Polyphenism of a Novel Trait Integrated Rapidly Evolving Genes
into Ancestrally Plastic Networks
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Abstract

Developmental polyphenism, the ability to switch between phenotypes in response to environmental variation, involves
the alternating activation of environmentally sensitive genes. Consequently, to understand how a polyphenic response
evolves requires a comparative analysis of the components that make up environmentally sensitive networks. Here, we
inferred coexpression networks for a morphological polyphenism, the feeding-structure dimorphism of the nematode
Pristionchus pacificus. In this species, individuals produce alternative forms of a novel trait—moveable teeth, which in one
morph enable predatory feeding—in response to environmental cues. To identify the origins of polyphenism network
components, we independently inferred coexpression modules for more conserved transcriptional responses, including in
an ancestrally nonpolyphenic nematode species. Further, through genome-wide analyses of these components across the
nematode family (Diplogastridae) in which the polyphenism arose, we reconstructed how network components have
changed. To achieve this, we assembled and resolved the phylogenetic context for five genomes of species representing
the breadth of Diplogastridae and a hypothesized outgroup. We found that gene networks instructing alternative forms
arose from ancestral plastic responses to environment, specifically starvation-induced metabolism and the formation of a
conserved diapause (dauer) stage. Moreover, loci from rapidly evolving gene families were integrated into these networks
with higher connectivity than throughout the rest of the P. pacificus transcriptome. In summary, we show that the
modular regulatory outputs of a polyphenic response evolved through the integration of conserved plastic responses into
networks with genes of high evolutionary turnover.
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Introduction

Developmental plasticity shows the profound influence that
environment can have on an ultimate phenotype, yet plastic-
ity may itself be defined by a genetic program with its own
selection pressures (Bradshaw 1965; Scheiner 1993). In the
most extreme cases, plasticity results in discontinuous pheno-
types, or polyphenism, likely through the alternating activa-
tion of “environmentally sensitive loci” (Via et al. 1995; Nijhout
2003; West-Eberhard 2003; Lafuente and Beldade 2019). To
produce discrete phenotypic outputs, the expression of these
loci is likely to be tightly organized, such that polyphenisms
likely require the “on—off,” step response of a regulatory net-
work (Abouheif and Wray 2002). Further, changes to the con-
nectivity of plastic networks, whether by rewiring or through
turnover of the networks’ components, have the potential to
drastically change their environmental responsiveness or even
outputs (West-Eberhard 2005; Aubin-Horth and Renn 2009;
Schneider and Meyer 2017). Therefore, to understand how
polyphenic responses and their outputs adapt, diverge, or
become assimilated, it is essential to identify such networks,
their evolutionary origins, and how their components change.

A critical advance toward characterizing gene regulatory
networks (GRNs) has been the discovery of tangible “switch
genes,” transcriptional switches that activate GRNs (Davidson
2006). In some cases, developmental switches have been char-
acterized for environmental responses, both systemic (Ogg
et al. 1997; Antebi et al. 1998; Xu et al. 2015) and localized to a
particular morphological trait (Ragsdale et al. 2013). Given
their pervasive influence over downstream GRNSs, switch-
like regulators can inform how environmentally sensitive net-
works are modified and thus how plasticity evolves (Masel
and Siegal 2009; Sommer 2020). First, a mechanistic under-
standing of switch genes allows us to determine how loci
become annexed to an environmentally sensitive network
under the control of a switch. For example, loci may even
enter plasticity regulation from foreign genomes, requiring
their de novo network integration downstream of plasticity
modifiers (Parker and Brisson 2019). Second, laboratory ma-
nipulation of identified switch genes provides a way of delin-
eating the downstream genes directly responsible for
polyphenism, in contrast to the broader swaths of loci af-
fected by a generic environmental response (Bui and
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Ragsdale 2019). Therefore, a comparison of environmentally
responsive GRNs that includes the full history of a polyphen-
ism, as well as outgroups without polyphenism, would allow
the reconstruction of how molecular targets of a plastic re-
sponse have evolved to instruct alternative paths to
development.

An exemplary system for making this comparison is nem-
atodes of the family Diplogastridae, which exhibit polyphen-
ism in their feeding morphologies. This polyphenism is best
understood in Pristionchus pacificus, which develops into ei-
ther a microbivorous (“stenostomatous,” St) or a facultatively
predatory (“eurystomatous,” Eu) morph depending in part on
population densities and the availability of bacterial food
(Bento et al. 2010; Serobyan et al. 2013, 2014). Further, the
polyphenism controls a morphology—moveable teeth—that
like predatory feeding is a novelty of Diplogastridae.
Importantly for the study of polyphenism GRNs, a switch-
like genetic mechanism regulating these alternative morphs
has been characterized (fig. 1): A series of enzymes with en-
vironmental sensitivity alternatively toggle the polyphenism
response (Ragsdale et al. 2013; Ragsdale and Ivers 2016; Bui
et al. 2018; Namdeo et al. 2018; Sieriebriennikov et al. 2018),
which is ultimately controlled by two nuclear receptors, NHR-
40 and NHR-1 (Kieninger et al. 2016; Sieriebriennikov et al.
2020). By perturbing multiple regulators, specifically two of
the above enzymes and NHR-40, the ultimate targets of the
polyphenism switch have been identified (Bui and Ragsdale
2019). Further, the targets shared by NHR-40 with NHR-1, a
receptor that may act downstream of the global polyphenism
switch to affect mouth morphology itself, have been likewise
determined (Sieriebriennikov et al. 2020). Thus, work in this
system has revealed overlapping suites of loci that putatively
contribute to plastic GRNs, enabling the networks’ identifica-
tion. An additional feature of this system is the phylogenetic
context it makes possible. Teeth and their polyphenism
evolved once in an early ancestor of Diplogastridae, after
which a radiation of plastic responses and mouth morphol-
ogies ensued (Susoy et al. 2015). Consequently, the histories of
GRN components can be compared across a rich diversity of
polyphenic lineages to advance our understanding of poly-
phenic GRNs and their evolution.

Here, we combined inference of gene coexpression net-
works with phylogenomic analysis to infer the genome-wide
mechanisms of polyphenism, their origin, and the evolution-
ary history of their components. First, we describe the genetic
basis of the P. pacificus polyphenism in a network context,
identifying several morph-specific coexpression modules,
some of which distinguish previously predicted subsets of
tissue- and process-specific transcripts. Second, we assessed
the extent to which these components have been co-opted
from conserved processes. By independently inferring coex-
pression modules in a species (Caenorhabditis elegans) with-
out mouth polyphenism in its evolutionary history and then
comparing it to P. pacificus, we identified common network
components, specifically those from circuits controlling the
metabolic response to starvation. Similarly, we identified
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Fic. 1. Putative model for switch-mediated regulation of environmen-
tally sensitive genes in Pristionchus pacificus. Two feeding-structure
morphs (Eu, St) produce mouthparts that differ in their gape (arrows)
and in the shape and number of their teeth (dorsal tooth of both
morphs, false-colored pink; subventral tooth restricted to Eu morph,
yellow), enabling different feeding strategies in response to local en-
vironmental signals (brown box). Similar, although not identical, sig-
nals likewise influence the decision to enter dauer diapause (green
box) through processes with limited overlap with the mouth poly-
phenism. Specifically, the mouth-polyphenism switch (blue box)
comprises a series of enzymes (the o-N-acetylglucosaminidases
NAG-1 and NAG-2, sulfatase EUD-1, and sulfotransferase SEUD-1/
SULT-1) that alternatively influence the activity of two nuclear recep-
tors, NHR-40 and NHR-1. These receptors together control the de-
velopment of the alternative forms, presumably through the
regulation of polyphenism-specific GRNs (orange box).

common network components from circuits regulating dia-
pause in P. pacificus. Third, by drawing upon the phylogenetic
diversity of polyphenic species in this system, we recon-
structed the genome-wide history of components making
up the mouth-polyphenism expression network in
P. pacificus. To achieve this, our analyses included five new
genomes representing the phylogenetic breadth of
Diplogastridae and a newly resolved outgroup. Through this
approach, we rooted the history of polyphenism network
components and identified a role for gene family expansion
and contraction in the evolution of polyphenism gene net-
works. In summary, we present the evolutionary history of
network components instructing a novel, polyphenic trait,
and we provide evidence that polyphenism gene networks
evolve by integrating genes with high evolutionary turnover
into deeply conserved, environmentally responsive gene
circuits.
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Fic. 2. Gene coexpression networks of the mouth polyphenism of Pristionchus pacificus. (A) Heat map of module-trait correlation, displaying the
correlation values for each module (rows). Positive module correlation per trait (columns) is displayed in red, whereas negative is displayed in blue.
Color swatches to left indicate polyphenism modules. Eu-correlated modules: 18, 19,21, 22. St-correlated modules: 10, 31. (B) Visual representation

of the six polyphenism modules (P < 0.01). Colors refer to modules in (A).

Results and Discussion

Coexpression Modules Organize Alternatively
Activated Polyphenism Target Genes

Given the large-scale transcriptomic responses to polyphen-
ism induction cues, it is likely that a polyphenism switch
specifies traits both directly and indirectly through its molec-
ular targets. Therefore, we first used P. pacificus to describe
the response of a morphological polyphenism in terms of
gene expression networks. Specifically, we used weighted
gene coexpression network analysis (WGCNA; Langfelder
and Horvath 2008) to reconstruct polyphenism networks.
Because WGCNA can predict functionally relevant correla-
tions and empirically validated GRNs (e.g, Voineagu et al,
2011; Xue et al. 2013; Walley et al. 2016), we took this ap-
proach to infer regulatory connectivity among environmen-
tally sensitive genes. For this analysis, we used the raw
transcriptomes of mutants for multiple polyphenism
switch-genes (eud-1, seud-1/sult-1, nhr-40 gain-of-function,
and eud-1 overexpression). From these transcripts we inferred
31 coexpression modules, six of which were polyphenism
specific (fig. 2, supplementary data 1, Supplementary
Material online): Four had a significant positive correlation

with the predatory (Eu) morph (P < 0.01), whereas two had a
significant negative correlation with that morph (i.e,, were St-
biased; P < 0.01). Among Eu-biased modules, one was
enriched for nematode astacin (nas) genes, including genes
differentially expressed by both nhr-40 and nhr-1 mutants in
P. pacificus (Sieriebriennikov et al. 2020). Another Eu-biased
module was enriched with heat shock proteins, consistent
with another study that found Hsp90 to play an important
role in variability of mouth morphologies (Sieriebriennikov
et al. 2017). Further, one of the two St-biased modules was
enriched with fatty-acid metabolism genes, recovering a pu-
tative network that was previously found through an inde-
pendent approach, pathway analysis (Bui and Ragsdale 2019).
Our approach thus reconstructed expression modules that
are controlled by a polyphenism switch and that organize
previously predicted subsets of transcripts into a putative
network.

Because at least some polyphenism-specific genes are
known to be expressed in only a single cell (i.e,, astacin genes
in the dorsal pharyngeal gland), it is possible that our inferred
modules have drawn from tissue-specific networks in the
polyphenism response. To explore this possibility, we deter-
mined the location of polyphenism-specific gene-expression
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Fic. 3. Anatomical expression of homologs of Pristionchus pacificus
mouth-polyphenism genes in the nonpolyphenic species
Caenorhabditis elegans. 1dealized nematode diagram is colored by
tissue that produces dimorphic mouthparts in P. pacificus (purple
hues, pharynx; green, arcade syncytia; blue, hypodermis/epidermis)
and also includes other anterior tissues possibly involved in the poly-
phenism (gray). Pie charts show relative representation among six
polyphenism coexpression modules (colors correspond to fig. 1B and
C), with size of chart indicating relative contribution by all polyphen-
ism modules.

in the more widely studied model C. elegans, a nematode
whose ancestors never had the mouth polyphenism. Our
search revealed that some polyphenism-specific genes are
present in C. elegans tissues homologous with those that
form polyphenic mouthparts in Diplogastridae (fig. 3).
Moreover, tissue-specific expression was biased depending
on module identity, such that not all modules were distrib-
uted equally across all tissues. Together, these results support
two predictions. First, polyphenism development likely
recruited at least some genes already present in the genome
and expressed at the site of the polyphenism prior to its
evolution. Second, they prompt the testable prediction that
at least some genes in these modules are, as in C. elegans,
expressed in P. pacificus different cell classes, which span
tissues of multiple embryonic origins (Portereiko and
Mango 2007; Vangestel et al. 2008) and contribute in parallel
to the development of dimorphic mouthparts.

Conserved Starvation-Response Genes Are Integrated
with Polyphenism Gene Networks

Having inferred polyphenism-gene expression modules, we
next sought to identify their origins, particularly in ancestors
before polyphenism arose. Given that the P. pacificus mouth-
part polyphenism is in part induced by low nutrition, we
hypothesized that the polyphenism may have co-opted genes
ancestrally involved in a conserved starvation response. To
test this hypothesis, we identified starvation-induced coex-
pression modules for comparison, specifically in a species
outside of Diplogastridae—again, C. elegans—with no
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Fic. 4. Overlap of genes coexpressed in the mouth-polyphenism with
environmentally sensitive loci from more ancient processes. (A)
Coexpressed genes in the Pristionchus pacificus mouth polyphenism
with putative homologs whose expression is induced by starvation in
Caenorhabditis elegans. Only genes with putative homologs in both
species are counted. (B) Coexpressed genes both in the P. pacificus
mouth polyphenism and during P. pacificus dauer diapause.

mouthpart polyphenism in its evolutionary history. In partic-
ular, we analyzed raw RNA-Seq data that were collected from
juveniles (mid-fourth stage larvae) of this species after expos-
ing them to food deprivation for multiple durations (Harvald
etal. 2017). From the entire data set, transcripts were assigned
to 12 coexpression modules, of which a single one had a
positive correlation (P < 0.01) and one, a negative correlation
(P < 0.01) with the starvation response (supplementary fig.
S1, Supplementary Material online). We then compared
genes making up the P. pacificus polyphenism expression
network with those in C. elegans starvation-response mod-
ules. We identified 433 homologs that belonged to both star-
vation- and polyphenism-correlated modules in C. elegans
and P. pacificus, respectively (fig. 4A). These genes formed
parts of all polyphenism modules, and they comprised
34.5% of polyphenism genes with homologs in C. elegans, a
proportion higher than expected by chance (> = 4.941, df =
1, P < 0.05). Thus, polyphenism expression modules are sig-
nificantly enriched with homologs of starvation-activated
genes. Because genes in P. pacificus morph-biased networks
were identified using mutants for polyphenism switch genes
in a well-fed background (i.e, without starvation as an induc-
tion cue), we conclude that starvation-associated genes were
regulated by the polyphenism switch itself. In summary, this
finding indicates that these homologs had their origins in
network modules ancestral to the mouth polyphenism and
that these modules were repurposed to follow a polyphenism
switch.

Dauer Development Pathways Were Co-opted
Downstream of a Derived Polyphenism Switch
The developmentally arrested, dauer diapause stage of
P. pacificus is induced by a combination of pheromones
and starvation, which coincide with cues required for mouth



Polyphenism Integrated Fast-Evolving Genes with Plastic Networks - doi:10.1093/molbev/msaa235

MBE

A

Pristionchus pacificus
Pristionchus exspectatus
Pristionchus arcanus
Pristionchus maxplancki
Pristionchus japonicus
Pristionchus mayeri
Pristionchus entomophagus
Pristionchus fissidentatus
Parapristionchus giblindavisi

Morph assimilation

* Micoletzkya japonica
Polyphenism, Diplogasteroides magnus
teeth * Levipalatum texanum
Allodiplogaster sudhausi
Koerneria luziae
Caenrohabditis elegans
Caenrohabditis japonica
Caenrohabditis angaria
Diploscapter pachys
Mesorhabditis belari
Bunonema sp.
Bursaphelenchus xylophilus

0.3

Loa loa

B % genes conserved

/‘;@\ 0 20 40 60 80 100
[ / nn\\\ P. expectatus

Pristionchus P arcanus XL ZLZLZzZzZzZzz

Diplogasteroides

(5

P maxplancki Tz 777777 7]
P japonicus [z 777777773

P maye”- vz 7777777

P. entomophagus Eiiatatatatats
P. fissidentatus [ttt

P. giblindavisi it
ji i (777777
Levipalatum M. japonica

R D. magnus S5

/0 \ A. sudhausi S
Allodiplogaster K. luziae 2=
:- C. elegans ===
78I C. japonica L
Koerneria C. angaria ittt
D. pachys r 7z 771

M. belari (=55

' Bunonema sp. ===
(A B. xylophilus (=55 4 Genome-wide
Bunonema L. loa E===2 [ Polyphenism

Fic. 5. Phylogenetic context for Diplogastridae and genome-wide comparisons of taxon-restricted genes. Boldface font indicates species with
original genome sequences. (A) Species tree for Diplogastridae inferred from 778 genome-wide orthologs. Diagrams to right show mouthpart
diversity of Pristionchus and genera with species sequenced here, including nematodes with polyphenism (Eu morph shown) and those with a
single assimilated morph. In contrast, Bunonema has relatively simple internal mouthparts, which are also the ancestral state for the sister group of
Diplogastridae (Rhabditidae). Asterisks indicate 100% node support (both BS and, for tree inferred under a coalescent model, LPP).
Representations of diplogastrid genera after Susoy et al. (2015). (B) Numbers of strict orthologs (as defined by reciprocal best BLAST), both
genome-wide and of genes in P. pacificus polyphenism coexpression networks, conserved between P. pacificus and other species.

polyphenism (Ogawa et al. 2009; Bose et al. 2012). However,
dauer diapause and mouth polyphenism only partially over-
lap in their regulatory mechanisms (Bento et al. 2010; Ogawa
et al. 2017; fig 1), leaving it unclear as to what extent dauer
gene-expression networks were also co-opted in the evolu-
tion of polyphenism. To address this question, we analyzed a
different set of transcriptomes from P. pacificus, namely those
for developmental life-stages (Baskaran et al. 2015), to infer an
independent set of gene coexpression networks, including
those associated with the dauer stage. Transcripts in this
data set were assigned to 31 coexpression modules, of which
three had a positive correlation with dauer response
(P < 0.01) and two had a negative correlation (P < 0.01; sup-
plementary fig. S2, Supplementary Material online). We then
asked whether dauer development genes were more likely to
contribute to polyphenism development than expected by
chance. We found that 22.4% of polyphenism-specific genes,
from across all modules, were also genes that regulate
P. pacificus dauer development, strongly supporting our hy-
pothesis (3> = 1105, df = 1, P< 1 x 105, fig. 4B). Because
dauer development is an older, more widespread feature of
nematodes than mouth polyphenism, it is likely that con-
served dauer development modules were co-opted in the
evolution of the mouth polyphenism. Further, their co-
option may have been independent of upstream dafachronic
acid (A7-DA) signaling, which also influences the mouth pol-
yphenism (Bento et al. 2010), given that the modules we
identified are controlled by the mouth-polyphenism switch
and not directly by DAF-12, the known receptor of A7-DA.
Together with our findings on starvation networks above,

these results suggest that the evolution of polyphenism
depended on the co-option of genes anciently involved in
environmentally sensitive processes.

New Nematode Genomes Root the Origins of Genes in
Polyphenism Networks

Despite the involvement of conserved processes, the mouth
polyphenism is a derived developmental feature controlling a
novel morphological trait. Therefore, we hypothesized that
polyphenism expression modules also must have been built
from more than repurposed expression networks. To test this
hypothesis, we established a comparative framework for
Diplogastridae, using original genome sequences for several
nematode species, to track changes among genes in these
modules throughout polyphenism evolution. First, we se-
quenced the genomes of four diplogastrid species: two
(Koerneria luziae, Allodiplogaster sudhausi) representing the
deepest known splits between lineages with mouth poly-
phenism relative to P. pacificus, and two (Diplogasteroides
magnus, Levipalatum texanum) belonging to a lineage that
secondarily lost the polyphenism (Susoy et al. 2015). We also
sequenced Bunonema sp. (strain RGD898), a potential but
previously unresolved outgroup to either Diplogastridae or
a more inclusive clade (Kiontke et al. 2007; van Megen et al.
2009; Susoy et al. 2015). From these sequences, we inferred a
species phylogeny using genome-wide orthologs (778 genes)
across these species, other Diplogastridae, “Rhabditidae” (i.e,,
Eurhabditis sensu Sudhaus 2011, which includes C. elegans),
and two outgroup species (fig. 5A; supplementary fig. S3;
supplementary data 4, Supplementary Material online).
Our inference, made from both 1) a concatenated matrix
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networks specific to the mouth polyphenism.

and 2) under a multispecies coalescent model, resulted in
two principal findings. First, it fully supported (bootstrap
support, BS = 100%; local posterior probability, LPP =
100%) all inferred relationships within Diplogastridae, con-
gruent with previous inferences from more limited data.
Second, it completely resolved (BS = 100%; LPP = 100%)
Bunonema as an outgroup to Diplogastridae and se-
quenced Rhabditidae.

In parallel to our phylogenetic study, we also used the
new genomes to identify homologs of genes belonging to
polyphenism expression networks, such that we could infer
the origins of these genes relative to the appearance of
polyphenism in Diplogastridae. We found a consistent de-
crease of genome-wide homologs with increasing phyloge-
netic distance, whether or not they belong to polyphenism
networks (fig. 5B). Additionally, the number of recovered
orthologs shared with P. pacificus tended to be higher for
polyphenism networks than for genes throughout the ge-
nome, consistent with the overrepresentation of conserved-
process genes in the polyphenism. To directly test whether
taxon-restricted genes disproportionately contributed to the
evolution of polyphenism, we identified which genes in
P. pacificus were diplogastrid-restricted, as defined by their
absence in both Rhabditidae and Bunonema. We found the
number of diplogastrid-restricted, polyphenism-specific
genes to be lower (19.6%) than the proportion of
polyphenism-specific genes throughout the genome
(232%; 1* = 18959, df = 1, P <10~ *). This result suggests
that taxon-restricted genes were not pervasive in forming
polyphenism networks, consistent with our finding above
that the repurposing and rewiring of previously existing
networks played a major part in the origin of
polyphenism-biased gene expression. Finally, we found
that only 23 homologs of P. pacificus polyphenism-specific
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genes were lost in the ancestor exclusive to L. texanum +
D. magnus, showing no significant pattern associated with
polyphenism loss. Together, our results provide a first com-
parative framework for diplogastrid-outgroup contrasts, in-
cluding the origins of genes in polyphenism expression
networks.

Polyphenism Networks Are Overrepresented by
Rapidly Evolving Gene Families

Using genomes across Diplogastridae and outgroup species,
we then sought to determine whether genome-wide pat-
terns, specifically those of gene-family contraction and expan-
sion, have contributed to the regulation of a novel, plastic
trait. We wanted to distinguish between several scenarios
possibly explaining the evolution of polyphenism expression
networks: Did polyphenism-targeted networks simply evolve
through the rewiring of networks from conserved, environ-
mentally sensitive processes? Or did polyphenism evolve
through integrating genes from conserved processes, as de-
scribed above, into new networks including genes that are
rapidly evolving? Alternatively, does the rapid turnover of
conserved-process  genes  themselves  characterize
polyphenism-specific networks? To discern among these pos-
sibilities, we first identified which polyphenism-specific tran-
scripts belonged to rapidly changing gene families (fig. 6A). Of
the polyphenism transcripts, 145 (12.62%) fell within this cat-
egory, proportionally more than the 7.27% in this category
among genome-wide transcripts (y° = 55.126, df = 1, P < 1
x 10 "2). Further, we found that the proportion of polyphen-
ism genes that belong to rapidly evolving families was not
enriched with starvation genes (> = 0.266, df = 1, P = 0.606)
or dauer genes (> = 2.874, df = 1, P = 0.09), suggesting that
genes with high turnover make up parts of the network
specific to novel mouthpart development per se. In summary,
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our results show that polyphenism gene networks repur-
posed otherwise conserved, environmentally sensitive pro-
cesses by connecting them to genes involved in rapid gene-
family evolution.

Highly Connected Genes in Polyphenism Networks
Undergo Rapid Turnover

To understand how polyphenism gene networks became in-
tegrated in terms of connectivity, we investigated whether
the speed of gene family evolution was related to position
within a module. Theory from genome-wide patterns pre-
dicts that peripheral genes are generally less constrained to
evolve than their highly connected counterparts (Hahn and
Kern 2005). At the same time, gene duplications fundamen-
tally allow daughter genes to take on replacement functions
while inheriting high connectivity (Wagner 2011). Thus, we
tested whether genes from rapidly evolving families were in a
more peripheral position in the polyphenism gene network
compared with those in nonrapidly evolving families. We
used module membership (MM, also known as k), which
measures correlation between gene expression and module
eigengene, or the first principal component of variation
(Langfelder and Horvath 2008), thereby quantifying how close
a gene is to a module. This measure can be used to identify
highly connected genes and therefore determine the gene’s
position in the networks, that is, peripheral versus highly
connected among module members (Filteau et al. 2013). As
predicted, genes in rapidly evolving families had lower MM
than those in nonrapidly evolving families when considering
all P. pacificus gene networks (t = —8.163, df = 966.9, P < 1 X
10~ fig. 6B). However, this difference did not hold for poly-
phenism genes (t=1.644, df = 270.1, P=10.101). Instead,
polyphenism genes in rapidly changing families had an MM
value similar to those genes in nonrapidly evolving families
(rapid, 0.766; nonrapid, 0.748). This finding indicates that,
despite predictions from genome-wide patterns, polyphen-
ism gene networks comprising otherwise conserved compo-
nents show strong integration of genes with dynamic
turnover.

Evolution of Polyphenism by Network Integration of
Conserved and Rapidly Evolving Targets

Molecular mechanisms of developmental polyphenism have
been revealed for numerous animal systems, especially in
terms of its genome-wide effects (Beldade et al. 2017;
Brisson and Davis 2016; Projecto-Garcia et al. 2017; Lafuente
and Beldade 2019; Yang and Pospisilik 2019). Fewer studies
have examined polyphenism mechanisms in a comparative
framework, although such studies have provided insight into
how its regulators are born and ultimately work together to
achieve polyphenism (Sieriebriennikov et al. 2018; Bhardwaj
et al. 2020; Biddle and Ragsdale 2020). As such, the evolution-
ary rooting of the rest of polyphenism’s molecular “basis” can
distinguish between conserved and novel components that
contribute to both environmental sensitivity and the poly-
phenic morphologies themselves. Here, we have investigated
the molecular origins and evolution of developmental poly-
phenism—specifically a novel trait, nematode teeth—

through a comparative analysis of its regulatory targets. We
provide evidence that pathways regulating two major envi-
ronmentally sensitive processes, specifically starvation and
dauer responses, were repurposed to form part of the mouth
polyphenism expression network. Further, we found that
genes with rapid turnover throughout the history of the
polyphenism were, when compared with the rest of the ge-
nome, highly integrated within this network. Together, our
findings explain how the regulatory outputs of a polyphenism
switch arise.

Molecular studies of nutritionally sensitive polyphenisms
have indicated that at least some of their components may be
generalizable features. For example, nutritionally sensitive pol-
yphenisms show the pervasive deployment of insulin/insulin
growth-like factor signaling across animal phyla (Kimura et al.
1997; Emlen et al. 2012; Xu et al. 2015; Casasa and Moczek
2018). Nevertheless, the particular roles played by this shared
signaling pathway became cooperative with other develop-
mental processes through independent evolutionary events
(Nijhout and McKenna 2018). An understanding of how new
uses evolve from more widely conserved nutritional
responses can be informed by the phylogenetic histories of
their components. Here, we identify components from nutri-
tionally responsive networks shared between two taxa
(C. elegans and P. pacificus) that differ in the presence of a
derived polyphenism (mouthpart dimorphism). Importantly,
these networks do not show a strict one-to-one correspon-
dence but suggest that rearrangements between the two
lineages have taken place. Further, we find that network com-
position has changed through high rates of turnover in genes
at nodes of high connectivity. Thus, a novel environmental
response—in this case, the nutritional sensitivity of a mor-
phological trait—does not require novel components any
more than expected by chance, but it can rather repurpose
expression networks through dynamic turnover of members
with preexisting connections.

Another implication of our findings is for the evolution of
polyphenism from continuous plasticity. It is conceivable that
transcriptional responses for continuous plasticity, which also
show modularity and distinct GRN structure (Aubin-Horth
et al. 2005; Schneider et al. 2014; Kenkel and Matz 2017), often
serve as the substrate for multimodal plasticity (Wagner et al.
2007; Jones and Robinson 2018). This may be through
channeling responses through discontinuous environments
(Brakefield and Reitsma 1991; Nijhout 2003), steepening the
threshold between alternatives through hormone sensitivity
(Emlen and Nijhout 1999; van Bergen et al. 2017), or possibly
the counteraction of antagonistic signaling pathways
(Kijimoto and Moczek 2016). Alternatively, it is possible
that a preexisting switch can be repurposed for a new trait.
Unlike groups whose species differ in their discontinuity of
plasticity, such as horned beetles or butterflies with eyespots
(Brakefield et al. 1996; Emlen et al. 2005), the common an-
cestor of Diplogastridae likely had mouth dimorphism with
only rare intermediates (Susoy et al. 2015). Our results suggest
that an early switch mechanism may have borrowed from
GRNs already responsive to a hard switch. Like the mouth
polyphenism, dauer induction is a strictly binary decision (Hu
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2007), the molecular basis of which is at least in part con-
served between C. elegans and P. pacificus (Ogawa et al. 2009,
2011). Thus, it is possible that dauer-controlled GRNs were
either used in the evolutionary origin of the polyphenism or
were a later genetic accommodation of polyphenism initially
achieved through another induction mechanism. Ancestral
state reconstruction of the polyphenism switch in the ances-
tor of polyphenic nematodes, such as by genetic perturba-
tions in the species we present here, can ultimately test these
possibilities.

In addition to rooting the history of environmentally sen-
sitive loci in the P. pacificus mouth polyphenism, our com-
parative analysis has enabled us to investigate the signatures
of genetic assimilation (loss of plasticity) in a lineage that has
lost the polyphenism (including two of the species se-
quenced). Specifically, we have tracked the turnover of homo-
logs of loci in coexpression networks as inferred for
P. pacificus. Although the initial trigger for assimilation could
have been a deleterious mutation in a single locus of major
effect, such as in a switch gene, changes to loci that originally
modified that plasticity are additionally expected to complete
the assimilation (Schlichting and Pigliucci 1993; Lande 2009).
Because these changes should involve interactions among
large regulatory networks, genome-wide signatures following
a trait’s assimilation may distinguish these effects (Renn and
Schumer 2013; Ehrenreich and Pfennig 2016). In our study of
two species with a common ancestor which assimilated a
single form (D. magnus, L. texanum), we found no indication
of genome-wide gene loss, namely of homologs of
polyphenism-network components, following the assimila-
tion of a single form. This result may be explained in three
ways. First, it is possible that the polyphenism GRN was fun-
damentally different between P. pacificus and that other an-
cestor that lost polyphenism. In this case, ancestral state
reconstruction of polyphenism GRNs themselves, additionally
using extant representatives (e.g, K. luziae, A. sudhausi) could
test this idea. Alternatively, the relatively few components of
the polyphenism GRN that were lost in assimilated species
possibly include conserved, major effectors specific to poly-
phenic development. Functional genetic analysis of these
components in P. pacificus could feasibly test their role in
regulating or instructing alternative morphologies. Finally, if
we assume some conservation of GRNs, as supported by our
comparison of P. pacificus to C. elegans, we can hypothesize
that network loss or rewiring, rather than decay of environ-
mentally sensitive loci themselves, accompanied the canali-
zation of a single morph. This hypothesis would be consistent
with our finding that many P. pacificus polyphenism network
components are involved in essential, conserved processes
such as metabolic responses and dauer development.

Finally, our results provide a framework for determining
how the molecular interactions among environmentally sen-
sitive loci affect the ultimate morphologies produced.
Specifically, it has highlighted the types of targets that poly-
phenism expression networks influence. At a system-wide
level, these have apparently not drawn on novel genes, at
least not more than expected by chance, despite the potential
of such genes to drive network changes (Zhang et al. 2015)
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and otherwise rich substrate for the selection of novel traits
(Kaessmann 2010; Tautz and Domazet-Loso 2011; Chen et al.
2013). This is consistent with findings in other systems in
which a novel trait is regulated as a plastic response. For
example, facultative eusociality in bumble bees is apparently
achieved through GRNs enriched for conserved genes, which
simply required putative rearrangements in connectivity
(Kapheim et al. 2020). Similarly, in the case of a morphological
novelty, head horns in dung beetles, degree of plasticity is
correlated with the number of its inferred regulatory compo-
nents, which are not enriched for novel genes (Casasa et al.
2020). Other examples suggest that ancestral stress responses,
beyond facilitating the regulation of a novel trait, may even
cause the initial appearance of that trait (Swafford and Oakley
2019; Wagner et al. 2019). If already part a switch-like regula-
tory response, for instance, that of dauer formation, the result
might be binary development of a novel morphology.
Although it is additionally possible that novel loci of large
effect may contribute to the evolution of novel, plastic traits,
our results suggest that a polyphenic innovation relied in large
part on the repurposing of ancient environmentally sensitive
genes. Using the comparative platform we establish here,
functional tests may distinguish how GRN modules of their
components have individually contributed to the evolution
of mouth morphologies in Diplogastridae.

In summary, we have examined genome-wide mecha-
nisms of a morphological polyphenism in a gene coexpression
network context. We provide evidence that a polyphenic
developmental response evolved by recruiting and repurpos-
ing components from two ancient plastic responses, starva-
tion and a diapause switch, suggesting that recruitment of
ancient plastic networks may be a general mechanism to
facilitate the origin of a novel plastic response. We also found
that this process involved their integration with genes with
rapid turnover, which in principle contribute to the features
that distinguish the novel response. We predict that
functional-genetic queries will reconstruct how such net-
works are recruited in the first place and are later accommo-
dated into a fully functional, novel phenotype.

Materials and Methods

Gene Coexpression Network Inference

To infer gene networks regulated in the P. pacificus polyphen-
ism, we used transcriptomic count data previously collected
for alternative mouth-morphs, specifically using fully pene-
trant polyphenism mutants (i.e, constitutively Eu and St
lines) under standardized genetic and environmental condi-
tions (Bui and Ragsdale 2019). From the raw counts, we con-
structed a signed gene coexpression network, using the
WGCNA package in R (Langfelder and Horvath 2008).
Modules were defined using default settings and then corre-
lated with morph (Eu, St) and mutant background (eud-1
mutant, constitutively St; eud-1 overexpression, nhr-40 mu-
tant, and seud-1/sult-1 mutant lines, constitutively Eu). We
similarly inferred coexpression networks for C. elegans using
transcriptomic counts data from Harvald et al. (2017). For this
inference, module—trait correlation was performed using the
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data set’s hours (0-16) of exposure to starvation. To compare
results across species, we identified conserved genes, which
were defined by having at least a one-way best BlastP match
between for P. pacificus and C. elegans. To construct the de-
velopmental stage-specific coexpression network for
P. pacificus, we used transcriptomic counts generated by
Baskaran et al. (2015), which were correlated here with dauer
diapause, early development (pooled J1-J3 stages), and late
development (pooled )3, J4, and adult stages) as traits. For this
analysis, expression data from nondauer life-stages were
binned into “early” and “late” categories according to how
samples grouped in a hierarchical cluster analysis (supple-
mentary fig. S2A, Supplementary Material online), performed
using the “fastcluster” package in R (Mdillner 2013). Networks
were visualized (fig. 2B) using Cytoscape (Shannon et al.
2003).

To determine tissue-specific expression of polyphenism-
gene homologs in a nonpolyphenic species (C. elegans), we
downloaded data from the C. elegans Gene Expression data-
base (www.gfpworm.org last accessed June 26th 2020) for
eight tissues: pharyngeal gland, pharyngeal neurons, amphids
(sensory organs), head neurons, pharynx, hypodermis (epider-
mis), and arcade syncytia. We then identified C. elegans
homologs of polyphenism genes among these sets using
BlastP and found their distribution across each of the
polyphenism-specific modules.

Nematode Strains and Inbreeding

To make phylogenetic comparisons of genes in P. pacificus
polyphenism networks, we selected four species from across
Diplogastridae (A. sudhausi, D. magnus, K. luziae, L. texanum)
and a possible outgroup species (Bunonema sp.), as informed
by previous phylogenetic studies, in addition to using pub-
lished genomes for several species closer to P. pacificus
(Rodelsperger et al. 2014; Prabh et al. 2018) and for several
Rhabditidae. Prior to sequencing, we systematically inbred
lines from three of the above species (A. sudhausi strain
SB413, D. magnus TMG144, L. texanum TMGS5), all of which
are androdieocious (i.e, with males and self-fertilizing her-
maphrodites), to increase homozygosity throughout their
genomes. During this process, we isolated five individual her-
maphrodites (morphological females) at each generation,
with the subsequent generation being established from the
most fecund pair. We inbred these lines under standard en-
vironmental conditions, namely at room temperature on
nematode growth medium agar plates seeded with 400 pl
Escherichia coli OP50 in L-broth. Systematic inbreeding was
unsuccessful for the gonochoristic (i.e, obligately outcrossing)
species K. luziae (NKZ323), and it was not performed for
Bunonema sp. (RGD898), which is parthenogenic and hence
was presumed to be highly homozygous. Nematodes of
K. luziae were maintained in cultures as above; Bunonema
sp. was reared on agar plates (1:1, agar and sterilized water),
with 5-6 chunks of nematode growth medium placed on top
of the agar medium, and kept at room temperature.

DNA and RNA Extraction, Preparation, and
Sequencing
For each species, we rinsed nematodes from 8 to 10 mixed-
stage cultures into M9 buffer in a 45-ml collection tube, after
which nematodes were washed and shaken with 0.9% NaCl
with ampicillin (50 pg/pul) overnight. This process was re-
peated, with the addition of chloramphenicol (2 pg/pl) to
the wash solution for the second night. Washed nematodes
were pelleted by slow centrifugation at 1,300 rpm for 4 min,
with the pellet thereafter moved to a 1.5-ml tube and stored
at —80°C until extraction. DNA was extracted using the
Epicentre MasterPure Complete DNA & RNA Purification
Kit, following the manufacturer’s instructions. DNA libraries
were prepared using the TruSeq Stranded mRNA HT Sample
Prep Kit (lllumina) according to the manufacturer’s protocol,
and 8-nt barcodes were added for multiplexing. Barcoded
libraries were verified using a Qubit3 fluorometer
(ThermoFisher Scientific) and a 2200 TapeStation bioanalyzer
(Agilent Technologies) and sequenced on a NextSeq 500
(lllumina) with NextSeq300 Mid Output v2 kit (lllumina).
For RNA extraction, we collected nematodes as above. To
remove microbial contaminants, we added 40 1l of ampicillin
(50 pg/pl) and 40 pl of chloramphenicol (25 pg/pl) to a 40-ml
solution of 0.9% NaCl containing the collected nematodes,
which were then washed with gentle shaking for 2 h at room
temperature. Washed nematodes were stored in 1ml of
TRIzol and frozen at —80 °C until extraction. Frozen nema-
tode pellets (in TRIzol) were then frozen and thawed three
times in liquid nitrogen, with each freeze and thaw lasting
5 min. Total RNA was then extracted using a Direct-zol RNA
Miniprep Kit (Zymo Research). RNA libraries were prepared
using the lllumina TruSeq RNA Library Prep Kit v2, after
which libraries were sequenced on an lllumina HiSeq 3000.

Genome Assembly and Annotation

We generated ~100-150 million paired-end reads of 150-
and 500-bp insert sizes for each of the five nematode lines
described above. Assemblies for A. sudhausi, D. magnus, and
L. texanum were as follows. Reads were trimmed with
Cutadapt (Martin 2011) and error-corrected with Reckoner
(Dtugosz and Deorowicz 2017). We made a preliminary
single-end assembly using Minia (Drezen et al. 2014) to check
the insert size, and we identified possible contaminants in this
assembly with Blobtools (Kumar et al. 2013). We then fully
assembled the nuclear genomes for these species using
SPAdes (Bankevich et al. 2012) and removed scaffolds that
were identified as contamination, at low coverage (<1x),
and < 500bp in length. We masked repeats using
RepeatModeler and RepeatMasker (Smit et al. 2015). We an-
notated these genomes using the BRAKER pipeline (Hoff et al.
2019), including the BAM file created by aligning RNA-Seq
reads to the genome with STAR (Dobin et al. 2013). We
independently assembled the mitochondrial genomes for
these species with plasmidSPAdes (Antipov et al. 2016) and
annotated them using MITOS2 on the MITOS Web Server
(Bernt et al. 2013). To assemble the transcriptomes of these
species, we trimmed RNA-Seq reads using Trimmomatic
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(Bolger et al. 2014), followed by assembly with Shannon
(Kannan et al. 2016). We used Kallisto (Bray et al. 2016) to
quantify expression levels.

For genome assemblies of K. luziae and Bunonema sp., raw
reads were first adapter-trimmed and quality-filtered using
Trimmomatic, requiring a minimum base quality score of
20 averaged across a sliding window of 3 bases (parameters,
LEADING:20 TRAILING:20 SLIDINGWINDOW:3:20). Reads
shorter than 20 bases posttrimming were discarded.
Cleaned reads were assembled using SPAdes, with default
parameters, as for the genome assemblies described above.
Some of the larger scaffolds with relatively very high coverage
were compared with the rest suggested possible mitochon-
drial and bacterial contamination. From the assembled con-
tigs, we extracted 10-kb fragments (sliding over 5kb) and
computed 4-mer frequencies for each fragment. These oligo-
nucleotide frequency data were mapped to 3D space using
Rtsne (van der Maaten and Hinton 2008) and clustered using
DBSCAN (Ert6z et al. 2003). Each scaffold was assigned to the
cluster with the highest number of fragments derived from
that scaffold. Scaffold sequences from each cluster were
aligned to NCBI nt database using BLAST to obtain the cor-
responding taxonomic associations, which distinguished
nematode sequences from those of bacterial contaminants,
that latter of which were filtered from the assemblies. Using a
Burrows—Wheeler aligner (Li and Durbin 2009), the cleaned
reads were mapped back to the assembly scaffolds. Gene
predictions were annotated using Augustus (Stanke and
Morgenstern 2005) with protein sequences from P. pacificus
and C. elegans used as training set. Mitochondrial genomes
were annotated using MITOS2. To assemble the transcrip-
tomes of K. luziae and Bunonema sp., raw RNA-Seq reads
were trimmed as described above for DNA reads. Stranded
transcriptome assemblies were generated from the cleaned
reads using RnaSPAdes (Bushmanova et al. 2019).

We assessed the completeness of all genome assemblies by
a comparison with the Nematoda odb9 BUSCO data set us-
ing HMMER (Johnson et al. 2010). Genome assembly statistics
are given in supplementary table S1, Supplementary Material
online.

Species-Tree Inference

To enable a historical reconstruction of polyphenism network
components, we inferred the phylogeny for Diplogastridae
and its potential outgroups. For this inference, we identified
single-copy orthologs using Orthofinder (Emms and Kelly
2015), selecting 928 clusters on the basis of having at least
75% species present with a single protein in the cluster. An
evolutionary model was selected automatically for each clus-
ter as implemented in IQ-TREE (Nguyen et al. 2015). We
selected single-copy subtrees with at least ten species and
50% BS using PhyloTreePruner (Kocot et al. 2013), which
resulted in 778 trimmed clusters. We then took two
approaches to phylogenetic inference. First, we concatenated
the conceptually translated amino acid sequences into a
supermatrix using FASconCAT-G (Kiick and Longo 2014),
after which we inferred the phylogeny under the maximum
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likelihood (ML) criterion and invoking a GTR+-G substitution
model, as implemented in RAXML-NG (Kozlov et al. 2019). In
parallel, we performed individual ML inferences for each
trimmed gene-cluster in 1Q-TREE, following which we inferred
the species tree under a multiple-species coalescent model, as
implemented in ASTRAL (Mirarab et al. 2014).

Identification of Conserved and
Diplogastrid-Restricted Genes

To identify homologs of P. pacificus genes in polyphenism-
specific modules, we performed a genome-wide, reciprocal
best-hit BlastP search against each of the species in
figure 5A, after which we searched for genes that belonged
to polyphenism-specific modules. To identify diplogastrid-
restricted genes, we first identified P. pacificus homologs using
BlastP (with either direction considered as a hit) against rhab-
ditid species (C. elegans, C. japonica, C. angaria, Diploscapter
pachys, Mesorhabditis belari) and Bunonema sp. We then
searched for P. pacificus genes that were absent in this set
of conserved genes and defined them as diplogastrid specific.
To identify P. pacificus genes that had been uniquely lost in
the lineage exclusive to L. texanum and D. magnus, we used
BlastP to identify the set of P. pacificus genes that had iden-
tifiable homologs in A. sudhausi or K. luziae but none in
L. texanum and D. magnus, thereby rooting the loss of those
genes to the monomorphic clade.

Inference of Gene-Family Evolution

To determine whether genes belonged to rapidly evolving
families, we examined gene-family history against a
completely resolved species tree, inferred as described above.
Prior to this analysis, we fitted the tree to an ultrametric
length using r8s (Sanderson 2003), with the age of the tree
calibrated using a molecular-clock estimate of divergence be-
tween P. pacificus and C. elegans (250 Ma; Dieterich et al.
2008). To decrease potential error due to deep divergences,
our analysis used a tree pruned with Newick Utilities (Junier
and Zdobnov 2010) to be restricted to Diplogastridae. After
using OrthoMCL (Li et al. 2003) to find orthologous clusters
across all species, we estimated gene family expansion and
contraction across Diplogastridae using CAFE 5.0, which
allows statistical tests of gene-family evolution while also ac-
counting for variable error in genome assemblies and anno-
tations (Han et al. 2013). To account for assembly errors,
CAFE was run using three replicates and a Poisson distribu-
tion with applied estimated error.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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