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Synopsis Ad hesive toe p ad s h av e ev o l ve d numerous t imes over lizard evol u tio n ary hi s tory, mos t notab l y in geckos. Desp i te 
significa nt va riatio n in ad ul t toe pad m orph ology across in depen dent o rigins o f toe pads, ear ly deve lopm enta l p att erns of t oe 
pad m orph ogen esis a re simila r a mong dista n tly rela te d spe cies. In t hese dist an t phylogenetic com pa risons, toe pad va riation 
is achiev ed durin g t he later st ag es of dev e lopm ent. We aim ed to un derstan d h ow toe pad variation is gen erated am ong species 
sharin g a sin gle ev ol u tio nary o rigin o f toe pad s (hou se geckos—Hemi d ac tylu s ). We invest igate d toe p ad funct iona l variat ion 
an d deve lopm enta l p atter ns in t hre e spe cies of Hemi d ac tylu s , ran gin g from highly scan sorial ( H. platyurus ), to less sc ansori al 
( H. turcicus ), to fu l ly terrest ria l ( H. imbricatus ). We found that H. platyurus generated significant ly gre ater fr ictional adhesive 
f orce a n d exhi b i t ed muc h lar g er toe pad ar ea r e lative to th e oth er two species. Furth erm or e, differ en ces in th e offset of toe 
pad extension ph a se d uring emb ryo nic develop ment resul ts in the variab le morp ho log ies se en in ad ul ts. Taken tog ether, w e 
dem onstrate h ow m orph olog ica l variat ion is generated in a complex structure during deve lopm ent an d h ow t hat var iation 
relates in important funct iona l outcomes. 
Introduction 
Morp ho log ica l variat ion i s sh ap ed by b ot h extr insic and 
int rinsic processes ( Wa k e a nd Roth 1989 ; Mül ler and 
W agner 1991 ; W ak e a nd La rson 2003 ). Theref ore, un- 
derstan ding h ow m orph olog ica l variat ion is generated 
r equir es detailed investigatio n o f extrinsic fact or s, suc h 
as funct ion, a long with int rinsic fact or s, suc h as de- 
ve lopm enta l p atterns. The dig i ts o f geck o liza rds (In- 
fraorder Gekk ota), pa rt icu lar ly th ose exhi b i t ing ad he- 
sive toe pads, offer an excellent structural complex for 
studying h ow m orph olog ica l variat ion is generate d dur- 
in g dev e lopm ent an d su bsequently re lat es t o p art icu lar 
funct ions. Toe p ad s h ave in depen dentl y evo l ved at least 
15 times in geck os ( Ga mble et al. 2012 ; Higham et al. 

2017 ; Russe ll an d Gamble 2019 ; Riedel et al. 2021 ), and 
re lative ly lar g e-sca le variat ion in toe pad m orph ology 
exists am ong th es e clades ( Russ e ll an d Gamble 2019 ). 
More subtle variation is evident in the size, organiza- 
tion, an d th e number of adh esive scales am ong species 
wit hin e ach of t h ose in depen dent o rigins. Al th ough th e 
deve lopm enta l b ases of gross toe pad diversity were 
pre viously des cr ibed ( Gr iffing et al. 2022a ), not hing is 
kn own about h ow toe pad variation is generated within 
a clade ancest ra l ly sharin g a sin gle ev ol u tio nary o rigin 
of toe pads. 

Toe pads consist of spe cia lize d sca les (s cans ors and 
b asa l lam e llae) t hat be ar micr oscopic, hypertr ophied, 
b ranching ep iderma l st ructures (setae; Ruib a l and Ernst 
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Hemidactylus toe pad development 1495 
1965 ; Maders on 1970 ; Russ el l 2002 ; Berg ma nn a nd 
Russe ll 2003 ). Th e un der lying musculos ke let al fe atures 
and histology of toe pads are also specialized for con- 
trol of th e adh esive a ppara tus ( Maderson 1966 ; Russell 
1972 , 1975 , 1976 , 1979 , 1981 ; Russe ll an d Bauer 1988 , 
1990 ). Workin g tog et her, t his col le ct io n o f spe cia lize d 
m orph olog ies a l lows ge c kos t o adhere t o smooth sur- 
faces through frict iona l and ad hesio n fo rces ( Russell 
1981 , 1986 ; Autumn et al. 2002 ; Autumn 2006 ). The ef- 
ficacy of toe pad adhesio n resul ts fro m my ri ad fact or s, 
inc luding t oe p ad configurat ion, seta l dimen sion s and 
m orph ology, adh esive cont act are a, s ubs trate rough- 
n ess, an d humidity ( Russell 1979 ; Autumn and Peattie 
2002 ; Stark et a l. 2012 ; Col lins et al. 2015 ; Niew i arowski 
et a l. 2016 ; Russel l an d De laugerre 2016 ; Higham et al. 
2019 ; Russell et al. 2019 ; G riffin g et al. 2021 ). 

Desp i te distant phylogenetic relatio nshi ps between 
some toe pad-be ar in g g ecko lineag es, pattern s of early 
toe pad deve lopm ent a re simila r a m ong th ose exam- 
ine d. More spe cifica l ly, the p ad-be ar in g g eckos Cor- 
reloph us , Hem idac tylu s , Lepidodac tylu s , Pty o d ac tylu s , 
and Tarent o la h ave di stinct toe pad morp ho logies, yet 
sha re simila r s ta ges o f pad ini t iat io n (p resence o f an 
enlar g ed subdigital pad) and initial fo rmatio n o f the 
adhesiv e scan so rs o r lam e llae ( Rosenberg et al. 1992 ; 
Khannoo n 2015 ; Al turk and Khannoon 2020 ; G riffin g 
et a l. 2022a ). Variat ion in toe p ad m orph ology arises 
thr ough differ ent ia l dista l-to-proxima l exp ansio n o f the 
ad hesive sca les ( G riffin g et al. 2022a ). The observ e d p at- 
tern o f develop ment in pad-be ar ing species is al so di s- 
tinct from the hypothesize d ancest ra l p atterns o f no n- 
p adde d spe cies ( G riffin g et al. 2022a ). G riffin g et al. 
(2022a) hypot hesized t hat e arly patter ning of toe pad s i s 
subj e cte d to deve lopm enta l const raint, which is subse- 
quent ly rele ased dur ing later st ages of pad deve lopm ent 
when variation appears between different species. 

House geckos ( Hemi d ac tylu s ) are a div erse lineag e of 
gekk onid liza rds, with a natural dist ribut ion sp anning 
t ropica l Asia, much of O ce ania, Afr ica, Mediter rane an 
Europ e, the C aribb ea n, a n d South Am erica ( Bauer and 
Henle 1994 ; Uetz et al. 2023 ). Hemi d ac tylu s , alo ng wi th 
its sis ter linea ge Dravi d ogecko , a l l exhib i t adhesive toe 
pad s ( Ru ssell 1976 ; Gamble et al. 2012 ; Cha ita nya et 
al . 2019 ). This c lade is considered by previous inves- 
t igat io ns to exhib i t a n una mbiguous ga in of toe pads 
from a p ad les s ances tor ( Rus sel l 1976 ; Gamble et a l. 
2012 ; Russe ll an d Gamble 2019 ). Dig ita l m orph ology 
of Hemi d ac tylu s is considere d ext raordinari l y deri ved, 
exhib i t ing ext r eme r e duct ion of an tepen u lt im ate ph a- 
lan g es, ten din ous in sertion s of in terossei m uscles in to 
indiv idu al sc anso rs, the p resence o f p arapha lan g es, and 
s cans ors that are often divided ( Russell 1976 , 1977 ; 
Russe ll an d Bauer 1988 ; G riffin g et al. 2022b ). Toe pad 
m orph ology is diverse within this lin eage, in cluding in- 

t er spe cific variat io n in the number o f s cans ors, dimen- 
sio ns o f individ ual s cans ors, and deg re e of p ad bifur- 
cat ion ( Russel l 1972 ). Toe p ad variat ion is most evi- 
den t when com par ing t he to e pads of arb oreal sp ecies to 
t hose wit h ter restr ial lifestyles ( Lajmi et al. 2020 ). How 
t his var iat ion in toe p ad m orph ology is achieved re- 
mains un known. Spe cifica l ly, we do n ot kn ow wh eth er 
variation in toe pads is due t o het eroc hronic shifts in 
deve lopm ent or secondary elabo ratio n/red uctio n in toe 
pads. 

We invest igate d th e deve lopm ent of Hemi d ac tylu s toe 
pads t o bett er under sta nd how va riation in toe pad ex- 
p ressio n is generated within a single evol u tio nary lin- 
eage, as o p pos ed to the s qu amate-w ide phylogenetic 
b read th o f G riffin g et al. (2022a) . To place this varia- 
tion in a functional context, we also collected frictional 
adh esion m easurem ents for a l l thre e spe cies. Herein, 
w e describe embry onic toe pad deve lopm ent an d cling- 
in g a b ili ty o f thre e spe cies wit h var iable toe pad mor- 
p ho logies ( Hemida c tylu s turcicu s , H. platyuru s , and H. 
imbri catus ). Hemi d ac tylu s turcicu s and H. platyuru s are 
s cans oria l spe cies an d exhi b i t wider, mostl y deep l y cleft 
s cans ors than those of terrest ria l spe cies, li ke H. imbri- 
catus ( Fig. 1 ). We hypothesized that het eroc hronic shifts 
in deve lopm ent result in the variable toe pad m orph olo- 
gies we see in these species. Furt her more, we hypot he- 
sized tha t differen t species of Hemi d ac tylu s exhib i t sig- 
nifica ntly different ad ul t toe pad m orph ology an d vary- 
in g adhesiv e capa b ili ties. As such, we p redicted species- 
sp ecific differences b etween the onset and offset of toe 
pad deve lopm ent an d th at sm a l ler toe p ads are less ef- 
fe ct ive in respect to adhesion. 
Materials and methods 
We col le cte d emb ryo nic material fro m eggs p rod uced 
by captive colo nies o f H. turcicus , H . platyurus , and H . 
imbri catus. We se le cte d these spe cies b ase d on their 
differing toe pad m orph olog ies, diverse e colog ies, and 
avai labi lity in the pet trade and fr om intr o duced p o p u- 
lations. Hemi d ac tylu s turcicu s is a s cans oria l ge cko with 
a nativ e ran g e spannin g t he Mediter rane an regio n o f 
sout her n Europe, nort her n Afr ica, and t he Middle East, 
and al so h a s an int roduce d ran g e pr imar ily in south- 
er n Nort h Amer ica ( McCoy 1970 ; Weter ings and Vetter 
2018 ). A lthough l ar g ely commen s al wit h huma ns a nd 
f ound prima rily on buildings in both its native and 
int roduce d ran g es, H . t urcicus ca n often be f ound on 
or un dern eath rocks an d dead t re es ( Lov eridg e 1947 ; 
Da vis 1974 ; Mora ve c et a l. 2011 ). The dig i ts o f this 
species lac k int erdigi tal webb ing, and digi t IV pos ses ses 
9–10 mostly bifurcat ed , broad s cans ors that r un f rom 
the base of the digit up to the end of the pad ( McCoy 
1970 ; Fig. 1 ). Hemi d ac tylu s platyuru s is a s cans orial 
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1496 A. H. Griffing et al .

Fig. 1 Surface toe pad morphology of the left pes in three species of Hemidactylus . White structures correspond to scansors and basal 
lamellae. Digits are labeled I–V. 
geck o f o und thro ugho ut So ut he ast Asia, parts of the In- 
dian su bcontin ent, as we ll as being now int roduce d to 
Flo rida, USA ( Smi th 1935 ; Taylo r 1963 ; Meshaka and 
Lew is 1994 ). Simil ar to H . turcicus , H . platyurus is a 
huma n commensal a nd is f ound prima ri ly on bui ld- 
ings, bu t so m etim es frequents low-e levat iona l forest 
t re e t run ks, rocks, a nd f o rest floo r s (S mith 1935; Zug 
et al. 2007 ; Kaiser et al. 2011 ). The digits of this species 
pos ses s s ubs tant ia l interdig ita l w ebbin g and digit IV 
pos ses ses 5–9 mos t ly bif urcat ed , extrem e ly broad scan- 
sors that run from half of the length of the digit to the 
en d of th e pad (Smith 1935; Fig. 1 ). Hemi d ac tylu s imbri- 
catus is a ter restr ial g ecko nativ e to po rtio ns o f the In- 
dian su bcontin ent an d i s prim a rily f oun d ben e at h cover 
obj e cts on loose, dry soil (Smith 1935; Anderson 1964 ). 
The digi ts o f this species lac k int erdig ita l w ebbin g and 
digit IV pos ses ses 9–11 narrow scansors, t he dist al ones 
being bifurcat ed , that ext end from the base of the digit 
to the distal end of the pad ( Smith 1935 ; Anderson 
1964 ; Fig. 1 ). 

We obtained H . turcicus for our colony from 
non-native po p ulations in O klah o ma, USA (Permi t: 
O DWC-6945). We obta in ed both H . pl atyurus an d H . 
imbricat us f o r our colo nies fro m t he pet trade. L ive an- 
im al s were hou sed at Marq uet t e Univer sity (Milwau- 
kee, WI, USA) under Insti tu tio n al A nim al Ca re a nd 
Use Co mmi ttee (IACUC) p rotocols AR279, AR288, and 
AR298 or at University of California (River side , CA, 
USA) under IACUC protocol 20170039. 

We col le cte d and preserve d embryos in 4% 
pa ra f ormalde hyde in ph osphate-buffere d sa line fol low- 
in g G riffin g et al. (2018) and assig ne d developmenta l 
s ta ges b ase d o n p revio usly p u blis h e d ge cko s ta ging se- 
r ies ( Gr iffing et al. 2019 , 2022b ). Embryo sample sizes 
were 42 ( H . imbricatus ), 159 ( H . pl atyurus ), an d 222 ( H . 
turci cus ). We su bs ampled t hese embryo col le ct io ns fo r 
scanning ele ct r on micr oscopy (SEM) imaging ( N = 9, 

H . imbricatus ; N = 8, H . platyurus ; N = 13, H . turcicus ). 
S EM images fo r H . turcicus toe pad deve lopm ent an d 
emb ryo nic s ta g ing are describe d in detai l in G riffin g et 
al. (2022a , 2022b ). 

We v isu a lize d toe p ad deve lopm ent u sing SEM. A f- 
ter identifyin g preserv ed specimen s wit hin t he devel- 
opmental ran g e o f toe pad mo rphogenesis (s ta ges 36–
42; G riffin g et al. 2022a ), w e remov e d hind limbs at 
the ankle and post-fixed tis s ue in 1% gl u taraldehyde at 
4 ◦C overnigh t. F ollowing post-fixa t ion, we t reate d the 
tis s ue with 1% osmium tetroxide for 1–2 h (depend- 
ing on sample size) at room temperature and subse- 
quent ly cr it ica l point drie d the t is s ue. We s putt er coat ed 
a l l spe cimen s with g old/p a l ladium (1 Å ) an d th en im- 
a ged the s pecimen s usin g a SU3500 scanning ele ct ron 
microscop e (L oyo la Uni versit y Chic ago, Chic ago, IL, 
USA). We then comp are d toe p ad m orph ology between 
spe cies. Fol low ing prev ious invest igat ions, we focuse d 
on pe da l dig it IV, which is of ten t he lon g est digit in 
liza rds ( Losos a n d de Queiroz 1997 ; Kn ox et al. 2001 ; 
Pint o et al . 2008 ; G riffin g et al. 2022a ). In the case of 
s ta ge 37 H . imbr icatus , p e da l dig it IV wa s dam aged or 
not in view of the S EM, therefo re, we v isu a lize d pe da l 
digit III. 

To investigate t he f unct iona l cap acity of Hemi d acty- 
lus toe pads, we collec ted fric tio nal adhesive fo rce mea- 
surements for three indiv idu als ( N = 3) for each of 
t he t hre e spe cies. To measur e r elative toe pad size, we 
r ecor ded m a ss u sing a sta nda r d high pr ecision l ab sc ale 
(Oh au s Scout Pro 400 g) and measured snout–vent 
lengt h wit h digit a l ca lipers. We measure d toe p ad area 
by pressing the m anu s against a clear acrylic s h eet an d 
takin g a v entral photo with scale using a Nikon D7000 
cam era. Th e toe pad area of digit IV was measured 
by importing the photo into ImageJ ( Schneider et al. 
2012 ) and using the area measurement t ool . The area 
of a l l toes wa s mea sured, but we focu se d on dig it IV. 
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Hemidactylus toe pad development 1497 
Fol lowing spe cim en m easurem ents, we conn e cte d a 
6 × 2 cm acrylic s h eet to a portable force gauge (Model 
M5-10, accuracy = ±0.1% fu l l-sca le) using a si l k su- 
ture. We wiped the sheet with 100% ethanol between 
every t ria l. We measure d cling ing force by holding the 
gecko in our hand and placing the right m anu s of each 
indiv idu al on the acrylic surface, a l lowing it to adhere 
before steadily pulling th e in div idu al ho rizo nta l ly a long 
t he sur face unt i l eith er s lipp age occurre d or there was 
no addi tio nal roo m to pu l l (i .e ., the t o es slipp ed off the 
s h eet). We per for med t his force gauge me asurement five 
times in s ucces sion and repeated these measurements 
the follow ing d ay. For each indiv idu a l, we retaine d a sin- 
gle maximum value. In addition to our m easurem ents, 
we included clin gin g for ce measur ements of H. frenatus 
from Ir sc hic k et al . (1996) . How ev er, i t is impo rtant to 
note that the material used in our study (acrylic) differs 
from the material used by Ir sc hic k et al . (1996 ; acetat e). 
Altho ugh bo th m aterial s are smooth, we cannot rule out 
differences due to the chemical co mposi tio n o f the ma- 
terials. 

To examin e th e differen ces in toepad area (digit IV 
relative to b o dy m a ss), friction al adhesive f orce, a nd 
relat ive ad hesive force (maximum adhesive force of 
the m anu s by t he tot al are a of a l l toep ads on a sin- 
gle m anu s), we u sed o ne-way ANOVAs wi th species 
as t he categor ical in depen dent va riable a nd f orce a nd 
area as con tin uous dependen t va riables. Tuk ey’s post- 
hoc tests were used to determine pairwise relatio nshi ps 
if the overa l l ANOVA was sig nificant. Wi thou t a signif- 
icant ANOVA, we per for med two-s ample t -t ests t o de- 
termin e differen ces betwe en p airs of spe cies. In addi- 
t ion, a linear reg ression was used t o det er mine t he re- 
latio nshi p b etween b o dy m a ss a nd toepad a rea, a nd a 
su bsequent on e-way ANOVA wa s u sed t o det ermine if 
the residuals were different among spe cies. Al l stat ist ics 
were per for med in SYSTAT 8.0. 
Results 
Embryonic staging of Hemidactylus 
Emb ryo nic develop ment in both H . platyurus and H . 
i mbricatus pr oce e ds simi lar ly to oth er ge kk onid geck os, 
in cluding H . turci cus ( Noro et al. 2009 ; van der Vos et 
al. 2018 ; G riffin g et al. 2019 , 2022b ). Postovi posi tio nal 
emb ryo nic develop ment lasts fo r an av erag e of 51 days 
( N = 12) when incub ate d at 27 ◦C for H . platyurus . We 
ident ifie d 18 p ostovip osit iona l embryonic s ta ges ( Fig. 
2 ), wit h t he e arlies t s ta ge at ovi posi tio n being 26 (25 
so mi tes; sensu Dufaure and Hubert 1961 ). Postoviposi- 
t iona l embry onic dev e lopm ent lasts for an av erag e of 52 
days ( N = 20) when incub ate d at 27 ◦C for H . imbricatus . 
We ident ifie d 20 p ostovip osit iona l embryonic s ta ges 

( Fig . 3 ), w it h t he e arlies t s ta ge at ovi posi tio n being 24 
(17 so mi tes; sensu Dufaure an d Hu b ert 1961 ). For b oth 
spe cies, the fina l emb ryo nic s ta ge (43) i s ch aracterized 
by an opaque v entrum, hy drophob ici ty o f th e s kin (air 
p o ckets b eing visi ble on th e embryo wh en su bm er g ed in 
buffer), a nd inversion of the hemipenes ( sensu G riffin g 
et al. 2019 ). Sta ge-by-s ta ge descri ptio ns o f emb ryo nic 
deve lopm ent for both H . platyurus and H . imbricatus 
ca n be f o und in Sup plemen tal Ma terial S1 and S2 . In all 
spe cies examine d , t oe pad deve lopm en t is initia ted fol- 
lowing th e en d o f digi tal webb ing recessio n (stage 36). 
For this reason, we sele cte d s ta ge 36 and later s ta ges for 
our SEM invest igat ion. 
Hemidactylus toe pad development 
For a l l thre e spe cies, fol lowing dig ita l w ebbin g recession 
at s ta ge 36, th e pad is un divided an d distin ct from th e 
dista l port ion of the digit ( H. platyu rus r etains most of 
i ts interdigi tal webb ing; Fig. 4 ). In H . turci cus , th e pad 
is init ia l l y subdi vided into fiv e tran sv erse ridg es in the 
dista l port ion of the pad (s ta ge 37; Fig. 4 ). The distal- 
m ost ridge exhi b i ts a do m e-like s ha pe. La ter in devel- 
opment (s ta ge 38), addi tio nal tran sv erse rows form fur- 
ther proxima l ly, whi le the se con d an d t hird dist almost 
ridges as s um e a curved s ha pe. Even tua l ly (s ta ges 39–
40), th e secon d t hrough fif t h dist a lmost exp and disto- 
latera l ly, creat ing “V”-shape d, imbricat in g scan sors that 
are cleft in the midline. A f ur row is evident in the mid- 
lin e of th e s cans o rs. No n-ad hesive dig ita l sca les beg in to 
be visible during these s ta ges as dom e-s ha ped in tegu- 
ment ary t hickenings. Ne ar ing t h e en d of i n o v o deve l- 
opment (s ta g e 41), scan sor s are plat e-like and reflect the 
m orph ology that wi l l persist to ad ul tho o d ( Figs. 1 and 
4 ). 

In H . pl atyurus , th e pad is initially subdivided into 
fiv e tran sv erse ridg es in t he dist a l port ion of the pad 
(s ta ge 37; Fig. 4 ). The dis talmos t ridge exhib i ts a dome- 
li ke shape, whi le the se cond and t hird dist almost r idges 
exhib i t curved sha pes. La ter in developmen t (s ta ge 
38), addi tio nal tran sv erse rows form further proxi- 
ma l ly whi le the init ia l ly forme d ridges exp and later- 
a l ly. Eventua l ly (s ta ges 39–40), th e secon d through s e v- 
ent h dist almost r idges expand dist olat era l ly, creat ing 
w ide “V”-shaped, imbric ating sc ansors. By s ta ge 40, 
n on-adh esive scales are evident on the tarsa l reg io n o f 
the foot as dome-shaped integumentary thickenings. 
A f ur row is evident in the midline of the s cans ors at 
s ta ge 39. From s ta ges 41 a nd on, sca nsors a re plate-lik e 
and reflect the morp ho logy th at persi sts into ad ul tho o d 
( Figs. 1 and 4 ). 

In H . imbri catus , th e pad is initially subdivided into 
thre e t ran sv erse ridg es in t he dist a l port ion of the pad 
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Fig. 2 Embryonic in ovo stages (S) 26–43 of H. platyurus development. Lateral views of whole embryos. Scale bars = 2 mm. 
(s ta ge 37; Fig. 4 ). Later in deve lopm ent (s ta ges 38), ad- 
di tio nal tran sv erse rows form further proxima l ly. The 
dis talmos t ridge exhib i ts a dome-like shape, while the 
penu lt imate one exhib i ts a curved shape. The penu lt i- 
mate a nd a ntepenu lt imate ridges appear to grow dis- 
t olat era l ly, creat ing a “U”-shape. By s ta ge 40, non- 
ad hesive dig ita l sca les are evident on the sides of the 
digi ts. Beyo n d s lightly m o re raised p roximal ridges, no 
addi tio nal mo rp ho log ica l chan g e is visible. B y s ta ge 41, 
s cans ors are imbricate and reflect the morp ho logy that 
per sists int o ad ul tho o d ( Figs. 1 and 4 ). 

Adhesive performance measurements 
R el ative to b o dy m a ss, dig it IV toe p ad area was sig- 
nificant ly gre ater (ANOVA wit h Tukey’s p ost ho c test, 
P < 0.001) for H . platyurus (6.54–6.99 mm 2 ) comp are d 
to H . turcicus (2.66–4.19 mm 2 ) and H . imbricatus (2.43–
2.81 mm 2 ; Fig. 5 A; Supplemental Material S3 ). Total 
toepad a rea f or a single ma nus ra n g ed from 20.9 to 
22.3 mm 2 for H . platyurus , 11.2 to 17.6 mm 2 for H . 
t urcicus , a nd 8.3 to 9.5 mm 2 for H . imbri catus . Wh en 
t he tot a l toep ad ar ea (r elative to b o dy m a ss) wa s quan- 
t ifie d, a l l spe cies differe d fro m o n e an oth er (Tukey’s 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/5/1494/7635665 by Princeton U

niversity user on 21 N
ovem

ber 2024

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae008#supplementary-data


Hemidactylus toe pad development 1499 

Fig. 3 Embryonic in ovo stages (S) 24–43 of H. imbricatus development. Lateral views of whole embryos. Scale bars = 2 mm. 
p ost ho c test, P < 0.001 for H. platyurus comp are d 
to other species and P = 0.006 for H. turcicus com- 
p are d to H. imbri catus ). Hemi d ac tylu s platyuru s exhib- 
ited the greatest adhesive strength of the species we in- 
vest igate d (0.65–1.85 N for single m anu s), fol lowe d in 
or der by H. tu rci cus (0.05–1.12 N) an d H. imbri catus 
(0.00–0.11 N; Fig. 5 B; Supplemen tal Ma ter ial S3 ). Me a- 
surements of H . frenatus are similar to those of H. tur- 
cicus ( Ir sc hic k et al . 1996 ). Th e adh esive fo rce o f the 

thre e spe cies in our study on ly differe d sig nificantly be- 
tween H . pl atyurus an d H. imbri cat us (Tuk ey’s post hoc 
test, P = 0.01). The relative adhesive force (maximum 
force divided by the toepad area of all digits on the 
m anu s) for H. turcicus , H. platyurus , and H. imbricatus 
was 0.14, 0.20, and 0.03 N/mm 2 , respe ct i vel y. R el ative 
adhesive force was only different between H. platyurus 
an d H. imbri catus (p o oled vari ance t wo-sample t -test, 
P = 0.029). 
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Fig. 4 Scanning electron micrographs depicting the stages (S) of toe pad development of H. turcicus , H . platyurus , and H . imbricatus . Plantar 
views of pedal digit IV (except H . imbricatus stage 37, which is digit III). Development progresses from top to bottom. SEMs of H . turcicus 
originally from Griffing et al. (2022a) . Scale bars = 200 µm. 
Discussion 
Beyond sma l l differences in t he development al st age 
at ovi posi tio n between the thre e spe cies we examine d, 
gross emb ryo nic develop men t in H. tur cicus , H . platyu- 
r us , and H . imbr icatus app ear s t o proce e d simi larly 
( Figs. 2 and 3 ; Supplemental Material S1 and S2 ; G riffin g 
et al. 2022b ). How ev er, at the lev e l of toe pad m or- 
ph ogen esis, th e three species exhib i t slight modifica- 
tio ns o f t he patter n s of dev e lopm ent following th e estab- 
lis hm ent of s cans or ridges. O ur resu lts un surprisin gly 
demonstra te tha t H . platyurus and H . imbricatus exhib i t 
t he patter n of ad hesive p ad deve lopm ent in which plan- 
ta r sca n sors dev elop in a di stal-to-proxim al series ( Fig. 
4 ; G riffin g et al. 2021 , 2022a ). This pa ttern a ppear s t o be 
de couple d from the development of the non-adhesive 
dig ita l sca les which arise later in emb ryo nic develop- 
m ent. Th e init ia l s cans or ridges f orm a fter the pad be- 

com es distin ct from th e distalm ost po rtio n o f the digi t, 
fores hadowing th e c haract erist ic angle d claw of Hemi- 
dac tylu s ( Russell 1976 ; G riffin g et al. 2022b ). This pat- 
tern does not occur in other toe pad be ar ing t axa and 
ther efor e appear s t o be a derived c haract eristic of Hemi- 
dac tylu s toe pad morphogenesis ( G riffin g et al. 2022a ). 
Scans or de ve lopm ent following th e fo rmatio n o f the ex- 
p ande d p ad is t ypic a l for a l l p ad-be ar in g lizards inv es- 
t igate d to date ( Rosenberg et al. 1992 ; Khannoon 2015 ; 
Altur k an d Khann oon 2020 ; G riffin g et al. 2022a ). Dur- 
ing init ia l s cans o r ridge fo rmatio n, we found that H . 
t urcicus a nd H . platyurus exhib i t t he s ame number of 
s cans or rows at the earlies t s ta ges of pad subdivision, 
while H . imbricatus exhib i ted fewer ( Fig. 4 ). Hemidacty- 
l us i mbri catus su bs equently de velop addi tio nal rows 
unt i l achieving a similar number of rows as H . turci- 
cus . Wh eth er th e dev i ation by H . i mbricatus fr om the 
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Hemidactylus toe pad development 1501 

Fig. 5 ( A ) Relationship between body mass and toe pad area of three species of Hemidactylus . ( B ) Toe pad clinging force exhibited by four 
Hemidactylus species. Measurements of H . frenatus from Irschick et al. (1996) . 
p ad subdivision p attern observe d in H . turcicus and H . 
platyurus is a n a rtifact of sampling is unclear, but H . im- 
bricat us differs in oth er ways. Hemi d ac tylu s imbricatu s 
su p resses dist olat era l g rowth or any f urt h er e labo ratio n 
fol lowing the init ia l p atter ning of t he s cans ors ( Fig. 4 ). 
This deve lopm enta l p attern exhib i ted by H . imbricatus 
likely r epr esents a r e lative ly ear ly offset (i .e ., progenic; 
Alberch 1980 ; M cN a ma ra 1986 ) of th e toe pad m or- 
ph ogen et ic p a thway. Com p are d to H . t urcicus a nd H . 
imbricat us , it tak es lon g er fo r H . platyurus to co mplete 
t he patter ning of t he s cans ors. Un li ke what we observed 
during H. imbricatus toe pad deve lopm ent, H. pl atyurus 
exhib i ts immedi ate l atera l exp ansio n o f th e pad an d dis- 
t olat era l g rowth o f individ ual s cans ors. 

In Anol is lizar ds, a n on-ge kk ota n clade exhib i ting an 
in depen dent an d unique single o rigin o f toe pads, the 
init ia l number of lam e llar ridges durin g dev e lopm ent is 
con sistent betw e en spe cies, desp i te exhib i ting different 
toe pad m orph olog ies as adu lts ( G riffin g et al. 2022a ). 
Earlier o ffset o f the toe pad extension ph a se appear s t o 
p rod uce th e differen ces in ad ul t mo rp ho logy between 
An olis c arol i nensis and A. sagrei ( G riffin g et al. 2022a ). 
Th ese fin dings mirro r our own observatio ns in how 
variation is generated in the ancest ra l ly share d toe p ads 
of Hemi d ac tylu s . 

Our m easurem ents o f ad ul t Hemi d ac tylu s s ugges t 
that differences in morp ho logy between H . turcicus , 
H . pl atyurus , an d H . imbri catus res ult in dis tin ct fun c- 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/5/1494/7635665 by Princeton U

niversity user on 21 N
ovem

ber 2024



1502 A. H. Griffing et al .
t iona l cap abi lit ies. The pr imar ily s cans orial H . platyu- 
rus exhib i ts relati vel y lar g er toe pad a reas a nd signifi- 
cant ly gre ater fr ict iona l ad hesive f orces tha n t he ter res- 
t ria l H . imbricatus ( Fig. 5 ). The su perio r adhesive fo rce 
of H. platyurus is likely attr ibut able to t heir relati vel y 
lar g er toe pads ( Figs. 1 , 4 , and 5 ). How ev er, when com- 
p aring relat ive ad hesive f orce (f orce divided by the to- 
ta l toep ad ar ea fr om a m anu s), th e differen ce st i l l pre- 
vail s. Thu s, ot her attr ibu tes o f th e adh esive system like ly 
p lay a ro le. Inde e d, it s h ould be n oted that H . platyu- 
rus exhib i t lar g e setal len gth s and high setal den sity 
when comp are d to other gekk ota ns ( Peattie 2007 ). Fu- 
ture wo rk co mpar ing t he micr ostructur es o f ad ul ts fro m 
t he t hre e spe cies in o ur study wo u ld i l luminate any dif- 
ferences in setal morp ho logy and density. It is im portan t 
t o not e t hat t here is var iatio n amo ng t he t hree individu- 
als per species that we measured and that a single indi- 
v idu al of H . turcicus did not generate any adhesive force 
( Supplemen tal Ma teri al S3 ). This l ack o f perfo rmance 
may be due to timing of the shedding cyc le , adhesive 
pad damage, or unobservable fine control of the adhe- 
sive mech ani sm ( Hi l ler 1968 ; Pi l lai et al. 2023 ). 

O ur invest igat io n o f the o ntogeny o f the toe pads 
among species of Hemi d ac tylu s demonstrates varia- 
tion in their expression and its associated correlation 
wit h t heir different ia l ad hesive cap abi lit ies, support- 
ing our init ia l hypoth eses. Th e s light differen ces in toe 
pad exp ressio n w e observ e d in thre e spe cies of Hemi- 
dac tylu s have led to downstream shifts in m orph ol- 
ogy an d con comitant influen ces on fun ct iona l perfor- 
mance . Our c haract erizatio n o f external mo rp ho logi- 
cal deve lopm ent, as we ll as oth er SEM invest igat ions 
( Rosenberg et al. 1992 ; Khannoon 2015 ; Alturk and 
Khannoon 2020 ; G riffin g et al. 2022a ) provides an im- 
po rt foundatio n fo r studyin g toe pad ev ol u tio n and de- 
ve lopm en t. However, future investiga tion s may rev eal 
m ore fin e-scale differen ces in deve lopm ent (of both 
toe pads and non-ad hesive sca les) by ta king a more 
com plete ana tomical a pproach and examining histol- 
ogy, cel lu lar act ivity, and sp at ia l gene exp ressio n data 
(e.g ., R osenberg et a l. 1992 ; Alib ardi 1996 , 1997 ; Di- 
Poï and Mi lin kovit c h 2016 ; Co op er et al. 2019 ). Ad- 
di tio nal sampling o f Hemi d ac tylu s g ecko dev e lopm ent, 
seta m orph ology, an d adh esive per for mance, in t andem 
wi th addi tio nal sampling o f close ly re late d p adde d and 
non-p adde d lineages ( Dravidogecko and Cyrtodac tylu s 
, respe ct i vel y) may reveal further modifications to the 
evol u tio n o f th e lizard adh esive a ppara tus. 
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