB (the western clawed frog, X. tropica-
lis), we completed our reference protein database with two reptile species
(the Chinese softshell turtle Pelodiscus sinensis and the American Alligator
Alligator mississippiensis) and the West Indian Ocean coelacanth Latimeria
chalumnae. We aligned reference protein sequences using PrRANK v.170427
(Loytynoja, 2014), and created the pHMMs using HMMER v.3.1b2 (Zhang &
Wood, 2003). HaMStR uses hmmsearch to match query sequences with
pHMMs and then BLASTP to compare query sequences to the original
reference proteins from X. tropicalis. Query sequences for which the top
scoring X. tropicalis BLASTP hit also contributed to the pHMM hit passed
the reciprocity test and were added to a list of target species orthologues.

When multiple orthologues matched a single ORF, we removed
the hits based on: (i) the taxonomic specificity of the reference pro-
tein (tetrapod proteins took precedence over metazoan proteins); (ii)
whether the ORF was the most representative hit (if an ORF was
the best hit for one orthologue, but not for one or more other or-
thologues, we removed it in these other cases); and (iii) E-values, in
cases where an ORF was the best hit for more than one orthologue,
or in cases where it was never the best hit.

2.4 | Coexpression analysis - network analysis

We normalised transcript count data (Trinity “isoform” level) for
each species separately using the trimmed mean of M-values (TMM)
method in ebcer and extracted counts per million (cpm) values.
When a transcript contained more than one ORF for which there
was a matching orthologue, we divided cpm values by the number
of ORFs contained within that transcript. We then matched these
adjusted cpm values to their respective orthologue. In many cases
an orthologue was represented by multiple isoforms. In these cases,
we averaged cpm values across isoforms to determine a single rep-
resentative orthologue count value. We then combined results for
both species and only took forward for network analysis ortho-
logues that were present in both species.

We performed a weighted gene correlation network analysis
(WGCNA; Langfelder & Horvath, 2008) for the combined data set
containing count values for all 21 libraries. Such combination of tran-
scriptomes from multiple species in network analyses can highlight evo-
lutionarily shared and divergent patterns of gene expression (Morandin
et al., 2016). We checked data to ensure that orthologues did not con-
tain too many missing values, and assessed the scale-free topology to
select an appropriate soft thresholding power by which to raise pair-
wise correlations of expression. We transformed orthologue coexpres-
sion similarity into a signed adjacency matrix based on the selected
soft threshold power, and hierarchical clustering identified modules of
highly interconnected genes (with a minimum module size of 30). We
merged highly similar modules, i.e., those for which module eigengenes
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were highly correlated (cutoff set at 0.2). The eigengene is defined as
the first principal component of a module and provides a single repre-

sentative profile of orthologue expression for a given module.

2.5 | Relation of coexpression modules to
experimental factors

We assessed the relationships between coexpression modules and
species, developmental time and water level treatment by fitting lin-
ear models with eigengene values for each module as the response
variable. We considered species and water level as factors, and we
included time (24 and 48 h only) as a covariate. We assessed the ef-
fects of the factors and covariate using the ANOVA function from
the car package in r (Fox & Weisberg, 2011). We also initially in-
cluded the interaction terms species:time, and species:water, but
removed them when not significant (p > .05), refitting the model.

2.6 | Coexpression analysis - enrichment
analysis and visualization

We carried out functional enrichment analysis of gene ontology
terms, KEGG and Reactome gene pathways for modules of interest,
i.e., those significantly associated with species, water level, time or
one of the interactions. We carried out the enrichment analysis in
the r package GPRrROFILER2, using as background domain the previously
identified orthologues from the X. tropicalis proteome.

To further explore the orthologues involved in response to
water level treatment, we calculated gene significance (GS) values
in WGCNA (defined as the absolute value of the correlation be-
tween orthologue and a given variable, factor or trait; Langfelder
& Horvath, 2008). For all modules, we extracted orthologues with
a GS p-value (p.GS) <.05 and visualised them using cytoscare v 3.8.0
(Shannon et al., 2003), with nodes (orthologues) linked by edges (ex-
pression correlations) determined by WGCNA. We only visualised

edges with edge values >0.025, removing nodes without edges.

3 | RESULTS

3.1 | Transcript abundance and differential gene
expression

The principal component analysis on the standardized count data
(counts per million) for P. cultripes samples resulted in overlap-
ping clusters of treatment groups on the first two axes, together

explaining 32.76% of the variance (Figure 1a). Out of a total of
428,406 Trinity “genes”, 875 were differentially expressed in at least
one pairwise treatment comparison (0.20%), which mruzz soft clus-
tering grouped into seven distinct expression profiles (Figure 1b).
The majority of genes (446 genes; clusters 1 and 2) were upregu-
lated after 48 or 72 h of exposure to low water levels, whereas 236
genes (clusters 4, 6 and 7) were downregulated either after 24 or
48 h of exposure. The remaining two clusters (3 and 5; 173 genes)
are characterized by time point specific upregulation at 48 and 24 h.

For S. couchii, the PCA clustered biological replicates into treat-
ments mostly along PC1 (Figure 1a), which explained 23.16% of
the variance in gene counts. 7274 Trinity “genes” out of a total of
381,135 (1.91%) were significantly differentially expressed in at least
one pairwise comparison, with Mruzz optimally fitting these genes
into five clusters (Figure 1b). The vast majority of these genes (5833
genes; clusters 1 and 2) were downregulated after 24 or 48 h of ex-
posure to low water, with the remaining genes experiencing upreg-
ulation after either 24 (636 genes; clusters 4 and 5) or 48 h (805
genes; cluster 3).

When comparing differentially expressed genes at each time
point with the 24 h high water control (Figure 1c), P. cultripes exhib-
ited 18 upregulated genes and 48 downregulated genes in the first
24 h of exposure to low water levels, compared to 785 upregulated
and 5130 downregulated genes in S. couchii (Figure 1c). After 48 h
of exposure, 19 genes were upregulated versus 135 downregulated
genes in P. cultripes, compared to 1339 genes upregulated and 5789
downregulated genes in S. couchii. After 72 h of exposure, P. cultripes
exhibited the most differential expression with an upregulation of
216 genes and a downregulation of 143 genes. Intersections of
consistently up- or downregulated genes across time points were
relatively small for P. cultripes suggesting that the tadpoles were un-
dergoing distinct expression changes per time point, whereas this
was not the case for S. couchii, with largely overlapping expression
profiles at both 24 and 48 h of exposure to low water. Raw counts
and all ebcer differential gene expression results are provided as
Supporting Information 2 and 3.

When comparing enriched functional terms within species
(Figure 2; Supporting Information 4), P. cultripes showed no overlap for
those enriched at 24 h versus the other two time points, but nine func-
tionally enriched terms were shared by the 48 and 72 h time points
(12.68% and 10.98% respectively). In S. couchii, overlap in functional
terms was substantially greater with 638 of the same terms being en-
riched at 24 and 48 h (95.51% and 90.50% respectively). When com-
paring enriched functional terms detected in both species, 67 enriched
terms were shared. The number of shared terms increased with time,
with the greatest overlap occurring between 72 h in P. cultripes and
24 and 48 h in S. couchii (47 and 48 terms, respectively). Pelobates

FIGURE 1 (a)Principal component biplots of scaled and centred log2 transcript counts per million and (b) Heatmap visualization of
normalized log2 TMM matrix reduced to only genes that were significantly differentially expressed for at least one pairwise comparison of
treatments and clustered based on MFuzz soft clustering. Heatmap colours show mean-centred normalized expression values. Mruzz plots
show standardized expression of genes per Mruzz cluster where the colour of each gene's reaction norm reflects the cluster maximum
membership probability. Deep pink lines showing the cluster centroids (full lines) and 95% cutoff for gene membership (dashed lines). (c)
Euler plots of numbers of up- and downregulated genes for pairwise comparisons of each time point with the high water control
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cultripes was therefore experiencing a delay of up to 48 h in changes
in activity of some pathways and processes whose response to pond
drying is conserved across the two species. Among these is apoptosis
(KEGG:04210; Supporting Information 4), an important process in am-
phibian metamorphosis (Ishizuya-Oka et al., 2010; Kerr et al., 1974).
At 48 and 72 h of exposure to low water levels, P. cultripes saw ex-
pression changes in terms related to sterol biosynthesis (GO:0016126),
cholesterol biosynthesis (REAC:R-XTR-191273), sterol metabolic pro-
cesses (GO:0016125) and lipid biosynthetic process (GO:0008610),
which were not present in the S. couchii enrichment sets. At 72 h,
specifically, nine enriched terms related to ribosomal processes were
recovered for P. cultripes suggesting extensive transcriptional activity.
Terms related to HSP90 chaperone cycle for steroid hormone recep-
tors (REAC:R-XTR-3371497) and regulation of thyroid hormone ac-
tivity (REAC:R-XTR-350864) were also identified at this time point,
but were not significantly enriched (g > 0.05). The large numbers of
significantly enriched Reactome pathways found only in S. couchii
were mostly related to cell cycle, cellular response to external stim-
ulus, DNA repair and DNA replication (warmer colours in Figure 2
insert), such as signalling by Hedgehog (REAC:R-XTR-5358351), sig-
nalling by WNT (REAC:R-XTR-195721) and telomere maintenance
(REAC:R-XTR-157579), suggesting that tadpoles of this species are
probably experiencing greater cell replication and developmental

advancements in the same or less time than P. cultripes. In contrast,
Reactome pathways that were uniquely enriched in P. cultripes were
related to metabolism of proteins and signal transduction (cooler co-

lours in Figure 2 insert).

3.2 | Coexpression analysis
- orthologue assignment

Orthology detection based on the 31,745 X. tropicalis protein
sequences in orTHoDB identified a total of 12,876 orthologues
(Supporting Information 5): 12,386 were present in the P. cultripes
transcriptome, corresponding to 76,685 isoforms (15,555 unigenes);
whereas 12,429 were present in the S. couchii transcriptome, corre-
sponding to 94,853 isoforms (from 13,807 unigenes). Of the 12,876
orthologues, 11,939 were present in both target species. Only these
shared orthologues were taken forward for network analysis.

3.3 | Coexpression analysis - network analysis

A soft thresholding power of 20 was chosen for the network
analysis, corresponding to a scale-free topology model fit R? value
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of 0.9, at a point where R? values began to asymptote. The scale
free topology and mean connectivity for different soft threshold
powers are shown in Supporting Information 6. Initial hierarchi-
cal clustering of orthologues identified 16 coexpression modules,
which were reduced to eight following merging of similar modules
which then contained between 38 and 7731 orthologues, leav-
ing a “grey” unclustered orthologues module (Table 1; Supporting
Information 6).

Module eigengenes were significantly associated with one
or more explanatory variables or interactions for five of the eight

» o

modules (Table 1; Figure 3). The “blue”, “green”, “turquoise” and

“greenyellow” modules were the four largest modules (together

TABLE 1 Relationship between

containing 11,368 out of 11,939 orthologues), and each of these
was highly significantly associated with species (see Table 1 for F
values and p-values). The “blue” (2700 orthologues) and “green” (473
orthologues) modules showed higher expression in P. cultripes than
S. couchii (Figure 3b,c), while the “turquoise” (7731 orthologues)
and “greenyellow” (464 orthologues) modules showed higher ex-
pression in S. couchii relative to P. cultripes (Figure 3d,e). The “cyan”
module was relatively small (58 orthologues), but showed significant
species-by-water interaction (F = 8.15, p = .014; Table 1): P. cultripes
exhibited a steep decrease in eigengene expression in response to
water drop, while S. couchii eigengene expression did not respond to
water level (Figure 3a).

i Sum of
seven co—expr'essed mOdL,”e elgengenes Module Orthologues Variable squares df F value p-value
and the experimental variables of
species, water and time (24 and 48 h of Cyan 54 Species 0.0013 1 0.0407 .8432
exposure). Species:water and species:time Water 0.1564 1 4.7598 0481
interactions were initially c0|:15|.dered Time 0.0089 1 0.2704 6118
but were dropped when statistically
nonsignificant. Significant terms (p < .05) Species:water 0.2678 1 8.1497 0135
are highlighted in bold. The grey module Residuals 0.4272 13
represents unclustered orthologues and Blue 2700 Species 0.7364 1 401.846 <0001
was therefore not included in statistical
Water 0.0001 1 0.068 .7981
tests
Time 0.0002 1 0.093 7649
Residuals 0.0257 14
Green 473 Species 0.3768 1 22.0108 <.0001
Water 0.0018 1 0.1024 .7536
Time 0.0118 1 0.6865 4212
Residuals 0.2397 14
Turquoise 7731 Species 0.9001 1 681.9803 <.0001
Water 0.0004 1 0.2741 .6088
Time 0.0011 1 0.8189 .3808
Residuals 0.0185 14
Greenyellow 464 Species 0.2784 1 17.8514 <.0001
Water 0.0068 1 0.4337 .5208
Time <0.0001 1 0.002 9652
Residuals 0.2184 14
Lightcyan 38 Species 0.0009 1 0.4317 .5218
Water 0.0010 1 0.4746 .5022
Time 0.0005 1 0.2511 .6241
Residuals 0.0291 14
Magenta 160 Species 0.1009 1 2.0552 1736
Water 0.0198 1 0.4033 .5356
Time 0.0362 1 0.7371 4050
Residuals 0.6875 14
Black 260 Species 0.0047 1 1.3895 .2581
Water 0.0008 1 0.2252 .6424
Time 0.0002 1 0.0543 .8190
Residuals 0.0469 14
Grey 59
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(a) Cyan N=54 &@X6® FIGURE 3 Comparison of P. cultripes and S. couchii eigengene
expression for five modules (a-€) in which either species as a main

_5 0.6 1 061 effect or the species:water interaction was a significant factor (as
a indicated). Error bars denote standard error and the number of
O 0.4 1 0.4+ s
s orthologues per module are indicated. For each module, two plots
& 02 024 are presented, showing eigengene expression under different water
“C’ treatments at 24 h (left hand plots), and in low water conditions
% 0.0 - 00 i over the course of the experiment (right hand plots). Eigengene
é _______ a expression for P. cultripes at 72 h is shown (connected by a dashed
ig-0.2 024l T~ line), but was not included in statistical analyses when determining
i i i i i the factors that influenced eigengene expression
)| Blue N=2700 &
06 None of the modules identified had a significant shared plastic

€ 0.6 -6+ . . s
8 response to reduced water level (i.e., water effect with no significant
g 0.4 0.44 species interaction), nor did we observe a significant time effect in
% E any module. Taken with the strong species effects observed for the
ch 0.21 i\. 0.21 —a four largest modules, these results suggest few unifying patterns of
g 0.0 0.0 coexpression in response to reduced water level and over time be-
[
g tween the species. Yet despite the overwhelming divergent baseline
i -0-21 g—0n =021 O signals in eigengene expression, the analysis was able to identify a

' ' ' ' ' ' ' module of 54 orthologues with environmental sensitivity to reduced
(c) water levels in P. cultripes that was not environmentally sensitive in
g 0.6 1 0.6 S. couchii.
2
O 044 0.4+
3
g 0.2 02 A 3.4 | Coexpression analysis - functional
S ﬁ\L ' enrichment analysis and network visualisation
D 0.0 T 0.0 T
g ﬁ\- 1
LIQJ) _0.2- i/i _0.01 A full list of significantly enriched functions for all modules can be

found in Supporting Information 5, and a summary of top terms (up

) to the five most significant for the three main GO domains of biologi-
cal process, molecular function and cellular component, and KEGG

_5 061 0.61 and Reactome pathways) is provided in Table 2. Here, we briefly de-
% 0.41 0.41 scribe some of the main functionally enriched pathways from the
o3 i’/—. .\. Xenopus Reactome. For the “cyan” module, associated with species
$ 0.2 0.21 differences in developmental plasticity to decreased water level,
EJ) 00 0.0 the five most significantly enriched Reactome pathways (Table 2;
§’ ...... - Supporting Information 7) were associated with general metabolism
ig 027 ®—a 02im—mT (REAC:R-XTR-1430728) lipid and steroid metabolism (R-XTR-556833
" " " " " " " and R-XTR-8957322), cholesterol biosynthesis (R-XTR-191273) and

(e) Greenyellow N =464 ‘ cysteine formation from homocysteine (REAC:R-XTR-1614603).
c 06 0.64 The “green” module, which showed higher eigengene expression in
'% P. cultripes than S. couchii was associated with immune system and
o 047 041 complement pathways (REAC:R-XTR-168256, REAC:R-XTR-166658
& 024 0.2 B and REAC:R-XTR-166663), while the “greenyellow” module, which
2 H *.’-; showed higher expression in S. couchii than P. cultripes, was associ-
qé’ 0.0 0.0 - - ated with the cell cycle and mitosis (R-XTR-69278, R-XTR-1640170,
.8’ —0.21 $\é _02. %_ i REAC:R-XTR-68882, R-XTR-68886, and R-XTR-2555396). The
e “blue” and “turquoise” modules were not functionally enriched for
Hi'gh Low 20 30 40 50 60 70 any Reactome pathways, probably due to their large sizes and un-

Water level Time (hours) specialised natures, although various GO biological processes and

W P. cultripes Significant effects: cellular components associated with muscular development were

& S. couchii @ Water level ‘ Species enriched in the “blue” module (higher eigengene expression in P. cul-

tripes) and the GO molecular function “transferase activity” was



TABLE 2 Summary of top five significantly enriched GO:BP, GO:MF, GO:CC, KEGG and REAC terms for each of the five modules significantly associated with one of the experimental
variables (main effects of species, water, time, and interactions of species:water or species:time)

Module

Cyan

Blue

Term ID

G0:0044281
G0:0006082
GO0:0019752
G0:0043436
GO:0006418
G0:0017101

G0:0016875
GO0:0004812
G0:0048037
GO0:0003824
G0:0140101
KEGG:00970
KEGG:00100
KEGG:01100
KEGG:00860
REAC:R-XTR-191273
REAC:R-XTR-1430728
REAC:R-XTR-556833
REAC:R-XTR-1614603
REAC:R-XTR-8957322
GO0:0061061
GO0:0060537
G0:0014706
G0:0030017
GO:0030016
G0:0043292
G0:0044449
GO:0031674
KEGG:00190

Source

GO:BP
GO:BP
GO:BP
GO:BP
GO:BP
GO:CC

GO:MF
GO:MF
GO:MF
GO:MF
GO:MF
KEGG
KEGG
KEGG
KEGG
REAC
REAC
REAC
REAC
REAC
GO:BP
GO:BP
GO:BP
GO:CC
GO:CC
GO:CC
GO:CC
GO:CC
KEGG

Term name

Small molecule metabolic process

Organic acid metabolic process

Carboxylic acid metabolic process

Oxoacid metabolic process

tRNA aminoacylation for protein translation

Aminoacyl-tRNA synthetase multienzyme
complex

Ligase activity, forming carbon-oxygen bonds
Aminoacyl-tRNA ligase activity
Cofactor binding

Catalytic activity

Catalytic activity, acting on a tRNA
Aminoacyl-tRNA biosynthesis

Steroid biosynthesis

Metabolic pathways

Porphyrin and chlorophyll metabolism
Cholesterol biosynthesis

Metabolism

Metabolism of lipids

Cysteine formation from homocysteine
Metabolism of steroids

Muscle structure development
Muscle tissue development

Striated muscle tissue development
Sarcomere

Myofibril

Contractile fibre

Contractile fibre part

| band

Oxidative phosphorylation

p-value

1.31E-06
4.71E-06
2.86E-05
4.36E-05
1.36E-03
9.79E-03

4.11E-04
4.11E-04
1.20E-03
1.15E-02
1.17E-02
2.77E-08
4.16E-05
5.12E-03
1.36E-02
3.00E-06
2.27E-04
2.30E-03
5.03E-03
1.09E-02
6.93E-03
4.66E-02
4.66E-02
7.98E-06
1.68E-05
3.40E-05
3.40E-05
1.29E-03
3.47E-02

Associations

species:water

species

(Continues)

vV 13 3H1AIN

—|—A31 |IA%A S A©01003 AVINDITON

6



TABLE 2 (Continued)

Module

Green

Turquoise

Greenyellow

Term ID

G0:0030479
G0:0061645
REAC:R-XTR-168256
REAC:R-XTR-166658
REAC:R-XTR-166663
G0:0016740
G0:0007049
G0:0022402
G0:0000278
GO:0006260
GO:1903047
GO:0005694
GO0:0044427
G0:0000793
GO:0000779
GO:0000502
GO0:0042393
KEGG:03030
KEGG:04110
KEGG:04114
KEGG:03050
REAC:R-XTR-1640170
REAC:R-XTR-69278
REAC:R-XTR-68882
REAC:R-XTR-2555396
REAC:R-XTR-68886

Source

GO:CC
GO:CC
REAC
REAC
REAC
GO:MF
GO:BP
GO:BP
GO:BP
GO:BP
GO:BP
GO:CC
GO:CC
GO:CC
GO:CC
GO:CC
GO:MF
KEGG
KEGG
KEGG
KEGG
REAC
REAC
REAC
REAC
REAC

Term name

Actin cortical patch
Endocytic patch

Immune system
Complement cascade
Initial triggering of complement
Transferase activity

Cell cycle

Cell cycle process
Mitotic cell cycle

DNA replication

Mitotic cell cycle process
Chromosome
Chromosomal part

Condensed chromosome

Condensed chromosome, centromeric region

Proteasome complex

Histone binding

DNA replication

Cell cycle

Oocyte meiosis

Proteasome

Cell cycle

Cell cycle, mitotic

Mitotic anaphase

Mitotic metaphase and anaphase

M phase

p-value

01621694
.01621694
.001388036
.001677751
.004812868
.02786509
1.19E-10
1.47E-08
2.30E-08
2.71E-08
5.28E-07
2.20E-10
5.74E-09
3.34E-07
2.58E-06
2.62E-05
1.68E-02
5.09E-08
7.56E-05
4.04E-03
3.66E-02
3.82E-30
2.51E-29
1.19E-18
1.59E-18
4.26E-18

Associations

species

species

species
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enriched in the “turquoise” module (higher eigengene expression in
S. couchii).

Across all modules, 149 orthologues were found to have a sig-
nificant (p.GS < .05) association with water (Supporting Information
8). The network visualization (Figure 4) shows 52 of these water-
associated orthologues which had at least one interaction (adjacency
>0.025) with another water-associated orthologue. Orthologues
from the “cyan” and “turquoise” modules showed greater numbers
of intramodule connections. The strongest pattern of coexpression
(many adjacency values >0.1) was observed in six orthologues in the
“cyan” module: mevalonate kinase, mevalonate (diphospho) decar-
boxylase, NAD(P) dependent steroid dehydrogenase-like, phosphati-
dylserine synthase 2 and cystathionine gamma-lyase. All six of these
orthologues contributed to at least one of the significantly enriched
Reactome pathways (general, lipid, and steroid metabolism, cho-

lesterol biosynthesis and cysteine formation from homocysteine).

zgc:163014

Lon peptidase 1, mitochondrial ELOVL fatty acid elongase 2

TP53 regulating kinase
Cytochrome(b5 reductase 2

NSDHL

Wnt Rab interacting lysosomal E'on

Fatty acid synthase

11
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The orthologues with the strongest associations with water are not
necessarily shown in the network due to low adjacency values with
other nodes, although stomatin (EPB72)-like 2 and TP53 regulating
kinase from the “cyan” module, and uroporphyrinogen Il synthase
and pancreas specific transcription factor 1a (PTF1) from the “tur-
quoise” module were among the top 10 most significant (p < .004)

and are included in Figure 4.

4 | DISCUSSION

Transcriptomic approaches permit a more comprehensive screen-
ing for environmentally sensitive gene regulatory networks than
candidate gene approaches, and are thus advantageous for study-
ing complex evolutionary processes such as developmental plas-
ticity and genetic accommodation (Aubin-Horth & Renn, 2009;

gationfactor RNA

protein polymerase Il

Matrix Gla protein

ArfGAP witflEG repeats 1

Toll interacting protein

Catechol-O-methyltransferase
Sterile alphagmotif domain
contalifing 7 EOGOFAGOVW2

Aprataxin and(PNKP like factor

Mevalonate Epigiakin 1
(diph@Spho) Oculocutaneous Pl
P albinism I GHITH
Phosphoethanolamine decarboxylase
methyltransferase Mevalo kinase EOGO09070EU2  H1 histone family, member X
AlanyI-tRNA synthetase Claudin 15
Cysta jonine ! GM2 ganglioside activator
a4 . 2-Hacid_dh_C
TMBIMG  Phosphatidylserine gammatlyase T o
Synt e2 Asparaginyl-tRNA synthetase CYBsB
Stomatin (EPB72)-like 2 Chromoso@ 14 ORF 1 ——HS@o-9
BCL2-like 44 (apoptosis
E{f3sy;  Tryptophany-RNA synthetase facilitator)
EOG0907024B HSD17B8
Uroporphyrinogen |l synthase
mt ribosomal protein L19G ot B ciot .
coc@essa ) ool amma-glutamyléyclotransferase
PTF1
GrpE nuclegtide exchange
E 22
MOdU|e 0G09160220 factor
cyan
turquoise Edge adjacency Gene significance Number of Reactome
blue for water pathways (cyan)
black >0.025
P <0.05 O 1

green >01 P < 0.01
greenyellow >0.2 : 0>
magenta >0.3 P < 0.001 o 3

FIGURE 4 Network of coexpressed orthologues with significant water effects (p.GS < .05) across all modules. Nodes are coloured

based on module of origin (see Figure 3). Edges with adjacency values <0.025 are not included, and nodes without at least one edge were
excluded. Edge thickness corresponds to adjacency value and node size corresponds to gene significance for water (the largest nodes having
p.GS values < .001). Those orthologues in the water-sensitive cyan module which contributed towards enriched Reactome functions are
highlighted with node borders (thicker borders indicating contribution to more functions) and enlarged labels. The Reactome functions and
full names of abbreviated orthologues can be found in Supporting Information 8
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Beldade et al., 2011; Sommer, 2020; Young, 2013). The prevailing

signal in the transcriptomic data was attributable to species differ-

ences, regardless of experimental manipulation of water level. This
is not surprising given more than 120 million years of independ-
ent evolution between these species and considerable divergences
of their genomes (Liedtke et al., 2018; Zeng et al., 2014). As has
been shown for other systems (e.g., Casasa et al., 2020), we ini-
tially hypothesized that P. cultripes would manifest greater regu-
latory response to a reduction in water level than S. couchii, due
to its more pronounced developmental plasticity. However, the
developmentally more canalized S. couchii showed around eight
times the number of differentially expressed genes in response to
reduced water level compared to P. cultripes. The development of
S. couchii is also known to be responsive to pond drying (Kulkarni
et al., 2011; Newman, 1989), but this result is nonetheless unex-
pected, given that in comparison to P. cultripes, its developmental
rate is very robust to external perturbations including variation in
water level, the addition of exogenous corticosterone, or the inhi-
bition of corticosterone synthesis (Kulkarni et al., 2017). However,
physiological systems consist of complex networks that arise from
interacting units and feedback loops (Burggren & Monticino, 2005;
Sturmberg et al., 2015) and physiological processes in organisms in
their prime state are tightly regulated so that every small deviation
is immediately corrected (Goldberger et al., 2002; Vargas et al.,
2015). Maintaining the course of development in S. couchii in the
face of environmental fluctuations may require a buffering mech-
anism that constantly adjusts the underlying developmental and
physiological processes, thus also causing frequent adjustments in
gene expression.

The developmental and metabolic rates of S. couchii tadpoles
in benign conditions are substantially higher than those of P. cul-
tripes, and thus, the observed results also fit our null hypothesis;
only slight acceleration (i.e., lower plasticity) of an already acceler-
ated system (S. couchii) may be enough to result in greater gene ex-
pression change in very short periods of time. This is supported by
the network analysis which shows that the majority of orthologues
are assigned to modules with consistently higher expression levels
in S. couchii regardless of water level (the S. couchii associated mod-
ules “turquoise” and “greenyellow” contained more than 2.5 times
as many orthologues as the P. cultripes associated modules of “blue”
and “green”). These highly expressed orthologues make up pathways
related to cell cycle, mitosis and DNA replication, possibly reflecting
the faster absolute development in this species. In addition, P. cul-
tripes shows a lagged or slower response, which may further explain
the lower number of differential gene expression in the first 72 h.
The single largest Mruzz cluster in S. couchii characterizes expression
changes in the first 24 h (cluster 1), but for P. cultripes, the biggest
response is seen only after 72 h (cluster 1), representing a clear asyn-
chrony in the peaks of expression changes in important processes
such as apoptosis. Apoptosis is a major process in amphibian meta-
morphosis, responsible for the cell death in larval-specific tissue,
but also in larval-to-adult remodelling of organs (Ishizuya-Oka et al.,
2010; Kerr et al., 1974).

Despite the large differences in the transcriptomic profiles of
the two species, the network analysis identified a module of genes
whose expression in response to pond drying showed a divergence
in transcriptomic reaction norms between species (i.e., a significant
species-by-treatment effect). More precisely, genes of this module
experienced significant differences in expressionin response to pond
drying in P. cultripes, but not S. couchii. We interpret this pattern as a
signal of genetic accommodation (Sikkink et al., 2019), because the
change in environmental sensitivity of the encompassed genes may
be pertinent to the evolutionary differences in developmental plas-
ticity observed between species. The most significant functionally
enriched terms in this genetic accommodation module are related to
cholesterol and steroid biosynthesis and/or metabolism. Cholesterol
biosynthesis is a requisite for synthesis of steroids (LaVoie & King,
2009) including corticosteroids. Environmentally sensitive ortho-
logues involved in cholesterol synthesis, including mevalonate ki-
nase, mevalonate (diphospho) decarboxylase and NSDHL (NAD(P)
dependent steroid dehydrogenase-like) showed high levels of coex-
pression and occupied central positions within the diverged plasticity
module. In turn, cystathionine gamma-lyase, which is involved in the
metabolism of cholesterol (Mani et al., 2015), showed moderate co-
expression with these orthologues and also occupied an important
position between the environmentally sensitive “cyan” module and
the S. couchii associated “turquoise” module. These findings suggest
that synthesis and regulation of cholesterol is a key process under-
lying developmental plasticity in P. cultripes, and that its regulation
has diverged in S. couchii. Differences in pathways associated with
lipid metabolism reflect the fact that P. cultripes tadpoles experience
a >2-fold increase in metabolic rate and deplete their fat reserves
during developmental acceleration. In turn, S. couchii tadpoles main-
tain a higher and constant metabolic rate regardless of water level,
and produce almost no fat bodies even if metamorphosis is chemi-
cally blocked and larvae are fed ad libitum under benign conditions
(Kulkarni et al., 2011, 2017). Another two orthologues in the diver-
gent plasticity module which had particularly high gene significance
were TP53 regulating kinase and transmembrane Bax inhibitor motif
containing 6 (TMBIMé). TP53 is an important regulator of apoptosis
(Yogosawa & Yoshida, 2018), whereas Bax is known to induce apop-
tosis during amphibian metamorphosis (Sachs et al., 2004). Reduced
expression of TP53 regulating kinase and the Bax inhibitor TMBIMé
are probably involved in the programmed cell death of larval tissues
during accelerated development.

The timing of amphibian larval development is primarily con-
trolled by thyroid hormone acting together with corticosterone
(Denver, 1997; Sachs & Buchholz, 2019). Although the role of cor-
ticosteroids in accelerating development is less well understood
than that of thyroid hormone, it is clear that CORT accelerates
thyroid hormone-induced metamorphosis with peak blood lev-
els occurring at the climax of natural metamorphosis (Kulkarni &
Buchholz, 2014). Moreover, endogenous CORT levels are known
to be facultatively increased in P. cultripes, but consistently high
in S. couchii in the face of pond drying (Kulkarni et al., 2017). In
this study, we find that the genes coding for deiodinase 3 (dio3),
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an enzyme important for the activation of thyroid hormone and
the transcription factor Kriippel-like factor 9 (KLF9), downstream
target genes of corticosterone in amphibians (Bonett et al., 2009;
Kulkarni & Buchholz, 2014), both experienced a significant posi-
tive fold change at 72 h of low water exposure in P. cultripes, but
were not significantly differentially expressed in S. couchii. We in-
terpret this to be confirmatory that genes directly related to the
HPI axis were differentially expressed in P. cultripes in response to
reduced water level, but were not as environmentally sensitive in
S. couchii.

This first genome-wide scan of the molecular mechanisms of
plasticity and canalization of developmental acceleration in two
spadefoot toad species is a significant step in our understanding of
the evolution of plasticity. Despite the great divergence due to the
long period of independent evolution between these species and
the fundamentally different rates of development, we could identify
a relatively small set of genes that are involved in their divergent
responsiveness to the risk of pond drying, i.e., genetic accommoda-
tion of developmental plasticity between the species. Future studies
must work towards functional verification of the role of the main
regulatory genes here identified, and narrow their activity down to
the tissue-specific level. Moreover, cross-species divergences in re-
sponsiveness to environmental cues is surely reflection of processes
also operating within species first, and spadefoot toad populations
are likely to have evolved different developmental rates and re-
sponsiveness to short hydroperiod, as has been shown for Northern
European populations of Rana temporaria (Meyer-Lucht et al., 2019;
Richter-Boix et al., 2013). Identifying among-population variation
in gene regulatory networks regulating plasticity would be key in
understanding how the genetically accommodated differences ob-
served across species are initiated.

The role of developmental plasticity in evolution has gained
prominence in recent years, but how plasticity itself evolves at the
molecular level is only recently being elucidated (Casasa et al., 2020;
Levis et al., 2020; Sikkink et al., 2019; Sommer, 2020). By studying
two species of spadefoot toad with differing degrees of plasticity in
response to pond drying, we identified orthologues and functional
gene pathways whose environmental sensitivity in expression (i.e.,
their transcriptomic reaction norms) have diverged. In doing so, we
discerned transcriptomic modules whose evolutionary changes in
regulation may be linked to genetic accommodation of developmen-
tal plasticity in this system.
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