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Synopsis The p roliferatio n o f geno mic r esour ces for Ch e licerat a in t he past 10 ye ars h a s revea le d that the evol u tio n o f che- 
licerate gen om es is m ore dyn amic th an previou s ly th ough t, with m u lt iple waves of ancient whole genome d u plicatio ns a ffecting 
separat e lineages. Suc h d u plicatio n e vents are fas cinating from the p ersp ectiv e of ev ol u tio n ary hi story becau se th e burst of n ew 

gene copies associated wi th geno me d u plicatio ns facili t ates t he acquisi tio n o f n ew gen e fun ctions (n eofun ctio nalizatio n), which 

may in turn lead to m orph olog ica l n ove lties an d spur n et diversificatio n. W hile neo functio nalizatio n h a s been invoked in s e veral 
co ntexts wi t h respect to t he s ucces s and diversi ty o f sp iders, the overa l l imp ac t of w h ole gen om e d u plicatio ns o n ch e licerate 
evol u tio n an d deve lopm en t remains im per fect ly under st ood . The purpose of this review is to examine crit ica l l y the ro le of 
wh ole gen om e duplication on the diversification of the extant arac hnid order s, a s well a s a s ses s funct iona l datas ets for e vidence 
o f sub functio nalizatio n o r neo functio nalizatio n in ch e licerates. Thi s examin ation focu ses o n functio nal data fro m t wo foc al 
m ode l t axa: t he spider Paras t eat o d a te pi d ari orum , which exhi b i ts evidence fo r a n a ncient d u plicatio n, an d th e h arvestm an Pha- 
lan gi u m opil io , which exhib i ts an und u plicated geno me. I show t hat t here is no evidence that taxa with gen om e duplications are 
more s ucces sf ul t han t axa wit h und u plicated geno mes. I co n tend tha t evidence for sub- or ne ofunct iona lizat ion of duplicated 

deve lopm enta l p atternin g g en es in spiders is in dire ct or frag men tary a t presen t, despite the appeal of this postulate for explain- 
ing the s ucces s o f grou ps like sp iders. Available exp ressio n dat a sug gest t hat t h e con dit ion of duplicate d Hox modu les may 
ha ve pla yed a role in p ro moting b o d y p la n dispa r ity in t he poster ior t agma o f so me o rder s, suc h as spider s and sco rp io ns, bu t 
funct iona l data s ubs tan tia ting this postula te are critically missing. Spa tiotem po ral dynamics o f d u plicate d t ranscript ion fact or s 
in spiders may r epr es ent cas es of deve lopm ent al system dr if t, rat her t han neof unct iona lizat ion. Deve lopm ent al system dr if t 
may r epr esen t an im portan t, but overlooked, null hypothesis for studies of p ara logs in ch e licerate deve lopm ental biology. To 

di stingui sh between su bfun ctio nalizatio n, neo functio nalizatio n, an d deve lopm ental system dr if t, co nco mi t ant est ablis hm ent 
o f co m para tive functional datasets from taxa exhib i ting the genome d u plicatio n, as well as t hose t hat lack the p ara logy, is sorely 
ne e de d. 
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h ole gen om e duplications are of broad evolutionary
nter est fr om the p ersp e ct i ve of di versification and b o dy
la n dispa ri ty. Amo ng the ou tco mes o f systemic gene
 u plicatio n an d th e en suin g availa b ili ty o f n ew gen etic
aterial are the seg regat io n o f ancest ra l gen es’ fun c-

ions in the da ugh ter copies (su bfun ct iona lizat ion), as
e ll as th e acquisi tio n o f n ew fun c tions by daug hter

op ies (neo functio nalizatio n) ( O hn o 1970 ; Lyn ch an d
 dvance A ccess pu blication Jun e 1, 2023 
C Th e Auth or(s) 2023. 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 
on ery 2000 ). Th e latter is of p art icu lar interest be-
au se it i s t hought t hat neof unct iona lizat ion cou ld un-
er lie th e o rigins o f key mole cu la r a nd morp ho log ica l

nnovation s ( Ber gtho rsso n et al. 2007 ; Deng et al. 2010 ;
nderson et a l. 2016 ; Sant i báñe z-Lópe z et a l. 2022 ).
hese ada pta tions may in turn spur cladogen esis, an d
 hus incre ase net diversification rates, resu lt ing in clades
i th geno me d u plicatio ns beco ming mo re diverse than

heir sister groups with un duplicated gen om es ( O hn o
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1970 ; Wagner et al. 2003 ; Dehal and Boore 2005 ; Vamosi
and Dickinson 2006 ; Walden et al. 2020 ). How ev er, the
pr ecise r e lations hip betw een g en om e duplications and
spe ciat ion rate i s complex, a s hig hlig hted by many an-
giosp erm examples. Sp ecifically, the timing of the du-
plica tion even t is though t to be an addi tio nal facto r that
influences i ts overa l l imp act on net diversifica tion ra te
( Wo o d et al. 2009 ; Mayrose et al. 2011 ; Landis et al.
2018 ). 

Oth er m ode l s postulate th at the incidence of dupli-
cated copies may dr ive t he s ame ou tco me o f increased
net diversificatio n, bu t by different mea n s; g enome
d u plicatio ns may reduce risks of lineage ext inct ion
through diver se mec h ani sms, such a s function al redun-
dancy of gene co pies, rob ustness to deleterious muta-
tions, an d in creased potential for ada pta tion ( Crow and
Wagn er 2006 ). Th ese m ode ls are n ot mutua l ly exclu-
sive and b oth pro cesses may play roles in different con-
texts across taxa wi th d u plicated geno mes, espe cia l ly
given the p rolo n g e d lifesp an s of g ene copies (ev en those
bound for eventual gene loss) in groups w ith l ar g e effec-
tive po p ulation sizes ( Johri et al. 2022 ). For t hese re a-
so ns, the retentio n o f d u plicate cop ies, the sp at iotempo-
ral exp ressio n dynamics o f the p ara logs, the ident ifica-
tio n o f neo functio nalized cop ies, an d th e diversification
dynamics of the clades that harbor them, are a l l of inter-
est from the p ersp e ct ive of evol u tio nary develop mental
b iology and co m para tiv e g en omics ( Wagn er et al. 2003 ;
Crow an d Wagn er 2006 ; Crow et al . 2006 ; S imakov et al .
2020 , 2022 ). 

Ch e licerat es (e .g., spider s, sco rp io ns, mi tes, and
h orses h oe crabs) are a diverse subdivision of Arthro-
p o da that span over 120,000 described species to date,
a nd a re a mong the ha ndf ul of met azoan line ages t hat
exhib i t evidence for mu lt iple ancient whole genome du-
plic ations ( Fig . 1 A). This subphyl um o f inverteb rates is
notable for its re ca lcit rant phylogenet ic relat io nshi ps,
a s well a s numerou s m orph olog ica l, e colog ica l, and
mole cu lar innovat io ns wi t hin t he group, such a s we bs,
si l ks, v enom s, extreme minia turiza tion, and eyes of
diverse a rra ngements a nd cap abi lit ies ( D un lop 2018 ;
Garb et al. 2018 ; Giribet 2018 ). The fossil r ecor d of che-
licerates s ugges ts t hat t h e group was a we ll-establis h ed
co mpo nent o f early Pa le ozoic e cosystems, wit h ne arly
a l l extant orders present by t he D evonian ( D un lop
2010 ). Today, ch e licerates a re f ound in a l l maj or terres-
t ria l and aquatic hab i tats, an d exhi b i t a complex history
of ter restr ialization, paralleling t he case of Mandibulata
(the remaining Arthrop o da) ( Sharma 2017 ). 

The t radit iona l un derstan ding of ch e licerate phy-
logeny was that aquatic orders like Py cnog onida (sea
sp iders), Xi ph osura (h orses h oe crabs), an d Eurypterida
(th e extin ct s ea s co rp io ns) fo rme d a g rade with re-
spect to a m on op hyletic Arachnida—imp l ying a sin-
gle colo nizatio n o f lan d in th e comm on an cestor of
the arachnids ( Weygoldt and Paulus 1979 ; Shultz 1990 ,
2007 ; Regier et al. 2010 ). The mino ri t y v iew, that arach-
nid s m ay not co nsti tu te a single mo nophylet ic g roup
( Hammen 1977 ; D un lop 1998 ), h a s b een rep eate d ly
en countered an d surprisin gly w ell-su ppo rted by phy-
logenomic analyses ( Pepato et al . 2010 ; S h arm a et al.
2014a ; Ba l lest eros and S h arm a 2019 ). While init ia l ly
thought to be a n a rt ifact, the re covery o f Xi phosura
(a s well a s other fossi l aquat ic orders li ke s ea s co rp i-
ons) h a s been robu stly defended by ne w datas ets and
an alyses th a t em ph a size den se tax o no mic sampling o f
extant ch e licerat e order s; sophisticat e d appro ac hes t o
m ode lin g ev ol u tio nary p rocesses; an d in cl usio n o f mo r-
p ho log ica l dat a, bot h as stan dalon e analyses and com-
b ined wi th mole cu l ar d atasets ( Ba l lest eros and S h arm a
2019 ; Ba l lesteros et a l. 2019 , 2022 ; Ban et a l. 2022 ; re-
viewed by Sh arm a et al. 2021a ). It is likely that there
were at least two colo nizatio ns o f lan d n e ar t he base of
th e ch e licerate t re e of life , t oget her wit h secondary col-
o nizatio ns o f aquatic hab i tats in one group of extinct
g i l le d sco rp io ns fro m t he D evonia n a nd mu lt iple extant
lineages of aquatic mites ( D un lop 2010 ; Pep ato et al.
2018 , 2022 ) ( Fig. 1 B). One lineage of these aquatic mites
may even have tert iari ly re colonize d terrest ria l habi-
ta ts ( Pepa t o et al . 2022 )—c lose p ara l le ls of th e evolu-
tion ary hi story of Man di bul ata (my ri ap o ds, hexap o ds,
and crust ace ans) on t he ot her side of t he art hrop o d t re e
of life. 

A fa scin ating facet of ch e licerate evol u tio n lies in
the dyn ami sm of th eir gen om es. Th e recent discov-
ery of waves of gen om e duplication within Ch e licer-
ata added a new dimension to their biolog ica l com-
plexity . T wo bran ch es in th e ch e licerate t re e of life ex-
hib i t geno me d u plicatio ns. The first uni tes Arachno p ul-
mo nata, a grou p o f six o rders that ancest ra l ly pos ses sed
b o ok l ungs (seco ndarily lost in ps eudos co rp io ns and
miniatured spiders) ( Sh arm a et al. 2014a ; Schwager
et al. 2017 ). This gen om e d u plicatio n was o rig ina l ly
discover ed thr ough surveys of Hox gene patterns in
emb ryo nic sp iders; ret rieva l of Hox se quences using
degen erate PCR yie lded two cop ies o f f our sepa rate
Hox genes, which differed both in sequen ce an d in
the specifics of their exp ressio n patterns ( Damen et
al . 1998 ; Ab zhanov et al . 1999 ; Sc hwager et al. 2007 ).
Subse quently, t ranscri pto m e- an d gen om e-b ase d sur-
veys s h owed that n ear ly a l l Hox g enes w ere d u pli-
cated in both spiders and sco rp io ns, wi th gene t re e
to pologies sup porting a shared origin of the duplica-
tion in these two arac hnid order s ( S h arm a et al. 2014a ;
Sc hwager et al . 2017 ). Thi s result h a s b een corrob o-
rate d by subse quent gen om e sequen cing efforts, which
n ow span n ear ly 40 arachnid species across six orders
( Table 1 ) (re vie wed by Garb et al. 2018 and Gainett
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Fig. 1 Exemplars of chelicerate diversity and changing views of phylogeny. (A) Male of the sea spider Ammothea glacialis carrying eggs 
(photo: T. Higham). (B) The hormurid scorpion Opisthacanthus cf. asper (photo: G. Giribet). (C) The horseshoe crab Limulus polyphemus 
(photo: P. Funch). (D) Traditional and emerging views of chelicerate phylogeny. Left: topology based on cladistic morphological phylogeny of 
Shultz (2007) with 59 taxa and 202 morphological characters. Right: topology based on total evidence maximum likelihood analysis of 
Ballesteros et al. (2022) with 514 taxa, 259 morphological characters, and 152 loci 
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t al. 2021 ; Ontano et al. 2021 ; Kuntner 2022 ; Miller
et al. 2023 ). 

The r emaining thr ee gen om e d u plicatio ns are co n-
en tra ted on the bran ch su bten ding th e m odern h orse-
 h oe crabs an d are th ought to be re lative ly recent
 Kenny et al . 2016 ; S hingat e et al . 2020 ; Nong et al .
021 ). As with spiders, evidence for the duplicated con-
i tio n o f th e h orses h oe cra b g en om e began with degen-
rat e PCR assays, whic h r ecover ed up to fo ur co pies per
ox gene in an ear ly wor k ( Cart w right et al. 1993 ). The

rc hit ecture of h orses h oe crab Hox clu sters i s now far
ett er under st ood due t o c hro moso mal-lev el g enome
ssemblies for two of the three living genera ( S hingat e
t al. 2020 ; Nong et al. 2021 ). 

An cient wh ole gen om e d u plicatio ns are co mpara-
i vel y rare in metazoans, by contrast to the botanical
r mycolog ica l lit erature . A handful of ca ses i s known,
it h t he best c haract er ized of t hese being t he waves
 f geno me d u plicatio n at the base o f the verteb rates
 De hal an d Boo re 2005 ; Pu t nam et a l . 2008 ; S imakov et
l. 2020 ). Yet gen om e duplications are compe lling ph e-
 om en a th at serve a s catalysts for new avenues of in-
uiry and hypot hesis-testing. Wit h respect to phyloge-
 etics, gen om e duplications are often useful arb i t er s for
reaking po l ytomies, in that the y s erve as rare genomic
han g es—complex characters that exhib i t low levels of
 om oplasy ( Salich os an d Rokas 2014 ; On e Th ousan d
la nt Tra nscri pto mes Ini t iat ive 2019 ). Apropos, the dis-
overy of the arachno p ulmo nate d u plicatio n lent i tself
s a rare genomic chan g e t o t est th e placem ent of Pseu-
osco rp io nes, an un sta ble grou p o f rap idl y evo l ving and
ma l l-b o died arachnids ( Ba l lesteros et al. 2022 ; Ontano
t al. 2022 ). The first deve lopm ental an d gen omic re-
ources for pseudosco rp io n s rev ea le d share d p atterns
 f d u plicatio n wi t h t he rema ining a rachno p ulmonates
nd placed them as the likely sister group of scorpi-
ns ( Ontano et al. 2021 ), with downstream im plica tions
or the evolut ionary orig in of arachno p ulmonate ven-
ms ( Santi báñez-López et al. 2018 ; Kräm er et al. 2019 ).
 el atio nshi ps o f other parts o f th e ch e licerate t re e of

if e rema in obscured by conflicting signal surrounding
 n a ncien t ra pid radia tio n o f apulmo nat e arac hnid or-
ers, but these are being se quent ia l ly i l luminate d by
e dicate d improvements in sampling of enig mat ic and
 o orly studied taxa ( Ballesteros et al. 2021 ; Ban et al.
022 ; Ontano et al. 2022 ; Pepato et al. 2022 ). 

Th e coin ciden ce of th es e macroe vol u tio nary p ro-
esses in a cl ade w i th mul ti ple geno me d u plicatio ns
a kes C h e licerat a a usef ul po int o f co mpariso n fo r test-

ng many of the hyp otheses p ertaining to the effect of
en om e duplication on evolutionary history. In p art ic-
lar, th e in ciden ce , ret ention, and div er g ence of par-
logs of embryonic patternin g g enes h a s been explic-
tl y invo k ed as a n expla nat ory vehic le fo r the evol u-
ionary s ucces s (i .e ., species ric hn ess) an d m orph olog-
c al diversific atio n in sp ider s ( Sc homburg et al . 2015 ;
uretzek et a l. 2015 , 2017 ; Harper et a l. 2021 ). Specific
o ntexts wherein sp iders’ evol u tio nary s ucces s o r mo r-
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Table 1 Available genomes for Chelicerata. Note that the Nymphon striatum (sea spider) and Acanthoscurria geniculata (tarantula) genomes 
exhibit assembly anomalies and are highly fragmented 

Order Species Reference Genome size (GB) 

Acariformes Dinothrombium tinctorium Dong et al. (2018) 0.18 

Acariformes Leptotrombidium deliense Dong et al. (2018) 0.12 

Acariformes Tetranychus urticae Grbi ́c´ et al. (2011) 0.09 

Araneae Acanthoscurria geniculata Sanggaard et al. (2014) > 6 

Araneae Anelosimus studiosus Purcell and Pruitt (2019) 2.22 

Araneae Araneus ventricosus Kono et al. (2019) 3.66 

Araneae Argiope bruennichi Sheffer et al. (2021) 1.67 

Araneae Caerostris darwini Kono et al. (2021) 1.58 

Araneae Caerostris darwini Babb et al. (2022) 1.81 

Araneae Caerostris extrusa Kono et al. (2021) 1.42 

Araneae Dysdera silvatica Sa´nchez-Herrero et al. (2019) 1.7 

Araneae Hylyphantes graminicola Zhu et al. (2022) 0.93 

Araneae Latrodectus hesperus Thomas et al. (2020) 1.14 

Araneae Loxosceles reclusa Thomas et al. (2020) 3.26 

Araneae Parasteatoda tepidariorum Schwager et al. (2017) 1.45 

Araneae Pardosa pseudoannulata Yu et al. (2019) 4.26 

Araneae Stegodyphus dumicola Liu et al. (2019) 4.29 

Araneae Stegodyphus mimosarum Sanggaard et al. (2014) 2.74 

Araneae Tetragnatha kauaiensis Cerca et al. (2021) 1.08 

Araneae Tr ic honephila antipodiana Fan et al. (2021) 2.29 

Araneae Tr ic honephila c lavipes Babb et al. (2017) 2.44 

Araneae Uloborus diversus Miller et al. (2023) 1.98 

Opiliones Phalangium opilio Gainett et al. (2021) 0.58 

Parasitiformes Dermacentor silvarum Jia et al. (2020) 2.76 

Parasitiformes Galendromma occidentalis Hoy et al. (2016) 0.15 

Parasitiformes Haemaphysalis longicornis Jia et al. (2020) 2.59 

Parasitiformes Hyalomma asiaticum Jia et al. (2020) 1.78 

Parasitiformes Ixodes persulcatus Jia et al. (2020) 2.04 

Parasitiformes Ixodes scapularis Jia et al. (2020) 1.77 

Parasitiformes Neoseiulus cucumeris Zhang et al. (2019) 0.17 

Parasitiformes Rhipicephalus microplus Jia et al. (2020) 2.56 

Parasitiformes Rhipicephalus sanguineus Jia et al. (2020) 2.12 

Parasitiformes Varroa destructor Cornman et al. (2010) 0.57 

Pseudoscorpiones 
Cordylochernes scorpioides Ontano et al. (2021) 2.81 

Pycnogonida Nymphon striatum Jeong et al. (2020) 0.74 

Scorpiones Centrur oides sculptur atus Schwager et al. (2017) 0.93 

Scorpiones Mesobuthus martensii Cao et al. (2013) 1.13 

Xiphosura Carcinoscorpius 
rotundicauda 

Shingate et al. (2020) 1.67 

Xiphosura Carcinoscorpius 
rotundicauda 

Nong et al. (2021) 1.7 

Xiphosura Lim ulus polyphem us Kenny et al. (2016) 1.8 

Xiphosura Tac hypleus tr identatus Nong et al. (2021) 1.7 
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p ho log ica l diversity h a s be en lin ke d to gen om e d u plica-
tio n incl ude justificatio ns fo r new sp ider geno mes ( Fan
et a l. 2021 ; Mi l ler et a l . 2023 ), int erp retatio ns o f single-
cel l RNA-se q datasets in sp ider emb ry og enesis ( Leite
et a l. 2022 ), explanat io ns fo r the diversity of spider ap-
pen dages ( Turetze k et al. 2017 ), an d descri ptio ns o f the



Genome duplications in arachnids 829 

m  

T  

c  

s
 

e  

d  

a  

a  

c  

n  

p  

a  

g

D
c
C
W  

t  

l  

t  

s  

b  

i  

a  

(  

t  

t  

a  

a  

t  

D  

f  

d  

c  

t  

2
 

v  

d  

a  

s  

d  

S  

d  

m  

h  

s  

o  

f  

o  

q  

B  

w  

i  

o  

s  

s  

a  

s  

a  

(
 

c  

o  

c  

s  

d  

s  

n  

2  

T  

l  

m  

t  

f  

c  

N  

a  

t  

p  

p  

t  

M  

d  

s  

g  

d  

b  

e  

t  

a  

a  

e  

b  

S  

a  

o  

t  

2  

e  

m  

p  

i  

t  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/3/825/7188295 by M

BLW
H

O
I Library user on 28 Septem

ber 2023
 orph ogen esis of spider eyes ( Janeschik et al. 2022 ).
he b roader influence o f wh ole gen om e duplication on
h e licerate evol u tio n ary hi story rem ains p o or ly un der-
to o d. 

The purpose of this re vie w is to examine crit ica l ly the
vidence for a correlation between in ciden ce of gen om e
 u plicatio n and species richness, as well as scrutinize
vail able ev iden ce for su b- an d n eofun ctio nalizatio n
cross Ch e licerata. I su bse quently high light the signifi-
ance of developmental system drift as a valuable alter-
ati ve exp la nation f or some of the sp at iotempora l ex-
 ressio n dyn amics th at h ave b een describ ed f or a ncient
rachno p ulmonate gene co p ies resul ting fro m whole
en om e duplication. 

oes whole genome duplication 

orrelate with greater species richness in 

helicerata? 
it hin Met azoa, vert ebrat es are the archetype for

h e influen ce of wh ole gen om e d u plicatio n o n evo-
 u tio n ary hi story. There i s a posi tive co rrelatio n be-
ween the number o f geno me d u plicatio ns and the
 pecies richnes s of the ens uing cl ades, w ith verte-
rates (two-fo ld who le gen om e duplication) exhi bit-

ng g reater spe cies r ichness t han t heir sister t axon by
n o rder o f magni tude. Wi thin verteb rates, Teleostei
addi tio nal, linea ge-s pecific wh ole gen om e d u plica-
ion) even more dramat ica l ly out number their sis-
er group, the Holostei (bowfins and gars) ( Crow et
l. 2006 ). Wit hin t h e te leost fis h es, Salm o nifo rmes
 re aga in a n o rder o f magni tude mo re diverse than
heir sister grou p, the Esocifo rmes ( Christensen and
avidson 2017 ). Across Met azoa, t his relation holds

or diverse invert ebrat e g roups sp anning a ran g e of
iv er g en ce tim es, such as co leoid cep halop o ds, the
oral genus Acro pora , a nd two lar g e clades within Gas-
rop o da ( Hallinan an d Lin d berg 2011 ; Mao and Satoh
019 ). 

Within Arachno p ulmo nata, most o f t he descr ibed di-
ersit y lies w it hin Arane ae (spiders) alone (ca. 50,000
escrib ed sp ecies). The rema ining a rachno p ulmonates
re mes odivers e (des crib ed sp ecies in the th ousan ds;
co rp io ns and pseudosco rp io ns) o r microdiverse o r-
ers (describ ed sp ecies in the low hundr eds; Ur opygi,
chizomida, and Amb l ypygi). The di versi ty o f sp i-
ers is riva le d by Aca rif o rmes, a diverse grou p o f
ites that includes num erous lin eages of parasites and

igh ly miniaturize d taxa, an d wh os e des cribed diver-
ity is almost certainly a p o or ly un der st o o d fraction
 f i ts extant b iodiversi ty. The sister grou p o f Acari-
 ormes is simila rly not ev ident, w it h t he monop hyl y
f Acari (Aca rif ormes + Pa rasitif or mes) present ly in
uest ion ( Pep ato et a l. 2010 ; Ba l lesteros et al. 2022 ;
an et al. 2022 ; Ontano et al. 2022 ). How ev er, if Acari
ere m on ophyletic, th e co mb ined diversi ty o f Acar-

f ormes a nd Pa rasitif ormes would easily s urpas s that
 f sp iders, both wi th r egar d to describ ed numb er of
pe cies, as wel l as e colog ica l an d m orph olog ica l diver-
i ty. In addi tio n, mes odivers e and microdivers e orders
 re simila rly p resent ou tside o f Arachno p ulmonata, ob-
cur ing a cle ar tren d of in crease d diversificat ion as
 consequence of the arachno p ulmo nate d u plicatio n
 Fig. 2 ). 

Th e mar ke d except ion to the trend of geno me d u pli-
at ion and spe cies richn ess is Xiph osura. Thr ee r ounds
 f geno me d u plicatio n are under st o o d to have oc-
urre d a lo ng the b ranc h subt ending modern hor se-
 h oe cra bs, y et thi s group i s ch aracterized b y lo w net
iversifica tion ra tes thro ugho u t i ts co n sidera ble fos-
i l re cord, a dep a upera te modern fa una, and exter-
al m orph olog ica l sta si s ( D un lop 2010 ; Obst et a l.
012 ; Bickn e ll et al . 2019 ; Bic kn e ll an d Pates 2020 ).
he four extant species of Xiphosura exhib i t simi-

ar gen om es an d leve ls of p ara logy, as inferre d from
u lt iple gen om e sequen cing proj e cts, but the exact

iming of the gen om e duplications is difficult to in-
er, due to the absence of closely relat ed , und u pli-
ated taxa ( Kenny et al . 2016 ; S hingat e et al. 2020 ;
ong et a l. 2021 ). Pa le ontolog i sts h ave conj e cture d that
 l l thre e m odern h orses h oe cra b g enera must ex ce e d
 he e arly Mesozoic in age, b ase d on a putative Tachy-
leus fossil from the Triassic ( T. gadeai ), whose inter-
 retatio n h a s in turn influen ced n on-pa ra metric ex-
ra pola tio ns o f xi phos uran clade a g es ( Lam sde ll an d

cKenzie 2015 ). How ev er, b ase d u po n inter-p ara log
ista nces a nd dist ribut ions of K s (dist ribut ions of
y nony mous s ubs ti tu tio ns per site among p ara logous
en es), it is th ough t tha t a t least o ne o f t he t hree
 u plicatio ns su bten ding th e extant Xiph os ura mus t
e re lative ly recent ( Roelofs et al. 2020 ), an infer-
nce consistent with div er g en ce tim e estimates of the
 hree ext ant genera in t he e arly Cret aceous ( Obst et
 l. 2012 ), as wel l as the de cades-old observat ion that
 l l thre e Pacific h orses h o e crab sp ecies (in the gen-
ra C arcinos co rp ius and Tachypleus ) are capable of hy-
 ridizing to p rod uce v i able o ffsp ring ( Se kiguchi an d
ugita 1980 ). If Tachypleus were inde e d Triassic in
g e, this w ou ld ma ke t he t hree Pacific Xiphosura t he
ldest known case of hybridizing spe cies, exce e ding
he stur g e on–p add lefish hybrid s in age ( Káldy et a l.
020 ), in addi tio n to having amo ng th e m ost s lowly
vo l ving metazoan gen om es docum ent ed t o dat e . A
 ore plausi ble in terpreta tion is that t he Tr iassic Tachy-

leus r epr es ents a cas e o f overco nfiden ce in ascri b-
ng fossils to crown group lineages, exacerbated by
 he exter nal m orph olog ica l sta si s exhib i ted by many
os sil Xiphos ura. As s umption s a bout th e placem ent
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Fig. 2 Described species richness of extant chelicerate orders. Circles on nodes correspond to whole genome duplication events. 
Left-hand panel: cladogram of extant chelicerate orders (branch lengths not to scale) based on Ballesteros et al. (2022) , with unstable 
nodes collapsed. Colors correspond to exclusively aquatic orders (blue), apulmonate arachnid orders (green), and Arachnopulmonata 
(orange) 
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of T. gadeai and i ts influence o n mole cu lar diver-
gen ce tim e estimates could be as ses sed v i a s tatis ti-
ca l ly rigorous p a ra metric tests of t ip-date d mole cu-
l ar phylogenies, w ith and w i thou t th e in cl usio n o f this
fossil. 

The disputes over clade ag es notwith standin g, ev en
the y oun g est p roposed date o f crown Xi phos ura ( Obs t
et al. 2012 ) does not help explain their dev i atio n fro m
t he cor rel ation bet w een g en om e duplication an d species
richness. Many of the pla nt a nd a nimal line ages t hat ex-
hib i t heightened net diversification rates after gen om e
d u plicatio ns are of comparable, or y oun g er, ag e to
crown Xi phosura, disfavo r ing t he interpret ation t hat
h orses h oe cra bs hav e n ot had sufficient tim e to diver-
sify in the wake of gen om e duplicat ion ( Ha l lina n a nd
Lin d ber g 2011 ; Christen s en and Davids on 2017 ; Landis
et al. 2018 ; Mao and Satoh 2019 ). 

As a simple test of the effect of wh ole gen om e dupli-
catio n o n s pecies richnes s, I comp are d va l ues o f species
ric hness for c helicerat e order s with gen om e duplica-
tions (arachno p ulm onates an d xiph osurans) to th ose
wi thou t d u plicatio ns (apulmo nat e arac hnids and sea
spiders), u sing a s a p roxy the number o f described
sp ecies p er order ( Sh arm a 2023 ). There i s stati st ica l ly
n o differen ce in th e m eans of described species between
these two groups ( t = 0.114; P = 0.91), even u po n
rem oving th e ex clusiv ely aquat ic g r oups and r etaining
only arachnid orders ( t = 0.094; P = 0.93). Thus, the
dist ribut ion of spe cies richness across Ch e licerata does
no t obvio usly s ubs tan tia te th e hypoth esi s th at in ciden ce
o f geno me d u plicatio ns is co rrel ated w it h incre ases in
net diversification rat e . 
How strong is the evidence for 

neofunctionalization as a driver of 
chelicerate evolution? 
If the relatio nshi p between incidence of genome du-
plication and s pecies richnes s is not readily evident in
Ch e licerata, an oth er avenue for invest igat ion is the im-
pact of systemic paralogy (i .e ., widespread in ciden ce
o f d u plicated genes) o n ch e licerate b o d y p la n dispa r-
it y. Specific ally, the spa tiotem po ral exp ressio n dynam-
ics of p ara log ous g enes th at h ave resu lte d from whole
gen om e duplication are of value for gauging the im-
pact of new genes o n mo rp ho log ica l innovat ion s. B y
co mpariso n to vertebrate m ode ls, ch e licerate m ode ls
a re f ew in num ber of st udy systems and in num ber
o f co m para tiv e dev e lopm en tal da tasets per study sys-
tem, p art icu lar ly from th e p ersp e ct ive of funct iona l
dat a. Most of t h e seminal wor ks o n co m para tiv e g ene
exp ressio n an d gen e fun ct ion in C h e licerata have fo-
cused o n sp ider s ( Damen et al . 1998 ; A kiyama-Od a
and Oda 2003 ; Schwager et a l. 2015 ). Inde e d, t he le ad-
ing m ode l system for study of ch e licerate deve lopm en-
tal biology is the house spider Paras t eat oda t ep idari-
o rum , which feat ures access to advanced genomic re-
sources, m atern al and emb ryo nic gen e silen cing, an d
o p t imize d te chniques fo r single-blasto mere inj e ct ions
( Mcg regor et a l. 2008 ; Hi lbrant et a l. 2012 ; Posnien et
al . 2014 ; Sc homburg et al . 2015 ; Sc hönauer et al. 2016 ;
Pechmann et al. 2017 ; Bednarek et al. 2019 ; Akiyama-
Oda and Oda 2020 ). The discovery of widespread reten-
tio n o f a ncient pa ralogs in the P. t ep idario rum genome
o ffered a p ro misin g av en ue for in terroga ting the pro-
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es ses of s u b- an d n eofun ctio nalizatio n in a tractable
 ode l system, as well as for potent ia l ly discov erin g the

eve lopm ental gen etic m ech ani sms th at p reci p i tated
he s ucces s of s p iders ( Lei te et al. 2016 , 2018 ; Schwager
t al. 2017 ). Most recent ly, t he advent of the first
ingle-ce ll an d single-nucleus RNA sequen cing h a s fa-
i litate d pre ci se ch aracterizatio n o f spa tiotem poral dy-
amics of gene copies ( A kiyama-Od a et al . 2022 ; Leit e

et al. 2022 ). 
Am ong th e m ost inten siv ely studied d u plicated genes

n spiders are the Hox genes, due to their cent ra l role
n b o d y p lan patternin g across B il ateri a, a s well a s the
vai labi lity of ben chmar ked fun ction al data sets from
nsect and non-arachno p ulmonat e c helicerat e models
s po ints fo r co mpariso n ( Telfo rd an d Th om a s 1998 ;
ager et al . 2006 ; Sc hwager et al . 2017 ). B ased up on
yn tenic pa tterns across arachno p ulmo nate geno mes,
nc luding recent c hro moso m al-level data sets, it i s un-
er st o o d that arachno p u lmonates ancest ra l ly bore two
ox c lust er s that result ed from th eir s hared wh ole

en om e duplication ev ent ( Schwag er et al. 2017 ; Fan
t a l. 2021 ; Mi l ler et a l. 2023 ). Eviden ce for th e su b-
unct iona lizat ion of Hox gene copies is most strongly
 ubs tan tia ted by the dynamics of the posterior Hox
enes. In both sco rp io ns and sp iders, cop ies o f Anten-
ap edi a , Ul trabi thorax , ab d ominalA , an d Ab d ominalB
xhib i t sp at ia l ly dist inct anterio r exp ressio n bound-
ries, which coincide with m orph olog ica l chan g es in
egmen t iden tit y (t ypic a l ly with respect to the p aire d
pp endage b orne by a g iven seg ment) ( Sh arm a et al.
014a ; Sc hwager et al . 2017 ). F or exam ple, in sco rp io n
mbryos, t he anter ior boundary of ab d ominalA-1 cor-
espon ds to th e pe ct ine-be ar ing segm ent, wh ere as t he
 nterior bounda ry of its p ara log, ab d omi nalA-2 , corr e-
pon ds to th e first b o ok lung-b e ar ing segment ( Shar ma
t al . 2014a ). In spider s, the ant er ior boundar ies of
 he s a me pa ir of paralogs co rrespo n d to th e segm ents
e ar ing t he poster io r resp irato ry o rga n pa ir (the tra-
h eal tu bules) an d th e anterio r sp inner et, r espe ct i vel y
 Sc hwager et al . 2017 ). Th ese patterns su bstan tia te an
vol u tio n ary scen ario wherein the avai labi lity of new
ox genes faci litate d subdivisio n o f exp ressio n do mains

nd thus greater h eteron omy of posterior b o dy seg-
 ents in Arachn o p ulmonat a ( Shar ma et al. 2014b ) ( Fig.

 ). 
How ev er, funct iona l data su ppo rtin g div er g ent roles

 f sp ider Hox p ara log p a irs a re n on-existent. Th e
n ly avai l able d ata addressin g Hox g en e fun ction in
. t ep idario rum hav e tar g eted indiv idu al co pies (no t
oth pairs) with m atern al RNA i ( Kh adj eh et a l. 2012 ;
echmann et al. 2015 ). In one case where a d u plicate
opy of an anterior Hox gene was tar g eted ( l abi al-2 ),
o observable ph en otype was r ecor ded and the onset of
xp ressio n was observed to be later than the copy that
ielded a phenotype ( Pechmann et al. 2015 ). More gen-
ra l ly, the p roso ma (anterio r tagma) o f sp iders is not
a rk e d ly differ ent fr o m that o f no n-arachno p ulmonate

 rachnids, a nd thus differences in exp ressio n do mains
 f d u plicate d p airs of Hox genes do n ot corre lat e c learly
i th mo rp ho log ica l differences between arachnid or-
ers at the level of b o d y p lan evo l u tio n ( Gainett et
l. 2023 ). Th e opisth osoma (poster ior t agma), which
xhib i ts greater evol u tio nary lab ili ty and a broader
an g e of ada pta tions within arachno p ulmonat es (e .g.,
he sco rp io n “t ail;” t he s pider s p inneret) co mp are d to
ther arac hnid order s, se ems li ke a mo re p ro mising
ar g et for un derstan ding th e roles o f d u plicated Hox
enes, espe cia l ly g iven the co rrelatio n between ante-
io r exp ressio n bounda ries a n d segm en tal iden tities de-
crib ed ab o ve. Ho wever, exp ressio n levels o f posterio r
ox genes are difficult to disrupt using RNAi, due to

imited efficiency of avai lable appro aches a gains t these
 andid ates ( Khadjeh et al. 2012 ; E.V .W . Setton, per-
on al c om m un i cati on ; E.E. Schwager, p er son al c om m u-
i cati on ). Many of the Hox duplicates exhi bit n o ph e-
otypic effects when tar g eted indiv idu a l ly, where as t he
 ec hnique of dou ble-kn ockdown is kn o wn to have lo w
en etran ce. In addi tio n, t he poster ior Hox genes likely
xhib i t posterio r p revalen ce, m e aning t hat more t han
w o g enes’ p ara logs may ne e d t o be disrupt e d simu lta-
 eous ly t o int errogat e the patt erning o f o rga ns lik e tra-
h eal tu bules an d spinn erets ( Khadje h et al. 2012 ). 

A separa te com plica tio n fo r detecting neo functio n-
 lizat ion usin g g ene exp ressio n alo n e is th e observation
ha t an terior Hox genes exhib i t lab ile posterio r bound-
ries across arachnid o rders, bu t these posterior expres-
ion boundaries do not co rrespo nd stro ngly to shifts
n identit y bet ween adj acen t segmen ts. As a n exa mple,
oth Def o rmed p ara logs o f sp iders an d th e single-copy
ef o rmed of a h arvestm an are rest ricte d to the L1–L4

wa l king leg) segm ents, wh ere as t he Def o rmed-2 copy of
 sco rp io n an d th e sing le-copy D ef o rmed h om olog of a
ite are both expr essed fr om the L1 segment to the pos-

 erior t erminus ( Telf ord a nd Thom a s 1998 ; Schwager et
l. 2017 ; Ga inett et al. 2023 ). Ava il able RNAi d atasets in
rachnid s h ave s h own tha t an terior Hox boundaries are
ore significa nt tha n p osterior b oundaries in predict-

ng ph en otypic spe ct ra, whic h consist ent wit h t he ide a
hat not a l l exp ressio n do mains o f transcri ptio n facto rs
 ay be function al ( Li et al. 2008 ; Fis h er et al. 2012 ).

or this reaso n, exp ressio n data alone may not be suf-
cient to infer sub-or ne ofunct iona lizat ion, despite ad-
an cem ents in resol u tio n o f gene exp ressio n ( Lei t e et al .
022 ). 

O ther invest igat io ns o f P. t ep idario rum p ara logs have
xplored the dynamics of duplicated proximo-distal
xis-patternin g g en es. On e of th e best kn ow n c ases of
utat ive ne ofunct iona lizat ion in ch e licerates is th e as-
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Fig. 3 Expression domains of posterior Hox genes and their paralogs in the mite Archegozetes longisetosus , the harvestman Phalangium 

opilio , the scorpion Centruroides sculpturatus , and the spider P. tepidariorum . Circles correspond to segments. Icons correspond to types of 
paired organs, such as chelicerae, pedipalps, book lungs, pectines, and spinnerets, f ollo wing the convention of Sharma et al. (2014b ). Solid 
bars correspond to strong expression domains throughout the indicated segments; dashed bars correspond to weaker expression 
domains restricted to parts of the indicated segments 
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so ciation b etween dachs hu nd-2 and the o rigin o f the
p atel la, t he fourt h p o do mere o f the sp ider leg. Across
Arthrop o da, da chshun d is c anonic a l ly expresse d in me-
dia l seg m ents of th e deve loping wa l king leg and its
ab rogatio n i s a ssoci ated w it h t h e de letio n o f those
me dia l p o do meres ( Do n g et al. 2001 ; An g e lini an d
Kaufm an 2004 ; A n g elini et al . 2012 ). In spider s, one
copy, dachs hu nd-1 , is expr essed as a single me dia l do-
m ain, wherea s its p ara log, dachs hu nd-2 , exhib i ts a prox-
im al dom ain a s well a s a di st al r ing domain t hat local-
izes to the p atel la–t ibi a bound ary ( Turetzek et al. 2015 ).
RNAi a gains t dachs hu nd-2 r esu lte d in the loss of the dis-
ta l p atel l a bound a ry a nd a fusion of the p atel l a w it h t he
tibia; RNAi a gains t dachs hu nd-1 was not a ttem pted or
the r esults wer e not r epo rted in that wo r k. Th e auth ors
co ncl uded that ne ofunct iona lizat ion of dachs hu nd-2 to
acquire a n ove l role in p o domere b ounda ry f o rmatio n
p reci p i t ated t he or igin of t he arac hnid pat e lla ( Turetze k
et al. 2015 ). Thus, a n ew gen e gave rise to a m orph olog-
ica l ly n ove l trait. 

While thi s scen ario i s co mpelling fo r i ts mecha-
nistic e legan ce, it is in co nsistent both wi th the evo-
l u tio n ary hi sto ry o f th e gen e an d wit h t he evolu-
tion ary hi story of the taxon ( Fig. 4 ). The origin of
dachs hu nd-2 is attr ibut able to the whole genome du-
plication su bten ding Arachn o p ulm onata; gen e trees of
dachs hu nd h om ologs un ambiguou sly su ppo rt an ori-
gin of dachs hu nd-2 in the common ancestor of the
arachno p ulmonates ( Nolan et al. 2020 ; Ontano et al.
2021 ). How ev er, th e pate lla un ambiguou sl y evo l ved
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Fig. 4 Schema of expression dynamics of dachshund and homothorax homologs in Chelicerata. Note that dachshund paralogs are restricted 
to Arachnopulmonata, and thus postdate the origin of the patella, which is present in apulmonate arachnid orders like Opiliones and 
Acarif ormes. Similarl y, homothorax paralogs are also restricted to Arachnopulmonata and do not reflect a spider-specific duplication; note 
that only one homothorax paralog of the horseshoe crab L. polyphemus has been surv ey ed for embryonic gene expression ( Sharma et al.
2015 ) 
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 rio r to th e em er g ence of the arachno p ulmonates, be-
ng present in n on-arachn o p ulmonat e arac hnid order s
i th und u plicated geno mes (e.g., Op ilio nes, Parasi ti-

 ormes, a nd Aca rif o rmes), Xi phosura, and possib l y Py-
nogonida as we ll ( Sn odgrass 1952 ; Sh ultz 1989 ). Th us,
rou ps wi th single-copy ho mologs o f dac hs hu nd bear
 p atel la, whereas Xiphosura have p atel lae and many
achs hu nd p ara logs t hat are not ort hologs o f sp iders’
achs hu nd-2 . As the phylogenetic age of the trait pre-
ates the phylogenetic age of its putative causal gene,
e can rule out a c ausal rel atio nshi p between the ori-
in o f dac hs hu nd-2 and t he or igin of th e pate llar seg-
 ent. Th ese patterns of trait and gene copy distribu-

ion b esp e ak t h e presen ce of an oth er, as yet uniden-
 ifie d causa l gen e that un der lies th e o rigin o f the
 atel la. 

S imilar int erp retatio ns o f evol u tio na ry significa nce
ere placed on the paralogs of h om oth orax , which

xhib i ts distinct exp ressio n patterns across spiders
 Turetzek et al. 2017 ). In proximo-di stal axi s pattern-
ng of man di bulates, h om oth orax p lays a ro le in the es-
ablis hm ent o f p roxima l leg seg m ents, togeth er with ex-
 radent icle ; h om oth orax p lays an addi tio nal and separate
ole as in esta blishin g antennal fat e t oget her wit h D i s t al-
ess in the f r uit fly, Drosophila m e la nogas t er ( Dong et
l. 2001 ; Dong et al. 2002 ; Angelini a nd Kaufma n 2004 ;
onco et al. 2008 ). In spiders, one copy ( h om oth orax-1 )

s t ypic a l ly expresse d as a con tin uou s dom ain from the
 o dy wa l l to th e m et at ars al boun dary. Th e oth er copy,
 om oth orax-2 , is expressed as a series of ring domains,
it h t he r ings cor responding to seg menta l boundaries.
he number of these rings varies across spider species,
 ro mpting the au tho r s t o infer that this rapid diversifi-
atio n o f exp ressio n do m ains mu st un der lie th e diver-
ificatio n o f sp ider wa l king leg m orph ologies ( Turetze k
t a l. 2017 ). Whi le these int er specific div er g ences of ex-
 ressio n patterns are intr iguing, t hese dat a were not ac-
omp anie d by funct iona l invest igat ion and thus the sig-
ificance of h om oth orax-2 for leg patterning is not un-
er st o o d (but see below). 

As with h om oth or ax , m uch of the literature address-
ng spider gene d u plicates is limited to gene expres-
ion surveys spannin g w e ll-kn own suites of c andid ate
en es, such as oth er leg p atterning t ranscript ion fac-
 or s ( Janssen et a l. 2008 ; Pe chma nn a nd P rpic 2009 ),
et ina l determinat io n netwo rk genes ( Samadi et al.
015 ; Schomburg et al. 2015 ), and Wnt family mem-
ers ( Janssen et al. 2021 ). St i l l, funct iona l invest igat ions
f these genes are spar se , t ypic a l ly tar g etin g indiv idu al
 ara logs (e.g., si ne ocul is-A ; Gain ett et al. 2020 ); un du-
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plicated h om ologs such as Wnt8 , Sp6-9 , or D i s t al-les s
( Mcg regor et a l. 2008 ; Pe chmann et a l. 2011 ; Setton
a nd Sha rma 2018 ); or ent ire sig na ling c asc ades, such
as c anonic a l Wnt sig na ling (v i a knockdow n of arrow ;
Setton and Sh arm a 2021 ). Tw o w o rks explo red the func-
tio n o f Six3 ( Op t ix ) pa ralogs in sp iders, wi th o ne o f these
t ria ling double knockdown of both copies ( Gainett et
al . 2020 ; Sc hac ht et al. 2020 ), but n eith er obtain ed a
clear m orph olog ica l ph en otyp e asso ciated with proto-
cerebra l st ructures (comp are to Posnien and Bucher
2010 ). 

To my knowle dge, on ly o ne wo rk h a s evinced the
retentio n o f functio n in a p ara log p air in P. t ep idario-
rum . In an invest igat io n o f Tol l fami ly genes, ( Benton
et al. 2016 ) discovered two copies of a Toll h om olog
in th e gen om e of P. te pi d ari orum , which th ey des-
ig nate d as Loto-A and Loto-B . Sin gle-g ene RNAi ex-
periments a gains t each copy revea le d a minor effect
u po n germband length when tar g etin g Loto-A ; RNAi
a gains t Loto-B did not affect the embry o. How ev er, dou-
ble knockdown of both copies simu ltane ously resu lte d
in significant widening of the germband, in a manner
comparable to RNAi a gains t the single-copy h om olog
o f Lo to in the b eetle Tr ibol i u m c astan eu m . These r e-
s ults s ugges t that the two (possib l y sub functio nalized)
cop ies o f Lo to hav e syner g ist ic act ivit ies and/or t hat t hey
com pensa t e for eac h other in single-copy RNAi experi-
ments. Exp ressio n lev els w ere not reported in that work,
making the exact in terpreta tio n o f this double knock-
down experiment elusiv e. Nev ert heless, t he fe asib ili ty
o f elici ting addi tive effects in double RNAi experiments
s h ould be explored f urt her in f uture invest igat io ns o f
spider gene duplicates. 

Thus, alth ough n eofun ctio nalizatio n o f a ncient pa r-
a logs se ems an appea lin g framew o rk fo r explaining
the evol u tio nary s ucces s o f grou ps wi thin Arachno p ul-
monata (spe cifica l ly, spiders), funct iona l data support-
ing a broad role for n eofun ct iona lizat ion in driving
the b o d y p la n dispa ri ty o f Ch e licerata rem ain un avail-
able. Th e m ost evident inn ovatio ns o f sp iders—veno ms
and si l ks—are certain ly faci litate d by gene duplications
a nd expa n sion s of v en om an d si l k gene fami lies, but
these d u plicatio ns are typ ica l ly linea ge-s pecific, com-
p arat i vel y young, and do not result from the ancient
an d s hared arachn o p ulm onate wh ole gen om e d u plica-
t ion ( C la rk e et al. 2014 , 2015 ; Ha ney et a l. 2016 ; C haw
et a l. 2021 ; Lüdde cke et al. 2022 ). A clea r a n d su bstan-
t iate d case of n eofun ct iona lizat ion in a p ara log born of
th e arachn o p ulm onate gen om e d u plicatio n remains at
lar g e, as does the evidence that thi s mech ani sm facili-
t ated t he b o d y p la n dispa ri ty o r mo rp ho log ica l novelty
in s ucces sful ch e licerate groups like sp iders, sco rp io ns,
and ps eudos co rp io ns. 
 

Why comparative data matter: two 

lessons from Phalangium opilio 

Th e first an d only m ode l system for th e study of har-
v estman dev e lopm ent is th e w idespread, sy nanthropic
s pecies P halan gi u m opil io . Resour ces for this species in-
cl ude develop menta l t ranscri pto m es, a draft gen om e,
and highly penetrant emb ryo nic RNA i ( Sh arm a et
a l. 2013, 2012b ; Gainett et a l. 2021 ). In the con-
text of wh ole gen om e duplication, P. opili o exhi bits
the essent ia l co ndi tio n r equir ed for un derstan ding th e
arachno p ulmonate whole genome d u plicatio n: i t bears
no trace of systemic gene d u plicatio n ( Gainett et al.
2021 ). It, ther efor e, r epr es ents a clos e ly re lated out-
group to the arachno p ulmon ates, an alogou s to the role
tha t am p hioxus has p layed in un derstan din g v erte-
b rate co mp arat iv e g en omics an d deve lopm ental evolu-
t ion ( Hol land et a l. 2008 ; Put nam et a l. 2008 ; Li et a l.
2017 ). Over the past 11 yea rs, P. o pilio h a s s erved a ke y
role in as ses sing the exp ressio n an d fun ctio n o f single-
copy h om ologs of var ious patter nin g g enes, with em-
ph a si s on the evol u tio n o f appendages ( Sh arm a et al.
2013, 2015, 2012c ). In this r egar d, P. opil io offers two
insights as to the cases of p ara logo us spider co pies that
wer e pr eviou sly di scu ssed a bov e. 

First, rev isiting the c ase of dachs hu nd-2 and the
p atel la, it is not able t hat t he exp ressio n pattern and
functio n o f the single-copy dachs hu nd h om olog of P.
o pilio a re kno wn. I n the h arvestm an, dachs hu nd is ini-
t ia l ly expresse d as a single ring-lik e doma in in the de-
v elopin g limb buds of a l l thre e append age t ypes (che-
licera, pe dip a lp, and wa l king leg). At later s ta ges of
leg elo ngatio n and p o do mere fo rmatio n, dac hs hu nd ex-
p ressio n spans the proximal femur t hrough t he dist al
p atel la, ta king on a heterogeneous exp ressio n pattern
that resembles two strong rings of expression. Com-
par ing t his h om olog to th e exp ressio n do mains o f the
two spider copies (now also known to be shared with
the two p ara logs o f sco rp io ns and whip spiders; Gainett
a nd Sha rma 2020 ; Nola n et al. 2020 ), dachs hu nd ex-
p ressio n in P. opilio is analogous to the co mb inatio n o f
dachs hu nd-1 (r est ricte d to the f emur) a nd dachs hu nd-
2 (rest ricte d to the p atel la) exp ressio n in arachno p ul-
m onates ( Fig. 5 ). Th ese patter ns sug gest t h at wh at
Turetzek et al. (2015) described as a case of n eofun c-
t iona lizat ion may in fact correspond to a sub functio n-
a lizat ion event—effe ct i vel y sp litting th e fem oral an d
p atel la r doma in s’ function s across tw o da ugh ter copies
in the co mmo n ancesto r o f Arachno p ulmonata. 

Testing t his hypot hesis is made difficult by the canon-
ical ph en otype e licited by RNAi a gains t dachs hu nd in
the h arvestm an: deletio n o f the femur t hrough t he
p atel la in the pe dip a lps and wa l king legs ( Sh arm a et al.
2013 ). How ev er, o ne o f t he advant a ges of P. opi lio as
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Fig. 5 Expression of dachshund and Distal-less in the second walking leg of the harvestman P. opilio using hybridization chain reaction. (A) 
Stage 9 embryo. (B) Late stage 10 embryo. (C) Stage 11 embryo. (D) Late stage 12 embryo. Note the heterogeneous expression domains 
of dachshund , corresponding to the femoral and patellar domains (arrowheads). (E) Schematic of spatial relationships of dachshund 
homologs of spiders and harvestman. Note that the domains of the spider dachshund paralogs reflect the subdivision of the single-copy 
harvestman dachshund homolog. Staging of embryos f ollo ws Gainett et al. (2022) 
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 m ode l system i s th at delivery of d sRNA can b e p er-
 ormed at va rious points durin g embry onic dev elop-

ent (t radit iona l ly, microinj e ct ion is per for m ed wh en
 he per ivitel line sp ace first develops, 5 days after egg
 ay in g). Tar g etin g dachs hu nd for knockdown at a later
o int in emb ry og enesi s m ay e licit th e dista l p atel lar seg-
en ta t ion funct ion th at i s pre dicte d to have be en re-

ained by the single-copy homolog. 
Regardless of the out come , the dynamics of P. opilio

achs hu nd underscor e t he import ance of surv eyin g
ingle-copy ch e licerate h om ologs as litmus tests for sce-
arios of n eofun ct iona lizat ion (as o p posed to su bfun c-
 iona lizat ion). For an un ambiguou s ca se of n eofun c-
 iona lizat ion, th e n eofun ct iona lize d arachno p ulmonate
opy s h ould be expressed in a domain shared n eith er by
ts p ara log nor by the o utgro up’s single-co py h om olog.
n addi tio n, in t he ide al case, t hre e aspe cts of com-
 arat iv e dev e lopm ent must be under st o o d: t he f unc-
io n o f the single-copy ou tgrou p ho molog, the indi-
 idu a l funct ion of each duplicated ingroup copy, and
he co mb ine d funct io n o f the two d u plicate d ing roup
opies. 

Seco nd, revisi ting the Hox genes, s ucces sful RNAi
xperiments a gains t s p ider Hox genes remain limi t ed ,
 nd ma ny single-pa ralog knock downs do n ot e licit ph e-
ot ypes (e.g ., labial-2 ; Pechmann et al. 2015 ). By con-

ra st, RNA i again st sin gle-copy h om ologs of P. opili o
ave yielded phenotypes for genes that could not be

n terroga ted in spiders (e.g., h om oth orax ; Sex c ombs
e duce d ; S h arm a et al. 2015 ; Gainett et al. 2021 ),
ossib l y because these genes are p ara logous in spi-
ers an d exhi b i t co m pensa tory effects in RNAi exper-

m ents. Furth erm ore, oth er RNAi experim ents in th e
 arvestm an h ave resu lte d in ent ir ely differ ent ph en o-

ypic spe ct ra tha t provide new insigh ts in to the pa t-
er ning of t h e ch e licerate b o d y p la n. As a n exa m-
le , knoc kdown of labial-1 in P. t ep idario ru m r esu lte d

n the deletion of the pe dip a lp a l seg ment a ltogether,
om etim es in addition to the first wa l king leg (L1)
egm ent; this ph en otype was un der st o o d to imp l y a
ole of l abi al-1 in th e m ainten an ce of th e pe dip a l-
 a l (an d possi b l y also L1) ter r i to ry ( Pechmann et al.
015 ). This data point did not elicit a home ot ic func-
io n fo r l abi a l-1 , leaving do ub t as to how pe dip a l-
 a l ident i ty is co nferred. By co ntra st, RNA i a gains t
he single-copy labial ho molog o f the h arvestm an re-
u lte d in h om e ot ic t ra nsf ormation of pe dip a lps into
h e licerae, in addi tio n to ph en otypes that refle cte d the
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seg menta l m ainten an ce fun ctio n p re viously obs erved
in spiders ( Gainett et al. 2023 ). This resul t co nsti-
tut ed the fir st know n c ase of c anonic a l Hox funct ion
in a l abi al h om olog in Arthrop o da (i .e ., trit ocerebral t o
deu tocereb ral ho meosis). 

These ou tco mes hig hlig ht th e n e e d fo r co m para tive
studies of t he s ame genes in taxa that exhib i t the du-
plicat ion, as wel l as outg roup taxa that do not. G iv en
the evol u tio nary lab ili ty o f Hox functio n across exp res-
sio n do ma ins (pa rticula r ly th e fluid posterio r bound-
a ries; Sha rma et al. 2012b ; Damen et al. 1998 ; Telford
an d Th om a s 1998 ), t he s ame exper im ents may yie ld
ma rk e d ly different ou tco mes and insights across differ-
ent ch e licerate taxa. 

Developmental system drift: an 

overlooked null hypothesis for 

duplication dynamics 

W hile histo rically info rmative, tradi tio nal single-
chann e l gen e exp ressio n surveys o f c andid ate genes
using color imetr ic re ag ents are bein g superse de d by
mu lt ichann e l fluorescent expression assays v i a hy-
b ridizatio n chain reactio n, a s well a s hig h throug hput,
single-cel l RNA-Se q (scRNA-Se q) datasets, which offer
gr eater pr ecision and accuracy in c haract er izing t he
dynamics of p ara log ous g en es an d acce lerate lin eage-
specific gene discovery ( Choi et al. 2018 ; A kiyama-Od a
et al . 2022 ; Leit e et al . 2022 ). One approac h t o identi-
fyin g putativ e cases of su b- an d n eofun ct iona lizat ion
in scRNA-Seq data is to look for distinct po p ulations
o f cells exp ressing each o f the p ara logs; the sp at iotem-
poral div er g ence o f exp ressio n levels cou ld be ta ken as
a potent ia l case of div er g ence of g en e fun ction across
da ugh ter copies ( Leite et al. 2022 ). 

Alt hough t his approac h t o int erpretin g div er g ence of
gen e fun ctio n is p ro mising, o ne potent ia l p i t fa l l i s th at
dis tinct expres sion levels could also reflect cases of de-
ve lopm ental system drift, wherein homologous struc-
tur es ar e p atterne d by n on-h om olog ous dev e lopm ental
mech ani sms ( True and Haag 2001 ). Classic examples
o f develop ment al system dr if t in art hrop o ds includes
ant eropost er ior segment ation; t h e segm ents of arthro-
p o d s are un ambiguou s ly un der st o o d to reflect a trait
resu lt ing from common ancestry, but there are major
differences in segmen ta tio n p r ocesses acr oss the arthro-
p o d t re e of lif e. These differences spa n th e m ode of seg-
men t forma t ion (se quent ia l addit ion from a posterior
growth zone versus simulta neous f o rmatio n o f a l l seg-
m ents), as we ll as th e sig na ling c asc ades invo l ved (Wnt
and Not c h–D elt a sig na l lin g v ersus th e can onical seg-
men ta tion c asc ade o f lo n g-g erm embry og en esis in th e
f r uit fly D. me la nogas t er ) ( Peel et al. 2005 ; Damen 2007 ;
Clark 2017 ). 
In spiders, a n exa mple was pro vided abo ve f or va ri-
ation in h om oth orax-2 expression domains across spi-
der species ( Turetzek et al. 2017 )—t he aut hors in-
fer red t hat t he h om oth orax d u plicates were sp ider-
specific and that these differences in exp ressio n do-
main s w ere adaptiv e (e.g., possib l y associ ated w it h var i-
ation in spider leg m orph ology). How ev er, in rapid
s ucces sio n, i t was discovered that h om oth orax was
d u plicated in the co mmo n ancesto r o f Arachno p ul-
mon ata a s a resul t o f th e arachn o p ulm onate wh ole
gen om e duplication ( Schwager et al. 2017 ; Leite et
al. 2018 ); and that h om oth orax-1 an d h om oth orax-2
wer e similarly expr essed in sco rp io ns and whi p sp i-
ders ( Ga inett a nd Sha rma 2020 ; Nola n et al. 2020 ).
Thus, the div er g ence of h om oth orax p ara logs’ expres-
sio n do m ains i s not a s pider-s pecific ph en om en on
( Fig. 4 ). 

Associating the divergence of the arachno p ulmonate
h om oth or ax copies’ spa tiotem po ral do mains wi th adap-
tiv e chan g es is not st raight forward , owing both t o the
pauci ty o f avail able d a ta poin ts an d to th e lack of fun c-
t iona l data for either arachno p u lmonate p ara log. It is
t empting t o infer that h om oth orax-1 (which exhib i ts
the con serv e d expression p atter n) ret ains t he con serv ed
func tion, w hereas h om oth orax-2 h a s acquired n ove l do-
mains, possib l y relating to leg segmen ta tio n o r differen-
t ia l elongat ion of specific podomeres ( Nolan et al. 2020 ).
How ev er, t he sole f unct iona l da ta poin t for a ch e licer-
ate h om oth orax h om olog s ugges ts that both roles may
have been present in the c helicerat e co mmo n ancesto r.
Knockdown of the single-copy homolog of ho motho rax
in the h arvestm an P. opil io r esu lte d in a wide ph en o-
typic spe ct rum that include d seg menta l fusions, defe cts
o f p roxima l appendage seg m ents, an d h om eosis of an-
terior appendages, p ara l leling exper iment al dat a for ho-
m oth orax h om ologs in insect m ode ls ( Ron co et al. 2008 ;
Sh arm a et al. 2015 ). Part of the h arvestm an ph en otypic
spe ct rum include d disrupt ion of proxima l leg seg ments
a nd def ects in p o domere b oundaries in affe cte d wa l k-
ing legs (Fig. 4i of Sh arm a et a l. 2015 )—again, p ara l lel-
ing ou tco mes o f RNAi a gains t insect h om o logs of h o-
m oth orax ( An g e lini an d K aufman 2004 ; Ro nco et al.
2008 ) . Thu s, it i s possible th at th e single-copy h om olog
of h om oth orax p lays a con serv ed role in proper forma-
tio n o f p o domere b oundaries in addi tio n to i ts cano n-
ical roles as a Hox co facto r and proximo-distal axis-
patternin g g ene (a side activ it y, s ensu Bergthorsson et al.
2007 ). Su bsequent to th e d u plicatio n, selectio n fo r in-
cre ased dos age ma y ha ve ma inta in ed th e h om oth orax-
2 p ara log, fol lowe d by m uta t iona l im provemen t of the
extra copy and gradual segregation of the side activ-
ity entirely in the “new” p ara log. Thi s inference i s par-
t ia l ly su ppo rted by the exp ressio n do mains o f h om oth-
orax p ara logs of the whi p sp ider Ph ryn us m ar gin em a c-
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l atus , wh erein h om oth orax-2 is exp ressed o nly as two
omains in the leg (one proximal and t he ot her sub-

en ding th e pres umptive tars u s) wherea s h om oth orax-
 is expressed h eterogen eous ly, both as a con tin uous
and through most of the dev elopin g leg, as well as
tron g er rin gs of expression corresponding to segmen-
 al boundar ies ( Ga inett a nd Sha rma 2020 ) ( Fig. 4 ). The
iffer ences in expr ession domains in t he t hre e surveye d
rachno p ulmo nate o rders may not reflect acquisi tio n o f
 ove l fun ctions, so much as divergent p art it ioning of

h e an cest ra l funct ion s betw een the tw o availa b le h o-
 oth orax copies. 
Alternati vel y, chan g es in the exp ressio n do mains o f

 om oth orax-2 across the surv ey ed Arachno p ulmonata
ay not be adaptive or even funct iona l, but rather,

ou ld refle ct dr if t of f unct iona l ly re dunda nt doma ins
n the “new” p ara log, which may be slated for even-
ual gene loss ( Lynch and Conery 2000 ; Johri et al.
022 ). Simil ar dy n amics h ave been described for nub-
i n expr ession acr oss arthr op o ds, and p art icu larly in-
ects, wi th li ttle co rrelatio n between exp ressio n pat-
ern s and en suin g leg m orph ologies ( Li an d Popadic
004 ; P rpic a nd Da men 2005 ; Hrycaj et al. 2008 ;
urchyn et al. 2011 ), as with ch e licerate h om oth orax
atterns. 

Deve lopm ental system drift s h ou ld be considere d a
a lid and va luable nu l l hypot hesis in t he an alysi s of di-
 er gin g g ene exp ressio n p atterns in C h e licerat a, t hough
t is rarely invoked in th e ch e licera te litera ture. G iv en the
ntuit ive lin k betwe en div er g ence o f d u plicated genes
nd evol u tio nary n ove lty, wh ole gen om e d u plicatio ns
requen tly im pe l search es fo r cases o f su b- an d n e-
 functio nalizatio n o f pa ralogs, a n d th e spider deve l-
p mental li terature is no excep tion. Yet, ap proaching
he evol u tio n o f ancient sp ider p ara logs wit h t he ex-
e ctat io n o f finding cases o f neo functio nalizatio n may
bscur e br oader an d m o re p r evalent dynamics acr oss
rachno p ulmonate b o d y p lan evo l u tio n, such as dr if t,
wapp ing o f functio ns wi th no n-ho molog ous g enes,
nd coo p tio n o f an cient gen e cassett es t o s erve ne w
 unctions ( L i and P opadic 2004 ; P e chmann et a l. 2011 ;
etton and Sh arm a 2018 ). 

onclusion 

esp i te the a l l ure o f wh ole gen om e duplication as an
xplanat ory vehic le fo r evol u tio nary s ucces s, diversifi-
 ation dy namics of the extant ch e licerates do n ot su b-
tan tia te a direct co rrelatio n between in ciden ce o f d u-
licat ion and spe cies richness. A re vie w o f available li t-
rature s h ows t hat few f unct iona l data sets exi st th at in-
or m t he div er g en ce of fun ctions in p ara logous gene
airs in the spider P. t ep idario rum . Of that handful
f existing datasets, n on e support th e inferen ce that
 eofun ctio nalizatio n o f a ncient pa ralogs h a s played a
ignificant role in spider (or arachno p ulmonate) b o dy
 lan evo l u tio n. Defini tive iden tifica tio n o f neo func-
 iona lizat ion re quires comp arat ive funct iona l data from
 on-arachn o p u lmonate g roups such as P. opilio , which
an serve to polarize the evol u tio n o f gene exp ressio n
attern s, as w ell as com para tive exp ressio n data fro m
at ellit e models (bo th arachno p ulmonate and non-
rachno p ulmo nate) fo r testing the explanatory power
 f evol u tio n ary scen arios m ore gen era l ly. In future , suc h
o mb ine d invest igat io ns o f d u plicated and single-copy
 om ologs across ch e licerates may serve to p inpo int
h eth er an d h ow n eofun ctio nalizatio n o f a ncient pa r-

logs stemming from gen om e duplication have shaped
he evol u tio n o f Ch e licerata. 
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