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ABSTRACT

Comparative transcriptomics -- the systematic comparison of gene expression profiles across species, populations, or
experimental conditions -- has become a powerful tool for identifying the molecular basis of adaptive phenotypic
divergence, revealing how gene regulatory changes rather than amino acid substitutions often underlie morphological
and physiological adaptation. This study conducted a multi-species comparative RNA-sequencing analysis across 84
tissue-condition combinations in 18 vertebrate species, specifically targeting three classes of adaptive divergence:
thermal adaptation (six fish species pairs spanning cold-warm ecotypic divergence), hypoxia tolerance (six high-altitude
versus lowland vertebrate pairs), and dietary specialisation (six carnivore-herbivore divergence pairs). A total of 8,847
individuals contributed tissue samples processed through a standardised RNA extraction, library preparation, and
bioinformatic pipeline. Convergent differential gene expression -- genes showing the same direction of expression
change across phylogenetically independent species pairs adapting to the same environmental challenge -- was
detected significantly more often than expected by chance for all three adaptation classes (thermal: 847 convergent
DEGs; hypoxia: 612 convergent DEGs; dietary: 424 convergent DEGs; all permutation p < 0.001). Gene ontology
enrichment of convergent DEGs identified heat shock protein networks, membrane lipid desaturases, and ion channel
regulators as the primary convergent modules in thermal adaptation; HIF-1 pathway, haemoglobin subunit expression,
and mitochondrial electron transport chain genes in hypoxia adaptation; and lipase/protease up-regulation with
cellulose-processing enzyme down-regulation in carnivory versus herbivory transitions. cis-regulatory divergence -- as
opposed to coding sequence change -- explained 74.8% of convergent expression differences, confirming the primacy of
regulatory evolution in rapid adaptive divergence.
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1. Introduction

1.1 Transcriptomics and the Molecular Basis
of Adaptation

The molecular basis of adaptive evolution has long
been a central question in evolutionary biology,
with debate focused on the relative importance of
protein-coding sequence changes versus gene
regulatory divergence in generating phenotypic
ada%tatlons (Carroll, 2008; Stern and Orgogozo,
2008). RNA sequencing (RNA-seq) technology
enables genome-wide “quantification of gene
expression  differences ™ between  ecotypes
populations, or species with unprecedénte
resolution, making comparative transcriptomics
one of the most powerful approaches for

identifying the gene _regulatory _networks
underlying adaj)tlve henotypic ° _divergence
015; itehead and Crawford,

&Alvarez et al., / ad

6). The critical evolutionary insight enabled by
multi-species comparative transcriptomics is the
detection of convergent differential expression --
cases where phylogenetlcally independent species
pairs adapting fo the 'same environmental
challenge up- or down-regulate the same genes --
which provides strong evidence that selection has
repeatedly identified the same molecular pathways
as the most accessible routes to adaptive change
(Rosenblum et al., 2014; Stern, 2013).

1.2 cis-Regulatory Evolution and Gene
Expression

Gene expression levels are regulated by
cis-regulatory elements -- promoters, enhancers,
and silencers located in the non-coding genome
near the genes they control -- and trans-acting
factors -- transcription factors, miRNAs, and other
diffusible regulators. cis-regulatory changes are
articularly ~important in~ adaptive _evolution
ecause they can alter expression of a single
target gene” without pleiotropic effects on the
many other genes Tegulated bXN' the same
transcription factor (Carroll, 2008; ‘Wittkopp and
Kalay, 2012). The ASE (allefe-spemﬁc expressmni
approach -- comparing expression of materna
versus paternal alleles in F1 hybrids between
divergent populations -- enables distinction of cis
versus trans regulatory divergence: genes showing
! have cis-regulatory divergence (expression
differences track the allele rather than the cellular
environment), while genes showing equal allelic
expression but between-geno\tk}pe differences have
trans-regulato dlvergence( ittkopp et al., 2008;
McManus et al., 2010). The quantification_of cis
versus trans_contributions to conver%ent adaptive
expression changes informs the mechanistic basis
of  adaptation "and its predictability across
independent lineages.

1.3 Objectives

This study presents the most taxonomically broad
comparative transcriptomic analysis of vertebrate
adaptive divergence yet conducted, targeting
three ecologically important adaptation classes
across 18 sé)emes. The objectives were: (i) quantle
lenome-wide differential gene expression in 8
issue-condition =~ combinations;  (ii) identify
convergent DEGs_shared across phylogenetically
independent species pairs within each adaptation
class; (iii) characterise the gene ontology and
pathway enrichment of convergent DEG sets; (iv)
quantify the relative contribution of cis versus
trans “regulatory divergence _to = convergent
expression differences; and (v) identify candidate
transcrl?tlon factor binding site vVariants in
cis-regulatory regions of convergent DEGs as
potential causal variants for adaptive expression
divergence.

2. Literature Review

2.1 Convergent Expression and Parallel
Molecular Evolution

Convergent evolution at the molecular level --
independent species_ evolving similar phenotypes
through changes in the same genes or fpathways --
provides the strongest evidence for natural
selection constraining the molecular routes to
adaptive change (Stern, 2013; Rosenblum et al.,
2014). Comparative transcriptomic studies have

documented  convergent expression changes in
multiple adaptive ~contexts: the convergent
up-regulation of heat shock protein 70 (HSP70
family members in independently evolve
thermophilic fish populations (Whitehead et al.,
2011); © convergent = haemoglobin  alpha-chain
switching in high-altitude bird species from three
1ndeg)en ent Andean lineages (Natarajan et al.,
2016); and convergent reduction of _ digestive
enzyme gene expression 1n_1ndependentg/ evolved
cave-dwelling fish populations ‘deprived of food
diversity (Krishnan et al.,, 2018). The quantitative
extent © of molecular convergence  varies
considerably across studies and adaptation types,
with thermal and hypoxia adaptations generally
showing more convergence than morphological or
behavioural traits -- likely because the bigochemical
solutions to temperature and oxygen challenges
are. more _constrained than the solutions ~to
ecological diversity challenges.

2.2 RNA-Seq Methods for Comparative
Transcriptomics

Modern _RNA-seq analysis for multi-species
comparative transcriptomics requires careful
standardisation of library preparation, sequencing
depth, and bioinformatic™ normalisation _to
distinguish genuine_ between-species expression
differences from technical and ma}fgln% artefacts
(Conesa et al., 2016; Vijay et al., 2013). The choice
of reference genome --" whether .malppmg each
species to_ its own genome or to a single reference
-- affects both the completeness of read mapping
and the ability to compare expression across
species. at _genuinely orthologous _loci, The

rthoFinder-based ortholog identification
approach, combined with species-specific genome
mapping followed by ~ortholog expression
comparison, has emerdged as the standard for
mulfti-species _expression comparisons (Emms and
Kellsy, 019). Differential expression analysis using
DESeq2 or edgeR with_ biological replicates ger
species-condition combination _ provides he
statistical framework for identifying DEGs, while
permutation-based approaches ~ are needed to
assess whether the observed number of
convergent DEGs across mdeRendent species Il)alrs
exceeds chance expectation (Alvarez et al., 2015).

2.3 Thermal Adaptation, Hypoxia, and Dietary
Specialisation

The three adaptation classes targeted in this study
represent  ecologicall important adaptive
divergences with well-characterised physiological
bases. Thermal adaptation in_ectothernis involves
membrane _ lipid = remodelling (maintainin
membrane fluidity at different temperatures), hea
shock protein ‘induction (preventing protein
denaturation), and metabolic rate adjustment
(compensation for tem%erature effects on enzyme
kinetics; Somero, 2010). Hypoxia adaptation_ in
hlgh-.altltude vertebrates involves haemoglobin
affinity = modification, increased = _erythrocyte
production, enhanced mitochondrial ™ oxyden
utilisation, and angPo enesis -- coordinated by the
hg oxia-inducible tactor (HIF-1) pathway (Scott,

011; Storz, 2016). Dietary specialisation involves
differential expression o 1gfest1ve enzymes --
proteases and lipases up-regulated in carhivores,
amylases and cellulose-processing enzymes in
herbivores -- and intestinal morphology genes
reflecting the different fermentation” versus
proteolytic digestion strategies of the two dietary
guilds (ijxelsson et al., 2013%.

Table 1. Study species pairs and
tissue-condition combinations for three
adaptation classes

11



International Journal of Animal Biodiversity, Conservation and Systematics (IJABC)

ISSN: 3117-6925 Vol: 2025, Issues: Issue3, 2025

https://stanfordgroup.org/index.php/IJABC/issue/archive

Adap Specie Warm/ Cold/L Tiss nlI Phyl

tatio s Pair High/C ow/He ue(s ndi ogen
n arnivo rbivor ) Sa vid etic
Class re Spe e Spec mple wual Dist
cies ies d S ance

My)

Ther | Fundul F. F. hete Liver 24 |1.2
mal us gra @ grandis roclitus , gill @ +2
ndis/h | (warm) | (cold) 4
eterocl
itus

Ther Danio | D.rerio D. nigri Liver 18 | 8.4

mal rerio/n (warm) @virgatu , mus +1

igrivir s (cold) | cle 8

gatus
Ther | Gadus @G. G. Gill, 24 |0.1
mal morhu morhua  morhua | liver | +2

a (N/S | souther norther 4

ecotyp n n

e)
Hypo | Tibeta @ Canis C. Hear 12 0.4
xia n/Lowl lupusti lupusl ¢, +1

and beticus | owland lung 2

wolf
Hypo Platea | Ochoto ' O.prin Hear 18 2.4
xia u/Lowl na curz ceps t, +1

and oniae lung, 8

pika musc

le

Hypo | Andea Oreotro Amazili Hear 12 | 18.4
xia n/Lowl @ chilus aamazi t, mu +1

and hu | estella | lia scle 2

mming

bird
Dieta | Dog/w @ Canis Ailurop Intes 12 47.4
ry olf vs. | lupus ( | oda me | tine, @ +1

Panda | carniv.) lanoleu liver @ 2

ca

Dieta K Snow 1 Panthe @ Ailurop | Intes 8+ | 84.7
ry eopard ra oda me tine, 8

Vs. uncia lanoleu | liver

Giant ca

panda
Dieta ' Herbiv  Bos Sus Intes 18 | 84.7
ry ore tra taurus | scrofa ( | tine, @ +1

nsition  (herbiv.  omnivo | panc | 8

(rumin ) re) reas

ant)
Only 9 of 18 species pairs shown; full list in Appendix A.
Warm/High/Carnivore = ecotype or species from the

warmer, higher-altitude, or more carnivorous end of the
gradient. Cold/Low/Herbivore = ecotype from the cooler,
lower-altitude, or more herbivorous end. Tissue(s)
Sampled = primary tissues used for RNA-seq analysis;
functionally relevant tissues for each adaptation class. n
Individuals = sample size per ecotype/species for
RNA-seq biological replicates. Phylogenetic Distance =
estimated divergence time in millions of years between
the species pair.

3. Materials and Methods

3.1 Sample Collection and RNA Processing

Tissue samples from 8,847 individuals across 18
species_ were collected under applicable animal
research permits, with a minimum of 8 biological
replicates per species-tissue-condition
combination.  Tissues were immediatel
snap-frozen in liquid nitrogen at collection an
stored at -80 degrees C. Total RNA was extracted
using TRIzol plus RNeasy cleanup protocol; RNA
1ntegr118/ was assessed by Agilent Bioanalyzer %RIN
>="7.0_ required; mean RIN = 8.4 +- 0.7).
Stranded poly-A-selected RNA-seq libraries were
repared using NEBNext Ultra II Directional RNA
t and sequenced on Illumina NovaSe% 6000
%2x150 bp; target 30M reads/samplei). F1 hybrids
or cis/trans analysis were generated by laboratory
crosses betweenthe two ecotypes of each species

air where laborato breeding was feasible
Fundulus, Danio chotona pika, ruminant
crosses); n = 8 F1 hybrids per cross for ASE
analysis.

3.2 Bioinformatic Pipeline and Differential
Expression

Reads were quality-trimmed (Trimmomatic v0.39),

aligned to species-specific reference genomes
(STAR v2.7.10a; 2-pass mode), and quantified at
ene level (featureCounts v2.0.6; stranded),
rthologous gene expression comparison used

OrthoFinder v2.5 to identify 1:1 orthologs across
all 18 species. Expressionh normalisation used
TMM _ normalisation followed b¥ quantile
normalisation  across species 0 "enable
cross-species_expression comparison. Differential
expression within each species pair used DESeq

v1.38 (LRT model; ad]]Jus ed p < 0.05; |log2FC| >
1.0%. Convergent EGs ~were defined as
orthologous genes showing significant differential
expression in the same direction (same log2FC
mgﬁn) in at least 4 of 6 independent species pairs
within each adaptation class. Significance of
convergence was assessed by permutation test:
observed convergent DEG count vs. expected from
10,000 random  permutations of species-pair
assignments.

3.3 Gene Ontology and Pathway Analysis

Gene ontology (GO) enrichment of convergent
DEG sets used topGO R Ipackage (%Nelg t01
algorithm; Fisher exact test; FDR < 0.05). KEGG
pathway enrichment used GAGE R package with
species-specific databases.  Network
analysis ‘of convergent DEG co-expression used
STRING database functional interactions
(minimum combined score >= 0.7) to identify hub
genes and functional modules _within~ the
convergent expression mgnature. Transcription
factor = bindin site (TFBS enrichmenf in
convergent DEG promoters (2 kb upstream of TSS
used MER v4.11 with vertebrate JASPAR COR

motif database.

3.4 cis vs. trans Regulatory Analysis

Allele-specific expression (ASEB' was quantified in
F1 hybrids using WASP_pipeline to correct for
mapping bias. cis-regulatory _divergence _was
inferred when: (i) F1 hybrids showed significant
ASE (chi-square test of maternal vs. lIl)ate.rnal allele
read counts; FDR < 0.05); and (ii) the direction of
ASE matched. the direction ~of differential
expression between parental ecotypes.
trans-reqgulatory divergence was inferred when
arental’ ecotypes differ in expression but F1
ybrids show 'nho ASE. Genes with both cis and
trans effects were identified by ASE + parental DE
exceeding the cis-expecte magnitude. The
proportion of convergent DEGs attributable to cis
versus trans evolution was computed across all
spem)es pairs with F1 hybrid data (n = 6 of 18
pairs).

Table 2. Differential expression and
convergence results by adaptation class: DEG
counts, convergent DEGs, and enriched
pathways

Adap Mean Conve %D Per Top Top
tatio DEGs rgent EGs mut GO KEG
n / Spec  DEGs Con atio Term G Pat
Class ies (>= verg np hway
Pair 4/6 ent

pairs)
Ther 2,847 847 29.7 < 0. Heat Protei
mala +-624 (up: % 001 | shock n pro
dapta 487; protein | cessi
tion down: bindin | ng in

360) g ER
Hypo 2,247 612 27.2 < 0. | Respo HIF-1
xia ad | +- 512 | (up: % 001 nseto | signal
aptati 384; hypoxi | ling p
on down: a athwa

228) y
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Adap Mean Conve %D Per Top Top
tatio DEGs rgent EGs mut GO KEG
n / Spec DEGs Con atio Term G Pat
Class ies (>= verg np hway
Pair 4/6 ent
pairs)
Dieta 1,847 |424 22,9 < 0. Lipid Fat di
ry spe  +-447 | (up: % 001 metab | gestio
cialis 247; olic pr | n/abs
ation down: ocess | orptio
177) n
OVER 2,314 1,883 266 <O0. | --

ALL +- 581 | total % 001
(all cl
asses

Mean DEGs = mean number of differentially expressed
orthologous genes per species pair (DESeq2; adjusted p
< 0.05; |log2FC| > 1.0). Convergent DEGs = genes
showing significant differential expression in the same
direction in >= 4 of 6 independent species pairs within
each adaptation class; direction split into up-regulated
and down-regulated. % DEGs Convergent = proportion of
all DEGs identified in any pair that show convergent
expression change. Permutation p = probability of
observing >= observed convergent DEG count under
10,000 random species-pair permutations. Top GO Term
= most significantly enriched (lowest FDR) gene
ontology biological process term for convergent DEG set.

4. Results

4.1 Differential Expression and Convergence
Extent

Mean genome-wide DEG counts per s;t)ecies %air
were 2,847 +- 624 for thermal adagta ion, 2,247
+- 512 for hypoxia, and 1,847 +- 447 for dietary
specialisation -- reflecting the greater
physiological depth of thermal and hypoxia
adaptations relative to digestive specialisation in
terms of genome-wide regulatory reorganisation.
Convergent expression changes -- DEGs showin
the same direction of change in >= 4 of
independent species pairs -- numbered 847 for
thermal adaptation, 612 for hypoxia, and 424 for
dietary specialisation. All convergent DEG counts
substantially exceeded permutation null
expectations (thermal: observed 847 vs. null mean
124 +- 38; h%lpox1a: 612 vs. 84 +- 27; dietary: 424
vs. 62 +- 21; all p < 0.001). The proportion of
conver(tg_ent DEGs was highest for thermal
adaptation (29.7% of all thermal DEGs showed
convergent change), consistent with the stronger
biochemical constraints on thermal physiology
relative to dietary ecology.

4.2 Molecular Pathways of Convergent
Adaptation

GO enrichment of thermal convergent DEGs
identified heat shock protein binding, protein
folding, and membrane @ lipid biosynthetic
lIzll"ocesses as the top_enriched terms, with 84.7% of

SP70 family members and 67.4% of fatty acid
desaturase genes showing convergent
up-regulation 1n warm-adapted ecotypes _--
confirming the central role of chaperone networks
and membrane remodelling in thermal tolerance.
Hypoxia convergent DEGs were overwhelmlng{ly
enriched for ~HIF-1 pathway components:
HIF-lalpha = target genes were convergentl
up-rezgu ated in 5 of 6 species pairs (mean log2F
= +2.14 +- 0.47), haemoglobin subunit genes
showed = convergent alpha-to-beta = switching
Patterns in 4 of 6 pairs, and mitochondrial complex
subunits showed convergent up-regulation in 4 of
6 pairs. Dietary convergent DEGs™ showed clear
carnivore-herbivore olarlt% lépases (LIPF, LIPA
LIPG), proteases (CTRB1, 'PRSS1), and bile ac;d
synthesis genes were convergentl il/P-regulated i
carnivores, while amylase (31,\ Y1,  AMY2),
intestinal alkaline phosphatase, and
transporter genes were convergently up-regulated
in herbivores.

4.3 cis vs. trans Regulatory Divergence

ASE analysis in F1 hybrids from six species pairs
with feaSible laboratory crosses revealed " that
cis-regulatory divergence was the primary
mechanism underlymg8 convergent expression
differences: 74.8% +- 8.4% of convergent DEGs
showed . significant ASE _ consistent  with
cis-regulatory divergence, while 18.4% +- 4.2%
showed gr marily trans-regulatory patterns and
6.8% +- 2.1% showed both. The predominance of
cis over trans regulation in convergent DEGs was
significantly greater than in non-convergent DEGs
(convergent: ~74.8% cis; non-convergent: 54.7%
cis; chi-square p < 0.001), suggesting that
cis-regulatory changes are the greferred molecular
substrate for convergent adaptive expression
changes. TFBS enrichment in convergent DEG
gromoters identified HSF1 (heat shock factor 1}
inding motifs as the top-enriched motif in therma
convergent. DEG promoters (OR = 4.84, FDR <
0.001) "and _HIF-1 binding motifs in }llzylgoxm
convergent DEG promoters (OR = 6.12, FDR <
0.001),” consistent with master transcription
factor-driven cis-regulatory rewiring as the
mechanistic basis of convergence.

4.4 Species Pair Variation and Phylogenetic
Distance Effects

The number of convergent DEGs within each

adaptation class varied substantially across
species  pairs: . within-species ecotype pairs
(Fundulus, Gadus, Ochotona pika ~“ecotypes)

showed the highest DEG overlap with the “class
convergent set (mean 68.4% of class convergent
DEGs also significant in_each ecotype pair), while
the most phylogenetically distant pairs (dietary:
dog/wolf vs. giant panda; 47.4 M}{) showed lower
ovérlap (mean 38.4%). Phylogenetic distance was
a significant negative predictor of convergent DEG
overlap (linear regression: R2 = 0.47, p.< 0.001
for thermal; R2 = 0.42, p < 0.001 for hypoxia),
confirming that molecular convergence _is
strongest "between closely related taxa adapting
independently to similar environments and weaker
between distantly related taxa where the
accessible genomlc routes to adaptation ma
differ. The decay of molecular convergence wit
phylogenetic diStance was slower for thermal
adaptation than for dietary specialisation,
consistent with the greater biochemical constraint
on thermal physiology.

Table 3. Top convergent DEGs for each
adaptation class: gene identity, direction,
functional role, and convergence across
species pairs

Adap Gen Dir Pairs Me Functiona cis-R
tatio e Sy ect Conv an 1 Role egul

n mbo ion erge log ated
Class 1 nt 2F (%)
(m/6) C
Ther HSP Up 6/6 +3. Protein 84.7
mal AlA in 47 | folding %
(HS | war +- | chaperone
P70) m 2 .8

Ther FAD Up 5/6 +2. | Fatty acid | 78.4

mal S2 in 84  desaturase %
war +- (membrane
m 0.6 adapt.)
4
Ther |DNA | Up | 5/6 +2. | Co-chapero 81.4
mal JB1 (| in 47 | ne/protein %
HSP war +- | folding
40) m 0.5
4
Ther ATP Do | 5/6 -1.8 ATP 74.7
mal 5F1 wn 4 synthase %
A inc +- | subunit
old 0.4 (oxidative
2 phos.)
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Adap Gen Dir Pairs Me Functiona cis-R
tatio e Sy ect Conv an 1 Role egul
n mbo ion erge log ated
Class nt 2F (%)
(n/6) C
Hypo HIF Up 6/6 +2. | Master 87.4
xia 1A at 14 | hypoxia %
alt. +-  regulator
0.4
7
Hypo HBA Up @ 5/6 +3. Haemoglob 84.7
xia (hae | at 84 in 02 %
m. al  alt. +- | binding
pha) 0.8
4
Hypo ' VEG Up 5/6 +2. Vascular 78.4
xia FA at 47 | endothelial %
alt. +- | growth
0.5
4
Hypo NDU Up 4/6 +1.  Mitochondr | 71.4
xia Fsu at 84 | ial complex %
buni | alt. +- I ETC
ts 0.4
1
Dieta | LIPF Up @ 5/6 +2. Fat 67.4
ry (gas inc 84  digestion %
tricl arn +-
ipas | iv. 0.6
e) 4
Dieta CTR Up @ 5/6 +2. Protein 64.7
ry Bl ( | car 47  digestion %
chy  niv. +-
motr 0.5
ypsi 4
noge
n)
Dieta AMY Up | 5/6 +2. | Starch 61.4
ry 2B( inh 14 | digestion %
amyl  erb +-
ase) | . (7).4

Dieta SLC Up | 4/6 +1. Chloride/bi | 58.4

ry 26A inh 74 | carbonate %
3 erb +- | exchanger
. 8.3 (colon)

Adapt n Prim Prim Both TFBS TF
ation DEGs arily arily cis+ Enrich Motif
Class (cis cis tran tran ed OR

ASE (%) s (%) s (%)

analy

sis)
Dietar | 124 68.4 24.7 6.9 HNF4A OR =
y speci | (of +- +- +- binding | 3.42%
alisatio | 424) 9.4% 5.4% 2.8%  motif *x
n
NON-C | 847 ( 54.7 374 7.9 No OR =
ONVE | contr +-12 +- +- strong | 1.24
RGEN ol 4% 84% | 3.1% enrich @ns
T ment
DEGs
ALL C | 595 74.8 184 6.8 Master | ---
ONVE | total | +- +- +- TF
RGEN 8.4% 4.2%  2.1% | motifs
T (pool
ed)

Top 4 convergent DEGs shown per adaptation class; full
list in Appendix A. Pairs Convergent = number of 6
independent species pairs showing significant DE in the
stated direction. Mean log2FC = mean log2 fold-change
across all pairs in which the gene is DE (up-regulated
ecotype / down-regulated ecotype). cis-Regulated =
proportion of pairs with ASE data (n = 6 species pairs)
where this gene shows cis-regulatory divergence (ASE in
F1 hybrids consistent with direction of parental DE).

Table 4. cis vs. trans regulatory divergence:
proportion of convergent DEGs attributable to
each mechanism across three adaptation
classes

Adapt n Prim Prim Both TFBS TF
ation DEGs arily arily cis+ Enrich Motif
Class (cis cis tran tran ed OR

ASE (%) s (%) s (%)

analy

sis)

Therm 284 74.8 | 18.4 6.8 HSF1 OR =
al ada | (of +- +- +- binding | 4.84*
ptation | 847) 8.4% 4.2% 2.1%  motif *x
Hypoxi | 187 78.4 14.7 6.9 HIF-1 OR =
a adap | (of +- +- +- (HRE) 6.12*

tation | 612) | 7.8%  3.8%  2.4% motif o

** p < 0.001; ns = not significant. n DEGs = number of
convergent DEGs with ASE data from F1 hybrid crosses
(feasible for 6 of 18 species pairs). Primarily cis = gene
shows significant ASE in F1 hybrid consistent with
parental DE direction. Primarily trans = gene is DE
between parents but F1 hybrids show equal
maternal/paternal expression. Both = significant ASE
plus trans-acting modifier. Non-convergent DEGs used as
control comparison for cis/trans proportion. TFBS
Enriched = top-enriched transcription factor binding site
motif in convergent DEG promoters (2 kb upstream). OR
= odds ratio vs. all expressed genes from HOMER
JASPAR enrichment analysis.

847

~=- Mean null expectation (permutation mean ~90)

700

Number of Convergent DEGs

200

Convergent DEG Convargent DEGS Converaont DEGS
Figure 1. Convergent DEG counts for three
adaptation classes vs. permutation null expectations
(mean +- SD from 10,000 permutations). All observed
counts far exceed null expectations (p < 0.001),

confirming non-random molecular convergence.

78.40 -
80 = Primarily cis-regulatory

74.80 mmm Primarily trans-regulatory
Both cis + trans

68.40

Proportion of DEGs (%)
5
8

18.40
14.70

10 6.80 6.90

Thermal Hypoxia Dietary
Adaptation Adaptation

Non-Convergent
Specialisation (Control)

Figure 2. cis vs. trans regulatory mechanism
proportion for convergent DEGs across three
adaptation classes vs. non-convergent DEG control.
Convergent DEGs show significantly higher
cis-regulatory proportion than non-convergent (p <
0.001).
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68.40

- =~ Approximate null expectation (~10%)

54.70

38.40

28.40

% of DEGs Showing Convergent Expression

3]
el D-\g(?‘;a‘\(s\
oK

\ oy @\ A
TSR o0 D\eta‘,;‘ o e e %)
o2 @™ 1 e 2 o’ A (@
u «

(e e (0
Figure 3. Proportion of DEGs showing convergent
expression (% convergent) by adaptation class, and
effect of phylogenetic distance on convergence.
Thermal adaptation shows highest convergence
(29.7%); more distantly related pairs show lower
overlap.

—e— Hypoxia adaptation

Pathway —e— Dietary specialisation
pecificity

cis-Regulatafy

@

Cofvergent
DEG Count

Figure 4. Molecular convergence profile radar for
three adaptation classes across five dimensions (1-10;
higher = more convergent/constrained). Thermal
adaptation shows strongest overall convergence
profile; dietary specialisation the most variable.

5. Discussion

5.1 Constrained Molecular Solutions to
Thermal Challenges

The detection of 847 convergent DEGs in thermal
adaptation -- 29.7% of "all thermal DEGs,
representing a 6.8-fold excess over permutation
exgectatlons -- provides _strong evidence that
natural selection repeatedly identifies the same
molecular pathways as the most effective routes to
thermal erformance modification across
vertebrate faxa. The central role of HSP70 famil
members (convergently up-regulated in 6 of
species pairs) and fatty acid desaturases (5 of 6{
confirms the_ known ~ biochemistry of therma
adaptation -- these gene families perform the most
roximate molecular functions in protein stability
FHSPS) and membrane fluidit maintenance
desaturases) -- and demonstrates that these
Pathways are not mere correlates but are primary
argets of thermal selection across the vertebrate
tree. The F1-binding motif enrichment in
convergent DEG promoters (OR = 4.84) identifies
ISF1 as the master transcription factor whose
cis-regulatory activation drives the convergent
thermal expression response.

5.2 HIF-1 as the Master Regulator of Hypoxia
Convergence

The convergent up-regulation of HIF-lalpha itself
(6 of 6 species pairs) and the enrichment of HIF-1

binding motifs (HRE; }B/]}:_)oxia response elements
in hypoxia convergent DEG promoters (OR = 6.1
-- the highest enrichment across_all adaptation
class/TF "combinations) reveals that the HIF-1
transcriptional programme _is the primary
mechanistic basisS of molecular convergence in
hypoxia adaptation. This finding is particularly

significant ~because it demonstrates _ that
convergence operates at two levels
simultaneously: oth the master regulator

(HIF-1lalpha exKression) and its downstream target
genes (VEGFA, haemoglobin subunits, NDUF
subunits) are convergently expressed across
independent adaptation events. The higher
ms-regulator}l proportion in hypoxia convergent
DEGs™ (78.4%) relative to dietary DEGs (68.4%
suggests that _cis-regulatory, changes in HR

sequences are the primary molecular substrate for
convergent hy%)oma gene’ expression rewiring -- a
finding consistent with the known importance of
HRE mutations in haemoglobin gene switching
across high-altitude bird lineages (Storz, 2016).

5.3 cis-Regulatory Primacy in Adaptive
Convergence
The significantly higher cis-regulatory proportion
in gonverger}lft 9 DEGs g(74.852:) versus
non-convergent DEGs (54.7%) provides direct
em}t)1r1qa1 suplport for the theoretical prediction
that cis-regulatory evolution is the preferred
substrate for adaptive expression changes --
articularly those under natural selection (Carroll,
008; Wittkopp and Kalay, 2012). The mechanistic
logic is compelling: cis-regulatory changes that
alter the expression of a single gene in a specific
tissue without affecting the regulation of other
genes_in the same trans-regulatory network are
more likely to be selectively advanfageous (fewer
?lelotro ic costs) than trans-regulatory changes
hat alter a transcr;pt;on factor activity and
thereby affect all of its downstream targets
simultaneously. The identification of HSF1 ‘and
IF-1 cis-regulatory variation as the candidate
causal basis of convergent thermal and hypoxia
expression changes provides tractable targets for
functional validation studies --_fine-mapping the
specific TFBS variants responsible for expression
divergence in each adaptation class.

5.4 Limitations and Complementary
Approaches

Several limitations qualify the conclusions of this
comparative transcriptomic analysis. The analysis
is _“correlational -- convergent expression
differences are observed but functional validation
of  their  adaptive significance requires
experimental approaches (CRISPR expression
modification, common garden performance
assays). Tissue-specific expression differences may
be confounded by tissue composition differences
between ecotypes not captured by bulk RNA-seq --
a limitation addressable by single-cell RNA-seq in
future studies. F1 hybrid availability for cis/trans
analysis was limited to 6 of 18 species pairs -- the
cis/trans proportions may differ for the 12 pairs
lacking hybrid data, particularly the more distantly
related pairs where F1 hybrids are not viable.
Integration with population-level genomic data --
identifying selective sweeps at cis-requlatory loci
of convergent DEGs -- would provide the seléction
evidence needed_to confirm the adaptive basis of
detected expression differences.

6. Conclusion

6.1 Summary

Comparative transcriptomics of 18 vertebrate
specles across three adaptation classes reveals
substantial and_ highly ° significant =molecular
convergence:; 847 convergent DEGs in thermal
adaptation, 612 in hypoxia, and 424 in dieta

specialisation -- all 6-8 fold above permutation nu
expectations. HSP70 networks "and fatty acid
desaturases drive thermal convergence;” HIF-1
Pathwa/y components drive hypoxia convergence;
ipases/proteases vs.. amylases drive dietary
convergence. cis-regulatory divergence underlies
74.8% of convergent DEGs, s%qnlflcantly more than
non-convergent Gs (54.7%), confirming
regulatory evolution as the primary substrate for
adaptive "‘convergence. Master TF binding sites
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BHSFI, HIF-1, HNF4A) are enriched in convergent
EG promoters as candidate causal variants.

6.2 Evolutionary and Conservation

Implications

Two  evolutionary  implications and one
conservation  application  follow: (1) the
biochemical constraint model of molecular

convergence -- where natural selection repeatedly
finds the same gene families because they perform
the most proximate molecular functions -- is
supported across vertebrates, suggesting that
adaptive transcriptome evolution is substantially
predictable from pathway knowledge; (2) the
Predomlnance of cis-regulatory evolution confirms
hat gene re%ulatory change, not protein sequence
change, is the primary molecular substrate of
rapi adaptive _  divergence in vertebrates.
Conservation application: the convergent DEG sets
identified here -- particularly the thermal
adaptation convergent set centred on HSP70 and
FADS2 -- provide candidate genomic markers for
identifying individuals carrying thermally adaptive
alleles’in ‘conservation-relevant populations facin
climate warming, enabling genomically informe
selection of individuals for assisted migration and
climate-resilient reintroduction programmes. All
RNA-seq_ data_ and convergent DEG lists are
deposited openly.
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Appendix A

Complete Species Pair List and Top 50
Convergent DEGs per Adaptation Class

All 18 species pairs included in the comparative
transcriptomics analysis are listed below, followed by
the top 50 convergent differentially expressed genes
for each adaptation class, ranked by number of
independent species pairs in which convergence was
detected.

COMPLETE SPECIES PAIR LIST (18 PAIRS)
Thermal adaptation (6 pairs): (1) Fundulus
grandis/heteroclitus (Gulf/Atlantic coast killifish;
liver, gill; 2 ecotypes); (2) Danio rerio/nigrivirgatus
(warm/cool zebrafish congeners; liver, muscle); (3)
Gadus morhua southern/northern ecotypes
(warm/cold Atlantic cod; gill, liver); (4) Oryzias
latipes/sakaizumii (medaka southern/northern; liver,
gonads); (5) Oncorhynchus mykiss warm/cold
ecotypes (rainbow trout; liver, gill); (6) Poecilia
mexicana lowland/high-sulfide (not thermal per se,
but metabolic convergence; liver).

Hypoxia adaptation (6 pairs): (1) Tibetan/lowland wolf
(Canis lupus tibeticus/chanco; heart, lung); (2)
Plateau/lowland pika (Ochotona curzoniae/princeps;
heart, lung, muscle); (3) Andean/lowland
hummingbird (Oreotrochilus estella/Amazilia; heart,
muscle); (4) Bar-headed/greylag goose (Anser
indicus/anser; heart, lung); (5) Tibetan/lowland pig
(Sus scrofa domesticus Tibetan/lowland; heart, liver);
(6) High-altitude/lowland deer mouse (Peromyscus
maniculatus montanus/lowland; heart, muscle).
Dietary specialisation (6 pairs): (1) Dog-wolf vs. giant
panda (carnivore/herbivore intestine, liver); (2) Snow
leopard vs. giant panda (intestine, liver); (3) Bos
taurus vs. Sus scrofa (ruminant herbivore/omnivore;
intestine, pancreas); (4) Rabbit vs. ferret
(Oryctolagus/Mustela; intestine, caecum); (5)
Chimpanzee vs. gorilla (omnivore/folivore; intestine,
liver); (6) Stickleback marine/freshwater (ancestral
carnivore/novel herbivore diet; gut, liver).

TOP 20 THERMAL CONVERGENT DEGs
(RANKED BY CONVERGENCE FREQUENCY)
6/6 pairs: HSPA1A, HSPA1B, HSPA8 (HSP70 family);
DNAJB1, DNAJB4 (HSP40); HSPB1 (HSP27); FADS2
(fatty acid desaturase).

5/6 pairs: HSPA4, HSPA5 (BiP); FADS1; SCD1
(stearoyl-CoA desaturase); ATP5F1A; COX4I2
(cytochrome c oxidase); LDHA (lactate
dehydrogenase); UCP2 (uncoupling protein 2).

4/6 pairs: HSPD1 (HSP60); HSP90AA1, HSP90ABI1;
EEF1A1 (translation elongation); SLC25A4 (adenine
nucleotide translocator); ACSL1 (acyl-CoA
synthetase); PLIN2 (lipid droplet).

3/6 pairs: Multiple additional metabolic, membrane,
and chaperone genes; full list deposited at Zenodo
(see data availability).

TOP 20 HYPOXIA CONVERGENT DEGs

6/6 pairs: HIF1A (hypoxia inducible factor 1 alpha);
EPAS1 (HIF-2alpha).

5/6 pairs: HBA (haemoglobin alpha chain); VEGFA;
BNIP3 (mitophagy regulator); LDHA; SLC2A1
(GLUT1 glucose transporter); PDK1 (pyruvate
dehydrogenase kinase).

4/6 pairs: NDUFB4, NDUFS1, NDUFV1 (complex I
subunits); HMOX1 (heme oxygenase); ANGPT2
(angiopoietin 2); CA9 (carbonic anhydrase 9);
GAPDH; ENO1 (enolase 1).

3/6 pairs: Additional HIF-1 targets, erythropoiesis,
and mitochondrial genes; full list at Zenodo.
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