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Abstract
The formation of mesoderm is an important developmental process of vertebrate embryos, which can be broken down into several steps;
mesoderm induction, patterning, morphogenesis and differentiation. Although mesoderm formation in Xenopus has been intensively studied,
much remains to be learned about the molecular events responsible for each of these steps. Furthermore, the interplay between mesoderm
induction, patterning and morphogenesis remains obscure. Here, we describe an enhanced functional screen in Xenopus designed for largescale identification of genes controlling mesoderm formation. In order to improve the efficiency of the screen, we used a Xenopus tropicalis
unique set of cDNAs, highly enriched in full-length clones. The screening strategy incorporates two mesodermal markers, Xbra and Xmyf-5,
to assay for cell fate specification and patterning, respectively. In addition we looked for phenotypes that would suggest effects in
morphogenesis, such as gastrulation defects and shortened anterior–posterior axis. Out of 1728 full-length clones we isolated 82 for their
ability to alter the phenotype of tadpoles and/or the expression of Xbra and Xmyf-5. Many of the clones gave rise to similar misexpression
phenotypes (synphenotypes) and many of the genes within each synphenotype group appeared to be involved in similar pathways. We
determined the expression pattern of the 82 genes and found that most of the genes were regionalized and expressed in mesoderm. We expect
that many of the genes identified in this screen will be important in mesoderm formation.
q 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Xenopus is an excellent system for studying the early
period of embryonic development, including mesoderm
formation, morphogenesis and differentiation. The study of
mesoderm is of particular interest, not only because it gives
rise to the muscles, notochord, kidney and blood of the
organism, but also because it plays a fundamental role in
patterning the embryo and in driving the morphogenetic
movements responsible for gastrulation.
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Mesoderm formation is a sequential process, which is
initiated prior to fertilization with the localized deposition
of maternal components. One well characterized localized
maternal component known to be essential in Xenopus for
the correct development of mesoderm is the T-box
containing transcription factor VegT (Zhang et al., 1998;
Zhang and King, 1996). VegT is localized to the vegetal
pole of the oocyte and, following fertilization and the
initiation of zygotic transcription at the mid-blastula
stage, VegT activates the transcription of several genes
responsible for the next phase of mesoderm formation. In
particular VegT controls the expression of nodal related
genes, which are involved in the induction of the
mesoderm and endoderm lineages (Schier and Shen, 2000;
Agius et al., 2000; Kofron et al., 1999; Xanthos et al., 2001).
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Patterning of the mesoderm is initiated by another set of
maternally inherited proteins. Most notorious amongst these
is the multi-functional b-catenin protein, which is largely
responsible for establishing the initial dorsal/anterior to
ventral/posterior axis of the embryo (Heasman et al., 1994;
Larabell et al., 1997; Moon and Kimelman, 1998). It does
this by regulating the expression of a number of dorsal
specific genes, including siamois and Xnr3 (Brannon et al.,
1997; Brannon and Kimelman, 1996; Lemaire et al., 1995;
McKendry et al., 1997). Refinement of the dorsal/anterior to
ventral/posterior axis occurs during the gastrula stages
through the action of a number of additional signalling
molecules, including the bone morphogenetic proteins
(BMPs) and Wnts, as well as their antagonists, chordin,
noggin, gremlin, follistatin, FrzB, sizzled, Cerberus, and
Dkk (Bouwmeester et al., 1996; Christian et al., 1991;
Glinka et al., 1998; Hoppler et al., 1996; Hoppler and Moon,
1998; Hsu et al., 1998; Iemura et al., 1998; Leyns et al.,
1997; Salic et al., 1997; Sasai et al., 1994; Smith and
Harland, 1992; Suzuki et al., 1997a; Wang et al., 1997b; Xu
et al., 1998; Zimmerman et al., 1996). Once established,
mesodermal fate is reinforced and maintained during
the gastrula stages through the action of fibroblast
growth factors (FGFs) (Amaya et al., 1991, 1993; Isaacs
et al., 1994; Kroll and Amaya, 1996; Schulte-Merker and
Smith, 1995).
During the gastrula stages, not only is the mesoderm
maintained and patterned, it also undergoes a complex and
very well co-ordinated set of morphogenetic movements,
resulting in the correct partitioning of the three germ layers
along the dorsal/ventral and anterior/posterior axes. The
best characterized morphogenetic movement occurring
during this time is the process of convergent extension
which drives the concomitant narrowing and lengthening of
mesodermal tissue (Gerhart and Keller, 1986; Keller, 2002;
Wallingford et al., 2002). The primary molecules implicated
in this process belong to the non-canonical Wnt signaling
pathway, which has been shown to be involved in planar cell
polarity (PCP) in Drosophila (McEwen and Peifer, 2000;
Peifer and McEwen, 2002; Tada et al., 2002). This pathway
uses Wnt components such as Frizzled and Dishevelled, but
then diverges from the canonical pathway, which uses
molecules, such as GSK-3, Axin, or b-catenin. Instead, the
PCP pathway involves a different set of proteins, including
Strabismus (Stbm), Prickle and JNK (Adler and Lee, 2001;
Boutros and Mlodzik, 1999; Shulman et al., 1998). Moreover, the Wnt/Ca2C signalling pathway may act as a
modulator of both PCP and canonical Wnt signaling to
control convergent extension in Xenopus (Kuhl et al., 2001,
2000). In addition to the non-canonical Wnt signaling
pathway, FGF receptor signalling also helps coordinate
convergent extension movements (Nutt et al., 2001b).
Although much has been learnt in recent years about the
nature of the signals responsible for mesoderm formation
and patterning, a full understanding of how these signalling
pathways interact remains elusive. In addition it remains

unclear how mesoderm formation, patterning and morphogenesis are coordinated, in particular, given that many of the
same signals are used independently for each of these
processes. In order to better understand the molecular basis
of mesoderm formation, patterning and morphogenesis, we
have initiated a large-scale gain of function screen in
Xenopus aimed at identifying as many genes involved in
these processes as possible. In order to maximise the output
of the screen, we have generated a unique set of full-length
clones from Xenopus tropicalis, a diploid relative of
Xenopus laevis, and used this set for the screen.
Traditionally large-scale gain of function screens have
been performed in Xenopus by injecting pools of in vitro
transcribed mRNAs into embryos and screening the
embryos for a desired activity. Once an active pool is
identified, the complexity of the pool size is decreased until
a single active clone is isolated (McCormick, 1987). To date
such screens have been performed using non-normalized
libraries with pools sizes ranging from 96 to 10,000
(Grammer et al., 2000; Lustig et al., 1997; Smith and
Harland, 1991, 1992). However, there are three main
limitations to this approach. The first one is that most
RNAs in each pool are not full length, since any given
library contains mostly truncated cDNA inserts. Secondly
cDNA libraries contain multiple copies of genes, including
a large number of ‘housekeeping’ genes. This means that
abundant genes are screened over and over again while low
abundant genes are screened only rarely. Thirdly, cDNA
libraries usually contain a significant number of contaminants (up to 10% of clones), such as rRNA inserts,
mitochondrial DNA inserts and empty vectors. For these
reasons, functional screens in Xenopus, which have been
based on redundant libraries, have been relatively inefficient. However, with the advent of an X. tropicalis EST
project and bioinformatics tools, it is now possible to
streamline any such screen, making it much more efficient.
Out of approximately 100,000 gastrula and neurula EST
clones we have identified a unique full-length clone set of
2304 genes (Voigt et al., 2005) and used these in our screen.
From 1728 full-length clones that we have screened to date,
we identified 82 genes that gave rise to gain-of-function
phenotypes in gastrula and/or tadpole stage embryos,
including alterations in the expression of early mesoderm
markers or alterations in the patterning or morphogenesis of
the embryo. Included in the 82 genes were several genes
already known to be involved in mesoderm formation,
patterning and morphogenesis, suggesting that the screen
had been successful in identifying the type of genes we were
interested in isolating. We also found that most of the genes
encode either transcription factors or signalling molecules.
The genes identified in the screen could be grouped based on
the phenotypes they produced (i.e. synphenotype groups)
and we noted that the types of genes within each
synphenotype group were often involved in similar pathways. Finally we found that the expression pattern of most
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of the genes identified in this screen was regionalized, most
being expressed in mesoderm.

2. Results
2.1. Overview of functional screen strategy
The general strategy of the screen is depicted in Fig. 1.
We used bioinformatics to narrow approximately 100,000
X. tropicalis EST clones from gastrula and neurula stage
libraries into a compact unique set of 2304 full-length
cDNAs (Voigt et al., 2005). This non-redundant full-length
clone set was re-arrayed into 24 96-well plates. Since we
were able to narrow the total number of clones to be
screened to 2304, we were able to reduce the pool size to
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eight clones per pool, thus increasing the efficiency of our
screen by up to five fold (Voigt et al., 2005).
Given that we were interested in identifying genes that
affect mesoderm formation, patterning and morphogenesis,
we injected the RNA pools into the marginal zone of twocell stage embryos (about 70 embryos per pool). At the
gastrula stage we fixed 40 embryos per pool and subjected
these embryos to whole-mount in situ hybridization for
Xbra (an early general mesoderm marker) and Xmyf-5 (an
early myogenic gene, expressed in dorso-lateral mesoderm)
(Dosch et al., 1997; Hopwood et al., 1991; Polli and Amaya,
2002; Smith et al., 1991). Any observed effects on the
expression of Xbra and/or Xmyf-5 would suggest that the
pool contains a clone that can alter early mesoderm
formation and/or patterning. We allowed the remaining
embryos to develop into the tailbud stage (i.e. stage 34) and
recorded their phenotypes. We were particularly interested

Fig. 1. Functional screen strategy. EST clones from gastrula and neurula stage of X. tropicalis embryos were clustered and a unique full-length clones set
containing 2304 genes was identified. This clones set was rearrayed into 24 96 well plates. mRNA pools made from each column of each 96 well plate were
injected into marginal zone in one cell of two-cell stage embryos. About half of the injected embryos were fixed at gastrula (stage 11) and assayed for cell fate
specification and patterning using mesoderm makers Xbra and Xmyf-5. The rest of the embryos were monitored for gross tadpole morphology at stage 34.
Active clones were identified by splitting the pools into single clones and assaying them for activity. The expression pattern of all active clones was determined
by whole mount in situ hybridization at different developmental stages.
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in phenotypes that might suggest effects on mesoderm
formation, patterning or morphogenesis, such as failure to
complete gastrulation, anterior defects, dorso-anteriorized
defects, extra axis or shortened anterior–posterior axis.
However, we also noted other phenotypes, such as cell
death, bending, blisters and pigment defects. For those pools
causing alterations in the expression pattern of Xbra and/or
Xmyf-5 expression at the gastrula stage and/or gross tadpole
morphology, we split the pools into single clones and
injected these into embryos to identify the individual clone
responsible for causing the phenotype. We then determined
the expression pattern of each of the identified clones.
2.2. Summary of screen results
Out of the 1728 unique full-length clones (216 pools of
eight) we have screened to date, 82 genes affected gross
tadpole morphology and/or altered the expression of Xbra
and/or Xmyf-5 at the gastrula stage. To determine whether
the screen had been successful in identifying the type of
genes we were looking for, we asked whether genes known
to be involved in mesoderm formation, patterning or
morphogenesis were isolated from the screen. Out of the
82 genes, we found several that were already known to be
involved in these processes. These genes include chordin
(TNeu011c22) (Sasai et al., 1994), BMP-7 (TGas015h08)
(Sun et al., 1999), FrzA (TNeu102i09) (Xu et al., 1998), Bix
(TGas009g11) (Casey et al., 1999; Tada et al., 1998),
Sprouty2 (TGas112n24) (Nutt et al., 2001b), Pintallavis/
FoxA4a (TGas008c02) (O’Reilly et al., 1995; Ruiz i Altaba
and Jessell, 1992), FAST1/FoxH3 (TGas103n06) (Chen
et al., 1996, 1997), Wnt11 (TGas144p20) (Tada and Smith,
2000), Msx-1 (TGas131g15) (Suzuki et al., 1997b),
Strabismus (TGas027l08) (Darken et al., 2002; Goto and
Keller, 2002; Jessen et al., 2002; Park and Moon, 2002),
Xcad3 (TGas108b24) (Isaacs et al., 1998; Pownall et al.,
1996), Xnr3 (TGas097d22) (Smith et al., 1995) and VegT
(TGas127e07) (Kofron et al., 1999; Xanthos et al., 2001;
Zhang et al., 1998; Zhang and King, 1996). Therefore we
are confident that the screen was successful in identifying
the type of genes we were hoping to obtain. This is further
supported by the type of proteins that the 82 genes encode.
Most of them are either transcription factors (34) or proteins
involved in intercellular signalling (24) (i.e. growth factors,
antagonists of growth factors or are signal transduction
proteins) (Fig. 2B). The remaining 24 genes either encode
novel proteins (9) or encode proteins that regulate the cell
cycle, mRNA splicing or other basic cellular processes (15).
Of the 82 genes identified in this screen, 28 are new
to Xenopus, and out of these, five do not appear to have
a clear orthologue in any organism. Of the remaining 54
genes that have their top blast hit to Xenopus genes in
the public databases, only 16 have been previously
characterized functionally (Fig. 2A). Another eight genes
have had some previous functional work done on them,
but the described functions were either at a different

Fig. 2. Classification of isolated clones from functional screen. (A) Active
clones were categorized according to the similarity translated sequences in
the public databases using BlastX and the species of the top blast hit was
noted. The 82 clones were divided into three categories: those that had their
top blast hit genes in Xenopus (Xenopus), those that had their top blast hit to
species other than Xenopus (Other) and those that did not have a clear
orthologue in any specis (No similarity). Out of the 54 genes that had their
closest match in Xenopus, we searched to determine whether they had been
previously studied functionally, and we found that 16 had been studied
previously (Previous GoF phenotype reported), eight had been only partially
studying or had been studied during a different stage or process in
development (Partial GoF phenotype reported) and the majority (31) had not
been studying functionally in Xenopus (No previous GoF phenotype
reported). (B) The 82 clones were also characterized by whether they had
predicted or established functions based on the homology searches. In this
way we were able to determine that most of the genes were either putative or
known transcription factors (34) or signalling molecules (24). The remaining
genes had either known or predicted functions in a variety of cell metabolic
functions (such as cell cycle control, splicing, secretion, etc.) (15) or had no
predicted function (9). (C) We determined the expression pattern of all 82
genes using whole mount in situ hybridization and found that the majority
(59) had regionalized expression patterns. The remaining genes were either
ubiquitously expressed (16) or their expression was undetectable (seven).
Values are given as percentages of total numbers of identified clones
(nZ82). (GoF: gain of function).

stage or in a different process than the one found in our
screen. Finally we determined the expression pattern of
the 82 genes and discovered that the majority (59–71%)
had regionalized expression patterns, most showing
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expression in the mesoderm (Fig. 2C). About 1/5 (16)
were ubiquitous and for a small number (seven)
expression was undetectable by whole-mount in situ
hybridization.
2.3. Summary of synphenotype groups
During the screen we found that the many genes gave rise
to broadly similar phenotypes (i.e. synphenotypes). Out of
the 82 genes, 64 (78%) gave rise to phenotypes that were
likely to be due to defects in the mesoderm (Table 1),
including 22 genes that gave rise to gastrulation defects
(Fig. 3D,E; Tables 1 and 2), 13 genes that gave rise to anterior
defects (Fig. 3F; Table 3), nine genes that gave rise to dorsoanteriorized embryos (Fig. 3G; Table 4), nine genes that gave
rise to extra axes (Fig. 3H,I; Table 5), eight genes that caused
shortened anterior–posterior axis (Fig. 3J; Table 6) and three
genes that gave rise to posterior defects (Fig. 3K; Table 7).
We further broke down the 22 genes that gave rise to
gastrulation defects based on whether these genes affected
the expression of Xbra and Xmyf-5. Twelve out of the 22
genes also caused alterations in the expression of Xbra and/or
Xmyf-5 (Table 1, Fig. 4), suggesting that these genes either
altered mesoderm fate or patterning. The remaining 10 genes
caused gastrulation defects without affecting the expression
of neither Xbra nor Xmyf-5 (Table 2), suggesting that these
genes affect the movements of gastrulation without affecting
the early fate or patterning of mesoderm. Out of the 82 genes,
18 (22%) gave rise to phenotypes unlikely to be due to defects
in mesoderm formation, patterning or morphogenesis,
including blisters, ectopic pigmentation, apoptosis and
bending (Fig. 5; Table 8). In the next sections we describe
in more detail the genes obtained within the different
synphenotype groups.

Table 1
Gastrulation defect with alteration of Xbra and Xmyf-5
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2.4. Gastrulation defects
2.4.1. With alterations to Xbra and Xmyf-5 expression
Twelve genes caused gastrulation defects and alterations
in Xbra and Xmyf-5 expression, such as inhibition,
expansion and misplacement or shifts in expression of
these genes (Fig. 4). Out of these 12 genes, four had
previously been shown to be involved in mesoderm
formation and/or patterning. These four genes are Pintallavis/FoxA4a (O’Reilly et al., 1995; Ruiz i Altaba and Jessell,
1992), Bix (Casey et al., 1999; Tada et al., 1998), FAST-1/
FoxH3 (Chen et al., 1996, 1997; Watanabe and Whitman,
1999) and VegT (Zhang et al., 1998; Zhang and King,
1996). Six additional genes were place in this group, which
had their closest orthologue in X. laevis. These six genes are
the alpha subunit of PKA (Schmitt and Nebreda, 2002), two
ras-related G proteins (RAP2c and Arha2), the bHLH
protein, Hesr-1/Hey1 (Pichon et al., 2002; Rones et al.,
2002), MEF-2D/SL1 (Chambers et al., 1992) and c-myb
(Amaravadi and King, 1994). Out of these six genes, only
MEF-2D/SL1 has been studied at a functional level during
development, but at a later stage (Chambers et al., 1994).
The two remaining genes in this group were novel genes to
Xenopus. One is a new forkhead domain protein, and the
other is related to a hypothetical protein in mouse. Out of the
twelve genes in this group, eight encode transcription
factors (Pintallavis/FoxA4a, Bix, FAST1/FoxH3, VegT,
Hesr-1/Hey1, MEF-2D/SL1, c-myb and a novel forkhead
domain protein), three are signalling molecules (PKAa,
RAP2c and Arha2), and the last is of unknown function
(hypothetical protein LOC233805). Of the 12 genes, 10 had
regionalized expression (Fig. 6). Six were expressed in
mesoderm at the gastrula stages; an additional two were
expressed in the somites (a derivative of the mesoderm) at
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Fig. 3. Mesoderm related phenotypes. (A) Classification based on phenotype can be subdivided into two major groups: ‘Mesoderm related phenotypes’
(gastrulation defect, anterior defect, dorsalanteriorized, extra axis, shortened A/P axis, and posterior defect), and ‘Non-mesoderm related phenotypes’. Values
are given as percentages of numbers of identified active clones in the total (nZ82) and within the subgroup of mesoderm defect clones (nZ64). (B) Uninjected
control at stage 34. (C) Control embryo injected with LacZ mRNA only and stained with X-gal. Lateral (D) and dorsal (E) view of gastrulation defect caused by
injecting TGas002g05 (hypothetical protein LOC233805). (F) Embryo injected with clone TGas131g15 (Msx-1) displays anterior defect. (G) Injection with
TGas059j09 (hairy2a), showing different degrees of a dorso-anteriorized phenotype. (H and I) Induced extra axis at injected site by TNeu118f24 (Lyn tyrosine
kinase) and TGas127o03 (Otx5), respectively. (J) Embryos displaying shortened anterior–posterior axis following injection of TGas088n14 (similar to rat
PKC-binding enigma). (K) Clone TNeu008i12 (Tbx6) gives rise to a posterior defect.
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Table 2
Gastrulation defect without alteration of Xbra and Xmyf-5

Table 3
Anterior defect

Table 4
Dorso-anteriorized
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Table 5
Extra axis

Table 6
Shortened A/P axis

the tailbud stages and the remaining two were expressed
predominantly in the eyes (Fig. 6).
2.4.2. Without alterations to Xbra and Xmyf-5 expression
Of the 22 genes that cause gastrulation defects when
overexpressed, 10 did so without affecting the expression of
either Xbra or Xmyf-5. These genes would be expected to
encode proteins involved in morphogenesis of mesoderm but
not its fate or patterning. Of the 10 in this subgroup, four
were previously known to be important in regulating
convergent extension movements. These are Strabismus
(Darken et al., 2002; Goto and Keller, 2002; Jessen et al.,
Table 7
Posterior defect

2002; Park and Moon, 2002), Xwnt-11 (Tada and Smith,
2000), RAL-A (Lebreton et al., 2003) and Cdc42
(Choi and Han, 2002; Penzo-Mendez et al., 2003). Four
additional genes in this subgroup have X. laevis orthologues
in the public databases. For two of these (GTP-binding
protein like 1 and pescadillo), no functional work has been
done during Xenopus development. The other two genes,
Gqa and transcription factor E2-a (E12), have been
characterized functionally in Xenopus, but neither gene
has been suggested to cause gastrulation defects when
misexpressed. In the case of E12 the previous work was
focused on muscle development rather than gastrulation
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Fig. 4. Example of clones giving rise to alteration in Xbra and Xmyf-5 expression. Vegetal and lateral views of embryos at the mid-gastrula stage (stage 11)
stained for the expression of Xbra (A) and Xmyf-5 (B) (purple) by whole mount in situ hybridization. Embryos were injected at two cell stage into one side of
marginal zone with 400 pg of clone mRNA along with 130 pg Lac-Z mRNA. Embryos were stained with X-gal (blue). Alterations in Xbra expression included
inhibition, TGas131g15 (Msx1); shift, TNeu008i12 (Tbx6); and expansion to animal pole, TNeu118f24 (Lyn tyrosine kinase). Alterations of Xmyf-5
expression included inhibition, TGas131g15 (Msx1); expansion to dorsal lip, TNeu047o15 (Ga-11 protein); shift, TNeu008i12 (Tbx6), and expansion to
ventral side, TNeu118f24 (Lyn tyrosine kinase).

(Rashbass et al., 1992) and for Gqa, the focus of the work was
using a constitutive form of the protein, which led to
dorsoventral patterning defects (Kume et al., 2000). The two
remaining genes in this subgroup are novel to Xenopus. One
is the orthologue of mouse zinc finger protein 326, which has
not been studied at a functional level, and the other is a novel

protein with no significant homology to any protein on the
databases. Of the 10 genes in this subgroup, four encode G
proteins (Cdc42, RAL-A, Gqa and GTP-binding protein like
1), two are genes known to be part of the planar cell polarity
pathway (Wnt11 and Strabismus), two are transcription
factors (E12 and zinc finger protein 326), one is involved in
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Fig. 5. Non-mesoderm related phenotypes. (A) Classification based on phenotype can be subdivided into two major groups: ‘Mesoderm related phenotypes’
and ‘non-mesodermal related phenotypes’ (blister, ectopic pigmentation, apotosis, bending and mix). Values are given as percentages of identified active
clones in the total (nZ82) and within the subgroup of non-mesoderm defect clones (nZ18). (B) Blister phenotype caused by TNeu140g18 (connexin 43.4).
(C) Embryo injected with TNeu058o20 (Sox21) shows ectopic pigmentation. (D) Stage 10 uninjected embryos. (E and F) Stage 10 and 35 embryos,
respectively, injected with TNeu026a07 (hypothetical protein BC014729) show a phenotype characteristic of apoptosis. (G) Embryo injected with
TGas139k18 (hydroxymethylbilane synthase) displaying a bent phenotype.

ribosome biosynthesis (pescadillo) and the remaining gene is
of unknown function (novel protein). Of the 10 genes,
eight had regionalized expression patterns and two (Cdc42,
RAL-A) were ubiquitously expressed. Six of the
regionalized expressed genes were expressed in mesoderm

at the gastrula stages (Strabismus, GTP-binding protein 1,
Wnt-11, Gqa, zinc finger protein 326 and E12) and the
remaining two (pescadillo and the novel protein) were
expressed in anterior neuroectoderm from the neurula stages
(Fig. 7).
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Table 8
Non-mesoderm related phenotypes

2.5. Anterior defects
Thirteen cDNAs were identified that disrupt anterior
embryo morphology (Fig. 3F, Table 3). The disruptions
included alterations of head development and head specific
features such as the cement gland, hatching gland, and eyes
of the developing tadpole. Among these 13 genes, two
(BMP7, Msx1) were previously known to lead to head
truncations when missexpressed (Maeda et al., 1997; Suzuki
et al., 1997b; Wang et al., 1997a). Both of these genes are
thought to play important roles during dorso-ventral and
anterior–posterior patterning in early development (Eimon
and Harland, 1999; Hawley et al., 1995; Maeda et al., 1997;
Suzuki et al., 1997b), thus this group included genes known
to be involved in the processes we are interested. In
addition, this group of genes may contain genes involved in
anterior mesendoderm and/or neurectorderm specification
or some aspect of head morphogenesis. In addition to BMP7
and Msx1, this group contains nine genes with orthologues
in X. laevis. These genes are Cad1 (Reece-Hoyes et al.,
2002), FoxA1 (also known as XFKH2 and HNF3a) (Bolce
et al., 1993; Ruiz i Altaba et al., 1993), N-ras (Moreau et al.,
1989), GATA4 (Jiang et al., 1999; Kelley et al., 1993),
HoxD1 (Kolm and Sive, 1995), Eyes absent-1 (Eya1)
(David et al., 2001), Ga-11 (Shapira et al., 1994), eHAND
(Sparrow et al., 1998b) and an unknown protein
(MGC68924). With the exception of GATA4, which has

been implicated in both endodermal and heart development
(Latinkic et al., 2003; Weber et al., 2000), very little
functional work has been done on these genes. The
remaining two genes are novel to Xenopus and encode
proteins that are similar to human proteins (SRrp35 and
Pax-3). Of the thirteen genes in this group eight are
transcription factors (Cad1, FoxA1, GATA4, HoxD1, Eya1,
eHAND and Pax-3), two are G proteins (N-ras, Ga-11), one
is a growth factor (BMP7), one is involved in the regulation
of alternative splicing (SRrp35) (Cowper et al., 2001) and
the remaining gene encodes a novel protein of unknown
function (MGC68924). Of the thirteen genes in this group
nine have regionalized expression, two were undetectable
(BMP7 and N-ras) and the other two were ubiquitous
(Ga-11 and MGC68924). Of the genes expressed regionally, five (FoxA1, Cad1, Msx-1, HoxD1 and SRrp35) were
expressed in mesoderm at the gastrula stages (Fig. 8), three
were expressed in mesoderm at the neurula and/or tailbud
stages (eHAND, GATA4 and Eya1) and the remaining gene
(Pax-3) was expressed in predominantly in neuroectoderm
(Fig. 8).
2.6. Dorso-anteriorized
Nine of the 82 genes identified in this screen led to
enhanced dorso-anterior development in tailbud stage
embryos (Fig. 3G; Table 4). Among these nine, four genes
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Fig. 6. Regionalized expression pattern of clones giving rise to gastrulation defects with effects on the expression of the early mesoderm markers. Ten clones
from this synphenotype group gave rise to restricted expression patterns. The images are ordered by clone name. For each clone the species and annotation of
the closest matching blastx hit is shown. Abbreviations are: a, anterior view (stage 21); d, dorsal view (stage 11, 13, 15, 17 and 21); l, lateral view (stage 10, 30,
and 32); v, vegetal view (stage 11).

were previously known to cause dorso-anteriorized phenotypes in embryos when overexpressed. These four genes are
FoxD5a/XFD-12/XFLIP (Fetka et al., 2000; Solter et al.,
1999; Sullivan et al., 2001), FrzA (Xu et al., 1998). Chordin

(Sasai et al., 1994) and Xnr3A (Haramoto et al., 2004; Smith
et al., 1995). This group also contains the bHLH transcription factor, Hairy2A (Jen et al., 1997; Turner and
Weintraub, 1994), which has not previously been shown
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Fig. 7. Regionalized expression pattern of clones giving rise to gastrulation defects without effecting the expression of the early mesoderm markers. Eight
clones from this synphenotype group gave rise to restricted expression patterns. The images are ordered by clone name. For each clone the species and
annotation of the closest matching blastx hit is shown. Abbreviations are: a, anterior view (stage 15 and 17); d, dorsal view (stage 17 and 19); l, lateral view
(stage 28 and 30); v, vegetal view (stage 11).

to cause dorso-anteriorized effects in embryos when overexpressed. However, this may be due to the fact that only
very limited amount of functional work has been done on
this gene in Xenopus. One recent publication showed that
Hairy2A inhibits BMP4 expression at the neurula stage
(Glavic et al., 2004). If Hairy2A inhibits BMP4 expression
at the gastrula stage, this could explain the dorsoanteriorized effect seen in whole embryos. Another gene
in this group that is already present in the public databases
from X. tropicalis is alpha2,3-sialyltransferase, which is a
metabolic enzyme that places sialic acid onto galactose.
However, there is at present no functional work nor is
there a publication associated with this gene in Xenopus.
This group also contains an orthologue of the human
calumenin gene. The final two genes (0610030H11Rik
protein and Novel protein similar to NY-REN-2 Antigen)
are both novel proteins of unknown function. Of the nine

genes in this group, two are transcription factors (FoxD5a/
XFD-12/XFLIP and Hairy2A), three are extracellular
signalling molecules or antagonists of signalling molecules
(Chordin, Xnr3A and FrzA), one is a Ca2C binding
endoplasmic reticulum protein (calumenin), one is a
metabolic protein (alpha2,3-sialyltransferase) and the
remaining two are novel proteins (0610030H11Rik protein
and Novel protein similar to NY-REN-2 Antigen). Six of
the nine genes in this group had regionalized expression
patterns, two were ubiquitously expressed (alpha2,3-sialyltransferase and Novel protein similar to NY-REN-2
Antigen) and one was undetectable (0610030H11Rik
protein). Of the six genes with regionalized expression
patterns, five (FoxD5a/XFD-12/XFLIP, Hairy2A, Xnr3A,
calumenin and chordin) were expressed in mesoderm at the
gastrula stages (Fig. 9). The remaining gene (FrzA) was
expressed in mesoderm in the neurula (Fig. 9).
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Fig. 8. Regionalized expression pattern of clones giving rise to anterior defects. Nine clones from this synphenotype group gave rise to restricted expression
patterns. The images are ordered by clone name. For each clone the species and annotation of the closest matching blastx hit is shown. Abbreviations are: a,
anterior view (stage 17); d, dorsal view (stage 13, 15, 17 and 20); l, lateral view (stage 11, 28, and 30); v, vegetal view (stage 11).

2.7. Extra axis
Nine clones gave rise to an extra axis when misexpressed
(Fig. 3H,I; Table 6). This group includes clones that gave
rise to complete double axes, including the head (e.g.
FGFR1 oncogene partner, OVO homolog-like 2 isoform A),
clones that gave rise to a partial secondary axis (e.g.
lysosomal-associated protein transmembrane 4A, Unnamed
protein product/ BAC36176, and HMG-17) and clones that

gave rise to a secondary tail (e.g. OTX5, Ets, Lyn, and
similar to RIKEN cDNA 1810055D05). None of the genes
identified in this group had previously been shown to cause
secondary or extra axes. Four of them (Otx5, the ets
transcription factor XER81, Lyn protein tyrosine kinase and
the high mobility group HMG-17) had previously been
cloned from X. laevis. Although some functional work has
been done on Otx5 and XER81 in Xenopus, neither had been
previously shown to induce a secondary axis when injected
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Fig. 9. Regionalized expression pattern of clones giving rise to dorso-anteriorized phenotypes. Six clones from this synphenotype group gave rise to restricted
expression patterns. The images are ordered by clone name. For each clone the species and annotation of the closest matching blastx hit is shown.
Abbreviations are: d, dorsal view (stage 15 and 17); l, lateral view (stage 28 and 30); v, vegetal view (stage 11).

into embryos (Chen et al., 1999; Kuroda et al., 2000;
Munchberg and Steinbeisser, 1999; Vignali et al., 2000).
There are no reported studies on either Lyn tyrosine kinase
or HMG17 in Xenopus. The remaining five genes are novel
to Xenopus. These include two genes with their closest
homologues in mouse (OVO homolog-like 2 isoform A
and unnamed protein product/BAC36176) and three genes
with their closest homologues in human (lysosomalassociated protein transmembrane 4A/LAPTR4A, FGFR1
oncogene partner (FOP) and similar to RIKEN cDNA
1810055D05). With the exception of lysosomal-associated
protein transmembrane 4A (LAPTR4A), which is involved
in lysosomal protein transport (Hogue et al., 2002), no
functional work has been done on these genes. There are
four transcription factors in this group (Otx5, XER81,
HMG-17 and the OVO homolog), one src-like tyrosine
kinase (Lyn), one lysosomal transport protein (LAPTR4A)
and three genes of no known function (FOP, an unnamed
protein product/BAC36176 and a protein similar to RIKEN
cDNA 1810055D05). This group contains six genes with
regionalized expression (Fig. 10) and three that were
ubiquitously expressed (FOP, HMG-17 and Lyn tyrosine

kinase). Of the six genes with regionalized expression, four
were expressed in mesoderm in the gastrula (the OVO
homolog, LAPTR4A, Otx5 and XER81), one was expressed
predominantly in the pharyngeal pouches (unnamed protein
product/ BAC36176) and one was expressed in the head
region of the tadpole (similar to RIKEN cDNA
1810055D05) (Fig. 10).
2.8. Shortened anterior–posterior axis
We found eight genes that gave rise to shortened anterior–
posterior axis (Fig. 3J; Table 6). We expected that some of the
genes in this group are important in coordinating convergent
extension movements, which are mostly responsible for the
anterior–posterior elongation of the embryo (Gerhart and
Keller, 1986). This group contains Xsprouty2, a gene known
to be involved in the coordination of convergent extension
movements through its modulation of FGF receptor signalling (Nutt et al., 2001b). Two other genes with their closest
homologues in Xenopus laevis were found to give shortened
A/P axes. These two genes are DDL3/DLX5 (Papalopulu and
Kintner, 1993) and scaffold attachment factor A (SAF-A).
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Fig. 10. Regionalized expression pattern of clones giving rise to extra axis. Six clones from this synphenotype group gave rise to restricted expression patterns.
The images are ordered by clone name. For each clone the species and annotation of the closest matching blastx hit is shown. Abbreviations are: a, anterior
view (stage 17); d, dorsal view (stage 13 and 17); l, lateral view (stage 11, 28 and 30); v, vegetal view (stage 11).

Overexpression of DDL3/DLX5 also inhibited the mesoderm markers Xbra and Xmyf-5 and caused anterior defects.
Neither one of these genes has been studied functionally in
Xenopus. The remaining five genes are all novel to Xenopus.
Two of these genes have their closest homologs in mouse
(MRK, a novel receptor tyrosine kinase and odd skipped
related 1/OSR1). The three remaining genes have their
closest homolog in human (LIM protein, protein phosphatase
1 and similar to casein and cyclin-dependent kinase
substrate). This group of consists of two transcription factors
(DLL3/DLX5 and OSR1), four proteins involved in signalling (MRK, Sprouty2, LIM protein, which is similar to rat
protein kinase C-binding enigma and protein phosphatase 1,
regulatory inhibitor subunit 14B), a nuclear scaffolding
protein (SAF-A) and one protein of unknown function
(Similar to casein and cyclin-dependent kinase substrate).
Seven of the eight genes in this group had regionalized
expression and the remaining gene (MRK) was undetectable
by whole-mount in situ hybridization (Fig. 11). Four out of
the seven genes were expressed in mesoderm at the gastrula
stage (DLL3, Sprouty2, SAF-A and similar to casein and
cyclin-dependent kinase substrate), one was expressed in
mesoderm at the neurula stage (protein phosphatase 1), one
was expressed as a belt around the neurula and tailbud stage

embryos (OSR1) and the last gene was expressed in the
posterior region of the tailbud stage embryo (LIM protein).
2.9. Posterior defects
We identified three genes that cause posterior defects
consistent mostly in defects in the formation of the
proctodeum (Fig. 3K; Table 7). One of these genes
(Cad3) has been studied extensively and has been
shown to play an important role in anterior–posterior
development (Isaacs et al., 1998; Pownall et al., 1996;
Reece-Hoyes et al., 2002). Tbx6, which is also in this
group, was previously cloned in Xenopus, but very little
functional work has been done on this protein (Uchiyama
et al., 2001). The third gene (similar to RIKEN cDNA
1200009K13) has not been characterized functionally in
any system. The other two genes in this group are
transcription factors (Cad3 and Tbx6). All three of these
genes had regionalized expression patterns (Fig. 12).
Cad3 and Tbx6 were expressed in mesoderm from the
gastrula stages. Interestingly, Tbx6 had a similar
expression to Xmyf-5 at the gastrula stage, and thus
becomes only the second known gene to be expressed
specifically in dorso-lateral mesoderm at this stage
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Fig. 11. Regionalized expression pattern of clones giving rise to shortened anterior–posterior axis. Seven clones from this synphenotype group gave rise to restricted expression patterns. The images are ordered
by clone name. For each clone the species and annotation of the closest matching blastx hit is shown. Abbreviations are: a, anterior view (stage 17); d, dorsal view (stage 17); l, lateral view (stage 11, 28 and 30); v,
vegetal view (stage 11).
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Fig. 12. Regionalized expression pattern of clones giving rise to posterior defects. Three clones from this synphenotype group gave rise to restricted expression
patterns. The images are ordered by clone name. For each clone the species and annotation of the closest matching blastx hit is shown. Abbreviations are: d,
dorsal view (stage 15 and 17); l, lateral view (stage 28 and 30); v, vegetal view (stage 11).

(Fig. 12). Similar to RIKEN cDNA 1200009K13 was
expressed predominantly in neuroectoderm from the
neurula stages (Fig. 12).
2.10. Non-mesoderm related phenotypes
2.10.1. Blisters
In the screen we also identified a number of clones that
gave rise to phenotypes that were unlikely to be due to
defects in mesoderm formation (Fig. 5B; Table 8).
We found four genes that caused consistent blisters in
embryos (Fig. 5B). These four genes include a novel bHLH
protein with low level similarity to Thylacine 2 (Sparrow
et al., 1998a), sonic hedgehog (shh) (Ekker et al., 1995; Ruiz
i Altaba et al., 1995), caspase 10 (Nakajima et al., 2000) and
connexin 43.4 (Landesman et al., 2003). These four genes
include a transcription factor (the novel bHLH protein), a
signalling molecule (shh), a cysteine protease normally
associated with apoptosis (caspase-10) and gap junction
protein possibly involved in gap junctional intercellular
communication (connexin 43.4) (Landesman et al., 2003).
The novel bHLH protein was expressed in mesoderm
starting at the gastrula stage (Fig. 13). The other two genes
in this subgroup were either ubiquitously expressed
(caspase-10) or undetectable by whole-mount in situ
hybridization (connexin 43.4).
2.10.2. Ectopic pigmentation
Another category of ‘other’ phenotypes was ectopic
pigmentation (Fig. 5C; Table 8). This subgroup contains five
genes, two with homologs already present in Xenopus laevis,
ESR6 (Deblandre et al., 1999) and transformer-2 a (Tra-2 a),
and three novel genes to Xenopus (Munc13, Sox21 and
CHORD containing, zinc binding protein 1/Chp-1).
These five genes include two transcription factors
(ESR6 and Sox21), a diacylglycerol binding protein
essential for synaptic vesicle maturation (Munc13)

(Augustin et al., 1999), a sequence specific regulator of
pre-mRNA splicing (Tra-2 a) (Tacke et al., 1998), and a zinc
binding protein of unknown function (Chp-1) (Brancaccio
et al., 2003). All five genes in this subgroup have regionalized
expression patterns (Fig. 13). Munc13 was expressed in nonneural ectoderm. ESR6 was broadly expressed in
the ectoderm early, but at the tailbud stage it was expressed
prominently in the posterior half of the cement gland. Tra-2 a
was expressed in the eyes, brain, pharyngeal pouches and
posterior somites. Sox21 was expressed in anterior neurectoderm and Chp-1 was strongly expressed in the somites
from the neurula stages (Fig. 13).
2.10.3. Apoptosis
Another subgroup of non-mesoderm related phenotypes
was early cell death (Fig. 3E,F; Table 8). This subgroup
of genes includes Bax (Finkielstein et al., 2001)
(Sachs et al., 1997), a gene known to be central in the
regulation of apoptosis. RhoA (Wunnenberg-Stapleton
et al., 1999; Tahinci and Symes, 2003) is also in this
subgroup. This gene was also isolated in another functional
screen as causing apoptosis (Grammer et al., 2000) and
evidence from other systems has suggested that this gene
can induce programmed cell death (Aznar and Lacal, 2001;
Esteve et al., 1998). This subgroup also contains Heterogeneous nuclear riboprotein A2 (hnRNP A2) (Good et al.,
1993), which has not previously been correlated with
apoptosis. In addition this subgroup contains a novel cyclin
D protein and a novel gene to Xenopus, which is similar to a
mouse hypothetical protein (BC014729) of unknown
function. Of all the genes in this subgroup, only one
(novel cyclin D) has a regionalized expression pattern
(Fig. 13). The rest are expressed ubiquitously (Table 8).
2.10.4. Bending
Two genes in the screen led to embryos that
were consistently bent (Fig. 3G; Table 8). These two genes
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Fig. 13. Regionalized expression pattern of clones giving rise to non-mesoderm related defects. Eleven clones from non-mesoderm related defect group gave
rise to restricted expression patterns. These images are sub-grouped by synphenotypes and ordered by clone name. The upper two genes (TGas058e12,
TNeu023n04) gave rise to a blister phenotype; the next five genes (TGas005m21, TGas007h22, TGas108b01, TNeu058o20, TNeu104c17) gave rise to ectopic
pigmentation; the next gene (TGas111k06) gave rise to apopotisis; the next two genes (TGas139k18, TNeu101f16) gave rise to a bending phenotype and the
last gene (TGas100b22) gave rise to a mixed phenotype. For each clone the species and annotation of the closest matching blastx hit is shown. Abbreviations
are: a, anterior view (stage 20); d, dorsal view (stage 15, 17 and 30); l, lateral view (stage 11, 21, 28 and 30); v, vegetal view (stage 11).
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were a signalling protein, 14-3-33 (Kumagai et al., 1998)
and a metabolic protein enzyme with its closest homolog in
human (hydroxymethylbilane synthase/porphobilinogen
deaminase). The expression of 14-3-33 was initially
ubiquitous, but was regionalized at the tailbud stages, with
expression being concentrated in the head and branchial
arches (Fig. 13). Expression of hydroxymethylbilane
synthase/porphobilinogen deaminase was specific to the
blood islands (Fig. 13).
2.10.5. Mixed phenotypes
Two clones from our screening did not give consistent
phenotypes according to our scoring criteria (more than
40%) (Table 8). Repeated injection of one clone
(TGas014k12), corresponding to Rab-GDP dissociation
inhibitor, gave rise to a mixture of phenotypes, including
gastrulation defect, anterior defect and extrusions. In the
case of clone TGas100b22, which is a novel zinc finger
protein, the predominant phenotype was embryos with a
‘big belly’, which was difficult to fit into any category.
The expression pattern of Rab-GDP dissociation
inhibitor was ubiquitous while the expression of the
novel zinc finger protein was limited to the anterior neural
plate (Fig. 13).

3. Discussion
We have generated and used a unique set of full-length
clones from Xenopus tropicalis in a functional screen
aimed at identifying genes involved in mesoderm
formation, patterning and morphogenesis. Out of 1728
clones screened so far, we identified 82 that affect tadpole
morphology or the expression of the early mesoderm
markers, Xbra and Xmyf-5. The 82 genes fell into several
synphenotype groups, suggesting that the genes were
affecting different aspects of mesoderm formation. For
example the clones that caused gastrulation defects with
alterations in Xbra and Xmyf-5 expression (Table 1) were
genes that affect early mesoderm fate decisions. Indeed
most of the genes within this group were transcription
factors, while most of the genes in the synphenotype
group that caused gastrulation defects without affecting
the expression of the early mesoderm markers (Table 2)
were signalling molecules, including proteins known to
be involved the control of cell movements during
gastrulation, such as Wnt11, Strabismus and Cdc42
(Choi and Han, 2002; Darken et al., 2002; Goto and
Keller, 2002; Tada and Smith, 2000). The anterior defect
group (Table 3) contained genes in the BMP pathway,
such as BMP-7 and Msx-1, as well as genes involved in
posterior development and/or the regulation of Hox genes,
such as Cad1, HoxD1 and Pax3. The dorso-anteriorized
group (Table 4) contained several growth factor antagonists or proteins that inhibit the expression of growth
factors. Included in this group are Chordin, a BMP

antagonist (Piccolo et al., 1996); FrzA, a wnt antagonist
(Xu et al., 1998); Xnr3, a BMP antagonist (Hansen et al.,
1997; Haramoto et al., 2004); and Hairy2A, an inhibitor
of BMP-4 expression (Glavic et al., 2004). These results
suggest that the synphenotype groups contain genes
involved in common pathways in mesoderm formation.
It might therefore be expected that other genes within
each of the synphenotype groups will turn out to
participate in the same steps of mesoderm formation.
We examined the expression pattern of the 82 genes
isolated in this screen and found that the majority (71%) had
regionalized expression patterns. In contrast, when clones are
randomly picked from a library for an in situ screen, one finds
that only about 30% have restricted expression patterns
(Gawantka et al., 1998). One possible reason for this
difference is that genes involved in development are more
likely to be expressed regionally, and since the genes had been
selected based on their developmental missexpression
phenotypes, then it may not be surprising that the genes
were more likely to show specific expression patterns than
randomly selected genes. Importantly we found that most of
the genes isolated in our screen were expressed in mesoderm.
We chose to generate the unique full-length clone set
from X. tropicalis in order to avoid complexities created by
the duplicated genome of X. laevis (Amaya et al., 1998).
Another reason to choose X. tropicalis is that our eventual
aim is to incorporate both gain-of-function data with
loss-of-function data in our screening strategy. In the next
step of the screening strategy we intend to take the subset of
genes identified in this screen, which affected mesoderm
formation AND were expressed in mesoderm and perform a
small-scale loss-of-function screen on these selected genes.
Currently the best approach to perform loss-of-function
experiments in Xenopus is injecting antisense morpholinos
oligonucleotides (MOs) targeted either at the start of
translation of the mRNA or the splice junctions of prespliced mRNA (Carruthers et al., 2003; Heasman et al.,
2000; Nutt et al., 2001a; Polli and Amaya, 2002). However,
MO experiments are both expensive and acutely sensitive to
polymorphisms (Khokha et al., 2002). Given that the
genome of X. tropicalis is less complex, there is a large
amount of EST sequence information that can be used to
identify starts of translation and polymorphisms (Gilchrist
et al., 2004) and the genome is being sequenced which is
essential for identifying splice junctions (Klein et al., 2002),
we intend to perform the loss-of-function screen in
X. tropicalis. To this end, we recently completed a small
scale MO screen in X. tropicalis, which led to the
identification of a novel gene involved in head development
(Kenwrick et al., 2004). In that screen the genes were
selected solely on their expression patterns. Our current
strategy incorporates both gain-of-function phenotypes and
expression patterns in order to select the genes that a carried
further into the loss-of-function screen. Eventually by
combining the results obtained from gain-of-function
experiments, expression data and loss-of-function
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information we will be able to assemble an understanding of
each genes role in mesoderm formation. By changing the
assays, it will be possible to adapt this large-scale functional
genomic approach in Xenopus tropicalis to help unravel the
molecular pathways responsible for a large number of
developmental processes (see for example Voigt et al.,
2005). In the future such screens will be able to take
advantage of a larger set of around 7000 full-length clones
from Xenopus tropicalis which were recently identified
(Gilchrist et al., 2004).

4. Experimental procedures
4.1. cDNA library construction, arraying
and generation of mRNA pools
A gastrula and a neurula stage X. tropicalis cDNA library
were generated as described (Gilchrist et al., 2004). From
approximately 100,000 gastrula and neurula cDNAs a
conservative unique full-length set of 2304 clones were
picked and re-arrayed into 24 96-well plates (Voigt et al.,
2005) (for detailed information on these 2304 clones, chose
database ‘Xt2 INITIAL FULL LENGTH PROJECT’ in the
following website: http://informatics.gurdon.cam.ac.uk/
online/xt-fl-db.htm). Each 96 well plate of the unique fulllength cDNA library was divided into 12 column pools
(eight clones per pool) and plasmid preps were performed
on each pool using a QIAgen minprep kit. Plasmids were
linearized by AscI and capped mRNAs were synthesized
using Ambion MEGAscripte kit and SP6 polymerase.
Sequences associated with each clone can be accessed either
by searching the NCBI database using the clone name
(i.e. TGas002g05) or by searching the Xenopus tropicalis
Full-Length Project database (http://informatics.gurdon.
cam.ac.uk/online/xt-fl-db.htm).
4.2. Embryo injections
X. laevis embryos were obtained and cultured using
standard methods (Sive et al., 2000) and were staged
according to (Nieuwkoop and Faber, 1967). 3.2 ng of
mRNA from each column pool of eight clones (approximately 400 pg/each clone) was injected into one cell at
that two cell stage in the marginal zone. 130 pg of
b-galactosidase (b-gal) mRNA was co-injected with each
pool as lineage tracer. The uninjected side of each embryo
was used as a control.
4.3. X-gal staining and whole mount in situ hybridization
Seventy embryos were injected with each pool/b-gal
mRNA mixture. Forty embryos were fixed at stage 11 and
stained with X-gal (Bourguignon et al., 1998). These
embryos were then split into two subgroups. One
subgroup was stained for the general mesodermal marker
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Xbra (Smith et al., 1991), and the other subgroup was
stained for the dorso-lateral mesoderm marker, Xmyf-5
(Dosch et al., 1997; Hopwood et al., 1991; Polli and
Amaya, 2002). The remaining embryos (approximately 30
embryos) were cultured until stage 34 and their phenotypes were recorded. Whole mount in situ hybridization
was done with digoxigenin-UTP labeled probes using a
commercial in situ machine (Biolanee HTI) using a 48
well basket (http://www.h-net.com/english/hti-e.htm).
Whole-mount in situ hybridization of X. tropicalis
embryos were performed as described in the Harland
Xenopus tropicalis website (http://tropicalis.berkeley.edu/
home/gene_expression/in-situ/insitu.html) (see also (Khokha et al., 2002), except that the concentration of
Proteinase K treatment was reduced to 2 mg/mL and
RNase step was eliminated. AscI linearized plasmids were
used as template to make digoxigenin-UTP labeled
mRNA probe. For negative control, digoxigenin-UTP
labeled probe was made from plasmid without insert.
Embryos were bleached after staining according to Mayor
et al. (1995). The embryos were photographed using a
Sony digital camera and Northern Eclipse software, and
the contrast of the images was increased in Adobe
Photoshop.
4.4. Embryo phenotype analysis
and identifying active clones
Any pool showing a consistent phenotype in greater than
40% of the injected embryos was scored as a positive. Pools
showing alterations in gross tadpole morphology as well as
ones giving alterations to the expression of Xbra and/or
Xmyf-5 were selected for further analysis. Active pools were
split into single clones and injected individually in order
to identify the active clone. For this 400 pg of in vitro
transcribed mRNA from each clone plus 130 pg of b-gal
mRNA was injected into one cell of two-cell stage embryos.
At the same time, the original column pool mRNA and the
combined mRNA from the eight individual mRNAs were
injected as positive controls.
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