Integrated and Evolving Genomic Landscapes:

Divergence, Selection and Functionalization Across Primate Lineages
Shrihith Golugula!, Grant Merrigan!, Rob J. Kulathinal, PhD!

Institute for Genomics and Evolutionary Medicine, Center for Computational Genetics and Genomics, Temple University, Philadel phia, PA, USA

EVOLUTIONARY GENOMICS

Abstract Episodic diversifying selection 1n 1:1 primate orthologs

Both positive Darwinian selection on conserved orthologs and the Immunoregulatory interactions between a

. S : . . . . . - lymphoid and a non lymphoid cell )
functionalization of new gene duplicates are major drivers of evolutionary A B BUSTED -log(p-value) Distribution ‘ B cell mediated immunity .
innovation. Here, we utilize a comprehensive comparative genomic framework to 0.0444029 L. catta Positive regulation of adaptive immune .
. I
' ' o di N 0358041 0.05: 1,232 response
investigate patterns of protein divergence and selection m orthologous genes as 20 o\ e P mmane 7 hast defonsa i Sperm / reproduciive s FOSITIVe reguiaTion of Proauction or | ° Immune/inflammatory
well as tissue diversification of duplicated gene families across eight - M. murinus % ' HLA-DOA - HLA class I $PAG4 - sperm-associated antigen 4 | MOI€CUIAr mediator of immune response
. . . I :ll::;c;r:;?:tlblhty antigen, DO protein Humoral immune response .
representative primate genomes. We performed codon-aware alignments and o , 6,000 ! spaTA1o
. . . . — NO . C ]acchus CD6 - T-cell differentiation spermatogenesis-associated protein Mitochondrial rna metabolic process . SEIECtEd gEnES
phylogeny-informed selection analyses on 13,074 high-confidence 1:1 orthologs ) ! antigen CD6 19. mitochondria ®
. . . . o (e . l CD72 - B-cell differentiation TMEMS5 - sperm- fusion protein imi i
using HyPhy to detect gene-wide, branch-wide, and site-specific signals of 0.0184433 G. gorilla 3 | antigen CO72 TEves P Indole containing compound metabolic @ ® v
t . 1 t. S l t. 1 l d 1 .d f . d. 00358041 ’ N2 00223656 , ' ! I CD27 - CD27 antigen LLCFC1 - sperm-egg fusion protein p a
pI'O c1n cvolution. clcClion ana YSGS reveaic amp c eviaence o GPISO 1C N4 0.0206558 ;” 4,000 | IRF3 - interferon regulatory LLCFC1 Non proteinogenic amino acid metabolic
leCfSlleng selectlon aCross each Ofthe prlmate llneages and functlonal R trogIOdyteS m - | tactor 3 SPEF1 - sperm flagellar protein 1 | process kX Metabolism Database
. . . . . . . s Small molecule catabolic process | Ep ® GO Biological Process
enrichment tests highlight the overrepresentation of adaptively evolving genes in 00179326 &\ 0011423 5 - ) ! A Reactome
. . . T . fascicularis m ' Lipid catabolic process &
immune, reproductive, and sensory pathways. We then complemented this study - +N6 2,000 .
i i : .. i e 0134364 L
of protein divergence and adaptation by examining functionalization patterns of 00211181 & L OIS M. mulatta m : Keratinization A FOR/q
gene duplicates 1n these lineages through the analysis of tissue-specific expression . C Si | ! Homologous recombination ® l 020
shifts in gene families exhibiting 1:2:1 copy number changes. Gene tree species C 0 L — - - — ! Extracellular matrix organization other 0.10
e L T . 0 1 2 3 4 3} i . -
tree reconciliation uncovered 1,104 duplication events across the primate Cilium movement & = 0.00
phylogeny and, when mapped to a common set of tissues, a trend towards D -log(p-val) Cllium organization
neofunctionalization was observed. Together, these results provide a divergence ] ] _ ] ] ] Extome E”EEPEU'“";'?q:Lri‘igt?‘;ﬁ' ®
landscape in primates where positive selection is pervasive across the primate Scaling of branch-level episodic selection with evolutionary rate Certilization . SRR
proteins and where gene duplication provides a substrate for innovation with o . o
. o . . o . ' = 60% Cell death signalling via nrage nrif and A Signaling
selection driving functional diversification across linecages. o ) nade o . . o
© DSPP —logy(min branch p)
o NPM2_  _gsH3D21
E L DNMT3L _CYBSA_cpme conBs : Scaling of episodic selection with gene length
. . . S FGD2— /° Dbxa1 4
A 1 1 S Lrow : g % AHNAK?2
m 2 e
NalysSiS P1pClIncs : S wACF1 °
. 5 . . o __s . ° 4 o 90 > PDZD2 ~l0g1p(min site p)
Figure 1. Primate ortholog divergence and selection analysis pipeline 7] L KIAA1549 - ~“Y% pCNT .
o | @ 1 e _SETve ™ . y s _ALPK2—__ “STARDS
Data Acquisition Orthology Inference Sequence Alignment Q wl CD163L1 » QRICH2 4
f S " Orthology Inference | (@ 1 (e 3 @ 0% v = e 3
T i (Or(:ggFinder) it B v 0.0 0.5 1.0 1.5 2.0 =
(NCBI Datasets) ATG-GTB-CT-TEG-CLG-AG-ADG i H @ e
WL~ G- -HESC-A0G . . N T e e T el . —
'f g@' “ HEEE | | IESEREaER =
orthogroups gene trees s i pvrci A;&-GYE--UI:-HG-(LG—WM; . o o o N N o . o . :
v o A — )| Figure 3f Genome-wide patterns of ePlSOdlC diversifying selection in 1..1 .prn.nate ortl}ologs. | UQ)" ‘ " |
R e S IR S [ R R SRR (A) Species phylogeny used for analysis. (B) BUSTED —logio(p-value) distribution showing ~10% of orthogroups under selection (p < 0.05). (C) 0 <O 300 1 600 A 600 L 1'0 00
Selection Analysis Downstream Applications Exploratory enrichment suggests immune, metabolic, and reproductive pathways. (D) aBSREL reveals that branch-level selection increases with ’ ’ ’
(" Genoowide Selection (iyPry BUSTED) )| | Potential Applications i evolutionary rate (AN/dS). (E) MEME shows that site-level selection scales with gene length. Alignment length (codons, log10 scale)
& Detects gene-wide episodic positive ﬁ/& /Q)><
1 E selection across branches >
L A= Y ‘ L
[ Branch-level Selection (HyPhy aBSREL) | kool ks E,?,?cmm

Prediction Analysis (GSEA)

£ e || | S 1o v Functionalization of primate duplicate genes sSummary

\. J Ana'ysns Brasis
Site-level Selection (HyPhy MEME) | {E §_* W ] o o . o . . . 1. Genome-wide selection landscape
;3;675“;;&6; et ot s R 3L s, % A Primate 2:1 Duplication Origin Mechanism C Duplication Retention Mechanism by Species Most primate orthologs are under purifying selection; ~10% show episodic
C"' N /) I Adaptation Association Networks Mechanism Composition by Focal Species diVGI’SiﬁC&tiOH. Signals scale Wlth dN/dS and gene length, Wlth enrichment n immune,

1.0 4

signaling, and reproductive pathways.

Figure 2. Duplicate gene functionalization analysis pipeline
Duplication origin mechanism

mmm  DNA dispersed: 608 (55.1%)

DNA tandem/proximal: 104 (9.4%)

DNA tandem/proximal single-exon: 9 (0.8%)

RNA retrocopy candidate: 346 (31.3%)

Unresolved both single-exon: 37 (3.4%)

2. Duplication-driven innovation

~1,100 duplications (mainly dispersed) show diverse fates (conservation, neo-
/subfunctionalization, specialization) indicating widespread divergence. Together,
selection and duplication drive primate innovation.
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Future directions

1. PhyloDIVaS: Integrate the divergence and selection analysis pipeline into a unified,
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scalable workflow for genome-wide evolutionary analysis. The web tool aims to
increase access to comparative genomic analysis to experience-levels.
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classifying duplication mechanisms, integrating expression data, estimating
evolutionary divergence, and visualizing duplicate-gene retention patterns.
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