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Abstract: The 7'-box gene family consists of members that share a unique DNA binding domain. The best characterized 7'-box 
gene, Brachyury or T, encodes a transcription factor that plays an important role in early vertebrate development. Seven other 
recently described mouse 7'-box genes are also expressed during development. In the nematode Caenorhabditis elegans, four 
7'-box genes have been characterized to date. In this study, we describe three new C. elegans 7'-box genes, named Ce-tbx-11, 
Ce-tbx-12, and Ce-tbx-17. Ce-tbx-11 and Ce-tbx-17 were uncovered through the sequencing efforts of the C. elegans Genome 
Project. Ce-tbx-12 was uncovered through degenerate PCR analysis of C. elegans genomic DNA. Ce-tbx-11 and Ce-tbx-17 
are located in close proximity to the four other previously described Tbox genes in the central region of chromosome 111. In 
contrast, Ce-tbx- 12 maps alone to chromosome 11. Phylogenetic analysis of all known 7'-box domain sequences provides 
evidence of an ancient origin for this gene family. 

Key words: transcription factor, 7'-box genes, evolution, Brachyury. 

RCsumC : La famille de gknes 7'-box comprend des membres qui partagent un domaine de liaison B 1'ADN unique. Le mieux 
caractCrisC de ces ghes,  Brachyury ou T, code pour un facteur de transcription qui joue un r61e important t6t lors du 
dCveloppement des vertCbrCs. Sept autres g h e s  7'-box rCcemment dCcrits chez la souris sont Cgalement exprimCs lors du 
dCveloppement. Chez le nCmatode Caenorhabditis elegans, quatre gknes T-box ont CtC caractCrisCs B ce jour. La prCsente Ctude a 
permis d'identifier trois nouveaux gknes 7'-box chez le C. elegans: Ce-tbx-11, Ce-tbx-12 et Ce-tbx-17. Les g h e s  Ce-tbx-11 et 
Ce-tbx-17 ont CtC identifiks griice au projet gCnome en cours chez le C. elegans. Le g&ne Ce-tbx-12 a CtC obtenu par amplification 
PCR de 1'ADN gCnomique du C. elegans B l'aide d'arnorces dCgCnCrCes. Les gknes Ce-tbx-11 et Ce-tbx-17 sont situCs trks 
proches des quatre gknes 7'-box rapportCs prCcCdemrnent, soit dans la rCgion centrale du chromosome III. Quant au gkne 
Ce-tbx-12, il est situC plut6t sur le chromosome 11. Une analyse phylogCnCtique de toutes les sCquences connues de domaines 
7'-box suggbe que cette farnille de gknes est d'origine ancienne. 

Mots cl6s : facteur de transcription, gknes 7'-box, Cvolution, Brachyury. 

[Traduit par la Redaction] 

Introduction 

The T-box gene family shares a homologous domain, named 
the T-box, that was first described within the mouse Brachyury 
(T) locus (Herrmann et al. 1990; Bollag et al. 1994). The T-box 
domain is 174-1 86 amino acids in length and has been shown 
to be associated with sequence specific DNA binding activity 
(Pflugfelder et al. 1992; Kispert and Herrmann 1993). In 
recent work described by Kispert et al. (1995), the product of 
the prototypical member of the T-box gene family, Brachyury, 
was shown to behave as a transcription factor with both acti- 
vation and repression domains when assayed within tissue- 
culture cells. This study provided the biochemical basis for the 
action of the Brachyury-gene product in the differentiation of 
the notochord and the induction of posterior mesoderm during 
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mammalian embyrogenesis. In studies of the Brachyury 
homolog in other species, a similar role in mesodermal forma- 
tion was demonstrated (Herrmann and Kispert 1994). 

To date, eight mouse T-box genes have been identified 
(Bollag et al. 1994; Bulfone et al. 1995; Agulnik et al. 1996). 
All these genes have highly specific patterns of expression 
during embryogenesis (Bollag et al. 1994; Bulfone et al. 1995; 
Chapman et al. 1996). Members of the T-box gene family have 
also been found in other metazoan species, with four having 
been identified in Drosophila melanogaster (Pflugfelder et al. 
1992; Kispert et al. 1994; Brook and Cohen 1996; unpublished 
data) and four in the nematode Caenorhabditis elegans 
(Agulnik et al. 1995). 

In this report, we describe the identification and analysis 
of three new T-box genes in the genome of the nematode 
C. elegans. This brings the total number of C. elegans T-box 
genes to seven. Surprisingly, it appears likely that all seven 
genes were already established at the outset of metazoan 
evolution. 

Materials and methods 

PCR amplification, cloning, and sequencing 
A 200-ng aliquot of C. elegans genomic DNA was subjected to PCR 
amplification with degenerate forward (TA(CT) AT(ACT) CA(CT) 
CCN GA(CT) (AT)(CG)N CC) and reverse (GTN ACN GCN 
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Fig. 1. cDNA sequence and predicted amino acid sequence of the Ce-tbx-12 gene. The in-frame terminator codon in the 5'-UTR is shown in 
bold. The polyadenylation signal (AATAAA) at position 1201 is underlined. The cDNA sequence has been deposited in GenBank (see Fig. 2). 

A T G T C A A A A A G A ' I Y 3 T G C A A G T G A T A G A G A T G A T A A A G A T T C G G A G C C C G T T A A G A A A C C C  6 0  
1 M S K R C A S D R D D K D S E P V K K P  

AAAAGTGGAAGGCGAATGTPCCCAACAGITAAAGTTTCCTPCACAAATGTAATACTAGAT 3 6 0  
l O l K S G R R M F P T V K V S F T N V I L D  

GCT CTA TAT TAT ATC TPC CTA GAT GTA GTC CCA GTG GAC TCC AAA AGA TAC CGT TAC ATC 4 2 0  
1 2 1 A L Y Y I F L D V V P V D S K R Y R Y I  

TAC AAC AAA TCA GCT TGG CTC ACA GCC GGT AAA GCG GAG CCT G'TG CCA AAA AAT CGA TAT 4 8 0  
1 4 1 Y N K S A W L T A G K A E P V P K N R Y  

TAC CTT CAC CCG GAC TCC CCA TIT ACC GGT GAT CAA Cl'G CTG AAG CAC G'TG AT'T TCG TIT 5 4 0  
1 6 1 Y L H P D S P F T G D Q L L K H V I S F  

ATG CAC AAA TAC CAG CCA CGT ATT CAC ATI' GTC CAA CGC CAG AAA GCC AAC CCC 'ITS GAC 6 6 0  
2 0 1 M H R Y Q P R I ' H I V Q R Q K A N P t D  

CCT TIT GCA AAG OGG TIT AGG GAT CCT ACA GGA A= TCG CtG GAT GAA ATG GAA AGG TCC 8 4 0  
2 6 1 P F A K G F R D P T G R S P D E M E R S  

ATT TCA ATA AAA TCA GAA TAG 
3 4 1  I S  I K  S  E  AMB 

TA(CT) CA(AG) AA(CT) GA) primers. Amplification conditions devise a pair of gene-specific primers. PCR amplification of 1 pL of 
were 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min for a cDNA library (5 x lo9 phu/mL) was performed with the gene- 
35 cycles. A single resulting product was purified with the Qiagen kit, specific primers for 35 cycles (94°C for 1 min, 55°C for 1 min, and 
cloned using the TA cloning kit (Invitrogen), and sequenced using the 72°C for 1 min). The resulting 170-bp product was used as a hybrid- 
Sequenase kit (US Biochemicals). Sequence information was used to ization probe to obtain a complete cDNA clone. In each case of PCR 
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Fig. 2. Position of T-box domains within predicted protein products of the T-locus gene and C. elegans T-box genes. Sizes of the N- and 
C-terminal regions that flank the T-box domain are indicated by numbers. Total sizes of predicted products are shown to the right. The GenBank 
accession numbers for C. elegans T-box genes are Ce-tbx-2, U11279; Ce-tbx-7, U50193; Ce-tbx-8 and Ce-tbx-9,229443; Ce-tbx-11, U21310; 
and Ce-tbx-12, U56081. 

T-box domain 
178-192 amino acids Total residues 

cloning, three independent products were sequenced to eliminate 
PCR-derived mutations. 

Screening of cDNA and genomic libraries 
We screened 2 x 10' clones from both embryonic cDNA and genomic 
libraries with a specific probe under stringent conditions. Positive 
clones were isolated, and cDNA inserts were subcloned in Bluescript 
KS (-) and sequenced from both strands using specific primers. 

Evolutionary analysis 
We have used amino acid sequences to reconstruct the phylogenetic 
relationships within the T-box gene family because they provide a 
more robust approach to examining the distant evolutionary relation- 
ships as nucleotide changes tend to become saturated. The initial 
alignment was done using the PILEUP program of the GCG package 
(Genetics Computer Group 1989) and later improved manually. 
Two regions of the alignment were omitted from further study, owing 
to extensive length and sequence variation (Agulnik et al. 1996). 
Phylogenetic trees were constructed using the neighbor-joining algo- 
rithm of Saitou and Nei (1987) as implemented in the M~REE pro- 
gram (Rzhetsky and Nei 1994). We used Poisson-corrected distances 
to account for multiple hits, which are likely when distant compari- 
sons are performed (for discussion see Kumar et al. (1993)). The reli- 
ability of internal nodes was assessed by computing the confidence- 
probability values (Rzhetsky and Nei 1992) and by 1000 bootstrap 
replications (Felsenstein 1985). We have used the MEGA program 
(Kumar et al. 1993) to conduct the bootstrap analysis as well as to 
compute distances. 

Results 

Identification of three new C. elegans T-box genes 
To uncover novel a T-box gene(s) in the C. elegans genome, 
we performed PCR analysis on total genomic DNA, using a 
pair of degenerate primers encoding two conserved regions 
within the previously characterized T-domain sequence: 
YIHPDSP and VTAYQNE. This same primer pair was used 
successfully in the initial discovery of the first three mouse 
T-box genes: Tbxl, Tbx2, and Tbx3 (Bollag et al. 1994). 

A single product, 0.7 kb in size, was observed as the result 

of PCR amplification from the C. elegans genome. Sequence 
analysis of this product revealed two regions of homology to 
the T-box consensus sequence flanking a possible intron 
between them. Based on this sequence, we designed two spe- 
cific internal primers and used this pair for PCR amplification 
from an aliquot of an embryonic cDNA library. The sequence 
of the resulting PCR product coincided completely with the 
two regions of the genomic sequence that showed evidence of 
similarity to the conserved T-box domain. This result con- 
firmed the existence of an intron in the middle of the genomic 
sequence and established the locations of splice donor and 
acceptor sites. 

The cloned PCR-amplified cDNA product was used as a 
hybridization probe to screen the embryonic cDNA library. 
Two independent clones of 1.4 and 0.8 kb were recovered. 
The larger clone contained the full open reading frame of a 
novel gene (Fig. I), along with a 3'-untranslated region (3'- 
UTR) with a polyadenylation signal and a poly(A) tail. Based 
on our previously established system of T-box nomenclature 
(Agulnik et al. 1995; Agulnik et al. 1996), we are calling this 
novel gene Ce-tbx-12. The deduced product of Ce-tbx-12 
consists of 346 residues, with the position of the T-box domain 
extending from amino acid 86 to amino acid 276 (Figs. 1 
and 2). 

To establish the positions of other introns within the 
Ce-tbx-12 T-box domain, we used specific primers to amplify 
different parts of the T-box from genomic DNA. The resulting 
analysis shows, that along with the above described intron, 
there are three others. Their locations are indicated in Fig. 3. 

Since the publication of our first report describing the iden- 
tification of four T-box genes in the C. elegans genome, 
Ce-tbx-2, Ce-tbx-7, Ce-tbx-8, and Ce-tbx-9 (Agulnik et al. 
1995), two additional members of this gene family have been 
identified through the C. elegans Genome Sequencing Project. 
The first of these was designated F40H6.4 (accession 
No. U21310). We have given the name Ce-tbx-11 to this gene. 
The second gene was found within the cosmid H14A12 
(Wilson et al. 1994) and we have named it Ce-tbx-17. 
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Agulnik et al. 

Phylogenetic analysis of the C. elegans T-box genes 
Figure 3 shows an alignment of the T domains of all known 
C. elegans T-box genes. This alignment acted as the basis for 
building the phylogenetic tree that has 21 T-box domains 
shown in Fig. 4. As there is no unequivocal way of building a 
rooted tree in the absence of an established outgroup 
sequence, we have used the unweighted pair-group method 
with arithmetic averaging (UPGMA) (as implemented in the 
MEGA program) to locate the most likely root position. This 
analysis placed the root between the Ce-tbx-11 sequence and 
the rest of the gene family, since the sequence of Ce-tbx-11 
showed the most dramatic divergence from the "consensus" 
T domain. In particular, the Ce-tbx-11 sequence has amino 
acid substitutions in 14 residues (shown as boldfaced letters in 
Fig. 3) that are otherwise conserved in all other C. elegans 
members of the T-box gene family. This provides evidence for 
a very early duplication event that may have occurred prior to 
the onset of metazoan evolution. 

In contrast, the Ce-tbx-12 and Ce-tbx-17 sequences lie 
securely within the realm of previously described T-box genes 
in mice and other organisms. In particular, Ce-tbx-12 shows 
greatest similarity to the set of non-Brachyury T-box genes 
defined in the mouse genome, and is distinct from the 
C. elegans genes Ce-tbx-7, Ce-tbx-8, Ce-tbx-9, and Ce-tbx-17. 
The most closely related sequence to Ce-tbx-12 is found in the 
recently described Drosophila H15 gene. 

uup1cni  
x n z V I l z  
V l b b 3 J  
C C C C C  
3 3 3 5 5  

n l P l 4 4 x  
x x x x x  
H > 3 3 3  b h J X >  

- 4  x  .Vlw 
0 1 x 0  
u z x  
u+C4 
b H W  
C 4 + +  
rxlzlz :@: 
n v l x  n n w  
> > H  
JPlU 
n > w  
J > J  x n n  
5 %  
C H >  
W + >  + + +  
J J W  
x 5 x  
h > 
b .PI 
n n n  
J J J  . H  . 

Map locations of the C. elegans T-box genes 
The Ce-tbx-12 gene was mapped with the use of two indepen- 
dent protocols. First, the original PCR-derived cDNA frag- 
ment was hybridized to an ordered m a y  of YAC (yeast 
artificial chromosome) clones (kindly provided by Dr. A. 
Coulson, Cambridge, England) spotted onto a nylon filter. 
Two overlapping YACs from chromosome I1 showed a posi- 
tive signal after hybridization, Y54A7 and Y49C6. Second, 
lambda clones containing Ce-tbx-12 that had been isolated 
from a genomic library were subjected to fingerprint data 
analysis by Dr. Coulson. The results demonstrate the localiza- 
tion of the gene to two neighboring cosmid clones, W07E6 
and C55G12, which are themselves contained within YAC 
Y54A7 (Fig. 5). This result suggests that Y49C6 hybridization 
is probably an artifact. 

Ce-tbx-11 and Ce-tbx-17 have been localized by the 
C. elegans Genome Sequencing Project to the same region of 
chromosome I11 that contains four other previously character- 
ized T-box genes (Agulnik et al. 1995; Fig. 5). The closest of 
these to Ce-tbx-11 is Ce-tbx-7, which is located in the neigh- 
boring cosmid, ZK328, about 15 kb away. 

d ~ H H H H H H  
X X W b b X X  
J C 4 C J J H >  
l z l z>>> lz l z  

C  Plnlnlnlnlnlnl 
o z  B H H orx 

* + + + + + + +  
x  lz x  x  lz x  x  

O *  x x x x x x x  
m *  C C C C U C C  
d C  wVlwCOBwC0 

Z Z x Z J n Z  
J J J J J J >  
H > h + X H H  

* % H H H > H H 
C C C C C C  

o *  W W W W W W W  
4 b b Z Z Z B B  

u u L . 4 > n u u  
U U X W + J J  
o w + 4 w n z  
V l J X X X C 4 X  

* C4hhhUC4C4 
o B J H w x l z  
o w z x l z 4 l z  

: z 5 5 5 5 5 z  
Discussion 

In this report, we describe the characterization of three new 
members of the C. elegans T-box gene family, which we 
have named Ce-tbx-11, Ce-tbx-12, and Ce-tbx-17. In total, 
seven distinct C. elegans T-box genes have now been charac- 
terized. Phylogenetic analysis indicates an ancient origin for 
all seven genes. The topology of the tree shown in Fig. 4 
allows us to mark the divergence of the nematode and verte- 
brate lineages at the branchpoint between Ce-tbx-2 and the 
closest mouse ortholog pair Tbx21Tbx3. Surprisingly, based 
on topology alone, it appears that Ce-tbx-12, Ce-tbx-7, 

d C V P  
C V P a J c n d d d  
I I I I I I I  

d C V P  
C V P a 3 c n d d d  
I I I I I I I  

x x x x x x x  
5555555 
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Fig. 4. Phylogenetic tree of T-box sequences. All C. elegans T-box genes characterized to date are shown in large type. Confidence-probability 
values, indicated as percentile numbers, are shown above a particular branch (only values higher than 70% are presented). The percent 
frequency of occurrence of the given branch in 1000 bootstrap replicates is indicated under the branch. Mm-T (Brachyury), Tbr-1, and Tbxl-6 
are the mouse genes; Trg, H15, and omb are the Drosophila genes; and Ac-T, Zf-T, and X1-T are Brachyury homologs from ascidians, zebrafish, 
and Xenopus laevis, respectively. 

Tbr- I 
Trg - 1 

Ac-T I 
I T locus 

99 
I 

99 Mm-T 
I - - 

Ce-TBX-7 

Fig. 5. Chromosome map positions of C. elegans T-box genes. Some marker genes closely linked to T-box genes are shown for orientation. 
T-box gene containing cosmids are shown in boldfaced letters. The Ce-tbx-12 gene was located in the terminal region of chromosome 11. Six 
other T-box genes are clustered within 5 map units of the central part of chromosome 111. 

Chromosome II Chromosome Ill 

Ce-tbx-11, and Ce-tbx-17, and the ancestral sequence to gests that each of these C. elegans genes might have mam- 
Ce-tbx-8/Ce-tbx-9 all existed as separate genes prior to this malian homologs. 
very early metazoan branch point. This result underscores The phylogenetic tree can be used to infer the existence of 
the very ancient nature of the T-box gene family. It also sug- potential homologous relationships between individual T-box 
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genes from different species. Thus, Ce-tbx-2 is more closely 
related to the mouse genes Tbx2 and Tbx3 than it is to any of 
the other C. elegans T-box genes. This suggests the possibility 
of a homologous relationship. A second homologous relation- 
ship is suggested by the presence of Ce-tbx-12 and the 
Drosophila T-box gene H15 together on an isolated branch of 
the tree. However, none of the other C. elegans T-box genes 
display obvious relationships to particular T-box genes present 
in other species. And, in those cases of suggested homology, 
future functional studies will be required to prove or reject 
interspecies relationships. 

An analysis of intron positions within the C. elegans T-box 
domains generally confirms the established tree topology 
(Fig. 3). The most divergent, Ce-tbx-11, possesses only one 
intron, which is also present in all other C. elegans genes. A 
three amino acid shift in the position of this intron separates 
the more closely related Ce-tbx-2, Ce-tbx-7, Ce-tbx-12, and 
Ce-tbx-17 genes from the Ce-tbx-8, Ce-tbx-9, and Ce-tbx-11 
genes. An exon-intron boundary shift occurred in the common 
ancestor of Ce-tbx-2, Ce-tbx-7, Ce-tbx-12, and Ce-tbx-17; 
a shift also occurred in the position of the common 
middle intron, after separation from the ancestral gene of 
Ce-tbx-8/Ce-tbx-9. 

Characterization of the chromosomal locations of the seven 
C. elegans T-box genes shows that six of them map to a small 
region of less then 5 map units on chromosome 111. Within this 
group, two genes, Ce-tbx-8 and Ce-tbx-9, are located within 
2 kb of each other, and two others, Ce-tbx-7 and Ce-tbx-11, are 
located within 15 kb of each other. The fact that no T-box 
genes have been uncovered within sequenced regions of equal 
or greater length from chromosomes 11, IV, V, and X suggests 
that the clustering on chromosome I11 is not a chance event. 
Rather, it appears likely that all five T-box genes are derived 
from ancient duplications caused by unequal crossing over. 
However, in the absence of selection, it seems likely that dis- 
persion would have taken place over the long span of evolu- 
tionary time since these events occurred. The fact that 
dispersion has not occurred provides support for a model in 
which T-box genes share common regulatory elements that 
prevent their separation from each other. 

To date, none of the C. elegans T-box genes has been sub- 
jected to functional analysis. However, it is possible to infer 
certain functional attributes based on a comparison of the pre- 
sumed protein products. All seven genes show sequence simi- 
larity in the DNA binding domain defined by the T-locus 
product. DNA binding activity has now been associated with 
products derived from four different T-box genes (Pflugfelder 
et al. 1992; Kispert and Herrmann 1993; N. Garvey, R.J. 
Bollag, and L.M. Silver, unpublished data), and a role as a 
transcriptional regulator has been demonstrated for the 
T-locus product (Kispert et al. 1995). These results strongly 
suggest that all members of the T-box gene family will be 
DNA binding proteins, and further, that they may all be 
involved in transcriptional regulation. 

Kispert et al. (1995) have demonstrated the existence of 
two transactivation and two repression domains in the 209 res- 
idue long C-terminal region of the prototypical mouse 
Brachyury gene product. The observation that each C. elegans 
gene product shows no detectable sequence similarity in the 
N-terminal and C-terminal regions that flank the T-box, and 
the observation that these non-T-box regions vary greatly in 

length, lead to the likelihood that each will have different 
functional specificity. However, issues of functionality will 
only be resolved with further genetic and biochemical 
studies. 

Note added in proof: While the manuscript was in the edito- 
rial office, a new T-box gene (accession No. AF000261) was 
uncovered through the efforts of the C. elegans Genome 
Project. In accordance with our nomenclature it was named 
Ce-tbx-18. It is localized between map units 5 and 6 on the left 
arm of chromosome 11. Evolutionary analysis indicates that 
Ce-tbx-18 is the most divergent T-box gene in C. elegans, as it 
lacks some elements conserved between Ce-tbx-11 and the 
rest of the family. 
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