
D
ow

nloaded from
 https://academ

ic.oup.com
/iob/article/7/1/obaf003/8010845 by C

lem
son U

niversity Libraries user on 13 February 2025



Integrative Organismal Biology
Integrative Organismal Biology , obaf003 
https://doi.org/10.1093/iob/obaf003 A Journal of the Society for Integrative and Comparative Biology

ARTICLE 

Dietary Breadth Predicts Toxin Expression Complexity in the 

Venoms of North American Gartersnakes 
T.C. Heptinstall ,∗, 1 , 3 R.A. Rosales García ,∗ R.M. Rautsaw,∗, † E.A. Myers,∗, ‡ 

M.L. Holding ,∗, § , # A.J. Mason,∗, ¶ E.P. Hofmann ,∗, ‖ T.D. Schramer ,∗, # M.P. Hogan ,# , ∗∗

M. Borja,†† G. Castañeda-Gaytán,†† C.R. Feldman,‡‡ D.R. Rokyta ∗∗ and C.L. Parkinson 

∗, §§ , 2 

∗Department of Biological Sciences, Clemson University, Clemson, SC 29634, USA; † Department of Integrative Biology, 
University of South Florida, Tampa, FL 33620, USA; ‡ Department of Herpetology, California Academy of Sciences, San 
Francisco, CA 94118, USA; § Life Sciences Institute, University of Michigan, Ann Arbor, MI 48109, USA; ¶ Department of 
Evolution, Ecology and Organismal Biology, The Ohio State University, Columbus, OH 43210, USA; ‖ Science Department, 
Cape Fear Community College, Wilmington, NC 28401, USA; # Department of Ecology & Evolutionary Biology, University of 
Michigan, Ann Arbor, MI 48109, USA; ∗∗Department of Biological Science, Florida State University, Tallahassee, FL 32306, 
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Synopsis Selection on heritable phenotypic variation has played a prominent role in shaping the remarkable adaptations 
found across the Tree of Life. Complex ecological traits, such as snake venoms, are thought to be the products of selection 
because they directly link to fitness and survival. Snake venom increases the efficiency of prey capture and processing and is 
thus likely under intense selection. While many studies of snake venom have investigated the relationship between venom and 
diet, they have primarily focused on medically relevant front-fanged snakes. However, recent work has suggested that many 
non-front fanged snakes also rely on venom for subduing prey, despite having reduced toxicity toward humans. Here, we set out 
to uncover variation in toxin-producing genes, along with the ecological and evolutionary pressures impacting snake venom 

characteristics in the North American gartersnakes (Squamata: Natricidae: Thamnophis ), a model group of non-front-fanged 
snakes. We annotated and analyzed Duvernoy’s venom gland transcriptomes from 16 species representing all the major lin- 
eages within Thamnophis . We then generated measures of complexity of both toxins and dietary breadth. We found strong 
correlations between the complexity of toxin gene expression and phylogenetic diversity of diet, but no relationship between 
the complexity of the genetic makeup of the transcriptomes (allelic or sequence variation) and diet complexities. We also found 
phylogenetic signal associated with venom complexity, suggesting some influence of ancestry on venom characteristics. We sug- 
gest that, in non-front-fanged snakes, expression of toxins rather than sequence complexity is under strong selection by dietary 
diversity. These findings contradict similar studies from front-fanged snakes where increased transcriptomic complexity varies 
positively with dietary diversity, exposing a potential novel relationship between a complex phenotype—toxin expression—and 
its selective pressures—diet. 

Spanish La selección en la variación fenotípica heredable ha desempeñado un rol prominente en la formación de las adapta- 
ciones encontradas a lo largo del Árbol de la Vida. Se cree que los caracteres ecológicos complejos, como el veneno de las 
serpientes, son el producto de la selección natural dado que está directamente relacionados con el fitness y la supervivencia. El 
veneno de las serpientes incrementa la eficiencia en la captura y el procesamiento de las presas por lo que probablemente está su- 
jeto a una selección intensa. A pesar de que varios estudios sobre el veneno de las serpientes han investigado la relación entre el 
veneno y la dieta, estos se han enfocado en las serpientes medicamente relevantes que poseen colmillos anteriores. Sin embargo, 
trabajos recientes sugieren que varias serpientes sin colmillos anteriores también dependen del veneno para someter presas, a 
pesar de que su veneno tiene baja toxicidad hacia los humanos. En el presente trabajo pretendemos descubrir la variación en 
los genes que producen las toxinas, así como las presiones ecológicas y evolutivas que impactan las características del veneno 
en las serpientes del género Thamnophis (Squamata: Natricidae), que es un grupo modelo de serpientes sin colmillos anteri- 
ores. Anotamos y analizamos transcriptomas de las glándulas de Duvernoy de 16 especies representando los linajes principales 
dentro de Thamnophis . Posteriormente, generamos medidas de complejidad tanto de las toxinas como de la dieta. Encon- 
tramos correlaciones fuertes entre la complejidad en la expresión de los genes de toxinas y la diversidad filogenét ica de la dieta, 
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pero no se observó relación entre la complejidad genética (variación alélica o en la secuencia genética) y la com- 
plejidad en la dieta. También encontramos señal filogenética asociada con la complejidad en el veneno, sugiriendo 
la influencia de la historia filogenética en las características del veneno. Sugerimos que en serpientes sin colmil- 
los anteriores la expresión de toxinas, en vez de la complejidad de la secuencia genética, está sometida a selección 

por la variación en la dieta. Estos hallazgos contradicen estudios similares hechos en serpientes con colmillos an- 
teriores donde los incremento en la complejidad del transcriptoma varían positivamente con la diversidad en la 
dieta, exponiendo una posible relación novedosa entre fenotipos complejos (expresión de toxinas) y sus presiones 
selectivas (dieta). 
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Introduction 

Darwin first hypothesized that natural selection could 

give rise to novel, complex traits, while maintaining 
others, leading to an interconnected network of traits, 
functions, and selective pressures (Darwin 1859 ). Com- 
plex traits are thought to be the result of multiple selec- 
tive pressures acting on the underlying genetics and ex- 
pressed molecular functions, resulting in a wide range 
of phenotypic possibilities (Adami et al. 2000 ;Wolf et al. 
2018 ). Biotic and abiotic conditions provide the selec- 
tive pressures shaping traits, especially traits that al- 
low for increased resource utilization—such as dietary 
adaptations (Fernald 2000 ; Friedman 2008 ). Venom is 
a particularly salient dietary adaptation because it al- 
lows predators to subdue and process prey that might 
otherwise be too large or dangerous to handle (Greene 
1997 ). In addition to the ecological role of venom, this 
complex trait has also been the focal point of many 
studies due to its medical significance and has garnered 

the attention of research groups and governing bod- 
ies across the globe (Chippaux 2006 ; Fry et al. 2009 ; 
Arbuckle 2017 ). 

Venom has arisen more than one hundred times 
across the Tree of Life (TOL) and can be found in 

various organisms including cnidarians, insects, fish, 
spiders, scorpions, squamate reptiles, and mammals 
(Casewell et al. 2013 ; Whittington and Belov 2014 ; 
Moreau and Asgari 2015 ; Phuong et al. 2016 ; Arbuckle 
2017 ). This complex cocktail of proteins and peptides 
produces pharmacologic effects with a wide range of 
characteristics across taxa, but it can generally be sum- 
marized as a biological substance produced by one or- 
ganism that impacts the biological processes of another 
organism upon envenomation (Fry et al. 2009 ; Casewell 
et al. 2013 ; Arbuckle 2017 ). While venoms in many taxa 
may play a defensive role, the most common function is 
a predatory role that increases proficiency in prey cap- 
ture and processing (Casewell et al. 2013 ). Venom can 

vary ontogenetically (Hogan et al. 2024 ), between in- 
dividuals in a population (Rosales-García et al. 2023 ), 
across populations (Margres et al. 2017 ), and across 
the TOL (Arbuckle 2017 ). As such, researchers seek to 
understand both the proximate and ultimate causes of 
variation in venom. 
One of the most well-known groups of venomous
nimals are snakes. In snakes, it is hypothesized that
enom evolved with a primary function of prey im-
obilization and digestion (Hayes 1992 ; Daltry et al.
996 ; Fry et al. 2006 ; Fry et al. 2009 ; Mackessy 2010 ;
asewell et al. 2013 ). Research on venom characteristics
nd the underlying genetic basis of venom suggests a re-
ationship between venom and diet at the genetic level
n terms of underlying genetic complexity (transcrip-
omic complexity) and how that genetic complexity is
xpressed in protein production (expression complex-
ty) (Holding et al. 2021 ; Schaeffer et al. 2023 ). Varia-
ion in snake venom characteristics and effects can be
een across multiple scales, both inter- and intraspecif-
cally, supporting the hypothesis that venom is evolv-
ng with dietary preferences at local and broad scales
Daltry et al. 1996 ; Davies and Arbuckle 2019 ; Holding
t al. 2021 ; Mason et al. 2022 ; Heptinstall et al. 2023 ;
chaeffer et al. 2023 ). For example, some snakes and
heir prey are players in an evolutionary arms race,
here snakes are evolving more potent venom to com-
at prey that are evolving increasing degrees of venom
esistance (Holding et al. 2016 ; Robinson et al. 2021 ).
owever, due to historical assumptions that non-front-
anged colubriform snake venom was medically unim-
ortant, previous research has almost entirely focused
n the causes of this variation in front-fanged snakes
uch as vipers and elapids, ignoring much of the species
nd venom diversity found in non-front-fanged col-
briform snakes (Junqueira-de-Azevedo et al. 2016 ;
odahl and Mackessy 2019 ). Thus, the ecological and
volutionary importance of venom complexity in non-
ront-fanged snakes remains poorly understood. 
Non-front-fanged snakes account for an overwhelm-

ng majority of snake diversity, and many are potentially
aluable sources of novel toxins and models for under-
tanding venom evolution (Junqueira-de-Azevedo et al.
016 ; Uetz and Stylianou 2018 ). In addition to an as-
umed lack of medical relevance (though there are ex-
eptions; see Schramer et al. 2022 ), the venom of non-
ront-fanged snakes remains understudied due to diffi-
ulties in collecting the venom and venom gland. Many
on-front-fanged snakes possess a reduced Duvernoy’s
enom gland (DVG hereafter), which is thought to be
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omologous to the larger and more specialized venom
land of front-fanged snakes (Kardong 2002 ; Jackson
t al. 2017 ). The DVG lacks the storage and deliv-
ry system found in front-fanged snakes and produces
ower venom yields, leading to a slow flow of tox-
ns across enlarged rear-teeth rather than the quick,
igh-pressure injections found in front-fanged species
Kardong 2002 ). Due to debate over what characteris-
ics of enlarged rear teeth constitute a true rear-fang,
e refer to gartersnakes as “non-front fanged” rather
han “rear-fanged,” as this distinction between these
s outside the scope of our current study. The charac-
eristics of the DVG and enlarged-rear teeth make it
hallenging to study the venom of these snakes; how-
ver, advancements in “-omics” technologies have al-
owed for the generation of large amounts of data from
mall samples (Modahl and Mackessy 2019 ). Specifi-
ally, transcriptomic technologies offer a time snapshot
f relative gene expression and the characterization and
uantification of the underlying messenger ribonucleic
cid (RNA) which get translated into amino acids dur-
ng protein production (McGivern et al. 2014 ; Modahl
t al. 2018 ; Modahl et al. 2021 ). Snake venom, in partic-
lar, provides a model phenotypic trait to examine via
enom gland transcriptomics due to the strong corre-
ation between RNA transcription and protein transla-
ion in venom glands (Rokyta et al. 2012 ; Rokyta et al.
015 ). These molecular technologies have been used to
iscover both novel and conserved toxins within non-
ront-fanged snake species and have demonstrated that
here is extensive variation among species (Modahl et al.
018 ; Modahl and Mackessy 2019 ; Hofmann et al. 2021 ;
erda et al. 2022 ; Schramer et al. 2022 ; Heptinstall et al.
023 ). However, few investigations have explored the
volutionary pressures impacting this variation using
omparative methods (Modahl and Mackessy 2019 ). 
To investigate the evolutionary pressures impact-

ng non-front-fanged snake venom evolution, we set
ut to characterize the DVG transcriptome of mul-
iple species from the genus Thamnophis and com-
are their toxin characteristics to a primary selective
orce of toxin diversity: dietary breadth. Garter and
ibbon snakes ( Thamnophis ) are a relatively common,
ell-studied group of snakes found throughout North
merica (Rossman et al. 1996 ). The genus Thamnophis
ontains 38 currently recognized species with diverse
rophic ecologies (Rossman et al. 1996 ; Nuñez et al.
023 ). For example, the Common Gartersnake ( T. sir-
alis ) is a generalist predator throughout its range,
ut species such as the Short-headed Gartersnake ( T.
rachystoma ) are extreme dietary specialists, feeding
lmost exclusively on earthworms (Carpenter 1952 ;
splund 1963 ; Heptinstall et al. 2024 ). However, in-
raspecific variation in diet is also common in the genus.
The Terrestrial Gartersnake ( T. elegans ) complex con-
tains 3 currently recognized subspecies. Thamnophis
e. elegans and T. e. vagrans feed on a generalist diet,
while some populations of T. e. terrestris feed almost
exclusively on slugs ( Ariolimax spp.) (Britt et al. 2006 ).
This broad dietary variation, paired with molecular evi-
dence of venom production from the genus (Jansen and
Foehring 1983 ; Hayes and Hayes 1985 ; Kardong and
Luchtel 1986 ; Gomez et al. 1994 ; Perry et al. 2018 ) make
Thamnophis an ideal clade to explore the evolution of
venom in a non-front-fanged group. 

Here, we generated the first de novo DVG tran-
scriptomes with venom gene characterizations for 16
species from across the Thamnophis phylogeny. We
then tested for relationships between toxin sequence
complexity and toxin expression complexity with vary-
ing measures of dietary breadth. We hypothesized that
dietary ecology drives venom evolution in non-front-
fanged snakes and results in a positive correlation
between venom complexity and dietary breadth—as
seen in front-fanged snakes. The lack of such a cor-
relation would suggest that either (1) other processes
are at work, such as evolutionary constraints or un-
measured selective pressures impacting the venom of
gartersnakes or (2) that gartersnake venom is evolving
largely through neutral processes. 

Materials and methods 
Sample collection 

Fifty-one Thamnophis individuals from 16 species were
collected from various locations throughout the United
States and Mexico from 2017 to 2023. We collected a
range of one to eight individuals per species (mean of
3.19 individuals per species). Sampling details includ-
ing sampling locality, collection permit details, IACUC
protocol numbers, SRA accession numbers, museum
deposition numbers, and other metadata can be found
in SupplementaryMaterial 1. To ensure sampling across
the phylogeny, we targeted species of multiple clades
and distributions, obtaining at least one representative
species of almost every major clade ( Fig. 1 ). 

DVG transcriptomics 

The DVG tissue collection and sequencing process fol-
lowed protocols previously proven successful and re-
peatable for producing high-quality snake venom tran-
scriptomes (Rokyta et al. 2011 ; Hofmann et al. 2018 ;
Holding et al. 2018 ; Hofmann et al. 2021 ). In short, in-
dividuals were injected with pilocarpine at a dosage of
10 ug/g (Morais-Zani et al. 2018 ) to stimulate venom
secretion and sedated with isoflurane. Venom was ex-
tracted by placing the enlarged back tooth of each top
jaw onto a capillary tube (Hill and Mackessy 1997 ;

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
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Fig. 1 Species sampling for this project displayed on the phylogeny (Hallas et al. 2022 ) of the genus Thamnophis . Sampled species are in bold, 
with the number of individuals collected for each species listed in parentheses. Photo of T. sirtalis by T.C.H. 
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Morais-Zani et al. 2018 ). Four days later, when tran- 
scription was at its peak (Rotenberg et al. 1971 ), indi- 
viduals were anesthetized using a 1% MS222 (tricaine 
methanesulfonate) solution and euthanized using a 50% 

solution of MS222 at quantities dependent on the indi- 
vidual’s weight (Conroy et al. 2009 ). Immediately fol- 
lowing euthanasia, DVGs were extracted and placed 

into RNALater and stored temporarily at 4°C before be- 
ing transferred to −80°C for long-term storage. 

The RNA extraction process followed a standard Tri- 
zol extraction procedure (Rokyta et al. 2013 ; Hofmann 

et al. 2018 ; Strickland et al. 2018 ). We extracted RNA 

from each individual’s left and right DVG and then 

combined RNA from each gland in equal concentration 

to create comprehensive DVG RNA pools for each indi- 
vidual. Using a Qubit RNA Assay (Thermo Fisher Sci- 
entific, Waltham, MA, USA), RNA was quantified and 

subsequently quality checked on a BioAnalyzer RNA 

Pico chip or a 4150 TapeStation System (Agilent Tech- 
nologies, Santa Clara, CA, USA). 
We processed the quantified RNA samples into sep-
rate, uniquely indexed cDNA libraries per individ-
al snake. For cDNA library preparation, we used the
EBNext Ultra II RNA Library Prep Kit (E7775) (New
ngland Biolabs, Ipswich, MA, USA) with the Ploy(A)
RNA Magnetic Isolation Module (E7490) (New Eng-

and Biolabs, Ipswich, MA, USA). After mRNA iso-
ation and cDNA synthesis, we targeted RNA inserts
ith a size of 300bp by using a fragmentation incu-
ation time of 15 minutes and 15 PCR cycles to yield
he desired cDNA concentration. Purification of cDNA
amples was done using NEBNext Sample Purification
eads. A Qubit DNA BR Assay (Thermo Fisher Scien-
ific, Waltham, MA, USA) was used to determine DNA
oncentration. Quality control of samples was done us-
ng a Bioanalyzer with a HS DNA kit according to the
anufacturer’s instructions or a 4150 TapeStation Sys-

em (Agilent Technologies, Santa Clara, CA, USA). Li-
raries were sequenced with Illumina SBS technology
t Florida State University or Clemson University. 
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The subsequent analyses used GNU parallel
0,220,722 (Tange 2015 ) for multiprocess computing.
emultiplexed sequences were trimmed using Trim
alore 0.6.7 ( https://github.com/FelixKrueger/
rimGalore) and paired-end reads were merged using
EAR 0.9.11 (Zhang et al. 2014 ). Merged reads
ere then assembled using Extender (Rokyta et al.
012 ) and Trinity 2.14.0 (Haas et al. 2013 ).
ssembly outputs were combined and cd-hit-est
Li and Godzik 2006 ; Fu et al. 2012 ) was used at 100%
o cluster redundant transcripts. This complete assem-
ly was then annotated using ToxCodAn (Nachtigall
t al. 2021 ) and custom annotation scripts (Rokyta
t al. 2012 ; Hofmann et al. 2018 ), then manually
nnotated using Geneious Prime 2022.2.2
 https://geneious.com). Fin ally, to check for any poten-
ially missing, highly-expressed transcripts, we followed
he open-reading frame identification and classification
ipeline detailed in Schramer et al. (2022) . Non-toxin
ranscripts were annotated using BLAST with the
niProt animal database (The UniProt Consortium
023 ) and ToxCodAn’s CodAn (Nachtigall et al.
021 ). All duplicates and ambiguities were removed.
d-hit-est (Li and Godzik 2006 ) was used at 99%
n all samples to cluster transcripts and reduce redun-
ancy. A final species-level consensus transcriptome
as created by combining all individual transcriptomes
nd clustering at 97%. To determine gene expression,
e used bowtie2 (Langmead and Salzberg 2012 ) to
ap merged reads from each individual to the consen-
us transcriptome and used RSEM (Li and Dewey 2011 )
o generate the expected counts of reads mapping to
he transcripts. There is much debate over the actual
oxicity of many toxin families discovered in our tran-
criptomes, but for simplicity, we refer to these putative
oxins collectively as “toxins” or “venom components”
Modahl et al. 2016 ; Modahl and Mackessy 2019 ). 
Due to the small size of several of our study speci-
ens and, therefore, the DVG, we wanted to confirm

hat all transcripts originated from the DVG. Thus,
e compared the pairwise relationship between non-
oxin gene transcript expression among all species post-
ssembly and annotation using linear regressions of the
entered log ratio transformed transcripts per million
TPM). We expected that if non-toxin expression sig-
ificantly differed from a 1:1 relationship, it would pro-
ide evidence that tissue types other than DVG were se-
uenced, as non-toxin genes are expressed differently in
ifferent tissue types. 
To investigate homology between toxin genes found
ithin our Thamnophis transcriptomes and transcrip-
omes of other venomous snake species, phylogenetic
rees of the cystine-rich secretory protein (CRISP) and
nake venom metalloproteinase (SVMP) toxin fami-
lies were constructed. All unique CRISP and SVMP
sequences were extracted from the Thamnophis tran-
scriptomes, and additional CRISP (Sunagar et al. 2012 )
( Supplementary Material 2) and SVMP (Reyes Velasco
et al. 2014 ) ( Supplementary Material 3) se quences were
gathered. This resulted in a dataset of 52 CRISP se-
quences and 40 SVMP sequences for analyses. Using
Geneious Prime 2025.0.3 ( https://www.geneious.com),
sequences were aligned with MAFFT (Katoh and Stan-
dley 2013 ), and trees were generated using PhyML
(Guindon et al. 2010 ). 

Intraspecific variation 

We primarily focused on 2 taxa ( T. elegans and T. sir-
talis) with multiple wide-ranging subspecies represent-
ing distinct populations to test for intraspecific toxin
variation within the genus. For T. elegans , 3 subspecies
are currently recognized: T. e. elegans , T. e. vagrans , and
T. e. terrestris . We gathered samples from all 3 sub-
species to examine intraspecific variation across the en-
tire species complex. Thamnophis sirtalis has 12 cur-
rently recognized subspecies (but see Jones et al. 2023 );
however, due to sampling restrictions, we investigated
only 3: T. s. sirtalis , T. s. fitchi , and T. s. infernalis . Ad-
ditionally, our sampling of T. saurita and T. cyrtopsis
allowed for investigation for intraspecific variation be-
tween the T. s. septentrionalis and T. s. saurita subspecies
of T. saurita , and the T. c. cyrtopsis , the T. c. occela-
tus , and the T. c. collaris populations of T. cyrtopsis ,
thus, they were included in these analyses. Using the
DESeq2 1.44.0 R package (Love et al. 2014 ), we
tested for intraspecific differences in expression across
the subspecies classification of both T. sirtalis and T.
elegans . To test for significance, we used a Wald sig-
nificance test with a local fit dispersion and a false-
discovery rate of < 0.05 as the significance threshold
(Heptinstall et al. 2023 ; Rosales-García et al. 2023 ). For
visualization, we utilized the log TPM of the differen-
tially expressed toxin, and plotted a heatmap using the
R package pheatmap 1.0.12 (Kolde 2019 ) . 

Toxin and dietary complexities 

To capture aspects of the genetic and expression com-
plexities of toxins, we followed analytical pipelines
from both Holding et al. (2021) and Schaeffer et al.
(2023) , all of which were conducted using R version
2.2.2 (2022–10-31) (R Core Team 2022 ) and RStu-
dio version 2023.3.0 + 386 (Posit team 2023 ). For ge-
netic complexity (referred to as transcriptomic com-
plexity henceforth), we followed Holding et al. 2021 ,
and counted appearances of unique k-mer sequences
( k = 21, k = 60, and k = 97 base pair sequences), in
a randomly sampled subset of 4 million DVG RNA-seq
reads mapped to toxin gene transcripts. We utilized the

https://github.com/FelixKrueger/TrimGalore
https://geneious.com
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://www.geneious.com
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complexity scores from the 60-mer analysis following 
recommendations for accurate detection of point muta- 
tions (Holding et al. 2021 ), and referred to these scores 
as “transcriptomic complexity” unless specified other- 
wise. To capture the diversity of toxin expression, we 
employed methods from Schaeffer et al. (2023 ). Rel- 
ative abundances of each toxin family present in our 
species’ transcriptomes were calculated using RSEM (Li 
and Dewey 2011 ) expression results, and Shannon’s H 

index was then used to calculate expression complexity 
measures. Shannon’s H was transformed as exp(H) (Jost 
2006 ) for downstream analyses. 

Dietary records for each species were taken from 

Heptinstall et al. (2024) . Dietary complexity metrics 
were calculated using Shannon’s H index (Shannon 

1948 ; Holding et al. 2021 ; Schaeffer et al. 2023 ), 
abundance-weighted mean phylogenetic distance 
(MPD) (Holding et al. 2021 ), and through the use of a 
diversity profile (Chao et al. 2014 ; Chao and Jost 2015 ). 
Shannon’s H index and MPD were calculated using the 
abundance of prey items at the prey genus, family, order, 
and class taxonomic classification level; however, the 
results were broadly consistent across all classifications; 
thus, only results from the genus level classification 

are presented herein. Additionally, we employed a 
diversity profile to examine the relationship between 

toxins and dietary ecology across a spectrum of im- 
portance of prey item abundance (Roswell et al. 2023 ). 
Using the rarity function from the MeanRarity 

0.0.1.0005 R package (Roswell and Dushoff 2023 ), 
we varied the “l” exponent from the Hill diversity 
equation to emphasize a range of rarities of prey items. 
Following Chao and Jost (2015) , we employed values of 
l = −2, l = −1.5, l = −1, l = −0.5, l = 0, l = 0.5, and
l = 1. A value of l = 1 represents true species richness 
and is most sensitive to the rarest of species (Chao and 

Jost 2015 ). A value of l = −1 represents Hill–Simpson 

diversity and concerns the relative abundance patterns, 
which is most sensitive to common species (Simpson 

1949 ). A value of l = 0 is called Hill–Shannon diversity 
and represents a balance between the emphasis of 
rarer vs. more common species (Kempton 1979 ). This 
method allowed us to determine if rarely consumed 

prey items or commonly consumed prey items were a 
stronger source of selection on toxin characteristics. 

To test for phylogenetic signaling of transcriptomic 
sequence and expression complexity data, we used the 
phylosig function from phytools (Revell 2012 ) 
and calculated Blomberg’s K (Blomberg et al. 2003 ) and 

Pagel’s λ (Pagel 1993 ). Due to a moderate-to-low phylo- 
genetic signal, we tested for relationships between toxin 

and dietary complexities using phylogenetic linear re- 
gression via phylolm 2.6.2 (Ho and Ané 2014 ) R 

package. A phylogenetic tree of the genus Thamnophis 
as extracted from Hallas et al. (2022 and matched
o our data using the treedata function from the
eiger 2.0.11 R package (Pennell et al. 2014 ).
hylogenetic linear models were then run to calculate
elationships between all combinations of toxin and di-
tary complexity measures. Lastly, we tested for rela-
ionships between expression and transcriptomic se-
uence complexities across our sampling. Thamnophis
rachystoma and T. butleri were excluded from regres-
ion analyses due to an extremely low abundance of tox-
ns being expressed in the transcriptome ( < 1% total ex-
ression) and displaying outlying toxin complexity val-
es. 
To investigate the relationship between Thamnophis

oxins and dietary breadth within individual paralo-
ous toxin gene families, we investigated transcrip-
omic complexities of 3 commonly expressed toxin fam-
lies: CRISPs, SVMPs, and C-type lectins (CTLs). We
hose these 3 toxin gene families because of their near-
biquitous presence across our sampling and their gen-
rally high expression. For each species, all transcripts
ligning with CRISPs, SVMPs, or CTLs were extracted,
nd a consensus transcriptome was assembled for each
oxin family for each species in our dataset. Complex-
ty calculations, using the k-mer method detailed above,
ere then calculated for these toxin family-specific se-
uences and were then compared to dietary complexity
easures. 
Lastly, we note that body size and age class of snakes
ight potentially alter toxin expression (Hogan et al.
024 ). However, nearly all of our animals were ma-
ure adults, and we did not investigate any ontoge-
etic variation in expression complexity or transcrip-
omic complexity because of the low number of juvenile
ndividuals. 

esults 
VG transcriptomics 

e sequenced DVG tissues from 51 Thamnophis indi-
iduals and produced high-quality reference transcrip-
omes for 16 species from the United States and Mexico
 Supplementary Material 1, Figs. 1 and 2 ). After merg-
ng read pairs, we were left with between 6,070,570 and
9,551,060 (average: 13,754,479 ± 4,266,364.67 reads)
eads per individual ( Supplementary Material 1). The
nal, consensus transcriptomes comprised a range of
istinct toxin transcripts representing 25 toxin protein
amilies ( Fig. 2 ). Total toxin expression (proportion of
otal DVG expression representing toxin families) var-
ed widely across species, ranging from 0.34% of to-
al expression to 74.47% of total expression (average:
6.28% ± 21.62%) ( Fig. 2 ). Large amounts of varia-
ion in toxin profiles were present across the species.

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
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Fig. 2 DVG transcriptomic profiles used in our study of sixteen species of Thamnophis . Phylogeny adapted from Hallas et al. (2022) used to 
demonstrate the phylogenetic relationships among our sampled species. The middle bar chart represents the proportional expression levels 
of all transcripts present in the DVG. Darker bars represent the relative expression of genes that mapped to putative toxins, while lighter 
bars represent non-toxin (housekeeping gene) expression. The right bar plot represents the proportion of putative toxin expression by toxin 
family. 

C  

7  

f  

C  

l  

v  

a  

q  

a  

a  

c  

a  

i  

c  

c  

g  

r  

t  

p

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/iob/article/7/1/obaf003/8010845 by C

lem
son U

niversity Libraries user on 13 February 2025
RISPs were the most highly expressed toxin family in
 species, and SVMPs were the highest expressed toxin
amily in 6 species. Our phylogenetic analyses of the
RISP and SVMP sequences show that there is a high
ikelihood of homology with sequences found in other
enomous snakes, with Thamnophis CRISPs forming
 monophyletic clade nested within CRISP venom se-
uences of other snakes ( Supplementary Material 4),
nd Thamnophis SVMPs forming a paraphyletic clade
cross our SVMP tree ( Supplementary Material 5). Fi-
olin was the highest expressed toxin family in 2 species,
nd acetylcholinesterase (AChE) was highest expressed
n one species ( Fig. 2 ). Thamnophis butleri and T.
ouchii , whose toxin expression was dominated by fi-
olin, represent the second and fourth lowest species re-
arding the total proportion of the transcriptome rep-
esented by toxins, respectively. In contrast, T. brachys-
oma , which displayed the single lowest total toxin ex-
ression, was dominated by AChEs. 
Because of the unique composition within transcrip-
tomic profiles, especially T. butleri , T. brachytstoma , and
T. couchii , we felt it was necessary to validate that we
had sequenced DVG rather than other, neighboring tis-
sues. We tested for deviation from a significantly posi-
tive relationship in non-toxin gene expression between
species and found no evidence of deviations between
all species as all cross-species comparisons were signif-
icantly, positively correlated ( P -value = < 2.2e−16 ), giv-
ing us confidence that all samples were indeed from
DVGs ( Supplementary Material 6). 

Intraspecific differential expression of toxins 

Our differential expression analyses yielded multi-
ple differentially expressed toxins among subspecies
of T. sirtalis , T. elegans, T. saurita, and T. cyrtop-
sis . Thamnophis sirtalis analyses yielded 12 differen-
tially expressed toxins among the 3 subspecies, with
T. s. sirtalis showing 10 differentially expressed toxins

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
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Fig. 3 Heatmap displaying differentially expressed toxin transcripts between 3 subspecies of Thamnophis sir tali s. War m colors indicate higher 
expressed toxins, while cool colors represent lower expression. On the left side of the figure, a dark box indicates significant differences in 
expression between the populations being compared, while a lighter box represents non-significant expression differences. 
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when compared to T. s. fitchi and 8 differentially ex- 
pressed toxins when compared to T. s. infernalis ( Fig. 3 ). 
Thamnophis s. fitchi and T. s. infernalis only had 3 dif- 
ferentially expressed toxins ( Fig. 3 ). Comparisons of 
T. elegans resulted in 11 differentially expressed tox- 
ins: 8 between T. e. elegans and T. e. terrestris , 5 be- 
tween T. e. elegans and T. e. vagrans , and 4 between 

T. e. vagrans and T. e. terrestris ( Fig. 4 ). Results of our
analyses of T. saurita yielded 13 differentially expressed 

toxins between T. s. saurita and T. s. septentrionalis 
( Supplementary Material 7). Analyses of T. c. cyrtopsis 
and T. c. ocellatus yielded 8 differentially expressed tox- 
ins, while there were 12 between T. c. collaris and T. c. 
cyrtopsis and 13 between T. c. collaris and T. c. ocellatus 
( Supplementary Material 8). 

Toxin and dietary complexity 

Thamnophis species varied in both toxin and di- 
etary complexity metrics. Transcriptomic com- 
plexity ranged from 24,236.77 to 92,128.49 ef- 
fective k-mers (average: 57,215.41 ± 20,713.84) 
( Fig. 5 , Supplementary Material 9). E xpression 

complexity ranged from 1.60 to 3.50 effective ex- 
pressed toxin families (average: 2.64 ± 0.51) ( Fig. 5 , 
Supplementary Material 9). Dietary complexity also 
showed wide-ranging results. MPD at the prey genus 
evel yielded a range of 222–992 million years (av-
rage: 495.08 ± 248.34), while Shannon’s H index
alculated at the genus level yielded a range of 1.96–
.48 effective genera (average: 4.01 ± 2.10) ( Fig. 5 ,
upplementary Material 9). O ur invest igat ions of
hylogenetic signal and venom complexity showed
 moderate-to-low effect of phylogeny (Expression
omplexity—K = 0.738; λ= 7.33137e−5 ; Transcrip-
omic complexity—K = 0.861; λ= 0.287). 
Our linear regressions displayed contrasting re-

ults when comparing the results of transcriptomic
nd expression complexity models. We found non-
ignificant, negative correlations between transcrip-
omic sequence complexity at all k-mer count levels
nd both MPD and Shannon’s H index calculations
egardless of prey taxonomic classifications ( Fig. 5 ,
upplementary Material 10). Relationships comparing
oxin expression complexity were positively correlated
ith all measures of dietary complexity, with a sta-
istically significant correlation found with MPD at
ll prey taxonomic levels and Shannon’s H index cal-
ulated at the prey “Class” taxonomic level ( Fig. 5 ,
upplementary Material 10). O ur expression and tran-
criptomic complexity comparisons yielded a non-
ignificant, negative relationship ( P -value = 0.106; ad-
usted R -squared = 0.135). 

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data


Dietary breadth predicts toxin complexity in the venoms of gartersnakes 9

Fig. 4 Heatmap displaying differentially expressed toxin transcripts between 3 subspecies of Thamnophis elegans . Warm colors indicate higher 
expressed toxins, while cool colors represent lower expression. On the left side of the figure, a dark box indicates significant differences in 
expression between the populations being compared, while a lighter box represents non-significant expression differences. 
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Using the Hill Diversity metric with a varied “l” ex-
onent yielded no significant results with any measure
f toxin complexity. However, the trend of negative cor-
elations between MPD and dietary values and pos-
tive correlations between expression complexity and
ietary values held true ( Supplementary Material 11).
-mer complexity showed stronger relationships with
ower exponent values, which emphasizes the impor-
ance of common prey items, while expression com-
lexity correlated most strongly with an exponent
alue of 0, which represents a balance between em-
hasizing common and rarer species ( Supplementary
aterial 11). 
Thamnophis butleri and T. brachystoma were not in-

luded in analyses investigating the relationships be-
ween venom complexity and dietary breadth or the di-
ersity profile as they represented extreme venom com-
lexity outliers. Thamnophis butleri displayed a tran-
criptomic complexity value of 132,670.74 and an ex-
ression complexity value of 4.21, while T. brachys-
oma displayed a transcriptomic complexity value of
72,950 and an expression complexity value of 4.73—
ll of which fall outside 3 standard deviations of
he mean. 
Our investigation into the importance of tran-

criptomic complexity of specific toxin fami-
ies yielded no significant results; however, CTL
transcriptomic complexities showed the strongest
relationship with both MPD and Shannon’s H index
( Supplementary Material 12). 

Discussion 

Venom complexity is a key axis of venom variation in
taxa such as snakes, spiders, and snails, where a more
complex venom allows for the efficient processing of a
wide range of prey items (Daltry et al. 1996 ; Phuong
et al. 2016 ; Pekár et al. 2018 ; Davies and Arbuckle 2019 ;
Holding et al. 2021 ; Schaeffer et al. 2023 ). Nevertheless,
non-front fanged snakes remain understudied. We pro-
vide the most in-depth characterization of Thamnophis
venom to date, unveiling both inter- and intraspecific
variation in expression associated with phylogenetic
diet diversity. 

DVG transcriptomics 

Thamnophis toxin expression was most commonly
dominated by SVMPs and CRISPs, which are also re-
ported to be expressed at high levels in other species of
non-front-fanged snakes (Junqueira-de-Azevedo et al.
2016 ). SVMPs have been found in both front-fanged
and non-front-fanged snakes in high levels, and are
thought to cause local tissue damage and increased
hemorrhaging due to anticoagulatory behavior at the

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
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Fig. 5 Relationships between toxin and dietary complexity measures. (A) Relationship of the negative correlation between transcriptomic 
complexity (60-mer) and dietary breadth in terms of MPD. (B) Relationship of the negative correlation between transcriptomic complexity 
(60-mer) and dietary breadth in terms of Shannon’s H index at the genus level. (C) Statistically significant relationship of the positive correlation 
between expression complexity and dietary breadth in terms of MPD. (D) Relationship of the positive correlation between expression com- 
plexity and dietary breadth in ter ms of Shannon ’s H index at the genus level. Phylogenetic linear regressions were used for each comparison, 
and suggest complexity of toxin expression, rather than sequence complexity, are under selection by dietary breadth. 
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location of a bite (Modahl et al. 2016 ). CRISPs are 
also widespread in reptiles; however, their function is 
less certain than that of SVMPs (Modahl et al. 2016 ). 
A CRISP isolated from Helicops angulatus exhibited 

neurotoxic-like effects and prompted respiratory paral- 
ysis in mice (Estrella et al. 2011 ), while another CRISP 

from Philodryas patagoniensis exhibited hemotoxic-like 
effects and caused muscular damage (Peichoto et al. 
2009 ). Thus, the function of the CRISPs found in 

Thamnophis transcriptomes requires further investiga- 
tion, but their phylogenetic relationships to sequences 
from other venomous snakes lends support to their 
toxic potential. CTLs, which have been shown to dis- 
rupt blood flow to the brain (Tian et al. 2020 ), and 

3-finger toxins, which display a wide-range of biolog- 
ical activities (Kini and Doley 2010 ) were also found 

in many of our Thamnophis transcriptomes but at 
lower expression levels. Overall, it appears Thamnophis 
species have relatively simple venoms (mainly com- 
prised of CRISPs and SVMPs) to aid in subjugating and 

processing prey items. 
Transcriptome profiles were largely dominated by 

the SVMP and CRISP toxin families across our species, 
part from T. butleri , T. brachystoma , and T. couchii ,
hich displayed transcriptome profiles similar to each
ther but quite distinct from the remaining 13 species.
hamnophis couchii displayed the fourth lowest total
oxin expression (5.8%), while T. butleri (0.83%) and T.
rachystoma (0.34%) were the second lowest and low-
st, respectively. Thamnophis couchii and T. butleri toxin
xpression was primarily dominated by the ficolin pro-
ein family, which was first characterized in the venom
nd transcriptome of Cereberus rynchops , from the fam-
ly Homalopsidae (OmPraba et al. 2010 ). While related
colin transcripts are commonly found in several col-
brid species, they are usually found lowly expressed,
uch as found here (OmPraba et al. 2010 ; Modahl and
ackessy 2019 ). Thamnophis brachystoma toxin gene
rofile was dominated by AChEs, and AChE activity has
een documented in several snake species, but is most
rominent in the venom of Boiga species, where they
isplay prey-specific toxicity (Mackessy et al. 2006 ).
hile ficolins and AChEs have been documented as the
ominant toxin gene families in a few non-front-fanged
nakes, they were most commonly found with low ex-
ression levels. 
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The combination of low total toxin expression and
nusual dominant toxin families led to the transcrip-
omic profiles of T. couchii , T. butleri , and T. brachys-
oma to stand out from the remainder of the genus.
here are multiple potential reasons behind this un-
sual variation, including (1) an almost complete loss
f toxin production, (2) potential novel toxins not
ound elsewhere that went unannotated in our tran-
criptomes, (3) human error in the preparation of
he transcriptomes, or (4) a difference in metabolic
ates led to a difference in mRNA production. Hu-
an error is unlikely given that multiple samples of
ach species displayed similar results, and no devia-
ion was found in non-toxin expression between species
 Supplementary Material 6). Whi le we cannot fu l ly ru le
ut human error, we will focus the remainder of our
iscussion on other hypotheses like (1) a loss of tox-
ns in the transcriptome, (2) metabolic differences led
o a difference in mRNA production, or (3) the po-
ential recruitment of novel venom components. The 2
ighest expressed transcripts from T. butleri , the 3 high-
st expressed transcripts from T. brachystoma , and the
ourth highest expressed transcript of T. couchii all most
losely align with the T. elegans minor allergen Can
 2-like transcript from the NCBI nucleotide database
Reference Sequence: XM_032,232,387.1). This tran-
cript is classified under the lipocalin protein fam-
ly known for enabling small molecule binding; how-
ver, recently, lipocalins have been identified as a
otential venom component within non-front-fanged
nakes (Junqueira-de-Azevedo et al. 2016 ). In Oxyrho-
us guibei , lipocalins account for 29% of the sequenc-
ng reads in the transcriptome, suggesting an impor-
ant role in olfactory-mediated behavior or even as a
ovel toxin; however, its function is impossible to deter-
ine without proteomic analysis and functional assays
Junqueira-de-Azevedo et al. 2016 ). Because of the lack
f current evidence for lipocalins acting as a toxin, we
ept their classification as non-toxins for our analyses,
ut it is worth noting the high expression values found
ere for future studies. 
Our next hypothesis is that differences in metabolic

ate are potentially leading to differences in timing
f peak mRNA production between the species of
hamnophis . There is evidence of changes in metabolic
ate within Thamnophis associated with current en-
ironmental characteristics and with the environment
uring development, allowing for potential variation
ithin our samples (Gangloff et al. 2015 ). Additionally,
here is evidence of metabolic adaptation for dietary
nd behavioral specialization within T. elegans and T.
utleri , so the possibility of varied metabolic rates influ-
ncing mRNA production across our sampling cannot
e ignored (Kamel and Gatten 1983 ; Britt et al. 2006 ).
The dietary and behavioral specialization of T. butleri
and T. brachystoma could potentially have a large ef-
fect on mRNA production and, in turn, production of
toxins. However, T. couchii is largely a dietary gener-
alist and lacks the smaller body size of T. butleri and
T. brachystoma (Heptinstall et al. 2024 ). Thus, further
work into the relationship between metabolic rate and
toxin production needs to be conducted to provide ev-
idence for this hypothesis. 

Our last explanation for the unexpected transcrip-
tome profiles of T. couchii, T. butleri , and T. brachstoma
is a loss of toxin transcript production due to a fitness
cost associated with producing these toxins. The pro-
duction of venom is a metabolically expensive process
(McCue 2006 ), so if venom is no longer significantly
improving prey capture and processing for a species,
venom expression may be selected against. It is pos-
sible that this functional tradeoff has driven changes
in the venom profiles found in T. butleri , T. brachys-
toma , and T. couchii . Thamnophis butleri and T. brachys-
toma are specialist predators, feeding almost exclusively
upon earthworms (Heptinstall et al. 2024 ). Similarly,
Aipysurus eydouxii and Emydocephalus annulatus are
sea snakes with specialized diets consisting of fish eggs
and have evolved reduced fangs, venom glands, and an
almost complete loss of venom (Li et al. 2005 ; Shine
et al. 2022 ). Like fish eggs, earthworms pose minimal
threat to the snakes during prey capture and are rel-
atively easy to subdue. However, there is evidence for
highly toxic venom evolution in Toxicocalamus longis-
simus , which also feeds heavily on earthworms (Calvete
et al. 2012 ). Nonetheless, we hypothesize that, like in the
sea snakes, natural selection favored a reduction in the
production of the energetically costly toxins in T. but-
leri and T. brachystoma , which may have led to expres-
sion declines within their toxin profile via epigenomic
changes or perhaps subsequent gene loss. 

The situation with T. couchii is less clear, as these
are sizeable generalist predators, not smaller garter-
snakes taking innocuous invertebrate prey. The species
is highly aquatic and displays adaptations such as more
curved teeth that increase their ability to hold on to
aquatic prey, such as fish and amphibians (Britt et al.
2009 ; Feldman et al. 2016 ; Heptinstall et al. 2024 ). It
is possible that T. couchii preferentially hunts relatively
small prey that are easily overpowered and swallowed,
relying on other adaptations and reducing the need for
venom. Greene and Wiseman (2023) found evidence of
a positive association between venom use and an in-
crease in relative prey mass in pitvipers, and it is rea-
sonable to assume the inverse process could be tak-
ing place in non-front-fanged snakes like Thamnophis,
leading to the reduction of toxin use in species such
as T. butleri , T. brachystoma , and possibly T. couchii .

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obaf003#supplementary-data
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However, T. couchii is known to occasionally tackle 
large fish (Rossman et al. 1996 ) and other large-bodied 
gartersnakes did not show a reduction in venom pro- 
duction, and toxin expression and complexity values of 
T. couchii aligned more closely with other Thamnophis 
species that displayed more typical transcriptomic pro- 
files. Thus, we recommend detailed ecological work to 
determine relative prey size of T. couchii (see Greene 
and Wiseman 2023 ) and further investigation into the 
venom profile of this species to verify our findings. Be- 
cause of the outlying expression and complexity val- 
ues of T. butleri and T. brachystoma , we predict it is 
less likely total toxin expression levels below 1% con- 
tribute to toxin production of ecological significance 
when compared to higher toxin expression levels and 

would thus not be under the same selective pressures 
as species with higher total toxin expression. However, 
further investigation of the transcriptomics, genomics, 
and proteomics, including LD50 assays, of venom of 
non-front-fanged snakes, and specifically T. butleri , T. 
brachystoma, and T. couchii , is required to verify our 
predictions. 

Intraspecific differential expression of toxins 

In addition to the interspecific variation of toxin expres- 
sion, we discovered intraspecific toxin expression vari- 
ation within the widespread and ecologically diverse 
species, T. sirtalis and T. elegans. The toxin expression 

variation found within T. sirtalis aligns with the genet- 
ically distinct populations of T. sirtalis found by Jones 
et al. (2023) in North America’s central, southeastern, 
and western regions. When compared, the western T. s. 
fitchi and T. s. infernalis displayed a few significant and 

differentially expressed toxins, but when compared to T. 
s. sirtalis in the east/central portions of North America, 
a much larger number of differentially expressed tox- 
ins were discovered. These data further support the ge- 
netically distinct populations of T. sirtalis as described 

by Jones et al. (2023) , regardless of the subspecies clas- 
sifications presently recognized. These results suggest 
the venom phenotype is potentially adapting on a lo- 
cal scale to prey items or is significantly impacted by 
inherited genes; however, further investigation of these 
hypotheses is required to fully understand the implica- 
tions of this intraspecific variation. Intraspecific varia- 
tion within T. elegans aligns with the 3 well-documented 

distinct populations of T. e. elegans , T. e. vagrans , and 

T. e. terrestris (Hallas et al. 2021 ) . Not only do these 
species vary in geography, but they also differ in ecol- 
ogy, which could be driving the variation in toxin ex- 
pression. Some populations of T. e. terrestris are special- 
ist slug predators, while T. e. vagrans and T. e. elegans are 
primarily generalist predators (Arnold 1977 ; Britt et al. 
2006 ), potentially facilitating the evolution of divergent 
oxin profiles. Trends of differential expression among
ubspecies were also found within the T. saurita and T.
yrtopsis species complexes, further supporting the hy-
othesis of local adaptation in venom expression. How-
ver, further exploration of intraspecific toxin charac-
eristics will lead to a more fine-scale view of the diver-
ity of toxins found within the genus and expose how
oxins evolve on a landscape scale. 

enom and dietary complexity 

he variation of toxin genes and their expression found
ithin Thamnophis is likely being selected on by di-
tary ecology, as we found toxin expression complexity
o increase with phylogenetic diversity of diet. While we
id find phylogenetic signal, the moderate-to-low val-
es suggest this is not the primary driver of venom com-
lexity in Thamnophis (Münkemüller et al. 2012 ). Thus,
hese results offer interesting comparisons to front-
anged snake venoms and the evolutionary pressures
haping their venom composition. While diet is shown
o drive venom evolution in many species, the specific
haracteristic of venom being acted upon may change
mong species, across geographic scales, and among
cological communities. In North American pitvipers,
n increase in phylogenetic diversity of diet drives an in-
rease in transcriptomic complexity of venom (Holding
t al. 2021 ). When investigating this relationship with a
road but sparse taxonomic sampling, Schaeffer et al.
2023) showed that dietary evenness rather than rich-
ess drives the evolution of relative abundance of tox-
ns. We found that the phylogenetic diversity of diet
rives the complexity of the relative abundance of toxin
xpression. Our findings partially agree with Schaeffer
t al.’s (2023) conclusions about the importance of rela-
ive abundance (in our case, transcriptomic expression)
f toxins and Holding et al.’s (2021) conclusions about
he importance of phylogenetic distance. However, the
xact relationships we uncovered in gartersnakes are
ovel. Additionally, we found a significant, positive re-
ationship between expression complexity and dietary
ichness at the taxonomic class level, supporting the
ypothesis that higher levels of taxonomic classifica-
ions could capture some of the phylogenetic distance
f dietary groups. While the relationship between tax-
nomic class and expression complexity was weaker
han relationships found when investigating MPD at the
ame class level, taxonomic class could potentially serve
s a proxy if a phylogenetic tree is unavailable. 
So, why might selection be acting on toxin family ex-

ression complexity in non-front-fanged snakes rather
han transcriptomic complexity, as seen in front-fanged
nakes? One hypothesis may be that non-front-fanged
nakes lack the underlying genetic variation of toxins
or selection to act upon. Another possibility is that
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rey are not coevolving with Thamnophis venom, min-
mizing the importance of paralogs within the tran-
criptome. In pitvipers, who are often ambush preda-
ors that employ a rapid bite, release, and relocation
unting strategy, venom is often used to neutralize rela-
ively large prey that pose potentially significant threats
o the snake itself if there are increased handling times
Greene 1997 ). However, gartersnakes are active for-
gers, and often select to prey on smaller and more
nnocuous species they can catch and physically over-
ower (Rossman et al. 1996 ). This potentially leads to
he discrepancy of selection for increased toxin paralogs
and in turn, complexity) between many front-fanged
nakes and Thamnophis . For example, in the venom
land transcriptome of Crotalus cerastes , a range of 33–
4 toxin transcripts were identified across 8 individuals,
ith 62 unique toxin transcripts present in the consen-
us transcriptome (Hofmann et al. 2018 ). Meanwhile, T.
adix displayed the highest expression complexity mea-
urements of any species in our study, but with only
6 unique toxin transcripts in our consensus transcrip-
ome across 3 individuals (ranging from 23–25 per indi-
idual). Thamnophis species, and potentially other non-
ront-fanged snakes, could overcome this lack of tran-
criptomic diversity via variation in relative toxin ex-
ression. Further evidence supporting the elevation of
xpression importance was shown with the negative
orrelations between transcriptomic complexity and all
evels of dietary complexity, showing transcriptomic
omplexity could potentially be evolving inversely with
ietary complexity. The negative relationship between
ranscriptomic and expression complexities across the
enus further supports this. However, these relation-
hips were not statistically significant, limiting our in-
erences. Additionally, the lack of relationships between
he transcriptomic complexity of specific toxin fami-
ies and dietary complexity also support the importance
f expression complexity in non-front-fanged snakes.
ranscriptomic complexity of toxin families has also
een investigated in North American pitvipers, where
VMPs, snake venom serine proteases, and phospho-
ipase A2 (PLA2s) all displayed positive correlations
ith the phylogenetic diversity of prey (Holding et al.
021 ). However, we found no relationship when inves-
igating transcriptomic complexity of SVMPs. CRISPs,
r CTLs here, suggesting transcriptomic complexity
oes not significantly impact the toxin characteristics
f Thamnophis at any level. Conversely, it is possible
hat some Thamnophis species with a specialized diet
nd their prey are in evolutionary “arms-races” (Brodie
t al. 2002 ; Reimche et al. 2020 ) similar to relationships
ound in some western rattlesnakes and their mam-
alian prey (Holding et al. 2016 ; Robinson et al. 2021 ).
his coevolution could potentially drive more diverse
venoms in species with less diverse diets and lead to
the non-significant trends we found between increased
transcriptomic complexity and wider dietary breadth.
More focused work within species may be required to
understand how venom complexity varies with local
diet in Thamnophis and other non-front fanged snakes.

Conclusion 

Using transcriptomic approaches, we have provided
an in-depth view of venom diversity and evolution
within the widespread and ecologically important
genus Thamnophis. We produced DVG transcriptomes
representing 16 species, identifying putative toxins and
quantifying expression for each. We found that most
species exhibited SVMP and CRISP-dominated ven-
oms, suggesting a primary role of increased hemorrhag-
ing and muscle digestion in prey. In addition, we pro-
vided tentative evidence of secondary loss of homolo-
gous toxin gene expression in T. butleri , T. brachystoma ,
and potentially T. couchii ; however, further investiga-
tion is needed to support these conclusions. In our in-
vestigation of venom evolution, we found no relation-
ships between transcriptomic complexity with dietary
complexity or dietary phylogenetic diversity, in contrast
to similar investigations of front-fanged snakes (see
Holding et al. 2021 ; Mason et al. 2022 ; Schaeffer et al.
2023 ). However, we found significant increases in toxin
expression complexities in response to increased phy-
logenetic diversity of snake diet, suggesting the selec-
tive pressures imposed by diet are acting upon toxin ex-
pression rather than toxin allelic variation itself in non-
front-fanged snakes. Broadly, we have linked venom
evolution in non-front-fanged snakes to ecologically
based selective pressures. Additionally, our study pro-
vides an example of how selection may act on the ex-
pression of genes rather than variation in the gene se-
quences themselves to produce phenotypic patterns in
nature. Primarily, our results showed how the gene ex-
pression of a homologous phenotype can be shaped by
selection in varying ways across a group of closely re-
lated species, contributing to the phenotypic diversity
observed today. 
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ekár S , Bočánek O, Michálek O, Petráková L, Haddad
CR, Šedo O, Zdráhal Z. 2018. Venom gland size and
venom complexity—Essential trophic adaptations of ven-
omous predators: a case study using spiders. Mol Ecol
27:4257–69. https://doi.org/10.1111/mec.14859
ennell MW , Eastman JM, Slater GJ, Brown JW, Uyeda JC,
FitzJohn RG, Alfaro ME, Harmon LJ. 2014. geiger v2.0: an ex-
panded suite of methods for fitting macroevolutionary models
to phylogenetic trees. Bioinformatics 30:2216–8. https://doi.
org/10.1093/bioinformatics/btu181
erry BW , Card DC, McGlothlin JW, Pasquesi GIM, Adams RH,
Schield DR, Hales NR, Corbin AB, Demuth JP, Hoffmann
FG et al. 2018. Molecular adaptations for sensing and secur-
ing prey and insight into amniote genome diversity from the
garter snake genome. Genome Biol Evolut 10:2110–29. https:
//doi.org/10.1093/gbe/evy157
huong MA , Mahardika GN, Alfaro ME. 2016. Dietary breadth
is positively correlated with venom complexity in cone snails.
BMC Genom [Electron Res] 17:401. https://doi.org/10.1186/
s12864-016-2755-6
osit team . 2023. RStudio: integrated development environment
for R. http://www.posit.co/ (last accessed date, 30 April 2024).

 Core Team . 2022. R: a language and environment for statistical
computing. https://www.R-project.org/ (last accessed date, 30
April 2024). 
eimche JS , Brodie ED, Stokes AN, Ely EJ, Moniz HA, Thill
VL, Hallas JM, Pfrender ME, Brodie ED, Feldman CR. 2020.
The geographic mosaic in parallel: matching patterns of newt
tetrodotoxin levels and snake resistance in multiple predator-
prey pairs. J Anim Ecol 89:1645–57. https://doi.org/10.1111/
1365-2656.13212
Revell LJ . 2012. phytools: an R package for phylogenetic compar-
ative biology (and other things). Methods Ecol Evol 3:217–23.
https://doi.org/10.1111/j.2041-210X.2011.00169.x

Reyes Velasco J , Card D, Andrew A, Shaney K, Adams R, Schield
D, Casewell N, Mackessy S, Castoe T. 2014. Expression of
venom gene homologs in diverse python tissues suggests a new
model for the evolution of snake venom. Mol Biol Evol 32. 

Robinson KE , Holding ML, Whitford MD, Saviola AJ, Yates
JR, Clark RW. 2021. Phenotypic and functional variation in
venom and venom resistance of two sympatric rattlesnakes
and their prey. J Evol Biol 34:1447–65. https://doi.org/10.1111/
jeb.13907

Rokyta DR , Lemmon AR, Margres MJ, Aronow K. 2012. The
venom-gland transcriptome of the eastern diamondback rat-
tlesnake ( Crotalus adamanteus ). BMC Genom [Electron Res]
13:312. https://doi.org/10.1186/1471-2164-13-312

Rokyta DR , Margres MJ, Calvin K. 2015. Post-transcriptional
mechanisms contribute little to phenotypic variation in snake
venoms. G3 (Bethesda) 5:2375–82. https://doi.org/10.1534/g3.
115.020578

Rokyta DR , Wray KP, Lemmon AR, Lemmon EM, Caudle SB.
2011. A high-throughput venom-gland transcriptome for the
Eastern Diamondback Rattlesnake ( Crotalus adamanteus ) and
evidence for pervasive positive selection across toxin classes.
Toxicon 57:657–71. https://doi.org/10.1016/j.toxicon.2011.01.
008

Rokyta DR , Wray KP, Margres MJ. 2013. The genesis of an excep-
tionally lethal venom in the timber rattlesnake ( Crotalus hor-
ridus ) revealed through comparative venom-gland transcrip-
tomics. BMC Genom [Electron Res] 14:394. https://doi.org/
10.1186/1471-2164-14-394

Rosales-García RA , Rautsaw RM, Hofmann EP, Grünwald CI,
Franz-Chavez H, Ahumada-Carrillo IT, Ramirez-Chaparro
R, de la Torre-Loranca MA, Strickland JL, Mason AJ et al.
2023. Sequence divergence in venom genes within and be-
tween Montane Pitviper (Viperidae: crotalinae: cerrophidion )
species is driven by mutation–Drift equilibrium. J Mol Evol
91:514–35. https://doi.org/10.1007/s00239-023-10115-2

Rossman DA , Ford NB, Seigel RA. 1996. The garter snakes: evo-
lution and ecology. Norman, Oklahoma, USA: University of
Oklahoma Press. 

Roswell M , Dushoff J. 2023. MeanRarity: an R package
to facilitate estimation and visualization of Hill diver-
sity. https://mikeroswell.github.io/MeanRarity/articles/
Using_MeanRarity.html# (last accessed date, 30 April 2024). 

Roswell M , Harrison T, Genung MA. 2023. Biodiversity-
ecosystem function relationships change in sign and magni-
tude across the Hill diversity spectrum. Phil Trans R Soc Lon-
don Ser B—Biol Sci. 378:20220186. https://doi.org/10.1098/
rstb.2022.0186

Rotenberg D , Bamberger ES, Kochva E. 1971. Studies on ribonu-
cleic acid synthesis in the venom glands of Vipera palaestinae
(Ophidia, Reptilia). Biochem J 121:609–12. https://doi.org/10.
1042/bj1210609

Schaeffer R , Pascolutti VJ, Jackson TNW, Arbuckle K. 2023. Di-
versity begets Diversity when diet drives snake venom evolu-
tion, but evenness rather than richness is what counts. Toxins
15:251. https://doi.org/10.3390/toxins15040251

Schramer TD , Rautsaw RM, Bayona-Serrano JD, Nystrom GS,
West TR, Ortiz-Medina JA, Sabido-Alpuche B, Meneses-
Millán M, Borja M, Junqueira-de-Azevedo ILM et al. 2022.

https://doi.org/10.1111/j.2041-210X.2012.00196.x
https://doi.org/10.1093/bib/bbab095
https://doi.org/10.1016/j.ympev.2023.107844
https://doi.org/10.1021/pr901044x
https://doi.org/10.1006/jtbi.1993.1148
https://doi.org/10.1016/j.cbpc.2009.03.002
https://doi.org/10.1111/mec.14859
https://doi.org/10.1093/bioinformatics/btu181
https://doi.org/10.1093/gbe/evy157
https://doi.org/10.1186/s12864-016-2755-6
http://www.posit.co/
https://www.R-project.org/
https://doi.org/10.1111/1365-2656.13212
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/jeb.13907
https://doi.org/10.1186/1471-2164-13-312
https://doi.org/10.1534/g3.115.020578
https://doi.org/10.1016/j.toxicon.2011.01.008
https://doi.org/10.1186/1471-2164-14-394
https://doi.org/10.1007/s00239-023-10115-2
https://mikeroswell.github.io/MeanRarity/articles/Using_MeanRarity.html
https://doi.org/10.1098/rstb.2022.0186
https://doi.org/10.1042/bj1210609
https://doi.org/10.3390/toxins15040251


18 T. C. Heptinstall et al.

T

T  

T  

 

 

U  

W  

W  

 

Z  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/

An integrative view of the toxic potential of Conophis lineatus 
(Dipsadidae: xenodontinae), a medically relevant rear-fanged 
snake. Toxicon 205:38–52. https://doi.org/10.1016/j.toxicon.
2021.11.009

Shannon CE . 1948. A mathematical theory of communica- 
tion. Bell Syst Tech J 27:379–423. https://doi.org/10.1002/j.
1538-7305.1948.tb01338.x

Shine R , Brown GP, Goiran C. 2022. Divergence in life-history 
traits among three adjoining populations of the sea snake 
Emydocephalus annulatus (Hydrophiinae, Elapidae). Sci Rep 
12:5137. https://doi.org/10.1038/s41598-022-09130-y

Simpson EH . 1949. Measurement of diversity. Nature 163:688–. 
https://doi.org/10.1038/163688a0

Strickland JL , Smith CF, Mason AJ, Schield DR, Borja M, 
Castañeda-Gaytán G, Spencer CL, Smith LL, Trápaga A, 
Bouzid NM et al. 2018. Evidence for divergent patterns 
of local selection driving venom variation in Mojave Rat- 
tlesnakes ( Crotalus scutulatus ). Sci Rep 8:17622. https://doi.
org/10.1038/s41598-018-35810-9

Sunagar K , Johnson WE, O’Brien SJ, Vasconcelos V, Antunes 
A. 2012. Evolution of CRISPs associated with toxicoferan- 
reptilian venom and mammalian reproduction. Mol Biol Evol 
29, 1807–22. 
© The Author(s) 2025. Published by Oxford University Press on behalf of the
For permissions, please e-mail: journals.permissions@oup.com

iob/article/7/1/obaf003/8010845 by C
lem

son U
niversity Libraries user on 13 February 2025
ange O . 2015. GNU Parallel 20150322 (‘Hellwig’). https://doi.
org/10.5281/zenodo.16303 https://zenodo.org/records/16303
(last accessed date, 30 April 2024). 
he UniProt Consortium . 2023. UniProt: the Universal Protein
knowledgebase in 2023. Nucl Acids Res 51:D523–31. https://
doi.org/10.1093/nar/gkac1052
ian H , Liu M, Li J, Xu R, Long C, Li H, Mwangi J, Lu Q, Lai
R, Shen C. 2020. Snake C-type lectins potentially contribute
to the prey immobilization in Protobothrops mucrosquamatus
and Trimeresurus stejnegeri venoms. Toxins 12:105. https://doi.
org/10.3390/toxins12020105
etz P , Stylianou A. 2018. The original descriptions of reptiles
and their subspecies. Zootaxa 4375:257–64. https://doi.org/10.
11646/zootaxa.4375.2.5
hittington CM , Belov K. 2014. Tracing monotreme venom evo-
lution in the genomics era. Toxins 6:1260–73. https://doi.org/
10.3390/toxins6041260
olf YI , Katsnelson MI, Koonin EV. 2018. Physical foundations
of biological complexity. Proc Natl Acad Sci 115:E8678–87.
https://doi.org/10.1073/pnas.1807890115
hang J , Kobert K, Flouri T, Stamatakis A. 2014. PEAR: a fast
and accurate Illumina Paired-end reAd mergeR. Bioinformat-
ics 30:614–20. https://doi.org/10.1093/bioinformatics/btt593

 Society for Integrative and Comparative Biology. All rights reserved. 

https://doi.org/10.1016/j.toxicon.2021.11.009
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1038/s41598-022-09130-y
https://doi.org/10.1038/163688a0
https://doi.org/10.1038/s41598-018-35810-9
https://doi.org/10.5281/zenodo.16303
https://zenodo.org/records/16303
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.3390/toxins12020105
https://doi.org/10.11646/zootaxa.4375.2.5
https://doi.org/10.3390/toxins6041260
https://doi.org/10.1073/pnas.1807890115
https://doi.org/10.1093/bioinformatics/btt593
mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Sample collection
	DVG transcriptomics
	Intraspecific variation
	Toxin and dietary complexities

	Results
	DVG transcriptomics
	Intraspecific differential expression of toxins
	Toxin and dietary complexity

	Discussion
	DVG transcriptomics
	Intraspecific differential expression of toxins
	Venom and dietary complexity
	Conclusion

	Acknowledgments
	Funding
	Supplementary data
	Conflict of interest
	Author contributions
	Data availability
	References

