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Synopsis Hyb ridizatio n is impo rtant in evol u tio n, because i t is a necess ary (t h ough n ot s ufficient) s tep in the int rog ression 

of potent ia l ly adapt ive variat ion betwe en spe cies. Bindin is a gamete re cog nit ion protein in echinoids and a steroid s, capable 
of blocking cross-fert i lizat ion betwe en spe cies to varying deg re es. Four spe cies of the sea urchin genus Di ad ema are bro ad ly 
sym pa tric in the I ndo-Pacific: D. pa ucispi nu m , D. sav igny i , D. cl arki , an d D. set os um. D at a from three pu blis h ed studies, on e 
of iden tifica tio n o f hyb r ids t hrough a l lozym es, on e of th e phyloge og raphy of mit oc h on drial DNA, and one of the ph ylogen y 
o f b indin, were co mb ined to as ses s the deg re e o f b indin int rog ression betwe en these four spe cies. I ana lyze d se quen ces of th e 
ATPase 8 and ATPase 6 mit oc h on drial gen es an d o f b indin, s ampled t hro ugho ut the species ran g es, w ith an isol at ion–mig rat ion 

algo ri thm, IM a3. IM a3 uses a co a lescen t a pproac h t o p rod uce Bayesian estimates of effe ct ive po p u lat ion sizes and gene flow 

b etween p o p ulatio ns. The resul ts s h owed that bindin alleles coalesce comp letel y within the species bounds of D. clarki and of 
D. set os um. The sis ter s pecies D. p au cispi nu m and D. sav igny i , how ev er, w ere est imate d a s h avin g ex chan g e d a bindin a l lele at 
an av erag e of ev ery one to tw o-and-a-half g eneration s sin ce th ey spe ciate d from e ach ot her. As t he a l lo zyme study det ect ed 

nine hybrids between three of these species in Okinawa (most of them bet ween D. s et os um and D. savi gnyi ) in a single sample, 
hybrids between these species are p rod uced, bu t b in din does n ot int rog ress. Therefo re, b indin must not be efficient in blocking 
heterospe cific fert i lizat io ns. Co mplet e , or almost complet e , r epr oducti ve iso l ation bet ween species of Di ad ema mus t res ul t fro m 

low hybrid fitness. 
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ntroduction 

nt rog ression, th e in corporation of genes from one
pecies into the geno me o f anot her t hrough hybr idiza-
io n, is impo rtant in evol u tio n. Hyb ridizatio n between
lose ly re late d spe cies h a s the potent ia l of t ra nsf er-
in g adaptiv e variatio n fro m o n e species to an oth er
 A nderson 1949 ; A rnold 1997 ; Abbott et al. 2013 ;
e drick 2013 ; E delma n a nd Ma l let 2021 ), g ives rise

o n ew h om oploid or po l yp loid spe cies ( Ma l let 2007 ),
 nd reinf o rces rep rod uct ive b ar r iers t hroug h selec tion
 gains t low-fitnes s offs pring ( Howard 1993 ). It can also
esult in the fusio n o r ext inct io n o f species ( Rhymer
n d Simber loff 1996 ; Wolf et al. 2001 ). On ce th ought
o be rare in marine anim al s (e.g., Hubbs 1955 ; Arnold
997 ), hyb ridizatio n was subsequently found in s e v-
ral marine gr oups (r e vie ws in Gardner 1997 ; Willis
t al. 2006 ; Arnold a nd Foga rty 2009 ). Among echi-
o ids, hyb rids w ere g enet ica l ly ident ifie d in Strongylo-
 dvance A ccess pu blication Jun e 13, 2024 
u blis h ed by Oxford University Press on behalf of the Society for In tegra tive 
overnmen t em ployee(s) and is in the public domain in the US. 
ent rot us ( Addison and Hart 2005 ; Harper et al. 2007 ;
ddison and Pogson 2009 ; G la sen app and Pogson
023 ), Ec hino thrix ( Co p p ard et a l. 2021 ), Pseu d ob ol eti a
 Zigler et al . 2012 ), Lyte ch in us ( Zigler and Lessios 2004 ),
rb aci a ( Lessios et al. 2012 ), Echin om e tra ( G e yer and
al umb i 2005 ), and Dia dem a ( Lessios and Pearse 1996 ) .
it h t h e n ota ble ex ceptio n o f Strongyl o centrotus , th e

mpo rtance o f int rog ression in echinoid evolution h a s
emain ed un explo red. Most o f the rep orts ab o ut o ther
 enera con sist of the iden tifica tio n o f a few hybrids in
th erwise m on ophylet ic spe cies. 

How close ly re l ated sy m pa tric species of sea urchins
a inta in their genetic integrity remains an open ques-

ion, as there are few potent ia l b ar r ier s t o het erospecific
ert i lizat io ns in o rgani sms th at s h ed th eir gam et es int o
he water column ( Lessios 2007 ). Non-ov erlappin g
p awning t im es are on e possi ble bar r ier in prezy-
ot ic isolat ion, as is re cog nit ion betwe en conspe cific
and Com para tiv e B iology 2024. This work is written by (a) US 
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gam etes. On e of th e pro teins po tent ia l ly im portan t in
gamete re cog nit ion is bin din. Bin din is a gamete recog-
ni tio n p rotein (GRP) tha t media tes in teract ion betwe en
egg and sperm. It is expressed on th e acrosom e of sea
urchin sperm, and it is re cog nize d by two recept or s of
t he eg g, EBR1 and a 350-kDa protein ( Vacquier 2012 ).
Com pa tib ili ty o f b indin wi th i ts recepto rs permi ts
adhesio n wi t h t he eg g vite llin e m embran e, fusion, an d
fert i lizat ion ( Vacquier and Moy 1977 ; U lric h et al. 1998 ;
Vacquier 2012 ). Bindin h a s been s h own experim en-
ta l ly to be capable of bloc king het erospe cific mat ing
in sea urchins ( Metz et al. 1994 ). Its DNA sequence
div er g ence betw e en spe cies is inversely correl ated w ith
com pa tib ili t y bet ween heterospecific gametes ( Zigler et
al. 2005 ). It, thus, has the potent ia l of being a “spe ciat ion
gen e,” as su bsti tu tio ns that al ter i ts affini ty to t he eg g
recept or s could r epr oducti vel y iso late po p ulations
( Lessios 2011 ). 

GRPs genera l l y evo l ve at a fast rate under strong
positi ve (di versifying) sele ct io n ( Swanso n and Vacquier
2002 ; Turn er an d Hoe kstra 2008 ; Vacquier an d Swanson
2011 ). Sea urchin bindin does not evo l ve as rapidly
a s th at o f so m e oth er GRPs ( Lessios an d Zigler 2012 ),
bu t i ts rate o f div er g ence betw een con g eneric species
i s u sua l ly hig her w h en th eir ge og raphic ranges over-
lap ( Pal umb i and Lessios 2005 ). Posi t ive sele ct io n o n
bindin is present in three sea urchin genera, Echin om e-
tra ( Metz and Pal umb i 1996 ; McCartney and Lessios
2004 ), Strongyl o centrotus ( Biermann 1998 ), an d Para-
cent rot us ( Calderon et al. 2009 ), but absent in five,
Arb aci a ( Metz et al. 1998 ; Lessios et al. 2012 ), Trip-
neus t es ( Zigler and Lessios 2003 ), Lytech in us ( Zigler and
Lessios 2004 ), Pseu d ob ol eti a ( Zigler et al. 2012 ), He-
li o ci d aris ( Hart et al. 2012 , but see Zigler et al. 2003 ),
an d Di ad ema (except for on e bran ch) ( G e yer et al.
2020 ). Even in genera in which no posit ive sele ct ion h a s
been foun d, bin din a l le les gen era l ly c lust er int o m on o-
phyletic clades. The exception is bindin of Di ad ema . 

Species of Di ad ema are abun d ant in tropic al seas
aroun d th e globe. Four of th e eight descri b ed sp ecies of
the genus are symp at ric over a large part of their ran g e
in the Indo-Pacific ( Fig. 1 ). Dia dem a sav igny i ran g es
from the cent ra l Pacific to t he e a st coa st of Africa, D.
set os u m is spr ead fr o m To nga to Afr ica ( Pe arse 1998 ),
D. p au cispi nu m was orig ina l ly thought to be endemic to
the cent ra l Pacific ( Mortensen 1940 ; Clark 1954 ), but re-
cent evidence h a s s h own it to be much mo re widesp read
( Lessios et al. 2001 ), and D. clarki is only known from
th e is lan ds of Japan, th e Mars ha l l Is lan ds, an d In don e-
sia ( Chow et al. 2016 ; Moore et al. 2019 ). All species are
m orph olog ica l ly very simi la r ( Lessios a nd Pea rse 1996 ),
which h a s led to misiden tifica tio ns and erro neous re-
po rts o f their p r esence in various r egio ns ( Mo rtensen
1940 ; Pearse 1998 ). 
John Pearse and I, with the hel p o f Bailey Kessing,
studied the mit oc hondria l phyloge og raphy of Di ad ema
( Lessios et al. 2001 ). We found D. set os um to consist
of two deep l y di vide d clades, a lmost certain ly differ-
ent species, D. set os u m- a, spr ead widely from the West
Pacific to v irtu a l ly the ent ire Indian O ce an, and D.
set os um -b, only occur r ing around t he Arabian Penin-
sul a, where D. s av igny i is absent and D. paucispi nu m
is rare. These two clades were an o utgro up to those of
a l l other spe cies in the genus. Mit oc h on drial DNA (mt-
DNA) of D. p au cispi nu m , far fr om being r est ricte d to
the cent ra l Pacific a s it wa s on ce th o ught, was fo und in
th e entire In do-Pacific ( Fig. 1 ). Di ad ema set os um was
est imate d as having sep arate d from a l l other spe cies of
Di ad ema 6.7–13.9 mi l lion y ears ag o (Mya), D. clar ki
from the clade leading to D. p au cispi nu m and D. savi-
gnyi 4–8.5 Mya, while the two sister species split from
e ach ot h er 1.02–1.86 Mya. Th e study o f mt-DNA co n-
fir med t he presence of D. paucispi nu m outside the cen-
t ra l Pacific, as reporte d from semi-diag nost ic a l lozymes
in Okinawa by Lessios and Pearse (1996) . We al so di s-
covered a distinct clade of mt-DNA in Kyush u, Honsh u,
and M ajuro, M arsha l l Islands—more simi lar to D. sav-
ig nyi t han t o D. seto sum—and s ugges ted th at it wa s a
dis tinct s pecies, D. clarki , orig ina l ly describe d by Ikeda
(1939) but sy nony mized w ith D. s et os um by Mortensen
(1940) . C how et a l. (2014 , 2016 ) subse quently provide d
m orph olog ica l and addi tio nal mt-DNA evidence that
thi s clade wa s, inde e d, the spe cies orig ina l ly describe d
by Ikeda. Thu s, the di stribu tio ns o f four species of Di-
a dem a overlap in the West Pacific. 

The questio n o f hyb ridizatio n in th e In do-Pacific
species of Di ad ema was first addressed by Lessios and
Pearse (1996) at a time when D. clarki was st i l l as s umed
to be a sy nony m of D. s et os um , an d that D. p au cispi nu m
was thought to be rest ricte d to the cent ra l Pacific. John
Pearse col le cte d Di ad ema in O kinawa an d classified
th e specim en s accordin g to th eir m orph ology as D. se-
t os um , D. savi gnyi , o r as o ne o f three types of potent ia l
hybr ids. To deter mine a l leles diag nost ic of each species,
col le ct io ns o f D. set os u m wer e al so m ade a t Fan tome
Is lan d at the Great Barrier Reef in Australia, where it
occur s alone , a nd of D. paucis pi nu m at Hawaii, wher e it
is the only species of Di ad ema . A llozy mes, di a gnos tic
or semi-dia gnos tic for eac h species, indicat ed that
nine of the morp ho log ica l ly interme diate spe cimens
in Okinawa were hybrids between D. set os um and D.
sav igny i , o r between o ne (o r both) o f th ese species an d
D. p au cispi nu m. The a l lozy me d at a est ablished t hat
hyb ridizatio n between three species was taking place.
Th ey could n ot, h ow ev er, provide an estimate of the
frequency of these hybrids in the po p u lat ion be cause
sampling was de li berate ly biased in favor of hybrid
incl usio n by looking for indiv idu al s th at could not be
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Fig. 1 Localities where each of the species of Diadema discussed in the text is known to occur, and a r epr esentation of the species 
relationships as determined by their mitochondrial DNA (after Lessios et al. 2001 with additions from Chow et al. 2016 and Moore et al.
2019 ). 
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dent ifie d to spe cies by th eir m orph ology ( Lessios an d
earse 1996 ). An estimate of historical intr ogr ession
ould, thus, n ot be obtain ed, except through weak
vidence from lin kage dise qui lib ri um and dev i a-
io ns fro m Hardy–Wein berg eq uilib ri um. The mi to-
h on drial ph ylogen y of Lessios et a l. (2001) , b ase d
 nly o n m atern a l ly in herite d loci, cou ld not pro-
ide a definitive answer as to wh eth er in div idu als
ith D. p au cispi nu m haplotypes wer e pur e mem-
ers of this species, or wh eth er th eir mt-DNA
ow existed in a D. sav igny i nuclear b ackg round,
aving spread outside the cent ra l Pacific through

nt rog ression. 
Sequencing o f b indin by G e yer et al. (2020 ) found

hat a l leles of D. set os u m wer e on a separate clade than
 hose for me d by a l leles of a l l other spe cies of Dia dem a ;
 he s ame was true for alleles of D. cl arki . Alle les of D.
av igny i an d D. p au cispi nu m , how ev er, w ere often in the
ame c lade . Four bindin fir st exo n sequences o f these
wo species were ident ica l. Th e s hared po l ymorp hisms
n thi s genu s rai se the questio n o f wh eth er th ey are
he resul t o f inco mplete so rting (i .e ., wh eth er th ey have
e en in herite d fro m their co mmo n ancesto r bu t did not
ave enough time to div er g e), or int rog ression that oc-
ur red af ter spe ciat ion. 

D at a from mit oc h on drial ( Lessios et al. 2001 ) and nu-
lear ( G e yer et al. 2020 ) DNA provide an o p po rtuni ty
 o estimat e the deg re e o f histo rica l genet ic exchange of
indin between sym pa tric species of Di ad ema an d thus
s ses s t he import ance of int rog ression in their evolu-
 ion. The deg re e of int rog ressio n o f b indin al so h a s im-
lications r egar ding its efficacy in r epr oducti ve iso la-
ion. Here, I use the data of Lessios and Pearse (1996) ,
essios et al. (2001) , and G e yer et al. (2020 ) to ad-
ress this q uestion, q uan tify ra te o f b indin int rog res-
io n, and eval ua te the na tur e of r epr oducti ve iso lation
n this genus. 

aterials and methods 

it oc h on drial D NA va riation in Di ad ema wa s a s ses sed
ro m sequences o f th e ATPase8 an d ATPase6 gen es (642
p, h ereinafter m ention ed as “ATPase86”) reported by
essios et al. (2001) . Sequences of eight indiv idu als of
. sav igny i an d on e o f D. c larki fro m M ajuro, the M ar-

ha l l Islands, were adde d. Lessios et a l. (2001) had found
nl y hap lotypes of D. clarki (listed as Di ad ema sp.) at
hi s i s lan d, but th e m or e r e cently se quence d haplotypes
ndica ted tha t D. sav igny i i s al s o pres en t. The sam pled
ndo-Pacific species were D. paucispi nu m ( n = 79, both
 and b clades), D. clarki ( n = 21), D. sav igny i ( n = 107),
nd D. set os um- a ( n = 87). Di ad ema set os u m -b fr om the
ra bian Penin sula was not included in the an alysi s of
yb ridizatio n, because i t was not found in t he s a me a rea
ith any other species of Dia dem a . Samp les came from
li pperto n, Easter Is lan d, P itca ir n, Moore a, Kir it imat i,
 nd Hawa ii in the cent ra l Pacific; Samo a, Rarotonga,
he Cook Islands, Fiji, New Ca le donia, Fantom e Is lan d
Ea st Au st ra li a), Papu a New G uinea, Majuro, G uam, the
hili pp ines, Ta iwa n, Okin awa, Kyu s hu, Hons hu, Is hi-
a ki (Jap an), Ho ng Ko n g, and Sin gapore in the West Pa-
ific; the La ma rck a nd W hi te Is lan ds, Ninga loo, Gera ld-
on (Wes t Aus t ra li a), R éunion, Sout h Afr ica, Za nziba r,
enya, a nd Oma n in th e In dian O ce an. D et ai le d loca li-

ies, sample sizes per loc alit y in each species, and meth-
ds of DNA ext ract ion, am plifica t ion, and se quencing
re listed in Lessios et al. (2001) , as is the list of many
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Table 1 Highest probability density points of introgression events 
between Indo-Pacific species of Diadema 

sp1 sp2 
2NM (95% HPD) 

sp1 → sp2 
2NM (95% HPD) 

sp2 → sp1 

D. setosum D. clarki 0.002 (0.000–0.256) 0.002 (0.000–0.486) 

D. setosum D. savignyi 0.003(0.000–0.597) 0.003(0.000–0.567) 

D. setosum D. paucispinum 0.003 (0.000–0.571) 0.018 (0.000–0.542) 

D. clarki D. savignyi 0.002(0.000–0.666) 0.012(0.000–0.342) 

D. clarki D. paucispinum 0.002 (0.000–0.339) 0.007 (0.000–0.021) 

D. savignyi D. paucispinum 1.069 (0.046–3.456) 0.412 (0.000–2.791) 

Range of 95% Highest Probability Densities (HPDs) are shown in paren- 
theses. 
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people to whom J. Pearse and I were indebted for col-
le ct ions. 

Sequences of the first exon of mature bindin were
from a subsample of indiv idu al s u sed in Lessios et al.
(2001) : D. p au cispi nu m ( n = 16), D. sav igny i ( n = 8),
D. clarki ( n = 9), and D. set os um -a ( n = 8) ( G e yer et al.
2020 ). ATPas e86 s e quences provide d spe cies ident ifica-
t ions, be cause m orph ology in Di ad ema can be mislead-
ing. It i s, thu s, a s s umed that mit oc h on drial DNA de lin-
eates species of Di ad ema . To determin e wh eth er in di-
v idu als wer e heter ozygotes in b indin, u p to five clones
wer e obtained fr om each. Sequence differ ences between
clo nes fro m t he s ame indiv idu al were as s umed to be in-
dicative of a het ero zygot e if they differed at more than
o ne si t e , o r if they differed at o nly o ne si t e , but this differ-
ence was consistent in more than one c lone . The bindin
data wer e fr om Easter Is lan d, th e Cook Is lan ds, Majuro,
Okin awa, Kyu shu , Ishigaki , the Phili pp ines, Papua New
Guin ea, Zanzi bar, Réunion, and South Africa. 

Gene flow between species of Di ad ema sin ce th eir
sep arat io n fro m e ach ot her wa s estim ated with the
isolat ion–mig rat io n p rogram IMa3 ( Hey an d Nie lsen
2004 ; Hey et al . 2018 ), inc ludin g the tw o mit oc h on drial
genes as a single (haploid) locus, an d th e bin din se-
quences as a di plo id locus. The program uses gene ge-
nea log ies to p rod uce Bayesian est imates, b ase d on co-
a lescence, of effe ct ive po p u lat ion size (2 N e μ, where μ
is t he mut atio n rate) o f ancest ra l and da ugh ter pop-
u lat ions, the t ime since their init ia l sep arat ion ( T μ),
an d th e rate of gen e flow in each dire ct ion (m/ μ). The
mit oc h on drial ph ylogen y o f Lessios et al. (2001) p ro-
vided a fixed species tree ( Fig. 1 ). I estimated gene ex-
chan g e and effe ct ive po p u lat ion sizes in six p airwise
co mpariso n s betw een the four species. A n alyses were
im plemen ted wit h t he Hasegawa et al. (1985) (HKY)
m ode l for both loci. P relimina ry run s w ere per for med
to o p timize the bo un ds of th e p rio rs, th en th ey were
run in 80 chains with ge omet r ic he ating for 10 

7 steps,
samplin g 10 

5 g enea log ies every 10 

2 st eps aft er a burn-
ing of 4 × 10 

6 steps. The IMa3 runs were done in the
CIPRES porta l ( Mi l ler et a l. 2010 ). Conv er g ence was de-
termined by comparing estimates resulting from three
runs with different random se e ds but with th e sam e pri-
ors. As the results of the three runs were very simi-
lar, est imate d p aramet er s of only one are shown here.
Be cause est imates p rod uce d by IMa3 are a funct ion
o f mu tatio n rat e , t o ca lcu late demog raphica l ly sca le d
estim ates, I u sed ATPa se86 div er g ence of 4.24% be-
tween D. anti l l arum an d D. mexi canum , as s umed to
have be en sep arate d by t he Ist hmu s of Pan am a com-
pletion ∼3 Mya ( Lessios et al. 2001 ). There is no re-
co mb inatio n (that co nfounds co a lescen ce) in th e first
exo n o f b indin. G e yer et al. (2020) us ed four m eth ods
of est imat ing rat ios o f rate o f amin o acid replacem ent
and silent s ubs ti tu tio ns to as ses s sele ct io n o n the mature
bin din m ole cu le. They provide d n o eviden ce o f posi tive
sele ct io n in ei t her t he first or the second exo n o f b indin,
except for th e bran ch leading to D. clarki ( G e yer et al.
2020 ). 

Results 

Est imate d effe ct ive po p u lat io n sizes and rate o f gene
flow between species of Di ad ema are s h ow n in Fig .
2 . Hyb ridizatio n bet ween D. s et os um o r D. c l arki an d
t he ot her two species was essent ia l ly nu l l; the lowest
limi ts o f the ran g e o f 95% highest p robab ili ty densi-
t ies (HPD) of a l l mig rat ions in these co mpariso n s w ere
invariab l y zero ( Table 1 ). Int rog ression in both direc-
tion s betw een the sis ter s pecies D. p au cispi nu m and D.
sav igny i , on th e oth er han d, was m ore than a hun dred
t imes g re ater t han t hat of any ot her compar ison. From
D. p au cispi nu m , an av erag e o f 0.4 b in din gen otypes were
tra nsf er red into D. savig nyi ev ery y ear (or ev ery g enera-
tion, as Di ad ema pr obably r eaches sexual maturity in 1
ye ar). From D. savig nyi , 1.1 a l leles per y ear w ere tran s-
ferred into D. p au cispi nu m . Thus, the sp ecies b ound-
ary between these two reci p roca l ly m on ophyletic mito-
ch on dri al sister cl ades h a s be en crosse d by bindin ev-
ery 1–2.5 years since spe ciat io n, by hyb rids fit enough
t o bac k cross a nd tra nsf er their a l leles. The rates of in-
t rog ression betwe en D. p au cis pinum a nd D. sav igny i
r ival t hos e s een in sto ny co ra ls, a g roup in which
hyb ridizatio n is co mmo n ( Willis et al. 2006 ), and in
w hich retic ulate evol u tio n is thought to be widespread
( Veron 1995 ). 2 N e m values of 0.4–2 prop agu les per
g eneration w ere est imate d by the isolat ion–mig rat ion
m ode l as tra nsf erred between the scleractinians Acro-
por a cyther ea and A. hyacinthus ( Ladner and Pal umb i
2012 ), and 0.29 between Po rit es everman n i and P. lo-
b ata ( He ll berg et al. 2016 ). Th e sam e m ode l provided
2 N e m estimates of 0.13–1.05 between sister species of
sna pping shrim p of the gen us Al p h a eus ( Hurt et al.
2013 ). 
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Fig. 2 Estimates of effective population sizes and bindin introgression rates between Indo-Pacific species of Diadema , superimposed on the 
mitochondrial phylogeny of Lessios et al. (2001) . Width of rectangles represents the Highest Probability Density (HiPt) of effective 
population size ( N e ), lines r epr esent the 95% HPD intervals. Labels on ar ro ws indicate the HiPt of the number of introgression events 
(2 N e m ) per generation between the species in the direction indicated by arrows (forward in time). 95% HPD ranges are shown in Table 1 . 
Estimates of introgression events are shown between D. setosum and all other species (panel A), D. clarki and D. savignyi or D. paucispinum 

(B), and D. savignyi and D. paucispinum (C). 
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Effe ct ive po p u lat io n sizes o f D. p au cispi nu m
4.35 × 10 

8 indiv idu als) and D. sav igny i (5.5 × 10 

8 

ndiv idu als) were much larger than that o f D. c larki
9.6 × 10 

7 indiv idu a ls), whi le that of D. set os um
2.1 × 10 

8 indiv idu al s) wa s in termedia te. Th e re lative
al ues o f D. p au cispi nu m and D. sav igny i versu s th at of
. set os um may well reflect the expected lar g er g enetic
ariatio n in hyb ridizing species, bu t the much sma l ler
st imate d po p u lat ion in D. clarki could be an artifact
f sma l ler sa mple sizes a n d of se le ct io n o n b indin in
hi s species, a s co a lescence as s um es se le ct i vel y neut ra l
vol u tio n. Neverth e less, po p u lat ion sizes correlate
it h t h e kn own ran g es of th e species. Di ad ema cl arki

s only known from Japan ( Chow et al. 2016 ), the
arsha l l Islands ( Lessios et al. 2001 ), an d In don esia

 Moore et al. 2019 ), whereas the other three species
an g e ov er th e entire In do-Pacific. Repo rts o f the dis-
 ribut ion of newly r ediscover e d spe cies are expe cte d
 o underestimat e their ran g e, b ut o u t o f 29 locatio ns
ampled by Lessios et al. (2001) in the Indo-Pacific
o r ATPase86, D. c lar ki haplotypes w ere only found in
wo. 

iscussion 

he discovery of hybridization in various animal taxa
 a s led to the proposal that species bar r iers are se-

e ct i vel y po rous, wi th so m e gen es int rog ressing read-
 ly betwe en gen om es, while oth ers a re ba rr ed fr om en-
ering by natural s election (re vie ws in Abbott et al.
013 ; Edelma n a nd Ma l let 2021 ). This view, in turn, fa-
ors ca l ls for the abando nment o f the b iolog ica l spe cies
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concept ( Ma l let 2008 ), a s thi s con cept defin es species
by their r epr oducti ve iso l ation ( May r 1963 ). The docu-
men ta tio n p r esented her e, tha t bindin in t rog ression oc-
cur s between sist er species of Di ad ema but n ot between
more dist ant ly relate d spe cies, does not directly address
the rate of a l lele t ra nsf er in oth er loci. Bin din, h owever,
is not a ra ndom nuclea r locus, but a GRP, potent ia l ly
capab le of b locking cross-fert i lizat ion betwe en spe cies.
Differences betwe en a l leles in a locu s th at a ffect the ef-
ficiency of cross-fert i lizat ion dire ctly a ffect the po rosi ty
of the entire genome. 

My an alysi s necess ar ily as s umes tha t m t-DNA distin-
guis h es b etween sp ecies of Di ad ema , an d that bin din,
rat her t ha n mt-D NA, is bein g ex chan g ed betw een D.
p au cispi nu m and D. sav igny i . Thi s a s s umption, made
necessary by th e unre liab ili ty o f mo rp ho log ica l spe cies
iden tifica tions, i s al so ba sed on th e m on op hyl y of mt-
DNA ( Lessios et al. 2001 ) between the species and the
parap hyl y o f b indin ( G e yer et al. 2020 ). Under thi s a s-
sumption, th e s haring o f b indin a l leles betwe en D. pau-
cispi nu m and D. sav igny i is not the result of incom-
plete lineage sho rting, bu t rather o f hyb ridizatio n that
h a s h appen ed sin ce th es e species were s ep arate d from
e ach ot h er. Bin dins o f D. c l arki an d D. set os um co a lesce
wit hin e ach of t hese species. 

The a l lozyme study of Lessios and Pearse (1996)
ident ifie d on e in div idu al th at wa s an F 2 (or later gener-
atio n) hyb rid bet ween D. s av igny i an d D. p au cispi nu m .
It al so di scov ered sev en hybrids betw een D. sav igny i
and D. set os um , an d on e hybr id car rying a l leles from a l l
thre e spe cies. Thu s, hybrid s of D. sav igny i with D. seto-
sum can be found on the reef at the same time, but, as the
present an alysi s s h ows, bin din int rog ression betwe en
th em does n ot occur. Sampling by Ch ow et al. (2014 ,
2016) h a s fai le d t o locat e D. cl arki at O kinawa. Alth ough
their exact frequency in the po p u lat ion cannot be calcu-
lat ed , nine natural hybrids in a single generatio n o n two
Okinawan reefs, each searched once , indicat e that het-
erospe cific fert i lizat ions are far fr om rar e. Tha t eigh t of
t hese hybr ids w ere F 2 or later g eneratio n o ffsp ring indi-
ca tes tha t hybr ids re ach sexual matur ity a nd back cross
o r mate wi t h e ach ot her. Yet, t he IM an alysi s indicates
that bindin int rog ressio n is p resent o n ly betwe en D. sav-
ignyi and D. paucispi nu m , and that even between these
species bindin allele tra nsf er h a s occurre d on ly once in a
generatio n in o ne dire ct io n and o nly ev ery 2.5 y ears in
t he ot her. Frequent hybr ids in on e gen eration but low
int rog ression since spe ciat ion sug gest t hat pre zygot ic
iso lation in Dia dem a is weak. Uehara et al. (1990) re-
ported that gametes of D. sav igny i and D. set os u m ar e
cap able of fert i lizing each other in the labo rato ry at un-
spe cifie d sperm concen tra tions. 

In addi tio n to b indin, a potent ia l pre zygot ic b ar r ier
to hyb ridizatio n bet ween D. s av igny i and D. set os um is
spawning that peaks at different ph a ses of the moon
( Co p pa rd a nd Ca mpbell 2005 ). It might be thought that
the 15-day face shift in spawning h a s evo l ved by rein-
fo rcement, bu t a similar difference exists between D.
anti l l arum an d D. mexi canum , sep arate d by the Cen-
t ra l Amer ican Ist hm us ( Lessios 1984 ). In t raspe cific syn-
chro nizatio n o f spawning in D. set os um and D. savi gnyi
is not tight ( Pearse 1968 ). That hybrids are p rod uced in-
dica tes tha t gam etes of th e two species are in th e wa-
ter column at the sam e tim e, an d that n eith er bin din
n or asyn chron ous spawnin g cy cles are v ery efficient in
bloc king int er s pecific cros ses. Intr ogr essed bindin al-
le les, h ow ev er, surviv e ov er some g eneration s, but in
deep l y s eparated species, the y are e ven tually elimina ted
from the gene p o ol . Separat e species of sym pa tric Di-
a dem a are, thus, ma inta in ed as in depen dent gen etic en-
t it ies by post-zygot ic isolat ion resu lt ing fro m low hyb rid
fitness. Lower hyb rid fit ness cou ld be cause d by a l leles
that are not fu l ly comp at i ble wh en int roduce d into the
gen om e of a sis ter s pecies. A genomic scan of the species
of Di ad ema would h e lp ident ify such a l le les an d, thus,
begin to s h ed light into the causes of post-zygotic isola-
t ion betwe en spe cies of sea urchins. That a gre at de al is
known about the function of genes in sea urchin devel-
op ment ( Davidso n et al. 2002 ) s ugges ts t hat t his type of
invest igat ion may be f r uit fu l. 

One might expect that mar ine t axa wit h exter nal fer-
t i lizat ion wou ld be mo re p ro ne to int rog ression than
t axa wit h inter na l fert i lizat ion. A nim al s with beh avioral
and p hysio log ica l spe cies re cog nit ion s h ould b e b et-
t er insulat ed a gains t int er spe cific mat ing and less p ro ne
to s h ow th e effe cts of int rog ression in their evolution-
ary histor ies. Yet, t here is a host of documented cases
of int rog ression in arthrop o ds, a mphibia ns, birds, or
m amm al s, but a paucity of examples of int er spe cific a l-
lele tra nsf er in spon g es, a nthozoa n s (ex cept co rals), b i-
va lves, or e chinoderms. Th at m any ca ses of int rog res-
sion have been discovered in groups such as arthrop o ds
may be simp l y the resul t o f the p robab ili t y that l ar g e, di-
verse groups are more likely to illustrate any given phe-
n om en on. Th e tren d also un dou bte d ly refle cts the in-
tensi ty o f effo rt devot ed t o evol u tio nary studies in each
group. As the study of int rog ression h a s im plica tions re-
garding the po rosi ty o f species geno mes, the u t i li ty o f
species con cepts, an d ultimate ly th e mann er in which
varia tion in na ture is genera ted a nd ma inta ined, its oc-
currence in taxa with external fertilization deserves at-
tention. 
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