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Synopsis A maj or go a l of r esear ch in evol u tio n an d gen et ics is lin kin g g en otype to ph en otype. This wor k cou ld be dire ct, such 
as determining the genetic ba si s of a ph en otype by lev eragin g g enetic variation or div er g ence in a developmental, p hysio logical, 
o r behavio ra l t rai t. The wo rk cou ld a lso invo l ve stud ying the evo l u tio nary ph en om ena (e.g., r epr oducti ve iso l ation, ad a pta tion, 
sexual dim orphism, be havior) t hat reve a l an indire ct lin k betwe en gen otype an d a trai t o f interest. W h en th e ph en otype div er g es 
across evol u tio n arily di stin ct lin e ages, t his gen otype-to-ph en ot ype problem c an be addressed using phylogen etic gen otype-to- 
ph en o type (PhyloG2P) map ping, which uses genet ic sig natures and conv er g ent ph en otypes on a ph ylogen y to infer th e gen etic 
b ases of t raits. The PhyloG2P appro ach h a s pro ven po wer f ul in reve aling key genetic changes associ ated w i th diverse trai ts, in- 
cluding the m amm a lian t ransit ion to marine environments and t ransit ion s betw e en maj or me ch ani sms of ph otosynth esis. How- 
ever, ther e ar e s e vera l interme diate t raits layere d in betwe en gen otype an d th e ph en otype of interest, in cl uding bu t not limi t ed t o 
t ranscript iona l profiles, chromat in stat es, prot ein abun dan ces, structures, modifications, metabolites, and physiolog ica l p a ra m- 
et er s. Eac h int ermediat e trait is interesting and informative in its own right, but synthesis across data types h a s gr eat pr omise for 
providing a de ep, integ rate d, and pre dict iv e understandin g of how g enotypes driv e ph en otypic differen ces an d conv er g ence. We 
a rgue that a n expa nded PhyloG2P fra m ewor k (th e PhyloG2P matr ix) t hat explicit ly consider s int ermediat e tra its, a nd imputes 
t hose t hat ar e pr o hibiti ve to obtain, will allow a better mech ani s tic unders ta nding of a ny tra i t o f in terest. This a pp roach p rovides 
a proxy for funct iona l va lidat ion and mech ani s tic unders tanding in organisms where labo rato ry mani pu lat ion is impract ica l. 

Introduction to the genotype-phenotype 

map 

A cent ra l go a l o f evol u tio n ary genetics i s to under- 
st and t he genetic differences that underlie phenotypic 
vari ation across indiv idu als and s pecies. Unders tand- 
ing this gen otype-to-ph en otype (G2P) map can h e lp 
an sw er question s a bout the g enetic arc hit ecture of 
tra its a nd ada pta tion, the role of p art icu lar genet ic loci 
in ada pta t ion, and faci lit ate t he pre dict ion of ph en o- 
typ ic trai t val ues. Indeed, ma ny significa nt adva nces 
have come from quan tita tiv e g en etics an d association 

mapp ing ( Tibbs Co rt es et al . 2021 ; Uffelma nn et al. 

2021 ; Tan et al. 2023 ), m eth od s th at rely on s tatis tical 
asso ciations b etw een g en etic an d ph en ot ypic vari ation 

across indiv idu als of a po p u lat ion. These appro aches 
have been deep l y informati ve for uncovering G2P 

maps, espe cia l ly with very lar g e sample sizes ( B y croft 
et al. 2018 ). G enomic s ele ct ion in many ag ricu ltura l 
sys tems ( Cros sa et a l. 2017 ; Hayes et a l. 2024 ), as wel l 
as the potent ia l to pre dict genet ic chan g es leadin g to 
drug resistance in pathog en s and tumors ( Luth et al. 
2024 ), a lready demonst rate the potent ia l power of a 
deep un derstan ding of G2P links in m ode l systems. 
Uncov erin g the G2P map for diverse t raits wou ld 

A 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 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf037/8132918 by Public H

ealth Project - Eskind Biom
edical Library user on 23 June 2025



2 N. L. Clark et al .

Fig. 1 The PhyloG2P framew ork: trav ersing the genotype to phenotype map through convergence. (A) Convergent evolution is very 
common in the tree of life ( Conway Morris 2007 ). Many traits, including but not limited to coloration, eyes, the ability to grow in specific 
substrates, and oxygen-transport systems, have e volved con vergentl y. The PhyloG2P a pproach takes advantage of the r epeated ev olution of 
a given trait to identify molecular markers that are associated with the trait. The approach has been used to associate trait variation with a 
wide variety of molecular markers (e.g., variation in the presence or absence of genes, variation in substitution patterns in protein-coding 
or non-coding genomic regions, and variation in transcriptional profiles). How ev er, the association is typically between one type of 
molecular marker and the trait of interest, and variation for other intermediate traits is typically not examined. Intermediate traits are 
marked with ellipses, and examples are given in Fig. 2 . (B) Convergently evolved phenotypic traits can originate via the repeated and 
independent occurrence of the same genetic changes (left) or via the independent occurrence of distinct genetic changes that may affect 
the same or similar intermediate traits (right). Fig. modified with permission from ( Gonçalves et al. 2024 ). 

p rovide eno rmous benefits to our understanding of the 
biolog ica l world, a l lowing pre dict ion s of g en etic an d 
ph en otypic chan g e in respon se t o c limat e c han g e, and 
informing cha l lenges in m edicin e an d ag ricu lture. 
How ev er, whi le DNA se quence chan g es are u lt i- 

mate ly th e causal factor be hin d m ost ph en otypic dif- 
feren ces, th e trans latio n fro m genotype to phenotype 
proce e ds v i a a l ar g e number of mole cu lar interme diates, 
inc luding c hanges in gene exp ressio n, p rotein functio n, 
biochemica l act ivity, and p athway act ivat ion. Thus, the 
sta nda rd G2P map can function like a black box, where 
even highly accurate pre dict ions can occur in the ab- 
sence of causal understanding. In this p ersp e ct ive, we 
hig hlig ht the power of phylogenetic methods in disen- 
tan glin g the G2P map. We then di scu ss how j oint ana l- 
ysis of DNA sequen ces, ph en otypes, an d th e m ole cu lar 
in termedia tes, espe cia l ly when co mb ined wi th new ma- 
chine le ar ning met hods, can facilit at e ext ending G2P 

infer ence acr oss the tr ee of life. 

Phylo g enetically bridging from genotype to 

phenotype: The PhyloG2P Concept 

So me o f life’s mos t s pec tac ular ph en otypic chan g es are 
evol u tio nary ada pta tions tha t invo l ve drastic ph en o- 

typic chan g e ov er mi l lio ns o f years. To un derstan d th e 
g enotypic chan g es un der lying th es e divers e ph en otypes 
r equir es exten ding th e ide a of st at ist ica l associat ions be- 
tw een g en otype an d ph en otype from a po p u lat ion to a 
ph ylogen y, known as Ph yloG2P ( S mith et al . 2020 , Fig. 
1 ). From a researcher’s point of view, perhaps the most 
usef ul adapt ations to app l y the PhyloG2P approach are 
those in which unrelate d spe cies evo l ved a convergent 
ph en otypic chan g e after in depen dent exposure to sim- 
i lar sele ct ive pres s ures. Conv er g ent ev olution provides 
a unique o p po rtuni ty to study G2P re lations hips, be- 
cause the existence o f evol u tio nary replicates raises the 
possib ili ty that genetic chan g es im portan t to trait evo- 
l u tio n can be identified because they are shared among 
the conv er g ent lineag es, w innow ing the seemingly lim- 
itless potent ia l pool of m uta tions to those sele cte d to 
p rod uce the shared phenotype. The PhyloG2P approach 

h a s proven a power f ul fram ewor k for un derstan ding 
species diversit y, ad a pta tio n, co nv er g ent ev ol u tio n, and 
G2P maps ( Box 1 ). Many studies of both c andid ate 
genes, such as cardenolide resistance in insects ( Zhen 

et al. 2012 ), and genome-wide an alysi s, such a s m a- 
r ine adapt ation in m amm al s ( Chikin a et al. 2016 ) or 
high a lt itude ada pta tion in alpine plants ( Zhang et al. 
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Intermediate traits in PhlyoG2P 3 

2023 ), hav e rev ea le d conv er g ent g enetic chan g es poten- 
t ia l ly associate d with ph en otyp ic evol u tio n. Co nvergent 
evol u tio n i s al s o e viden t a t very de ep t imesca les, such as 
th e in depen dent prim ary acqui si tio ns o f ph otosynth esis 
in re d/g re en a lgae and Rhizaria ( Howe and Nisbet 2023 ; 
Johnson et al. 2023 ). 
Desp i te these s ucces ses, the nature of the problem 

poses certain cha l len g es. First, not a l l conv er g ent phe- 
notypic chan g e proce e ds v i a simil ar gen etic m echa- 
nisms ( Fig. 1 B; e.g., th e in depen dent evol u tio n o f an- 
t ifre e ze protein s ( Riv es et al. 2024 )); f urt her more, even 

in the face of lar g ely conv er g ent g en etic m ech ani sms, 
certain aspects of th e ph en otyp ic respo nses o f individ- 
u al lineages w ill be idiosy n cratic an d/or pl astic. Ad ap- 
tatio n can p roceed v i a different gen etic m ech ani sms 
to p rod uce a similar ph en otypic chan g e, meanin g that 
PhyloG2P appro aches wi l l not be able t o det ect conver- 
g ent g enet ic sig natures. 
Secon d, th e number of g enetic chan g es that separate 

species i s va st, and with a huge fract ion resu lt ing from 

fixatio n o f neu tral mu tatio n s, makin g i t difficul t to p in- 
po int functio n ally relevant sign al s a gains t the phylo- 
genet ic b ackg round ( Rockman 2012 ). Fina l ly, in some 
ca ses, clear sign al s of repeated evol u tio n ary ch an g e can 

h e l p p inpo int a p art icu lar geno mic locus, bu t do not 
pr ovide dir ect an sw ers r egar ding th e m ole cu lar me cha- 
nisms at work. 
Her e, we pr opose a n expa nded fra m ewor k of th e 

sta nda r d PhyloG2P appr o ach that se eks to incorpo- 
ra te informa tion about in termedia te mole cu lar t raits 
tha t propaga te a genetic c hange t o a ph en otypic chan g e 
( Fig. 2 ). We argue that inco rpo rating addi tio nal lev- 
e ls of m e chanist ic informat ion betwe en DNA se quence 
(th e gen otype, “G”) an d a n orga ni sm a l t rai t o f interest 
(th e ph en otype , “P”), suc h as t ranscript iona l variat ion, 
p rotein activi ties and modification s, meta bolo mics, o r 
p hysio log ica l responses, can h e lp reso l ve some of the 
cha l len g es dis cuss ed a bov e. Con sideratio n o f inter- 
m ediate m o lecular p h en otypes can a l low the deter- 
minatio n o f th e leve ls at which conv er g ence actua l ly 
occurre d, as wel l as h e lp is olate s equence chan g es 
w ith pl ausi ble m ole cu lar rout es t o a ffect ph en otype, 
and p rovide cl ues to th e m ech ani sm o f actio n o f se- 
quence chan g e. Advances ov er the p ast de cade in high- 
thro ughp ut studies, and the revol u tio n in geno mics, 
have provided a vision of what such complete datasets 
cou ld look li ke in a single spe cies or in dist ant ly re- 
lated m ode l species an d make n ow an idea l t ime to re- 
visit an d exten d th e PhyloG2P fram ewor k. Th e u lt imate 
go a l is to find as sociations acros s the matrix from geno- 
type through in termedia t e traits t o ph en otype. This al- 
lows mech ani stic conv er g ence t o be det ect ed either at 
th e gen otype leve l o r any o f t he inter me diate t raits a l- 
lowing for a funct iona l un derstan ding of th e trait. 

Be low, we first descri be th e da ta tha t can be har- 
n essed from th ese interm edi ate l ayers (Part 1) and why 
they wi l l be high ly informat ive (Part 2). We next di scu ss 
st rateg ies that wi l l enable us to work toward assembling 
and in terroga ting th e PhyloG2P of life, in cl uding co n- 
sideratio ns o f n ew m eth od s in m achine le ar ning t hat al- 
low for the pre dict ion of missing in termedia te ph en o- 
types where such data cannot be rea son ab l y co l le cte d 
exper iment a l ly (Part 3). 
Our focus in this p ersp e ct ive is on eu karyot ic or- 

ganisms. While s e veral studies use similar approaches 
fo r p rokaryotic taxa ( Sauer and Wang 2019 ; Konno and 
Iwasaki 2023 ; Ram on eda et al. 2023 ; Ram on eda et al. 
2024 ), th e pervasive h o rizo ntal gene tra nsf er, reduced 
reco mb inatio n an d oth er c haract eristics o f p rokaryotes 
mak e ca reful co nsideratio n o f p rokaryotic PhyloG2P 

beyon d th e scope o f this effo rt. 

Box 1: C urr en t ap pr oaches to linkin g geno type to 
ph en o type acr o ss th e ph ylogen y 
Sev eral studies hav e a ttem pted to per for m genotype 

to ph en o type map pin g across phylog enies. These can 
b e group ed into three general groups of approaches: 

Stu di es that fo cus on c an di d ate genes: Th ese stud- 
ies often take a phylogenetic approach to study- 
ing variation in proteins known to be associated 
with a specific trait in m ode l systems. Examples in- 
cl ude using variatio n in h em oglob in o r hypoxia in- 
d ucible facto rs (HIFs) for high a lt itude ada pta tion 
( Proj e cto-Garcia et al . 2013 ), lyso zymes in host de- 
f ense a nd f o li v ore dig es tion ( Mes sier a nd Stewa rt 
1997 ), flow erin g traits related t o pollinat or shifts 
( Wessin g er et al. 2023 ), and RNAses ( Zhang et al. 
2002 ). 

Stu di es that rely on asso ci ati on: Sev eral studies hav e 
s ucces sfu l ly use d genomic variat ion to fin d th e ge- 
net ic b a si s of ph en otyp ic trai ts. Th ese in clude Phy- 
loGWAS for finding the genet ic b a si s of adaptive 
trai ts incl uding red f r ui t colo r in to m atoes ( Pea se 
et al. 2016 ), Phy loAC C for studyin g the ev ol u tio n 
of flightles snes s ( Sac kt on et al . 2019 ), an d gen e 
evol u tio n rate co rrelatio n metrics fo r studying the 
m amm a lian t ransit ion to a marin e environm ent 
( C hi kina et al. 2016 ). 

Bro ad er Phyl oG2P: Several m eth ods in co rpo rate the 
phylogenetic data with other evol u tio nary data to 
link genotype to phenotype. These include methods 
that ut i lize conv er g ent amino acid chan g es, correla- 
tio n in b ranch len gth s, and repeated loss or gain of 
gene copy number ( Fuku shim a and Pollock 2023 ; 
Macdonald et al. 2025 ). 
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4 N. L. Clark et al .

Fig. 2 Integrating Intermediate Traits into PhyloG2P. (A) Conceptual framework illustrating how genomic sequences are linked to 
r eproductiv e traits (viviparous vs. oviparous) through various intermediate traits, including chromatin states, protein structures, hormone 
levels, and other molecular or physiological data, which are the components of the expanded PhyloG2P matrix. Classic PhyloG2P only 
considers the first and last columns, but by expanding the matrix to include intermediate traits, we can predict gaps and identify causal 
links via imputation. ###, measured values; ?, unknown or missing data. (B) Examples of diverse intermediate data types spanning the 
genotype to phenotype across different organisms, highlighting the complexity of trait evolution and the role of multi-layered biological 
interactions in shaping phenotypic outcomes. 

Part 1: What are the intermediate data types? 

We argue that inco rpo rating addi tio nal molecular in- 
fo rmatio n acros s s pecies (in termedia te da ta) can extend 
t radit iona l PhyloG2P ana lyses in im portan t ways. In ter- 
medi ate d ata t ypes ( Fig . 2 ) genera l ly refer to th e m olecu- 
la r a nd biolog ica l data that fa l l betwe en raw gen om e se- 
quen cing data an d organi sm al ph en otypes ( Hawkins et 
al. 2010 ). At the DNA level, info rmatio n o n the organi- 
zatio n o f 3-dimensio nal geno mes fro m HiC, chro matin 

immunop reci p i tatio n sequencing (CHIP-seq) data on 

D NA a nd protein interactio ns, and ep igen etic m odifi- 
catio n o f D NA ca n a l l provide a better un derstan ding 
o f geno mic archi tecture and regu lat ion ( Ra kyan et a l. 
2011 ; Li-Byarlay et a l. 2013 ; Va len cia an d Kadoch 2019 ; 
Tu et al. 2020 ). 
The t ranscript ion process is complex with mu lt iple 

regulatory levels invo l ving messenger RNAs, transcrip- 
tio n facto rs, RNA modificatio n s, splicin g, non-codin g 
RNAs, an d oth er re lat ed fact or s ( Li-Byarlay et al . 2020 ; 
Poliseno et al. 2024 ). At the RNA level, more data from 

transcri pto mics (incl udin g sin gle-cel l se quen cing an d 
va rious f o rms o f RNA sequencing), Assay fo r Trans- 
posase Accessible C hromat in Se quencing (ATAC-se q), 
an d oth er n e w s equencing tools re ve al t he dynamics of 
th e m ole cu lar p rocess o f transcri ptio n and link geno- 
type to ph en otype. 
Proteo mic data p rovide info rmatio n o n t ranslat iona l 

regu lat io n, p rotein structure (emp irical o r p re dicte d 
by Alp haFo ld), biochemica l act ivi ty, p rot ein doc king 
��G, p rotein-p rot ein int eractio n netwo rks, surface 
char g e, an d oth er re lated factors ( Zhao et al. 2024 ). In 

addi tio n to proteins, data from cel lu la r a nd p hysio log- 
ical level s, such a s metabolo mics, li p ido mics, an d h or- 
m onal leve ls can also be im portan t t o under stan ding th e 
metabolism of mole cu les ( Li et al. 2010 ). 
While this is not intended as an exhaus tive lis t, we 

hig hlig ht these examples to i l lust rate the co mplexi ty o f 
mole cu lar t raits that are both influenced by genotype 
and, in turn, serve as the mole cu lar bui lding blocks of 
organi sm al ph en otypes. We emph a size here th at these 
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Intermediate traits in PhlyoG2P 5 

traits have a long history of being studied in a phylo- 
g enetic context ( B rawand et a l. 2011 ; Roh lfs et a l. 2014 ; 
Vi l lar et a l. 2015 ; Hoencamp et a l. 2021 ), an d in de e d as 
we di scu ss in the next se ct io n, a number o f power f ul 
examples i l lust rate the deep understanding that arises 
fro m co mb ining the expertise o f o rgani sm al and evo- 
l u tio nary b io logists, mo lecular bio logists, and p hysio l- 
ogists to study trait evol u tio n fro m a variety of p ersp ec- 
tiv es. What w e ar gue here i s th at a s b oth exp er iment al 
approach es an d machin e le ar ning techniques advance, 
w e hav e the o p po rtuni ty t o syst emat ica l ly lev erag e these 
in termedia te da ta fo r co mp lex p hylogen etic m ode ling 
of genotype and phenotype that includes in termedia te 
tra its as cova riat es, suc h as thr ough hierar chical m ode ls 
( Hopkins and St. John 2021 ; Powell et al. 2022 ). 

Part 2: Examples that show the power of 
integrating across data types 

In many studies of evolutionary ada pta tions, elucida ting 
in termedia te funct iona l chan g es arisin g fro m pu tati vel y 
adaptiv e g enetic chan g es is a crit ica l step in demonstrat- 
ing the funct iona l importance of an ident ifie d chan g e. 
F or exam ple, the in tegra tio n o f evol u tio nary b iology 

an d bioch emi stry h a s e lucidated th e role of h em oglobin 

and high a lt itude ada pta tion ( Storz and Moriyama 2008 ; 
Simo nso n et a l. 2010 ; Proj e cto-Garcia et al. 2013 ; Tufts 
et al . 2015 ; St orz 2021 ). S ig nore et a l. (2019) use d com- 
p arat iv e g en omics an d p hysio log ica l an d bioch emical 
m easurem ents to study how Tibetan m a stiffs evo l ved 
ada pta tions to high al ti tudes. Phylogenetic an alysi s and 
ancest ra l state re const ruct ion revea le d tha t ada pta tion 

was the result of an init ia l e ctopic g ene conv ersion ev ent 
in Tibetan wo l ves, fo l lowe d by adapt ive int rog ression 

into m a stiffs. The key i s th at thes e e vol u tio n ary sign a- 
tur es wer e fol lowe d u p by tests o f in termedia te ph en o- 
types: oxygen sa tura tion an d th e Bohr effect using puri- 
fied h em oglob in p r otein. Opsins ar e an oth er m ole cu le 
for which our un derstan ding h a s benefited mightily 
fro m the co mb ined study of phylogenet ic ana lysis with 

in termedia te bioch emical ph en otypes. In this system, 
actual m easurem en ts of ligh t abso rptio n by opsins, o r 
pre dict ions made by t raine d m ode ls, e levated th e fin d- 
ings of these studies beyond associat ing se quence evo- 
l u tio n wi th ph en otyp ic evol u tio n ( Hagen et al. 2023 ). 
In termedia te ph en ot ypes c an b e a p ower f u l filt er t o 

hig hlig ht g enetic chan g es most likely to be associated 
wi th an o rgani sm a l t rait. In an elegant recent study, 
Moreno et a l. (2024) examine d the conv er g ent ev olu- 
tio n o f gliding memb ra nes in ma rsu p ia ls. Scre ening 
for accelerated evolution of putative regulatory regions 
revea le d more than a t hous a nd ca ndidate genes po- 
tent ia l ly enriche d for glider-accelerate d regu latory se- 

quence. How ev er, interse ct ing wit h f unct iona l data—
in this cas e, RNA-s eq exp ressio n data fro m t he cr iti- 
ca l t is s ue—nar rowed t h e list an d a l lowe d t he aut hors 
to ident ify regu lato ry evol u tio n a round Emx2 as a k ey 
funct iona l modu lator of gliding m embran e deve lop- 
m ent. An oth er i l lust rat i ve examp le is the case of the 
co rt ex protein-codin g g ene in bu tterflies, lo ng thought 
to be the mech ani sm of adaptive evol u tio n o f bu tterfly 
m e lanism. How ev er, tw o recent studies that examined 
lo ng no ncoding RNA elements (an often neg lec ted in- 
t ermediat e trait), have s h own that m e lanism is n ot due 
t o prot ein-coding variatio n, bu t is rather d ue to a lo ng 
n on codin g RNA in side the co rt ex locus ( Fan din o et al. 
2024 ; Livraghi et al. 2024 ). Other classic examples in- 
cl ude the evol u tio n o f pelvic red uctio n in stic klebac ks 
( Shapiro et al. 2004 ), wing spots in Drosophila ( Werner 
et al . 2010 ), phot osynthesis in ciliates ( Johnson et al. 
2023 ) and digit loss in ungulates ( Co op er et al. 2014 ). 
Whi le de cipher ing t he genotype to phenotype map 

fo r behavio r is li kely to be p art icu larl y comp lex, in lar g e 
part due to the complexity of the phenotype itself, we 
argue thi s m ay m ake t he inter medi ate d ata t ypes we 
advocate f or pa rticula rly power f ul. An example t hat 
dem onstrates th e ut i lit y and complexit y of the prob- 
lem is Wirthlin et al. (2024 ) study on the ability to 
p rod uce le ar nin g v ocal o utp ut in m amm al s, i .e ., vocal 
le ar ning . Prev ious studies presented evidence of con- 
v er g ence betw een v ocal le ar ning species a t ana tomi- 
cal an d gen e exp ressio n lev els, tw o in termedia te traits 
( Ja rvis 2004 ; P f enning et al. 2014 ). Wit h t hose insights, 
Wirth lin ident ifie d a n ew n eur oanatomic r egion associ- 
ated w ith voc al le ar ning in bats, and exper iment a l ly de- 
termined its regions of open chromatin. Within those 
regions t hey infer red a set o f regulato ry regio ns asso- 
ci ated w ith voc al le ar nin g by examinin g which s h owed 
s equence-le v el chan g e associ ated w it h t he vocal le ar n- 
ing trait over f our sepa ra te lineages. Th us, co mb ining 
data across int ermediat e level s wa s crucia l to ident ify 
a tractable set of regions to ch aracterize, becau se the 
p o ol of p otent ia l regu latory reg ion s w ould hav e other- 
wise been p rohib i ti vel y large. 
Tradi tio nal lab m ode ls ( Drosophil a , Ca en orh abditis , 

yeasts, Arabi d opsis ) may be the place to st art wit h t hese 
more in tegra ted a pproach es sin ce th ey ar e easily r ear ed, 
inexpen siv e, and already have genetic tools and data for 
a wide ran g e of species. Har r iso n et al. (2024) demo n- 
st rate d the power of the approach in yeasts, which led 
to the iden tifica tio n o f an al t ernative galact ose utiliza- 
t ion p a thway. They em ploy ed g en omic, m etabolomic, 
an d environm en tal da ta fro m mo re than 1000 yeast 
spe cies g r own in mor e than 100 co ndi tio ns to train 

a machine le ar nin g alg o ri thm to predict growth on 

different ca rb on sources. Imp ort ant ly, while genomic 
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an d m et abolomic dat a bot h w ere a ble to tra in effe ct ive 
m ode ls on th eir own, th e co mb inatio n o f geno mic and 
met abolomic dat a provided t h e high est leve l of accu- 
racy. 
W hile this p r ogr ess in tradi tio nal m ode l s i s p ro mis- 

ing, t he re a l go a l is to deve lop th ese approach es for 
any species so that the a bov e fact or s are less limiting. 
F or exam ple, th e Zoon omia proj e ct aims to study the 
mole cu lar b a si s o f trai ts in m amm al s ( Chri stm a s et al. 
2023 ; Kaplow et al. 2023 ), and inco rpo ra ting in termedi- 
a te traits in to PhyloG2P analyses would accelerate dis- 
covery in this amb i tious p roj e ct. In th e n ext se ct ion, we 
explo re so m e possi b ili ties fo r h ow th e co mmuni ty could 
link genotype to phenotype in species that do not lend 
th emse lves to lab manipu lat ion. 

Part 3: How do we complete the PhyloG2P 

matrix across the tree of life? 

A com plete ma trix, in which in termedia te ph en otypes 
a re a nnotat ed across diver se species ( Fig. 2 A), h a s 
the potent ia l to g re at ly facilit ate t he linkage of se- 
quence chan g es across a phylog eny to a ph en otype 
of interest. In p art icu l ar, isol a ting in termedia te phe- 
n otypes that s h ow patterns of m ole cu lar conv er g ence 
co ngruent wi t h t h e ph en ot ype of interest c an iso- 
l ate biologic ally me aningf ul chan g es from ev ol u tio n- 
ary no ise. A co m plete ma t rix can a lso potent ia l ly en- 
able the iden tifica tio n o f cau sal ch an g es a t in termedi- 
at e levels, suc h as prot ein structure , trans cript le vels, 
or pathway flux, and hig hlig ht w hich levels of orga- 
nization s h ow signatures o f co nv er g ence for a giv en 

trait. 
How ev er, in practice, a com plete ma trix of rele- 

van t in termedia te mole cu lar ph en otypes across a di- 
v erse ran g e of species with relevant conv er g ent ph en o- 
types is rarely, if ever, possible. If we consider the pro- 
pose d mat r ix descr ibed b y ro ws r epr esent ing spe cies 
and columns r epr esen ting in termedia te traits ( Fig. 2 ), 
it may be possible to fil l in nearly every column for 
s ome s ele cte d rows (e.g., for m ode l groups that are 
amenable to labo rato ry s tudies, s uch as Drosophila , Sac- 
ch aromyc es , Ca en orh a bditis , Ara bi d opsi s , or Mu s ), but 
many columns (traits) are inaccessible to wide swaths 
of the t re e of life. For examp le, mo le cu lar interme diates 
that r equir e labo rato ry mani pu lat ions (e .g., knoc kout 
experim ents, tim e cours e trans cri ptio nal data, develop- 
menta l t rai ts) o r r equir e tar g eted reag ents (C hIP-se q 
wh ere anti b o dies to t ranscript ion fact or s are re quire d) 
may never be feasible to generate (at least in a cost- 
effe ct ive manner) for the vast majo ri ty o f species. W hile 
im provemen ts in labo rato ry techniques can increase the 
accessib ili ty o f cert ain inter m ediate ph en ot ypes (e.g ., 
Box 2 on ATAC-seq), it is un li kely t hat exper imen- 

tal im provemen ts a lone wi l l a l low the ra pid quan tifica- 
tio n o f diver se int ermediat e ph en otypes across th e en- 
t ire t re e of life. Inde e d, many spe cies are endan g ered 
or oth erwise n ear ly impossi ble to study across their 
life cyc le . 
A n altern a tive a pproach tha t i s increa sin gly pow er- 

ful is to rely o n impu tatio n m eth ods to infer gaps in 

the propose d PhyloG2P mat rix. Tradit iona l ly, imputa- 
tion refer s t o pre dict in g missin g data fro m co rrelatio ns 
across available data; for example, a co mmo n technique 
in po p u lat ion genet ics is t o imput e missin g g enotype 
ca l ls from patterns of linkage across indiv idu als ( Li et 
a l. 2009 ; Das et a l. 2016 ). How ev er, this style of impu- 
t ation is f un dam enta l ly limite d as it can only infer link- 
ages t hat alre ady exist in t he dat a structure (e.g., by us- 
in g linkag e disequilib ri um to impute missing SNPs in a 
genotype matrix). 
Mor e r ecentl y, ad van ces in machin e le ar nin g hav e 

led to a flurry of pre dict ion efforts ( Song et al. 2020 ), 
wh ere th e go a l is to pre dict a missing d ata t ype from 

an observed data type , oft en relying on training data 
from m ode l or ganism s. Th ese approach es have th e po- 
tent ia l to a l low fo r p re dict ion in a way that goes far 
beyond s tatis tical im puta tion by le ar ning an un der ly- 
in g g enerativ e fun ction ( Ben egas et a l. 2025 ). Severa l 
recent m eth od s h av e been dev elope d to pre dict inter- 
m ediate ph en otypes, in cludin g g ene expression ( Avsec 
et a l. 2021 ; La l et a l. 2024 ), 3D gen om e o rganizatio n 

( Brand et a l. 2024 ; Gi lbertson et al. 2024 ), and regions 
o f open chro matin/pu tat ive en hancers ( Kaplow et al. 
2022 ; K aplow et al. 2023 ), typ ica l ly using input data 
th at consi sts so lel y of DNA s equence. Howe ver, thes e 
app roaches typ ica l ly [a lth ough n ot always, e.g., TACIT 

( Huyn h et a l. 2024 )] rely on single-spe cies data. Ap- 
p roaches that p redict missing data from existing data 
types but als o le v erag e phylog en etic an d cros s-s pecies 
info rmatio n are likely to be much more accurate and 
power f ul t han single-spe cies appro aches a lone. This 
kind o f impu tatio n-ad jacent app roach h a s the poten- 
t ia l, ther efor e, to be a power f ul way to fill gaps in the 
PhyloG2P matr ix t hat are not accessible exper iment a l ly. 
B y relyin g on in termedia te ph en otypes from accessi ble 
m ode l organism data, we envision leveraging any data 
avail able (usu ally sequence) across the t re e of life. 
A p art icu larly power f u l demonst rat ion of the impact 

o f these impu tatio n m eth ods com es from Alp haFo ld 
an d re lated m eth o ds ( Jump er et al. 2021 ; Ab ramso n 

et al. 2024 ) that provide an accurate way to predict 
pr otein structur e, and, potent ia l ly ot her fe atures such 

as post-t ranscript iona l modificat ions ( Shrestha et al. 
2024 ), fro m p rimary se quence a lon e. Th e potent ia l im- 
plicatio ns o f this advance for un derstan ding ada pta tion 

an d th e G2P map are just comin g into focus. How ev er, 
th e deve lopm ent o f p rotein l angu age m ode ls (e.g., Pro- 
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Box 2: ATAC-seq as an e xamp le of a lab technique revol u t ion 

Dete ct ing reg io ns o f th e gen om e t hat f unct ion as regu latory e lem ents is a longstan ding, an d difficul t, p roblem in 
b iology ( Macdo nald and Lo ng 2005 ; The ENCO D E P roj e ct Co nso rti um 2007 ; Kellis et al. 2014 ). One s ucces sful 
mole cu lar appro ac h is t o ident ify where spe cific t ranscript ion fact or s actua l ly bind to DNA using variatio ns o f Chro- 
ma tin Imm unop reci p i tatio n Sequencing (ChIP-seq) ( Park 2009 ). In a t ypic al ChIP-seq experim ent, fragm ented an d 
fixed DNA is in cu bated with an antib o dy sp ecific to a tar g et tran scri ptio n facto r, an d th en th e DNA fragm ents re- 
cover ed ar e sequenced. While power f ul, t his approach is quite limited, in p art icu lar in that it r equir es a n a ntib o dy 
tar g et ed t o the spe cific t ranscript ion factor of interest or int roduct ion of a tran sg ene that tags the t ranscript ion factor 
with a common epit ope . Whi le ant ib o dies ar e commer cia l ly avai lable fo r so m e species an d som e ar e cr oss-r eactive, 
in many other cases, this limi tatio n may be a costly and sig nificant cha l len g e to ov er come (e.g., cr ea ting new an ti- 
b o dies by synthesizing peptides that r epr esent ep i topes o f the p rotein o f in terest, imm unizing anim al s, etc.). Thi s 
becom es m or e cost-pr o hibiti ve as the number of proteins of interest increases. Tran sg enic t ec hniques t o add an 
ep i tope are similarly unavailable in most species. An alternative approach, called Assay for Trans posase-Acces sible 
C hromat in se quencing (ATAC-se q), re lies on th e fact that regio ns o f th e gen om e wh ere t ranscript ion fact or s bind 
mus t be acces sible t o prot ein ( Grandi et al . 2022 ). In ot her words, t hey must be in regions of open c hromatin, whic h 
me ans t hat t he y are als o accessible to cutt ing by t ran sposases. B y me asur ing t his cut ra te a pproxima te d by se quence 
cov erag e, it is possible to dete ct reg io ns o f open chro matin in any system for which it is possible to harvest cells 
from tar g et tis s ues. Recent advances, s uch as Omni-ATAC, provide flexibility in w orkin g w ith flash-frozen o r p re- 
serve d cel l s, rai sing the possib ili ty o f co nd uct ing ATAC-se q experim ents even on fie ld-col le cte d samples ( Corces et 
al. 2017 ). How ev er, ev en wi th mo re flexible lab p rotocols, so m e fun dam enta l re quirements a re ha rd to avoid (e.g., 
the ab ili ty to col le ct cel l s—live or fla sh f rozen—f rom tar g et tis s ues, deve lopm ent s ta ges, etc.). 

Gen, ESM3 ( Madani et al. 2023 ; Hayes et al. 2025 )) 
dem onstrates th e potent ia l for funct iona l conv er g ence 
across a wide ran g e of sequence space, by generat- 
ing art ificia l proteins that s hare fun ctio ns wi th known 

p roteins desp i te very low sequence identity ( Bar r io- 
Hernande z et a l. 2023 ). These protein l angu age m ode ls 
al so rai se th e possi b ili ty o f bein g a ble to predict func- 
t iona l propert ies of pro teins, no t just str ucture, f rom se- 
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quen ce alon e (e.g., inpu tting a p rima ry sequence a nd 
o utp utting Vm ax), perh aps w ith rel ati vel y low amounts 
o f functio nal training data ( Bh atn agar et al. 2025 ). 
Non eth e less, it is im portan t to raise a cau tio nary 

poin t tha t so me fo rms o f missing data p re dict ion have 
the potent ia l to be circu la r or not perf orm well out- 
side the training context ( Sasse et al. 2023 ). That is, 
t he expect atio n o f co nv er g ence (e.g ., a simil ar G2P 

ma p in differen t spe cies) a l lows im puta tion of missing 
d ata (e.g ., exp ressio n leve ls un der con ditions that can- 
not be measured in the tar g et species), but this nec- 
essary s h o rtcu t may lead to false im puta tion of sim- 
i larit ies wh ere n on e exi st. Thi s i s an alogou s to a fa- 
milia r problem f or biolog ists—overfitt ing. A potent ia l 
way to move f orwa rd un der th ese con ditions is to im- 
plement cycles of pre dict ion, test ing, an d assessm ent 
(predict-test-le ar n cy cles), in ste ad of line ar pre dict ion 

and testing pat hs. Bor r owing fr om t he design-test-le ar n 

fram ewor k deployed by eng ine ers, the crucia l as ses s- 
ment step depends on acquiring novel exper iment al 
data t o t est the pre dict ions made , suc h as for one or 
m ore n ew species or wh ere th e init ia l pre dict ion s w ere 
incor rect ( Har r ison et al. 2024 ). R el ate d ly, these pre dict- 
test-le ar n cycles can inform which data are most infor- 
mative f or inf er r ing specific inter m ediate ph en otypes 
across a c lade , a l lowing r esear c her s t o p rio ri tize the data 
fo r fu ture col le ct ion. Thu s, we envi sio n each p redict- 
test-le ar n cycle as fil ling in and corre ct ing the PhyloG2P 

m atrix, a s well a s driving G2P r esear ch and discovery 
f orwa rd. 

Conclusions 

We have proposed a ma trix a pproac h t o P hyloG2P s tud- 
ies that inco rpo rates s e vera l interme di ate d ata t ypes 
an d imputes re levan t missing da t a: t he PhyloG2P ma- 
t rix. The appro ach st arts wit h a st a nda rd PhyloG2P 

question, deter mining t h e gen otypic ba si s of a phe- 
no type, b ut then adds the lik ely releva n t in termedia te 
d ata t ypes (e.g ., gene exp ressio n, chro matin accessib il- 
i ty, p roteo mics, metabolo mics) to better link genotype 
to ph en otype. Machin e le ar ning appr oaches ar e cru- 
cial to both imputin g missin g data and pre dict ing phe- 
n otypes from th e da ta ma trix. Machine learning a p- 
pro aches may a lso inform what d ata t ypes might be 
most informative. It is also im portan t t o not e t hat t he 
ba si s of these an alyses i s still rooted in phylogenetic 
com para tive m eth od s (such a s Phylogen etic Gen eral- 
ized Least Squares [PGLS]) ( Revell 2010 ; Sym on ds an d 
Blomber g 2014 ). The ov era l l go a l is to ident ify genet ic 
chan g es un der l ying p h en otypes that have such a pre- 
pon deran ce of eviden ce in t he for m of inter medi ate d ata 
t hat f unct iona l va lidat ion m ay n ot be necessary. How- 
ev er, w e acknowledg e that pre dict ion wi l l b e p o or at 

first an d th er efor e advocate fo r p redict-test-le ar n cycles 
to refine the approach; many pre dict ive m ode ls in ma- 
chine le ar nin g can improv e rap idly wi th re lative ly few 

training c ases [e.g ., ( Bh atn agar et al. 2025 )]. Addi tio n- 
a l ly, it is im portan t t o not e that advan cem ents in in- 
t ermediat e data types (like those di scu ssed for ATAC- 
se q) wi l l cont inue to come for the foresee able f uture. 
These data types wi l l ma ke the PhyloG2P mat rix ap- 
proach even more power f ul an d accessi ble for a wide 
ran g e of species. 
We note s e v eral cav eats to the appro ach. First, whi le 

data col le ct io n costs co n tin ue t o dec line , w e are adv o- 
cating for m a ssive amounts of data which wi l l st i l l be 
cost p rohib i tive in many cases. Second , we ac knowl- 
edge that for some traits (p art icu lar ly comm ercia l ly im- 
porta nt tra its associated with crops and livest oc k), the 
ab ili ty to perfo rm genetic sele ct ion might be sufficient 
and a detai le d un derstan ding of th ose trai ts su perflu- 
ous. How ev er, w e ar gue t hat an underst anding of the 
genet ic b a si s o f any trai t does no har m to t h e comm er- 
cial concerns and does move science f orwa r d. Thir d, 
ma ny tra its wi l l cova ry mea ning t hat t he caus al ph en o- 
type may be difficult to pin do wn. I n thi s ca se, covary- 
ing t raits cou ld a lso be include d in the m atrix, but thi s 
may not help determine c ausalit y. Fourth, invest igat ion 

o f ep isodes o f co nv er g ent ev ol u tio n acros s vas t temporal 
and physical scales me ans t hat study designs will gre at ly 
differ a nd wi l l ne e d t o be fitt ed t o the trai ts o f interest. 
Fina l ly, w e hav e purposefu l ly negle cte d m eth odologi- 
ca l detai l s. Thi s i s p artly be cause it wou ld be wel l be- 
yon d th e scop e of this p ersp e ct ive and p artly be cause 
they are yet to exist. Working through the problem with 

m ode l systems like yeast may be the best way to move 
f orwa rd a n d deve lop th e requisite m eth ods thr ough r el- 
ati vel y rapid le ar nin g cy cles. 
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