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Oral venom systems evolved multiple times in numerous verte-
brates enabling the exploitation of unique predatory niches. Yet
how and when they evolved remains poorly understood. Up to
now, most research on venom evolution has focused strictly on the
toxins. However, using toxins present in modern day animals to
trace the origin of the venom system is difficult, since they tend to
evolve rapidly, show complex patterns of expression, and were
incorporated into the venom arsenal relatively recently. Here we
focus on gene regulatory networks associated with the production
of toxins in snakes, rather than the toxins themselves. We found
that overall venom gland gene expression was surprisingly well
conserved when compared to salivary glands of other amniotes.
We characterized the “metavenom network,” a network of ~3,000
nonsecreted housekeeping genes that are strongly coexpressed
with the toxins, and are primarily involved in protein folding
and modification. Conserved across amniotes, this network was
coopted for venom evolution by exaptation of existing members
and the recruitment of new toxin genes. For instance, starting
from this common molecular foundation, Heloderma lizards,
shrews, and solenodon, evolved venoms in parallel by overexpres-
sion of kallikreins, which were common in ancestral saliva and
induce vasodilation when injected, causing circulatory shock. De-
rived venoms, such as those of snakes, incorporated novel toxins,
though still rely on hypotension for prey immobilization. These
similarities suggest repeated cooption of shared molecular ma-
chinery for the evolution of oral venom in mammals and reptiles,
blurring the line between truly venomous animals and their
ancestors.

venom | evolution | gene regulatory networks | transcriptomics | complex
traits

Venoms are proteinaceous mixtures that can be traced and
quantified to distinct genomic loci, providing a level of ge-
netic tractability that is rare in other traits (1-4). This advantage
of venom systems provides insights into processes of molecular
evolution that are otherwise difficult to obtain. For example,
studies in cnidarians showed that gene duplication is an effective
way to increase protein dosage in tissues where different eco-
logical roles can give rise to different patterns of gene expression
(2, 5). Studies of venom in snakes have allowed comparisons of
the relative importance of sequence evolution vs. gene expres-
sion evolution, as well as how a lack of genetic constraint enables
diversity in complex traits (6, 7).

Despite the wealth of knowledge venoms have provided about
general evolutionary processes, the common molecular basis for
the evolution of venom systems themselves is unknown. Even in
snakes, which have perhaps the best studied venom systems, very
little is known about the molecular architecture of these systems
at their origin (8, 9). Using toxin families present in modern snakes
to understand evolution at its origin is difficult because toxins evolve
rapidly, both in terms of sequence and gene expression (10, 11).
Toxins experience varying degrees of selection and drift, compli-
cating interpretations of evolutionary models (12), and estimation
of gene family evolution is often inconsistent, varying with which
part of the gene (exon or intron) is used to construct the phylogeny
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(13). Most importantly, present-day toxins became a part of the
venom over time; this diminishes their utility in trying to un-
derstand events that lead to the rise of venom systems in the
nonvenomous ancestors of snakes (14, 15).

A gene coexpression network aims to identify genes that in-
teract with one another based on common expression profiles
(16). Groups of coexpressed genes that have similar expression
patterns across samples are identified using hierarchical clustering
and are placed in gene “modules” (17). Constructing a network
and comparing expression profiles of modules across taxa can
identify key drivers of phenotypic change, as well as aid in iden-
tifying initial genetic targets of natural selection (18, 19). Com-
parative analysis using gene coexpression networks allows us to
distinguish between ancient genetic modules representing core
cellular processes, evolving modules that give rise to lineage-
specific differences, and highly flexible modules that have evolved
differently in different taxa (20). Gene coexpression networks are
also widely used to construct gene regulatory networks (GRNs)
owing to their reliability in capturing biologically relevant interac-
tions between genes, as well as their high power in reproducing
known protein—protein interactions (21, 22).

Here we focus on gene coexpression networks involved in the
production of snake venom, rather than the venom toxins them-
selves. Using a coexpression network we characterized the genes
associated with venom production, which we term the “meta-
venom network,” and determine its biological role. We traced the
origin of this network to the common ancestor of amniotes, which
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suggests that the venom system originated from a conserved gene
regulatory network. The conserved nature of the metavenom
network across amniotes suggests that oral venom systems star-
ted with a common gene regulatory foundation, and underwent
lineage-specific changes to give rise to diverse venom systems in
snakes, lizards, and even mammals.

Results

The Metavenom Network Is Involved in Toxin Expression in Snakes.
Previously published RNA libraries from Taiwan habu (Proto-
bothrops mucrosquamatus) were used to construct the network
(12). Weighted gene coexpression network analysis (WGCNA)
was used to construct the coexpression network (23). WGCNA
estimates correlations between genes across samples (libraries)
and clusters genes with similar profiles into modules (23). This
clustering is based solely on similarities in expression levels and
does not imply any association based on ecological roles of genes
(or toxins).

Using data from venom gland samples, WGCNA clustered
18,313 genes into 29 modules ranging in size from 38 to 3,380
genes. All secreted venom toxins were found in the largest module
(module 1), which we term the metavenom network (Fig. 14).
Therefore, the metavenom network represents an assemblage of
housekeeping genes that are strongly associated with toxin genes.
This forms an ensemble that is the GRN involved in expression of
toxin genes. The genes in the metavenom network have a higher
functional relevance than genes that are simply up-regulated in the
venom gland. For example, some genes involved in formation of
musculature of the venom gland might be highly expressed in the
venom gland as compared to say kidney, but it might not neces-
sarily be involved in the expression of toxin genes themselves.
WGCNA makes this distinction, and has been consistently shown
to provide robust functional relationships between genes (20-22).
We performed module preservation analysis to determine whether
within-module characteristics like gene density and connectivity
between genes are conserved between venom gland and other
tissues like heart, kidney, liver. In other words, module preserva-
tion statistics were used to determine whether the characteristics
of genes and their modules identified in one (reference) tissue
were present in another (test) tissue. A module preservation
Zgummary > 2 implies that module characteristics within a module
are preserved in other tissues, while a score <2 denotes no pres-
ervation (24). Zsummary Statistic (Dataset S1.4-C) revealed that the
metavenom network module is not preserved in the heart or liver,
but has borderline preservation in the kidney (Zgummary = 2.000522).
This implies that much of the expression pattern of the meta-
venom network is unique to the venom gland and bears only a
slight similarity in kidneys.

After defining the metavenom network, which comprises
genes that are tightly associated with toxin expression, we iden-
tified the biological processes involved using Gene Ontology
(GO) enrichment. The metavenom network is primarily involved
in protein modification, and protein transport (Dataset S2C). GO
terms associated with the unfolding protein response (UPR):
GO:0006986, GO:0034620, and GO:0035966, and endoplasmic
reticulum associated protein degradation (ERAD): GO:0034976,
G0:0030968, and GO:0036503 were the most significantly enriched
biological processes in the metavenom (Fig. 1B).

Since the metavenom network has over 3,000 genes, visualiz-
ing the entire network topology would be impractical. Therefore,
we selected the top 20 highly expressed nonvenom genes, and the
top 10 highly expressed toxin genes for visualization and to iden-
tify the levels of connection between them (Fig. 14). An interac-
tive visualization can be found in SI Appendix, Fig. S1. The
network diagram revealed that almost all of the highly expressed
venom toxins have strong links with each other, as well as directly
with the nonvenom genes. Zinc metalloproteinase (SVMP:
107298299) and snake venom serine protease serpentokallikrein-
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2 (SVSP: 107287553) were the exceptions, which have links with
only a few toxin genes and nonvenom genes (namely DLGI,
CANX, HSP90, RPLP0, PDIA4, and LOCS8828).

Several network characteristics can be used to identify genes

integral to a network. One of these characteristics is module
membership, which represents connectivity of a gene with other
genes within a module and is used to define centralized hub
genes (23). Module membership (MM) has values between 0 and
1, where values closer to 1 represent high connectivity within a
module, and values closer to 0 represent low connectivity. We
estimated module membership of genes in the metavenom net-
work and identified sets of differentially expressed genes (DEGs)
(Dataset S3B). An ANOVA-like test for gene expression in
venom gland, heart, liver, and kidney of habu revealed that out
of 3,380 genes that make up the metavenom network, 1,295 were
significantly differentially expressed (P < 0.05) (Dataset S3B).
To identify genes most specific to the venom gland, we filtered
the DEGs associated with the UPR and ERAD that had high
module membership (MM > 0.9) and high average expression
across all venom gland libraries. We obtained a list of 149 genes
(Dataset S3E). On an average, most of these genes were up-
regulated in the venom gland, with a few up-regulated in the
nonvenom tissues (Fig. 1C, only 8 shown, full dataset in Dataset
S3C), implying that these genes are of greater functional rele-
vance in the venom gland.
External validation of module preservation. To confirm that modules
identified in this study, particularly the metavenom network
module, represent technically reproducible and evolutionarily
meaningful features, we assessed the extent of module preser-
vation between our work and a WGCNA investigation of the
human salivary gland (25). Other than the WGCNA algorithm,
this study employed different methodologies, such as microarray
gene expression measurements, and the inclusion of samples from
patients with salivary gland pathogenesis. Nonetheless, there were
significant overlaps in modules detected in both studies, sup-
porting the method’s robustness (SI Appendix, Fig. S2).

The Metavenom Network Is Conserved across Amniotes. Conserved
gene expression profiles between taxa are indicative of a shared
ancestry that can be used to provide insights into key drivers of
phenotypic change as well as revealing molecular organization of
a trait at its origin (17, 20). The metavenom network is signifi-
cantly enriched for genes belonging to the UPR and ERAD
pathways. These families of housekeeping genes are widely
conserved across the animal kingdom (26). This high level of
conservation encouraged the search for orthologs in other taxa.
Once the list of orthologs was obtained we carried out compar-
ative transcriptomic analysis to determine if the expression of
metavenom network was conserved across taxa. We identified
546 one-to-one orthologs of the metavenom network, that were
expressed in four tissue groups of nine species: human, chim-
panzee, mouse, dog, anole, habu, cobra, chicken, and frog. To do
this we first obtained one-to-one orthologs from the National
Center for Biotechnology Information (NCBI)’s eukaryotic ge-
nome annotation pipeline and combined them with phyloge-
netically inferred orthologs from OrthoFinder (27, 28). In
addition to the substantial overlap between estimated orthologs,
both approaches estimated orthologs with conserved synteny (S/
Appendix, Fig. S3). Public RNA datasets from four tissues (heart,
kidney, liver, and salivary glands) were used for comparative
transcriptomic analysis (Materials and Methods). We obtained
expression data for cobra tissues, including that of venom gland
from Suryamohan et al. (29).

To get an overview of metavenom network gene expression
patterns between species, we performed a principal component
analysis (PCA) using a comparative dataset of the one-to-one
metavenom network orthologs. PCA clustered gene expression
by tissue and despite the over 300 million years’ divergence between
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Fig. 1. The metavenom network module represents a group of coexpressed genes that are associated with production of toxin in the venom gland of the
Taiwan habu. More than one-third of genes in the metavenom network are up-regulated in the venom gland and are involved in protein folding and protein
modification. (A) The metavenom network module comprised a total of 3,380 genes. Out of them, 10 of the most expressed toxin genes and 20 of the most
expressed nonvenom were plotted to visualize connections and overall module topography. An interactive version of the network graph is available at
https://github.com/agneeshbarua/Metavenom (S/ Appendix, Fig. S1). Most toxin genes and nontoxin genes are well interconnected. (LOC8828 represents a
gene without a reliable annotation, but we believe it is a truncated SVMP as it is flanked very closely by a secreted SVMP.) (B) The 20 most significant GO terms
enriched in the metavenom network module comprised processes related to molecular transport and metabolism. We focused on the most significantly
enriched GO terms (in red) as they represent more specific biological processes and are less ambiguous as compared to more broadly defined terms like
“transport” and “organic acid metabolic process.” These specific terms refer to processes involved in protein folding and modification, in particular, the UPR
and ERAD. The GO term “pathogenesis” has the highest significance and is attributed to the toxin genes present in the metavenom network. GO terms are
arranged by descending order of size (given within panels). (C) Most of the genes with high module membership were on average up-regulated (with
significance at P < 0.05) in the venom gland, with some up-regulated in nonvenom tissue. Dot within box plot indicates mean. CALR: calreticulin; AMD1:
adenosylmethionine decarboxylase 1; SMS: spermine synthase; MANF: mesencephalic astrocyte derived neurotrophic factor; PDIA6: protein disulfide isom-
erase family A member 6; PDIA3: protein disulfide isomerase family A member 3; SLC39A6: solute carrier family 39 member 6; and TRAM1: translocation
associated membrane protein 1. Therefore, the UPR and ERAD pathway seem particularly important for venom expression and likely helps maintain tissue
homeostasis under the load of high protein secretion.
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the taxa, differences among tissues explain more than 30% of
variation present in the data (Fig. 24). Performing a PCA using
all 2,682 expressed orthologs between nine taxa, including those
outside the metavenom network, homologous tissues clustered
more tightly (SI Appendix, Fig. S4). As a sanity check we chose
orthologs at random to check whether the transcriptomes would
still be clustered by tissue; however, a random set of genes pro-
duced no clustering (SI Appendix, Fig. S5). This indicated that
tissues cluster together based on some underlying structure in the
expression patterns of specific sets of genes analyzed, and that this
clustering cannot be reproduced by using any arbitrary set of genes
(30, 31).

It is important to note that we are comparing expression
patterns of orthologs that are expressed in all our sampled tissues
in all our sampled taxa. Simply due to the different evolutionary
histories of each sampled taxa, not all orthologs will be expressed
equally across all tissues in all taxa. In other words, the more
species we add to our dataset, the lower the number of genes we
will get to compare because all the genes might not be equally
expressed across tissues, and the number of one-to-one orthologs
decrease, especially when comparing across animal classes
(i.e., mammals, reptiles, birds, etc.). Despite this, we expanded
the above analysis to include more taxa as well as diverse mor-
phologies of salivary glands to determine the extent of conversation
of expression patterns. We performed comparative transcriptomics
with salivary glands of nonvenomous reptiles like the royal python
(Python regius), corn snake (Pantherophis guttatus), and leopard
gecko (Eublepharis macularius), as well as different morphol-
ogies of the mouse salivary gland. Even in this reduced dataset
(2,291 one-to-one ortholog as opposed to 2,682) we still ob-
served similar clustering patterns as with our original dataset (S
Appendix, Fig. S6). However, the overall resolution and variation

(<30%) explained by this expanded dataset was low, due to re-
duction in the number of genes without a subsequent increase in
the number of replicates. Although adding diverse morphologies
of salivary glands did not change our results, understanding how
changes in distinct salivary tissue morphologies gave rise to
venom tissue would provide important clues to the origin of
evolutionary innovation in venom glands.

Our comparative transcriptomic analysis using our original
and expanded dataset showed that expression patterns between
homologous tissues were well conserved, especially between
venom glands in snakes and salivary glands in mammals. This
suggests that the gene regulatory architecture of the metavenom
network evolved in the common ancestor of amniotes and has for
the most part remained conserved in extant taxa, while giving rise
to the venom gland in snakes.

Network Characteristics of the Metavenom Network Are Conserved
between the Salivary Glands of Mammals and Venom Glands of
Snakes. The clustering of transcriptomes of venom gland in
snakes and salivary gland in mammals was interesting because it
suggests that both these tissues have a degree of molecular con-
servatism that likely originated in their common ancestor. There-
fore to test whether the modular characteristics of the metavenom
network are preserved in the salivary tissue of mammals we
carried out module preservation analysis.

We estimated module preservation of the metavenom network
in the venom gland of cobra and the salivary tissue of several
mammals where sufficient transcriptomic data were available
(mouse, human, and dog). The metavenom network was pre-
served in both venom glands of cobra as well as salivary tissue of
mammals (Fig. 2B). In cobra the metavenom network had a
Zgummary > 10 implying very high preservation, while in salivary
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Fig. 2. Expression pattern of orthologs between venom gland in snakes and salivary gland in mammals was surprisingly well conserved. This conservation
was also reflected in the preservation of the metavenom network module in the salivary gland of mammals. (A) When selecting the 546 one-to-one met-
avenom network orthologs expressed in all nine species, transcriptomes clustered based on tissue. Ellipses represent 95% confidence intervals. GO term
enrichment of these 546 genes revealed that genes from the UPR and ERAD pathway are still significantly enriched, suggesting that even in a reduced
dataset, the functional core of the metavenom network is still conserved (Dataset S2B). Despite the large evolutionary distance between species (most recent
common ancestor ~300 million years ago), partitioning by tissue explains >30% of the variation in the data. (B) The metavenom network was highly pre-
served in the venom gland of cobra (Zs;mmary > 10) while it was weakly preserved in salivary gland of mammals (Z,ummary > 2). The metavenom network,
however, was not preserved in the kidneys of mammals (Zsymmary < 2). These lines of evidence indicate that common regulatory architecture inherited from a
common amniote ancestor gave rise to the snake venom gland. Despite the subsequent evolutionary elaboration of the venom gland, it has maintained this

conserved regulatory core.
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tissue of mammals the Zgmmay Was 3, implying weak to
moderate preservation.

To further test the extent of conservation of the metavenom
network we carried out module preservation using an expanded
dataset that comprised expression levels of orthologs in venom
gland of prairie rattlesnake (Crotalus viridis) (32), and salivary
glands of nonvenomous reptiles mentioned in the section above.
We also included the data for different morphologies of the
mouse salivary gland (33). In all these comparisons, the meta-
venom module was still highly preserved (Dataset S1 E-G). The
high module preservation of the metavenom network in venomous
snakes, nonvenomous reptiles, and across different morphologies
of venom glands in mouse provides strong evidence of a degree of
molecular conservatism that has persisted since the origin of oral
secretory tissues in amniotes.

Gene Families in the Metavenom Network Evolve Rapidly and Have
Undergone Greater Expansion in Venomous Snakes. Increasing the
number of gene copies, especially in venom systems, are crucial
to bringing about evolutionary novelty (2, 34, 35). The meta-
venom network in habu comprises genes that have many copies,
which could have played a role in evolution of the venom system
in snakes (Dataset S4). To determine whether gene families in
the metavenom network evolved rapidly in venomous snakes,
either by expansions or contractions, we examined gene family
evolution using CAFE (36).

We used different rate parameters (A) along the lineage
leading up to venomous snakes to test the hypothesis that met-
avenom network gene families evolved faster in snakes as com-
pared to other species. The rate parameter A describes the
probability that any gene will be either gained or lost, where a
higher A denotes rapid gene family evolution (37). Gene families
in the branches leading up to snakes have a higher degree of
family expansion, as well as higher evolution rates (A = 6.450 X
1073) as compared to the rest of the tree (A = 1.769 x 107%)
(Fig. 34). Among the orthogroups identified by CAFE, 23
groups were statistically rapid (see Materials and Methods). An-
cestral estimations of gene family sizes showed that in the ven-
omous snake lineage, most families (16 out of 23) underwent
significant expansions, while a few families contracted (2 out of
23) or remained the same (5 out of 23) (Dataset S5 A and B).
GO term enrichment of the 23 statistically rapid orthogroups
revealed genes involved in protein modifications, protein ubig-
uitination, viral release from cells (genes from snakes, not of
viral origin), and chromatin organization, among others (Fig. 3).
We focused on genes having the most significant GO terms
(Fig. 3B), namely, protein ubiquitination (GO:0016567), protein
modification by small protein conjugation (G0O:0032446), pro-
tein modification by small protein conjugation or removal
(GO:0070647), and protein polyubiquitination (GO:0000209).
Of the genes in the metavenom network that were enriched for
these terms, almost half were significantly differentially expressed
between venom gland, heart, liver, and kidney (Dataset S3E).
While on average most of these genes were up-regulated in the
venom gland, many were up-regulated in other tissues (Fig. 3C,
only 8 shown, full list in Dataset S3E). Our results show that
although genes involved in protein ubiquitination underwent
significant expansion in venomous snakes, their overall activity is
not strictly restricted to the venom gland but functions in other
tissues as well.

Discussion

No biological system acts in isolation, even highly specific pro-
cesses. Coexpression of genes regulates both cellular processes
and maintains cellular homoeostasis (20, 38, 39). Toxin genes in
the snake venom system are coexpressed with a large number of
nontoxin genes. Together they form a GRN that we term the
metavenom network. The metavenom network comprises genes
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that are involved in various processes, the most significant being
the UPR and ERAD pathways. While toxin genes are evolution-
arily labile (40), the conserved genes they interact with reveal the
origins and repeated evolution of venom systems in vertebrates.

Genes with evolutionarily conserved expression represent
functionally important groups in which coregulation is advanta-
geous (20). Therefore, the conserved expression of metavenom
network orthologs between venom glands in snakes and salivary
glands in mammals was particularly important (Fig. 24). While
many snakes employ an oral venom system for securing prey,
there are also mammals, such as shrews, and solenodons, that
have evolved oral venom systems (based on salivary glands) for
prey capture or defense (41). Therefore, the overall conservation
of metavenom network expression, as well as preservation of the
metavenom network module (Fig. 2B), suggests that salivary
glands in mammals and venom glands in snakes share a func-
tional core that was present in their common ancestor. Using this
common molecular foundation as a starting point, snakes di-
versified their venom systems by recruiting a diverse array of
toxins while mammals developed less complex venom systems
with high similarity to saliva (42). Developing similar traits using
common molecular building blocks is the hallmark of
parallelism (43).

Despite the shared molecular foundation, however, the alter-
nate path taken by snakes and the majority of mammals in de-
veloping an oral secretory system has led to the accumulation of
large-scale phenotypic and functional differences between the
two lineages. For instance, salivary tissue of most mammals
produce large volumes of very dilute mixtures, while snake venom
glands produce highly concentrated mixtures of diverse toxins
(44). At the genetic level these differences are apparent when
comparing evolutionary rates of gene families that comprise the
metavenom network. In venomous snakes, gene families have
undergone greater expansions, and have evolved at a significantly
higher rate than in other lineages like mammals (Fig. 34). The
most enriched process among the groups of significantly expanded
gene families is protein modification via ubiquitination (Fig. 3B).
Along with tagging proteins for degradation, the ubiquitin system
influences various aspects of protein functioning in the cell (45).
The significant expansion of these genes in venomous snakes
suggests a possible link between establishment of a complex
venom system and the need for a molecular machinery which
shapes a multitude of cellular processes.

The UPR and ERAD System Promoted the Evolution of an Oral Venom
System. While it is difficult to attribute individual genes to a
specific process without functional assays, knowing how the
components of the metavenom network function in other spe-
cies, we can hypothesize their roles in the venom gland of snakes
and their ancestors. Even for the rapidly expanding gene families
in the metavenom network, linking their direct role in the evo-
lution of venom can only be confirmed by functional assays in
both venomous and nonvenomous animals. We can nonetheless
provide possible ways these genes could have functioned, painting
a picture as to how incorporating these genes would enable the
establishment of an oral venom system.

The UPR and ERAD act as “quality control” machinery en-
suring that proteins undergo proper folding and maturation (46).
Several hub genes in the metavenom network that are up-regulated
in the venom gland can contribute to this quality control process
(Fig. 1C). For example, Calreticulin (CALR) is a lectin-like chap-
erone that increases both the rate and yield of correctly folded
proteins as well as preventing aggregation of partially folded
proteins (47). Mesencephalic astrocyte derived neurotrophic
factor (MANF) is induced during the UPR as a response to over-
expression of misfolding-prone proteins to alleviate ER stress, and
has an evolutionarily conserved cytoprotective function (48, 49).
Disulfide bonds maintain structural stability and functional integrity
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Fig. 3. Gene families in the metavenom network have not only evolved more rapidly in the lineage leading to snakes, but have also undergone more
expansions in snakes than in other taxa. (A) Gene family evolution modeled as a “birth and death” process revealed higher rates of evolution in the branch
leading up to venomous snakes (red; A = 6.4 x 1073) as compared to other taxa (blue; A = 1.7 x 1073). A model with dual rates (A, A,) at different branches was
a better fit than a uniform rate (single A across the whole tree) model as estimated by a likelihood ratio test (S/ Appendix, Fig. S5). (B) Orthogroups un-
dergoing significant expansion were highly enriched for GO terms protein ubiquitination (GO:0016567), protein modification by small protein conjugation
(GO:0032446), protein modification by small protein conjugation or removal (GO:0070647), and protein polyubiquitination (GO:0000209), among others. (C)
On average, most of the genes that were associated with the above GO terms, were up-regulated (with significance at P < 0.05) in the venom gland, although
a substantial portion was up-regulated in other tissues as well (only eight shown, full list in Dataset S3D). Dot within box plot indicates mean. SHMT2: serine
hydroxymethyltransferase 2 (mitochondrial); CCBL2: cysteine conjugate-beta lyase 2; DECR2: 24-dienoyl-CoA reductase 2 peroxisomal; SLCTAT: solute carrier
family 1 member 1; GPT2: glutamic pyruvate transaminase (alanine aminotransferase) 2; SMARCA4: SWI/SNF related matrix associated actin dependent
regulator of chromatin subfamily a member 4; HSD11B1: hydroxysteroid (11-beta) dehydrogenase 1; and RBM47: RNA binding motif protein 47.
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of many secreted proteins including venom toxins (50). Our re-
sults confirmed this as protein disulfide isomerase families
(PDIAG6 and PDIA3) were up-regulated in the venom gland and
also occupied hub positions in the metavenom network (Fig. 1 A
and C). PDI families catalyze disulfide bond formation, and are
also vital in rearranging incorrect bonds to restore correct pro-
tein conformation (51). This restorative ability of PDI makes it
an integral part of the metavenom network. Individual components
of the UPR and ERAD also do not work in isolation. Feedback
loops allow several components to communicate and coordinate
their individual processes to relieve ER stress. For example, CALR
and PDIA work in close association to equilibrate the removal of
misfolded proteins and restore correct protein conformation (52).
This is reflected in the metavenom network where they not only
share connections, but also occupy hub positions.

Although UPR and ERAD are considered to be stress re-
sponses, they function in a stress-independent manner as well.
The UPR system is activated by developmental, cell surface sig-
naling, circadian, and various other physiological cues, implying
that the system (or at least elements of it) are frequently and even
continuously fine tuning cellular functions (53). In fact, consistent
detection of key regulators of the UPR (ATF4, ATF6, and PERK)
in nonstressed mouse tissues suggest their role in basal regulation
of gene expression in vivo (54-56). Having UPR regulators con-
tribute to the regulation of various cellular processes provides
greater flexibility: a wide range of signals can be transmitted to
multiple overlapping or branching pathways to fine tune their
activity, a form of regulation that would be evolutionarily advan-
tageous in organisms with diverse tissue types (53). This fine
tuning is further enhanced by ubiquitin ligases that spatially and
temporally modify the magnitude and duration of the UPR,
impacting overall physiology (57). Therefore, the expansion of
metavenom network genes associated with protein ubiquitination
(Fig. 3C) would enable a high degree of fine tuning of cellular
secretory processes in lineages leading up to venomous snakes.

The UPR anticipates, detects, and correctly folds misfolded
proteins. The ERAD ensures that misfolded proteins are de-
graded so as to prevent cellular toxicity, and ubiquitin ligases add
an overall level of regulation to fine tune these processes. These
pathways support protein secretory functions, which are char-
acterized by high demand for protein synthesis and quality
control, mediating endoplasmic reticulum stress that takes place
in many secretory glands, including salivary glands (58). Corre-
spondingly, UPR and ERAD pathways are up-regulated in venom
glands during venom biosynthesis in rattlesnakes (59). Having
such a robust regulatory network in place would improve the te-
nacity of the ancestral secretory system, enabling it to tolerate an
increase in tissue complexity through changes in composition and
concentration of secreted proteins. Therefore, having these
molecular systems already in place likely primed the ancestors of
venomous animals to undergo a series of steps to attain a
weaponized oral venom system. Diversification of the UPR and
ERAD systems may accompany transitions from simple to com-
plex secretory systems (60). As a result, understanding how these
pathways have changed to handle additional stress of producing
high venom loads, may be a productive area of future research.

Evolution of Oral Venoms from an Ancestral Salivary GRN. Given the
existence of a conserved salivary GRN, venom can evolve in two
ways: exaptation of existing components or through the addition
of novel genes. Both mechanisms played a role in the evolution
of snake venom. Furthermore, the architecture of the ancestral
salivary GRN and comparisons to other venoms, such as those of
solenodon and shrews, suggests a general model by which ven-
oms have evolved across a range of taxa.

Stage 1: Exaptation of salivary enzymes, particularly kallikrein-like serine
proteases. Kallikrein-like serine proteases are expressed in multiple
tissues and are especially abundant in saliva of many amniotes (61,
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62). Kallikrein proteolytic activity releases bradykinin and pro-
motes inflammation. Interestingly, when injected, salivary kalli-
kreins from nonvenomous animals, such as mice and rats, induce
a hypotensive crisis leading to death (63, 64). In fact, Hiramatsu
et al. (63) effectively blurred the lines between venomous and
nonvenomous mammals by proposing that male mice secrete
“toxic proteins (kallikrein-like enzymes) into saliva, as an effec-
tive weapon.” Lethality of saliva differs between mouse strains,
suggesting that heritable variability in this trait exists within
species, a necessary prerequisite for adaptation (65). Thus, under
ecological conditions where venom lethality promotes repro-
ductive success, natural selection should favor the evolution of
an envenomation system from this starting point. In other words,
while mice probably don’t use their saliva as a weapon, evolution
may easily weaponize it under the right ecological conditions.

Serine protease-based toxins are nearly universal in amniote
oral venoms. Mammalian oral venoms (e.g., solenodon and Blar-
ina shrews), as well as those of reptiles (e.g., Heloderma lizards and
possibly in varanids) all employ kallikrein-like serine protease
overexpression (42, 66-68). Similarly, Fry noted that snake venom
kallikreins arose by direct modification of salivary counterparts,
based on their phylogenetic proximity to salivary proteins in lizards
(14). This suggests a commonality of biochemical mechanisms
inherited from the ancestral salivary GRN. Furthermore, kalli-
kreins found in the ancestral salivary GRN’s predispose the evo-
lution of envenomation strategies based on hypotensive shock, one
of two main strategies for prey immobilization by modern ven-
omous snakes (69).

While kallikrein-like serine proteases represent the most

striking and taxonomically diverse example of exaptation, other
ancestral salivary components have been recruited by a range of
taxa. For instance, cysteine-rich secretory proteins (CRISPs),
which are expressed in many tissues including salivary glands, are
commonly found in the venom of snakes and of lizards (Hel-
oderma) (14, 70). CRISPs play a wide variety of roles in non-
venomous tissues, and their function appears likewise diverse in
venoms (71). This illustrates that the ancestral expression of a
gene need not be limited to saliva since many of them are also
expressed in other tissues as well, as are many, if not all, ele-
ments of the metavenom network (Figs. 1C and 3C). Rather,
these genes are united by pharmacology that could be easily
repurposed and overexpressed in the novel venomous context. It
further suggests that the salivary GRN is flexible, in that it can
evolve to secrete high levels of a wide range of proteins.
Stage 2: Gene recruitment. Snake venoms arose from the same an-
cestral GRN and followed the same first evolutionary step re-
lying on initial exaptation of existing components. Yet, today
they contain numerous novel toxins and bear little resemblance
to the composition of ancestral saliva. Incorporation of novel toxins
has occurred relatively infrequently, and the process remains poorly
understood at the transcriptional level. For example, recent insights
into the evolution of snake venom metalloproteinases found that
they are related to the mammalian adam?28 gene (35, 72). This gene
is expressed in many tissues, but only weakly in the salivary glands
of some species (73), and, furthermore, it is a transmembrane rather
than a secreted protein. While the series of sequential deletions
necessary for the protein sequence to acquire toxicity have been
revealed (35), the corresponding changes in gene expression ac-
companying them remain a mystery. Similarly, while the origin of
phospholipases A, has been traced to a common amniote ancestor,
the steps required for its neofunctionalization remain obscure (74).
One attribute common to these toxins is that prototoxin genes are
expressed in a variety of tissues. As a result, metavenom network
genes likely already interact with “future” toxin genes in other tis-
sues, facilitating their eventual recruitment into the venom.
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Conclusion

When comparing between organisms, it is important to remem-
ber that all lineages have experienced different degrees of trait
loss and gain (75). Therefore, most organisms typically show
combinations of both ancestral and derived characters (76).
Despite being derived phenotypes experiencing strong selection,
snake venoms rely on a conserved secretory GRN that is expressed
in ancestral saliva and other tissues. Key components of the GRN
appear to have been exapted for the evolution of snake and other
vertebrate oral venoms. Rather than being nonhomologous
products of convergent evolution, as previously believed (41, 42,
77), gene coexpression analysis revealed that these venom systems
share a deep homology at the level of regulatory architectures. As
a result, the evolution of toxicity in vertebrate saliva may be more
common than currently recognized, and the line between verte-
brates with and without oral venoms much less clear.

Materials and Methods

RNA Extraction and Sequencing. RNA was extracted from 30 specimens of P.
mucrosquamatus which were collected from various localities throughout
Okinawa, Japan. Venom glands were harvested from all 30 specimens while
nonvenom tissues were harvested from 5 specimens. Specimens had almost
equal distribution of male and female (m: 21, f: 26) (Dataset SM1). Venom
was extracted from all specimens at day 0 and glands were harvested at
several time points (days 1, 2, 4, and 8). RNA-seq libraries were prepared as
described in refs. 78 and 10. Reads were mapped using Bowtie 2 within the
RSEM package, which was also used to quantify transcript abundance (79).
Raw RNA-seq reads are available under NCBI accession PRJDB4386. Further
details like specific locations of sampling and generation of RNA data can be
found in ref. 12.

Network Construction. Weighted gene coexpression analysis was conducted
using the WGCNA package in R (23). The input data consisted of a regu-
larized log transformed matrix of 18,313 genes (as columns) and 29 libraries
(as rows) of the venom gland which was filtered for low expressed tran-
scripts (transcripts per million [tpm] < 0.05). One of the venom gland li-
braries was excluded in all further analysis due to low spike (S/ Appendix,
Supplementary Materials). A characteristic organizational feature of bio-
logical networks is a “scale-free” topology, where connections follow a
power-law distribution, such that there are very few nodes with very many
connections and vice versa (80, 81). To attain scale-free topology, a soft
threshold of 13 was selected based on results from the “pickSoftThreshold”
function in the WGCNA package. After a soft threshold was estimated, a
hierarchical clustering algorithm was used to identify modules of highly
connected genes. A threshold of 0.2 and minimum module size = 30 was
used to merge very similar expression profiles to obtain a total of 29 mod-
ules. We used the “modulePreservation” function to calculate preservation
of module characteristics of the metavenom network module, between a
reference and test dataset. In all cases, the reference dataset was the met-
avenom network module, while the test was a topological overlap matrix
(TOM) from either nonvenom tissues or venom tissue in cobra. The Zs,mmay is
a composite statistic that combines statistical summaries of network density
and connectivity to get a reliable estimate of whether network character-
istics are preserved between reference and test (24). Simulations revealed
that a threshold of 2 > Z, mmary < 10 indicates weak to moderate evidence of
preservation, while Zsymmary > 10 implies strong preservation and Zsummary <
2 implies no preservation (24).

Differential gene expression analysis was carried out in edgeR (82).
Transcripts with missing or very low read counts were filtered out before
performing the tests. Libraries were normalized (using suggested TMM
[trimmed mean of M] values) to account for compositional bias as well as
account for any size variations between libraries. We performed an ANOVA-
like test to identify differentially expressed genes between four tissue
groups; venom gland, liver, kidney, and heart. A quasi-likelihood F test was
then applied to identify differentially expressed genes between the four
groups (at P < 0.05 significance). Gene expression plots were made using the
same libraries that we used to estimate differential gene expression (at
day = 1).

External validation of module preservation. We conducted an external validation
of our data and WGCNA algorithm parameters using an external study of
human salivary gland gene expression (25). This dataset uses specimens with
salivary gland pathology and was carried out on microarrays. We expected
that despite these differences, if the metavenom network is conserved, it
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will show overlap with one or more modules inferred in the human data. We
tested for overlap using Fisher’s exact tests correcting for multiple compar-
isons using the Benjamini—-Hochberg procedure with the false discovery rate
set at 0.05.

Functional Annotation of Gene Sets. GO terms of habu genes were annotated
using Blast2GO software (using a BLAST e-value cutoff < 1073) (83). We used
both BLAST and InterProt results of the P. mucrosquamatus genome
(PRJDB4386) as input for Blast2GO. Using both nucleotide and protein se-
quences allowed more accurate annotation of GO terms. GO terms enrichment
analysis was carried out using the GOstats package in R (84). Depending on the
analysis (e.g., GO enrichment of metavenom network genes or enrichment of
expanded gene families) different gene sets were used as the test data and GO
annotations (of the set of all genes) from Blast2GO was used as the “universe.”

Orthology Estimate and Comparative Transcriptomics. Orthologs for habu (P.
mucrosquamatus ncbi tax id: 103944), human (Homo sapiens 9606), chimp (Pan
troglodytes: 9598), mouse (Mus musculus: 10090), dog (Canis familiaris: 9615),
anole (Anolis carolinensis: 28377), chicken (Gallus gallus: 9031), and frog
(Xenopus tropicalis: 8364) were obtained from the “Gene” database of NCBI
(ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/gene_orthologs.gz). These orthologs
were calculated by NCBI's Eukaryotic Genome Annotation pipeline that com-
bines both protein sequence similarity as well as local synteny information.
Furthermore, orthologous relations were additionally assigned after manual
curation. A combination of command line and R scripts was used to extract a
list of one-to-one orthologs shared between all eight taxa (S/ Appendix,
Supplementary Materials). In addition to using the orthologs defined by NCBI,
we carried out phylogenetic ortholog estimation using OrthoFinder (OF) (28).
OF uses protein sequences to infer orthogroups and then combines informa-
tion from gene trees and species trees to distinguish between gene copies
arising from speciation or duplication events within lineages. OF also has the
added advantage of removing any errors that tend to occur during similarity-
based assignment of orthologs (85). Protein sequences for eight taxa were
obtained from Ensembl (86). Cobra (Naja naja: 35670) protein and transcript
sequences were obtained by request from the authors (29). Using both these
approaches we obtained a combined list of 2,682 one-to-one expressed
orthologs (see next section) between nine taxa. From these we filtered met-
avenom network orthologs based on the habu genes present in the meta-
venom network. This results in a list of 546 expressed metavenom network
orthologs found in all nine taxa. For the expanded dataset used in the sup-
plementary analysis protein and transcript sequences were obtained from
NCBI. Sequence data for the Leopard gecko was obtained from ref. 87. C.
viridis sequence data were obtained from ref. 33. One-to-one orthologs were
obtained using OrthoFinder, which resulted in a total of 2,291 orthologs, and
460 metavenom network orthologs, expressed across all tissues in 12 taxa (S/
Appendix, Supplementary Materials). RNA data for each species and tissue
were obtained from the Sequence Read Archive (SRA) database (Dataset SM2).
Datasets were from a variety of sources including published studies (29, 31, 33,
88-91) and large-scale sequencing projects like the Broad Institute’s canine
genomic resources and the ENCODE project (92). Where possible, at least three
libraries for each tissue from each taxa were used to compile our comparative
dataset, and only data generated from healthy, adult tissues were used. All the
sources did not distinguish between salivary gland subtypes and used whole
tissue due to the high genetic similarity of subtypes (33, 93). We used the
“fasterg-dump” function in SRA toolkit 2.9.1 (https:/github.com/ncbi/sra-tools/
wiki) to download fastq files, which were quantified using kallisto (94). Kallisto
indices for human, mouse, chimp, dog, anole, frog, and chicken were created
using GTF and cDNA files from the Ensembl database (86). Index for cobra was
made using annotation and transcript files from Suryamohan et al. (29). Indices
for all other studies were constructed from transcript data from NCBI (python,
corn snake) or obtained from their respective studies (leopard gecko and C.
viridis). For single end reads we set length parameter to 350 and SD of length
fragment to 150. A custom R script was used to aggregate transcript-level read
counts to gene-level read counts. Once total tpm was obtained for each tissue
from each taxa, the data were filtered to obtain a final dataset of one-to-one
orthologs expressed across all tissues across all nine taxa. To allow for com-
parisons across samples, expression levels were normalized. Normalization was
carried out by adding a pseudo count of 1 x 107> (to prevent log[0] scores),
followed by log, transformation. The transformed data were then quantile
normalized among samples. Quantile normalization ensured equal across
sample distribution of gene expression levels so as to minimize the effects of
technical artifacts (95, 96).

Our aim was to identify any conserved pattern of expression present
between homologous tissues from multiple taxa; however, identifying pat-
terns in expression data from multiple species as well as multiple studies
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requires the removal of their respective batch effects (97). The batch effect
imparted by species is due to the level of shared functionality of genetic
processes, where evolutionary changes (during speciation) in shared mo-
lecular machinery will simultaneously alter the expression of genes in all
tissues, thereby masking any historical signals of homology (98, 99). To
remove these batch effects and identify patterns (if any) of homology in
expression between tissues we used an empirical Bayes method (imple-
mented via the ComBat function in the sva R package) (100). We used the
plotPCA function in the DESeq2 package (101) to carry out principal com-
ponent analysis. Using both species and study as batch effects produced
similar results, although species explained more variation and provided
better resolution of underlying tissue-specific trends (S/ Appendix,
Supplementary Materials).

Gene Family Evolution. Gene family evolution across amniotes was investi-
gated using CAFE v5.0 (37, 102). CAFE models gene family evolution across a
species tree using a stochastic birth and death process. An ultrametric species
tree was drawn in Mesquite (103) and divergence times were estimated
using http://www.timetree.org/. Protein sequences for seven taxa were
obtained from Ensembl and the rest (habu and cobra) from NCBI. Gene
families were inferred with BLAST and MCL (implemented in CAFE), using
proteins present in the metavenom network as query sequences. This
resulted in 250 estimated gene families. Although most of our taxa are
model organisms with well-assembled genomes, for increased statistical
robustness, we estimated an error model due to genome assembly error
which was later used for A analysis (36) (Dataset SM3). The rate parameter L
describes the probability that any gene will either be gained or lost, where a
higher X denotes rapid gene family evolution (37). We used a global A (\) as
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