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Abstract
Background  Body size is a critical trait that influences an animal’s physiology, behavior, and ecology. However, the 
molecular mechanisms underlying its evolution remain poorly understood, particularly in snakes. Snakes exhibit an 
extremely wide range of body sizes and strong ecological adaptability. Among snake species, the maximum body 
mass exceeds the minimum by over 200,000-fold, while the maximum body length surpasses the minimum by more 
than 110-fold.

Results  Through phylogenomic and comparative genomic analyses of 26 snake genomes, we identified 77 body 
size-associated genes (BSAGs) related to body length or body mass, highlighting key genetic drivers of body size 
evolution. Functional enrichment analyses revealed that metabolic pathways, particularly fatty acid metabolism and 
oxidoreductase activity, underwent significant expansion and positive selection, suggesting metabolic adaptations 
crucial for meeting the energetic demands of increased body size. Immune system-related genes, including those 
involved in antigen processing and presentation, similarly showed signatures of expansion and adaptive evolution, 
highlighting strengthened immune defenses in large-bodied snakes. Additionally, key candidate genes, such as YAP1, 
PLAG1, MGAT1 and SPRY1, exhibited both strong selection signals and correlation signals, and are functionally involved 
in developmental pathways critical for growth regulation.

Conclusions  Our findings reveal a complex interplay of sensory, immune, metabolic, and growth-related genetic 
adaptations driving large body size evolution in snakes. This study provides novel insights into the molecular 
underpinnings of snake body size diversification and advances our understanding of their evolutionary history.
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Background
Body size, a key organismal trait, profound influences 
ecological adaptation through trade-offs between advan-
tages and constraints across environments [1]. This 
trait correlates with critical evolutionary parameters 
including species distribution [2], habitat selection [3], 
reproductive maturity [4], and extinction risk [5]. It 
plays a pivotal role in shaping individual behavior, vul-
nerability to extinction, and evolutionary trajectories, 
including molecular evolutionary rates [6]. Ecological 
consequences of body size are exemplified by reduced 
dispersal capacity in smaller species, which may limit 
their geographic ranges [2], and size-associated biologi-
cal traits affecting environmental threat resilience [7]. 
The frequency distributions of animal body size is typi-
cally right-skewed, indicating that the majority of species 
are relatively small [8]. For instance, 99% of the world’s 
major lizard groups, such as the family Lacertidae, pre-
dominantly consist of smaller species [9]. Body size, as a 
complex quantitative trait, exhibits continuous variation 
and plays a vital role in shaping an organism’s ecology 
and evolution [10].

As of January 2025, a total of 4,177 snake species have 
been recorded globally (​h​t​t​p​​:​/​/​​w​w​w​.​​r​e​​p​t​i​​l​e​-​​d​a​t​a​​b​a​​s​e​.​o​r​
g​/), occupying a wide range of environments, including 
terrestrial, arboreal, fossorial, and aquatic habitats [11]. 
Despite this ecological diversity, the global distribution of 
body mass among living squamates (lizards and snakes) 
appears to show limited correlation with climatic factors. 
Modern snakes exhibit an exceptionally broad spectrum 
of body size, from the largest species, Eunectes muri-
nus (10,000 mm, 34,510 g), to the smallest, Indotyphlops 
veddae (91  mm, 0.17  g) [1]. Their simplified body plan, 
characterized by the absence of large appendages, makes 
snakes an ideal model for studying body size variation 
and its evolutionary drivers [12]. A previous study has 
indicated that garter snakes experience higher mortal-
ity from predators when they have smaller body sizes 
[13], while other research has explored the relationship 
between body size evolution and reproductive success 
in snakes [14]. Meiri generated a comprehensive dataset 
on multiple key traits for all 11,744 recognised species 
of squamates worldwide [15], providing an unparalleled 
resource for studying size variation in both snakes and 
lizards.

With the rapid advancements in genome sequenc-
ing technology, researchers have increasingly sought to 
uncover the molecular mechanisms underlying major 
phenotypic traits. Recent improvements in sequencing 
technology have provided unprecedented opportuni-
ties to elucidate the genetic basis of body size variation. 
Studies have identified genes and signaling pathways 
associated with body size differences across various 
taxa, including domestic dogs [16], carnivores [17], and 

cetaceans [18]. In addition, genome-wide association 
studies (GWAS) in mice have revealed thousands of loci 
variants linked to body size development [10]. However, 
despite the remarkable diversity in snake body sizes, the 
molecular mechanisms underlying this variation remain 
poorly understood.

In this study, we performed a comparative genomic 
analysis using 26 high-quality snake genomes. First, we 
applied phylogenetic generalized least squares (PGLS) 
methods to identify body-size-associated genes (BSAGs). 
Next, we characterized gene family expansions, positively 
selected genes (PSGs), and rapidly evolving genes (REGs) 
in three large-bodied snake lineages. The findings from 
this study are expected to provide novel insights into the 
molecular mechanisms driving body size evolution in 
snakes (Serpentes).

Methods
Genome and coding protein collection
The whole genome sequences of Serpentes species were 
retrieved from the NCBI database. Most published 
genomes consist only of raw assembly sequences with-
out accompanying annotation information. To address 
this limitation, we utilized a high-quality annotated ref-
erence genome, Candoia aspera (GCF_035149785.1), 
to perform genome alignments using LAST (v.956) [19] 
and MULTIZ (v.10.6) [20]. Through a series of alignment 
and filtering steps, we extracted the protein sequences for 
all Serpentes species based on the annotation file of the 
reference genome. Genome completeness was assessed 
using BUSCO (Benchmarking Universal Single-Copy 
Orthologs, v.5.2.2) with the “vertebrata_odb10” library 
and default parameters. The analysis utilized the follow-
ing versions of third-party components: Python (v.3.8.3), 
Augustus (v.3.3.2) [21], and HMMER (v.3.2.1) [22].

Phenotype data collection
Phenotypic data, including the maximum body length 
and body mass of representative Serpentes species in 
our dataset, were obtained from SquamBase [15] and 
used for subsequent analyses. All phenotype data were 
derived from adult individuals. For our study, we selected 
26 high-quality snake genomes (BUSCO) spanning 
eight Afrophidia families—Viperidae, Elapidae, Boidae, 
Colubridae, Dipsadidae, Pythonidae, Natricinae, and 
Lamprophiidae—to capture a broad range of body size 
diversity. The selected species exhibit body weights rang-
ing from 75.9  g to 23,442.2  g and body lengths ranging 
from 660 mm to 5,740 mm (Table S1). We selected spe-
cies from our dataset with both log length and log mass 
values greater than 3.5 as large-bodied snakes (Liasis 
olivaceus, Ophiophagus hannah and Python bivitta-
tus), which will serve as the target clade for subsequent 
analyses.

http://www.reptile-database.org/
http://www.reptile-database.org/
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Phylogenetic tree construction and gene family 
identification
High-confidence “one-to-one” orthologous gene clus-
ters across all snake species were identified using the 
OrthoFinder (v.2.4.0) pipeline [23], which employs the 
all-against-all DIAMOND algorithm for orthology infer-
ence. Phylogenetic relationships were reconstructed 
using RAxML (v.8.2.12) [24] with the parameters 
“GTRGAMMA -f a -x 12345 -N 100 -p 12345,” generating 
the best maximum-likelihood topology based on 1,000 
bootstrap replicates. A Computational Analysis of gene 
Family Evolution (CAFÉ v.5) was performed with default 
parameters and the orthogroup results from OrthoFinder 
to identify gene families expansion and contraction. The 
phylogeny used in CAFE and subsequent analyses was 
dated using Timetree (https://timetree.org/) [25]. To 
compare gene family expansions and contractions rela-
tive to the most recent common ancestor (MRCA) of 
the selected snakes, we summarized the changes in gene 
and gene family numbers for each species and calculated 
the number of expanded to contracted gene families. 
Gene families with an exact p value ≤ 0.05 at any node 
were classified as “significantly expanded” or “signifi-
cantly contracted.” We collected the orthogroups (OGs) 
inferred from L. olivaceus, O. hannah and P. bivittatus 
and used to count shared OGs among these three large-
bodied snakes.

PGLS scanning the body-size-associated genes (BSAGs)
The PGLS method, implemented in the “caper” pack-
age in R [26], was employed to examine the relation-
ship between evolutionary rates of individual genes and 
phenotypic traits, specifically body length and body 
mass. The ultrametric tree for 26 snake species used in 
the PGLS analysis was derived from a species tree con-
structed using orthologous supergenes. Evolutionary 
rates (ω) were estimated using the free-ratios model 
(model = 1) implemented in the codeml program of 
PAML (v.4.10.6) [27], and the root-to-tip ω for each spe-
cies was calculated by averaging the ω values along the 
branches from the ancestral Serpentes node to the termi-
nal branch, following the approach described by Mont-
gomery et al. [28]. To ensure normality in the regression 
analysis, all root-to-tip ω values and phenotypic trait 
data were log10-transformed. A Brownian motion model 
was applied, and the phylogenetic signal (λ) was esti-
mated using the maximum likelihood (ML) method. The 
λ parameter provides a quantitative measure of phylo-
genetic signal, with values close to 1 indicating a strong 
phylogenetic effect. Genes that were significantly associ-
ated with either body length or body mass (p < 0.05) were 
classified as BSAGs.

Selective pressure analysis
All one-to-one orthologues identified from the Ortho-
fider results were analyzed to detect positive selection 
and rapid evolution in target branches using the codeml 
program in PAML. Positive selection was assessed by 
calculating the ratio (ω) of nonsynonymous substitu-
tion rate (dN) to synonymous substitution rate (dS), with 
ω > 1 indicating positive selection, ω < 1 indicating puri-
fying (negative) selection, and ω = 1 suggesting neutral 
evolution. Three large-bodied snakes were designated as 
foreground branches, with the remaining species serv-
ing as background branches. Branch-site models (model 
A vs. null model A) were used to identify PSGs. To test 
for rapid evolution, one-ratio and two-ratio models 
under the branch model framework were applied. We 
defined genes as REGs if their ω of the foreground was 
higher than that of the background branches. Statistical 
significance was evaluated using a chi-square test with a 
threshold of p value < 0.05.

Gene ontology and KEGG enrichment analyses
Functional similarity of BSAGs, PSGs and REGs were 
quantitatively assessed using the semantic similarity of 
Gene Ontology (GO) terms and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways. To obtain GO 
annotations, protein sequences were analyzed for func-
tional domains using the InterPro database through 
InterProScan (v.5.16-93) [29]. Pathway annotation of the 
protein sequences was subsequently performed using the 
KEGG database. GO enrichment and KEGG enrichment 
analyses were conducted to identify biological processes 
associated with gene family expansion or contraction, as 
well as positive selection.

Results
Genome-scanning of BSAGs
After evaluating genome integrity and compiling 
body size data, we selected 26 high-quality genomes 
(BUSCO > 90%) representing a wide range of body size 
diversity within Serpentes (Table  1, Table S1). A total 
of 20,278 orthogroups were identified from ten snake 
genomes using OrthoFinder, with 13,875 orthogroups 
present in all species, of which 12,494 consisted entirely 
of single-copy genes (Table S2). A PGLS analysis identi-
fied 66 genes significantly associated with body length 
and 43 genes significantly associated with body mass. 
Among these, 32 genes were shared between the two 
groups. After removing the shared duplicate genes, a 
total of 77 unique genes were identified, which we define 
as BSAGs (Table S3). Functional enrichment analy-
ses revealed that BSAGs were significantly enriched in 
GO terms annotated with metabolic processes, such 
as “fatty acid metabolic process (GO: 0006631), oxi-
doreductase activity (GO:0016627) and carbohydrate 

https://timetree.org/
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binding (GO:0030246) etc.”. Although some pathways 
were not significantly enriched, we still identified several 
genes associated with important developmental path-
ways. For instance, five genes (HELT, PLAG1, PRKG1, 
SPRY1 and YAP1) in the GO term “developmental 
growth (GO: 0048589)” that play key roles in regulating 
the growth and development of an organism. Meanwi-
hle, YAP1 and PIM1, identified as BSAGs, are associated 
with the GO term “positive regulation of developmental 
growth (GO:0048639),” which plays a key role in main-
taining normal organ and body development. In addi-
tion to the aforementioned genes, the CYLD, LRRTM2, 

SPI1 and ANGPT2 genes are also associated with the 
GO term “positive regulation of developmental process 
(GO:0051094),” which pertains to the positive regulation 
of growth and development (Table 2).

Gene family evolution
We then examined the expansion and contraction of gene 
families in three large-bodied snake species within the 
Serpentes lineage. In large-bodied snakes, we found that 
32, 51, and 41 gene families showed significant expan-
sions, while 34, 110, and 87 gene families exhibited sig-
nificant contractions in L. olivaceus, O. hannah, and P. 
bivittatus, respectively (Fig.  1). GO enrichment analysis 
of the expanded gene families in these three large-bod-
ied snake species revealed ten shared GO terms (Table 3; 
Fig.  2a), including those related to olfactory receptor 
activity (GO:0004984), immune response (GO:0006955), 
adaptive immunity (e.g., antigen processing and presen-
tation (GO:0019882) and MHC class II protein complex 
(GO:0042613)), and metabolic processes (e.g., oxidore-
ductase activity (GO:0016491) and G protein-coupled 
receptor activity (GO:0007186)).

Positive selection in large-bodied snakes
We identified 29 genes with significant positive selection 
signatures (false discovery rate [FDR]-adjusted P < 0.05) 

Table 1  List of genomic information for snakes
Family Scientific name Genome Version Coverage Assemble Level BUSCO (%)
Boidae Candoia aspera GCF_035149785.1 37.0x Chromosome 96.5
Colubridae Ahaetulla prasina GCF_028640845.1 140.0x Chromosome 90
Colubridae Arizona elegans GCA_022577455.1 31.0x Scaffold 93.5
Colubridae Pantherophis alleghaniensis GCA_030052795.1 69.0x Scaffold 91.9
Colubridae Pantherophis obsoletus GCA_012654085.1 92.0x Scaffold 91.6
Colubridae Pantherophis spiloides GCA_037575465.1 35.0x Contig 93.5
Colubridae Pantherophis vulpinus GCA_037215915.1 25.4x Scaffold 93.3
Colubridae Ptyas mucosa GCA_012654045.1 59.0x Scaffold 92.6
Dipsadidae Thermophis baileyi GCA_003457575.1 185.0x Scaffold 93.6
Elapidae Aipysurus laevis GCA_040207615.1 40.0x Scaffold 91.9
Elapidae Bungarus multicinctus GCA_023653725.1 80.0x Chromosome 90.8
Elapidae Hydrophis cyanocinctus GCA_019473425.1 318.0x Chromosome 90
Elapidae Hydrophis elegans GCA_033807725.1 60.0x Scaffold 91.5
Elapidae Hydrophis major GCA_033807585.1 30.0x Chromosome 92
Elapidae Laticauda colubrina GCA_015471245.1 43.0x Scaffold 92.1
Elapidae Ophiophagus hannah GCA_000516915.1 28.0x Scaffold 91.9
Lamprophiidae Oxyrhabdium leporinum GCA_032468155.1 85.0x Scaffold 91.6
Natricidae Natrix natrix GCA_029891615.1 75.0x Scaffold 91
Natricidae Rhabdophis nuchalis GCA_039707465.1 40.0x Chromosome 91.6
Pythonidae Liasis olivaceus GCA_030867105.1 33.5x Chromosome 95.8
Pythonidae Morelia viridis GCA_027559625.1 105.0x Scaffold 94.8
Pythonidae Python bivittatus GCF_000186305.1 20.0x Scaffold 94.1
Viperidae Azemiops feae GCA_023970755.1 104.0x Contig 91.7
Viperidae Bothrops alternatus GCA_034064705.1 28.0x Contig 92.3
Viperidae Crotalus ruber GCA_041893435.1 20.0x Scaffold 93.3
Viperidae Sistrurus catenatus GCA_039880765.1 31.0x Chromosome 91.6

Table 2  List of genes related to growth and development GO 
terms
GO terms Genes
positive regulation of developmental growth (GO:0048639) PIM1

YAP1
developmental growth
(GO: 0048589)

HELT
PLAG1
PRKG1
YAP1

positive regulation of developmental process (GO:0051094) CYLD
LRRTM2
SPI1
ANGPT2
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in three large-bodied snake species (Table S3). Correla-
tions between ω values and both body length and body 
mass were calculated, revealing 12 genes with signifi-
cant correlations. Among them, 2 genes (MGAT1and 
SPRY1) showed significant correlations with both body 
length and body mass (Fig.  3). GO enrichment analy-
sis revealed that the positively selected genes were 

significantly associated with terms such as single-
stranded DNA binding (GO:0003697), sodium channel 
activity (GO:0005272), negative regulation of cell popula-
tion proliferation (GO:0008285), and regulation of signal 
transduction (GO:0009966). KEGG pathway enrichment 
analysis further showed that these positively selected 
genes were significantly enriched in pathways including 
fatty acid biosynthesis (ko00062), fatty acid metabolism 
(ko01212), osteoclast differentiation (ko04380), and the 
Wnt signaling pathway (ko04310) (Table 4). Additionally, 
several genes are involved in transmembrane signaling 
and ion transport, emphasizing the importance of sig-
nal transduction in these snakes. In terms of biological 
processes, these genes play critical roles in metabolism, 
particularly carbohydrate metabolism and phosphati-
dylinositol phosphate biosynthesis.

Rapidly evolving genes (REGs) analyses
We identified 75 rapidly evolving genes in three large-
bodied snakes using branch model (Table S4). Functional 
enrichment analysis of the REGs revealed several key 
categories of molecular functions and biological pro-
cesses (Table 4; Fig. 2b). The molecular functions include 
various binding activities, such as nucleic acid, RNA, and 
protein binding, as well as catalytic activities exemplified 

Table 3  GO enrichment results of expanded gene families 
shared among three large-bodied snakes
GO type property
GO:0004930 molecularfunction G protein-coupled receptor 

activity
GO:0004984 molecularfunction olfactory receptor activity
GO:0006355 biologicalprocess regulation of transcription, 

DNA-templated
GO:0006955 biologicalprocess immune response
GO:0007186 biologicalprocess G protein-coupled receptor 

signaling pathway
GO:0016020 cellularcomponent membrane
GO:0016021 cellularcomponent integral component of 

membrane
GO:0016491 molecularfunction oxidoreductase activity
GO:0019882 biologicalprocess antigen processing and 

presentation
GO:0042613 cellularcomponent MHC class II protein complex

Fig. 1  Phylogenetic tree of 26 snakes. The number of expanded (blue) and contracted (yellow) gene families is shown at each branch. MRCA, means the 
most recent common ancestor
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by GTPase and protein kinase activities. They also con-
tribute to transcriptional regulation, encompassing both 
positive and negative regulation, as well as protein phos-
phorylation and glycosylation. Cellular processes, such as 
signal transduction regulation and protein transport, are 
also prominently represented, highlighting their essential 
role in cellular communication and homeostasis.

Discussion
The regulation of body size is a critical aspect of an ani-
mal’s life history, influencing its physiology, behavior, and 
morphology [30, 31]. However, the mechanisms underly-
ing body size regulation are highly complex, and the fac-
tors driving body size evolution in different directions 
remain poorly understood [32]. The unique anatomy of 
snakes is thought to have evolved through early coloniza-
tion and specialization, potentially linked to their diver-
gence from other reptiles [33]. Modern snakes exhibit a 
remarkable range of body sizes [34], reflecting diverse 
ecological and evolutionary pressures. While the molec-
ular evolution of body size has been extensively studied 
in mammals [18, 35], the body size evolution of snakes 
has received comparatively little attention. Our phyloge-
nomic analyses of 26 snake genomes, combined with 
comparative genomic approaches, suggest a complex 
interplay of molecular adaptations underlying body size 
evolution. We successfully reconstructed the phyloge-
nomic relationships of 26 high-quality snake genomes, 
indicating significant evolutionary patterns that align 
with previous studies [36, 37]. We provide molecular evi-
dence highlighting distinct evolutionary pressures act-
ing on genes associated with body size, including both 
body length and body mass, in snake clades with con-
trasting body size. These findings offer new insights into 
the molecular basis of body size evolution in snakes and 
improve our understanding of their evolutionary history.

In this study, we utilized PGLS to identify subtle vari-
ations among Serpentes and to uncover correlations 
between genes and phenotypes across their phylogeny. 
The root-to-tip dN/dS method has been shown to be a 
powerful tool for detecting gene-phenotype associa-
tions, as it accounts more comprehensively for the evo-
lutionary history of a locus and is thus better suited for 
regression analyses using phenotypic data from extant 
Serpentes [38]. The PGLS approach used here paral-
lels methodologies validated in carnivore studies, where 
phylogenetically controlled regression effectively disen-
tangled size-associated genomic signals [39]. Thus, we 
aimed to investigate the evolutionary mechanisms that 
may underlie body size variation and to identify impor-
tant candidate genes potentially involved in body size 
changes in Serpentes. Our identification of 77 BSAGs 
associated with both body length and mass in snakes 
appears consistent with evolutionary patterns observed 
in other vertebrates, where overlapping genes frequently 
regulate correlated size traits. The enrichment of BSAGs 
in metabolic processes (e.g., fatty acid metabolism, oxi-
doreductase activity) echoes findings in cetaceans, where 
body size evolution similarly involves metabolic pathway 
adaptation [40]. YAP1, a key downstream effector of the 
Hippo signaling pathway, plays a crucial role in regulat-
ing cell proliferation, apoptosis, and gene expression dur-
ing limb bud regeneration in Xenopus laevis and has been 
identified as a BSAG in this study, highlighting its criti-
cal role in organ and body growth [41]. Our study sug-
gests a significant association between the PLAG1 gene 
and body size regulation in snakes, which aligns with its 
conserved role as a key regulator of body size in mammal 
[42]. PLAG1 is a zinc finger transcription factor primar-
ily known for its role in tumorigenesis, but it also plays a 
significant role in normal physiology, particularly in reg-
ulating growth and reproduction. The phenotype of plag1 
knockout mice indicates that PLAG1 plays a crucial role 

Fig. 2  GO term enrichment results for the expanded gene families (a) and REGs (b) of large-bodied snakes
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in postnatal growth and reproduction, as its deficiency 
leads to growth retardation and reduced fertility [43].

Our study identified several genetic adaptations and 
molecular mechanisms that likely drive the evolution of 
large body size in snakes (Liasis olivaceus, Ophiophagus 
hannah, and Python bivittatus). These adaptations span 
a range of biological functions, including sensory per-
ception, immune response, metabolic regulation, and 
growth, demonstrating the multifaceted challenges and 
opportunities associated with increased body size.

Gene ontology (GO) enrichment and pathway analyses 
highlighted significant expansions in gene families asso-
ciated with olfactory receptor activity (GO:0004984). 
These findings may point to a role for sensory 

adaptations, potentially enabling large-bodied snakes to 
enhance their foraging strategies and thrive in diverse 
ecological environments. The olfactory receptor gene 
family, a multigene family in vertebrates, plays a crucial 
role in detecting and discriminating odor molecules [44]. 
Previous research has shown that marine snakes possess 
a reduced number of olfactory receptor genes compared 
to terrestrial species, reflecting specific adaptations to 
their aquatic habitats [45]. This highlights how olfactory 
receptor diversification may have facilitated niche-spe-
cific ecological diversification in large-bodied snakes.

In addition to sensory adaptation, immune-related 
processes were significant in the enriched results of 
expanded gene families and positively selected genes. 

Fig. 3  Regression analyses between root-to-tip (ω) against body length (a and c) and body mass (b and d) by PGLS in R for two BASGs: MGAP1 and SPRY1
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Specifically, expanded gene families were enriched in 
immune-related GO terms such as antigen process-
ing and presentation (GO:0019882) and the MHC class 
II protein complex (GO:0042613), essential for adaptive 

immunity. Moreover, positively selected genes were asso-
ciated with immune response-related pathways, includ-
ing the RIG-I-like receptor signaling pathway (ko04622) 
and the intestinal immune network for IgA production 
(ko04672). Body size influences the extent of a host’s 
exposure to parasites and affects responses to infections 
through its impact on metabolic rates and other related 
factors [46]. Hence, expansions and selection pres-
sures on immune-related genes may reflect evolutionary 
strategies for resolving the challenges associated with 
increased body size.

Metabolic adaptation emerged as another critical fea-
ture in the evolution of large body size. GO enrichment 
of expanded gene families suggested a significant asso-
ciation with oxidoreductase activity (GO:0016491) and 
G protein-coupled receptor activity (GO:0007186), sup-
porting their role in improving energetic efficiency to 
meet the physiological demands of larger body sizes [47]. 
In addition, PSGs were enriched in metabolic pathways 
such as glycolysis/gluconeogenesis (ko00010) and fatty 
acid biosynthesis (ko00061), which are directly linked 
to energy production and storage. Functional enrich-
ment analysis of REGs further highlighted involvement 
in carbohydrate metabolism and phosphatidylinositol 
phosphate biosynthesis, processes essential for energy 
regulation. Meiri et al. [48], observed that smaller species 
gain or lose heat more rapidly than larger species, sug-
gesting that larger-bodied snakes may face greater chal-
lenges in thermoregulation. Additionally, larger snakes 
tend to consume relatively larger prey, which increases 
the energetic costs associated with handling, digestion, 
and mechanical effort [49]. The convergence of results 
across gene family expansions, positively selected genes, 
and REGs suggests that metabolic adaptations may have 
been important for supporting the energetic demands 
and physiological maintenance of larger snakes.Our 
analyses also identified key developmental processes 
linked to body size regulation. Positively selected genes 
were enriched in signaling pathways critical to regulat-
ing growth, including Hedgehog signaling (ko04340) and 
Hippo signaling (ko04392), both known to control cell 
proliferation, tissue growth, and size regulation in verte-
brates [50–52].

In addition to the pathway-level adaptations identified 
in our study, several individual genes stood out as likely 
contributors to body size regulation in snakes. Notably, 
we identified MGAT1 and SPRY1 as BSAGs that are not 
only functionally important but also under significant 
selective pressure, highlighting their potential roles in 
the evolution of large-bodied snakes. MGAT1 encodes a 
protein involved in the N-glycan synthesis process, which 
is crucial for mediating cell-cell and cell-matrix interac-
tions essential to multicellular development. As a novel 
transcriptional target of the conserved Wnt/β-catenin 

Table 4  Kegg enrichment results of PSGs and REGs
Genes Pathway ID Input 

number
Back-
ground 
number

P-
Value

PSGs Oxytocin signal-
ing pathway

ko04921 2 153 0.0040

Biosynthesis of 
unsaturated fatty 
acids

ko01040 1 27 0.0170

Fatty acid 
elongation

ko00062 1 27 0.0170

N-Glycan 
biosynthesis

ko00510 1 50 0.0307

Fatty acid 
metabolism

ko01212 1 57 0.0349

VEGF signaling 
pathway

ko04370 1 59 0.0360

Acute myeloid 
leukemia

ko05221 1 66 0.0402

Pathways in 
cancer

ko05200 2 530 0.0415

Chronic myeloid 
leukemia

ko05220 1 76 0.0460

B cell recep-
tor signaling 
pathway

ko04662 1 82 0.0495

REGs ErbB signaling 
pathway

ko04012 2 85 0.0098

Leukocyte 
transendothelial 
migration

ko04670 2 112 0.0163

Yersinia infection ko05135 2 121 0.0188
Fluid shear 
stress and 
atherosclerosis

ko05418 2 139 0.0243

Retrograde en-
docannabinoid 
signaling

ko04723 2 148 0.0272

Protein process-
ing in endoplas-
mic reticulum

ko04141 2 165 0.0331

Tight junction ko04530 2 170 0.0350
Protein export ko03060 1 23 0.0401
Transcriptional 
misregulation in 
cancer

ko05202 2 186 0.0411

Kaposi sarcoma-
associated 
herpesvirus 
infection

ko05167 2 186 0.0411

Biosynthesis of 
unsaturated fatty 
acids

ko01040 1 27 0.0467

Fatty acid 
elongation

ko00062 1 27 0.0467
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signaling pathway, MGAT1 plays a critical role in verte-
brate early development, including axis formation, cel-
lular proliferation, and morphogenesis [53]. Similarly, 
SPRY1 was identified as a regulator of body size and 
growth, encoding a protein that acts as an inhibitor of 
receptor tyrosine kinase (RTK) signaling. RTK signal-
ing plays a major role in pathways regulating cell pro-
liferation, differentiation, and morphogenesis [54, 55]. 
SPRY1 has been implicated in multiple developmental 
processes, including skeletal muscle development, kid-
ney morphogenesis, and overall tissue homeostasis [56]. 
There is evidence linking SPRY1 to body size and growth 
regulation, as it modulates signaling pathways (such as 
FGF, MAPK/ERK) that are critical for cell growth and 
differentiation [57]. The selection observed on SPRY1 
and MGAT1 suggests that they may have played impor-
tant roles in mediating developmental processes neces-
sary to support larger body sizes in these snakes. These 
genes exemplify how body size evolution in snakes may 
arise from a combination of broad pathway-level changes 
and fine-scale selection on individual genes that are func-
tionally critical for growth regulation. Their dual roles as 
BSAGs and targets of selection may hint at the intricate 
genetic architecture potentially contributing to large-
bodied adaptations in snakes.

Taken together, our findings suggest that the evolu-
tion of large snake body sizes is driven by an intricate 
interplay of sensory, immune, metabolic, and growth-
related adaptations. Gene family expansions, positively 
selected genes, and rapidly evolving genes all contrib-
uted to these traits, reflecting evolutionary responses to 
the unique ecological and physiological challenges posed 
by increased size. These genetic adaptations may help 
to explain how large-bodied snakes have diversified and 
thrived across complex and dynamic habitats.

Furthermore, due to the current limitations in the 
availability of genomic data, our analyses did not include 
species with extremely small body sizes, such as blind 
snakes (Scolecophidia), or taxa with even larger body 
sizes than those analyzed, such as additional python spe-
cies. This taxonomic sampling limitation may affect the 
comprehensiveness of our conclusions regarding body 
size evolution across the entire snake phylogeny. As 
more high-quality snake genomes become available in 
the future, additional insights into the molecular mech-
anisms underlying body size evolution may emerge. 
The continued expansion of genomic resources could 
enhance our understanding of the molecular underpin-
nings of snake body size evolution, allowing for more 
robust testing of the hypotheses suggested in this study.

Conclusions
To our knowledge, our results provide the first direct 
evidence for genotype-phenotype correlations underly-
ing body size evolution in snakes. Through comparative 
genomic analyses, we found that snake body size evolu-
tion is shaped by gene family expansions, positive selec-
tion, and rapid changes in pathways related to sensory 
adaptation, immune response, metabolism, and growth 
regulation, highlighting coordinated genetic adaptations 
across these processes. We also identified four critical 
BSAGs. MGAT1 and SPRY1 showed evidence of selec-
tion and play important roles in growth regulation via 
Wnt/β-catenin and RTK signaling pathways. PLAG1 was 
associated with growth and reproduction, while YAP1 
regulates cell proliferation and organ growth. These 
findings offer new insights into the genetic mechanisms 
underlying body size evolution in snakes. Our work not 
only fills a gap in understanding reptilian body size evo-
lution but also highlights the role of genetic changes at 
multiple scales, ranging from pathway-level adaptations 
to the selection of individual genes, in shaping ecologi-
cally driven phenotypic diversity. This framework offers 
insights for comparative genomics and advances efforts 
to unravel the genomic basis of complex traits across 
vertebrates.
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