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Synopsis The t raj e cto ry o f evol u tio n is imp acte d by mole cu lar const ra ints a nd bia ses th at are difficu lt to va lidate experimen- 
ta l ly. Repeate d evol u tio n o f simi lar t raits acr oss the Tr ee of Life serves a s a n a tural experimen t to discern co mmo n facto rs that 
dr ive t he evol u tio n o f these trai ts. The archi tecture o f geno mes in o ne-dimensio nal, two-dimensio na l, and thre e-dimensiona l 
sp ace is emerg ing as a potent ia l factor that may predict repeated ph en otyp ic evol u tio n. Fo r example , c hromat in p ackag ing and 

the 3D o rganizatio n o f th e gen om e wit hin t he n ucleus can im pos e e vol u tio nary co nstraints by p redisposin g g eno mic regio ns 
f or pa rticula r types of m uta t ions, whi le the evol u tio n o f geno me sequence can also drive reo rganizatio n o f chro matin. Wi th 

the explosion of n ew li bra ry prepa ration a n d sequen cing t ec hnologies that are accessible for n on-m ode l species, we envision a 
great o p po rtuni ty t o under stand how genome arc hit ecture across phylogenet ica l ly disp arate spe cies may imp act repeate d phe- 
notyp ic evol u tio n. We p rovide examples o f th e kn own an d potent ia l avenues of ph en otypic conv er g ence at each level of genome 
arc hit ecture an d h ow in tegra tio n o f t hese dat a c an prov ide unique insigh ts in to the constrain ts, tra jecto ry, and p redictab ili ty o f 
evol u tio n. 
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ntroduction 

epeated evol u tio n is the independent evol u tio n o f
 he s a me tra it in different ev olutionary lineag es ( Stern
013 ; Rosenblum et al . 2014 ; Sac kt on and Clark 2019 ).
n some cases, the term “conv er g ent ev olution” is a
le ar descr i pto r, a s i s in the ca se of the an ato mical co n-
 er g ence of bat, bird, and insect wings. In other cases,
spe cia l ly among closely related line ages, t he ter m
conv er g ence” is less clear for a variety of reaso ns. Fo r
xample, in depen dent evol u tio n o f t he s a me tra it in two
pecies m ay h ave occurred thr ough differ ent genetic
 dvance A ccess publication May 15, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ech ani sm s, which w ould demon strate ph en otypic
onv er g ence v i a div er g ent mole cu lar evol u tio n. 

Here, we di scu ss repeated evol u tio n to enco mpass
 he appe a ra nce of simila r ph en otyp ic trai ts across dis-
inct evol u tio nary lin eages, en co mpassing both co n-
 er g ent and div er g ent mole cu lar orig ins ( Gompe l an d
rud’h omm e 2009 ). Im portan tly, repea ted evol u tio n is
 power f ul t ool t o identify how or ganism s adapt to en-
ironm ents an d acquire n ew ph en otyp es ( L osos 2011 ). 

Un derstan ding th e gen etic m ech ani sms un der ly-
n g repeated ev ol u tio n h a s reve aled t hat similar f unc-
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Fig. 1 Overview of repeated evolution and genome architecture. Overview of genome architecture across the one-dimensional linear 
genome , two-dimensional epigenome , and three-dimensional organization within the nucleus. 
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t iona l outcomes can be reached through mu lt iple p aths.
F or exam p le, vi vi pari ty (live birth) h a s in depen dently
evo l ved in m amm al s, lizard s, sn ak es, a n d s har ks. While
th e ph en otyp ic trai t is co nv er g ent, the g enet ic b a si s of
v iv i pari ty h a s litt le overlap in t hese s pecies ( Fos ter et
al. 2022 ). Thes e cas es indica te tha t evol u tio nary co n-
stra ints ca n be influenced by the histo rical co ntin g en-
cies an d gen et ic b ackg round of each lin eage. Th e spe-
cific mech ani sm s respon sible for these constra ints ca n
be examined by identifying th e gen omic ba si s of con-
v er g ent traits. 

Our focu s i s on h ow gen om e arc hit ecture—a col-
le ct ive ter m t hat in cludes gen om e st ructure, p ack-
agin g, and or ganiza tion—rela t es t o repeat ed evolu-
tion. We defin e gen om e structure as the linear (one-
dimensiona l) DNA se quence , whic h c han g es through
d u plicatio ns, deletio n s, inv ersion s, an d chrom osomal
fu sions/fissions. Genomic DNA i s p ackage d into chro-
matin (tw o-dimen sional), whic h inc l udes wrapp ing o f
D NA a round covalently modified hist ones t o form nu-
cle osomes. C hromat in is f urt her organized into t he
thre e-dimensiona l nucleus through dynamic processes
including loop extrusion and ph a s e s ep arat ion ( Fig. 1 ).
Al l aspe cts o f geno me archi tectur e ar e inter conne cte d;
chan g es in the linear sequence can initiate a cascade of
two- an d three-dim ension al ch anges, while ch anges in
chroma tin and n uclea r orga nization ca n promote or in-
hib i t sequence chan g es. 
Studying the relatio nshi p between gen om e archi-
tectur e and r epeated ph en otyp ic evol u tio n can p ro-
vide unique insights into how the o rganizatio n o f the
gen om e may constrain evol u tio n o f DNA sequence.
When we find rep eated asso ciations b etween sp e-
cific genomic features and organi sm a l t raits—such as
in epigen etic m ech ani sm s of dosag e compen sation—
it stren gthen s our un derstan ding of th e forces that
con strain ev olution. This evidence becomes p art icu-
lar ly compe lling wh en th es e ass ociations aris e through
repeated evol u tio n rat her t h an sh are d in her it ance.
Through this len s, studyin g repeated evol u tio n at the
level of gen om e arc hit ecture h e lps i l luminate both the
flexib ili ty and constraints of evolutionary processes. 

Th e re lations hip b etween rep eated evol u tio n and
gen om e arc hit ecture h a s lar g ely been ov erlooked be-
cau se mea suring th e un der lyin g g enomic features was
n ot possi ble. Th er e ar e s e veral m eth odolog ica l o bs tacles
to overcome as we improve this field of r esear ch. One
primary o bs tacle is defining and me asur in g conv er-
gen ce itse lf . For ins tance, what cons titutes “t he s ame”
genomic featur e acr oss differ ent or ganism s? This ques-
tion is pa rticula r ly re leva nt f or e lem ents like long n on-
coding RNAs (ln cRNAs), wh ere t radit iona l se quence
identity mea sures m ay be less inform ative th an struc-
t ural feat ures and GC con ten t ( Ross an d Ulits ky 2022 ).
Similar ly, defining fun ctional equivalen ce acros s s pecies
(wh eth er featur es r epr ess or activate t he s am e gen es
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 r b in d th e sam e pr oteins) r em ains a complex ch al-
en g e that r equir es car efu l considerat ion of both experi-
 ental an d co mpu tatio nal app roaches. Finally, a signifi-

ant cha l len g e lies in g eneratin g compara ble data across
vol u tio naril y di v er g ent taxa, pa rticula r ly wh en deal-
ng wi th co m plex fea tures like 3D gen om e o rganizatio n.
ewly emer gin g funct iona l genomic te chniques now
ffer the o p portunity t o c haract erize a nd compa re ge-
omic features to better un derstan d th eir re lations hips
it h repe ated evol u tio n. Here, we di scu ss these limita-

ions in un derstan ding gen om e evol u tio n and explo re
 ow n e w s e quencing te chnolog ies may help compare
 enomic chan g es across the Tree of Life. We envision
 hat t h e deploym ent of th ese t ec hniques acros s s pecies
 a s the potent ia l to revol u tio nize our un derstan ding of
h e gen et ics of repeate d evol u tio n. 

ection 1: gene expression 

s the init ia l ma nif estatio n o f a ph en otype, gen e expres-
ion is an essent ia l lin k betwe en repeate d ph en otypic
vol u tio n and the evol u tio n o f geno me archi tecture.
he regu lat io n o f RNA transcri ptio n occurs through

wo mech ani sms: cis regulatory e lem ents (CREs) an d
rans fact or s ( Wittko p p et al . 2004 ; S ign or an d Nuzh din
018 ). CREs in clude DNA sequen ces, such as p ro moters
 nd enha ncer s, whic h a ffe ct the t ranscript ion of genes
n t he s a me D NA mole cu le . Trans fact or s ar e pr oteins,
NAs, or other mole cu les that a ffect exp ressio n through
NA b inding o r sig na ling p athways. CREs are fixe d in

he haploid genotype, while trans fact or s can be en-
oded anywhere in the genome and can freely diffuse to
 ffect gene exp ressio n across lar g e dis tances (kilo bases).
her efor e, only trans fact or s can vary across cel l/t issue

ypes, deve lopm ent, an d environm ents. How ev er, both
REs a nd t rans fact or s can be influen ced by gen om e

rc hit ecture by, for example, reposi tio ning CREs rela-
ive to their tar g et g en es, m odifying chromatin acces-
ib ili ty, o r creating new regulatory domains through
hro moso me f olding. Posttra nscri ptio nal regulatio n o f
ene exp ressio n can be f urt her cont rol le d by RNA mod-
fications, such as methylat ion, splicing, e dit ing, and
o l yadenylation. 

There is growing evidence that the evol u tio n o f gene
xp ressio n can be responsible for t he repe ated evolu-
io n o f o rgani sm al ph en otypes ( Hart et a l. 2018 ; Bitt ner
t al. 2021 ). Genomic approaches qu antify ing tran-
cri pto mes cover a broad range of r esolutions, fr om
cr oss entir e or ganism s (e.g., bu l k RNA-se q) down
o single-ce ll an d sp at ia l sca les. Wo rk using hyb rid
e ll lin es/or ganism s and m a ssi vel y p ara l lel reporter
 ssays i s f urt her reso l ving th e re la tive con t ribut ions
f cis and trans effects on gene expression ( Ga l lego
om ero an d Le a 2023 ; D ennis 2024 ), requir ing cross-
pe cies comp ar isons across ort holog ous CREs, g enes,
n d ce l l/t is s ue types. 

ection 2: genome structure and linear 

earrangements 

ene exp ressio n depends o n the physical p roxim-
 ty o f CREs an d th e gen es th ey regul ate w it hin t he
hre e-dimensiona l sp ace of the nucleus ( Fig. 1 ). Ge-
omic re ar ran g em ents—in cl uding d u plicatio ns, dele-

ion s, and inv ersion s—can alter this thre e-dimensiona l
 rganizatio n by re ar ran gin g DNA sequences in linear
pace, thereby a ffectin g g ene exp ressio n. The dete ct ion
f these st ructura l re ar ran g ements h a s been dram ati-
a l ly improve d wit h t he advent o f lo n g-read sequencin g
 ec hnologies, whic h provide a mor e compr e h en siv e and
ccurate view of chro moso ma l se quences comp are d to
 h ort-read m eth ods ( van Dijk et al. 2023 ). Of particu-
a r interest a re the so-ca l le d frag i le sit es—c hro moso mal
oci that are p ro ne to being b reakpo ints fo r chro moso-

al re ar ran g em ents ( Dur kin an d Glover 2007 ; van Dijk
t al. 2023 ). When similar structural re ar ran g ements are
 bserved acros s different s p ecies or p o p u lat ions, that
 ugges ts the existence of shared genomic vu lnerabi lit ies
 r p r efer ent ia l brea kpoin ts tha t can be lev erag ed durin g
vol u tio n to generate novel phenotypes. 

uplications and deletions 

er haps th e simp lest examp le of sequence chan g es that
 ffect gene exp ressio n is the d u plicatio n o f a geno mic
 egion, which incr e ases t he dos a ge and pos sib l y the ex-
 ressio n o f genes co ntained wi t hin t hat r egion ( Bir chler
 nd Ya ng 2022 ; Zha ng et al. 2022 ). Gene d u plicatio n
an co ntribu t e t o evol u tio nary div er g ence of g ene ex-
 ressio n b etween sp ecies, including v i a ne ofunct ion-
 lizat ion and the evol u tio n o f new gene functions ( Li
t al. 2005 ). For example, genes within seg menta l du-
lications are enriched for different ia l exp ressio n be-
w een human s a nd chimpa nzees ( Blekhma n et al. 2009 ).
otab l y, repeated evo l u tio n o f antifreeze glycop roteins,
hich bind to ice and inhib i t the fo rmatio n o f ice crys-

 als, occur red t hrough in depen dent d u plicatio n events
n Antarctic and Arctic fis h es ( Ch eng an d Ch en 1999 ).
his example demonstrates the potent ia l for gene du-
lications to contribut e t o evolutionary conv er g ence
 Chen et al. 1997 ). 

Chro moso mal deletio n s hav e the potent ia l fo r p ro-
ound impacts on gene exp ressio n and repeated ge-
omic regu lat ion. Delet ions in regu latory reg ions can
 ave ca scading effects on gene exp ressio n and can in-
uce adapti ve p h en otypic chan g es. A famous example
o mes fro m t he repe ated los s of s pines in s t ickleb acks
hat are the result of th e de letion of the Pitx1 enhancer
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( Chan et al. 2010 ). This deletion occurred in regions of
th e chrom osom e that are more prone to breakage dur-
ing replication (i .e ., fragile sit es). Conv er g ent deletion s
can be ident ifie d wi th a fo rward geno mics app roach,
such as the iden tifica tio n o f deletio ns in gulo nolacto ne
(L-) oxidase (Gulo) that un der lies loss of vitamin C syn-
thesis in eight s pecies acros s the Tree of Life ( Hi l ler et
al . 2012 ). Thus, under sta nding releva nt f orces impact-
ing delet ion li keli ho o d h a s the potent ia l to improve our
un derstan ding of the mole cu lar b a si s of repeated phe-
notyp ic evol u tio n. 

Inversions 

Chro moso mal inversio ns can have im portan t effects
o n o rgani sm al ph en otypes an d fitn ess ( We llenreuth er
and Bernat c hez 2018 ; Berdan et al. 2023 ). One way in
whic h inver sions ca n a ffect ph en otypes is by chan gin g
gene exp ressio n level s, cau sing genes to be different ia l ly
expresse d betwe en a lternat ive chro moso mal a rra n g e-
ments. Exp ressio n o f gen es n ear inversio n b r eak points
may be a ffe cte d if CREs are move d a wa y from gene b o d-
ies ( Wes ley an d Ean es 1994 ; Lavington an d Kern 2017 ).
Alternati vel y, inversio ns can su pp r ess r eco mb inatio n,
resu lt in g in div er g ent DNA sequence betw een a rra n g e-
ments ( Navarro et a l. 1997 ; Fu l ler et a l. 2016 , 2017 ). The
resu lt ing differences in DNA sequence between CREs
c an c ause s ubs tant ia l gene exp ressio n differ ences acr oss
the ent ire inverte d reg ion ( Fu l ler et a l. 2016 ; Said et a l.
2018 ). Th ese gen e exp ressio n differences ca n have com-
pounding effects across the genome because regulatory
n etwor ks in clude gen es on inverted an d n on-inverted
chro moso mes ( Na see b et al. 2016 ). G iv en th ese su b-
stant ia l effe cts o f inversio ns o n gene exp ressio n, they
have trem en do us po tent ia l as me chanist ic drivers of re-
peated evol u tio n. 

An i l lust rat i ve examp le o f chro moso mal inversio ns
associ ated w it h repe ated evol u tio n co mes fro m the evo-
l u tio n o f so cial b ehavior in ants. Bot h t he Al p ine sil-
ver ant, F. selysi , an d th e fir e ant, S. i nvicta , have in-
dependentl y evo l ved po l ymorp hisms for social behav-
ior v i a po l ymorp hic c hromosomal inver sion s ( Wan g et
a l. 2013 ; Purcel l et al. 2014 ). How ev er, there is no ho-
m ology in th e inv erted g eno mic regio n s betw een the
spe cies, indicat ing a lack of genetic conv er g ence despite
ph en otypic (be havio ral) co nv er g ence. 

Transposable elements 

Tran sposa ble e lem ents (TEs) are m obile DNA se-
quen ces that s hape gen om e evol u tio n, pa rticula rly
t hrough t heir role in g eneratin g nov el g enes, alter-
in g g ene exp ressio n, and p ro motin g g en om e expansion
( Galb rai th and Hayward 2023 ). TEs preferent ia l ly insert
int o open, euc hr omatic r egions near gen es, wh ere th ey
can disrupt gene f unction, inter rupt r egulatory r egions,
an d in duce st ructura l re ar ran g ements. 

Conv er g ent disruption of pigmen ta tion through TE
in sertion s h a s be en found to resu l t in lighter o r da rk er
anim al s through a variety of mech ani sms ( Galb rai th
a nd Haywa rd 2023 ). The fa mous exa m ple of ra pid evo-
l u tio n o f m e lanism in th e p epp ered moth, Bis t o n be-
tul ari a , dur ing t h e in dust ria l revolut ion was the re-
sul t o f a lar g e TE in sert ion in the int ro n o f co rt ex ,
a meiosis cell-cycle regulator ( Van’t Hof et al. 2016 ).
This insert ion resu lte d in increased expression of cor-
tex in the wing im agin al di sc and resu lte d in th e dar ker
morph ( Bann a sc h et al . 2021 ). Da rk er pigmen ta tion in
vert ebrat es has repeat e d l y evo l ved v i a the insertio n o f
TEs that reduce the exp ressio n o f the Agou t i Sig na l-
ing Protein (AS IP) gene, a p igment p rod uctio n regula-
tor ( Ha et al. 2003 ). As AS IP inhib i ts the activi ty o f the
Me lan ocortin 1 Receptor (MC1R), TE in sertion s that
disrupt as i p expr ession r esult in incr eased MC1R ac-
tiv it y, leading to a hig her produc tion of eum e la nin a nd
a da rk er indiv idu al ( Trigo et al. 2021 ; K ami taki et al.
2024 ). Conv er g ent TE in sertion s in other genes result
in temporal and spati al d ark coat colors and patterns in
dogs, a s well a s da rk er skin/fur in huma ns, mice, and
cattle ( Galb rai th a nd Haywa rd 2023 ). Thus, TE inser-
tions are a comm on m ech ani sm for g eneratin g repeated
co lor evo lution. 

An oth er compe lling example of t he repe ated evolu-
t ionary imp act o f TEs co mes fro m studies o f canine
bre e ds, wh ere in depen dent in sertion s of FGF4 r etr o-
genes (int ron less FGF4 genes that arose v i a d u plicatio n
by an mRNA in termedia te tha t was re vers e trans cribed
by an enzyme encoded by an endogenous r etr otranspo-
so n) o n chro moso mes 12 and 18 have led to repeated
evol u tio n o f s h ort-legged ph en otypes acr oss differ ent
dog bre e d s ( Bann a sc h et al . 2022 ). Thes e ins ertions each
impact leg length, as so me b re e ds li ke Cava lier King
C harles Sp aniels carry only the chro moso me 12 inser-
t ion, whi le others li k e Ca ir n Ter r iers and West High-
land W hi te Ter r iers pos ses s the insertion on chromo-
some 18, which also results in s h orter legs ( Dickinson
a nd Ba nn a sch 2020 ). Notab l y, d warfism in hum ans i s
frequen tly a tt ribute d to one of the recept or s for FGF4,
s ugges ting convergent ph en o types thro ugh similar ge-
n etic m ech ani sm s ( Shian g et al. 1994 ). 

Section 3: genome packaging 

Gene exp ressio n can be co nt rol le d by DNA methyla-
tio n, histo n e post-trans lational m odifications (PTMs),
and long non-coding RNAs (lncRNAs) interacting with
chromat in. C hromat in modificat ions pl ay cruci al roles
in regu lat in g g ene exp ressio n wi thou t al ter ing t he un-
der lying DNA sequen ce. DNA m eth ylation in vo l ves the
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Table 1 Examples of convergent evolution in DNA cytosine methylation. 

Type of methylation Function Independent evolutionary origins 

Gene body Unclear Independently ev olv ed in animals and flow ering plants ( Xiang 
et al. 2010 ; Zemach et al. 2010 ; Bewick and Schmitz 2017 ; 
Zilberman 2017 ) 

Variable promoter Gene silencing Independently ev olv ed in flow ering plants, v ertebrates, the 
demosponge A. queenslandica , the centipede Strigamia maritima, 
and the mealybug Planococcus citri ( Newell-Price et al. 2000 ; de 
Mendoza et al. 2019 ; Lewis et al. 2020 ; Zhang et al. 2018 ) 

Transposable elements Transposable element silencing Independently lost in oysters, hymenopterans, sea urchins, and 
tunicates ( Keller et al. 2016 ; Strader et al. 2020 ; Zemach et al.
2010 ; Wang et al. 2014 ), or lost in animals and then regained 
in multiple animal lineages independently ( de Mendoza et al.
2019 ) 

Parental genomic imprinting Diverse roles in growth and cellular 
proliferation, common regulatory pathways 

Independent evolution in mammals and plants ( Feil and 
Berger 2007 ) 

Complete loss of cytosine 
methylation 

Unclear Independently lost in nematodes, myxozoans, and multiple 
lineages within insects ( Urieli-Shoval et al. 1982 ; Wenzel et al.
2011 ; Bewick et al. 2017 ; Kyger et al. 2021 ; Engelhardt et al.
2022 ) 
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ddi tio n o f methyl grou ps to specific DNA si tes, par-
 icu larly at CpG dinucle ot ides. Histone PTMs include

ethyl ation, acet yl ation, an d oth er covalent m odifica-
io ns p redo minan tly loca ted a t the residues in the N-
er minal t ails of histone prot eins, whic h assemble into
h e nucleosom es tha t package DNA in t o c hromatin.
he deg re e of simi l arit y in genomic con ten t and n ucle-
so me posi tio ning amo n g lineag es is expe cte d to im-
os e e vol u tio nary co nstrain ts tha t influen ce th e like li-
o o d of rep eated evol u tio n, similar to h ow th e diver-
 ence betw een lineag es can affect adaptiv e g ene reuse
 Bohutíns ká an d Peich e l 2024 ). Both DNA m ethyla-
ion and histone PTMs have emer g ed as informative
ystems for studying repeated evol u tio n, where similar
raits evo l ve in depen den tly in differen t lineages. Simi-
arly, t ec hnologies that improve the dete ct ion and se-
uen cing of ln cRNAs a l low us to invest igate their po-
ent ia l as regu lat or s of g ene expression. Tog et her, t hese
egulat ory syst ems can creat e c han g es in g ene expres-
ion and have b een rep eat edly gained , lost, or modified
cross diverse species thro ugho u t evol u tio n. 

NA methylation 

n vert ebrat es, DNA cyt osin e m et hylation (t he main
o rm o f cytosin e m ethyla tion) is an essen t ia l me cha-
ism invo l ved in gene exp ressio n regu lat ion, X chro-
 osom e inact ivat ion, r epr ession of r epet it ive e lem ents,

n d gen om e im prin t ing ( Yuasa 2002 ; Moore et a l. 2013 ).
ethyl groups are deposited on cytosines by a con-

erve d fami ly o f DNA methyl transferases (Dnmts). The
esu lt ing m ethylcytosin es ar e “r e ad” by met hyl-CpG
 inding do main p rot eins (MBD s), whic h recrui t p ro-
eins that r epr ess t ranscript ion. 
Even though cytosine methylation is a highly con-
erv ed epig en omic m ech ani sm, sh ared by most eu-
aryot es, patt erns of cyt osin e m ethylation an d th e re-
ponsible enzymatic machinery can evo l ve surprisingl y
ast a nd significa ntly differ a mong taxa ( Alva rez-Ponce
t al . 2018 ; S ingh et al . 2021 ; Sarkies 2022 ). For in-
tance , while vert ebrat e and plant gen om es are dense ly

ethylat ed , in invert ebrat es cyt osin e m ethylatio n is o f-
 en spar se an d m ostly confin ed to gen e b o dies and TEs
 de Mendoza et al. 2020 ); Zhang et al. 2018 ). In addi tio n,
hile in vert ebrat es cyt osin e m ethylation m ostly a ffects

ytosines that are part of CpG dinucle ot ides, cytosine
et hylation in ot her co ntexts (CH G and CHH, where
 r epr esents any nucle ot ide) is re lative ly comm on in

t her t axa (e .g., Zhang et al . 2018 ). Moreover, while
 he f unctio n o f cytosin e m ethylatio n in verteb rates (es-
e cia l ly m amm al s) a nd pla nts is we ll un der st o o d, its

unction in many other lineages is much less clear ( de
endoza et al. 2020 ; Matlosz et al. 2024 ), which hin-

ers the in terpreta tion of m acroevolution ary cytosine
ethylatio n co mpariso ns. 
Methylatio n o f differ ent r egio ns o f th e gen om e is

resent in certain evol u tio nary lineages bu t absent fro m
th ers, an d th e phylogen et ic dist ribut ion indicates con-
 er g ent gain s or losses ( Table 1 ; Sa rkies 2022 ). Exa mples
n clude: (1) gen e b o dy methy lation, w hose func tion is
nclea r ( Xia ng et al . 2010 ; Zemac h et al . 2010 ; Bewic k
nd S chmitz 2017 ; Z ilberma n 2017 ); (2) va riable pro-
 oter m ethylation (i .e ., the p ro mot er s o f so m e gen es

eing more met hylated t han t hose of other s, whic h of-
en results in gen e silen cin g; ( New ell-Price et al. 2000 ;
hang et al. 2018 ; de Mendoza et al. 2019 ; Lewis et al.
020 ); (3) methylatio n o f TEs, which resul ts in their si-

encing ( Zemach et al. 2010 ; Wang et a l. 2014 ; Kel ler
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et al. 2016 ; de Mendoza et al. 2019 ; Jansz 2019 ; Strader
et al. 2020 ); (4) parental genomic im prin ting ( F eil and
Ber g er 2007 ); and (5) complete loss of cytosine methy-
lation ( Urie li-Sh oval et al. 1982 ; Wenze l et al. 2011 ;
Bewick et al. 2017 ; Kyger et al. 2021 ; En g elhardt et al.
2022 ). 

So me cases o f co nv er g ent ev ol u tio n at th e leve l of
ph en otype have been linked to conv er g ent chan g es
in cytosin e m ethyla tion. F or exam ple , Haghani et al .
(2023) re cently ana lyze d 15, 456 samples from 348
m amm a lian spe cies t o generat e a “phyloepigenetic”
t re ewhich lar g ely recap i tulated th e kn own m amm alian
ph ylogen y. Th ey th en u sed unsupervi sed clu stering to
ident ify g rou ps o f CpGs wh ose m et hylation st atus co-
va ried. Ma ny of the 55 ident ifie d co-methylat ion mod-
u les correlate d with life span. In other c ases, phenot ypes
do not clearly associate with cytosine methyla tion. F or
insta nce, social a nd solita ry insects do n ot exhi b i t sig-
nifica nt differen ces in th eir m ethylom es ( Bewic k et al .
2017 ), and repeated adaptation of st ickleb acks to fresh-
wa ter environmen ts do es not seem to b e explained by
p ara l lel evo l ved changes in cytosine methylation ( Hu
a nd Ba rrett 2023 ). 

Notab l y, similar m ethylom es hav e ev o l ved indepen-
den tly in differen t line ages, but t he re asons an d ph e-
notyp ic co nse quences remain un known. For instance,
th e dem ospon g e Amp himedo n queens land ica exhib i ts
a highly dense m ethylom e that resembles vert ebrat e
m ethylom es in many aspects (80% of CpGs are methy-
late d), whi le in vertebrate meth ylo mes, incl uding those
of other spon g es, are often sparsely methylat ed . It is un-
clea r why a n orga ni sm with a sm a l l gen om e an d only a
few cell types would evo l ve a vert ebrat e-like m ethylom e
( de Mendoza et al. 2019 ). In con trast, differen t inver-
t ebrat e lineages have in depen dent ly lost t heir ab ili ty to
met hylate t heir DNA, including dipterans, most nema-
to des, and myxosp o reans, amo ng other lineages ( Urieli-
Shoval et al. 1982 ; Wenzel et al . 2011 ; Bewic k et al. 2017 ;
Kyger et a l. 2021 ; Engel hardt et al. 2022 ). It remains un-
cle ar why t hese or ganism s lost cytosine methylation and
h ow th e y e vo l ved com pensa t ory mec h ani sms for gene
silen cing ( Sar kies et a l. 2015 ; C ha ng a nd Liao 2017 ). 

Cytosin e m ethy lation mig ht p ro mote co nv er g ent
evol u tio n not only through its effects on gene expres-
sio n, bu t also through its mutagenic effects a nd its
effec ts on hig her-or der 3D ar c hit ecture . CpG dinu-
cle ot ides ar e pr one t o C-t o-T t ransit ion m uta tions due
to deamination of methylated cytosines, which could
be a source o f co nv er g en t m uta tions in in depen dent
line ages ( E hrlich a nd Wa ng 1981 ; Hwa ng a nd Green
2004 ). In addi tio n, cytosin e m ethyla tion in trinsically al-
t er s c hromat in st ructure , e .g., by red ucing DNA flexib il-
i ty and favo ring het eroc hroma tic sta tes ( Buitrago et al.
2021 ). 
Histone PTMs 

Histone PTMs consist of chemical chan g es, such as
acet yl ation, methyl ation, p hosp ho rylatio n, and ub iqui-
t inat ion, t hat are cr it ica l for regu lat ing the 3D st ructure
an d fun ctio n o f th e gen om e ( Borg et al. 2021 ). These
modifications a ffect chro matin accessib ili ty, shif ting t he
ab ili ty o f nuclear mole cu les to physica l ly contact ge-
nomic DNA, which can in duce, enhan ce, o r rep ress
t ranscript ion ( Rei k 2007 ; Klemm et a l. 2019 ; Han et
al . 2023 ). Suc h c han g es in chro matin co nfo rmatio n and
t ranscript ion can be her it able, as known in Ca en orh ab-
dit is ele gans ( Özdemir a n d Stein er 2022 ). Chan g es in
chro matin co nfo rmatio n also a ffect ma ny cellula r pro-
cesses, incl uding DNA replicatio n (mi tosis an d m eio-
sis) an d gen om e stab ili ty (apo p tosis, D NA da mage, a nd
rep air) ( Mi l lán-Zambrano et a l. 2022 ). Further, envi-
ronmenta l st resso rs and co ndi tio ns, suc h as t emper-
a ture, can sha pe chroma tin organiza tion v i a histone
m odifications ( Perre lla et al. 2020 ; Kumar et al. 2021 ).
The dynamic interpl ay bet we en cel lu l ar env ironment,
chrom atin land scape, an d gen e exp ressio n patterns—
wher e envir onmenta l st imu li can a lt er c hroma tin sta tes
and chromatin modification s them selv es driv e dev elop-
menta l t raj e ctor ies—sug gests a p ro minent role fo r his-
tone PTMs in evol u tio nary ph en om ena like ph en otypic
an d m ole cu lar conv er g ence. 

S imilar hist o ne PTM effects o n re lated gen es have
the potent ia l to conv er g en tly sha pe gene regula tory net-
wor ks an d oth er proces ses s uch as geno mic imp rinting
in pla nts a nd a nim al s ( Feil and Ber g er 2007 ). For exam-
ple , in Cap sell a rub ell a , in depen den t m uta tions in the
5 

′ regio n o f the FLC lo cus in two p o p u lat ions le d to an
increase in repres sive his tone PTMs and a decrease in
act ivat ing histone PTMs regu lat ing th at locu s ( Yang et
a l. 2018 ). The resu l t was a co nv er g ent re duct ion in flow-
ering times v i a the re duce d expression of the FLC tran-
scri ptio n facto r ( Fig. 2 ). Evol u tio nary genetic studies
tha t in tegra te the an alysi s of hi stone PTMs with down-
stream events of gene exp ressio n might help clarify the
nature of mole cu lar me ch ani sms of conv er g ence. 

TE in sertion s can create binding sites f or tra nscrip-
tio n facto rs like CTCF, which modify chromatin acces-
sib ili ty ( Diehl et al . 2020 ; Ic hiyanagi et al. 2021 ; Fueyo
et a l. 2022 ; C houd hary et a l. 2023 ). In addit ion, his-
tone PTMs on TEs can spread to nearby euchromatic
loci, a ffe ct ing exp ressio n o f neighbo rin g g en es an d
even me diat ing lo ng-range chro moso me interactio ns
betwe en euchromat ic and pericent r omeric r eg ions ( Le e
a nd Ka rp en 2017 ; L e e et a l . 2020 ; Di St efano 2022 ). Con-
v er g ent g en e regulatory n etwor ks can em er g e from in-
dependent in sertion s of TEs amon g div er g e d spe cies
( El lison and Bacht rog 2013 ; Lucas et a l. 2018 ; El lison
a nd Bachtrog 2019 ), ra ising th e possi b ili ty th at hi stone
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Fig. 2 Independent mutations in the 5 ′ UTR of the FLC locus in two C. rubella populations (sampled accessions 762 and 86IT1) w er e 
associated with convergent decreases in activating histone PTMs (H3Ac and H3K36me3) and an increase in a repressive PTM 

(H3K27me3) surrounding the locus. The FLC locus in 762 and 86IT1 had reduced expression, resulting in a shift in flowering time relative 
to a third population (accession MTE) lacking the deletion ( Yang et al. 2018 ). 
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TMs can shape this pr ocess. Pr olon g ed chan g es in epi-
enetic states may spur long-term ada pta tion by remod-
 ling nucleosom es an d th e un der lyin g g enetic muta-
ions that influence nucle osome-posit ioning ( C h oi an d
im 2009 ). 
In depen dentl y evo l ved sex chro moso me regulato rs

rovide clear evidence for repeate d l y evo l ved gene reg-
 lat ion that relies u po n the same, conv er g ent ly der ived
istone PTMs. Sex chro moso mes have evo l ved inde-
endently in many animal lineages ( Bachtrog et al.
014 ). In eac h case , the exist ence of a heterogametic
ex with only a single X (or Z) chrom osom e creates
 st oic hiomet ric imb a l ance that c an b e comp ensated
 i a u p regu lat io n o f th e h emizygous sex chrom osom e.
n Droso phila , tra nscri ptio nal u p regulatio n o f X-lin ke d
enes in hemizygous males is accomplis h ed by acet yl a-
io n o f histo n e H4 at lysin e 16 (H4K16ac) by the histone
cetyltra nsf erase M O F ( Lucchesi a nd Kuroda 2015 ).
4K16ac i s al so enr iched on t he m amm alian X chro-
 osom e v i a a mech ani sm th at m ay invo l ve the homolog

f M O F ( D eng et al. 2013 ), sug g estin g repeated evolu-
io n o f X u p-regulatio n amo n gst independently ev olv ed
 chro moso mes ( Deng and Dist ec he 2019 ). Moreover, a
e wly e v olv ed Z chro moso me arm in th e m o narch bu t-

erfly al so h a s enrich ed H4K16ac an d is t ranscript ion-
 l ly u p regu late d in hemizygous females ( Gu et al. 2019 ).
hese patterns provide evidence for repeated evol u tio n
 a  
f H4K16ac as a crit ica l com ponen t in dosage compen-
atio n o f hemizygous sex chro moso mes across anim al s.
t is now within our reach to in tegra te m u lt i-level pro-
esses of repeated evol u tio n by studying the interactions
etw een g en omic sequen ce an d histon e m odifiers that
 hape gen e regu lat ion. 

ong non-coding RNAs 

o ng no n-coding RN As (lncRN As) are mole cu les that
nfluence diver se nuc lea r a nd cytoplasmic processes,
ncludin g tran script iona l regu lat ion, the 3D organiza-
io n o f chro ma tin, transla tio n co ntrol, an d ce ll signaling
 Noh et al. 2018 ; Rinn and Ch ang 2020 ; A nderga ssen
nd Rinn 2022 ; Mattick et al . 2023 ). Nuc lear-localized
n cRNAs m odulate gen e exp ressio n through interac-
io ns wi th chro mat in to regu late gen om e p ackag ing
n d gen e silen cing. Th ese ln cRNAs also interact with
NA b inding p roteins that genera l ly re cog nize s h ort se-
uen ce m otifs (k-m ers; Ross an d Ulits k y 2022 ), s ugges t-

n g that con sist ent prot ein-RNA int eraction s may driv e
unct iona l conv er g ence ev en when bro ader se quence
o nservatio n is difficul t to detect due to the lack of ex-
ended con serv ed region s. 

Ln cRNA gen es evo l ve under different sequence con-
tra ints tha n protein-codin g g enes, a l lowing them to
chieve simi lar funct ions through diverse sequence
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p aths ( Ne csu lea et a l. 2014 ; Pa lazzo and Koonin 2020 ).
Ev en w el l-studie d an d fun ct iona l ly con serv ed lncR-
NAs like XIST and JPX show s ubs tant ia l se quence di-
v er g ence betw een mouse and h umans ( Pon tier and
Grib nau 2011 ; K arner et al. 2020 ). This lack of exten-
sive sequence co nservatio n makes i t challen gin g to in-
fer ln cRNA fun ction s usin g conv ent iona l appro aches
that rely on identifying co nserved do mains ( Kirk et al.
2018 ). How ev er, new er ana lyt ica l m eth ods, such as k-
mer con ten t an alysi s and st ructure-b ase d appro aches
( Kirk et al. 2018 ), have enabled the iden tifica tio n o f
funct iona l ly conv er g ent lncRNAs across species desp i te
th eir sequen ce diversity. 

Severa l compel ling examples hig hlig ht the potent ia l
of studyin g ev ol u tio n through lncRNA s. I n m amm al s, X
chro moso me inact ivat ion is me diate d by two different
lncRNAs that evo l ved in depen den tly: XIS T in euthe-
ria n ma mmals a n d RSX in m et at her ia ns lik e opos s ums
( Grant et al. 2012 ; Furlan and Rougeu l le 2016 ; Sprague
et al. 2019 ; McInt y re et al. 2024 ). Desp i te their distinct
evol u tio nary o r igins, bot h achieve similar functions in
X-inact ivat ion thr ough chr o moso me co at ing and si-
lencing. In addi tio n, an in depen dentl y evo l ve d p air of
ln cRNAs ( roX1 an d roX2 ) ar e r equir ed for dosage com-
pensatio n o f the X chro moso me in Drosophila males
( Fra nk e a nd Bak er 1999 ; Meller an d Rattn er 2002 ), al-
t hough t he nature of s ex-specific X chromos ome regu-
lat ion differs g re at ly between m amm al s a nd Droso phila
( Gu and Walt er s 2017 ). S imilar ly, th e EVX1AS-like
lncRNA in Mad agasc a r geck os perf o rms co mparable
deve lopm enta l regu latory funct ions to human EVX1AS
desp i te not bein g homolog ous ( Olazag o i tia-Garm en dia
et al. 2023 ). 

Section 4: 3D genome organization and 

dynamics 

The various layers of gen om e arc hit ec ture disc ussed
a bov e co a lesce to fo rm a 3D geno me that is precisely
a nd dyna mica l ly organize d and re organize d thro ugho ut
th e ce ll cycle an d d uring majo r develop menta l t ransi-
tion s. Foldin g of chrom osom es influen ces h ow different
cis a nd t r ans com ponen ts physica l ly interact with one
an oth er, in cluding th e interactions between enhancers,
p ro mot er s, a nd tra nscri ptio n facto r b inding si tes ( Kim
an d Sh en dure 2019 ). Gen omic structure an d sp at ia l or-
ganization in the nucleu s thu s a ffe ct gene regu lat ion
an d be h ave a s a co nstraint o n geno me functio n. Here,
we di scu ss two di stin ct features of m es o-s cale gen om e
o rganizatio n: chro moso me t opology (het eroc hromatin
an d centrom eres) an d n uclear organiza t ion (topolog i-
ca l ly associate d dom ains). We emph a size the molecu-
lar m achines th a t crea te th ese structures as we ll as th eir
evol u tio n ary hi story and potent ia l. 
Heter ochr omatin 

Het eroc hrom atin i s often a ssoci ated w it h t he nucle ar
periph ery an d i s al so know n to pl ay a role in chromo-
so me o rganizatio n. These effects are det ect ed at the level
o f chro moso me ter r i to r ies, which are t he bro ad sca le or-
ganizatio n o f chro moso mes d ur ing t he e arl y p h a se of
th e ce ll cyc le . Chro moso me ter r i to ries a re f ound across
a l l domains of life ( Cremer and Cremer 2010 ). In hu-
man l ymp hocyt es, c hro moso me ter r i to ries are o rga-
nized by gene densit y, w ith gene rich chro moso mes at
the center of the nucleus and gene p o o r o n the periph-
ery, and by chro moso me cl usters wi t h t he c lust er at the
center of the nucleus an d th e cluster at the nucleolus
( Co rnfo rth et al . 2002 ; Ar s ua ga et al. 2004 ). These re-
sul ts, together wi th new Hi-C and microscopy observa-
tio ns o f th e gen om e s ugges t tha t in teraction s betw een
het eroc hromat ic reg ion s, betw een het eroc hromatic re-
gions and the la mina, a nd between het eroc hromatic re-
gions and the nucleolus play a key role in the broad
o rganizatio n o f geno mes ( Fa l k et a l. 2019 ; Peng et a l.
2023 ). 

Sat ellit e D NA repeats a nd TEs are often physica l ly
comp art menta lize d a wa y from t ranscribe d reg io ns o f
th e gen om e into h et eroc hro matin do mains wi t hin t he
nucleus. A k ey f eature of het eroc hromatin in all organ-
i sms i s di- or tr i-met hylatio n o f histo n e H3 at lysin e
posi tio n 9 (H3K9me2/3). Associated wit h t hi s m ark
are the families o f methyl tra nsf era ses th at deposit thi s
mark (Suv39 an d SE T) an d h et eroc hro matin p rotein
1 (HP1) that binds ands spread along chromatin con-
taining H3K9m e2/3 ( Be l l et a l. 2023 ). Toget her, t his
set of mole cu l ar pl ay ers esta blis h es an d maintains h et-
er ochr o matin co nsti tu ti vel y across the cell cycle and in
a l l cel l t ypes. H3K9 methyl ation evo l ved s h ort ly af ter
the expansio n o f the lo ng int er sper sed nuc lear e lem ent
1 (LINE-1) r etr otra nsposon a n d n ow makes u p 20% o f
th e human gen om e ( Ma li k et a l. 1999 ). Whi le th e an ces-
t ra l role of H3K9 methylation may have been silencing
of LINE-1, het eroc hrom atin i s n ow we l l conserve d in
both anim al s a nd pla nts, silencing la r g e swath s of the
gen om e beyon d n on-LTRs ( Kabi and Filion 2021 ). 

In gen eral, h eter ochr om atin i s transcri ptio nally in-
ert and can evo l ve rapidl y, r esulting in differ en ces at th e
DNA s equence le vel e v en amon g c losely relat e d spe cies
( Hugh es an d Hawley 2009 ). Th e repet it ive e lem ents
so often found in het eroc hromat in re quire carefu l reg-
u lat ion t o replicat e , repa ir, a nd reco mb in e ( Feng an d
Mich ael s 2015 ), leading to major expan sion s or dele-
tions that can get t ransmitte d into t he ger mline dur-
ing meiosis. For example, a 359-bp repet it ive DNA el-
ement in Drosophila h a s div er g e d so rapid ly th at it i s a
sour ce of r epr oducti ve iso l ation bet ween t wo closely re-
late d spe cies, D. simul ans an d D. mel anogas t er ( Ferree
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 nd Ba rbash 2009 ). Hybrid crosses between these two
pe cies induce letha lity due to failure to ma inta in the
59-bp repeat during mi tosis, resul ting in lagging chro-
 osom es an d embryo de at h. Interestingly, t he DNA

detangler ” topo iso merase II was p art ia l l y responsib le
or this effect by improperly localizing to the lagging
59-bp DNA e lem en t during ana phase in hybrid em-
ryos ( Ferree and Barbash 2009 ). 

Sat ellit e DNA regions can also co-evo l ve wit h t he
roteins that bind to t hem, le ading to an “arms race”
etween D NA a n d protein e lem en ts tha t m ust coop-
rat e t o form si lence d het eroc hroma tin. F or exam ple,
 he s at ellit e DNA binding factor OdsH from D. mau-
iti ana bin ds to th e h et eroc hromat inize d Y chromo-
o me o f D. si mulans , wher e as t he D. simulans O dsH
oes not, leading to hybrid sterility between the two
p ecies ( B ayes and Ma li k 2009 ). In addit ion, a series
f mole cu lar evol u tio n studies o f th e HP1 gen e fam-
ly in over 40 species of Drosophila revea le d that, whi le
 ost HP1 gen es are we l l conserve d, the rapid l y evo l ving
P1 genes are p redo minantly exp ressed in the germline

 Levine et al. 2012 ). F or exam p le, the rhin o gene is ex-
lusi vel y expressed in the female germline during ooge-
esi s ( Verm aa k et a l. 2005 ), raising th e possi b ili ty that
hino could compete in the centr omer e drive model
 f evol u tio n, where o nly o ne o f fo ur meio tic prod-
cts is dest ine d to become a v i able egg ( Henikoff et
l. 2001 ). An oth er HP1 iso fo rm, HP1E, is exp ressed in
he male germline in D. me la nogas t er and protects the
 aterna l gen om e during mitosis in the early embryo
 Levin e et al. 2015 ). Thus, th e in depen dent evol u tio n
 f HP1 d u plica tes across Dr osophi la s ugges ts repeated
vol u tio n o f p ara logs in t he ger mline acr oss differ ent
pecies. 

More genera l ly, mu lt iple HP1 p ara logs a re f ound in
any other eukaryot es, eac h with its own unique func-

io n fo r regulatin g g ene exp ressio n. Fissio n yea st h ave
wo p ara logs of HP1, whi le hum ans h ave three: HP1 ɑ ,
hich binds to co nsti tu tive het eroc hromatin, and HP1 å

nd HP1 β , both with roles in t ranscript ion act ivat ion
 Fa nti a nd P impin e lli 2008 ; Bos ch-Pres egué et al. 2017 ).
t th e m ole cu lar leve l, th e thre e p ara logs differ sig nifi-
 antly in t w o un st ructure d reg ions ( Canzio et a l. 2014 ),
hich h ave al so been im plica ted in crea ting ph a se-

ep arate d heter ochr omatin dr o plets bo th in viv o an d in
it ro ( La r son et al . 2017 ; Strom et al. 2017 ; Feric and
iste li 2021 ). Togeth er, th ese studies suggest that HP1

 enes hav e rapidl y di ver sified t o serve ma ny different
 unctions in t he genome. Furt her com para tive studies
cros s linea g es could rev e al whet her or not the diversifi-
atio n o f HP1 p r oteins is r elat ed t o repeat ed ph en otypic
vol u tio n, possibly v i a differenti al regul atio n o f chro-
atin to p rod uce different gene exp ressio n ou tco mes. 
o  
olocentric chromosomes 

entr omer es ar e r egio ns o f chro moso mes that regulate
he p art it ionin g of g enet ic materia l betwe en da ugh ter
ells during cell division through physical linkage v i a
h e spin dle ( Kurse l an d Ma li k 2016 ). Cent r omer es ar e
ound in a l l eu karyotes and co mmo nly occur in sin-
le geno mic regio ns (i .e ., wh ere th e kin et oc ho re p ro-
ein complex assembles), forming m on ocentric chro-
 osom es. In som e lin eages, h owever, centrom eric ac-

iv it y c an be dist ribute d a long the ent ire lengt h of t he
hro moso me ( Mola and Papesc hi 2006 ; Melt er s et al .
012 ; Escuder o et al. 2016 ), r esulting in holocentric
hro moso mes. Holocentric chro moso mes were first de-
cribed by ( Schrader 1935 ), and although most eukary-
tes have m on ocentric chrom osom es, h olocentric chro-
 osom es m ay h ave in depen dentl y evo l ved at least 19

imes across ∼800 species of plants (six origins) and
nim al s (13 o rigins; Mel t er s et al . 2012 ; Escudero et
l. 2016 ; Ma ndrioli a nd Ma nica r di 2020 ). Ther e ar e
 lso mu lt ip le examp les of rev ersion s from holocentry to
 on o centry in b oth anim al s and plants, rai sing the pos-

ib ili ty that holocentric chro moso mes may in fact be the
ncest ra l eu karyot ic state ( Escudero et al. 2016 ). 

The repeated evol u tio n o f holocentric chro moso mes
cross div erse eukary otic lineag es remain s puzzlin g,
 art icu larly g iven the in herent meiot ic cha l len g es that
 equir e specialized sol u tio n s like inv erted meiosis.
 hile i t was hypot hesized t ha t holocen t ricity cou ld ac-

elerat e c hro moso mal evol u tio n by facili tating fissio n
nd fusion events ( Melt er s et al . 2012 ), studies inves-
 igat ing relat io nshi ps b etween holo centricity and chro-
 osom e number have reached ambiguous conclusions

 Escudero et al. 2016 ; Ma ndrioli a nd Ma nica rdi 2020 ;
uckman et al. 2020 ; Wright et a l. 2024 ). Simi larly, ev-

den ce for th e impacts of h olocentrici ty o n diversifica-
ion rates is mixed ( Escudero et al. 2016 ), with potent ia l
ffects on speciation in Carex (a flow erin g plant with a
ot o f variatio n in chro moso me number; Tribble et al.
025 ), and on r einfor cement observed in lepido p terans
 Lu khtanov et a l. 2018 ) b ut no t in o th er h olocentric in-
ects ( Ruckman et al. 2020 ). 

Un derstan ding th e evol u tio nary im plica tio ns o f cen-
r omer e organization r equir es studying convergent
raits across both holocentric an d m on ocentric lin eages,
at her t ha n compa ring chro moso me stab ili ty and di-
ersifica tion ra tes. Specific ven om ous lin eages provide
 unique m ode l system in which to investigate the re-
eated evol u tio n o f holocentric chro moso mes and phe-
otyp ic trai ts. Veno ms are o ne o f the most co mmo n and
onv er g ent function s amon g anim al s, with > 200,000
en om ous species from > 100 venom-origin events
 Za ncolli a nd Cas e well 2020 ). Some sp iders, sco rp i-
 ns, and centi pedes are both ven om ous an d have holo-
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centric chro moso mes ( Mel t er s et al . 2012 ; Escudero
et al. 2016 ; Mandrioli and Manicardi 2020 ). Because
m ost gen es are int rinsica l ly oriente d near cent r omer es
in h olocentricity, ven oms r epr esent a unique o p por-
tuni ty fo r identifying co rrelatio n s betw e en cent r omer e
evol u tio n and organi sm al ph en otyp es, p ossibly a l low-
ing us to discern rules and idiosyncrasies of centromeric
co nstraint o n subse quent t rai t evol u tio n. Fo r example,
p roximi ty to centro m eres gen era l ly re d uces evol u tio n-
ary rates ( Akhunov et al. 2003 ), but venom genes typi-
ca l l y evo l ve very rapidl y ( Ro kyta et al. 2013 ). Ho locen-
tric chro moso mes lack a defined centromeric region,
which means that n o gen es evo l ve slowl y because of
p roximi ty to the cent romere. Be caus e s co rp io ns exhib i t
b oth holo centric and monocentric chro moso mes ( Riess
et al . 1978 ; Matt os et al . 2018 ), comparin g v enom g enes
acr oss differ en t cen tromer ic st ates s h ould e lucidate h ow
such o rganizatio ns directly a ffect evol u tio nary rat es. U l-
timate ly, m ost of our knowledge on th e m ole cu lar ma-
chin ery of h olocentric chrom osom es is b ase d o n wo rk
in C. e lega ns ( D er nbur g 2001 ). To identify ev ol u tio n-
ary biases associated with different chro moso mal o rga-
nization s, w e must broaden our focus from m ode l sys-
tems that r epr esent a minima l p art of the Tree of Life
to n on-m ode l systems th at en a ble exten siv e tax o no mic
sampling of centr omer e evolutionary dynamics. 

Topologically associating domains and Lamina 

associated domains 

C hromat in in eu karyot ic gen om es is organized into
topolog ica l ly associat in g domain s (TADs), subdo-
ma ins, loops, a nd insu lat io n neighbo rho o ds wit hin t he
nucleus ( Dixon et al. 2012 ; Dowen et al. 2014 ; Rao et al.
2014 ; Hafner et al. 2023 ). While TADs are not univer-
sal acros s s pecies, with many plants lacking we ll-defin ed
TAD st ructures, a lternat ive p atterns li ke A/B comp art-
m ents an d chromatin loops serve as simila r orga niz-
ing p rinci ples ( Di Stefa no a nd Nützma nn 2021 ). TADs
ca n conta in both geno mic regio ns that are close o n a
lin ear chrom osom e an d segm en ts of m u lt iple chromo-
somes. TADs can be ident ifie d using chromatin confor-
ma tion ca pture (3C) a pproac hes (e .g., Hi-C sequenc-
ing ( L ieber man-Aiden et al . 2009 ), whic h identifies
DNA regions that are physica l ly close in 3D space by
cross-linking these regions and capturing the resu lt ing
D NA pa ir s. TAD s are fun dam ental uni ts o f chro mo-
so me folding, co nserve d across cel l t ypes and w ithin
sp ecies ( Dek k er a nd Hea rd 2015 ; Dixon et al. 2016 ;
Kent epo zidou et al . 2020 ). TAD s function t o isolat e
het eroc hromat ic reg io ns fro m acti vel y transcribed ar-
eas to prevent th eir silen cing sign al s fro m sp reading to
act ive reg ions and regu late en hancer-p ro mot er int er-
act ions ( Phi l lips-Cr emins and Cor ces 2013 ), such that
their disru ptio n thr ough chr o moso mal re ar ran g ements
can alter gene expression and organi sm al ph en otypes
( Lu p iáñez et al. 2015 ; Fra nk e et al . 2016 ; S hanta et al.
2020 ; Gal u pa et al. 2022 ). 

TADs work in concert with lamina associated do-
mains (LAD s), whic h are the int eractio n o f het eroc hro-
matin an d th e nuclea r la mina a nd a re high ly t ranscrip-
t iona l ly r epr essed. Th e m ost basic example of the role of
het eroc hroma tin in n uclear a ttachmen t is the Rabl con-
figuratio n. The Rabl co nfiguratio n i s ch aracterized by
t he att achmen t of cen tr omer es and telomer es, bot h r ich
het eroc hromat ic reg ions, to the nuclear envelope ( Rabl
1885 ). Rabl appears to be specific to fungi and certain
pla nts ( Sa ntos a nd Sh aw 2004 ) but m ay be present in
t he e arly development al st ages of deve lopm ent in other
or ganism s ( Stev en s et al. 2017 ). The sophistica ted in ter-
act ion betwe en het eroc hromatin an d th e lamina results
in LADs that ran g e in size from 0.1 to 10 megabases
( Guelen et al. 2008 ; Kind et al. 2015 ) and may play a
d ynamic ro le in gene regu lat ion ( Pascua l-Reguant et al.
2018 ; Briand and Collas 2020 ). 

TADs are establis h ed through loop extrusion by co-
hesin complexes, which r equir es both the con serv ed co-
h esin machin ery an d th e placem ent of boun dary e le-
m ents like CTCF sites, wh ose posi tio ning and b ind-
ing motifs can vary across species ( Hansen et al. 2018 ;
He hm eyer et al. 2023 ). Both TADs and the boundaries
between them can be evol u tio narily co n serv ed ( Dix on
et a l. 2012 ; Kreft ing et a l. 2018 ; Fudenberg and Pol lard
2019 ; Hoencamp et al. 2021 ), s ugges ting ther e ar e selec-
tiv e con s traints a gains t chro moso mal re ar ran g ements
th at di srupt TADs. These sele ct iv e con st raints cou ld ex-
plain why evol u tio narily co n serv ed TAD bounda ries a re
also found across cell types and contain a l leles that are
associ ated w ith ph en ot ypic vari a tion ( McArth ur and
Cap ra 2021 ). Therefo re, al teratio n o f so me TADs o r
th eir boun daries m ay h ave deleteriou s phenotypic ef-
fe cts, creat ing sele ct iv e con strain ts tha t may limit the
possible t raj e cto ries o f chro moso mal evol u tio n. 

Desp i te th e se le ct iv e con stra int a nd co nservatio n o f
TADs, there is also evol u tio nary turnover at the TAD
boundar ies t hat cou ld be lin ke d t o the c hroma tin sta te
o f the TAD ( To rosin et al. 2022 ; O kh ovat et al. 2023 ).
Evol u tio nary div er g ence of TADs and their boundaries
p rovides addi tio n al mech ani sm s linkin g ev ol u tio n o f
gen om e structure an d repeated evol u tio n ( Sarni et al.
2020 ; Álvare z-Gonzále z et a l. 2022 ). F or exam ple, the
br eak points of c hromosomal inver sions in Drosophila
occur mor e fr equen tly a t TAD boundar ies t han ex-
pe cte d by chance ( Wright and Schaeffer 2022 ), s ugges t-
ing m uta t iona l biases for the br eak points of st ructura l
re ar ran g ements. Con sis tent with s uch bia ses, there i s
exten siv e evidence for br eak point r euse o f inversio ns
tha t segrega te as po l ymorp hisms within po p u lat io ns o r
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cros s s pecies ( Pevzn er an d Tes ler 2003 ; Gonzále z et
 l. 2007 ; Puerma et a l. 2016 ; Corbett-Det ig et a l. 2019 ;
ren g o et al. 2019 ; Poru bs ky et a l. 2021 ). Be cause of

h e re lations hips between TADs and gene exp ressio n,
epeated evol u tio n o f TAD bounda ries a n d chrom oso-

a l organizat ion may create o p portunities for conver-
ent ph en otyp ic evol u tio n. 

The dyn amic n ature o f TADs d ur ing t h e ce ll cy-
le and developmental s ta ges ma kes comp arison be-
we en spe cies cha l leng ing, espe cia l ly when using exist-
ng datasets. Effe ct ive TAD comp arison re quires high-
u alit y r efer en ce gen om es, mat c hing ce ll types, ce lls
o rted fo r interph a s e, and e ven then i s a ch a l leng ing
o mpu tatio nal p roblem ( Z ufferey et al. 2018 ; Li et al.
022 ; Sefer 2022 ). How ev er, by co mb inin g lifeOv er or
th er m eans to identify syntenic regions with meth-
ds such as C-InterSecture and Phylo-HMRF, cross-
pe cies comp a risons a r e gr e at ly facilit ated ( Nur iddinov
n d Fis hman 2019 ; Li et a l. 2022 ; Lu kyanchi kova et a l.
022 ). We emph a size th a t careful considera tio ns o f data
rig in are ne cessa ry a nd sta nda rdizatio n o f met adat a
i l l be essent ia l for f urt her compar ison of TADs across

vol u tio nary lineages. 

ection 5: the future of genomic 

rchitecture in repeated evolution 

ncorporating novel methods 

epeated ph en otyp ic evol u tio n acr oss the Tr ee of Life
 a s the potent ia l to me ch ani st ica l ly lin k aspe cts of
en om e arc hit ecture t o conv er g ent ph en ot ypes, c aptur-
ng processes of micro- and macroevol u tio n. Co mp re-
en siv e study of repeated evol u tio n needs to in tegra te
hylogen etic m ode ling, gen omic sequen ce data, gen e
xp ressio n an alysi s, mea surements of genome archi-
 ecture , an d ce llula r a n d m o lecular p h en otyping. Each
f th ese fie ld s h a s h ad t ec hno logical ad vances that are
 rimed fo r new a pplica tio ns, though so me cha l len g es
emain. 

There h a s be en t rem en dous pr ogr ess in inco rpo rat-
n g phylog en etic m ode ls with wh ole-gen om e assem-
lies. I mpro vements in library prep arat ion, se quencing
 ec hn ologies, an d co mpu tatio nal m eth ods are dem oc-
atizin g g en om e as semblies acros s diverse s pecies that
 ave hi storica l ly be en difficu lt t o obtain (e .g., due t o

nab ili ty to extract lar g e quant it ies of high-mole cu lar
eight DNA or to highly repetitive gen om es). Inn o-
ations in sing le-molec ule long-read sequencing ap-
r oaches ar e beginning to r ev eal g ene exp ressio n, reg-
 lat io n, and chro matin o rganizatio n o f gene d u plica-
ions and complex genomic regions that have been his-
orica l l y inaccessib le from sta nda rd s h ort-read m eth ods
 St ergac his et al . 2020 ; Zhong et al . 2023 ). Efforts to sys-
emat ica l ly p rod uce pub licl y availab le qu alit y r efer ence
en om es bro ad ly represent ing the Tre e of Life ( Darwin
ree of Lif e P roj e ct Co nso rti um 2022 ; Fo rmenti et al.
022 ; Lewin et al. 2022 ) are ena blin g more sophist icate d
nalyses across phylogenet ica l ly dist inct spe cies. 

Ub iqui tous imp rovements in ATAC-seq and Hi-C
ave a l lowe d for as ses sm ent of gen om e arc hit ecture in
 on-m ode l or ganism s. ATAC-seq and Hi-C hav e be-
om e stan dard t ec hniques fo r p ro filing chro matin in
 on-m ode l or ganism s and de novo genome assemb l y,
espe ct i vel y, bu t remain cost-limi ting at the sp at ia l res-
l u tio n needed fo r co m para tive studies. Addi tio nally,
ome t ec hnologies are limited in their a pplica tion to a
road ran g e of s pecies, s uch as P Hi-C (po l ymer d ynam-

cs de ciphere d from Hi-C data), which simu lates dire ct
 ro m oter-enhan cer interactio ns, bu t is cur rent l y onl y
va ilable f or tw o species ( Lav erré et al. 2022 ). 

Even more cha l leng ing wi l l be appro ac hes t o t est
h eth er gen om e arc hit ecture a ffects gene exp ressio n

n a way t hat dr ives repe ated evol u tio n o f o rgani sm al
h en otypes. Com para tive as ses sm ent of gen e expres-
ion regu lat ion re quires carefu l experimenta l desig n.
 or exam ple, an tib o dy sele ct io n fo r cros s-s pe cies C hIP-
e q ne e ds exten siv e va lidat io n to account fo r p o o r ep i-
ope co nservatio n in even m oderate l y di v er g e d spe cies
 Kidder et a l. 2011 ; E der and Grebien 2022 ). Phylo-
en etic m ode ls of gen e exp ressio n evol u tio n h ave h ad
 ubs tant ia l prog ression in the past decade ( Dunn et al.
013 ; Bert ram et a l. 2023 ; Dimayacyac et a l. 2023 ), but
 equir e mor e work t o t est t he compar ison of m ode ls an d
o control for exper iment a l art ifacts. 

There is significant potent ia l to app l y recent im-
rovem ents in m ole cu lar te chniques fo r no n-model
r ganism s to exper iment a l ly va lid ate correl ations be-
w een g eno mic archi tecture an d ph en otype. For ex-
mple , CRISPR knoc kou ts o f CTCF, which defines
AD b oundaries, have b e en obtaine d in both mice
nd tis s ue culture to s h ow chan g es in g ene exp ressio n
 Rowley and Corces 2018 ). These knock outs ca n be
 ie d to spe cific t issues and genes in tis s ue culture, s uch
s CTCF knockout in the HoxA locus that regulates
 otor n eur ons ( Nar endra et al. 2015 ). Furt her more,

r otein structur e pr e dict ion tools li ke Alp haFo ld can
 ow m ode l sequen ce-leve l changes across phylogenet-

ca l ly dist inct spe cies. F or exam ple, a recen t study in-
 egrat ed conv er g ent g ene exp ressio n chan g es and pro-
ein va ria nts to m ode l gen otype-ph en otyp e asso ciations
n a m acroevolution ary sca le ( Fu ku shim a and Pollock
023 ). S imilarly, prot ein modeling h a s be en applie d to
rotein va ria nts un der lyin g repeated ev ol u tio n o f eye

os s in s u bterran ea n a nim al s ( Ke llerm eyer et al. 2024 ).
hese major advancements in mole cu lar te chniques are
ow available for com para tiv e studies, y et historica l ly
nderapplied to the field of evolution. We emph a size the
otent ia l to use repeated ph en otyp ic evol u tio n to bridge
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Fig. 3 3D organization of the genome. (A) Within the nucleus, TADs form fundamental organizational subunits. Cohesin complexes form 

loop extrusions that are transcriptionally active, and CTCF binding sites demarcate boundaries between TADs to isolate heter ochr omatic 
r egions. (B) Repr esentativ e schema to identify the TADs in the context of r epeated ev olution. Comparing Hi-C data betw een species can 
distinguish clade-specific TADs (circle) from phenotype-specific TADs (line) in the context of repeated evolution. 
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the gap between mole cu la r biology a n d gen om e evolu-
tion. 

Understanding the genome’s evolution by 

building it 

As an a lternat i ve to stud y ing historic a l evolut ion v i a
observat ion-b ase d appro aches, bui ldin g g en om es syn-
thet ica l ly cou ld revea l com plemen tary insigh ts in to the
 

lin ks betwe en gen om e arc hit ecture and repeated evolu-
tio n ( Moo n 2023a ). Co mpu tatio nal m ode l s h ave been
develope d to simu late gen om es that in c lude arc hit ec-
t ural feat ures, which may b e a p ower f ul too l in exp lor-
ing arc hit e ctura l per mut ation s ( B rixi et al. 2025 ). Ad-
di tio nally, mul ti ple r esear ch gr oups have const ructe d
minimal gen om es ( Pósfai et al . 2006 ; Hut c hison et
a l. 2016 ) or synthet ic gen om es ( Gi bson et al. 2010 ;
Rich ard son et al. 2017 ). These eng ine ering appro aches
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ave provided some clues on t he or igin of life and evo-
 u tio n, al though many mo re questio n s hav e y et to be an-
wered. 

Desp i te these t ec hnolog ica l advances in the synthetic
en om e fie ld, it is st i l l cha l leng ing to const ruct syn-
h etic gen om es, let alon e t o creat e a synth etic ce ll. No-
ab l y, eng ine ering appro aches have been copying na-
ure’s bl uep rin t a t a gigan tic scale to build the “synthetic”
ell. As an alt ernative , we propose using synthetic biol-
gy t ec hnologies suc h as gen om e engin eering an d DNA
ynthesis to expand the portfolio of synthetic genomes
y const ruct ing eu karyot ic gen om es that are more than
inim ali st replica s of yea st and Mycopla sm a. We en-

i sion u sing art ificia l intel ligence and other co mpu ta-
 iona l to ols ( B aek et al. 2021 ; Jumper et al. 2021 ; Kim
t al . 2021 ; Mic haud et al . 2022 ; Valeri et al . 2023 ), as
ell as all the insights gathered by performing large-

cale experiments, to design and create an entirely syn-
h etic gen om e. Th ese experim ents m ay rai se ethical
ilemm a s, which will r equir e new policies for biosa f ety
nd b iosecuri ty ( Moo n 2023b ). The design o f these ex-
 eriments could b e informed by exp eriments linking
en om e arc hit ectur e and r epeated evol u tio n, an d th ey
ou ld a lso infor m f uture dat a col le ct ion to th ose en ds,
reat ing posit ive fe e db ack betwe en eng ine ering and bi-
logy toward a s hared un derstan ding of the relation-
hips between genotypes and phenotypes. 

onclusion 

nvest igat ing the interpl ay bet ween gen om e structure,
 ackag in g, and or ganizatio n p rovides a tra nsf ormative

ens for un derstan din g repeated ev ol u tio n. By exam-
ning how st ructura l re ar ran g emen ts, chroma t in p ack-
g ing, and thre e-dimensiona l chromat in organizat ion
 hape gen e regu lat ion an d ph en otyp ic trai ts, we gain in-
igh ts in to the evol u tio nary co nstra ints a n d flexi b ili ty
 f geno mes. Character izing t he mech ani sms underly-

n g repeated ev ol u tio n can provide unique insights into
h e gen etic an d m ole cu lar b a si s o f co mplex trai ts. Ad-
ances in se quencing te chnolog ies, such as long-read
 eth ods an d Hi-C m apping, h ave opened new avenues

o un cover th ese gen omic un derpinnings across phylo-
enet ica l l y di verse line ages. Moreover, t he role of epi-
 enetic system s like histone PTMs, DNA methylation,
n d ln cRNAs hig hlig hts th e dynamic re lations hip be-
 ween env iro nmental p res s ures, regul atory l andsc apes,
nd evol u tio nary ou tco mes. By in tegra ting com para tive
eno mic app roaches wi t h exper iment al and co mpu ta-
 iona l innovat ions, futur e r esear ch h a s the potent ia l to
nrave l th e com plex, m u lt isca le processes driving con-
 er g en ce. This synth esis n ot on ly de epens our under-
tandin g of ev o lutionary bio logy but also provides prac-
 ica l im plica tio ns fo r synthetic biology and genomic en-
 ine ering and i l l uminates the b roader p rinci ples gov-
r ning t he evol u tio n o f life’s diversi ty. 
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