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Do Timing and Pattern of Myogenesis
Correlate with Life History Mode in
Anurans?

Marriew T SMiranick, Rarart Q1 0 Sa, aND GaRy
P. RADWCE, Departrent of Biology, Unrrersity of Richmond,
Richmond, Virginia 23173, USA. E-mail: rdesad
richmond.edu

The timing and pattern of myogenests varies amang
anurans that have been studied and the different pat-
terns may provide useful phylogenetic information.
Specific myogenic markers have been described
{Muntz, 1975; Kiclbowna, 1981; Boudjelida & Muntz,
1987; Radice et al., 1989) and they can provide infor-
mation on evolutionary changes for closely related Jin-
cages within a clade. For example, we previously com-
pared first appearance of a muscle-specific protein,
first twitch of axial muscle, onset of multinucleation
within axial myotone, and first heartbeat in two pipid
genera (Smetanich et al, 1999} We found that al-
though the timing of myogenesis differed, the se-
quence of events was the same for these two pipids.
The similarities we saw in the two pipids could be
due their common lineage, or alternatively, be a resuit
of sharning a ltfe history mode. For example, appear-
ance of muscle twitch prior to multinucleation could
be an adaptation for rapid development, an advantage
in frogs with free-swimming tadpoles. 1f so, it might
occur in other lineages with free-swimming tadpoles
regardless of phylogenetic distance.

Hercin, we analyze myOogendsis among seven spe-
aes in tour anuran farmulies. Specwes selecled for this
study also differ in their hfe historws and general
modes of reproduction. We sought to determine
whether the timing or sequence of myogenesis, or
both, corretated with phylogenetic group or with lite
history mode.

Wi grouped specics in three categories based on
reproductive mode. The non-direct developers, ie,
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Tase 1. Gosner {1960) stages correlated with
Nieuwkoop and Faber {1975) (NF) and Townsend and
Stewart (1985} (TS) stages. * Dashes indicate an in-
ability to direcily correlate a2 NF or TS stage with a
particular Gosner stage ** Gosner correlations of stag-
es 26-27 to NF stages 4647 from Just e? af 1981,

NF stage Gasner stage TS stage
18 15 3
19-21 16 3
-3 17 4
24 18 4
25-32 —* —
334 12 5
35-39 - 5
40 20 5
41 21-23 [
42 24 ]
4345 25 6
46 26 6
4 27 6

Hymenochirus boettger, Rena syluatica, R. utriculariz,
Xenopus larvis, and X. tropecales, lay large clutches of
eggs in lentic water. Embryos hatch into free-swim-
ming tadpoles before developing into juvenile frogs,
Xemopus and Hymenochirus are pipids, but differ in
their diet. Xenopus tadpoles are filter feeders whereas
Hymenochirus tadpoles are camivorous and eat mainly
copepods, mollusc larvae, and in the laboratory, brine
shrimp. Rana tadpoles were dhosen as detitivors or
grazers, grazing on algae by scratching rocks with
their horny beaks, and, because they are commonly
studied, were readily available. The direct developer,
Eleutherodactylus coqur, lays arboreal eggs that lack the
intermediate freeswimming tadpole stage. Instead,
embryos are positioned on top of a yolk sac from
which they obtain nourishment throughout develop-
ment and hatch directly into froglets, The “interme-
diate developer,” Agalychnis callidryas, has a reproduc:
tive mode intermediate between Lhose previously de-
scribed. Eggs are arboreal, and intracapsular devel-
opment is extended beyond the embryo stage into
what are. morphologically, early tadpole stages. Upon
hatching, they drop into the water below and become
frec-swimming tadpoles. Nourishment during intra-
capsular devefopment is provided by yolk reserves,
wheteas the free-swimming tadpoles are filter feeders.

A total of 454 spedmens were examined (27 Aga-
hychnis callydrias, 36 Eleutherodoctylus coqui, 86 Hymen-
ochirus boettgeri, 60 Rana sylomticn, 35 R. utricularia, 120
Kenopus laevs, and 90 X. tropicalis). imens were
preserved in either Dent fixative (1 part dimethyl suif-
oxide: 4 parts methanol; Dent et al,, 1989) or 4% neu-
tral-buffered formaldehyde. Species were staged fol-
lowing, or correlating with, the Gosner {1960) table of
normal development. Staging correlations are dis-
cussed below and a summary given in Table 1.

The National Aquarium in Baitimore provided fer-
tilized Agalychnis eggs. Adult Eleutherodactyius were
collected in the wild in Puerto Rico and bred in the
laboratory (non-hormone induced). Agalychais and
Eleutherodactylus embryos were raised at 22 C in ster-
ilized culture dishes on sterile flter paper [moistennd
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with 10% HEPES-buffered Steinberg solution, Peng,
1991). Hymenochirus adults were purchased from Blue
Lobster Farm, Madeira, CA; embryos were raised from
clutches obtained in laboratory aquaria {non-hormone
induced brecding). Eggs were removed and trans-
ferred to sterilized disposable culture dishes, and em-
bryos raised at 22-24 C. Rana syluatica eggs and em-
bryos were collected at Fort AP Hill, VA. Fertilized
eggs of Rana utricularia were purchased from Charles
D. Sullivan Co. (Nashville, TN). Both Rena species
were raised in bowls of dechlonnated tap water at 22—
24 C. Xenopus embryos were obtained from hormon-
aliy-induced breeding. Clutches were raised (n 10%
Steinberg solution at 22-24 C in sterile dishes. Exper-
iments were conducted in accordance with approved
Institutional Animal Care and Use guidelines {98-2).

Observations of first twitch and immunohistochem-
ical staining were made using a Nikon stereomicro-
scape. First stimulated twitch of muscle was examined
by poking live specimens with metal probes. Obser.
vations of multinucleation in axial myotomes were
made using a Nikon Optiphot microscope. In order to
observe muscle cell nuclel, specimens were embedded
in glycol methacrylate (JB4+ embedding kit, Polysd-
ences, Inc). Axial muscle was sectioned longitudinally
21 2 pm using glass knives, transferred to a stide, and
stained for 10 sec with 0.1% tohiidine blue in 1% so-
dium tetraborate (Dawes, 1979).

Whole-mount immunchistochemical staining was
performed to identify the irutial presence of muscle
protein. All embryos were preserved in Dent fixative
prior to staining. The procedure was adapted from
Hanken et al. (1992, 1997) and used monoclonal an-
tibody 12/101, a muscle-specific antibedy that rec-
ogrizes a specific antigen in amphibian skeletal mus-
cle {(Kintner and Brockes, 1984). Antibody was ob-
tained from the Developmental Studies Hybridoma
Bank, University of lowa. The 12/101 primary ant-
body was visualized using the Vectastain Universal
Kit (biotin-avidin complex) and diaminobenzidine
(DAB) substrate. Stained embryos were cleared with
one part benzyl alcohol: two parts benzyl benzaate,
Whole embryos and histological sections were pho-
tographed with Kodak Technical Fan film.

Correlation of Drvelopmental Tables —Our analysis
compares the stages dunng development ai which
skeletal muscle myogenic markers appear Unforbu-
nately, at least three different tables of normal devel-
opment are commonly used to gauge developmental
age in the species we studied, We therefore needed to
correlate the different normal tables to a standard,
which we arbitrarily chose to be the Gosner (1960)
stages. To do this we accepted previous partial stage
correlations by Just et al. (1981) and Townsend and
Stuart (1985). We then extended these and fifled in
gaps during the stages of skeletal muscle myogenesis
by normalizing to the appearance of developmental
characters that we presume are independent of skele-
tal muscle development, including neural tube for-
mation. first heartbeat, gill circulation and gil! expan-
sion, and limb development. Our complete correlation
is summarized 1n Table 1.

Townsend and Stewart (1985) provided correlations
of their Eleuthrrodactylus coqui stages from Gosner
Stages 1-18. We extended the correlation for TS Stages
5 to Gosner Stages 19/20 based on initial heart beat
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Kaulguappe von Hymenochirus curtipes Noble. development in Cleutherodactylus cagu { Anura: Lep-
Anat, Anz. 162:154-160. todactvlidae) a staging Table. Copeia 1985:423-
SonoL, O M. 1962, The tadpole of Hymenochirus boett- 436,
geri. Copueia 1962:272-284, TRUEB, L., AND | Haxkbs, 1992 Sheletal dovelopment
1977, The Free swimming Pipa Jarvae, wath a in Xenopus Jarvis (Anura: Pipidae). ). Morphal. 214
review of pipid larvae and pipid phylogeny (An- 141,

ura: Pipidae}. |. Morphel. 154:357426.
TOwNsEND, [ S, anD M. M. STiwaRT. 1985 Direct  Accepted: 27 July 2000.
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