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SUMMARY Although the gut is homologous among differ-
ent vertebrates, morphological differences exist between dif-
ferent species. The most obvious variation in the guts of
extant vertebrates appears in the stomach. To investigate the
evolution of this structure, we compared the histology of the
stomach and gastrointestinal tract in amphibian (Xenopus lae-
vis), avian (Gallus gallus), and mammalian (Mus musculus) or-
ganisms, and defined the expression patterns of several genes
within the developing guts of these lineages. In all three
groups, we find that the anterior portion of the stomach has a
similar glandular histology as well as a common embryonic ex-
pression of the secreted factors Wnt5a and BMP-4. Likewise,
within the amniote lineages, the posterior nonglandular stom-
ach and pyloric sphincter regions are also comparable in both

histological and molecular phenotypes. The posterior stomach
expresses Six2, BMPR1B, and Barx1, whereas the pyloric
sphincter expresses Nkx2.5. Although the adult Xenopus stom-
ach exhibits both glandular and aglandular regions and a distinct
pyloric sphincter similar to that of the amniotic vertebrates, the
histology of the Xenopus tadpole gut shows less distinct varia-
tion in differentiation in this region, which is most likely a derived
condition. The molecular signature of the embryonic Xenopus
gut correlates with the more derived morphology of the larval
phase. We conclude that the global patterning of the gut is re-
markably similar among the different vertebrate lineages. The
distinct compartments of gene expression that we find in the gut
be necessary for the unique morphological specializations that
distinguish the stomachs from terrestrial vertebrates.

INTRODUCTION

The vertebrate gut isahighly specialized structure that brings
food into an organism, digests the food, absorbs nutrients,
and expel swaste products. The vertebrate gut originatesfrom
splanchnic mesoderm and viscera endoderm, with the meso-
derm initialy encircling the underlying endoderm to form a
simpletubular structure. From thistube, organ primordia bud
off and begin to differentiate, each organ characterized by a
unique mesodermal and endodermal morphology. Organsde-
rived from the gut tube include all of the digestive tract and
parts of the respiratory tract. Most organs are conserved
among existing vertebrates, athough the size and shape of
the individual structures derived from the gut tube differ
greatly among different species.

Epithelial-mesenchymal signaling plays an important role
in the patterning of the gut tube into distinct foregut, midgut,
and hindgut organs (Montgomery et al. 1999). The foregut
gives rise to the esophagus, lungs, and stomach, whereas the
midgut gives rise to the small intestine, and the hindgut gives
risetothelargeintestine. Endodermally derived signalsregion-
ally specify the mesoderm, which in turn patterns the pheno-
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type of the underlying endoderm (Kedinger et al. 1986, 1990).
Many molecules have been implicated in this reciproca pat-
terning process, including the secreted protein Sonic Hedgehog
(Shh), the secreted Bone Morphogenetic Proteins (BMPs), as
well as the Hox family of transcription factors (Roberts et al.
1995, 1998; Smith and Tabin 1999; Grapin-Botton and Mel-
ton, 2000; Narita et a. 2000).

The stomach islocated in the posterior foregut, develop-
ing as athickening of the undifferentiated gut tube. Stomach
morphology is generally characterized by thickened muscle
arising from the mesoderm and by unique glands derived
from the endoderm. The thickened muscle allows for elastic
distension of the stomach when alarge quantity of food isin-
gested, and for subsequent peristaltic movements required
for the mechanical mixing of food and secreted products.

Although the mesoderm contributes a characteristic uni-
form layer of connective tissue and muscle to the stomach,
the endoderm-derived epithelial layer of the stomach is re-
gionalized. The stomach can be divided into two sections in
most vertebrates. The anterior portion of the stomach is
called the fundus, which is characterized by gastric glands.
These glands secrete the pepsinogen and hydrochloric acid
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that are critical for hydrolysis of proteins. The posterior, or
pylorus, portion of the stomach also features specialized
glands, which secrete mucus into the lumen of the stomach.
The controlled passage of food from the stomach into the
small intestineis regulated by the pyloric sphincter, an organ
derived from the foregut (Smith and Tabin 1999).

The pyloric sphincter is distinguished by its thickened me-
sodermal layer, whereasthe epithelial layer hasthe same mor-
phology as the pylorus region of the stomach. The transition
into small intestinal epithelium occurs at the posterior bound-
ary of this structure. The small intestineislined with asimple
columnar layer of epithelium with large villus structures. It is
divided into three regions based upon the cell types located
within the epithelia layer, beginning with the duodenum, fol-
lowed by the jgjunum and the ileum. In contrast to the large
differences between the epithelium of the anterior and poste-
rior ssomach, the epitheliumin dl three ssgments of theintestine
islined with villi composed of a simple columnar epithelium.

Although most of the variation in stomach morphology
among different species can be correlated with their diverse
diets, the evolutionary origin of the vertebrate stomachisun-
known. The primitive chordate Amphioxus does not have a
stomach (Romer 1962; Walker and Liem 1994). Within the
fish class, there are four orders without a stomach. The prim-
itive hagfish and cyclostomes compose two of the ordersthat
lack a stomach (Fig. 1A, Romer 1962; Walker and Liem,
1994). In these organisms, the esophagus empties its con-
tents directly into the small intestine where nutrients from
small food particles are absorbed. Because these animals do
not have a storage receptacle for ingested food, they must
continuously feed. Within the other two classes, the chon-
drichthyes and ostei chthyes, most of the members do possess
a stomach within the foregut (Figs. 1B and 1C, Stevens and
Hume 1995); however, afew members of these classes also
do not have definitive stomach compartments. This second-
ary loss of the stomach can be correlated with the particul ate
diet of those speciesin which the stomach is absent (Walker
and Liem 1994). In the posterior foregut, the fish contain
variations of a pyloric sphincter—either a true sphincter, a
mucous membrane fold, or both (Stevens and Hume 1995).

The three amphibian orders—anurans, urodeles, and cae-
cilians—are considered to form a monophyletic group and
are characterized by the metamorphosis that occurs between
thelarval stage and adulthood. In many avians, thelarval gut
isrelatively primitive with along, coiled intestine for maxi-
mum absorption of nutrientsfrom algae or detritus (Fig. 1D).
Most anuran tadpole larvae are generally characterized as
lacking a“true” stomach receptacle and proteolytic enzymes
until after metamorphosis. They instead possess a special-
ized glandular region (manicotto glandulare) as part of alin-
ear tube with no enlarged or extendable chamber (Burggren
and Just 1992). In contrast, most urodele (salamander) and
caecilian larvae are carnivorous and do have a stomach that
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can digest proteins. During metamorphosis, extensive modi-
fications occur within the anuran gut, with smaller relative
changes in the urodeles and caecilians. In the anurans, the
stomach enlarges and develops mature glands, whereas the
intestine undergoes shortening and histological remodeling.
(Fig. 1E, Stevens and Hume 1995; Sanderson and Kupferberg
1999). In contrast to the larva, the adult stomach develops a
thick connective tissue layer and muscular pyloric sphincter.
As the origina amphibian assemblage was unlikely to have
been herbivorous, the simple elongated gut of anuran tadpoles
isaderived character, whereas the adult amphibian gutissim-
ilar to that of the higher vertebrates (Sues and Reisz 1998).

Within the reptiles, there are three orders, comprising thetur-
tles, the snakeg/lizards, and the crocodilians. The somach of the
turtleand snakellizard ordersistypicdly along tube, whereasthe
crocodilians have some unique modifications within the som-
ach. The pylorusregion of the crocodilian somach is character-
ized by very thick musculature and is separated from the anterior
region of the stomach by a condtriction, smilar to the gizzard
found in birds (described below) (Stevens and Hume 1995).

The birds have astomach that iscomposed of two very dif-
ferent regions separated by a distinct constriction (Fig. 1F).
The anterior portion of the stomach (termed the proventricu-
lus) contains numerous glands, whereas the posterior portion
of the stomach (the gizzard) is composed of thick layers of
muscle and a keratin-like covering (the koilen) over the epi-
thelial cdlls (Stevensand Hume 1995). The proventriculus se-
cretes the gastric juices that mix with the food in the gizzard.
The gizzard functionsto grind up thefood with the aid of gas-
troliths, asthe birdstypically do not have teeth specialized for
chewing and grinding (Walker and Liem 1994). Whereas the
gizzard may compensate for the lack of teeth in birds, it till
functions as a region of storage and digestion of proteins
(Stevens and Hume 1995). Based upon histological analyses,
it has been suggested that the gizzard in birds is homologous
with the pylorus region of the stomach in other vertebrates
(Pernkopf 1929). This idea is further supported by the simi-
larities of the gizzard in birds to the crocodilian pylorus
(Pernkopf 1929; Stevens and Hume 1995).

The mammals have perhaps the most diverse stomachs of
any of the vertebrate classes. The great assortment of shapes,
sizes, and types of their stomachs is due to the great variety
of habitats they occupy, aswell as to the wide range of food
that the various species ingest (Figs. 1G and 1H). Nonethe-
less, the typical mammalian stomach is characterized by the
distinct epithelial regions discussed above, with a homoge-
neous distribution of smooth muscle and connective tissue
throughout the stomach mesoderm. Further, the mammals
are the only group with a unique cardiac epithelium, which
contains mucus secreting cardiac glands and is found in the
most anterior region of the stomach (Romer 1962).

The phylogenetic relatedness of apparently homologous
organsof thedigestivetract, likethe ssomachs of different ver-
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tebrates, has not been demonstrated by molecular criteria. In
addition, ontogenetic similarities between the guts of different
vertebrates have not been identified. Further, very little is
known about gut development in vertebrates and no compari-
sons between species have been performed (Grapin-Botton
and Melton 2000). Here, we apply a combined molecular and
morphological approach to the study of gut evolution. In this
study, we focused on the guts of one anuran amphibian (Xeno-
pus laevis), one bird (Gallus gallus), and one mammal (Mus
musculus). Although these specieswere selected out of conve-
nience, due to the availability of specimens as developmental
model organisms and the availability of cloned genes with
which to make probes for in situ hybridization, they nonethe-
less provide insight into the evolution of the vertebrate diges-
tive system and suggest models that can be tested by examin-
ing phylogenetically relevant speciesin the future.

MATERIALS AND METHODS

Embryos

Chicken eggs were obtained from SPAFAS (Preston, Connecticut,
USA) and incubated to the desired stages (Hamburger and Hamil-
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Xenopus Tadpole
(Amphibian)

Fig. 1. Schematic diagram of the gas-
trointestinal tracts in several vertebrates.
Similarly shaded regions depict regions
that are functionally homologous. (A)
Gut of the chordate, nonvertebrate Hag-
fish showing the lack of a stomach. (B)
Gut of a cartilaginous fish, shark. (C)
Gut of a bony fish, bass. (D) Gut of a lar-
val frog, Xenopus laevis. (E) Gut of an
adult frog, Xenopus laevis. (F) Gut of an
avian, chicken (Gallus gallus). (G) Gut
of a mammal, mouse (Mus musculus).
(H) Gut of a mammal, human (Homo
sapiens). Abbreviations: Esop, esopha-
gus; GB, gall bladder; SI, small intestine:
LI, large intestine: Stom, stomach; PS,
pyloric sphincter; and Panc, pancreas.

Human
(Mammal)

ton 1951). Timed pregnant Swiss Webster mice were received from
Taconic (Germantown, NY, USA). Mice were sacrificed by cervi-
cal dislocation and embryos removed at the desired ages. Xenopus
embryos were derived by in vitro fertilizations and alowed to de-
velop to the desired stages (Nieuwkoop and Faber 1956). All em-
bryos were fixed in 4% paraformaldehyde for 24 h, washed with
phosphate buffered saline, and dehydrated through a methanol se-
ries. Embryos were then stored at —20°C in 100% methanol until
needed for in situ hybridization.

In situ hybridization

Whole-mount in situ hybridization was performed as described
(Riddle et al. 1993; Harland 1991; Cheng et a. 2000). For section
in situ hybridization, tissue was fixed in paraformaldehyde over-
night, washed with phosphate buffered saline following fixation,
and then dehydrated through an ethanol series up to 100% ethanol.
The tissue was then placed into xylene and then embedded in par-
affin. Tissue was sectioned at 10 wm and then rehydrated, and sec-
tion in situ hybridization was performed using digoxigenin labeled
probes (Roberts et al. 1998). Probes used include: cBarx1 (Barlow
et a. 1999); mBarxl (Tissier-Seta et a. 1995); m\Wht5a (Y amagu-
chi et a. 1999); cWhtb5a (gift of A. McMahon) and XWnt5a (gift of
M. Mercola); mBMPRI1B (Baur et al. 2000); cBMPRI1B (Zou &t al.
1997); xBMPR1 (Graff et a. 1994); mNkx 2.5 (Kasaharaet a. 1998);
cNkx2.5 (Buchberger et a. 1996); XNkx-2.5 (Tonissen et d. 1994);
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cBMP-4 and mBMP-4 (Bavur et al. 2000); XBMP-4 (Nishimatsu et al.
1992); cSx2 and mSx2 (Oliver et al. 1995); xSx2 (Seo et al. 1999);
MNkx2.3 (Pabst et al. 1999); cNkx2.3 (Buchberger et al. 1996); and
XNkx-2.3 (Evans et a. 1995).

Histology

Gut tissue was isolated from embryos and juvenile or adult animals
and cut into small pieces. The tissue was then washed briefly with
phosphate buffered sdine and placed in 4% paraforma dehyde for 24 h.
The tissue was then washed with phosphate buffered saline three
timesfor 1 h each. The gut tissue wasthen dehydrated through an eth-
anol series, placed into xylene or Histoclear (Sigma, St. Louis, MO,
USA), and then embedded in paraffin. The tissue was then sectioned
at 4-10 wm using a microtome. Sections were dried overnight and
then stained with Hematoxylin and Eosin using standard techniques.
Sections were then evauated using a microscope with adigital cam-
eraattached.

RESULTS

To attempt to understand the evolutionary relationship
among various vertebrate gut-derived organs, we began by
performing an anatomical and histological comparison of the
stomach, pyloric sphincter, and the small intestinal regions
of several vertebrate guts. The histology of both tadpole and
adult gut organsin Xenopuslaevis (African clawed frog, Fig.
1D), adult Gallus gallus (chicken, Fig. 1E), and adult Mus
musculus (mouse, Fig. 1F) was compared.

Histology of the stomach/small intestine
Thetypical histology of the gut tubeis comprised of four lay-
ers. The innermost layer is the mucosa, which is composed
of the epithelial lining of the gut and the adjacent overlying
mesoderm, including the muscularis mucosa, athin layer of
smooth muscle. The next layer is the submucosa, character-
ized by undifferentiated connective tissue and vascular tis-
sue. The next layer isthe muscularis layer, composed of lay-
ers of smooth muscle and the enteric nervous system plexi.
This smooth muscle is found in two layers of muscle fibers
throughout most of the gut, as an inner circular layer and an
outer longitudinal layer. This smooth muscle is responsible
for the peristaltic action of the gut. The outermost layer isthe
serosal layer, composed of athin layer of epithelia tissue.
In the Xenopus tadpole, the stomach region is surrounded
by very thin layers of muscularis and serosa, but shows no
obvious submucosa (Chalmers and Slack 1998). The surface
epithelial differs markedly between the glandular anterior
(Figs. 2A and 2B) and glandless posterior mucosae (Figs. 2C
and 2D) of the linear Xenopus tadpole stomach. The anterior
stomach is lined by a ciliated columnar mucus epithelium,
with shallow folds and multiple underlying serous acini
(Figs. 2A and 2B). The posterior stomach liningisalso asin-
gle-layered columnar epithelium; however, there are no un-
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derlying acinar glands as observed in the anterior region
(Figs. 2C and 2D). Likewise, there is no discernible pyloric
sphincter, and the transition from stomach to small intestine
isalmost imperceptibleand indistinct (Figs. 3A and 3B). The
epithelium of the small intestine consists of asingle layer of
taller columnar mucus cells organized into shallow folds
(Figs. 3C and 3D). Thus, although there are discernable dif-
ferences in the histological composition of the various seg-
ments of the Xenopus tadpole gut, it appears to be a simple
and relatively unspecialized digestive tract.

The morphology of the adult Xenopus gut, however, dif-
fers significantly from that of its tadpole larva. Whereas the
mesodermal layers of the Xenopus stomach are of uniform
thickness and morphology, the epithelium has two distinct
histological regions. The anterior region of the stomach has
alarge number of gastric glands and athick, folded epithe-
lium (Figs. 2E and 2F). In contrast to the anterior stomach,
the posterior stomach is characterized by aloss of the gastric
glands and arelatively thin endoderm, which is composed of
asingle layer of columnar cells (Figs. 2G and 2H). This py-
lorusregion isarranged into villus-type structures (Fig. 2H).
In contrast to the tadpole, the adult Xenopus also has a dis-
tinct pyloric sphincter that is characterized by a thickened
musculature and, at its posterior border, by the sharp transi-
tion from pylorus epithelium to small intestinal epithelium
(Figs. 3E and 3F). The adult Xenopus small intestine con-
tains numerous villi (Figs. 3G and 3H). Thus, the adult Xe-
nopus gut contains both morphological and histological spe-
cializations not observed in the larva.

The morphology of the chicken gut is similar to the adult
Xenopus gut in several respects, although some key differ-
ences exist in the stomach region. As observed in Xenopus,
the chicken stomach has two distinct morphological regions:
the proventriculus and the gizzard. The proventriculus is
characterized by athick glandular epithelium surrounding a
central lumen (Figs. 2| and 2J). The glands contain mucous
and digestive enzyme-secreting cells arranged in large glan-
dular regions within the endoderm. The mesoderm of the
proventriculus is quite thin compared to that of the gizzard
(compare Fig. 2l with Fig. 2K), which is characterized by a
very thick layer of musculature (Fig. 2J). Kailen, a keratin-
like substance, coatsthe gizzard epithelium in athick protec-
tive layer (Fig. 2L). The epithelial cells are arranged in villi
(Fig. 2L), but the epithelium is much thinner than in the
proventriculus (compare Fig. 2K with Fig. 21). The pyloric
sphincter in the chicken is recognized by a clear thickening
of the mesoderm as well as by a distinct transition from the
gizzard endoderm to the small intestinal endoderm at its pos-
terior border (Figs. 3l and3J). The small intestine has uni-
form villus structures, with a glandular crypt at the base of
each villus (Figs. 3K and 3L). Thus, despite the distinct spe-
cializations of the chicken stomach, the overall morphology
of the adult Xenopus and chicken gutsis conserved.
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Fig. 2. Histological sections of the anterior and posterior stomach regions of a larval Xenopus, adult Xenopus, adult chicken, and adult
mouse. (A-B) Section through the anterior stomach of a Xenopus tadpole (stage 48) seen at low magnification (A) and high magnifica-
tion (B). (C-D) Section through the posterior stomach of a Xenopus tadpole (stage 48) seen at low magnification (C) and high magnifi-
cation (D). (E-F) Section through the anterior stomach of a Xenopus adult seen at low magnification (E) and high magnification (F).
(G-H) Section through the posterior stomach of a Xenopus adult seen at low magnification (G) and high magnification (H). (I-J) Section
through the anterior stomach of an adult chicken seen at low magnification (I) and high magnification (J). (K-L) Section through the
posterior stomach of an adult chicken seen at low magnification (K) and high magnification (L). (M-N) Section through the anterior
stomach of an adult mouse seen at low magnification (M) and high magnification (N). (O-P) Section through the posterior stomach of
an adult mouse seen at low magnification (O) and high magnification (P). Yellow arrowheads in (B, F, J) point to glands within anterior
stomach epithelium, whereas yellow arrowhead in (K) points to koilen lining the lumen of the posterior chicken stomach and green ar-

rowhead in (H) points to simple columnar epithelium.

The mouse gut bears similarities to both the adult Xeno-
pus and the chicken, with the main deviations again localized
to the stomach. Based on epithelial histology, the stomach
epithelium in the mouse appears to be composed of several
different regions. The most anterior region, the cardiac, is
not discussed in this study, asit is afeature unique to mam-
malsand comprisesavery small portion of the anterior stom-
ach nearest the esophagus. As with the anterior stomach re-
gions of the adult Xenopus and chicken, the fundus of the
mouse stomach is characterized by athick layer of glandular
tissue (Figs. 2M and 2N). The posterior stomach, or pylorus
region, in the mouse does not have the thickened glands seen
inthe fundus (Figs. 20 and 2P), but hasvillus-like structures
very similar in shape and size to those seen in the chicken
gizzard. The mesoderm of the posterior stomach in the mouse
is much thinner than the gizzard mesoderm in the chicken
(compare Fig. 20 with Fig. 2K). At theterminusof the pylorus
region, one can see the distinct valvular flaps of the py-
loric sphincter, as well as the decrease in thickness of the
mesodermal layer from the stomach to the small intestine
(Figs. 3M and 3N). In addition, there is an abrupt change in
the histology of the epithelial lining from the pyloric epithe-
lium to that of the columnar small intestinal epithelium (Fig.
3N). Finaly, the mouse small intestine (Figs. 30 and 3P) ap-
pearsvery smilar tothe small intestines of the chicken and adult
Xenopus, with numerous villi with crypts at the base of each vil-
lus (compare Fig. 3P with Figs. 3L and 3H). Thus, despite the
primitive nature of the Xenopustadpole digestive tract, the over-
al higtologicd features of the adult Xenopus, chicken, and

mouse guts are generally conserved, with the most deviation ob-
served in the specialized stomach regions of the chicken.

Molecular markers of the anterior stomach

Because there are clear morphological and histological dif-
ferencesin the stomach epithelium of these three species, we
decided to analyze the expression patterns of stomach mark-
ers to determine whether a correlation exists between gene
expression and morphology. Previoudly, it was shown that
BMP-4 is expressed in the mesoderm of the small intestine
and proventriculus of the chick embryo (Roberts et al. 1995,
1998); BMPRIB is expressed in the mesoderm of the devel-
oping chicken gizzard (Roberts et al. 1998; Smith and Tabin
1999); and the homeodomai n-contai ning transcription factor
Nkx2.5 is an early marker of the mesoderm of the chicken
pyloric sphincter (Smith and Tabin 1999). In addition, the
homeodomain-containing transcription factor Barx1 has been
described as amarker of the mesoderm of the mouse stomach
(Tissier-Setaet a. 1995). Further, the transcription factor Sx2
(Oliver et d. 1995) and the secreted protein Wht5a (Y amaguchi
et al. 1999) are both expressed in aregionaly restricted man-
ner within the mesoderm of the chicken stomach.

We analyzed each of the above six markers for their ex-
pression patterns within the devel oping guts of the Xenopus
embryo, chicken embryo, and mouse embryo. We find that
Wnt5a and BMP-4 mark the anterior stomach in al threelin-
eages (Fig. 4). In Xenopus, Wnt5a and BMP-4 mark the most
anterior region of the stomach (Figs. 4A and 4C); in chick-
ens, Wnt5a and BMP-4 mark the proventriculus (Figs. 4E

Fig. 3. Histological sections of the small intestine and pyloric sphincter regions of a Xenopus larvae, adult Xenopus, adult chicken, and
adult mouse. (A-B) Section through the posterior stomach/small intestinal border region of a Xenopus tadpole (stage 48) at low magni-
fication (A) and high magnification (B). (C-D) Section through the small intestine of a Xenopus tadpole (stage 48) seen at low magnifi-
cation (C) and high magnification (D). (E-F) Section through the pyloric sphincter region of an adult Xenopus seen at low magnification
(E) and high magnification (F). (G-H) Section through the small intestine of an adult Xenopus seen at low magnification (G) and high
magnification (H). (I-J) Section through the pyloric sphincter region of an adult chicken seen at low magnification (I) and high magni-
fication (J). (K-L) Section through the small intestine of an adult chicken seen at low magnification (K) and high magnification (L). (M-
N) Section through the pyloric sphincter region of an adult mouse seen at low magnification (M) and high magnification (N). (O-P) Sec-
tion through the small intestine of an adult mouse seen at low magnification (O) and high magnification (P). Green arrowhead points to
sphincter in low magnification and abrupt transition from sphincter epithelium to small intestinal epithelium in high magnification.
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and 4G); and in mice, Wnt5a and BMP-4 mark the fundusre-
gion of the stomach (Figs. 4l and 4K). The only differencein
expression among the three embryos examined is that BMP-
4 is also expressed in the posterior stomach of the early Xe-
nopus gut; therefore, thereisno clear restrictioninits pattern
to one region of the stomach (Fig. 4C).

Molecular markers of the posterior stomach
Posterior markers of the stomach include Sx2, Nkx2.5,
BMPRI1B, and Barxl. In the Xenopus embryo, Sx2 is ex-
pressed throughout the posterior stomach (Figs. 5A and 5B).
Nkx2.5 expression is also present in the posterior stomach re-
gion of the Xenopus embryo, although its expression domain
is shifted slightly more posterior, closer to the intestinal re-
tion (Fig. 5C), than that of Sx2. In contrast, BMPR1 is ex-
pressed throughout the anterior and posterior regions of the
Xenopus embryo stomach (Fig. 5D). The only cloned BMPR
in frogs, BMPR1, was used in this study. Although it is not
clear if the Xenopus BMPRL is the direct homologue of the
amniotic BMPR1Bs, we do find that the expression pattern
of XBMPR1 resembles that of the amniotic BMPR1B rather
than that of BMPRI1A in the gut (data not shown).

In the chicken, Sx2 is expressed throughout the gizzard
mesoderm, although it is absent from the most anterior portion
of the gizzard (Figs. 5E and 5F). Nkx2.5 is expressed only in
the most posterior gizzard where the pyloric sphincter will
form (Smith and Tabin 1999, Fig. 5G). BMPRIB is expressed
throughout the gizzard mesoderm (Fig. 5H), whereas Barxl
marks the entire stomach with strong expression in the gizzard
and much weaker expression in the proventriculus in the
chicken (Fig. 51). In the mouse embryo, Sx2 is expressed in
the posterior stomach (Figs. 5J and 5K), whereas Nkx2.5
marks the posterior stomach/pyloric sphincter region (Fig.
5L). BMPRIB is expressed throughout the posterior stomach,
whereas Barx1l is expressed throughout the stomach (Fig.
5M), with amuch stronger expression in the posterior stomach
(Fig. 5N).

Although thereis general conservation in the expression of
these genes, a comparison of the expression patterns of the
posterior stomach markers indicates significant deviation in
the embryonic Xenopus gut. For example, BMPR1B and Sx2
arefound at the posterior or pylorus stomach region of al three

embryos, and Nkx2.5 expression at the pyloric sphincter region
of each gut isalso conserved. However, the expression of Nkx2.5
is nearly as broad as that of 9x2 in the Xenopus embryo, in
contrast to the limited expression of Nkx2.5 in the mouse and
chicken stomachs. BMPRL is aso expressed throughout the
stomach of the devel oping Xenopus gut, with stronger expres-
sion in the anterior stomach than in the posterior stomach. In
general, the markers are more broadly expressed in Xenopus
than in the amniotes, with less distinct compartments of gene
expression between the anterior and posterior stomach and be-
tween the posterior stomach and small intestine.

Molecular markers of the small intestine

To further characterize the evol utionary relationships among
these lineages, we have analyzed the expression patterns of
two genesthat are expressed in the small intestine. BMP-4 is
amarker for the anterior small intestinal mesoderm, whereas
Nkx2.3 is a marker for the entire small intestinal mesoderm
(Buchberger et a. 1996; Roberts et al. 1998; Smith and
Tabin 1999).

We find that Nkx2.3 is expressed throughout the small in-
testine in the developing Xenopus embryo, but is also ex-
pressed throughout the posterior stomach (Fig. 4D). BMP-4
is expressed in the anterior and posterior stomach, but is ex-
pressed only at low levels, if at all, in the anterior-most re-
gion of the small intestine of the Xenopus tadpole (Fig. 4C).
Further, BMP-4 is expressed in the anterior small intestinein
the chicken and mouse (Figs. 4G and 4K). Nkx2.3 is ex-
pressed in the small intestine in both the chicken and mouse
guts (Figs. 4H and 4L). Thisidentical expression of BMP-4,
coupled with the conservation of expression of Nkx2.5 and
BMPRI1B in these species, suggests that the patterning of the
pyloric sphincter is the same in both the chicken and the
mouse (Smith and Tabin 1999). The Xenopus embryonic gut
expresses both Nkx2.3 and BMP-4, but does so in a pattern
different from that of the chicken and mouse.

DISCUSSION

Thevertebrate gut isahighly complex structurein adultsthat
is derived from a simple multilayered tube found in the em-

Fig. 5. In situ hybridization of posterior stomach markers in the Xenopus tadpole (A-D), chicken (E-I), and mouse embryos (J-N). (A)
Schematic of the stage 42 larval Xenopus gut. (E) Schematic of the E4.5 embryonic chicken gut. (J) Schematic of the E11.5 embryonic
mouse gut. Expression of Six2 in the Xenopus tadpole (B), chicken (F), and mouse (K) guts. Expression of Nkx2.5 within the pyloric
sphincter region of Xenopus (C), chicken (G), and mouse (L) guts. Expression of BMPRIB within the tadpole (D), chicken (H), and
mouse (M) guts. Expression of Barx] within the chicken (I) and mouse (N) guts. Lumenal staining in (N) is pooling, this was confirmed
via section in situ hybridization. Green arrowhead in (K) and (L) points to background staining due to pooling within the lumen of the
stomach, whereas the red arrowhead points to real staining—results confirmed upon sections.

Fig. 6. Composite of in situ hybridization patterns of genes used in this study on schematic guts showing the conservation of regions of
expression throughout the vertebrate lineages. (A) Xenopus gut. (B) Chicken gut. (C) Mouse gut. (D) Predicted expression in the Hu-

man gut. Abbreviation: LI, large intestine.
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Fig. 4. In situ hybridization of anterior stom-
ach makers in the Xenopus tadpole (A-C),
chicken (E-G), and mouse embryos (I-K)
and small intestinal markers in Xenopus (C,
D), chicken (G, H) and mouse embryos
(K,L). (A) Schematic of the stage 42 Xeno-
pus tadpole gut with the various gut organs
labeled. (B) Expression of Wnt5a in the stage
42 tadpole gut. (C) Expression of BMP-4 in
the stage 42 tadpole gut. (D) Expression of
Nkx2.3 in the stage 42 tadpole gut. (E) Sche-
matic of the E4.5 embryonic chicken gut. (F)
Expression of Wnt5a in the E4.5 embryonic
chicken gut. (G) Expression of BMP-4 in the
E4.5 chicken gut. (H) Expression of Nkx2.3
in the E4.5 chicken gut. (I) Schematic of the
E11.5 mouse embryonic gut. (J) Expression
of Wnt5a in the E11.5 mouse gut. (K) Ex-
pression of BMP-4 in the E11.5 mouse gut.
(L) Expression of Nkx2.3 within the E11.5
mouse gut.
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bryo. In this study, we attempted to establish the evolution-
ary relationships of the guts of different vertebrate species,
including the chicken, the mouse, and both the larval and
adult forms of Xenopus laevis. By understanding how the
stomach evolved within the vertebrates, we may gain insight
into the evolution of organs and what forces have led to the
formation of specific organs or organ characteristics within
certain lineages.

Composite of the in situ hybridization patterns
The markers that are specific for the small intestine and the
anterior and posterior stomach have conserved expression
patterns in the chick and mouse (Figs. 6B and 6C). We be-
lieve that the chicken and mouse results can be extrapol ated
to avian and mammalian lineages, since the chicken gut is
very similar to other avian guts morphologically, whereas
the mouse gut is morphologically similar to most mamma-
lian guts. On the basis of our data, we would predict that the
expression patterns in the human gut would be similar to
those seen in the mouse and chicken (Fig. 6D). In contrast,
the Xenopus embryo has quite distinct expression patternsin
the stomach and small intestine (Fig. 6A).

Relationship between mouse and
chicken stomachs
The mammals are thought to have evolved from a distinct
primitive reptilian ancestor (Gerhart and Kirschner 1997).
Hence, the mammalian and avian lines are separated in evo-
[utionary time by many millions of years (approximately 350
Myr) (Gerhart and Kirschner 1997), yet the stomachs of these
two groups are remarkably similar in molecular and morpho-
logical phenotype. Here, we show that the anterior portion of
the stomach contains large numbers of glands in both the
mouse and the chick, whereasthe posterior stomach contains
few glands and avillus-like endoderm. The major difference
between the chicken and mouse stomachs is the thick meso-
derm found in the chicken posterior stomach and the layer of
koilen found covering the gizzard endoderm. The small in-
testines of both species are very similar morphologically.
Thus, our histological observations support the hypothesis
that the anterior stomach in the mouse is homologous to the
proventriculus of the chicken, whereas the posterior stomach
of the mouse is homologous with the gizzard of the chicken.
This model is supported by gene expression patterns in
developing mouse and chicken guts. The expression of mo-
lecular markers of the stomach is remarkably similar in the
mouse and the chick. Each specific marker examined for the
anterior stomach of the chicken was also expressed in the an-
terior stomach of the mouse embryo (e.g., BMP4). The same
result was seen with markers for the posterior stomach (e.g.,
Sx2) aswell asamarker for the entire stomach (e.g., Barx1).
Theseresults suggest that, although thetwo lineages are very
far removed evolutionarily, the genes playing arolein stom-

ach development and patterning till retain conserved ex-
pression patterns. Thisfinding suggeststhat the patterning of
the stomach isavery ancient blueprint that was set up before
the divergence of the avian and mammalian lineages. In ad-
dition, it provides further evidence that the anterior stomach
in the mouse is homol ogous with the chicken proventriculus,
whereas the posterior stomach in the mouse is homologous
with the chicken gizzard (Pernkopf 1929). Indeed, we have
yet to find any genes whose expression patterns are not con-
served between the chicken and the mouse within the stom-
ach and small intestinal regions.

Relationship between frog and higher
vertebrate stomachs
The relationship between the Xenopus gut and the chicken
and mouse guts is more complex. Although the adult gut
morphology of the Xenopus, chicken, and mouse are very
similar in appearance and structure, the Xenopuslarval gutis
a relatively unspecialized linear tube. And, although there
aredistinct histological regions of glandular and nonglandu-
lar epithelium in the stomach area, the Xenopustadpol e lacks
both a distinct stomach compartment and a pyloric sphincter
with arecognizable transition to the intestinal epithelium.
These differences between the Xenopus tadpole and the
mouse and chicken embryos correlate with a loss of organ-
specific borders of gene expression in the embryonic Xeno-
pus gut. For example, we find expression of BMP-4 in the
anterior stomach in all three species, but also in the posterior
stomach of the Xenopus tadpole, abeit at lower levels. We
also find the posterior stomach markers to be more broadly
expressed in the Xenopus tadpole gut. For instance, the py-
loric sphincter marker Nkx2.5 is expressed from the duode-
num into the posterior stomach region of the tadpole gut, and
BMPR1 is expressed in both the anterior and posterior stom-
ach of the Xenopus tadpole. Even the small intestinal mark-
ers are expressed differently within the tadpole gut. BMP-4
isseen only at very low levels, if at al, in the tadpole small
intestine, whereas Nkx2.3 is expressed throughout the small
intestine as well as in the posterior stomach. These overlap-
ping domains of marker gene expression in the Xenopus em-
bryo could account for the more indistinct morphological
boundaries observed in the tadpol e digestive system.
Thisdifferencein embryonic expression patterns between
amniotes and Xenopus may be better understood in the con-
text of the life history of anuran amphibians. The tadpole
represents a specialized larval phase in the anuran life his-
tory that is adapted to different habitats and resources from
the adult, and consequently utilizes unique feeding strategies
and, therefore, distinct gut morphology. In Xenopus, the
aquatic tadpole is an herbivorous filter feeder, whereas the
adult frog is carnivorous. Hence, one would expect the anu-
ran tadpole gut to be different inasmuch asiit is specialized
for filter feeding, whereas the adult frog gut is adapted for a
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terrestrial habitat and thusis morphologically similar to birds
and mammals. Therefore, it is not unexpected that the ex-
pression of genesin the embryonic Xenopus gut would differ
from that observed in the mouse and chicken, as the indirect
development of Xenopus requires that it first pattern a mor-
phologically and functionally distinct digestive system for
the larval phase.

A separate patterning mechanism must exist to later spec-
ify the morphology observed in the adult Xenopus, perhaps
utilizing the same gene set observed in the chicken and
mouse embryonic gut. The tadpole gut exemplifies a highly
derived version of the vertebrate gut, which is then trans-
formed during metamorphosisto asystem with theincreased
compartmentalization and functional morphology of carni-
vores. This hypothesis is supported by examples of appar-
ently heterochronic accelerations observed in the develop-
ment of the gut of rare species of anuran larvae with different
habitats and feeding strategies from Xenopus laevis. For ex-
ample, the New Mexico spadefoot toad (Scaphiopus multi-
plicatus) can develop into two environmentally induced
morphs, omnivorous or carnivorous, based on the available
food resources in the larval habitat. The carnivorous morph
has precociously shortened intestines, a transformation nor-
mally induced during metamorphosis and the transition to
adult carnivory (Pfennig 1992). Likewise, thelarval phase of
an arboreal tadpole, Philautus carinensis, utilizes unhatched,
conspecific eggs as afood source, and therefore must digest
animal proteins like the adult. This mode of feeding is aso
associated with post-metamorphic gut morphology, includ-
ing shorter intestines and an expanded stomach for storage of
eggs (Wassersug et al. 1981). Finaly, Lepidobatrachus lae-
vis, exhibits obligate carnivory in the tadpole phase. Thisun-
usua larval feeding strategy is accompanied by adult-like
gut development in which the swimming tadpole acquires a
distendable pepsin-producing stomach pouch with a muscu-
lar pyloric sphincter. Unlike related but non-carnivorous
taxa, the simple “larval” stomach morphology is never ob-
served in this species (Ruibal and Thomas 1988). These ex-
amples support the contention that the premetamorphic gut
tube of most tadpoles is a derived structure adapted specifi-
cally for an herbivorousfilter-feeding strategy that must then
be transformed into the adult digestive system during meta-
morphosis. It will be informative to use the molecular mark-
ers employed in this study to examine the devel oping guts of
these anuran species with different life histories.

Metamorphosis and gene expression patterns

During metamorphosis, extensive modifications are neces-
sary to convert the herbivorous aquatic tadpoleinto a carniv-
orous, usually terrestrial, frog (Xenopuslaevisremains aguatic
as an adult). In Xenopus, these changes include apoptosis of
the primary tadpol e epithelium; proliferation and differenti-
ation of mesenchymal and muscle tissue; and development
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of a secondary, adult epithelium, in addition to a complete
remodeling of the conformation of the stomach and intestine
(Hourdry et al. 1996). Thus, the cells of the primitive larval
gut must be re-patterned during metamorphosis to achieve
new Gl tract morphology. Stolow and Shi (1995) have found
that embryonic patterning genes such as Xhh become reacti-
vated during natural and artificialy induced metamorphosis
in Xenopus, with particularly high levels found in the stom-
ach region. In the chick, Sonic Hedgehog is expressed in the
embryonic gut endoderm, and induces other patterning genes
such as Bmp-4 and the Hox genes (Roberts et al. 1995). It
would, therefore, be interesting to evaluate the expression
patterns of the genes described herein, especially BMPA4,
Nkx-2.5, BMPRL, and Nkx-2.3, in metamorphosing Xenopus
tadpoles and in direct-developing amphibian species that
lack a larval transition, such as Eleutherodactylus coqui
(Fang and Elinson 1996). We would predict that the expres-
sion patterns of these genes in amphibians undergoing the
latter developmental scenarios would be more similar to the
expression patterns we observed in the chicken and mouse
embryonic guts. Such studies could yield insight into the
evolution of vertebrate gut patterning and show the utility of
the Xenopus tadpole gut as a good model for evolutionary
studies.

Gene expression and organ patterning

As mentioned above, the Xenopus tadpole lacks the distinct
gene expression boundaries found in the chicken and mouse
embryonic guts. Thislack of defined gene expression bound-
aries correlates with a lack of defined organ boundaries
found within the tadpol e gut, whereas the chicken and mouse
guts have distinct organ boundaries. It is also interesting to
note that whereas Nkx2.5 plays a role in patterning the py-
loric sphincter in the mouse and chicken, the tadpole does
not have a pyloric sphincter, although Nkx2.5 is expressed
throughout the posterior stomach. These data have led us to
hypothesi ze that distinct organ boundariesare formed by dis-
tinct gene expression boundaries. Formation of distinct bound-
aries a later stages of the amphibian life cycle, therefore,
would require refinement of the gene expression patterns. For
instance, with the refinement of the expression of Nkx2.5to the
pyloric sphincter region and other organ-specific genesto their
specific patterns, this would alow a unique molecular signa
ture to occur within the sphincter primordium and, hence, a
new organ could be formed. Conversdly, the evolution of the
derived Xenopus larval gut is likely dependent on the relax-
ation of the borders of region-specific gene expression, alow-
ing the more uniform gut morphology.

Evolution of the stomach

It appears that the stomach has an ancient origin. The stom-
ach first appearsin the fish lineage. The prevertebrate chor-
dates do not have a true stomach, whereas the cartilaginous
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and bony fish do. Although most fish do have atrue stomach,
some fish species appear to have lost the stomach second-
arily. Theremaining vertebrate lineages do have atrue stom-
ach (at least in the adult animal), although thereis great vari-
ation in the size and shape of the stomach. The genera
conservation of molecular markers within the guts of am-
phibians, birds, and mammal s suggests an ancient patterning
event has been retained throughout the vertebrate lineages.

The great variation in stomach morphology seen among
vertebrate lineages could be due to severa possibilities. It
could bethat dlight modificationsin gene expression patterns
(i.e., timing and levels of expression or subtle changesin cell
cycling of progenitors) could lead to the vast array of shapes
and sizesthat are seen within the stomach of vertebrates. Fu-
ture experiments could focus on identifying some of these
differences, using the molecular signatures of the gut organs
defined herein.

It has been hypothesized that indirect larval devel opment
in the vertebrate lineage evolved to adapt organisms to the
transition from endotrophic feeding on maternal yolk re-
servesto exotrophic feeding strategies (Sanderson and Kupfer-
berg 1999). A separate larval feeding stage would aso fecili-
tate a wider dispersa of the population, and a greater chance
for survival of the species by adaptation to different habitats.
Direct development is believed to be a secondary modification
of this ancestrd indirect-devel oping ontogeny in which meta-
morphic changes are retained, but somewhat concealed by a
temporal compression of the developmental sequence (Rose
1999). The evolution of eggswith maternal yolk storeslarge
enough to support all of development could have allowed the
larval gut pattern to be modified in direct developers, astheir
life history did not necessitate a functional larval digestive
system (Hart and Wray 1999). Thus, modifications of gene ex-
pression patterns could occur without detriment, allowing more
speciaized stomach compartments to evolve. The new local-
ized expression patterns were subsequently kept by all stomach
containing lineages. This model will be interesting to test upon
many other species.

Acknowledgments

Thisresearch was supported by agrantto C. J. T. fromthe NIH. We
thank the members of the Cepko/Tabin group for their help and ad-
vice throughout this work, especially Gabrielle Kardon and Peter
Meylan for evolutionary discussions. We are grateful to L. Niswan-
der, S. Dymecki, P. Francis-West, C. Goridis, A. McMahon, H. Ar-
nold, S. Izumo, G. Oliver, M. Mercola, P. Krieg, A. Fjose, and H.
Seo for reagents used in these studies.

REFERENCES

Barlow, A. J., Bogardi, J. P., Ladher, R., and Francis-West, P. H. 1999. Ex-
pression of chick Barx-1 and its differential regulation by FGF-8 and
BMP signaling in the maxillary primordia. Dev. Dyn. 214: 291-302.

Baur, S. T., Mai, J. J., and Dymecki, S. M. 2000. Combinatorial signaling
through BMP receptor IB and GDFS5: shaping of the distal mouse limb
and the genetics of distal limb diversity. Development 127: 605-619.

Buchberger, A., Pabst, O., Brand, T., Seidl, K., and Arnold, H. H. 1996.
Chick NKx-2.3 represents a novel family member of vertebrate homo-
logues to the Drosophila homeobox gene tinman: differential expres-
sion of ¢cNKx-2.3 and ¢cNKx-2.5 during heart and gut development.
Mech. Dev. 56: 151-163.

Burggren, W. W., and Just, J. J. 1992. Developmental changes in physiolog-
ical systems. In M. E. Feder and W. W. Burggren (eds.). Environmental
Physiology of the Amphibians. University of Chicago Press, Chicago,
pp. 467-530.

Chalmers, A. D., and Slack, J. M. W. 1998. Development of the gut in Xe-
nopus laevis. Dev. Dyn. 212: 509-521.

Cheng A. M., Thisse B., Thisse C., and Wright C. V.2000. The lefty-related
factor xatv acts as a feedback inhibitor of nodal signaling in mesoderm
induction and L-R axis development in Xenopus. Development 127:
1049-1061.

Evans S. M., Yan W., Murillo M. P., Ponce J., and Papalopulu N. 1995. Tin-
man, a Drosophila homeobox gene required for heart and visceral me-
soderm specification, may be represented by a family of genes in
vertebrates: XNkx-2.3, a second vertebrate homologue of tinman. De-
velopment 121: 3889-3899.

Fang, H., and Elinson, R. 1996. Patterns of distal-less gene expression and
inductive interactions in the head of the direct-developing frog Eleuth-
erodactylus coqui. Dev. Biol. 179: 160-172.

Gerhart, J., and Kirschner, M. 1997. Cells, Embryos and Evolution. Black-
well Science, Malden, MA.

Graff, J. M., Thies, R. S., Song, J. J., Celeste, A. J., and Melton, D. A. 1994.
Studies with a Xenopus BMP receptor suggest that ventral mesoderm-
inducing signals override dorsal signals in vivo. Cell 79:169-179.

Grapin-Botton, A., and Melton, D. A. 2000. Endoderm development, from
patterning to organogenesis. Trends Genet. 16: 124-130.

Hamburger, V., and Hamilton, H. L. 1951. A series of normal stages in the
development of the chick embryo. J. Morphol. 88:49-92

Harland, R. M. 1991. In situ hybridization: An improved whole mount
method for Xenopus embryos. Methods in Cell Biol. 36: 685-695.

Hart, M. W, and Wray, G. A. 1999. Heterochrony. In B. K. Hall and M. H.
Wake (eds.). The Origin and Evolution of Larval Forms. Academic
Press, London, pp. 159-164.

Hourdry, J., L’'Hermite, A., and Ferrand, R. 1996. Changes in the digestive
tract and feeding behavior of anuran amphibians during metamorpho-
sis. Physiological Zool. 69: 219-251.

Kasahara, H., Bartunkova, S., Schinke, M., Tanaka, M., and Izumo, S.
1998. Cardiac and extracardiac expression of Csx/Nkx2.5 homeodomain
protein. Circ Res. 82: 936-946.

Kedinger, M., Simon-Assmann, P. M., Bouziges, F., Arnold, C., Alexandre,
E., Haffen, K. 1990. Smooth muscle actin expression during rat gut de-
velopment and induction in fetal skin fibroblastic cells associated with
intestinal embryonic epithelium. Differentiation 43: 87-97.

Kedinger, M., Simon-Assmann, P. M., Lacroiz, B., Marxer, A., Hauri, H.
P., Haffen, K. 1986. Fetal gut mesenchyme induces differentiation of
cultured intestinal endodermal and crypt cells. Dev. Biol. 113: 474-483.

Montgomery, R. K., Mulberg, A. E., and Grand, R. J. 1999. Development
of the human gastrointestinal tract: twenty years of progress. Gastroen-
terology 16: 702-731.

Narita, T., Saitoh, K., Kameda, T., Kuroiwa, A., Mitzutani, M., Koike, C.,
et al. 2000. BMPs are necessary for stomach gland formation in the
chicken embryo: a study using virally induced BMP-2 and Noggin ex-
pression. Development 127: 981-988.

Nieuwkoop, P. D., and Faber, J. 1956. Normal Table of Xenopus laevis.
North Holland Publishing, Amsterdam.

Nishimatsu, S., Suzuki, A., Shoda, A., Murakami, K., and Ueno, N. 1992.
Genes for bone morphogenetic proteins are differentially transcribed in
early amphibian embryos. Biochem. and Biophys. Research Comm. 186:
1487-149s.

Oliver, G., Wehr, R., Jenkins, N.A., Copeland, N.G., Cheyette, B.N.,
Hartenstein, V., et al. 1995. Homeobox genes and connective tissue pat-
terning. Development 121: 693-705.

Pabst, O., Zweigerdt, R., and Arnold, H. H. 1999. Targeted disruption of
the homeobox transcription factor Nkx2-3 in mice results in postnatal
lethality and abnormal development of small intestine and spleen. De-
velopment 126: 2215-2225.

Pernkopf, E. 1929. Beitrage zur vergleichenden Anatomie des Verte-



Smith et al.

bratenmagens. Ztschr. Anat. 91: 329-361.

Pfennig, D. W. 1992. Polyphenism in spadefoot toad tadpoles as a locally
adjusted evolutionarily stable strategy. Evolution 46: 1408-1420.

Riddle, R. D., Johnson, R. L., Laufer, E., and Tabin, C. J. 1993. Sonic hedge-
hog mediates the polarizing activity of the ZPA. Cell 75: 1404-1416.

Roberts, D. J., Johnson, R. L., Burke, A. C., Nelson, C. E., Morgan, B. A.,
and Tabin, C. 1995. Sonic hedgehog is an endodermal signal inducing
Bmp-4 and Hox genes during induction and regionalization of the chick
hindgut. Development 121: 3163-3174.

Roberts, D. J., Smith, D. M., Goff, D., and Tabin, C. J. 1998. Epithelial-
mesenchymal interactions during regionalization of the chick gut. De-
velopment 125: 2791-2801.

Romer, A. S.1962. The Vertebrate Body. W. B. Saunders Company, Phila-
delphia.

Rose, C. S. 1999. Hormonal control in larval development and evolution—
amphibians. In B. K. Hall and M. H. Wake (eds.). The Origin and Evo-
lution of Larval Forms. Academic Press, London, pp. 167-205.

Ruibal, R., and Thomas, E. 1988. The obligate carnivorous larvae of the
frog, Lepidobatrachus laevis (Leptodactylidae). Copeia 3: 591-604.

Sanderson, S. L., and Kupferberg, S. J. 1999. Development and evolution of
aquatic larval feeding mechanisms. In B. K. Hall and M. H. Wake (eds.).
The Origin and Evolution of Larval Forms. Academic Press, London,
pp. 302-365.

Seo, H. C., Curtiss, J., Mlodzik, M., and Fjose, A. 1999. Six class homeobox
genes in Drosophila belong to three distinct families and are involved in
head development. Mech. Dey. 83: 127-139.

Smith, D. M., and Tabin, C. J. 1999. BMP signaling specifies the pyloric

Evolution in vertebrate gut development 359

sphincter. Nature 402: 748-749.

Stevens, C. E., and Hume, I. D. 1995. Comparative Vertebrate Physiology
of the Vertebrate Digestive System. Cambridge University Press, Cam-
bridge.

Stolow, M. A., and Shi, Y-B. 1995. Xenopus sonic hedgehog as a potential
morphogen during embryogenesis and thyroid hormone-dependent
metamorphosis. Nucleic Acids Research 23(13): 2555-2562.

Sues, H.-D., and Reisz, R. R. 1998. Origins and early evolution of herbivo-
ry in tetrapods. TREE 13: 141-145.

Tissier-Seta, J. P., Mucchielli, M. L., Mark, M., Mattei, M. G., Goridis, C.,
and Brunet, J. F. 1995. Barx1, a new mouse homeodomain transcription
factor expressed in cranio-facial ectomesenchyme and the stomach.
Mech. Dev. 51: 3-15.

Tonissen K. F., Drysdale T. A., Lints T. J., Harvey R. P., and Krieg P. A.
1994. XNkx-2.5, a Xenopus gene related to Nkx-2.5 and tinman: evidence
for a conserved role in cardiac development. Dev. Biol. 162: 325-328.

Walker, W. F., and Liem, K. F. 1994. Functional Anatomy of the Verte-
brates: An Evolutionary Perspective. Saunders College Publishing, New
York.

Wassersug, R. J., Frogner, K. J., and Inger, R. F. 1981. Adaptations for life in
tree holes by Rhacophorid tadpoles from Thailand. J. of Herp. 15: 41-52.

Yamaguchi, T. P., Bradley, A., McMahon, A. P., and Jones, S. 1999. A
Whit5a pathway underlies outgrowth of multiple structures in the verte-
brate embryo. Development 126: 1211-1223.

Zou, H., Wieser, R., Massague, J., and Niswander, L. 1997. Distinct roles
of type I bone morphogenetic protein receptors in the formation and
differentiation of cartilage. Genes Dev. 11: 2191-2203.



