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ABSTRACT

Animal  body  size  variation  is  of  particular  interest  in
evolutionary biology, but the genetic basis remains largely
unknown.  Previous  studies  have  shown  the  presence  of
two  parallel  evolutionary  genetic  clusters  within  the  fish
genus Epinephelus  with  evident  divergence  in  body  size,
providing  an  excellent  opportunity  to  investigate  the
genetic basis of body size variation in vertebrates. Herein,
we  performed  phylotranscriptomic  analysis  and
reconstructed the phylogeny of 13 epinephelids originating
from  the  South  China  Sea.  Two  genetic  clades  with  an
estimated  divergence  time  of  approximately  15.4  million
years ago were correlated with large and small body size,
respectively. A total of 180 rapidly evolving genes and two
positively  selected genes were identified between the two
groups. Functional enrichment analyses of these candidate
genes revealed distinct enrichment categories between the
two  groups.  These  pathways  and  genes  may  play
important  roles  in  body  size  variation  in  groupers  through
complex  regulatory  networks.  Based  on  our  results,  we
speculate that the ancestors of the two divergent groups of
groupers  may  have  adapted  to  different  environments
through  habitat  selection,  leading  to  genetic  variations  in
metabolic  patterns,  organ  development,  and  lifespan,
resulting  in  body  size  divergence  between  the  two  locally
adapted  populations.  These  findings  provide  important
insights into the genetic mechanisms underlying body size
variation in groupers and species differentiation.

Keywords:   Phylotranscriptomics;    Grouper;    Body  size;
Rapidly  evolving  genes  (REGs);    Positively  selected
genes (PSGs)

 INTRODUCTION

Body  size  is  an  important  trait  among  species  and  is
associated with various physiological and ecological variables,
such  as  metabolic  rate  (Martin  &  Palumbi,  1993),  lifespan
(Moss et al., 2016), generation time (Martin & Palumbi, 1993),
and  species  distribution  (Steele  &  López-Fernández,  2014).
Among  the  differences  observed  between  different  species,
body  size  is  one  of  the  most  apparent.  Numerous  biologists
have  attempted  to  summarize  the  general  evolutionary
patterns of  body size evolution at  a  macroevolutionary  scale.
For  example,  Bergmann’s  rule,  which attempts  to  summarize
the response of body size to climate change (Salewski & Watt,
2017; Teplitsky et al.,  2008),  states that:   “Within species and
amongst  closely  related  species  of  homeothermic  animals,  a
larger size is often achieved in colder climates than in warmer
ones,  which  is  linked  to  the  temperature  budget  of  these
animals.”  (Salewski  &  Watt,  2017).  Cope’s  rule  of  body  size
evolution asserts that lineage body size tends to increase over
evolutionary  time  (Heim  et al.,  2015).  Additionally,  the  Island
rule  states  that  special  animal  body  size  adaptations  occur
under  island  ecological  constraints  (Faurby  &  Svenning,
2016),  while  Rensch’s  rule  describes  the  patterns  of  sexual
dimorphism  in  body  size  among  animals  (Tubaro  &  Bertelli,
2003).
Fundamentally, animal body size variation is determined by

cell  number  and  size  (Yang  &  Xu,  2011),  but  is  also
considered  a  complex  quantitative  trait  controlled  by  multiple
genes  or  single  major  effect  genes  regulated  by  intricate
signaling  mechanisms  that  maintain  organ  size  stability.
Multiple  signaling  pathways  have  been  implicated  in  the
regulation of  cell  growth and organ size,  including the insulin
signaling  pathway  (also  known  as  the  growth  signaling
pathway), target of rapamycin (TOR) signaling pathway, PI3K-  
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Akt  pathway,  transforming  growth  factor-β  (TGF-β)  signaling
pathway,  and  Wnt  signaling  pathway  (Texada  et al.,  2020).
Various genes in the insulin signaling pathway are associated
with  animal  body  size  (Lai  et al.,  2021).  For  instance,  single
nucleotide  polymorphisms  (SNPs)  in  the  insulin-like  growth
factor I (igf1) gene are crucial determinants of small body size
in  domestic  dogs  (Bannasch  et al.,  2020),  while  the  igf2bp1
gene genotype explains variations in body size-related traits in
Beijing ducks (Zhou et al., 2018). The TOR signaling pathway,
essential  for  cell  growth  and  metabolism regulation,  primarily
relies  on  mTORC1,  which  is  influenced  by  the  PI3K-Akt
pathway  and  tuberous  sclerosis  complex  (TSC),  with
mutations  in  tsc1  or  tsc2  found  to  significantly  increase  cell
and organ size (Richardson et al., 2004). The TGF-β signaling
pathway,  with  40  known  members,  features  bone
morphogenetic  proteins  (BMPs)  associated  with  body  size  in
multiple  species,  such  as  bmp8a  in  Siamese  fighting  fish
(Betta  splendens)  (Wang  et al.,  2022b).  The  Wnt  signaling
pathway  regulates  organ  size  by  inhibiting  adipogenesis
(Longo  et al.,  2004).  Genes  such  as  lcorl  and  ncapg  in  the
SRC/STAT3  signaling  pathway  are  closely  related  to  body
size in  Chinese donkeys (Shen et al.,  2021),  Qinchuan cattle
(Han et al., 2017), horses (Staiger et al., 2016), and domestic
pigs  (Rubin  et al.,  2012).  The  Hippo  signaling  pathway
regulates growth, and genetic mutations in the related kinase
cascade  can  result  in  tissue  overgrowth  (Hong  et al.,  2018).
Moreover,  mutations  in  the  mc4r  gene  of  the  leptin-
melanocortin  pathway  can  lead  to  monogenic  obesity  in
various  vertebrates  from  fish  to  humans  (Tao,  2022).  In
summary,  animal  body  size  regulation  is  a  complex  process,
governed  by  interactions  of  multiple  body  size-related  genes
and  signaling  pathways.  In  the  current  study,  we  explored
whether  these  body  size-related  genetic  pathways  and  their
interactions exhibit similar patterns among species.
Fish  species  account  for  over  50%  of  total  extant

vertebrates.  Studies  have  shown  that  ecological  niche  and
adaptive  evolution  are  associated  with  body  size  variation  in
fish  (Audzijonyte  et al.,  2020;  Borstein  et al.,  2019;  Rincon-
Sandoval  et al.,  2020).  Understanding  body  size  variation
among  such  species  will  help  elucidate  the  relationship
between body size-related regulatory pathways and evolution.
Previous  studies  have  identified  genes  that  influence  growth
and development regulation in fish (Triantaphyllopoulos et al.,
2020; Vélez et al.,  2017), including growth axis-related genes
(gh,  ghr,  igf,  ghrh,  and  ghih)  important  for  regulating  fish
metabolism  and  physiological  processes,  muscle  growth-
related  genes  (mstn  and  MyoD),  appetite  and  energy
metabolism-related  genes  (mc4r),  and  body  size,  muscle
growth,  and  skeletal  development-related  BMPs.  However,
reports  on  the  genetic  mechanisms  underlying  body  size
variation  among  different  fish  species  through  genomics
remain scarce.
The  rapid  development  of  sequencing  technologies  in

recent  years  has  provided  valuable  insights  into  the  genetic
mechanisms  underlying  fish  body  size  evolution.  Genome
sequencing  technology  enables  the  reconstruction
phylogenetic  and  evolutionary  histories  of  species  by
analyzing  numerous  sites  across  the  whole  genome  (Yang
et al.,  2020).  Comparative  genomics  analysis  can  unveil  the
genetic factors contributing to significant body size differences
among different species. For instance, multiple genes related
to  body  size  have  been  identified  in  Pacific  ocean  rockfish
(Kolora et al.,  2021). Genes under positive selection, such as

epcam  and  bmpr1b,  have  been  implicated  in  the
morphological  differentiation  of  African  cichlid  fish  (Brawand
et al.,  2014;  Fan  et al.,  2011).  Additionally,  bmp8a  is
considered a potential candidate gene in Siamese fighting fish
(B.  splendens)  (Wang  et al.,  2022b).  Comparative
transcriptomic  analysis  is  an  advantageous  tool  for
deciphering  species  evolution,  as  changes  in  coding  regions
can  impact  differential  gene  expression  and  population
differentiation.  Notably,  changes  in  genetic  regulation
contribute  to  adaptations  in  species  (Gilad  et al.,  2006;
Romero  et al.,  2012).  Based  on  comparative  transcriptomic
analysis,  differentially  expressed  genes  and  positively
selected  genes  (PSGs)  have  been  analyzed  in  three  closely
related  catfish  species,  with  20  candidate  genes  related  to
body  size  regulation  identified  in  the  Mekong  giant  catfish
(Bagarius  yarrelli),  including  akt3,  sh2b1,  and  pkm2a,  which
are  closely  associated  with  growth  regulation  (Jiang  et al.,
2019).  A  study  on  the  potential  evolutionary  differences  in
body size  in  four  percid  species  revealed  78 rapidly  evolving
genes (REGs) and 41 PSGs in pike perch (Sander lucioperca)
that  may  explain  its  large  and  slender  body  size
characteristics (Xie et al., 2019). These findings provide strong
support  for  a  deeper  comprehension  of  the  molecular
mechanisms underlying body size evolution in fish species.
Groupers  (family  Epinephelidae),  representing  a  diverse

group of coral reef fish, comprise more than 160 species in 16
genera  (Craig  et al.,  2011; Ma  et al.,  2016; Qu  et al.,  2018).
The  genus Epinephelus,  characterized  by  considerable  body
size variation among species, is an ideal taxonomic group for
studying  body  size  divergence  and  evolution.  Notably,  the
giant  grouper  (E.  lanceolatus),  the  largest  species  in  the
genus, can attain a length of  270 cm and body mass of  over
400  kg,  while  the  rock  grouper  (E.  fasciatomaculosus)  has  a
maximum recorded length  of  only  30  cm (Craig  et al.,  2011).
Based  on  historical  biogeographic  analysis,  Ma  et al.  (2016)
reported  that  large-  and  small-bodied  groupers  are
predominantly  found  in  Clades  E  and  F,  respectively.
Molecular  phylogenetic  studies  have  also  identified  two
genetic lineages within Epinephelus (Ding et al., 2006; Durand
et al., 2020; Liang et al., 2020; Zhuang et al., 2013), indicating
distinct nodes in the evolutionary history of grouper body size
divergence. Evidence has also suggested that the connection
between  speciation  and  morphological  evolution  has  left  a
subtle  molecular  phylogenomic  imprint  in  extant  biota
(Hamilton  et al.,  2022;  Rabosky  et al.,  2013;  Ronco  et al.,
2021). In addition, the effects of ancient geological events and
climate  change  on  the  diversification  of  groupers  at  a  broad
spatial  scale remains underexplored. Ding et al.  (2006) noted
that  the  species  composition  within  the  two  parallel-evolving
sister  lineages  did  not  correlate  with  geographic  distribution.
Ma et al.  (2016)  proposed that  the  diversification  of  groupers
is  more  closely  linked  to  global  climate  and  environmental
changes  than  to  direct  geological  events.  However,  such
studies  have  primarily  been  based  on  only  a  limited  array  of
nuclear or mitochondrial genes.
Genome  sequencing  technology  has  enabled  the

reconstruction  of  phylogenetic  and  evolutionary  histories  of
species  using  whole-genome  data  (Berthelot  et al.,  2014).
While  several  reference genomes have been assembled and
used  to  analyze  phylogeny  in  Epinephelus,  including  the
genomes  of  E.  lanceolatus  (Zhou  et al.,  2019a),  E.  tukula
(Wang et al., 2022a), and E. fuscoguttatus (Yang et al., 2022),
large-scale orthologous gene detection remains limited due to
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challenges  in  obtaining  annotated  high-quality  genomes.
Phylotranscriptomics  (transcriptome-based  phylogenetic
inference)  is  a  cost-effective  and  powerful  tool  for  identifying
orthologous  genes  and  reconstructing  phylogenetic
relationships  among  group  species  (Cheon  et al.,  2020;
Morales-Briones  et al.,  2021).  Given  its  near-equivalence  in
comprehensiveness  and  reliability  to  phylogenomics  (Cheon
et al.,  2020),  phylotranscriptomics  has  emerged  as  the
preferred  method  for  exploring  evolutionary  relationships
among biological  lineages (Lyra et al.,  2021; Rancilhac et al.,
2021; Washburn et al.,  2017). Employing whole-genome data
can  generate  more  reliable  gene  trees  to  represent
evolutionary  relationships  (Cheon  et al.,  2020),  providing  an
important basis for exploring the drivers of early differentiation
of  groupers.  Therefore,  the  establishment  of  reliable
phylogeny  is  of  great  significance  for  elucidating  the
speciation,  body  differentiation,  and  evolutionary  history  of
ancestral lineages in the above two genetic clades.
In  this  study,  we  employed  phylotranscriptomics  to

reconstruct  the  phylogenetic  relationships  and  estimate
divergence  times  of  13  Epinephelus  species  in  the  South
China  Sea.  We  identified  REGs  and  PSGs  within  the  two
major  evolutionary  branches  of  the  genus  Epinephelus  and
performed  functional  annotation  analysis  to  explore  the  roles
of  these  genes  in  body  size  evolution.  This  study  aims  to
provide  insights  into  the  genetic  mechanisms  of  body  size
evolution in groupers and, more broadly, in fish.

 MATERIALS AND METHODS

 Ethics statement
All  experiments  were  performed  according  to  the  Guidelines
for  the  Care  and  Use  of  Laboratory  Animals  in  China.  All
experimental procedures and sample collection methods were
approved by the Institutional Animal Care and Use Committee
(IACUC)  of  the  School  of  Life  Sciences,  Sun  Yat-sen
University under approval No. SYSU-IACUS-2022-B0129.

 Sample collection
Sampling included 15 epinephelids from the South China Sea,
representing  13 Epinephelus  species  (E.  akaara, E.  awoara,
E.  bleekeri, E.  coioides, E.  corallicola, E.  fasciatomaculosus,
E.  fasciatus,  E.  fuscoguttatus,  E.  lanceolatus,  E.  merra,  E.
moara, E. polyphekadion,  and E. quoyanus)  and two species
from  closely  related  genera  (Cephalopholis  urodeta  and
Plectropomus  maculatus),  which  were  used  as  the  outgroup
(Supplementary  Table  S1).  Habitat  and  ecological  data  of
groupers  (including  maximum  size  (total  length),  maximum
weight  (body  mass),  age,  habitat  depth  range,  habitat,  and
prey)  were  collected  from  the  IUCN  Red  List  of  Threatened
Species  (https://www.iucnredlist.org),  FishBase  (https://www.
fishbase.se/search.php),  and  Groupers  of  the  World:  A  Field
and  Market  Guide  (Craig  et al.,  2011).  Violin  plots  were
constructed  using  GraphPad  Prism  v.8.0.0.  The  Mann-
Whitney U test was performed using GraphPad Prism v.8.0.0
with  a  significance  level  of  0.05.  In  2019,  specimens  were
obtained from fish markets and live aquarium trades located in
proximity to the South China Sea, specifically near Shenzhen,
Huizhou,  and  Guangzhou  in  Guangdong  Province,  China.
Brain,  tail  fin,  heart,  kidney,  liver,  muscle,  spine,  skin,  and
spleen  tissues  were  collected  from  three  individuals  per
species,  which  were  preserved  in  RNAlater  and  stored  at
−80°C prior to RNA extraction.

 RNA  extraction,  library  construction,  and  RNA
sequencing
Total  RNA  from  each  specimen  was  extracted  using  TRIzol
reagent  (Invitrogen,  USA)  following  the  manufacturer’s
protocols. RNA concentration and purity were measured using
a  NanoDrop  2000  (Thermo  Fisher  Scientific,  USA).  RNA
integrity was assessed using the RNA Nano 6000 Assay Kit of
the  Agilent  Bioanalyzer  2100  system  (Agilent  Technologies,
USA).  In  total,  1  μg  of  RNA  was  generated  by  pooling  RNA
from nine tissues of each individual and used for RNA sample
preparations.  Sequencing  libraries  were  generated  using  a
NEBNext  UltraTM  RNA  Library  Prep  Kit  for  Illumina  (USA)
following the manufacturer’s  instructions.  In  brief,  mRNA was
purified  from  total  RNA  using  poly-T  oligo-attached  magnetic
beads  and  fragmented.  First-strand  cDNA  was  synthesized
using  random  hexamer  primer  and  M-MuLV  reverse
transcriptase, followed by second-strand cDNA synthesis and
NEBNext adaptor ligation. The library fragments were purified
using  the  AMPure  XP  system  (Beckman  Coulter,  USA).
Polymerase  chain  reaction  (PCR)  was  performed  using
Phusion  High-Fidelity  DNA  polymerase,  with  the  PCR
products  then  purified.  Finally,  paired-end  sequencing  was
performed  using  the  Illumina  NovaSeq  6000  platform
(Illumina, USA) by BioMarker (China).

 Data filtering and de novo assembly
Raw  data  were  quickly  checked  using  FastQC  v.0.12.1
(Schmieder & Edwards, 2011) and filtered using Trimmomatic
v.0.32 (Bolger et al., 2014), with default parameters except for
minimum reads length (MINLEN), which was set to 100. After
filtering,  the  clean  reads  of  each  specimen  were  de  novo
assembled  with  Trinity  v.2.8.5  (Grabherr  et al.,  2011)  using
default  parameters,  except  for  --CPU,  which  was  set  to  20,
and  --min_kmer_cov,  which  was  set  to  2.  The  three
assemblies  of  each  species  were  then  merged  into  one
transcriptome,  and  preliminary  redundancy  reduction  was
performed using CD-HIT-EST (Li  & Godzik,  2006) with -c set
to  0.95  and  -n  set  to  10.  For  the  transcriptome  of  each
species,  the  longest  transcripts  were  extracted  with
get_longest_isoform_seq_per_trinity_gene.pl  in  Trinity  v.2.1.1
(Haas  et al.,  2013).  Open  reading  frames  (ORFs),  coding
sequences  (CDS),  and  peptides  were  then  predicted  using
TransDecoder  v.5.0.0  (https://github.com/TransDecoder/
TransDecoder/releases)  assisted  by  BLASTP  searches  (E-
value<10–5)  against  the  Manually  Annotated  Section  of  the
UniProt  Knowledge Base (UniProtKB/Swiss-Prot),  NCBI Non-
Redundant  Protein  Sequences  (Nr)  database,  and  Protein
Family  (Pfam) database.  To further  reduce redundancy,  local
BLASTX  searches  (E-value<10-5)  were  conducted  for  the
predicted CDS against the NCBI RefSeq (Pruitt et al., 2007) of
all  fish  datasets  (129  species)  using  DIAMOND  (Buchfink
et al.,  2015).  The  best-hit  sequences  were  selected  as  final
unigenes, with functional analysis of the annotated genes then
conducted based on the Nr, Swiss-Prot, Gene Ontology (GO),
and  Kyoto  Encyclopedia  of  Genes  and  Genome  (KEGG)
databases.  Final  transcriptome  completeness  was  assessed
using  BUSCO  v.5.5.0  (Manni  et al.,  2021)  based  on  the
actinopterygii_odb10  database  (highly  conserved  fish
orthologs, https://busco.ezlab.org).

 Ortholog identification and sequence alignment
Orthogroups  in  the  15  epinephelid  transcriptomes  were
identified  using  OrthoFinder  v.2.5.2  (Emms  &  Kelly,  2015),
employing  an  all-against-all  BLAST  (self  and  reciprocal
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BLASTs simultaneously) algorithm to perform reciprocal best-
hit  BLASTs,  with  normalization  for  transcript  length
(Carruthers  et al.,  2018).  Only  the  one-to-one  single-copy
orthologous genes shared by all  15 species were selected to
perform  downstream  analysis,  which  were  subsequently
aligned by MAFFT v.7.453 (Katoh & Standley, 2013) with the
L-INS-I  algorithm  and  trimmed  by  trimAl  v.1.4  (Capella-
Gutiérrez  et al.,  2009)  with  the  --automated1  parameter.  Any
alignments  <100  amino  acids  were  discarded  after  trimming,
and  the  remaining  orthologs  were  concatenated  into  a
supermatrix.  According  to  the  amino  acids  of  orthologs,  the
corresponding  nucleotide  CDS  were  aligned  using  PAL2NAL
v.14.0 (Suyama et al., 2006).

 Phylogenetic analysis and divergence time estimation
We reconstructed  the  phylogeny  of  the  15  epinephelids  from
the  South  China  Sea  using  both  concatenation-  and
coalescent-based  methods.  For  the  concatenated
supermatrix, maximum-likelihood (ML) and Bayesian inference
(BI) trees were inferred. In ML analysis, the best-fit model was
determined  by  ModelFinder  (Kalyaanamoorthy  et al.,  2017),
and tree reconstruction was conducted using IQ-TREE v.2.1.2
(Nguyen  et al.,  2014),  with  1  000  replicates  of  ultrafast
bootstrap  approximation  (UFboot)  and  SH-like  approximate
likelihood  ratio  test  (SH-aLRT)  for  branch  support  evaluation
(Guindon  et al.,  2010).  In  BI  analysis,  the  best-fit  model  was
inferred  using  PartitionFinder  v.2.1.1  (Lanfear  et al.,  2016)
based on AICc scores, and tree reconstruction was conducted
using  MrBayes  v.3.2.7  (Ronquist  et al.,  2012)  with  Markov
Chain  Monte  Carlo  (MCMC)  chains  (one  cold  and  three
heated  chains  in  each  run  separately)  running  for  1  000  000
generations  and  sampled  every  1  000  generations.  The  first
20% of  sampled  generations  were  discarded  as  burn-in,  and
Tracer  v.  1.5  (http://tree.bio.ed.ac.uk/software/tracer/)  was
used  to  check  whether  the  runs  had  reached  effective
sampling  size  (ESS)>200  in  all  model  parameters.  For
coalescent-based phylogeny reconstruction, single trees were
generated  for  each  gene  using  IQ-TREE  with  the  same
parameters  as  above.  Subsequently,  ASTRAL-III  analysis
(Zhang  et al.,  2018)  was  performed,  which  reconstructs  a
species  tree  that  maximizes  the  number  of  shared  induced
quartet trees with the input gene trees, while also accounting
for  gene  tree  discordance  (Mirarab  et al.,  2014; Zhang  et al.,
2018).  Trees  were  rerooted  with P.  maculatus  and  branches
with UFboot<10 were collapsed using the pxrr and pxcol tools
in  phyx,  respectively  (Brown  et al.,  2017).  An  approximately
unbiased  (AU)  test  (Shimodaira,  2002)  was  performed  to
check  the  alternative  topologies  of  the  trees  based  on  log-
likelihood  score  comparison  with  IQ-TREE.  Additionally,
conflicts and concordance of single gene trees were checked
using  PhyParts  (Smith  et al.,  2015).  The  results  were  then
visualized with phypartspiecharts.py script (https://github.com/
mossmatters/phyloscripts/tree/master/phypartspiecharts).
Divergence time was estimated using MCMCTREE in PAML

v.4.9  (Yang,  2007)  based  on  the  approximate  likelihood
method,  with  the  concatenation-based  ML  tree  specified  as
the  reference  tree.  As  fossil  records  of  Epinephelidae  are
uncommon, fossil calibration was based on two known fossils
of Epinephelus,  including E.  cassorti  (dated to  the Badenian)
(Schultz,  2000)  calibrated  as  the  lower  boundary  of  the
common ancestor of Epinephelus, and E. itajara (dated to the
late Miocene) (Aguilera & de Aguilera, 2004) calibrated as the
lower boundary of the common ancestor of E. lanceolatus & E.

coioides.  Time was also calibrated according to the recorded
divergence time range in TimeTree (http://timetree.org/) of four
species pairs: E. fuscoguttatus & E. lanceolatus (10.49–22.50
Ma), E. awoara & E. merra  (12.45–28.51 Ma), E. fasciatus &
E.  merra  (7.25–17.95  Ma),  and C.  urodeta  & E.  lanceolatus
(>16  Ma).  The root  was  maximally  bound at  48  million  years
ago  (Ma)  according  to  the  TimeTree  estimation.  Bayesian
analysis  was  run  for  10  000  000  generations  and  sampled
every  100  generations,  with  the  first  20%  of  sampled
generations discarded as burn-in and ESS checked by Tracer
v.1.5 (http://tree.bio.ed.ac.uk/software/tracer/).

 Positive selection analysis
Comparison  of  nonsynonymous/synonymous  substitution
ratios (dN/dS, ω) in protein-coding genes is a powerful method
for detecting adaptive molecular evolution (Yang & Bielawski,
2000). Notably, ω>1 suggests positive selection, while ω<1 or
ω=1  indicates  purifying  and  neutral  evolution,  respectively
(Sun  et al.,  2019).  To  explore  whether  genes  under  different
selection pressures have contributed to contrasts in body size
between the two diverged Epinephelus clades, branch models
were  used  to  detect  lineage-specific  selection  pressure  by
CodeML in PAML, with two three-ratio models: (1) large body-
sized  clade  group,  small  body-sized  clade  group,  and
outgroup  were  assumed  to  have  independent  ω;  (2)  large
body-sized group, small body-sized group, and outgroup were
assumed  to  have  independent  ω.  The  above  three-ratio
models were compared with the one-ratio model that assumed
all  branches  of  the  phylogenetic  tree  shared  the  same  ω
based  on  likelihood  ratio  tests  (LRTs),  with  false  discovery
rate (FDR) used for multiple testing correction. Genes with an
extreme  ω  value  (ω≤0.0001  or  ≥999)  were  filtered,  and  an
adjusted  P<0.05  was  considered  to  identify  REGs  (Yang  &
Dos Reis, 2011; Yin et al., 2021).
To  explore  whether  genes  have  experienced  positive

selection  in  specific  sites  along  particular  lineages,  we  also
used  branch-site  models  to  test  the  branches  of  interest
(foreground  branch)  separately,  including:  (1)  common
ancestor  of  large  body-sized  clade  group,  (2)  common
ancestor of small body-sized clade group, or (3) each terminal
node.  We  first  calculated  and  compared  site-model  pairs  of
M7 & M8 (by LRTs) to search for genes with varied ω among
sites.  For  site-selected  genes,  we  conducted  branch-site
model  analysis  for  each  foreground  branch,  followed  by
filtering  based  on  LRTs,  FDR  correction  (adjusted  P≤0.05),
and  Bayes  Empirical  Bayes  (BEB)  estimation>95%.  The
remaining genes with 1<ω<999 were considered to be PSGs
(Yang & Dos Reis, 2011; Yin et al., 2021).

 Functional enrichment analysis
All obtained candidate REGs and PSGs were annotated using
the  GO  database  for  functional  prediction.  GO  functional
enrichment  analysis  (P<0.05)  was  implemented  using  the
clusterProfiler v.4.0 package (Wu et al., 2021). GO and KEGG
functional  enrichment  analyses  were  performed  using  the
Metascape  database  (https://metascape.org/gp/index.html#/
main/step1),  with  zebrafish  (Danio  rerio)  as  a  reference
species,  to  explore  the  functional  relevance  of  these  genes
(Zhou  et al.,  2019b).  Min  overlap≥3  and  P≤0.01  were
considered  statistically  significant.  To  further  explore  the
potential  functional  changes  caused  by  mutations  in  positive
selection sites, the functional domains of PSGs were predicted
using  the  PROSITE  database  (https://prosite.expasy.org).
Pathway  enrichment  results  were  generated  with  the
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Omicshare  online  website  (http://www.omicshare.com/tools/
Home/Index).

 RESULTS

 Transcriptome de novo assembly and annotation
After  sequencing  and  initial  filtering,  a  total  of  112  million
paired-end  clean  reads  and  139.00  Gb  of  clean  bases  were
generated  from  the  15  epinephelids.  The  de  novo
transcriptome  generated  a  total  of  6  133  286  (110  316  to
210 233) transcripts with average unigenes, contig length, and
N50 size per specimen of 114,967 (97 228 to 175 395), 760 bp
(650  bp  to  849  bp),  and  1  383  bp  (1  066  bp  to  1  578  bp),
respectively  (Supplementary  Table  S2).  The  de  novo
assemblies  were  then  filtered  for  redundancy  reduction,
resulting  in  an  average  of  24  987  unigenes  per  species
(23  753  to  27  217)  with  a  mean  length  of  1  279  bp
(Supplementary  Table  S3).  The  filtered  transcriptomes  were
then  annotated  against  currently  known  protein  databases,
with the most matches in Nr (99.70% on average), followed by
Swiss-Prot  (84.12%  on  average),  GO  (82.34%  on  average),
and  KEGG (56.23% on  average)  (Supplementary  Table  S3).
The  percentage  of  complete  and  single-copy  BUSCOs
identified  in  the  15  transcriptomes  ranged  from  64.3%  to
72.0%,  and  the  percentage  of  missing  BUSCOs  was  lower
than 30% in all species (Supplementary Figure S1), indicating
that  the final  transcriptomes after  redundancy reduction were
highly consistent and relatively complete. After filtering, 2 042
one-to-one  single-copy  orthologous  genes  were  obtained  for
downstream phylogenetic and positive selection analyses.

 Phylogenomic analyses and divergence time estimation
The  reconstructed  phylogeny  of  13  epinephelids  was  well-
resolved  and  highly  supported.  The  concatenation-based  BI

and  ML  trees  showed  topological  consensus,  with  robust
posterior  probability  (PP>0.95)  support  for  all  nodes and SH-
aLRT (≥80)/UFboot (≥95) support for most nodes, respectively
(Supplementary  Figures  S2–S3).  This  phylogeny
demonstrated  that  the  13  Epinephelus  species  formed  two
major clades correlated with body size. With the reconstructed
phylogeny  of  the  13 Epinephelus  species,  two  major  clades
were  identified,  and  divergence  time  was  estimated  to  be
approximately  15.4  Ma  (8.4–23.3  Ma;  Figure  1A).  The  first
clade  was  comprised  of  the  large  groupers  (large-bodied
clade, LBC),  with an average maximum body length of  123.7
cm,  including  E.  polyphekadion,  E.  fuscoguttatus,  E.
corallicola,  E.  lanceolatus,  E.  coioides,  and  E.  moara.  The
second  clade  mainly  included  small  groupers  (small-bodied
clade,  SBC),  with  an  average  maximum  body  length  of  41.5
cm, including E. merra, E. fasciatus, E. bleekeri, E. quoyanus,
E.  fasciatomaculosus, E.  awoara,  and E.  akaara  (Figure  1A,
C). The Mann-Whitney U test indicated significant differences
in maximum recorded total length (P=0.0076<0.05), maximum
recorded  body  mass  (P=0.0076<0.05),  and  maximum
recorded  age  (P=0.0012<0.05)  between  the  LBC  and  SBC
groups  (Figure  2A–C).  Although  no  significant  difference  in
habitat  depth  was  found  between  the  LBC  and  SBC  groups
(P=0.3800>0.05),  average  habitat  depth  of  LBC  was  deeper
than that of SBC (Figure 2D).

 Positive  selection  analysis  of  body  size  variation  in
groupers
Branch  model:  We  performed  LRTs  using  a  three-ratio
branch  model  to  explore  genes  under  different  selection
pressure  during  the  diversification  of  grouper  species  with
different body sizes. The null hypothesis of the LRT one-ratio
model  showed  that  the  average  ω  ratio  of  1  832  one-to-one
orthologous genes was 0.274, with most (98.96%) being less

 

Figure 1  Phylogenetic relationships and body size variations in 13 epinephelids
A:  Phylogenetic  relationships  reconstructed  based  on  concatenation  of  13  epinephelids  with  divergence  time  estimation.  The  95%  confidence
intervals  (CI)  of  estimated divergence times are shown in  blue bars  at  each node.  Species could  be differentiated into  a  small  body-sized clade
(SBC) (pink) and large body-sized clade (LBC) (blue).  Ma: Million years ago; Q: Quaternary.  B:  Extant  ranges are indicated for  13 epinephelids,
modified after Ma et al.  (2016). See figure key for interpretation of symbols and color fills.  WIP: West Indo-Pacific,  CIP: Central Indo-Pacific,  CP:
Central Pacific. C: Maximum recorded body size of 13 epinephelids.
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than  1.0  (Figure  3A,  B),  indicating  widespread  purifying
selection  on  these  orthologous  genes.  A  total  of  189  REGs
were identified through branch-model testing. Regarding LBC
and SBC divergence, 180 REGs were detected after stringent
filtering  (Supplementary  Table  S4),  with  72  exhibiting
significantly  higher  evolutionary  rates  in  LBC  and  108  REGs
exhibiting significantly higher evolutionary rates in SBC.

Branch-site  model:  Following  initial  screening  using  the
site  models  M7  and  M8,  a  total  of  312  genes  containing
positively  selected  sites  were  retained  for  branch-site  model
testing.  One  PSG,  ndrg1a,  was  detected  in  the  foreground
branch  with  the  common ancestor  of  the  LBC,  while  another
PSG,  jup,  was  detected  in  the  foreground  branch  with  the
common ancestor of the SBC (Table 1; Supplementary Figure
S4–S5).  Within  these  two  PSGs,  a  total  of  seven  divergent
sites were identified, with two significant divergent sites found
in  ndrg1a  and  one  significant  divergent  site  found  in  jup
(Table  1;  Supplementary  Figures  S4,  S5).  According  to
PROSITE  database  predictions,  three  of  the  significantly
mutated  sites  were  not  located  within  predicted  functional
domains.  However,  the  Asp215Thr  and  Ser344Ala  sites  in
ndrg1a  underwent  mutations  from  aspartic  acid  to  threonine
and  from  serine  to  alanine,  respectively,  which  may  impact
protein  phosphorylation  (Figure  3C;  Table  1).  Regarding  the
remaining  four  sites,  functional  domain  predictions  revealed
that the Thr136Ile divergent site in ndrg1a was situated in the
phosphopantetheine attachment site (Figure 3C; Table 1), the

Val160Ala  divergent  site  in  jup  was  located  in  the
armadillo/plakoglobin  (ARM)  repeat  region  (Figure  3D;
Table 1), and the Ser2Gln site in jup underwent an amino acid
change  from  serine  to  glutamine  (Figure  3D;  Table  1),
resulting in alterations in polarity or acidity/basicity, which may
also affect protein function.

 Functional enrichment analysis of REGs and PSGs
The  top  50  enriched  GO  terms  for  LBC  and  SBC,  listed  in
Supplementary  Table  S5,  included  genes  involved  in
biological  processes  such  as  metabolic  process
(GO:0008152),  development  process  (GO:0032502),
response  to  stimulus  (GO:0050896),  and  growth
(GO:0040007)  (Figure  4;  Supplementary  Table  S5).
Subsequently, Metascape was used to identify major enriched
pathways  and  related  genes.  Results  showed that  the  REGs
of  LBC  were  enriched  in  11  functional  annotation  clusters,
while  the  REGs  of  SBC  were  enriched  in  16  functional
annotation clusters (Table 2).
GO enrichment analysis of REGs in LBC and SBC exhibited

differences  in  genes  and  pathways.  The  insulin/IGF  and
mTORC1  signaling  pathways  are  well-known  pathways
involved in the regulation of cell growth and body size. Based
on literature and database searches to assess gene functions,
igfbp1a,  kl,  insra,  and  itgav,  associated  with  the  insulin/IGF
signaling  pathway,  underwent  rapid  evolution  in  SBC,  while
tbc1d7, cul4b, npc1, and parp1, associated with the mTORC1
signaling  pathway,  experienced  rapid  evolution  in  LBC.

 

Figure 2  Violin plot comparing body size variation, age, and depth range in SBC and LBC groups
A–D:  Violin  plot  showing  maximum  recorded  total  length  (A),  maximum  recorded  body  mass  (B),  maximum  recorded  age  (C),  and  maximum
recorded  depth  range  (D)  of  SBC and  LBC.  Datapoints  represent  each  individual  core  and  boxplot  to  visualize  body  size  variation  in  groupers.
Dotted lines are 75th and 25th percentiles, and dashed line are values within the median. ns: Not significant (P>0.05); **: P<0.01.
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Additionally,  several  genes  (tbc1d7,  arhgef15b,  arhgap29a,
bcl2l1,  and pcsk1nl) related to GTPase activity activation and
mTORC1 function were also enriched in LBC (Supplementary
Table S5). In terms of catabolic and metabolic processes, LBC
was  primarily  enriched  in  protein  metabolic  processes
(GO:0043161  proteasome-mediated  ubiquitin-dependent
protein  catabolic  process  and  GO:0010498  proteasomal
protein  catabolic  process),  while  SBC  was  associated  with
carbohydrate metabolism (GO:0005975) and lipid metabolism
(GO:0016042)  (Supplementary  Table  S5).  In  organ  system
development,  LBC  was  enriched  in  skeletal  system
development  and  tissue  morphogenesis  involving  multiple

organs,  including  kidney  development,  renal  system
development,  and  urogenital  system  development  (Table  2;
Supplementary  Table  S5).  Gene  intersections  were  also
present among these processes. SBC exhibited enrichment in
genes  related  to  cranial  skeletal  system  development  and
blood  vessel  morphogenesis,  which  share  genes  related  to
vascular  and  heart  development.  Notably,  two  important
clotting factors,  f7i and pros1,  involved in regulation of  stress
response,  were  identified  in  SBC  (Table  2;  Supplementary
Table  S5).  Conversely,  LBC  was  enriched  in  pathways  and
genes associated with aging and lifespan, including ribosomal
precursor (pwp2h, nol6, and riok3), DNA repair (topbp1, cul4b,

Table 1  Positive selected sites under branch-site for foreground lineages Prob (ω>1)
 

Gene
Background: with outgroup Background: without outgroup
Position Variance ω BEB Position Variance ω BEB

ndrg1a 215 T 409.5 0.997** 136 I 143.8 0.863
344 A 0.997** 215 T 0.992**

344 A 0.992**

jup 2 Q 333.5 0.931 2 Q 195.5 0.827

4 G 0.979* 3 L 0.534
160 A 0.672 4 G 0.913

160 A 0.510

A,  Q,  G,  I,  and  L  represent  amino  acids.  A:  Alanine;  Q:  Glutamine;  G:  Glycine;  I:  Isoleucine;  L:  Leucine.  ω:  Comparison  of
nonsynonymous/synonymous substitution ratios (dN/dS). BEB: Bayes Empirical Bayes. *: Posterior probability >95%; **: Posterior probability >99%.

 

Figure 3  Positive selection analysis of body size variation in groupers
A: Violin plot of dN/dS ratios (ω) of 15 epinephelids for single-copy orthologous genes based on one-ratio models. B: Violin plot of mean ω for all
single-copy  orthologous  genes  based  on  one-ratio  models.  Ratios  were  log-transformed.  C,  D:  Amino  acid  positions  (numbers)  and  changes  at
each position in ndrg1a (C) and jup (D) of PSGs between LBC and SBC groups. 
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and  parp1),  cellular  response  to  DNA  damage  stimulus
(bcl2l1,  topbp1,  cul4b,  parp1,  and  bag6l),  and  negative
regulation  of  proteolysis  (bcl2l1, pcsk1nl, bag6l,  topbp1,  and
cul4b), which were not enriched in SBC (Table 2).
Regarding  PSG  functions,  our  literature  review  indicated

that ndrg1a predominantly  functions as a  cytoplasmic  protein

involved  in  various  biological  processes,  encompassing
cellular  stress  responses,  cell  differentiation,  proliferation,
growth  arrest,  tumor  formation,  hypoxia  response,  and  DNA
damage  response,  while  jup  functions  in  heart  development
and  negative  regulation  of  the  Wnt  signaling  pathway
(Table 2).

 

Figure 4  Functional enrichment analysis of REGs and PSGs
A,  B:  Histograms  of  GO  term  annotations  for  REGs  of  LBC  (A)  and  SBC  (B).  Abscissa  is  secondary  GO  terms,  and  ordinate  is  number  of
differentially expressed genes enriched in that term.
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 DISCUSSION

 Water  habitat  facilitated  ancestral  body  size
differentiation in groupers
Species  diversity  is  shaped  by  a  variety  of  abiotic  and  biotic
factors,  including  geological  and  climatic  events,  which
markedly  influence  biological  diversity  (Cowman,  2014;
Kamikuri  &  Moore,  2017).  Determining  the  effects  of  ancient
geological  events  and  climate  change  on  species
diversification,  such  as  that  of  groupers  on  a  large  spatial
scale,  remains  a  complex  task.  Establishing  phylogenetic
relationships among species is fundamental for understanding
body  size  evolution.  In  this  study,  2  042  orthologous  genes
obtained  from  transcriptomic  data  were  used  to  reconstruct
the  phylogenetic  tree  of  13  epinephelids  distributed  in  the
South China Sea, confirming the division of these species into
two  major  topological  clades  distinguished  by  body  size.
These  topological  branches  diverged  approximately  15.4  Ma
(95%  CI:  8.4–23.3  Ma)  during  the  Miocene  epoch,  a  period
lasting  17.7  million  years  (23.03–5.33  Ma)  and  marked  by  a
series  of  geological  events  that  impacted  biogeographic  and
climatic  changes,  as  documented  in  the  comprehensive
review “The Miocene: The Future of the Past” (Steinthorsdottir
et al.,  2021).  Notably,  several  significant  geological  events
occurred  in  the  ancient  Indo-West  Pacific  region  during  the

Miocene  period,  including  the  fusion  of  the  Indo-Australian
Archipelago  (IAA)  (23–5  Ma)  (Cowman  &  Bellwood,  2011;
Lohman et al., 2011), closure of the Tethys Seaway (Terminal
Tethyan Event, TTE) (12.8 Ma) (Harzhauser et al., 2007; Sun
et al.,  2021),  and  proliferation  of  coral  reefs  (Montaggioni  &
Braithwaite, 2009), all of which influenced the distribution and
evolution  of  coral  reef  fish  (Cowman,  2014;  Cowman  &
Bellwood,  2011).  The  subsequent  Mid-Miocene  Climate
Transition (MMCT, 14.2–13.8 Ma) brought global cooling, East
Antarctic  Ice  Cap  expansion,  and  reduced  global  sea  levels,
resulting  in  the  isolation  of  coral  reef  habitats  into  shallow
waters  (Shevenell  et al.,  2004).  The  origin  of  the  13  studied
epinephelids  was  traced  to  the  Proto-Indo-West  Pacific
Region  (Figure  1B).  Analyzing  the  differences  in  maximum
depth  range  of  existing  grouper  species,  our  results  showed
that most species in the small-bodied branch primarily inhabit
shallow  waters,  while  the  large-bodied  groupers  mainly
occupy deeper habitats (Figure 2C). Integrated whole-genome
systematics  and  modern  taxonomy  suggested  that  grouper
differentiation  may  not  be  directly  linked  to  events  such  as
bony  coral  reef  expansion,  IIA  uplift,  or  TTE,  but  the  shallow
water  environments  resulting  from  global  climate  cooling
significantly  impacted  grouper  distribution  and  evolution,
aligning  with  the  findings  of  Ma  et al.  (2016).  We  speculate
that  the  common ancestor  of  the  13  epinephelids  adapted to

Table 2  Functions of REGs with the most significant correlations (P<0.01)
 

Model GroupTerm Description Gene symbol
Branch modelsLBC GO:0090630Activation of GTPase activity tbc1d7, arhgef15b, arhgap29a, bcl2l1, pcsk1nl

GO:0030684Pre-ribosome pwp2h, nol6, riok3
GO:0045861Negative regulation of proteolysis bcl2l1, pcsk1nl, bag6l, topbp1, cul4b
GO:0048592Tissue morphogenesis tbx2b, aldh1a2, top2b, npc1, ezrb, pfn1, bag6l
R-DRE-
73894

DNA Repair topbp1, cul4b, parp1

GO:0005319Lipid transporter activity osbpl2b, npc1, slco2b1
R-DRE-
2990846

SUMOylation uba2, parp1, top2b

GO:0080135Regulation of cellular response to stress topbp1, otub1b, il6st
GO:0008514Organic anion transmembrane transporter activity slc35b4, slc38a2, slco2b1

GO:0043632Modification-dependent macromolecule catabolic process
fbxl5, cul4b, bag6l, sgpl1, ufc1, cand2, uba2, otub1b,
usp3, smg1

GO:0001501Skeletal system development aldh1a2, b4galt7, npc1, crispld2

SBC GO:0005975Carbohydrate metabolic process
insra, amdhd2, hexa, neu1, kl, galk2, pargl, dpydb,
lipeb, pafah1b2

dre04512 ECM-receptor interaction
thbs1b, hspg2, col6a2, itgav, dync1h1, tfr1b, stx12l,
rock2a, kdrl

GO:1901565Organonitrogen compound catabolic process
rock2a, lnpep, amdhd2, dpydb, uba1, hexa, ube3b,
neu1, uba7, usp18

GO:1901699Cellular response to nitrogen compound nr4a1, sesn1, chrne, kl, esr2b, cnn2

GO:0106310Protein serine kinase activity
rock2a, ripk2, sik1, dapk1, insra, nrbp1, pkn2a,
stk17al, kdrl

GO:0019838Growth factor binding igfbp1a, kl, kdrl
GO:0008238Exopeptidase activity lnpep, scpep1, prss16, f7i, cfi, pgpep1, usp18
GO:0080134Regulation of response to stress f7i, uba1, sesn1, pros1, pargl, gpr183a
GO:0098802Plasma membrane signaling receptor complex insra, chrne, itgav, kdrl
WP467 mRNA processing hnrnpaba, xrn2, snrpa1
GO:0000904Cell morphogenesis involved in differentiation unk, uba1, pls3, gpr183a, als2a, col6a2
GO:0005769Early endosome tfa, tmem184a, als2a
GO:1904888Cranial skeletal system development pls3, hspg2, pkn2a, usp18
GO:0048514Blood vessel morphogenesis cfi, hspg2, kdrl, itgav, tgfbr3
GO:0005654Nucleoplasm hnrnpaba, chtopa, rcor3, pnisr, ibtk, krt8

Branch-site
models

LBC GO:0045576Mast cell activation ndrg1a

SBC GO:0003308
Negative regulation of Wnt signaling pathway involved in
heart development

jup
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habitats with different water depths, leading to the selection of
different  body  sizes  in  response  to  different  water  layer
environments,  which, in turn,  promoted grouper radiation and
speciation.
Population  isolation  can  also  contribute  to  increased

genomic variation in coral reef fish, allowing them to adapt and
diverge  along  ecological  axes  (Bromham,  2011;  Drury  et al.,
2016; Schluter  &  Conte,  2009).  The  variation  in  body  size  of
grouper ancestors may support the hypothesis that ecological
opportunities  promote  phenotypic  variation  under  abiotic
factors,  such  as  geological  activities,  climate  events,  and
resource  diversity.  However,  further  exploration  is  needed  to
investigate the role of biological factors (genetic differences) in
this variation.

 Genetic  mechanism  of  body  size  variation  in  common
ancestor of groupers
(1) Metabolism
Body  size  is  associated  with  energy  requirements  and  food
abundance  (White  et al.,  2007).  Our  study  revealed  distinct
gene  profiles  in  catabolic  and  metabolic  processes  between
the  LBC  and  SBC  groups.  Specifically,  genes  related  to
protein metabolism were predominantly  associated with LBC,
while  genes  related  to  glucose  and  lipid  metabolism  were
predominantly  associated  with  SBC.  Furthermore,  the  well-
recognized  insulin/mTOR  pathway,  crucial  for  regulating  cell
growth  and  body  size  and  for  maintaining  normal  energy
balance, body weight, and nutrition (Saxton & Sabatini, 2017),
was  observed  to  be  under  selection  within  these  clades,
suggesting a potential  role of genes in the mTOR pathway in
driving body size diversification within this group.
The  insulin  signaling  pathway  plays  key  roles  in  systemic

growth. In this study, five genes (tbc1d7, igfbp1a, kl, insra, and
itgav) involved in this signaling pathway were identified. Igfbp1
serves  as  a  crucial  inhibitor  of  IGF  activity,  while  igfbp1a
mediates  hypoxia-induced  embryonic  growth  and
developmental retardation in zebrafish (Kajimura et al., 2005).
kl is an aging-related gene involved in the complex regulation
of the GH-IGF1 axis (Kenyon, 2011), and is a PSG related to
body  size  in  ruminants  (Chen  et al.,  2019).  The  insulin
receptor  insra  mediates  the  metabolic  effects  of  insulin  and
plays  essential  roles  in  vertebrate  and  growth  (Das  et al.,
2016;  Toyoshima  et al.,  2008).  In  addition,  the  itgav  gene
directly  interacts  with  igf1  and  regulates  the  igf1  signaling
pathway,  thus  influencing  cell  fate  (Khurana  et al.,  2016).
Within  the  SBC  group,  the  identification  of  PSGs  associated
with the insulin signaling pathway (igfbp1a, kl, insra, and itgav)
suggests  that  insulin  regulation  via  the  IGF  axis  and
subsequent  constraints  on  energy  metabolism  may  play  a
major role in SBC.
Moreover,  mTORC1  plays  a  crucial  regulatory  role  in

balancing catabolic and anabolic processes, and its activation
is  strictly  controlled  by  numerous  upstream  signaling
pathways. Here, four genes (tbc1d7, cul4b, npc1I, and parp1)
were  found  to  be  associated  with  the  mTOR  signaling
pathway. Mutations in tbc1d7, the third subunit of the tuberous
sclerosis  complex  (TSC),  lead  to  mutant  flies  exhibiting  a
larger  body  size  than  wild-type  Drosophila  counterparts
(Dibble  et al.,  2012;  Ren  et al.,  2018).  The  cul4b  gene  is
thought to influence mTOR activity through interactions of the
TSC1-TSC2  complex  with  inhibitory  signals  of  mTOR  (Hu
et al.,  2008).  Cholesterol  binds  to  and  activates  mTORC1  to
promote  cell  growth  (Davis  et al.,  2021),  whereas  npc1
prevents  sustained  activation  of  mTORC1  signaling  via

cholesterol-dependent  physical  interactions (Castellano et al.,
2017).  Parp1  activation  and  PAR  synthesis  affect  cellular
energy  status,  inhibit  the  mTORC1  signaling  pathway,  and
influence cell fate (Éthier et al., 2012). Thus, these genes are
potential  key  candidate  genes  contributing  to  body  size
variation in  groupers.  Additionally,  the TSC complex,  through
its  GTPase-activating  protein  (GAP)  activity  towards  Rheb,
inhibits  mTORC1,  a  crucial  promoter  of  cell  growth  (Dibble
et al.,  2012).  In  the  LBC  group,  several  genes  related  to
GTPase activity activation were enriched. Thus, genes related
to  the  mTOR  signaling  pathway  (tbc1d7,  cul4b,  npc1I,  and
parp1)  and  GTPase  activity  activation  (tbc1d7,  arhgef15b,
arhgap29a,  bcl2l1,  and  pcsk1nl)  were  positively  selected  in
LBC, suggesting they may be targets of natural selection and
strongly  influence  size-related  energy  metabolism processes,
potentially explaining the evolution of body size in LBC.
The differences in the primary metabolic genes between the

small and large groupers may partly explain their adaptation to
different food resources and habitats. Existing large and small
body-sized  groupers  exhibit  distinct  ranges  and  foraging
strategies:  small  groupers  are  active  predators  that  inhabit
shallow areas, such as coral and rocky reefs, and sometimes
estuaries,  while  large  groupers  are  ambush  predators  that
inhabit  deeper  areas  of  coral  reefs  ((Linde  et al.,  2004;  Ma
et al.,  2016),  Supplementary  Table  S1).  Transparency
decreases  with  increasing  ocean  depth,  and  maximum
transparency can reach 60 m (He et al.,  2017),  similar  to  the
maximum  depth  of  most  small  groupers.  Previous  studies
have shown that the diet of groupers shifts with size. Notably,
smaller  individuals  (total  length<35  cm)  tend  to  feed  on
crustaceans (such as crabs), with an increased preference for
cephalopods  as  they  grow,  while  larger  individuals  (total
length>65  cm)  tend  to  consume  other  fish  and  mollusks
(Condini et al., 2015; Reñones et al., 2002). We speculate that
the  difference  in  water  depth  (transparency)  plays  a  crucial
role,  with  higher  transparency  in  shallow  areas  facilitating
active  detection  and selection  of  prey  (crustaceans)  by  small
groupers,  but  darker  and  deeper  environments  favoring
ambush predation of cephalopods and fish by large groupers.
Overall, ancestral groupers likely occupied different ecological
niches and underwent population segregation, adaptation, and
evolution  based  on  different  habitats  and  energy
requirements,  a  pattern  supported  by  evidence  from  other
coral  reef  fish  studies  (Goatley  &  Bellwood,  2016;  Mihalitsis
et al., 2022; Munday & Jones, 1998).
(2) Organ development
Organ  development  involves  interactions  among  genes  that
regulate  cell  growth,  proliferation,  differentiation,  epithelial-to-
mesenchymal  transition,  and  apoptosis  (Şahin  Uysal  et al.,
2023). For example, the skeletal system provides a structural
framework for muscle attachment and is crucial for supporting
movement,  protecting  organs,  and  maintaining  vascular
homeostasis.  In  LBC,  we  identified  several  REGs  related  to
skeletal  differentiation,  growth,  and  development  (aldh1a2,
b4galt7,  npc1,  crispld2),  which  may  play  critical  roles  in
maintaining  body  size  in  groupers.  Our  results  also  identified
several  pathways  related  to  organ  morphogenesis  and
development,  such  as  tissue  morphogenesis,  kidney
development,  renal  system  development,  urogenital  system
development,  morphogenesis  of  an  epithelial  sheet,
gastrulation,  morphogenesis  of  an  epithelium,  camera-type
eye  morphogenesis,  embryonic  morphogenesis,  eye
morphogenesis,  epithelial  cell  differentiation,  and  gland
development,  which were enriched in genes overlapping with
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the  skeletal  system  development  (Table  2;  Supplementary
Table S5). These genes, including tbx2b, aldh1a2, npc1, ezrb,
pfn1,  crispld2,  and  prkd2,  may  play  important  roles  in
coordinating tissue and organ development  in  large groupers
to  better  adapt  to  deeper  water  environments.  In  summary,
large groupers may have achieved adaptation to deeper water
habitats  by  regulating  skeletal  system  development  and
various organ morphogenesis and development processes.
In  the  present  study,  only  one  PSG  (jup)  was  identified  in

the  branch-site  model  for  SBC.  The  jup  gene  is  a  negative
regulator  of  the  Wnt  signaling  pathway  and  is  implicated  in
embryonic  heart  development  in  zebrafish  (Martin  et al.,
2009),  suggesting  a  relationship  between  heart  development
and  evolution  of  small  groupers.  In  SBC,  several  important
genes related to blood vessel morphogenesis were identified,
including  hspg2,  kdrl,  tgfbr3,  cfi,  and  itgav.  Among  them,
hspg2 plays a  significant  role  as a  cell  adhesion substrate  in
zebrafish  blood  vessel  formation  and  heart  development
(Zoeller  et al.,  2009),  kdrl  is  a  vascular  endothelial  growth
factor  receptor  involved  in  regulating  vascular  development
and  embryonic  heart  development  (Lee  et al.,  2006),  and
tgfbr3 plays an inhibitory role in the TGF-β signaling pathway,
which  is  important  in  heart  development  (Compton  et al.,
2007; Tazat et al., 2015). The SBC group was also enriched in
genes  related  to  the  regulation  of  stress  response,  including
f7i, sesn1, pros1, and pargl. Both f7i and pros1 are important
clotting  factors  (Wang  et al.,  2023;  Ye  et al.,  2023).
Furthermore,  genes  involved  in  cranial  skeletal  system
development,  such  as  hspg2,  pkn2a,  pls3,  and  usp18,  were
also identified. Among them, hspg2 and pkn2a are associated
with  heart  development.  Fish  living  in  shallow  water  habitats
face  higher  survival  pressures,  including  competition,
predation, and pathogens (Smallhorn-West et al., 2017). Small
groupers  may  limit  the  development  of  organs,  such  as  the
cranial  skeletal  system,  by  regulating  blood  vessel  formation
and heart development, thereby maintaining a small body size
and  adapting  to  the  inherent  survival  pressures  of  shallow
water habitats.
(3) Lifespan
Animal  lifespan  varies  greatly  within  and  among  species,
although  larger  animals  are  known  to  have  longer  lifespans
(Speakman,  2005).  Analysis  of  the  13  species  of  groupers
(Supplementary  Table  S1)  indicated  that  the  lifespans  of
larger  groupers  are  significantly  longer  than  those  of  smaller
groupers  (Figure  2).  Analyzing  the  molecular  mechanisms
underlying  size  variation  in  groupers  is  crucial  for
understanding  the  causal  relationship  between  longevity  and
body size, and it is essential for deciphering the driving factors
of lifespan regulation. Inflammation, ribosomes, DNA damage,
and  protein  degradation  are  associated  with  lifespan  (Sun
et al.,  2022;  Tyshkovskiy  et al.,  2023).  Inflammation  is
considered  a  crucial  hallmark  of  aging,  and  evolutionary
strategies  that  minimize  inflammation  are  beneficial  for
longevity  (Tyshkovskiy  et al.,  2023).  Species  with  longer
lifespans  tend  to  contain  a  greater  number  of  immune-
regulatory  genes  that  down-regulate  inflammation,  leading  to
increased  longevity  (Tyshkovskiy  et al.,  2023).  In  our  study,
ndrg1a  was  the  only  gene  under  positive  selection  in  the
branch-site model. This gene functions as a negative regulator
of interferon (IFN), playing a crucial role in the induction of IFN
and  the  antiviral  innate  immune  response  in  zebrafish  (Lu
et al.,  2019).  This  result  suggests  that  the  anti-inflammatory
capacity of larger body-sized groupers may be associated with

extended lifespan. Up-regulation of ribosomal protein genes is
an  important  functional  feature  in  long-lived  animals  (Jiang
et al.,  2019).  In  the  LBC  group,  results  showed  a  significant
enrichment  in  ribosomal  precursor-related  genes  (pwp2h,
nol6, and riok3), which may drive the ability of larger groupers
to  resist  aging  and  maintain  higher  levels  of  cell  growth  and
proliferation.  Inflammation,  a  significant  result  of  DNA
damage,  can  be  mitigated  by  DNA  repair  mechanisms  that
facilitate  the  replacement  of  cells  harboring  extensive  DNA
damage  through  clonal  growth,  effectively  preventing  the
accumulation  of  random  DNA  damage  (Sun  et al.,  2019;
Tyshkovskiy  et al.,  2023;  Zhao  et al.,  2023).  Our  results
showed marked enrichment  of  DNA damage repair  factors in
the  LBC  group,  but  no  enrichment  in  such  factors  in  smaller
groupers.  This  finding  is  similar  to  that  reported  in  Pacific
Ocean  rockfish  showing  enrichment  in  DNA  damage  repair
factors  in  larges  individuals  (Kolora  et al.,  2021).  Recent
research has also indicated that protein degradation plays an
important role in long-lived species (Tyshkovskiy et al., 2023).
In  this  study,  protein  degradation-related  pathways  were
enriched  in  the  LBC  group.  Thus,  we  speculate  that  these
immune  factors,  DNA  repair  mechanisms,  and  protein
degradation-related  genes  were  under  selection,  possibly
conferring larger groupers with an enhanced ability to reduce
inflammation,  counteract  the  inflammatory  response
associated  with  longevity  and  larger  body  size,  and
subsequently promote development into a larger size.

 Hypothesis  on  body  size  diversification  of  common
ancestor of groupers
Molecular-level adaptations can be achieved through adaptive
mutations in key genes over long evolutionary time scales. To
investigate the mechanisms underlying such adaptations, this
study employed phylotranscriptomic analysis and phylogenetic
reconstruction  to  explore  the  correlation  between  body  size
and  genotype  in  13  epinephelids  from  the  South  China  Sea.
Based  on  the  geological  events  and  climate  changes
associated  with  the  habitat  depth  of  existing  grouper  species
and their  divergence times,  we hypothesize that  the increase
in  shallow-water  environments  during  the  middle  Miocene
period  was  the  primary  driving  force  behind  the  evolution  of
two  size-related  branches  of  groupers  from  a  common
ancestor,  which adapted to  different  ecological  niches.  In  the
current study, we identified genetic differences between larger
and  smaller  groupers  in  terms  of  metabolism,  organ
development, and lifespan (Figure 5), leading to divergence of
body  size  between  the  two  locally  adapted  populations.
Notably,  metabolic  differences  were  observed  between  the
large-size  and  small-size  groupers,  including  differences  in
protein,  lipid,  and  carbohydrate  metabolism  processes.
Regarding  differences  in  organ  development,  LBC  exhibited
enrichment  in  the  skeletal  development  system,  including
genes  related  to  multiple  organ  morphologies  and
development,  while  SBC showed  enrichment  in  blood  vessel
formation  and  heart  development,  including  several  genes
shared  with  cranial  skeletal  system  development.
Furthermore,  the  LBC  groupers  exhibited  significantly  longer
lifespans  compared  to  the  SBC  groupers.  Pathways
associated  with  aging,  including  negative  regulation  of
immune  response,  ribosomal  precursor,  DNA  repair,  and
protein hydrolysis, were enriched in the LBC group but not in
the  SBC  group.  Thus,  through  the  combined  effects  of  long-
term  generational  selection,  environmental  change,  and
phenotypic  selection,  genetic  differentiation  in  body  size
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between  larger  and  smaller  groupers  led  to  the  formation  of
species with diverse body size.
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