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The timing of notochord, somite, and neural development was
analyzed in the embryos of six different frog species, which have
been divided into two groups, according to their developmental
speed. Rapid developing species investigated were Xenopus laevis
(Pipidae), Engystomops coloradorum, and Engystomops randi (Leiu-
peridae). The slow developers were Epipedobates machalilla and
Epipedobates tricolor (Dendrobatidae) and Gastrotheca riobambae
(Hemiphractidae). Blastopore closure, notochord formation, somite
development, neural tube closure, and the formation of cranial neu-
ral crest cell-streams were detected by light and scanning electron
microscopy and by immuno-histochemical detection of somite and
neural crest marker proteins. The data were analyzed using event
pairing to determine common developmental aspects and their re-
lationship to life-history traits. In embryos of rapidly developing
frogs, elongation of the notochord occurred earlier relative to the
time point of blastopore closure in comparison with slowly devel-
oping species. The development of cranial neural crest cell-streams
relative to somite formation is accelerated in rapidly developing
frogs, and it is delayed in slowly developing frogs. The timing of
neural tube closure seemed to be temporally uncoupled with somite
formation. We propose that these changes are achieved through
differential timing of developmental modules that begin with the
elongation of the notochord during gastrulation in the rapidly de-
veloping species. The differences might be related to the necessity
of developing a free-living tadpole quickly in rapid developers.

he transformation of the spherical egg into the elongated body

of the larva and adult is a major event in amphibian de-
velopment. In Xenopus laevis, body elongation begins in the mid-
gastrula with the formation and elongation of the notochord (1).
The process of body elongation in X. laevis is guided by convergent
extension (2). Convergent extension is the process by which the
presumptive notochord and neural plate lengthen and narrow
owing to the morphogenetic movements of mediolateral cell in-
tercalation (2), and it involves the genetic control of planar cell
polarity pathway genes in mesoderm and neural tissues (1, 3-7).
Planar cell polarity signaling mediated by dishevelled and strabis-
mus (also called Ippl, ltap, stbl, stbm, and vangl2) is required for
elongation of the notochord and neural plate and for the initiation
of neural tube closure (3, 6, 8, 9). However, different components
of the Wnt signaling network are involved in X. laevis convergent
extension of the mesoderm and in the closure of the neural tube
(3). Besides X. laevis, the molecular control of convergent exten-
sion has been investigated in the zebrafish (9). In addition, the
onset of convergent extension, detected by the expression of the
proteins brachyury and lhx1 (previously known as Lim1) in the no-
tochord, is known for several species of anurans (10-12). We
investigated the variation in the number of somites and in the
advancement of neural development in frogs that differ in their
reproductive strategies, developmental rate, and in the timing of
notochord elongation (Table 1). X. laevis deposits numerous eggs
in the water, and the ttngara frogs Engystomops coloradorum and
Engystomops randi lay their eggs in foam-nests that float in the
water (13). In contrast, the poison-arrow frogs Epipedobates
machalilla and Epipedobates tricolor deposit fewer eggs in terres-
trial nests (14, 15). In the case of the marsupial frog Gastrotheca
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riobambae, the developing embryos are transported in a pouch of
integument by the mother (14, 15). The analyzed frogs belong to
four different families and have notable differences in egg size
(Table 1). Frog species that require hours to advance from fertil-
ization to the end of gastrulation are considered to develop rap-
idly, whereas those that take days for the same process are
considered to develop slowly (Table 1). Differences in rates of
development were also detected in advanced embryos of these
frogs (13, 15, 16). In the rapidly developing embryos of E. colo-
radorum and E. randi, elongation of the notochord was detected at
the mid-gastrula stage, as in the embryos of X. laevis (12, 15,17). In
contrast, in the slowly developing embryos of E. machalilla, E.
tricolor, and G. riobambae, elongation of the notochord and con-
sequently of the body begins only after the process of gastrulation
is completed and the blastopore is closed (15, 17, 18) (Table 1).
The late onset of notochord elongation in the embryos of slowly
developing frogs is a demonstration of the modularity of frog
gastrulation processes (8, 10). In particular, convergent extension
is a module that can be superimposed or separated from other
gastrulation morphogenetic movements in the embryogenesis of
different frogs (14, 15, 18). Elongation of the notochord occurred
earlier relative to the time point of blastopore closure in rapidly
developing embryos, in contrast with slowly developing species.
Moreover, the development of cranial neural crest cell-streams is
accelerated relative to somite formation in rapidly developing
frogs, and it is delayed in slowly developing frogs. Acceleration of
body elongation and of cranial neural crest cell-stream devel-
opment occurs in embryos of frog species that require the rapid
development of free-living tadpoles.

Results

Analysis of Embryonic Diversity. We removed the epidermis of frog
embryos to detect the somites and neural characteristics, as shown
for embryos of several species (Figs. 1 4 and B and 2 4, B, and E).
Epidermis removal was not necessary only for the translucent and
thin embryonic disk of G. riobambae embryos. Scanning electron
microscopy was available for X. laevis embryos (Figs. 1.4 and B and
2A). For other species we used light microscopy after removal of
the epidermis (Fig. 2 B and E). In addition we analyzed embryos
after immunostaining against sarcomeric meromyosin and antigen
2GY to detect the somites and neural crest cell-streams, re-
spectively (Fig. 2 C, D, and F). Immunostaining against sarcomeric
meromyosin, however, gave faint evidence of the somites in early
embryos, and the expression became strong only in tailbud em-
bryos, as previously reported (15) (Fig. 2C). The streams of cranial
neural crest are named according to refs. 13, 15, and 19. The
specimens displayed either three streams of cranial neural crest
(Figs. 1 A and B and 2 A, B, and E) or four streams once the
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Table 1. Developmental characteristics of the frogs

Family and species Reproductive mode  Egg size (mm)

Developmental time*  Notochord elongation =~ Embryos analyzed

Rapid development

Pipidae
Xenopus laevis Aquatic 1.2
Leiuperidae
Engystomops randi Foam nest 1.1
Engystomops coloradorum  Foam nest 1.3
Slow development
Dendrobatidae
Epipedobates machalilla Terrestrial nest 1.6
Epipedobates tricolor Terrestrial nest 2.0
Hemiphractidae
Gastrotheca riobambae Maternal pouch 3.0

14 h Mid-gastrula 14
24 h Mid-gastrula 32
24 h Mid-gastrula 26
4d After gastrulation 26
4d After gastrulation 18
14d After gastrulation 25

*Time from fertilization to the end of gastrulation, according to ref. 15.

branchial stream of cranial neural crest became divided into two
streams (Fig. 2 D and F).

Diversity in Developmental Timing. Morphological variation, caused
through shifts in developmental timing of embryonic structures,
was studied by event pairing (20). All of the variable characters
encountered are given in Table 2. A similar state of characters 1-3
and 6-9 was shared by all rapidly developing species, whereas
a different state of these characters was shared by the slowly de-
veloping species (Table 2). None of the event pairs investigated
shows a transition from a nonsimultaneous to the opposite non-
simultaneous state when comparing the rapidly vs. slowly de-
veloping frogs, with the exception of event pair 1 (notochord
elongation and blastopore closure). Species-specific variation was
observed in characters 5 and 10 of X. laevis and G. riobambae
(Table 2). Simultaneous states characterizing either group are
depicted in Fig. S1.

The event pairs that showed variation among frogs are as fol-
lows. (i) Notochord elongation and blastopore closure. Elonga-
tion of the notochord began before closure of the blastopore in
rapidly developing frogs, whereas it started once the blastopore
was closed in the slowly developing species (Table 2, character 1).
(i) Number of cranial neural crest cell-streams and somite
numbers. Three streams of cranial neural crest were detected
simultaneously with one to three somites in embryos of fast-de-
veloping species and with four to five somites in embryos of slowly

developing frogs (Table 2, characters 2 and 3; Fig. S1). This
means that rapid developers show an acceleration in cranial
neural crest development relative to somite formation. In con-
trast, cranial neural crest development is delayed relative to so-
mite formation in slow developers. This is also evident at slightly
later stages, where most rapidly developing frogs achieve four
cranial neural crest cell-streams at a less advanced stage of somite
development than in the majority of slowly developing species
(Table 2, characters 4 and 5; Fig. S1). The two exceptions are X.
laevis and G. riobambae. (iii) Closure of the neural tube (detected
as “neural folds in contact”) and somite numbers. Neural tube
closure was not coordinated with the advancement of somite de-
velopment. In fact, neural tube closure was detected in embryos
with lower somite counts in slowly developing in comparison with
rapidly developing frogs (Table 2, characters 6 and 7; Fig. S1). The
variation in neural tube closure is exemplified by the comparison
of frog embryos with a similar number of somites. For example,
the neural tube was open in the four-somite embryo of the rapidly
developing frog E. randi (Fig. 2B). In contrast, the neural tube was
closed in the four-somite embryo of the slowly developing frog E.
tricolor (Fig. 2E). (iv) Number of cranial neural crest cell-streams
and closure of the neural tube (detected as “neural folds in con-
tact”). Event pairing of cranial neural crest cell-streams with
neural tube closure indicated that the migration of cranial neural
crest cell-streams is uncoupled from the closure of the neural tube
(Table 2, characters 8-10; Fig. S1). This analysis reveals that

Fig. 1. Somites and neural structures in embryos of X. laevis. (A) Scanning electron micrograph of a X. laevis embryo with the epidermis partially removed.
The neural folds are in contact. The embryo has eight somites and three streams of cranial neural crest. The head is oriented toward the right, and the dorsal
side is toward the top. (B) Pseudo-colored electron micrograph of the embryo shown in A at higher magnification to highlight the streams of cranial neural
crest. The optic vesicle divides the mandibular stream in two portions. b, branchial stream of cranial neural crest; e, optic vesicle; ep, epidermis; h, hyoid stream

of cranial neural crest; m, mandibular stream of cranial neural crest; s, somite.
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Fig. 2. Somite and neural characteristics of frog embryos. In all images the head is oriented toward the right. The dorsal side is toward the top in A-E. The
epidermis of embryos in A, B, and E was partially removed. (A-D) Embryos of rapidly developing frogs. (A) Scanning electron micrograph of a X. laevis neurula
with seven somites and closed neural folds. Three streams of cranial neural crest are visible. (B) Light micrograph of an E. coloradorum embryo. This embryo
had open neural folds, four somites, and three streams of cranial neural crest. (C) Tailbud embryo of E. randi immunostained for sarcomeric meromyosin,
labeled as myosin in the image. The 12 most rostral somites gave a positive signal. Sarcomeric meromyosin was not detected in the recently formed somites of
the caudal region and in the presomitic mesoderm. (D) The cranial neural crest streams of a tailbud embryo of E. randi immunostained for antigen 2G9. The
four streams of cranial neural crest gave a 2G9-positive signal. Another micrograph of this embryo was published in ref. 15. (E and F) Embryos of slowly
developing frogs. (E) Light micrograph of an E. tricolor embryo. This embryo had four somites and three streams of cranial neural crest, as in the embryo of
E. coloradorum shown in B. In contrast, the neural folds are in contact in the slowly developing embryo of E. tricolor and open in the rapidly developing
embryo of E. coloradorum. (F) Dorsal view of a G. riobambae embryo with five to six somites that was removed from the yolky endoderm and immunostained
for antigen 2G9. In this embryo, the neural folds were closed, and four streams of cranial neural crest were visible. The cranial and trunk neural crest, the
neural tube, rhombomeres 1-2, and rhombomere 4 are 2G9-positive as described by ref. 43. ba, branchial anterior stream of cranial neural crest; bp, branchial

posterior stream of cranial neural crest; nt, neural tube; r4, rhombomere 4; tnc, trunk neural crest; other abbreviations as in Fig. 1.

embryos of rapidly developing frogs developed the notochord and
cranial neural crest cell-streams more rapidly than those of slowly
developing frogs. In contrast, closure of the neural tube was ac-
celerated in embryos of slowly developing frogs compared with the
rapidly developing species (Fig. S1).

Discussion

Rapid embryonic development has been demonstrated in species
from several anuran groups, such as the Pipidae, Scaphiopodidae,
and Leiuperidae (15, 21). This suggests that this life-history trait
has evolved several times independently, possibly in connection
with particular ecological conditions or specialized reproductive
modes. In other craniate taxa, it has been shown that such life-
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history traits can be related to changes in the timing of embryonic
development, one example being the accelerated anterior de-
velopment in the altricial offspring of marsupials (22), or affect
the embryonic morphology, as shown by the comparatively weakly
developed branchial neural crest cell-streams in the embryo of
the direct-developing frog Eleutherodactylus coqui (Terrarana)
(23). Vice versa, interspecific differences in developmental timing
or embryonic morphology cannot always easily be interpreted in
relation to evolutionary changes in adult morphology or in dif-
ferent life-history traits (24-27). Embryonic diversity regarding
neural and somite development has been previously reported for
several frog species (24, 25, 28, 29). However, possible con-
nections between developmental rate and the onset of notochord
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Table 2. Variable event pairs in embryos of rapidly and slowly developing frogs

Rapidly developing frogs" Slowly developing frogs'

Character* Event A Event B Xl Er Ec Em Et Gr
Notochord Blastopore
1 Visible Closed 0 0 0 2 2 2
Neural crest streams No. of somites
2 Three 1-3 1 1 1 2 2 2
3 Three 4-5 0 0 0 1 1 1
4 Four 6-9 2 1 1 2 2 1
5 Four 10-13 1 0 0 1 1 0
Neural folds No. of somites
6 In contact 4-5 2 2 2 1 1 1
7 In contact 6-9 1 1 1 0 0 0
Neural crest streams Neural folds
8 Three Open 1 1 1 2 2 2
9 Three In contact 0 0 0 1 1 1
10 Four In contact 2 1 1 2 2 2

*0, event A occurs before B;1, events A and B occur simultaneously; 2, event A occurs after B. Nonvariable events are not shown.
"Ec, E. coloradorum; Em, E. machalilla; Er, E. randi; Et, E. tricolor; Gr, G. riobambae; XI, X. laevis.

elongation with somite and neural development have not been
analyzed to date.

This study demonstrates that rapidly developing frog species
elongate the notochord early relative to the time point of blas-
topore closure, and it also shows acceleration in the development
of cranial neural crest cell-streams relative to somite formation in
comparison with slowly developing species (Table 2 and Fig. S1).
However, in the direct-developing frog, E. coqui (Terrarana),
elongation of the notochord is delayed, although its development
is very rapid (30). This frog differs from the other rapidly devel-
oping frogs in that the embryo derives from a larger egg (14).

Large egg size also occurs in the slowly developing frogs analyzed
in this work, whereas the rapidly developing species have smaller
eggs (Table 1). Connections between developmental peculiarities,
embryogenesis, and yolk content have been demonstrated for
a number of anuran species (31-35). However, differences in de-
velopmental timing are not necessarily connected to, or caused by,
variation in the yolk contents of eggs, as demonstrated for closely
related species of Bombina and Discoglossus (24).

There are differences in the timing of head and trunk organizer
development among frogs. Head development begins in the gas-
trula in both the rapidly and slowly developing frogs that were an-
alyzed. In fact, the prechordal plate (head organizer) appears
during gastrulation in the slowly developing embryos of E. macha-
lilla, and the notochord (trunk organizer) appears after gastrulation,
whereas in the rapidly developing embryos of X. laevis and E. randi
the two organizers develop in the mid-gastrula (12, 14, 17).

The timing of neural tube closure seemed to be temporally
uncoupled with the formation of somites in the analyzed frogs (Fig.
2, Table 2, and Fig. S1). The different molecular control of X. laevis
convergent extension in the mesoderm and in neural tube closure
(3) gives support to the notion of relative independence between
mesoderm and neural developmental modules. The developmental
significance of the acceleration and retardation of neural tube
closure in regard to somite counts in frogs remains unknown.

Acceleration of body elongation, detected by the early onset of
notochord, and of head development, indicated by the acceleration
of cranial neural crest cell-stream development in relation to so-
mite formation, may be connected with the accelerated devel-
opment of the tadpole in the rapidly developing biphasic species.
The biphasic development with a larval stage is considered primi-
tive among living anurans, with direct development arising several
times (35). The removal of the tadpole from the frog life cycle in the
different frog lineages with direct development led to the sugges-
tion that the original tadpole evolved as an insertion in the ancestor
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leading to the modern anurans (31). However, the fossil record
does not allow the conclusive determination of whether the an-
cestral amphibian developmental mode was biphasic or direct (31,
35), and in fact the possibility of reevolution of a biphasic life cycle
from direct-developing ancestors has been suggested for both an-
uran and caudate species (36, 37).

The developmental differences observed in this study do not give
clues in regard to the features of ancestral anuran development.
Moreover, the observed differences in developmental timing are
unrelated with the phylogenetic relationships of the various spe-
cies, (Pipidaec + (Hemiphractidae + (Leiuperidae + Den-
drobatidae))) (38). Instead it seems that the different timing of
development of the notochord and streams of cranial neural crest,
in comparison with blastopore closure and the development of
somites, is associated with the reproductive adaptations of the
various frogs and might be related to the necessity of developing
a free-living tadpole quickly in rapid developers.

The variation in the timing of notochord, development of
cranial neural crest cell-streams, and neural tube closure in dif-
ferent frogs is made possible by the modularity of developmental
events, in particular the separation of convergent extension from
gastrulation (14, 15, 18, 39). This plasticity of frog development
allows delay or acceleration in the development of free-living
tadpoles. Moreover, it allows for the reduction or elimination of
the tadpole, as observed in direct-developing hemiphractid frogs
and E. coqui, respectively (14).

Materials and Methods

Frogs and Embryos. Reproductive and developmental characteristics of the
frogs and the number of analyzed embryos are given in Table 1. Adults and
embryos were maintained and handled as previously described (13, 15, 18,
24). The collection localities are given in refs. 13 and 15. The authorization
016-1C-FAU-DNBAP-MA from the Ministry of the Environment, Ecuador
allowed the collection of frogs from Ecuador. Embryos of X. laevis come
from laboratory-bred animals at the University of Jena, Germany. Additional
embryos of X. laevis were donated by several investigators. Procedures for
the maintenance and handling of frogs and embryos were approved by the
Faculty of Exact and Natural Sciences of the Pontificia Universidad Catoélica
del Ecuador.

Embryo Fixation Removal of the Epidermis and Staining. Fixation of embryos
for light and scanning electron microscopy was according to published
protocols (13, 18, 25). Somites and neural characteristics of embryos were
analyzed after partial removal of the epidermis (25). Removal of the epi-
dermis was done in fixed embryos after incubation in 100% glycerol for
approximately 15 min to facilitate manual removal of the epidermis. In
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embryos of G. riobambae, the epidermis was not removed; instead, the thin
embryonic disk was dissected from the endoderm and prepared in whole
mount. The white embryos of E. coloradorum and E. randi were stained with
0.5% crystal violet after removal of the epidermis to reveal somites and
neural structures. The cranial neural crest cell-streams of X. laevis embryos
were analyzed according to refs. 40 and 41.

Whole-Mount Immunostaining. Embryos were immunostained in whole mount
with a mAb against antigen 2G9 (42) and sarcomeric meromyosin (mAb MF-
20; Developmental Studies Hybridoma Bank) as previously described (13, 43).
Antigen 2G9 is an uncharacterized and abundant neural protein, first
detected in X. laevis (42). Several immunostained embryos come from pre-
vious work (13, 15, 43).

Scanning Electron Microscopy and Light Microscopy. Scanning electron mi-
croscopy of X. laevis embryos was done with a Philips ESEM XL30 scanning
electron microscope according to ref. 25. Embryos of other frogs were an-
alyzed and photographed with a Stemi SV 6 stereo light microscope (Zeiss).

Developmental Events and Analysis of Developmental Timing. The specimens
were ordered according to their somite counts, and the sequences of de-
velopmental events were tabulated for each species, as described in ref. 25.
The tables of developmental stages for X. laevis, Engystomops, E. tricolor,
and G. riobambae (13, 16, 41, 44) were not used because embryo mor-
phology and the stages of development differ among species. We applied
the event-pairing method to detect time variation of developmental event
characters (20) between rapidly and slowly developing frogs (Table 1). For
each species we coded the character states for each pair of events, consisting
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of events A and B, as “0” when event A occurs before B, “1” for the si-
multaneous occurrence of events A and B, and “2” when event A occurs
after B, according to ref. 20. The term “character” indicates a pair of de-
velopmental events (20). The following 10 developmental events were ex-
amined: Gastrula: blastopore closed; notochord visible. End of gastrulation
was detected by the closure of the blastopore. Neural tube: the neural folds
are open, indicating elevated neural folds that do not touch; the neural
folds are in contact, indicating that the neural folds touch each other at least
at one point. Cranial neural crest cell-streams: three streams are visible (the
mandibular, hyoid, and branchial streams); four streams are visible (man-
dibular, hyoid, branchial anterior, and branchial posterior streams). Somites:
1 to 3 somites are visible; 4 to 5 somites are visible; 6 to 9 somites are visible;
10 to 13 somites are visible.
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