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ABSTRACT

Sesamoids are skeletal elements rarely considered in studies of the ver-
tebrate skeleton. In this work, we integrate ontogenetic data of anuran ses-
amoids in two species (Leptodactylus latinasus and Pleurodema cf.
guayapae), the related structures (tendons, muscles, and joints) in L. latin-
asus, and a survey of sesamoid distribution in 185 anuran taxa. Our main
goals are: (1) to contribute to the knowledge of the comparative anatomy of
sesamoids in tetrapods; (2) to provide additional developmental evidence to
interpret the ontogenetic pattern of sesamoids in anurans, as a key to eluci-
date that of tetrapods in general; (3) to provide data about tendon develop-
ment in relation to sesamoid development in anurans for the first time;
and (4) to propose a pattern of anuran sesamoid distribution. The homolo-
gies of sesamoids across tetrapods are discussed here. Observations were
made in cleared and stained skeletal whole-mounts. Fifty-four sesamoids
were found in anurans, thirty-seven of which occur in L. latinasus. The tra-
ditional point of view of embedded sesamoids always resulting from biome-
chanical stimuli of a previously existing tendon is not sustained by our
data. Many sesamoids arise before the differentiation of a tendinous tissue.
Our survey results in a data set where the two big anuran clades, Hyloides
(12 families) and Ranoides (14 families), were represented. The matrix has
38% missing entries. Most of the surveyed sesamoids have multiple origins,
with only three of them (about 19%) having one origin. Anat Rec,
293:1646-1668, 2010. © 2010 Wiley-Liss, Inc.

Key words: anuran anatomy; ontogeny; histology; phylogeny;
homologies

Sesamoids are skeletal elements usually ignored in
studies of the vertebrate skeleton. They have often
been considered extra skeletal structures, possibly
because their origins and causes of existence are still
under debate. Sesamoids were recently defined as
skeletal elements that develop within a continuous
band of regular dense connective tissue (tendon or lig-
ament) adjacent to an articulation or joint (Vickaryous
and Olson, 2007). There are some articles focusing on
sesamoid occurrence, development, and/or distribution
(Pearson and Davin, 1921a,b; Haines, 1942, 1969;
Hudson et al., 1965; Nussbaum, 1982; Le Minor,
1987; Vanden Berge and Storer, 1995; Olson, 2000;
Maisano, 2002a,b,c; Hoyos, 2003; Vickaryous and

© 2010 WILEY-LISS, INC.

Olson, 2007; Kim et al., 2009; Jerez et al., in press)
but in general, they are absent from skeleton
descriptions.
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ANURAN SESAMOIDS

One of the most interesting things about sesamoids is
the pervasive idea that their genesis is related mainly to
extrinsic factors, because they seem to represent a
response to the intense mechanical stresses involved in
the angulated part of tendons (e.g., Le Minor, 1987;
Giori et al., 1993; Carter et al., 1998; Sarin et al., 1999).
In 1921, Pearson and Davin criticized the idea that sesa-
moids arise in response to mechanical stress as a
“dogma” of medical anatomy (Pearson and Davin, 1921a;
p- 136). They opposed it as they considered that this
dogma only gave the sesamoid a “use value:” “ligaments
of the articulations, or the firm tendons of strong
muscles, or both, become bony by the violent compres-
sion they suffer in the situation they are” (Monro, 1726
in Pearson and Davin, 1921a, p. 137). More than 70
years later, most explanations about the origin of these
structures remain rather unchanged (Sarin et al., 1999),
although a new trend prefers to consider the sesamoid
category a very artificial one, including all kinds of small
and unusual skeletal elements (Vickaryous and Olson,
2007; Jerez et al., in press). In effect, the main point is
the dichotomy, probably also artificial, between genetic
and epigenetic factors, an issue that has been under dis-
cussion since the first extensive articles on sesamoids
appeared (e.g., Pfitzner, 1892, 1896 in Pearson and
Davin, 1921a). In fact, it has been demonstrated that
most sesamoids can also develop without the interven-
tion of extrinsic factors (Vickaryous and Olson, 2007).
One of the strongest assertions in relation to sesamoid
morphogenesis is that of Doherty (2007, p. 7): “sesa-
moids, like other bones of the skeleton, are genetically
inherited and are found in most extinct and extant ver-
tebrates, although in variant arrangements/numbers.”
Despite the strength of this assertion, the actual stimu-
lus eliciting sesamoid formation is still under discussion.

The development and evolutionary significance of ses-
amoids is usually disregarded when considering the
appendicular skeleton. Sesamoids have been described
in several tetrapod species, and they have been
described as very common in reptiles and mammals
(Hall, 2005; Jerez et al., in press). In anurans, specific
data about their general aspect and development are
scarce (Nussbaum, 1982; Olson, 2000; Hoyos, 2003; Hall,
2005; Vickaryous and Olson, 2007; Kim et al., 2009), and
they are mainly mentioned in articles dealing with other
anatomical issues (Laurent, 1941, 1942, 1961; de Sa and
Trueb, 1991; Guayasamin, 2004; Avilan and Hoyos,
2006; Fabrezi, 2006; Lehr and Trueb, 2007; Maglia
et al., 2007). A general interpretation of the origin, on-
togeny, and distribution of these structures in anurans
is still lacking.

In this work, we integrate ontogenetic data of anuran
sesamoids in two species (Leptodactylus latinasus and
Pleurodema cf. guayapae), the related structures (ten-
dons, muscles, joints) in L. latinasus, and a survey of
sesamoid distribution in 185 anuran taxa based on both
our dissections and literature data. Our main goals are:
(1) to contribute to the knowledge of the comparative
anatomy of sesamoid in anurans; (2) to provide addi-
tional developmental evidence to interpret the ontoge-
netic pattern of sesamoids in anurans and, in this way,
make a generalization to understand the ontogenic pat-
tern of tetrapods; (3) to provide data about tendon devel-
opment in relation to sesamoid development in anurans
for the first time; and (4) to propose a pattern of anuran
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sesamoid distribution. The homologies of some sesa-
moids in the whole tetrapod clade are discussed here;
this work analyzes the old issues related to the origin
and evolution of tetrapod sesamoids.

MATERIALS AND METHODS

Observations were made in cleared and stained skele-
tal whole-mounts prepared following the protocol of Was-
sersug (1976). All observations and illustrations were
made with a stereo dissection microscope Carl Zeiss Dis-
covery V8.

Sesamoids were examined in the appendicular skele-
ton of 92 adult specimens—all cleared and stained—of
Centrolene robledoi (DIAM 315), Cochranella griffitsi
(DIAM 319), Chacophrys pierotti [FML 1019 (three
specimens), 9012], Gastrotheca gracilis (FML 02209),
Hyalinobatrachium aureoguttatum (DIAM 318), Hypsi-
boas andinus (FML 3812), Hypsiboas cordobae (FML
8851-8859), Lepidobatrachus laevis (FML 8928), Lepto-
dactylus chaquensis (FML12097, 12098, 12100, 12101),
Leptodactylus bufonius [FML 4410, 672 (five specimens),
3568 (three specimens), 4908 (five specimens), 9782]
L. latinasus (FML 11912, 1429, 6284, 3539, 8583, 2410/
2,3,5,7,9, 10; L 537, 665, 690, 700, 420, 599, 643), Lep-
todactylus podicipinus [FML 3577 (eight specimens);
4312 (three specimens), 760 (10 specimens)], Oreobates
discoidalis [FML 462, 2120 (five specimens), 4405 (two
specimens), Phyllomedusa azurea (FML 4286), Phyllome-
dusa sauvagii (FML 3822, 3823) Pleurodema borellii
(FML 2994, 4404), and Rhinella granulosa (FML 1052,
1060, 4408)]. On the basis of both this survey and on the
literature, the possible maximum number of sesamoids
in anurans was inferred. The muscular association of
sesamoids was determined by examining incompletely
cleared specimens of L. latinasus (L 677, 678, 740, 741,
762, 781), Leptodactylus chaquensis (L. 738, 655), Pleuro-
dema borellii (FML 3280), and Physalaemus biligonige-
rus (L 247, 248). We adopted the terminology and
classification of muscles proposed by Ecker (1889), Duell-
man and Trueb (1994), Manzano (1996), and Manzano
and Barg (2005). FML: Fundacion Miguel Lillo collec-
tion. MACN: Museo Argentino de Ciencias Naturales col-
lection. L: private collection of Maria Laura Ponssa.
DIAM: CcyTTP- CONICET collection, Diamante, Entre
Rios, Argentina.

Sesamoid data of adult specimens of species not dis-
sected for the present work were obtained from the liter-
ature (Laurent, 1941, 1942, 1961; de Sa and Trueb,
1991; Wild, 1997; Olson, 2000; Trueb et al., 2000; Fab-
rezi, 2001, 2006; Hoyos, 2003; Guayasamin, 2004; Avilan
and Hoyos, 2006; Lehr and Trueb, 2007; Maglia et al.,
2007) (Table 1). Because heterotopic elements are often
overlooked or dismissed in morphological studies, the
results presented in Table 1 must be interpreted with
caution.

The ontogenetic pattern of sesamoids was analyzed in
a growth series of L. latinasus (Leptodactylidae) and
Pleurodema cf. guayapae (Leiuperidae). These species
were selected because of the availability of densely
sampled developmental series. Tadpoles were staged
according to the developmental table of Gosner (1960).
Postmetamorphic stages were selected on the basis of
body size. Because both dissected species showed rather
similar ontogenetic patterns, descriptions (see Results)



PONSSA ET AL.

1648

s

o

b o

b o

> o
e

e

s
>

PSR
M e
pS RS

b o

e

> o

>

M

[
[~

[

S B

S B

0 o~

0T
0T

0T

¢l
€1
0g
89

STUBW A Pue AT }1S1p
Jo a8uereyd ewrxoxd jo peay [e3sip
oY} 0} [BIJUSA 'S :SPIOWESIS SPI[Y)
Tewred
(retpeaeed) aeIpRI YIIM
RU[N-SNIPRI UOT)R[NITLIR ) 0} [BSIO]
stsAydoderp [etoes yoee Jo ULSIBW
[BI998] 9} JO 9dBJINS [BI9)R] 8} U]
Tejue[d
A-II sredaeoeja]y Jo peay
[ISIp 9} 0} [BIJUSA :SPIOUIRSSS PI[L)
A-I S[esIejela[y Jo peay
[BISIp 9} 0} [BIJUSA :SPIOUIBSSS PI[H)
[BSIe) SOpIoWRSas S
Bl[eqBd
SepIOWBSas 03B[I1IR))

66

8€

LE  9€

g&  ¥& €€

[49

—
[ap]

0€

83

j44

€3

¢ 16

%

sprowresag

X
X

X
X

¢

X

@EDX (DX

X

X
X

[ ST S S

[

o2,
o2,

[
o~
o~
o~
[

[~
[
[~
'
'N'
[N

o2,
o2,

X

M

X X
@X MX T

X
X

It o T B

X

SN

4

X

XM

X

X
@)X (€2)X (

(@DX
(@DX

X

X
X
X

X
X

X @X

X
X

X

X

@1 QE pue) X

4

X
(€8 X

@GDX

@G DX
X

X

10 101010
TS Soo

o —

0T
0T

0T

4!
€T
03
89

sLIeun B[[e1ed
[ewrxoud [esIe} sprowresss s
stonue sIeIqn sQ
sedueeyd
JO [9A9] [BSIO(] :SPIOWESAS 9PI[H)
B[nun[ [eIqLL,
STIewINY Jo [9A9] [BISI]
199] AT Y1STp [BISTp PUR [BTpaW
a8uereyd ueomj)aq :prowWBSas SPIY)
199] A PUB AT
131p Jo aSueeyd— [euxoid Jo pesay
[BISIp 9) 0} [BIJUSA :SPIOUWIRSSS 9PI[H)
sndred qenonaeqng
(e[[emrIS) I0feW SI[O
-RIS "W 9Y) JO UOPU)} Y} JO PIOWRSDS
STUBW A Pue AT }1SIp
Jo a3uereyd [euwrxoaxd Jo peay [BISIp
oY} 0} [BIJUSA 'S :SPIOWESIS SPI[Y)
Tewred
(rerpeaeed) aeIpRI YIIM
BU[N-SNIPRI UOT)B[NITIR 913} 0} [BsIo
stsAydoderp [etoes yoeo Jo ULSIBW
[BI998] 93 JO 9JBJINS [BI9JR] 8} U]
Tejue[d
A-TI sTedaesejayy jo peay
[BISIp 9} 0} [BIJUSA :SPIOUIRSSS PI[L)
A-I S[esIejelay Jo peay
[ISIp 93} 0} [BIJUSA :SPIOUIRSSS PI[L)
[esTe} soplowesas sQ
Bl[eqBd
SepIoOWBsSas 03B[11Ie))

06

8T

LT 91

ST #1 €T ¢I 1T

0T

6

8

D~ | <

9

g

14

€

(4

!

%

sprowresag

(SPOYIOIN PUE S[ELIOJE UI S[IE}op) 2INnjelo)I] oY) pue Apnjs SIy) Uo paseq SPIOWesas ay) Jo uonnqLysiq I ITAVL



1649

ANURAN SESAMOIDS

[

b o

o~

o

b o

[

o~

b o

b o

[

> o

o

[ N

o

o

Mo

[

[

e

b o

(AN ]

0T
0T

0T

4!
€l
03
89

STLISWINY JO [9AS] [eISI(T
AI 131p
[e3ISTp pue [erpawr adue|
-eyd ueam)aq :pIOWEBSaS 9PI[H)
199
A PuB AT 1131p Jo sSuereyd—
[ewixoxd Jo peay [eISIp oY}
0] [BIJUSA :SPIOWIBSSS 9PI[H)
sndres renorreqng
(e[[emorIS3) Tofewr SI[ORIS "W
9} JO UOPUD} YY) JO PIOWESOG
snuew
A pue AT 131p Jo s3uereyd
[ewixoad jo peay [BISIp oY)
0) [eJJUDA ‘S :SPIOUWIBSS PI[H)
Tewyeq
(Tetperered)
a[eIpe YIIM BUN-SNIP
-BI UOTJR[NOILIE 9] 0} [BSIO(]
stsAydoderp [ex
-0BS [JBd JO UISIew [BI9)e]
93 JO 90BJINS [eJteje] o} UuJ
Tejue[q
A-II sted
-IedB}OW JO PBaY [BISIP o)
07 [eJjULA ‘S SPIOUIBSaS PI[H)
A-T S[esIejejowa
Jo peay [BISIP 93 03 [BIJUSA
[esIe) sepIowesss sO
Blleqed
soprouresas oSe[rre))

8¢

gg

2

£g

44

14

44

{514

(44

%

sprouresog

[

&

2

é

o~

é

&

4

o

2

2

é

&

&

o

&

é

é

A

A

10 101010
s Sss

T
14
€

sLreu[n e[eIed
[ewrxoad [BSIE) OPIOWEBSES SO
smoRue SIEIqn SO

seduereyd

JO [OAS] [BSIO(] :SPIOWESSS dPI[L)

B[NUN[ I0LI&)SOJ
STLISWINY JO [9AS] [€ISIT

399) AT H1Ip [€ISIP PUE [eIpowt

a8uereyd uaam1aq :PIOWERSIS SPI[H)

199] A PUB AT

1131p Jo aSuereyd— [ewrxoad jo peey
[BISIp 93 0} [BIJUSA :SPIOUIBSSS SPI[Y)

sndred remonaeqng
(e[[emorIS) J10lfewr SI[IO

-eIS "W 9Y) JO UOPUD)} 9} JO PIOWESOS

0¥

6€

8¢

LE

9€

ge

149

€€

149

1€

0€

66

8¢

L3

9g

14

14

€%

144

132

%

sprouresog

(PONUIIU0D) (SPOYIRI\ PUE S[ELIIEIN UT S[IE}OP) 2INjelo)I] oY) pue Apnjs Iy} Uo Poseq SPIOWESIS Y3 JOo UonNqLIsI|q *T ATAVL



PONSSA ET AL.

1650

[

b o

o

o

o~

b

b o

o

o

o

o

0T

14!
€l
02
89

A-II sTeduaedelaiy Jo peay
[BISTP 9} 0} [BIIUDA :SPIOWIEBSSS dPI[L)
A-I S[esIejeja]y Jo pesy
[BISTP 9} 0} [BIIUSA :SPIOWIBSSS dPIL)
[es.Ie) seprowresss sQ
Bleqed
soprouresas o3e[r.re))

€01

96

76

€6

G6

68

88

L8

98

a8

78

€8

sprouresog

[

[

<

oke

>

[

[

>

[

[

b o

o

[

b o

o~

M e

0 101010
s Sdo

™

0 o~

0T
0T

0T

48
€1
0g
89

sureurn efeleq
[pwrxoad [esIe} oprowresas sO
snonue SIfeIqn sQ
sedueeyd
JO [9A9] TBSIO(] :SPIOWEBSAS OPI[Y)
e[NUN] I0LI8ISOJ
sTuewnNy Jo [9Ad] [8ISIJ
199] AT Y131p [e1SIp pue [eIpaw
adueeyd usemio(q :pPIOWRSIS IPI[Y)
199] A Pue Al
1131p jo aSuereyd— [ewrxoad jo peey
[ISIp 91} 0} [BIJUSA :SPIOUIBSSS SPI[Y)
sndaes qemorreqng
(e[[emoriS) Iofew SI[O
-RIS "W 9Y) JO UOPUd} 9} JO PIOWRSSS
SIUBW A PUB AT }1S1p
Jo a3uereyd [ewrxoad jo peay [BISIp
9} 0} [BIJUSA S :SPIOWIBSSS dPI[L)
Tewed
(Terpeeed) o[eTpRl YIIMm
BUN-SNIPRI UOIIR[NIINIR 9Y) 0} [BSIO(]
stsAydoderp [ei1oes yoee Jo Ursiew
[BI97€] 9] JO d0BJINS [BIejR] 8] U]
Iejue[q
A-II sTedaedelaiy Jo peay
[BISIp 93} 0} [BIJUSA :SPIOUIBSSS SPI[)
A-I S[esaeje)ap JO peay
[BISIp 93 0} [BJIJUSA :SPIOUIRSSS SPI[Y)
[esIe) seprowesas s
Bleqed
seprowesas 03e[I1IB))

LL

9L

GL

VL

GL

0L

79

€9

[4Y)

%

sprouresog

&
&

6
&

o~

A
&

A
&

&
&

o~

&
&

&
2

4
2

[

4
&

A
2

4
¢

é
é

&
é

6
é

&
é

[

6
&

sureurn eeedq
[pwrxoad [esIe} oprowresas s
smonue sIfeIqn sQ

soduereyd jo
[9AS] [BSI0(] :SPIOWBSAS OPI[Y)
e[NUN] I0LI8ISOJ

~Q Qe
S coo

19

09

69

8¢

LS

9¢

qg

12

€g

49

8¢

0s

6v

8V

Ly

i

v

144

1514

v

184

% sprouresog

(PONUIIU0) (SPOYIPIAl PUE S[ELIIEIN UT S[IE1OP) 2ANJeIo)I] oY) Pue Apnjs sIy) U0 PIseq SPIOWEsds Y} Jo uonmqLysiq ‘I ATAVL



1651

ANURAN SESAMOIDS

(e[[emoris) Tofewr SI[ORIS "W

6 b A é é 6 é é ¢ é ¢ A b b & é é é ¢ € 9} JO uUopusj} |3} jo plowreseg
snueur
A pue AJ 9131p jo a3uereyd
[ewixoad jo peay [BISIp oY)
6 b - - é 6 é é é - - - - - - A A é L 0} [BJ}UDA °S ‘Splowesss 9pl[y)
b X é b b b b b b b b b b b - - é 6 b 8 Jeuwed
(Tetpeaered)
9[RIpRI JIM BU[N-SNIP
X X A X é 6 é é ¢ é ¢ A b b & é A A é 6 -Bl uorje[non.e ayj} 03 [esioq
stsAydoderp [ex
-JBs [oeo JO UISIew [eloje|
b b é b b b 6 6 6 6 6 6 b b b 6 é é é 0T 93} Jo 9delLIns [edaje[ oy} Uf
6 X A (9-9X é 6 é é ¢ 6 ¢ A b 6 é A A é ¢ (18 Jejueld
A-II sred
-IeJRISA JO peaY [BISIP 9y}
b b - - b b 6 6 é - - - - - - 6 é é 0T 0} [BJ}UDA SpIOWESas 9pPI[Y)
A-T stes
-IeJR)SI\ JO PBAY [BISIP oY)
b A - - é A é é ¢ - - - - - - A A é 48 0} [BJ}UDA Splowesss 9Pl
¢ X - X - - - - - - - - - - - - A P2 e1 [BSIe) seplouwresss s
6 6 ¢ 6 é 6 é 6 ¢ - ¢ A b 6 X - é A ¢ 0¢ Elleqed
A X - - X X X X X X - X X X X X X X X 89 SopIowesas 0Je[rIe)
€6l  ¢cl  1aGl 0G1 6IT SIT LIT 9IT GIT ¥IT €EIT GIT TIT OIT 60T 80T LOT 90T GOT F#O0T % sprouwreseg
b 6 b b b b b b 6 6 6 b b b b 6 b 6 6 é é G0 SLeun e[@jed
6 6 6 6 b 6 é é 6 6 ¢ b b 6 é é é ¢ ¢ é é g0 [ewrxoud [esae} oprowesas sQ
b 6 - - - - b b b b b b b b b b b 6 6 - é G0 snonue sielqn sQ
soguereyd
b 6 - - b b b b b b é b b b b b 6 é 6 é é G0 JO [9A9] [BS.I0(J -Splowresss apl[)
6 6 - - - - é é 6 6 A b b 6 6 6 é ¢ ¢ - é T B[nun[ JI0LI9}S0d
b 6 - - - - b b b b b b b b b b b b é - é T SnewNy jJo [9AS9] [BISIq
199] AT H1SIp [BISIp pue [RIpOW
é - - - ¢ - - - A - - - ¢ ¢ ¢ - A A A - - T adueeyd usamia( :pIOWRSSS OPI[L)
199 A Pue AT
1131p jo a8uereyd— [ewrxoid Jo peey
b - - - A - - - PA - - - A P2 P2 - P2 P2 P2 - - 1 [BISTP 93} 03 [RIJUSA :SPIOWESIS 9PI[L)
b 6 - - - - b b b b é b b b b 6 6 6 6 - 6 4 sndred re[nonreqng
(e[[emoris) Jolewr SI[IO
b é b b b b b b b b b b b b b b b 6 b b A g -eId "W 9} JO UOPUd)} 9} JO PIOWESIG
snuew A pue AT 3P
Jo a3uereyd [ewrxoad jo peay [BISIp
6 - - - - - - é é 6 A 6 b é é X 6 ¢ ¢ - b L oY} 0} [BIJUSA "g :SPIOWESIS 9PI[)
b b - - - - b b b b é b b b b b b 6 é - b 8 Jeuwed
(Terpeaeed) a[eIpel YIIm
b 6 6 b b b b b b 6 é b b b b b b é 6 b b 6 eu[n-snipe.I uonemone syj 03 [esioq
stsAydoderp [e1oes yoes Jo urdreuwr
X b b b b b b b b b 6 b b b b b b 6 6 b A 0T [eJo%e] 93} JO 99BLINS [B.I9)E[ 9} U
b ¢ é 6 A A é é 6 é é b A é é é é ¢ ¢ b b (18 Jejueld
€0T ©<¢0T TOT O0OT 66 86 L6 96 G6 V%6 €6 ©¢6 16 06 68 88 L8 98 G8 ¥8 €8 % splowesag

(PONUIIU0) (SPOYIPJAl PUE S[ELIIEIN UI S[IE1OP) 2ANJeIo)I] oY) Pue Apnjs sIy) Uo PIseq SPIOWEsds oY} Jo uonmqLusiq I ATIVL



PONSSA ET AL.

1652

M o b e

[

X
X

X

X
X

[

b
(X

(A~

[

SESES

[

TSI

&
(9X

[~ Y

N —

0 I~

ot
0T

ot

4!
€T
03
89

199] AT ISP

[BISIp pue [eIpew adue|
-eyd usemieq :prowresas apIfy)

109]

A pue AT Y131p Jo sa3uereyd—

[ewixoad jJo peay [BISIp oY)
0] [BIJUIA :SPIOWERSSS 9PI[H)
sndres renonreqng

(e[[emoris) Jolfew sI[ORIS "W
aY[} JO UOPUS] 8} JO PIOWIBSOS

snuew

A PUe AT 331p Jo o3uereyd

[ewrxoad Jo peay [BISIPp )
0] [BIJUSA S :SPIOUIBSOS SPI[Y)
Tewed

(Terpeaeed)

o[BIpRI IIM BU[N-SNIP
-BI UOTIR[NOILIE 8} 03 [eSsIo(]

sisAydoderp (el

-0Bs [0B9 JO ULSIeW [BI9)B]
9Y[} JO 90BJINS [BI)E] Y3 U]
Iejue[d

ATI sTed

-1e0R)9Al JO PBaY [BISIp oY}
09 [BIJUSA :SPIOWEBSAS IPI[Y)

A-I sTes

{81819\l JO pe9y [BISIp oY}
0] [BIJUSA :SPIOWRSAS 9PI[Y)
[BSIB) SOpIOWRSaS SO
Bleqed
soprowesas 03e[IIe)

¥wL €vI ¥l 1IvL OVI

LET

9€T

GET

1298

€ET GET TE€T O0ET 6%l 8Tl

LGT

9¢l G2l

4!

%

sprouresog

[

[

¢
¢

[

Nc\.c\.

[

[

&

okale

[~

é

&
&

A
&

o~

o~

&
&

o~

o~

4
&

A
2

&

[

[

&

&

o

[~

é

[

[

é

[

[

é

[

[

¢
¢

[

[

4
¢

[N

[N

4
&

0]
g0
G0

G0

T
4

sureupn e[elred
[ewxoxd [esie) aprowreses s
smonuE sIey sQ

soduereyd jo
[PA9] [BSIO(] :SpPIOUWESds 9PI[Y)
e[nunj JI0Le)soJ
snIowWINY JO [9A9] [BISI(]

199f AT Y31p

[BISIp pue [BIpowW 25ue|
-eyd ueam)a( :PIOWRSSS IPI[Y)

199]

A PUB AT 1131p Jo sSuereyd—

[ewrxoad Jo peay [BISIp 9y}
07 [BIJUDA :SPIOWBSIS OPI[Y)
sndaeo qe[nonaeqng

€21

Gal

j48

03T

61T

81T

LTT

9Tl

g1t

1448

eIt

(411

T1T

OTT

60T

80T

LOT

90T

GOt

Y01

%

sprouresog

(PONUIIU0) (SPOYIPJAl PUE S[ELIIEIN UI S[IE1OP) 2ANJeIo)I] oY) Pue Apnjs sIy) Uo PIseq SPIOWEsds oY} Jo uonmqLusiq I ATIVL



1653

ANURAN SESAMOIDS

A-T S[esIejelo
Jo peay [EISIp oY)

- A & 6 b 4 4 b & - - - - - B - 4! 07 [eL}UDA SPIOWESSS OPI[Y)

- A & b 4 - X X X - X - - - X - €l [Bs1e) SOploweses SO

& & & 6 X 4 4 4 & 2 6 X - X X X X 02 Bl[eqBq

- b & b X X X X X - X X X é X X X 89 soproweses oge[rre)

68T ¥8T €8T @81 I8T 08T 6LT 8LT LLT 9LT GLT ¥LT €LT QLT TLT OLT 69T 89T LI9T 99T % Sproureseg

& & & A & A b A & & A & & & & A & 2 b A ¢ 90 SLreun ef[eied

& b & 2 & b A 2 b & b & b b & A & b 6 4 & 90 [ewrxoad [es.e} sprowresss sQ

- - - - - - - - - - - - - b - 4 b 4 b 4 & 90 snonue SIfeIqr) sQ
seduereyd

& A & & & & & & & & A & & 6 & A & 2 b & ¢ 90 JO [9A9] [BSI0(J :SPIOUWIBSOS 9PI[Y)

- - - - - - - - - - - - - A - PA é A ¢ PA A T e[nuny I0LIs3}soq

- - - - - - - - - - - - - b - & b 4 b 2 A T STPWNY JO [949] TeISIQ
199) AT 91SIp [BISIp pue [eIpou

- - - - - - - - - - - - - é - b é P2 I3 P2 P2 1 aguereyd usamjoq :proureses apify)
199] A PUe Al
131p Jo aguereyd—Tewrxoid jo peay

- - - - - - - - - - - - - b - A b & b & b T  TeSIp 9Y3 03 [B.IIUSA :SPIOWESSs SpI[)

- - - - - - - - - - - - - é - A ¢ A A A A 4 sndreod remonaeqng
(e[[emorIS) I0feUr SI[IO

6 b 6 2 & 2 b b 2 6 b 6 2 b 6 b 6 2 2 2 b € -BI3 "W 9} JO UOPUD) 9T} JO PIOUIESDG
snuew A pue AT Y131p
Jo a8uereyd [ewrxoad Jo peay [B)SIp

- - - - - - - - - - - - - b - A b A b A A L 9} 0} [BI}USA °S :SPIOUIESSS SPI[)

- - - - - - - - X - - - - b - b 6 2 2 2 b 8 JTewred
(retpeJeded) o[eIpeI LM

& A & 4 & & b & & & & & & & & A & 2 6 4 A 6  BU[M-SNIpE.I UO)R[NONIE 89U} 0} [BSI0(]
stsfydoderp [etoes yoes Jo ursrew

6 b 6 2 6 b b b b 6 b é b b 6 b 6 b 2 2 & 0T [B1078] 9} JO 90BlINS [B.I918] 8} U]

6 & 6 4 é 4 & 4 & é 4 & b b & b & 2 6 4 & 01 JTejueld
A-1I spedaeoe)aiy Jo peay

- - - - - - - - - - - - - b - A b & b & & 0T [BISIp 9y} 0} [BI}ULSA SPIOUIESSS SPI[D)
A~ S[esIeje)aq JO peay

- - - - - - - - - - - - - b - b b & b A & G [BISIp 9} 0} [BI}ULA SPIOUIESSS SPI[D)

X X X - - X - - X - - - - - - - - X X X X €I [esIe) Soplowesss SO

- - - - - - X - - - - B X b X 4 & 4 b 2 & 0g BleqRd

X X X X X X X X X X X X X X X X X X - - X 89 soprouresss ogeyae))

G9T P91 €91 <¢9T T9T 09T 68T 8ST LST 9GT GST ST €GT ¢ST IST OST 6%1 8¥PL LPT 9vI S¥VI % Sprowressg

& & A & A A & 6 A 6 b & 6 A 2 2 & A & S0 SLreun ef[eyed

& b b & b b b b b b b b b b 6 6 A 4 ¢ G'0 [ewrxod [esie} SpIoWIesds SO

& é 2 é - - 2 6 2 6 - - - - - é & b & g0 Smonue SIfeIqrn sQ
seduereyd jo

& & A & A & A & A 6 & & & A & & & & & G0  [9A9] [BSI0(] -SPLOWIESOS OPI[)

& b A & - - b b b b - - - - - & b b ¢ T B[nunf I0Le3soq

& é 2 é 2 - 2 & b 6 - - - - - é & b & T STPWNY Jo [949] TeISIQ

Yl 6vl ¢vl T¥l OFPL 68T 86T LET 96T GE€T PE€T €CE€T ¢&T 16T 08T 66l 8¢l Lgl 9¢l Gl Vel % Sprouressg

(PONUIU00) (SPOYIPAl PUE STELIIEI UI S[IE1OP) 0ANJeId)I] oY) pue Apnjs SIy) U0 PIseq SPIOWEsds oY) Jo uonmqLysiq ‘T ATIVL



PONSSA ET AL.

1654

0051400 dULIYdOUUDN-TG (9003 ‘1ZoIqey]) (Snsojnuwnis ofng) 4ajynqau sni1uy-0G (1961 ‘Yusiner]) snwva sndojojy-gy ‘DSojnunLs D]jouryy-8¥ :oepruojng (€003
‘SOKOH) smorquunssow sdaoraaug-)y :oepridioradag (ggel ‘wneqssnyN) wniddiyda snjpydaofyon.g-9y oepifeydaolyoeaq (9007 ‘1zeiqe) 220521100 DUIQUIOT
-Gy :oepLIOjRUIqUIOY {(Z8GT ‘Wneqssny]) (aSom s17dajoayiry) 11840qynm sydajolyi - (Z8GT ‘Wneqssny)) snsotoqng s1dajodyiiy-¢y (86T ‘Wneqssny)) snj
-£1o0pouays s13dajosy1ry-gy (900% ‘1Zoaqe,]) (12.400wn] D]]aUIPIN0YIS) 124291 D] $17d2]04YLLY-TH (900F ‘T1ZoIqRy]) (1270QNY2ds D]]aUdPaINoYIS) 1270QNYyds $13da]j0ay11y-(0F
‘(9003 ‘1zaaqey) (poynajhs n]jauapaInoyds) snounajls s1dajosylay-ge (9003 ‘1zoaqey) (51720s0YLild D]jaUaPaINOYIS) S179950Y.Luhd $17d2]04Yy107-8¢ (900T 1ZoIqe]) 147
-s141y2 s1720dogdaT-1,¢ {(900g ‘1ZoIqe]) X¥nsLu0ona)] nssoj501pan)-9¢ (900% ‘1ZoIqey) DJ1ds0aunid nsso]S501pan)-Ge “(900g ‘1ZoIqe,]) SnIDWaPvIP SNuUL2Is01LISV-F€ (9003
‘1zoaqe]) s171qn10a s13dejodylly-gg (9008 ‘1Z0iqey) sniouoj120d s13da]ouy)iy-ge (900 1Z9Aqe) 19149palyfYfjopn s1dejodyiiy-1¢ (€008 ‘SOAOH) 147511y s170d07
-dorT-0¢ (8003 ‘SOAOH) S17DIUP1220 SNUL2ISOILISY-6F (£00G ‘SOLOH) $120U071020d $17d2]04Y117-87 ((T9G] ‘Yuaaner) 15.42q)ynpm s1dajosyiy-)g oeprdajoay)ry :177om
-uD4d $Luydognaa))-97 ‘DINUL0d SKiydonaa))-Gg ‘SnIDYdasfxo Sn1QOIVWII]-FE ‘1SID4d4JU0D SNIQOIVWIIAL-CF ‘SISUIUD]] SNYIDLIDQOPIdaTT-77 ‘S109D] SNYID4IDQOPIdIT-T7
‘19g0401d suydoony)-(z eepAiydoyers)) (sunjidatd S1Oy-G] ‘SNLIDA0ISN) XDUIDS-QT ‘(LNWD] DSNPIWO]JAYJ) 1Nwd] SPYUDUWOIAE-)T ‘(snxopwind s1pnasq) si1suainjd
S1pNasq-91 ‘(S14vjnart DjAE) s1niNats D)LYowyIs[-G1 ‘(vunu DIAE) snuvu snydosdospuadq-§1 ‘apqop.0d sDoqQISdAE-¢T ‘snuipum spoqIsdAf-g1 ‘115panvs Dsnpauio])Lyg
-IT ‘Daunzo psSnpawojAyg-Q1 OBPIAH puUD111]0Q D]0IIPNIDAOPNIS]-6 SNLaS1U0SI1Q SNUWIDIVSAYJ-Q ‘snsojnisnd SNWaIDIVSAYJ-), “WNUIUOING DWdPOINI]-9 ‘11]]2.10Q
DUWIPOINI]J-G Peprrddniary snwuofnq snjfpvpordoT-§ ‘snuidioipod snjlpoppordaT-¢ ‘sisuanboyo snjfioopoidar]-g ‘snsouign] snjfiovpoidao]-1 :9eprijAjoepordor]
“1oSuy g0 sjuemdes oY) AJoads j0u op (9003) 1Zeaqe pue (g00g) SOA0H,

"SjuLUL3aS YOTYM UT UOTIUSUI J0U S0P 9YS ‘AT JFUY 9} UT PIOWESIS Jo 9Udsqe/pdUssald oy} 03 s1ofax A[[edymads (G00g) 1Zo1qe I,

‘sproureses ajeredes OmJ,,

‘U0 UR() SI0W oJB dJ0Y) UsYM SPIOWRSSS JO JoqUInu (u) ‘ejep SUISSIW :/ ‘@0uasqe :- eoussaid :¥

& b & b b & A A & b b & A b & b b & b ¢ 90 sLreun ef[eyed

é b é b b é b 6 é b b é b b 6 4 & 6 4 (G0 Tewrxod [esre) apIOWESSS SO

- b & A 2 & b b & b b & b b - - - - - - g0 snorjue sIeIqn sQ
seduereyd jo

- b é b b & A A & b b & A b & b b & b & G0 [9A9] [BSI0(] -SPIOUIBSOs OPILY)

- b é b b é b 6 é b b é b & - - - - - - T e[nuny I0Ls3soq

- b & A 2 & b b & 2 b & 2 b - - - - - - T SnIWNY JO [9AJ] [eISI(T

199] AT ISP
[BISIp pue [eIpew adue|
- A b b é b é A A - - A PA - - - - - - - T -eyd ueam)a(q :pIOWBSIS IPI[L)
109]
A pue AT Y131p Jo a3uereyd—
[ewrxoad jo peay [BISIp oY)

- A b 13 é b é A A - - A P2 - - - - - - - T 0} [BIJUDA :SPIOWESIS 9PI[L)

é ¢ é ¢ ¢ é 12 ¢ é - - é 13 ¢ - - - - - - 4 sndreo renonreqng
(e[[emoris) Jofew sI[ORIS "W

& b é b 4 & A b & 4 b é 4 b & b A & & 6 €  9Yj Jo Uopud} 9} Jo prowressg
snuew

A PUe AT 131p Jo o3uereyd
[ewrxoad Jo peay [BISIp 9y}

- A é é 2 b A A b - - A A - - - - - - - ], 0} [BIJUSA S :SPIOUIBSDS dPI[)
- 4 é b b é 4 & é 4 & é 4 & - - - - - - 8 JTewreq
(Tetpeaered)
o[eIpeI YIIM BUN-SNIP
- b b A b & A b & b A & A b & b b & A 6 6 -BI UOIJE[NON.IR 93 0} [BSI0(]

stsAydoderp (el
-0es [0B9 JO ULSIeW [BI9)B]

X X X X é b 6 é b b 6 b b 6 b b é b 6 0T 93} JO 9ojIns [etere] oy} uJ
- ¢ @©X MX MX ¢ 4 & & b A & 4 b & b b & b & 0T JTejue|d
A-II sred
-IBORIST\ JO Py [BISIP o}
- 4 b b é b 6 A A - - ¢ P2 - - - - - - - 01 0} [BJIJUSA :SPIOWESSS 9PI[H)
68T ¥8T €81 @81 I8T 08T 64T SLT LLT 9LT GLT ¥LT 6LT QLT TLT OLT 69T 89T LI9T 991 % Sprouressg

Aﬁﬁﬁﬂﬁmagouv Am.muca,.—m-z pue STeLId)e]A Ul MHMNHvi 9.anje.aalI] ayj) pue %Muzum SIY) U0 pose(q sprowresss ay) jo uonnqrisi(q ‘1 ' 19vV.L



1655

ANURAN SESAMOIDS

*$1719D45 DO2YJ04ISDH-GRT eeprjuopoyreusdiydury {(F0(0z ‘UlWeSeARNY)) SNWIID.L SNJAJODPOLIYIND]G) SNUWAIDL SPUDWISLIJ-F]T ‘(F00Z ‘Urureseleny)) (121240
sN)L1oDPOLdYINYFT) 121740 SPUDWISLIJ-ERT ‘(F00G ‘UTWeseARNY)) (0pUnINYy SnjAIODPO.LoYINaH) 0PUNIINY SYUDWIISLIJ-Z]T (900g ‘SOAOH PUB UR[IAY) (S1SU2J050Q
sN)L10DPOUdYINIYF) SISUIOS0Q SUDWINSIIJ-TRT S1YDPI0ISIP $2IDQ02.L()-()Q] :oeprjuewWoqer)S (g8 ‘Wneqssny)) (1Lulpsns snsso)500S) 1aurpans aukiydojjayoag
-6LT (86T ‘Wwmeqssny]) S1suajjay2as snss0}5005-8),T (ZY/GT ‘WNeqsSNN]) (129SSDUIOY] SIPUDULOSIN]) 112SSDULOY] SNSS0]5008-),)T :9ePISSO[S00S {(900F ‘1ZoIqe,) 11y9109
sndorydn§-9.T “(900g ‘T2o1qey) suU04f1quioq »adg-G11 oepipodorqdesg ‘(ggT ‘WNBQSSNN]) (SUDHUD]) DUDY) SUDFUD]D $aIDQOYIIT-FLT ‘(86T ‘WNe|SSnN) (197
-£0q pumyy) 117£0qQ DULY-E LT (9003 ‘1ZoIqe]) (SLIGD]OG]D DUDLIUULY) $14QD]0QID DUDIDIAE-ELT (€003 ‘SOAOH) p1mLodwa) nuny-T11T ‘(€003 ‘SOLOH) (S1suayading pumy)
s1suayading puvIDILE-0LT (€00G ‘SOLOH) (suardid puvy) sapnqQoy7-69T ‘(€003 ‘SOAOH) (12o42d pumy) 12a.49d XxD]AYd0]ad-89T (€00G ‘SOAOH) (VIDI100.51U DUDY)
DI0I200451U DUDIDILE-),9T (€003 ‘SOLOH) (a0U0SSa] DUDY) aDU0SSI] XD]AYd0]oJ-99T ‘(€00G ‘SOAOH) Mo142q1 DUDY-GIYT ‘(E00E ‘SOAOH) Doan4S DUDY-F9T ‘(£00% ‘SOAOH)
(‘s1suawoIDS DUDY) S1ISUIWD]DS DUDIDILET-C9T (€00F ‘SOAOH :968T ‘ddney)) (npuajnosa nuny) snpunqipii xvjAydojad-g91 ‘(€00% ‘SOAOH) (van.yihid DUDY) DIDIYIALD
DUDDIAE-T9T ‘(€00 ‘SOAOH) Du1DW DD DUDY-09T ‘(£00% ‘SOLOH) (SUDIIWUD]IO DUDY) SUDIIUWD]D SAIDQOYIIT-GGT (£00G ‘SOAOH) (s1suandnyd nuny) sisuandnyd puUIQDG
-8GT (€00g ‘SOAOH) s17pa.uv puDY-LGT (€00g ‘SOAOH) (S149DJogID DUDY) $149D]0q]D PUDIDIAH-9GT (8005 ‘SOKOH) pjoonjuow sdojowy-GG1 :oepruey '(g00g ‘SOL0H)
snypwpdoS1u snioydoonyy-$GT ‘(£00g ‘SOLOH) (XxvisAwoona) snioydoonyy) xnisAuioona] sagopadA]og-¢GT (Z8GT ‘WNeqsSNN) $7150.420]n sSnjAODPLRUD-ZST (9003
“zeaqe €00g ‘SOLOH) suaosafn. spuvwos1y)-1G1 oepraoydoory :(g8ET ‘Wneqssny) s1suadnd D]jayonsanqodl-0GT (86T ‘WneqssnN) (1271may 0]127dajoa114y7)
ypmay  dukiydoaplyuy-6%T “(Z8GT ‘Wmeqssn)) asuonbvwou wnu.aisoon)-gFT ‘(g8ET ‘wmeqssny]) 12200/1yS1y v0ja3dajosyiay-)HT (GRGT ‘wneqgssny) 15499
-au0q snYIDLIDQOIVIDN-9FT (G86T ‘WNe(SSNN)) 25UadDI WNULIS0ID)-GHT (Z8ET ‘WNRQSSNIN]) 1125717909 WNUL2IS0ID)-FHT (9007 ‘1ZoIqe) (S1SUajoSun DuD.Lly) S1SUd]
-0Sum nyAIUY-¢FT (9003 ‘1Zoaqe) sns.adspo snipydaoixkg-zHT ‘(900 ‘1zoaqe,]) n10]71515QNs LGNy-THT (€003 ‘SOAOH) D0LoUADW DULIAOWL-0FT (€00 ‘SOLOH)
(818U2]0SUD DUDY) S1SUIJOSUD DNU-GET (€00Z ‘SOLOY]) snsuadspn snjpydadixkg-8¢T ‘(€007 ‘SOAOH) 0Iv1518gns nuigny-)e] :oepifeqdeadixAd ‘(9007 ‘1zeiqef)
42780508K4Yy> DUIPDYILIF-9CT (900 1ZoIqey) 141511y DUaPDYIAIJ-GET ‘(9007 ‘TZodqRy]) SISUIUUDISDUWL DUIPDYILIT-FET (900 1ZoIqe) SisuamsSunzn nuapoydfid
-eeT (8003 ‘SOAOH) 1Lou.nog vuapnyI1J-ZeT ‘(€00g ‘SOLOH) S1iw1]1049dNs DUIPDYINIT-TET (€003 ‘SOAOH) 170(nd DU2PDYINIT-0ET (£00T ‘SOAOH) SISUIIUUDISDUL DUID
-DYIL1d-6%T (€003 ‘SOAOH) (1Lomopf DUIPDYII]) WNL0YN]]1YIS DUIPDYILIJ-RET 9ePIUIPBYIAYJ (Z86T ‘wneqssnN) vaund ndig-)7T (G861 ‘WNeQSSNN)) anasSn]yaus
nd1g-931 (g861 ‘wneqssny)) v.adsp vd1g-Gz] ‘(Z8GT ‘Wneqssny) 10y70a.nd ndid-$gT (9003 ‘1Zoaqe,) (Snun1i03o1a s1aav] sndouay) snuviiogoia sndouayx-¢zT ‘(0003
‘qeny) ndid pdig-ggl (9005 ‘1zoaqey) swen] sndouaX-1g1 (9005 ‘1Z9Iqed ‘000g ‘U0S[Q) 125)320q sni1yoouswdf-0g1 9eptdid (g861 ‘wneqssnN) snypond sniyo
-DLIDQOULIYJ-GTT (Z86T ‘WNRQSSNN]) SI1SUIUY SNYIDLIDQOULIYJ-QTT (Z8ET ‘WNRQSSNN]) SNS0UNYNS snyonsgnqQouliyd-)1T (861 ‘WNRYSSNN]) SaIDQOLPUIP SNYID.L]
-DQOUALYJ-9TT (ZGT ‘WNBQSSNN)) (1S2IDQ SNYIDLIDQOUALY]) 1182)DQ SNYIDAIVQOULIYJ-CTT (€00 ‘SOLOH) (SISUIDLIID SNYIDLIDQOULLY ) SUOLJ1ID] SNYIDUIDQOUKIY T
HIT (9008 ‘1zoaqey]) SwwinsSoaunfins snyongpqoufiyd-¢1T ‘(9003 1zelqey) SLS041INID  SNYInInqQoukiyd-zIT ‘(9003 ‘1zoiqey) sapirogapado.jad sSnyon.ijnq
-oukuyg-T1T ‘(9003 ‘1Zoaqey) sainqoapuap snyondgnqouliyd-01T (9003 ‘1ZoIqey) L0]0218.42a SNYIDLIDQOULLYJ-GOT -depIyoeIjeqouliyd (£00g ‘SOA0H) 1uajjv DN
-u0)-80T (90037 ‘1zoaqey :€00Z ‘SOA0Y]) sadissn.io pnv.auo)-1(] -oeprpepadorlad (Z8eT ‘Wneqssny) noyjuans aukuydopnasg-9Q1 :0epryd2es)eqoL (L00Z ‘qendy,
pue ayery) nyngnqQunq auluydoun)ap-GOT (Z86T ‘Wneqssny) -£af17797804 aukiydosaoy)-701 (1661 ‘qeni], pue BS op) puv1a1oq aukiydojdwnp-¢0T (9007 ‘1zoIqe.)
sm1950J1q sSyUDWOULIYJ-ZOT ‘(€00% ‘SOLOY]) nuyoynd n)nony-10T (€00G ‘SOAOH) 11495ud)noq DJAYIUOPOUY-()()] OBPIIAYOIIIIA (£00T ‘SOLOH) S1SUILIDISDSDPDUW
D)JIUDI-66 (£00% ‘SOAOH) L1yoLYyon.aq s1ydoog-Q¢ :ePI[[PIURIA (9003 ‘1zoIqey) smimjnonwwil x0jiy10ys1d0-16 (900g 1ZoIqey) Sns0on.iaa SunwiIdfIyJ-96
“(900% ‘1zoaqe,]) si1suappSouas DUISSD-GE (9007 ‘1zoaqe,]) s1suanary sn1jo.ddL-36 (9003 ‘1zoiqey) snaunisno sn1joladAH-¢6 (9007 ‘1zoaqey) snni1aoajn) snynxify
-G6 ‘(86T ‘wneqssny) (S15uajjoyofas snjox1nsapy) S1Suajjayofas s1uaudfyon-16 (Z8GT ‘WNeB(SSNN]) 1UISDUL0/ SNJDXLLYV-06 ‘@ePII[oIddAH (86T ‘wmneqssny) sn7
-DULOULIDWL STSTWIF]-G] -OBPIJOSTWIY (9003 ‘1ZoIqe,) 1pJ0.425211] SNJ0U0702],1-8] oeproeaydrwol (gge] ‘wneqssny) (‘ds snjfzoppowqy) ‘ds snjlronposayinays-),8
‘(z86T ‘wmeqssny) (sad15uo) snydoy..uLg) sad15uo] snjL1o0po.tayinajg-98 ((geET ‘WMeqssny) (12¢20usnuw snydoy.diLS) 11420utnu snLonpodyIna)g-G8 (£00g ‘SOLOH)
S1SUNUADUL SNJAIIDPOLdYINIH-F] ORPI[AIORPOIYINS[H (9003 ‘1Zodqey) S7011d1000 Snyon.inqojdof-¢8 ‘(€007 ‘SOLOH) (sdaoraauq nuuajdowq]) sdadiaaiq 0oay)
-0490YdS-78 ‘(€003 ‘SOAOH) (PUDaYISDY DUDLOJAD]) SNUDIYISDY S2P2UOUWIT-T] (€00T ‘SOAOH) (11SUdDUWL SNSSO]SOUALY]) 11SUIIDUW DSLZOP199()-08 ‘(E00G ‘SOLOH)
(snsopngsndopusSow snssojsoukiyg) nsojnisndousSouw nSLzop1990)-6), (€00g ‘SOAOH) (S109D] SNSS0jSoukiyd) s10am] DSAzZop129)-8), ‘(€007 ‘SOLOH) (DU1d1a DDJ) DU
DUDLOUDN-L), ‘(€008 ‘SOKOH) (12pL0jup]q DDJ) 11pL0fun]q PUDLOUDN-9), (00T ‘SOLOH) Pl DFK20p109()-GL, (8005 ‘SOKOH) 1L0y4.nd DUDLOUDN-T), (00T ‘SOLOH) (514
-DYIOUWIT] $2JOIUOUWLT) S1UDYIOUULT] DAIDALLD]-C), ‘(€00T ‘SOLOH) (snvajid sagoauouwiry) 12d)ojsuapihs sagoauouwiry-z), (€00g ‘SOAOH) 117yny sagoauouwiry-14, ‘(€003
‘SOL0H) 11Y14]q sagoauouw1]-()), (€00G ‘SOAOH) S1SUUILLISSDUI] DUDLISUT-G9 (£00F ‘SOLOH) snsojnsSn. snyon.inqojdof-89 (€003 ‘SOAOH) S7011d1000 snyov.4inqQo]dofy
-19 (€007 ‘S0A0H) s1oA7ydounkd s1706)ydns-99 :9ePISSOIS0III(] (TG ‘YUINer]) (SnI0i1aLL] SaINQOLPUI(]) DIDILNLL] D429 Y-GY {(ZRGT ‘WneqssnN) (oj1und sajnq
-oupua() orjrund pSpYydo()-$9 {(Z8ET ‘WneqssnN)) s.qQnsnj sapnqoj)fyg-¢9 (geET ‘WNeB(SSNN]) (S1]0.4Qa1.120 SNYJ2)S0]0))) S1]D.LQIIL2Q SN)DXOJAL]-79 (FYGT ‘WMNBQSSNN])
(smpngoundqns sny121s070))) snanoundqns snjpxojAf-19 :9ePIIRQOIPUd( (9007 TZoIqR) NUIMIDD DULIPOUIYY-09 (9007 1Zeiqe) Snuvotiown snuliydojuop()
-6G :oeprqdwelo[dL) (ggET ‘WneqsSNN) (S770.L009p SNJLIODPOLdYIND]F) SNIDLOIIP L0ISDSND.L) :dePLIo)seSned)-8G (£00g ‘SOLOH) S1suaigra syunwWAIn]d-)G 9ep
-IyorIIRqOIRID)) (9007 ‘1ZoIqe,) 1U2ayint auliydoj)y-9G PePIUd[oIIUd)) (9007 ‘1Z8Iqe) SLUaALIQNL SNISIULIYdOUD]I-GG (Z8ET ‘WNRQSSNIN]) 1/0UZ]2)S SNISIU
-Luydounpppy-7G (86T ‘wmneqssny) (sno14anb ofng) snorw.aanb snilxvuy-¢G (geET ‘WNeqsSnN]) (S171gap ojng) $171Qap SNIAXDUY-ZG (9008 1ZoIqe]) (sninsarina ojng)



1656

PONSSA ET AL.

TABLE 2. Location, identification, and quantity of sesamoids in anurans observed in this work,
and comparison with those observed by Olson (2000)

Unilateral in Anurans

Unilateral in
Hymenochirus boettgeri

Sesamoids (Maximum number) from Olson (2000)
1. Cartilago sesamoides 12 1
2. Fabella 1 1
3. Os sesamoides tarsal (distal) 12 1
4. Glide sesamoids: ventral to the 10% (two in each metacarpal)

distal head of Metatarsals I-V
5. Glide sesamoids: ventral to the 8% (two in each metacarpal)
distal head of Metacarpals II-V
6. Plantar 3 4
7. In the lateral surface of the lat- 12
eral margin of each sacral
diapophysis
8. Dorsal to the articulation radius- 12 1b

ulna with radiale (pararadial)
9. Palmar

10. Glide sesamoids: S. ventral to the
distal head of proximal phalange
of digit IV and V manus

11. Subarticular carpus

12. Glide sesamoid: ventral to the
distal head of proximal —phalange
of digit IV and V feet

13. Glide sesamoid between phalange
media and distal digit IV feet

14. Distal level of humerus

15. Tibial lunula

16. Glide sesamoid: Dorsal level of
phalanges

17. Os tibialis anticus

18. Os sesamoides tarsal proximal

19. Patella ulnaris

20. Sesamoid in the tendon of the m.
gracilis major (graciella)

TOTAL

1 (Hoyos, 2003)
1

5 (Olson, 2000)
1 (Olson, 2000)
2 (Olson, 2000)

a

4% (two in each phalanx)

1 (Laurent, 1961)
4% (two in each phalanx)

2a

1(:

5 (one in each phalanx) (Hoyos, 2003)

DO = =

la

54; 37* 13

ASesamoids present in L. latinasus.
PRadial sesamoid in Olson (2000).
“Posterior lunula in Olson (2000).

are based on the specimens of L. latinasus, with a brief
comparison to P. cf. guayapae.

Histological preparations of the sesamoid in the ventral
part of the femur-tibiofibula joint and the plantar sesa-
moids in L. latinasus were obtained to illustrate their
relationships with the surrounding tendons. An important
defining character of a sesamoid is that it is adjacent to
an articulation or joint (see Vickaryous and Olson, 2007,
p- 324). Because of that we decided to work with a struc-
ture located near a big articulation, whose movement
could be considered an actual mechanobiological stimulus.
To analyze development of the sesamoid in the femur-
tibiofibula joint we include serial sections of the knee joint
in larval specimens at Gosner Stages 3743 and in a juve-
nile stage. The formalin-fixed specimens were dehydrated
with graded alcohols and cleared in xylene. Serial sections
were cut on an MSE sledge microtome, along the long
axis of the tendon, and at right and sagital angles to the
bone. Histological serial sections (6 pm thick) of paraffin-
embedded tissues were stained with Alcian blue-hematox-
ylin-eosin (modified from Totty, 2002).

On the basis of the observations presented in Table 1,
a matrix was constructed, where 20 “major” elements (in
the sense of Olson, 2000, p. 17) were included as charac-
ters; each one codified as present or absent. The charac-

ters were optimized or “mapped” onto a cladogram of
amphibian relationships of Frost et al. (2006) reduced to
family level. The tree was drawn with TNT software
(Goloboff et al., 2003) and the optimization was done
with Winclada software (Nixon, 1999).

In the context of our study, we used topology as the
main argument to elucidate sesamoid homologies. Thus,
two sesamoids are homologues if they are located in the
same tendons of the same muscles, or in the same liga-
ments. This is in fact the conventional mode of inferring
sesamoid homologies (Pearson and Davin, 1921a,b; Le
Minor, 1987; Vanden Berge and Storer, 1995; Olson, 2000;
Hall, 2005; Kawashima et al., 2007; Vickaryous and
Olson, 2007; Kim et al., 2009; Jerez et al., in press, among
others). On the basis of the literature data about the loca-
tion of the sesamoids in the muscular tendons in other tet-
rapods (Flower, 1885; Pearson and Davin, 1921b; Davis,
1964; Evans, 1993; Jerez et al., in press), the homology of
these bones across the tetrapod clade is proposed.

RESULTS

We found 12 major elements in L. latinasus; however,
considering the other species surveyed and the literature
data, this number rises to 20 in anurans (Table 2).
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Fig. 1.
the sesamoids of the ventral surface of the hand can be seen. Glide
sesamoids, in the metacarpal-phalangeal joints; palmar sesamoid,
ventral to the carpals bones. s.: sesamoid.

Cleared and stained specimen of L. latinasus (L687), where

Nevertheless, no species shows all 20 (Table 1). The ses-
amoids of L. latinasus are described below.

Forelimb (Table 1; Figs. 1-3)

Proximodistally, the forelimbs present four groups of
sesamoids.

Dorsal to the articulation of the radius-ulna with the
radiale there is a small sesamoid, osseous in adults,
which is embedded in the tendon of the m. extensor
carpi radialis (Fig. 2). Because this sesamoid was not
anteriorly described, we propose the name pararadial for
it. Ventral to the carpal bones there is a big palmar sesa-
moid, osseus in adults, which is embedded in the tendon
of the m. flexor digitorum longus (Figs. 1, 3). The flexor
tendons of the digits arise directly from the palmar sesa-
moid (Fig. 3). Ventral to the distal heads of metacarpalia
II-V, and to the distal head of the proximal phalanges of
fingers IV and V, there are small elements that are
referred to as the glide sesamoids of the hand. There are
usually two per digit joint although sometimes both
bones can be fused. They are small and osseous in
adults. These are glide sesamoids because they provide a
surface on which the over—underlying tendons can slide
(Jerez et al., in press). The tendons correspond to the
hand flexor tendons (Fig. 3).
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Hindlimb (Table 1; Fig. 4)

Proximodistally, the hind limbs present six groups of
sesamoids. Ventral to the femur-tibiofibula joint there is a
small osseous sesamoid. It is embedded in the tendon of
the m. gracilis major; because this sesamoid was not pre-
viously described, we propose the name graciella for it. In
the ventral surface of the heel, there is a big and elon-
gated sesamoid, osseous in adults. It is embedded in the
Achilles tendon. This sesamoid is located near the tibiofib-
ula-tibiale/fibulare joint and corresponds to the os sesa-
moides tarsale (Nussbaum, 1982) (Fig. 5). Deep to the os
sesamoides tarsale there is a medium-sized sesamoid, os-
seous in adults, which corresponds to the cartilago sesa-
moides (Nussbaum, 1982). This sesamoid is located
between tibiale-fibulare, near the tibiofibula joint, and is
embedded in the tendon of the m. plantaris profundus. In
the sole of the foot there are two medium-sized sesamoids;
one between metatarsale IV, metatarsale V, distal tarsale
III-II, and fibulare, and the other between metatarsale
III, metatarsale IV, and distal tarsale III-II. In some speci-
mens there is a third one, very small, located between
both sesamoids. All these sesamoids are osseous in the
adult. They are all embedded in the tendon that consti-
tutes the plantar aponeurosis. The glide sesamoids of the
foot are located ventral to the distal end of metatarsalia I-
V, and to the distal head of the proximal phalanges of toes
IV and V. There are usually two per joint of the digits,
although sometimes both bones can be fused. These glide
sesamoids (Jerez et al., in press) are small and osseous in
adults. The tendons related to these sesamoids correspond
to the m. flexores digiti brevis.

All observed sesamoids, except for the glide sesamoids
and the tibial lunulae, belong to the embedded category
of Jerez et al. (in press). This can be easily observed in
the histological section of the graciella (Fig. 6) and the
plantar sesamoids (Fig. 7). In both sesamoids, the con-
nective tissue that will develop in tendon covers the
bones on all their surfaces. The glide sesamoids of the
digits present muscular fibers of the flexores digiti brevis
inserted onto them and because of that we do not con-
sider them as typical embedded sesamoids. We note that
the tibial lunulae are the only interosseus sesamoids
(Jerez et al., in press) found in anurans.

Development of Appendicular Sesamoids
in L. latinasus (Table 3)

Forelimb. Stage 41: Humerus, radius-ulna, radiale-
ulnare and metacarpalia III, IV, and V are about 80%
ossified. The palmar sesamoid and the glide sesamoids
ventral to the distal end of metacarpalia II-V are pres-
ent. In Pleurodema cf. guayapae the palmar sesamoid
arises a bit later, by Stage 42.

At juvenile stages (17.67 mm), all carpal bones and
the palmar sesamoid present ossification centers. In
larger specimens (27.32 mm), other sesamoids appear
ventral to the distal end of the proximal phalanges of
fingers IV and V. In adult specimens, an osseous sesa-
moid is visible dorsal to the articulation between radius-
ulna with radiale (Fig. 2).

Hind limbs. Stage 37: The femur, the tibiofibula, the
tibiale, the fibulare, and metatarsale IV exhibit ossifica-
tion centers halfway through the shaft. Histology: Long
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Sesamoid dorsal to the articulation

radius-ulna with radiale

m. extensor carpi radialis

Fig. 2. Sesamoid dorsal to the articulation of the radius-ulna with radiale (pararadial) in the forelimb of

L. latinasus (L741). m.: muscle.

bones epiphyses are composed of hyaline cartilage, con-
sisting of chondrocytes immersed in a basophile matrix
composed of fibers and ground substance (Fig. 6A). An
extensive region of mesenchymal tissue surrounds the fe-
mur and the tibiofibula epiphyses, constituting a common
tissue along the presumptive knee joint zone where the

long-bone articular surfaces begin their differentiation
(Fig. 6A). The first morphological sign of this joint forma-
tion corresponds to the differentiation of the interzone,
which is made of closely packed mesenchymal cells.

Stage 38: The central areas of the femur, tibiale, and
fibulare are ossified, and the ossification zone occupies
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m. flexor digitorum longus
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glide sesamoids

flexor tendons

palmar sesamoid

Fig. 3. Sesamoids of the ventral surface of the hand of L. latinasus (L741) showing the tendinous com-
plex linking those sesamoids. The glide sesamoid, in the metacarpo-phalangeal joint, and the palmar ses-

amoid can be seen. m.: muscle.

the third of the length of the long bones. Histology: At
this stage, the graciella is the one sesamoid to appear,
as a cartilaginous condensation ventral to the presump-
tive femur-tibiofibula joint.

Stage 39: The ossification process in long bones dia-
physes continues in a proximo-distal and postaxial-pre-
axial direction, while epiphyses and distal tarsal bones
remain cartilaginous. Histology: The knee joint is
defined as the cavitation process has just lead to the
physical separation of both articular surfaces. The gra-
ciella appears as an oval condensation of hyaline carti-
lage composed of big unordered cells and embedded in
dense connective tissue (Fig. 6B,C). The latter is in close
contact with the presumptive tendon of the m. gracilis
major on its proximal side and connected to the articular
cartilage of the tibiofibula (Fig. 6C). In Pleurodema cf.
guayapae the graciella is just appearing.

Stages 40-41: The diaphyses of stylopodial and zeugo-
podial long bones are almost completely ossified while
the epiphyses and distal tarsal elements remain cartilag-
inous. Histology: The distinct components of the mature
knee-joint form and include articular cartilage, capsule,
and a full-fledged synovial cavity (Fig. 6D). Cells of the
connective tissue surrounding the graciella are oriented
more parallel to each other than in previous stages (Fig.
6D). From this connective tissue, at the proximal end of
this sesamoid, there is a one-layered cell prolongation
connecting it with the femur epiphysis (Fig. 6D).

Two cartilaginous plantar sesamoids appear in the
ventral aspect of the foot between the proximal ends of
metatarsalia II-V, within the tendon anlage of the m.
plantaris longus (Fig. 7). Later, the cartilago sesamoides
develops as a small cartilaginous condensation in the
ventral aspect of the proximal end of the tibiale-fibulare.

Stage 42: In Pleurodema cf. guayapae, the cartilago
sesamoides and the plantar sesamoid appear.

Stage 43: Metatarsalia and phalanges are about 90%
ossified. Histology: The epiphyses of the femur and the
tibiofibula show at least two differentiated regions: a
central cartilaginous one, composed of small cells; and
an articular cartilaginous zone with two lateral articular
areas of hyaline cartilage, with bigger cells (lateral artic-
ular cartilages of Felisbino and Carvalho, 1999) (Fig.
6E). The lateral areas show a similar configuration in
cell types and shape to the graciella. However, both dif-
fer in the surrounding tissues: the graciella is in the
center of a connective tissue that links it with the tibio-
fibula epiphysis, whereas the lateral cartilages are sepa-
rated from the periosteum by a fibrous region
(osteochondral ligament, Felisbino and Carvalho, 2002).
The tissue surrounding the graciella is almost differenti-
ated in a mature tendon.

Juvenile Stages: In a juvenile stage of 17.67 mm, all
distal tarsal bones remain cartilaginous. Femur epiphy-
ses show signs of mineralization. In a bigger specimen
(18.77 mm), the epiphyses of the long bones of the hind
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cartilago

sesamoides |

Fig. 4. Cleared and stained specimen of L. latinasus (L687) showing
sesamoids of the hindlimb and the sacral diapophyses. In the hin-
dlimbs can be seen: the graciella, ventral to the femur-tibiofibula joint;
the cartilago sesamoides, between tibiale-fibulare, near the tibiofibula
joint; the plantar sesamoids, three sesamoids in the ventral surface of

limbs are almost fully ossified. In bigger specimens (21—
22 mm), the cartilago sesamoides and the plantar sesa-
moid are ossified. The graciella shows the first signs of
mineralization. Histology: The lateral articular epiphy-
seal cartilage appears in close contact with the perios-

s.plantar

graciella

glide
sesamoid

the pes; the glide sesamoids, in the metatarsal-phalangeal joint and
between the proximal and medium phalanges of some digits. Also, a
sesamoid between the sacral diapophyses and the ilial shafts can be
seen. s.: sesamoid; s.s.d.: sesamoid of the sacral diapophyses.

teum of the diaphysis. A young tendon with many
fibroblastic cells is anchored to an apophysis of the tibio-
fibula through a notably clear enthesis organ (Fig. 6F).
In a larger specimen (22.67 mm), a group of elements
ventral to the distal end of metatarsalia I-V and a single
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Fig. 5. Knee-joint of cleared and alizarin-stained specimen of L. lat-
inasus (FML 11912) showing a small cartilago sesamoides and a larger
os sesamoides tarsale. F: femur; TB: tibia-fibula.
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element ventral to the distal end of the proximal pha-
lanx of Toe IV appears. The latter appears as an ossified
element in a bigger specimen (27.32 mm).

Sesamoids in the sacral diapophyses. At Stage
43, a cartilaginous sesamoid in the lateral surface of
each sacral diapophysis appears. After metamorphosis,
these sesamoids and the sacral diapophyses appear fully
ossified (Fig. 4).

Phylogenetic Mapping

Our survey results in a data set where the two major
anuran clades, Hyloides (12 families) and Ranoides (14
families), were represented. The matrix has 38% missing
entries. Most of the surveyed sesamoids have multiple
origins, with only three of them (about 19%) having one
origin. All 20 major elements (Olson, 2000) (e.g., carti-
lago sesamoides, fabella, os sesamoides tarsale, glides,
etc.) were mapped onto the Frost et al. (2006) phylogeny,
but only one of them (cartilago sesamoides) was useful
to diagnose a clade, the Neobatrachia.

DISCUSSION

Anuran sesamoids are as numerous as those in other
vertebrate groups [54 pairs vs. for instance, 50 pairs in
squamates (Jerez et al., in press)]. Thus, they are not as
uncommon as was traditionally thought in amphibians
(Haines, 1969; Olson, 2000). Among anurans, there are
only two sesamoids present in 20% or more of the taxa
examined, namely, the cartilago sesamoides, which
appears in 68% of the taxa, and the fabella, which
appears in 20% (Table 1). Olson (2000) described only

Fig. 6. Ontogenetic sequence of the sesamoid in the tendon of the
muscle gracilis major (graciella), lateral articular cartilages, and ten-
dons in the hindlimb of L. latinasus. A: Stage 37. B: Stage 39. C:
Stage 39 detail: sesamoid still cartilaginous in a tendon anlage. D:

Stage 41. E: Stage 43. F: Juvenile of 18.77 mm: sesamoid embedded
in differentiated tendon. F: Femur; TB: Tibiofibula; g: graciella; ac:
articular cartilage; ta: tendon anlage; lac: lateral articular cartilage; m:
muscle gracilis major; ocl: osteochondral ligament; t: tendon.
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Fig. 7. Cartilaginous precursor of the plantar sesamoid, embedded in an undifferentiated connective
tissue, which constitute a tendinous anlage. L. latinasus, Stage 41. ps: plantar sesamoid; ta: tendon

anlage; Mt: metatarsal.

nine major elements in Hymenochirus boettgeri, and she
interprets the hyperossification process typical of Hyme-
nochirus as one of the possible reasons for the presence
of so many heterotopic elements. Although the number
of sesamoid described in Hymenochirus is high compared
with other pipids (Olson, 2000), it is rather low in rela-
tion to all frogs.

Anuran sesamoids begin to appear in prometamorphic
stages (Table 3). Olson (2000) stressed that those ances-
trally present in Hymenochirus boettgeri appear early in
its ontogeny (see her Table 3). In the present character
mapping, it was also found that those sesamoids that
can be traced to an ancestral state tend to arise earlier
during their development. However, this trend is not as
clear as in squamates, in which most of their constant
sesamoids arise during the first ontogenetic stages
(Jerez et al., in press). In L. latinasus, 70% of all sesa-
moids are present at Stage 43.

One of the biggest anuran sesamoids, the palmar sesa-
moid (Figs. 1, 3), appears at Stage 41 when the forelimbs
are still within the branchial chamber, and therefore
they are useless. Remarkably, it does not imply they are
immobilized. Although tadpoles are not embryos, the
nonfunctional hind limbs and forelimbs inside the bran-
chial chambers can be compared to the nonfunctional
limbs inside the amniote egg. Embryos do not passively
await hatching from their eggs of amniotic containers
but begin active movement very early on in their devel-
opment, and embryonic motility represents an important
epigenetic component of development (Carvalho and
Felisbino, 1999; Miiller, 2003; Hall, 2005). The formation
of secondary cartilage on membrane bone and of con-
stant sesamoids in tendons also depends on mechanical

stimulation (Sarin et al., 1999; Miiller, 2003). Hence, if
some extrinsic factor is necessary to trigger sesamoid
formation, it must be comparable with the movement
that normally occurs in amniote embryos. We postulate
that probably the same kind of extrinsic factors could be
active during the first stages of anuran limb develop-
ment. Interestingly, Kim et al. (2009) showed that the
denervation of the hind limb in Hymenochirus boetigeri
strongly affect the development of some sesamoids, for
example, the fabella, which was the only sesamoid that
demonstrated complete regression or loss with paralysis.
They inferred that location of the element within the
head of the m. plantaris longus may also have made it
more vulnerable to loss of muscle function. It could also
be interpreted that, being the joint that the fabella is
related to is extremely mobile, lack of movement during
development results in regression or loss of the joint
associated sesamoids. Thus, movement of the joints dur-
ing development could be an extrinsic factor that is cru-
cial to eliciting the genesis of some sesamoids but
apparently, not all of them (Kim et al., 2009).

It was long thought that embedded sesamoids develop
within tendons (Pearson and Davin, 1921a,b; Merrilees
and Flint, 1980; Giori et al., 1993; Carter et al., 1998;
Sarin et al., 1999; Summers and Koob, 2002; Miiller,
2003; Hall, 2005; Doherty, 2007, among others). It was
also believed that sesamoids functioned to improve the
ability of tendon to respond to compressive load
(Summer and Koob, 2002). Because the differentiation of
many sesamoids begins well before the tendinous tissue
is recognizable; and the only visible tissue connecting
the muscle (and the sesamoid) with the bone is a dense
connective one (see histological sequence in Figs. 5, 6),



TABLE 3. Sesamoid ontogenetic development in Leptodactylus latinasus

Postmetamorfics (SVL in mm)

Tadpoles (Gosner stages’s)

18.77 21.35 21.64 22.67 27.32

17.67
X(e)

41 42 43 44 45 46 16.05
X(c) X(e)  Xl(c)

X(e)

40

37 38 39

X X

X

X(c)
X(e) (2) X(e) (2) X(e) (2) X(c) (2) X(c) (2) X(c) (2) X(c) (2) X(e) (2) X(c) (2) X(c) (2) X (2) X (2) X (2) X (2)

X(e)

X(e)

X(e)

X(e)

X(e) X(e) X(c)

Graciella
Plantar

Palmar
Ventral to the distal head of Metacar-

X

X X X
X(e) X(e) X(c)

X(e)

X(e)- ? X(e) X(e) X(e) X X
X(c) X(e) X(e) X(e)

X(e)

X(e)

X(e)

X(e)

X(c) X(e)-

X(e)

pals II-V
Cartilago sesamoides

>

X(e)

>

X(e)

X()-  X(e)- X(c) X(c) X(c)- X(ce)
X(e)- X(e) ? X(e) X(e)

X(e)

In the lateral surface of the lateral
margin of each sacral diapophysis
Ventral to the distal head of Metatar-

sals I-V (feet)
Ventral to the distal head of proximal

v

IV(e)

phalange of digit IV and V (feet)
Ventral to the distal head of proximal

phalange of digit IV (manus)
Dorsal to the articulation radius-ulna

with radiale (pararadial)

Os sesamoides tarsal
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X: presence; -: absence; (¢) cartilaginous; (n) number of sesamoids when there is more than one.

we postulate that the usual ideas regarding sesamoid or-
igin must be reconsidered in light of the actual sequence
of ontogenetic events, at least for some of sesamoids.
The development of the graciella precedes the differen-
tiation of the dense connective tissue surrounding it into
the tendon of the m. gracilis major and therefore its
functionality is restricted. Besides, at Stage 38, there is
no knee-joint formed. Analyzing our histological data, it
seems that the main stimulus eliciting the graciella for-
mation should be genetic because the cartilage precursor
is present before the dense connective tissue differenti-
ates into a tendon. The same hypothesis can be sup-
ported by the plantar sesamoids, which can already be
seen as hypertrophied cartilage within their tendon
anlage (Fig. 7). When ontogenetic data for the embedded
sesamoids of other tetrapod species are considered, for
example, birds, rabbits, dogs, primates, etc., the same
conclusion could be reached. In all those cases, the sesa-
moid under consideration is differentiated well before a
mature tendon tissue is clearly recognizable (Walsmley,
1940; Le Minor, 1987; Clarck and Stechschulte, 1998;
Miiller, 2003). Although most of these authors mention
the presence of tendon beginning in the early develop-
mental stages, their figures and descriptions allow alter-
native interpretations. For example, Fig. 3a—c of Le
Minor (1987) clearly shows an increasing organization of
the connective tissue surrounding the os peroneum while
the specimens grow. In fact, only in an adult specimen
(see his Fig. 3c) is the classic alignment of the tendinous
tissue visible. Collagen is a triple helical, rod-shaped
protein that requires further modification in the plasma
membrane of the cell before it is functional. Besides, the
mature collagen fiber has a typical periodic banding pat-
tern (64-70 nm) (Doherty, 2007). Thus, a tendon is rec-
ognizable by the organization of its fibers: regularly
arranged, wavy appearing collagen bundles and fibrocyte
nuclei (Turhan et al., 2004). According to our data, this
organization is reached only in juvenile specimens of L.
latinasus. Clarck and Stechschulte (1998) described a
sequence of changes in the general conformation of the
tendinous tissue in a 2-week-old rabbit that is very simi-
lar to those occurring in the tissues surrounding the gra-
ciella of L. latinasus. Felisbino and Carvalho (1999)
reach the same conclusions in relation to the develop-
ment of the calcaneal tendon in Rana catesbeiana. They
stressed that mechanical loading is not a major factor in
the primary events in the differentiation of the plantaris
longus tendon, which seems to follow a programmed
sequence of developmental steps. Miiller (2003, Fig. 4)
shows a cartilaginous sesamoid within its tendon anlage,
which means that no mature tendinous tissue is present.
The same images of sesamoid cartilaginous nodes em-
bedded in tendon anlage can be seen in different taxa
(Le Minor, 1987: os peroneum in primates), and of differ-
ent sesamoids (this work, Fig. 7). It could be inferred
that, at least for some sesamoids, the stimulus eliciting
sesamoid formation is exerted earlier in the ontogeny
than was previously thought, suggesting the process
originating them is highly conservative.

When the distribution of sesamoids is considered, it is
easily seen that the categories of Vickaryous and Olson
(2007)—omnipresent and fluctuating—can be applied to
all sesamoids: for example, the pisiform is present across
the amniota clade. Likewise, the palmar sesamoid is
present in many taxa of tetrapods: not all tetrapods
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have one, but it is present in every major tetrapod clade
(Abdala et al., 2009; Jerez et al., in press). Both, pisi-
form and palmar sesamoid belong to the constant or
omnipresent sesamoids. Even when, for example, the
palmar sesamoid has a scattered distribution among tet-
rapods, its presence in some anuran, squamate, and
mammal (including primates) allows us to infer that it
was present in the developmental program of the last
common ancestor of all of them. There are other sesa-
moids, such as the os sesamoides tarsale, or the gra-
ciella, which vary even individually in those taxa having
them (e.g., L. latinasus), and belong to the fluctuating
category. It could be inferred that if the developmental
program of a whole group includes a particular sesa-
moid, it will be constant, and its origin will be strongly
linked to genetic stimulus, although the extrinsic factors
can be never excluded. On the contrary, lack of regular-
ity is clearly speaking of a preeminence of extrinsic fac-
tors over those genetic ones.

Sesamoid mineralization/ossification begins in postme-
tamorphic stages in anurans, in posthatching specimens
in other tetrapods such as lizards (Jerez et al., in press),
and some years after birth in mammals such as humans
(Tortora and Derrickson, 2006). One might ask if the
onset of mineralization is related to both limbs becoming
functional and the dramatic change in the environment
in which they move (see also Carvalho and Felisbino,
1999; Hall, 2005), or to the offset of the tendon differen-
tiation in which the sesamoid is included. A third possi-
bility should not be discarded: that the timing of their
mineralization is genetically based. Further studies are
necessary to elucidate these questions.

Comparing our developmental results with those of
Olson (2000) and Vickaryous and Olson (2007), a few
striking features can be mentioned. These studies agree
that sesamoids generally appear in about Stages 37-38.
Olson (2000) described nine major sesamoids in Hymeno-
chirus boettgeri, whereas the present analysis comprises
12 major sesamoids in L. latinasus, of which only four are
the same, and none of them appear at the same ontoge-
netic stage as in H. boettgeri. No similarity could be found
in the developmental timing of the shared sesamoids. For
instance, the first sesamoid appearing in L. latinasus is
the cartilago sesamoides (Stage 38), whereas in H. boett-
geri they are the os sesamoides tarsale, plantar sesamoids
and lunula; the cartilago sesamoides appears at Stage 41
in L. latinasus, but in adult specimens in H. boetigeri
(Olson, 2000; Vickaryous and Olson, 2007).

Miiller and Wagner (1996) proposed that the fibular
crest, a conspicuous osseous protuberance on the tibio-
tarsus of birds, is developmentally derived from a carti-
laginous sesamoid through mechanical stimulation by
muscle action. Similar ideas were expressed by Hall
(2005), who stressed that the traction epiphyses (apoph-
yses)—projections from long bones onto which tendons
insert, which have their own secondary ossification cen-
ters—may have originated evolutionarily as sesamoids.
The graciella anlage is conformed by the connective tis-
sue located between the epiphyses of the femur and the
tibiofibula (Fig. 6A,B). Close to the graciella anlage
appear the epiphyseal lateral articular cartilages (Fig.
6B). During Stage 39, both structures are surrounded by
connective tissue (Fig. 6B). In Stage 41, the attachment of
the graciella to the tibiofibula epiphysis is different from
the lateral articular cartilage of the tibiofibular- epiphy-
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seal attachment: in the former, a connective tissue that
later gives rise to tendon is found, whereas in the latter, a
hypertrophied cartilage that gives rise to bone can be
seen. Besides, according to Felisbino and Carvalho (2002),
the region between the articular lateral cartilage and the
periosteal bone of the epiphysis corresponds to a fibrous
tissue that they called osteochondral ligament. This liga-
ment is visible in the Stage 41 of L. latinasus (Fig. 6D).
The similarity in shape and conformation of both struc-
tures, which vary only in the attachment with the bone
epiphysis, could be explained by the sesamoid-traction-
epiphysis hypothesis (Parsons, 1904, 1908; Barnet and
Lewis, 1958). This hypothesis, revisited by Vickarious and
Olson (2007), established that in some instances the long-
bone osseus projection of insertion for a tendon or liga-
ment develops independently of the limb element proper,
and represents an incorporated sesamoid.

Phylogenetic Mapping

Nussbaum (1982) pointed out that the use of sesamoids in
a phylogenetic context is restricted because they have a
high probability of multiple origins. Olson (2000) considered
some sesamoids, such as the patella ulnaris, the posterior
lunulae, and the fabella, as phylogenetically informative
among pipids. As a result of mapping our data onto the anu-
ran phylogeny of Frost et al. (2006), some interesting find-
ings arise, that is, almost 50% of the surveyed sesamoids
have multiple origins, with only nine of them having one or-
igin. For instance, the cartilago sesamoides appeared in the
last common ancestor of Neobatrachia, and was independ-
ently lost in some taxa of both Hyloides and Ranoides (Frost
et al., 2006) (Fig. 8). Thus, this sesamoid constitutes a syna-
pomorphy of a clade, Neobatrachia, which includes 96% of
frog diversity (Frost et al., 2006). However, the independent
presence of this sesamoid in pipids indicates that it probably
was an earlier acquisition in anurans (Fig. 8).

With respect to the glide sesamoids, their optimization
on the tree of Frost et al. (2006) shows that the plesio-
morphic condition is their absence (Fig. 9); also, they
have been independently acquired in some families of
Ranoides and Hyloides.

The plantar sesamoid appeared very early in anuran
history. According to our data its presence is plesiomor-
phic for Anura, with independent losses in Hyloides.

Those sesamoids present in the distal extreme of the
sacral diapophyses were described in a few anuran taxa
(de Sa and Trueb, 1991; Wild, 1997; Guayasamin, 2004;
Manzano and Barg, 2005; Avilan and Hoyos, 2006;
Maglia et al., 2007). According to our optimizations,
these sesamoids are plesiomorphic for Anura.

Previous character mapping (Olson, 2000) showed six
sesamoids as autopomorphies of Hymenochirus. Accord-
ing to our data, the fabella, the cartilago sesamoides,
and the posterior lunula appeared repeatedly throughout
anuran history, the first two mentioned being distributed
in most anuran taxa analyzed (see also Hoyos, 2003).

Sesamoid Homology in Tetrapods

Our data, together with those descriptions in the liter-
ature, allow us to propose the homology of some sesa-
moids across tetrapods.

The palmar sesamoid is homologous across tetrapods
(Flower, 1885; Evans, 1993; Gilbert, 1997; Vickaryous
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Bombinatoridae
Scaphiopodidae
Sooglossidae
Myobatrachidae
Hemiphractidae
Brachycephalidae
Amphignathodontidae

Leptodactylidae
Centrolenidae
[0,1]Ceratophrydae
/ Cycloramphidae
[0,1]Bufonidae
Dendrobatidae
[0,1]Microhylidae
Brevicipitadae
Hemisotidae
Arthroleptidae
[0,1]Hyperolidae
[0,1]Ptychadenidae
Ceratobatrachidae
[0,1]Phrynobatrachidae
Petropedetidae
[0,1]Pyxycephalidae
Dicroglossidae
[0,1]Ranidae
[0,1]Mantellidae
[0,1]Rhacophoridae

Fig. 8. Phylogenetic mapping of the cartilago sesamoides in the amphibian phylogenetic hypothesis of
Frost et al. (2006), reduced to family level. Red branch: present; black branch: absent; gray branch: ambi-
guity. [0, 1] indicate that the character is polymorphic in the family, that is, both states are present.

and Olson, 2007; Jerez et al., in press), since in all of
those taxa it is located within the tendon of the m. flexor
digitorum longus.

Olson (2000) described as a radial sesamoid a lenticu-
lar element located in the dorsal surface of the hand of
Hymenchirus boettgeri. We identified that structure as
the sesamoid dorsal to the radius/ulna-radiale joint,
which is embedded in the m. extensor carpi radialis ten-
don. In some mammals, a small sesamoid also called the
radial sesamoid has been described but it is located in
the insertion tendon of the m. abductor pollici longus
(Davis, 1964; Evans, 1993; Vickaryous and Olson, 2007).
Le Minor (1994; in Vickaryous and Olson, 2007) named
this element os radiale externum in most nonungulate
placentals. On the other hand, Jerez et al. (in press) also
found in some squamates an element dorsal to the radi-
ale, embedded in the tendon of the m. abductor pollici
longus. On one hand, we propose to use the name radial
sesamoid (as it is commonly used in mammals) for that
element located within the tendon of the m. abductor
pollici longus. This sesamoid would be homologous
within amniotes. On the other hand, we propose the
name pararadial sesamoid for that element located
within the tendon of the m. extensor carpi radialis.

The glide sesamoids of the hand seem to be homolo-
gous in anurans (this work), squamates (Jerez et al., in
press), and mammals (Flower, 1885; Davis, 1964),
because in all those groups they are associated with the
m. flexor digitorum longus tendons of the digits (Vickar-
yous and Olson, 2007). However, Evans (1993) described
the glide sesamoids embedded in the tendon of the m.

intermetacarpalis in dogs. On the other hand, the trias-
sic fossil turtle Proganochelys presents what are inter-
preted as sesamoid ossifications in the extensor tendons
of the digits (Gaffney, 1990). In life, sesamoids seem to
have been directly dorsal to the medial phalange,
between the ungual and metatarsalia or metacarpalia,
near the probable position of the distal end of the liga-
ment from the m. extensor digitorum breves. Further
research should be conducted to reach more extensive
conclusions about this topic.

With respect to those sesamoids located in the pedes,
we propose the homology of the glide elements with the
two sesamoids linked to the hallux in man, which are also
associated with the tendons of the flexor brevis complex of
the foot (Davis, 1964; Netter, 2003). According to Vanden
Berge and Storer (1995, p. 51), these specific ossifications
are not described in birds, although a set of wedge-shaped
bones is present in the metatarsophalangeal joint cavities
of digits II, ITI, and IV in some taxa. Dorsal digital sesa-
moids have also been reported in some anuran taxa
(Hoyos, 2003), in the fossil turtle Proganochelys (Gaffney,
1990) and also in some mammals such as dogs (Evans,
1993), and cats (Gilbert, 1997; Sebastiani and Fishbeck,
2005). Unfortunately, none of those authors mentioned
the muscular tendons related to those sesamoids,
although Gaffney (1990) mentioned the possible relation-
ship between these sesamoids and extensor tendons of the
toes. More data are also necessary to determine the
homology of glide sesamoids in hind limbs.

The fabella is homologous in all tetrapod taxa,
although it has not been described in birds (Vanden
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Plethodontidae
Pipidae
Bombinatoridae
Scaphiopodidae
Sooglossidae
Myobatrachidae
Hemiphractydae
Brachycephalidae
Amphignathodontidae
[0,1]Hylidae
[0,1]Leptodactylidae
Centrolenidae
[0,1]Ceratophrydae
Cycloramphidae
Bufonidae
Dendrobatidae
Microhylidae
Brevicipitadae
Hemisotidae
Artroleptidae
[0,1]Hyperolidae
[0,1]Ptychadenidae
Ceratobatrachidae
Phrynobatrachidae
Petropedetidae
Pyxicephalidae
[0,1]Dicroglossidae
Ranidae
Mantellidae
Rhacophoridae

Fig. 9. Phylogenetic mapping of glide sesamoids ventral to the distal heads of metacarpalia 1I-V on the
amphibian phylogenetic hypothesis of Frost et al. (2006), reduced to family level. Black branch: absent;
gray branch: ambiguity. [0, 1] indicate that the character is polymorphic in the family, that is, both states

are present.

Berge and Storer, 1995); it is always embedded in the
tendon of the plantaris longus muscle in anurans, which
is homologous with the gastrocnemius muscle in the rest
of tetrapods (Pearson and Davin, 1921a,b; Olson, 2000).
Reese et al. (2001) called this sesamoid the Vesalli bone
in marsupials, but it is homologous to the fabella.

As far as we know this is the first time that a sesamoid
embedded in the tendon of the m. gracilis major, the gra-
ciella, is described in tetrapods. It has a location very sim-
ilar to the lateral fabella, and can be confused with it.
Maybe a closer look at the tendon of the muscles in which
these sesamoids are embedded can show that many sesa-
moids described as lateral fabella are in fact the graciella.

The os sesamoides tarsale is homologous to the lateral
postaxial tarsal sesamoid of squamates (Jerez et al., in
press), because it can be found in the tendon of the m.
plantaris longus- gastrocnemius in both groups.

Remarkably, the plantar sesamoids are not homologous
among tetrapods because the plantar aponeurosis of the
feet arises from different muscles. In anurans, it is formed
from the m. plantaris longus, whereas in squamates it
comes from the m. flexor digitorum longus (Pers. Obs.).

We also propose the homology of the lunulae in all tet-
rapods, because those we found in Hypsiboas andinus
are similar in location and description to those describe
in other vertebrata (Pearson and Davin, 1921b; Haines,
1942b; Vickaryous and Olson, 2007; Jerez et al., in press,
among others).

CONCLUSIONS

Anurans possess more sesamoids than previously
thought. Both the presence and time of appearance of
sesamoids among anurans are highly variable, suggest-
ing that developmental constraints implied in their gen-
esis are less rigid than in other tetrapod groups, for
example, squamates.

Most anuran sesamoids are embedded, with only one
interosseus element and usually 33 glide sesamoids.

The traditional point of view, that all embedded sesa-
moids arise as a result of biomechanical stimuli of previ-
ously existing tendons, is no longer sustained by our
data. Some of them arise before any differentiation of
the tendinous tissue.

The similarity in shape and conformation of both gra-
ciella and lateral articular cartilages of the long bones,
structures which vary only in the attachment with the
bone epiphysis, support the sesamoid-traction-epiphysis
hypothesis.

Our general data support the idea of some sesamoids
being useful characters for phylogenetic analysis.
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