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Wnt3a encodes a signal that is expressed in the primitive
streak of the gastrulating mouse embryo and is required
for paraxial mesoderm development. In its absence cells
adopt ectopic neural fates. Embryos lacking the T-box-
containing transcription factors, Brachyury or Tbx6, also
lack paraxial mesoderm. Here we show that Brachyury is
specifically down-regulated in Wnt3a mutants in cells
fated to form paraxial mesoderm. Transgenic analysis of
the T promoter identifies T (Brachyury) as a direct tran-
scriptional target of the Wnt signaling pathway. Our re-
sults suggest that Wnt3a, signaling via Brachyury, modu-
lates a balance between mesodermal and neural cell fates
during gastrulation.
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The embryonic mesoderm of the mammalian embryo is
formed by a series of inductive interactions first in the
primitive streak, which gives rise to head and trunk me-
soderm, and later in the tailbud, which generates the
most posterior mesoderm of the tail. As development
progresses, successively posterior structures are gener-
ated, leading to a posterior extension of the body axis.
Previous studies have established that Wnt3a, which en-
codes a member of the Wnt family of secreted signaling
molecules (for review, see Cadigan and Nusse 1997;
Moon et al. 1997), is expressed in pluripotent ectoderm
cells of the primitive streak during gastrulation (Takada
et al. 1994). At early somite stages [8.0–8.5 days postcoi-
tum (dpc)], the Wnt3a expression domain correlates with
a domain of cells in the anterior primitive streak fated to
give rise to paraxial mesoderm (for review, see Tam and

Trainor 1994; Wilson and Beddington 1996). Moreover,
the anterior and lateral limits of the Wnt3a expression
domain lie between cells fated to give rise to paraxial
mesoderm and cells that will give rise to neural ecto-
derm.

A requirement for Wnt3a in the specification of trunk
and tail paraxial somitic mesoderm fates has been dem-
onstrated by mutant analyses. Wnt3a homozygous null
mutant embryos lack all but the anterior-most seven to
nine somites (Takada et al. 1994; Greco et al. 1996;
Yoshikawa et al. 1997). As a consequence, only the most
rostral cervical vertebrae are formed. Histological and
molecular analyses demonstrate that ectopic neural
structures form in place of posterior paraxial mesoderm
(Yoshikawa et al. 1997). Similar results have been re-
ported recently for compound mutants in the high mo-
bility group (HMG) domain containing transcriptional
regulators Lef1 and Tcf1 (Galceran et al. 1999). Because
members of this gene family function as transcriptional
effectors of Wnt signaling (Nusse 1999), these results in-
dicate that Lef1 and Tcf1 likely mediate Wnt3a’s effects
on paraxial mesoderm development.

Mesoderm specification is thought to be regulated, at
least in part, by members of the T-box gene family of
DNA-binding transcription factors (Smith 1999). Two of
these, T and Tbx6, are coexpressed with Wnt3a in the
primitive streak during gastrulation (Takada et al. 1994;
Chapman et al. 1996). Mutations in either gene lead to a
loss of trunk and tail mesoderm (Chesley 1935; Chap-
man and Papaioannou 1998). Ectopic neural tubes form
in place of paraxial mesoderm in the Tbx6 mutants, but
it is not clear how similar the neural tube abnormalities
noted in the T homozygotes are to the Wnt3a phenotype.
Given the similarities between the Wnt3a and T-box
mutant phenotypes, we have investigated the possibility
that Wnt3a signaling functions to regulate T-box activ-
ity.

Results and Discussion

To begin to unravel the potential relationships between
Wnt3a, T, and Tbx6, we first examined the extent of the
similarities between the Wnt3a and T mutant neural
tube phenotypes. Histological analysis of serial cross sec-
tions through the posterior neural folds of an 8.0 dpc T
homozygous mutant demonstrated abnormal folding and
kinking of the neural folds that culminated in tubular
epithelial structures lying ventral to the developing en-
dogenous neural folds (data not shown). Whole-mount in
situ hybridization analysis of 9.5 dpc T mutants for the
expression of genes that mark the neural or mesoderm
lineages reveals the neural character of the ectopic tubes.
Although the expression of markers of paraxial meso-
derm such as Mox1 (Fig. 1A) are significantly reduced in
the posterior end of the T mutant embryo as expected
(Fig. 1B), neural tube markers such as the dorsally ex-
pressed Wnt3a (Fig. 1C) and Hes5 (Fig. 1E) are expressed
ectopically (Fig. 1D and F, respectively). Examination of
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sections of whole-mount stained mutant embryos dem-
onstrates ectopic expression of Wnt3a (Fig. 1H), Hes5
(Fig. 1I), and Pax3 (Fig. 1J) in ectopic tubular epithelial
structures that lie immediately ventral to the normal
neural tube. Thus, as in Wnt3a null mutants (Takada et
al. 1994; Yoshikawa et al. 1997), ectopic neural struc-
tures appear in embryos homozygous for the T mutation.
Interestingly, small patches of Mox1 expression are ob-
served occasionally in the ectopic tubes (Fig. 1B,G) sug-
gesting that some cells may still maintain mesodermal
character. Taken together, these results demonstrate the
presence of ectopic neural tube-like structures in regions
displaying reduced paraxial mesoderm, further empha-
sizing the similarities between the T, Tbx6, and Wnt3a
mutant phenotypes.

To determine whether T or Tbx6 could function in the
Wnt3a signaling pathway, we examined their expression
in embryos lacking Wnt3a function. Activation of T and
Tbx6 transcription is independent of Wnt3a, as both
genes are expressed prior to the onset of Wnt3a expres-
sion at 7.5 dpc (Wilkinson et al. 1990; Takada et al. 1994;
Chapman et al. 1996). However, Wnt3a could be re-
quired to maintain their transcription. Because the first 7
somites form in T, Tbx6, and Wnt3a homozygous mu-
tants, and the precursors of the more posterior somites
8–12 leave the streak at the 3- to 7-somite stage (Wilson
and Beddington 1996; Tam and Beddington 1987), we
reasoned that examination of T and Tbx6 gene expres-
sion in Wnt3a mutant embryos should focus on these

early somite stages. At this time, T mRNA is normally
expressed throughout the entire anterior–posterior (A-P)
length of the primitive streak, as well as the node and
notochord (Fig. 2A,B). However, T expression was com-
pletely absent from the anterior half of the primitive
streak of 2- to 4-somite Wnt3a−/− embryos (arrows, Fig.
2C,D). The down-regulation of T in the anterior streak
was observed as early as the 0-somite stage (data not
shown), several hours before any morphological abnor-
malities were evident in the mutant. The remainder of
the T expression domain in the posterior streak, node,
and notochord was unaffected at these stages except for
an abnormal domain of T expression in the posterior re-
gion of the node (data not shown). Thus, the specific

Figure 1. Expression of mesodermal and neural markers indi-
cates ectopic neural tube formation in T/T mutant embryos.
Wild-type (A,C,E) and T/T mutant (B,D,F,G,H,I,J) embryos were
hybridized with Mox1 (A,B,G), Wnt3a (C,D,H), Hes5 (E,F,I), and
Pax3 (J) probes. Whole-mount embryos (A–F) and transverse sec-
tions posterior to the forelimb level (G–J) are depicted. In a T/T
mutant embryo, several neural markers including Wnt3a, Hes5,
and Pax3 are expressed in an ectopic tube lying ventral to the
endogenous neural tube (arrows in D,F,H,I,J) demonstrating the
neural character of the ectopic tube.

Figure 2. In situ hybridization analysis of T-box gene expres-
sion in early somite-stage embryos lacking Wnt3a activity. Em-
bryos are viewed laterally and oriented such that anterior is to
the left and dorsal is up, with the exception of B, D, F, and H,
which are ventral–posterior views. (A,B) T is expressed through-
out the entire A-P extent of the primitive streak ectoderm and
mesoderm, and in the node and notochord of wild-type 2-so-
mite-stage embryos. (C,D) T mRNA is absent in the anterior
primitive streak of equivalent stage Wnt3a−/− embryos (arrows),
but expression is unaffected in the posterior primitive streak,
node, and notochord. (E,F) Tbx6 is expressed throughout the
entire A-P extent of the primitive streak and paraxial presomitic
mesoderm of wild-type embryos. (G,H) Unlike T, Tbx6 contin-
ues to be expressed in the anterior primitive streak of early
somite stage embryos lacking Wnt3a. (I,J) After the 6-somite
stage, T is significantly down-regulated throughout the entire
primitive streak in Wnt3a mutants. In contrast, normal expres-
sion levels are observed in the notochord. (K,L) Only a small
domain of Tbx6 expression is detected in the posterior-most end
of the primitive streak of Wnt3a−/− embryos around the 6 so-
mite stage, whereas strong expression is found throughout the
primitive streak and paraxial mesoderm of the wild-type con-
trol.
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down-regulation of T in the region of the streak fated to
give rise to somites is consistent with the view that T is
a target of Wnt3a signaling during the regulation of par-
axial mesoderm fates.

In contrast to T, Tbx6 continued to be expressed
strongly in the anterior streak of Wnt3a mutant embryos
at the 0- to 2-somite stage (data not shown) and only
moderately down-regulated in Wnt3a mutant embryos
at the 2- to 4-somite stage (Fig. 2G,H). These results sug-
gest that T, and not Tbx6, may be a direct target of
Wnt3a signaling. By the 6-somite stage, low-level T ex-
pression was observed in the streak ectoderm of
Wnt3a−/− mutants but not in migrating mesodermal pre-
cursors (Fig. 2I,J). Consistent with this observation,
Tbx6, which at this time is expressed almost exclusively
in migrating mesodermal cells, was virtually absent
from the primitive streak (Fig. 2K,L). T expression in the
notochord remained unaffected. Thus, in the absence of
Wnt3a, early T expression was lost specifically in the
anterior primitive streak in the cells normally fated to
give rise to paraxial mesoderm. This was followed by a
more general reduction of Tbx6 and T expression in the
mesoderm of the primitive streak, presumably reflecting
the widespread loss of mesoderm progenitors at these
later stages.

To address the possibility that T is a direct target of
Wnt3a signaling, we examined the transcriptional regu-
lation of T. It is now well established that a subclass of
Wnt family members regulate target gene expression
through the nuclear translocation of a transcriptional
complex containing b-catenin and a member of the Tcf
family (Nusse 1999). Although Lef1 and Tcf1 single mu-
tants form normal somites, double mutants display a
paraxial mesoderm phenotype identical to that observed
in Wnt3a mutants, indicating that these factors have re-
dundant roles in transducing Wnt3a signals (Galceran et
al. 1999). Both Lef1 and Tcf1 were expressed in the primi-
tive streak of Wnt3a mutants in a normal fashion at 7.5
dpc and early somite stages, indicating that their expres-
sion is independent of Wnt3a (data not shown).

To establish whether T is a direct target of Lef1 and
Tcf1, we examined the T promoter for Lef1/Tcf1 (here-
after referred to as Tcf) binding sites. Examination of a
proximal 500-bp region of the mouse T promoter that
contains elements that are sufficient to drive expression
of a reporter gene in the primitive streak domain, but not
in the node and notochord (Fig. 3C; Clements et al.
1996), identified two canonical Tcf1 binding sites (Fig.
3A; van de Wetering et al. 1991). A distal site was located
at position −358 to −352, relative to the start of transcrip-
tion, and a proximal site, in reverse orientation, was lo-
cated at position −191 to −185 (Fig. 3A). The two Tcf
binding sites found in the T promoter are identical to
sites found in several vertebrate and invertebrate gene
regulatory elements that are known to be Wnt-respon-
sive and capable of binding Lef1 or Tcf1 with high affin-
ity, and in a sequence-specific fashion (Tetsu and Mc-
Cormick 1999 and references therein). The presence of
putative Tcf binding sites is consistent with direct regu-
lation of T by Wnt3a signaling. Interestingly, consensus

E boxes presumably capable of binding bHLH transcrip-
tion factors were also found in the T promoter adjacent
to each of these two Tcf binding sites, approximately one
turn of the DNA helix away from the adjacent Tcf bind-
ing site. The same relative orientation of Tcf binding
sites and E boxes was found in the proximal 225 bp of the
Xbra (the Xenopus T homolog), and Xbra2 (a pseudogene
of Xbra) promoters (Fig. 3A,B; Artinger et al. 1997; La-
tinkic et al. 1997), which demonstrates a conservation
within the regulatory region between these vertebrates,
suggesting that these sequences may participate in the
assembly of multiprotein enhancer complexes.

To test the model, we first generated mutations in
both of the Tcf sites and examined the activity of a re-
porter gene in transgenic embryos. Eight of 12 (66.6%)
embryos transgenic for the wild-type T promoter ex-
pressed the lacZ reporter in the 8.75 dpc primitive streak
and hindgut (Fig. 3C, left). The remaining four transgenic
embryos had no b-galactosidase activity at all. Interest-
ingly, no b-galactosidase activity was detected in the
primitive streaks of any of nine independent transgenic

Figure 3. Canonical Tcf binding sites in the T promoter are
required for expression in the primitive streak and paraxial me-
soderm of transgenic embryos. (A) Two canonical Tcf binding
sites (red) are present in the mouse T promoter and conserved in
the Xenopus Xbra promoter. A canonical E box motif (yellow)
flanks each of the Tcf sites in both the Xenopus and mouse T
promoters. (B) A schematic diagram illustrating the relative ori-
entation of the Tcf binding sites (red arrowheads) and the E
boxes (yellow rectangles) in the mouse and frog T promoters. (C)
(Left) The expression of a lacZ reporter driven by the wild-type
T promoter in the primitive streak and paraxial presomitic me-
soderm of a transgenic 8.75 dpc embryo; (middle) a representa-
tive example of an embryo carrying a T promoter transgene
mutated in each of the two Tcf binding sites; (right) an embryo
carrying a T promoter transgene mutated in each of the two
putative E boxes. The fraction of embryos expressing the lacZ
transgene in the primitive streak is indicated below. Bar, 200
µm.
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embryos carrying the mutated transgene (Fig. 3C,
middle). These results demonstrate that the Tcf sites are
essential for expression of T in the primitive streak. The
distal Tcf site alone, or both sites together, is required for
activity, as a 95-bp deletion that removes the distal site
abolishes promoter activity (Clements et al. 1996). In
contrast, a transgene containing mutations generated in
both E boxes of the T promoter was expressed in 8/14
(57%) transgenic embryos (Fig. 3C, right), a similar per-
centage to the unmodified construct. Thus, despite their
position and conservation, the E boxes are not necessary
for expression of T in the primitive streak. From these
results we conclude that regional expression of T in the
primitive streak is most likely directly regulated by sig-
naling through the Wnt3a pathway. Furthermore, this
regulatory interaction is essential for the development of
most paraxial mesoderm.

Although we have established that T is a target of the
Wnt3a pathway, we were interested in determining
whether Wnt3a itself could be a target of T, thereby es-
tablishing an autoregulatory positive feedback loop es-
sential for paraxial mesoderm development. Previous re-
ports have documented that activation of Wnt3a tran-
scription does not appear to require T activity, as Wnt3a
expression is initially normal in the streak of T mutants
(Rashbass et al. 1994). Furthermore, Wnt3a transcripts
continue to be expressed in Wnt3a mutants in the ante-
rior primitive streak of early somite stage embryos when
T is no longer expressed (data not shown). Together,
these results indicate that Wnt3a is not a target of T;
however, the overlapping expression of other T-box-en-
coding genes with T during gastrulation, such as Tbx6
(Chapman et al. 1996), complicates this analysis. TWis

mutants, which arose through the insertion of a trans-
posable element into the T locus (Shedlovsky et al. 1988;
Herrmann et al. 1990), have a more severe phenotype
than T mutants even though these mutants carry a de-
letion of the T gene that completely removes activity
(Herrmann et al. 1990). TWis homozygotes lack somites
completely, whereas T homozygotes form 7 somites.
These data suggest that the TWis allele may dominantly
inhibit the activity of other T-box members (Herrmann
1991). Interestingly, we observed significantly reduced
Wnt3a expression in the primitive streak of TWis/TWis

embryos at the 0- to 2-somite stage (Fig. 4D,F; data not
shown). In contrast, the loss of Wnt3a transcripts ob-
served in T/T homozygotes was not observed until the 4-
to 5-somite stage (Rashbass et al. 1994). The correlation
between the stage at which Wnt3a transcription is
down-regulated and the severity of the T allele suggests
that Wnt3a may be regulated by T-box activity. Consis-
tent with this hypothesis, examination of Wnt3a homo-
zygotes at later stages (5–6 somites) reveals that both
Wnt3a (Fig. 4A,B), and T (Fig. 2J) are coexpressed weakly
in the mutant streak. Proof of a reciprocal autoregulatory
loop that maintains both T and Wnt3a expression in the
streak will require a thorough characterization of the
Wnt3a regulatory region and the analysis of compound
mutants in T-box genes.

In conclusion, we have demonstrated that Wnt3a regu-

lates paraxial mesoderm development in the anterior
primitive streak, at least in part, through the direct regu-
lation of the mesodermal determinant T. Analyses of the
Wnt3a and T mutant phenotypes demonstrate that
specification of mesodermal cell fates and extension of
the A-P body axis are intimately linked processes during
embryogenesis. Animals heterozygous for null alleles of
either Wnt3a or T display kinked or shortened tail phe-
notypes due to haploinsufficiency (Dobrovolskaia-Za-
vadskaia 1927; Greco et al. 1996). Examination of or-
dered allelic series of mutations in either Wnt3a or T
demonstrates a correlation between the severity of the
axial truncation and gene dosage (MacMurray and Shin
1988; Greco et al. 1996) and suggests that Brachyury and
Wnt3a participate in the development of the entire A-P
axis. Our demonstration that T is a transcriptional target
of the Wnt3a signaling pathway is consistent with this
genetic data and suggest that a primary function of
Wnt3a may be to tightly regulate the dosage of T during
embryogenesis.

In wild-type embryos, pluripotent epithelial epiblast
cells of the anterior primitive streak ingress through the
streak and become mesenchymal upon exposure to me-
soderm-promoting factors such as Wnt3a. In the absence
of either Wnt3a or T, epiblast cells retain their epithelial
character and assume a neural fate. Nevertheless, these
putative neural epithelial cells continue to ingress
through the primitive streak to form an ectopic tube that
ultimately lies ventral to the primary neural tube. Thus,

Figure 4. Analysis of Wnt3a expression in Wnt3a−/− and TWis

mutant embryos. Dorsal views of the primitive streak region of
5- to 6-somite stage wild-type (A) and Wnt3a−/− (B) embryos.
Lateral views of Wnt3a expression in the primitive streak of a
3-somite wild-type (C) and the equivalent of a 2-somite TWis

homozygote (staging based on headfold morphology) (D). The
reduced expression of Wnt3a in the TWis mutant primitive
streak (F) compared to the wild-type (E) is more evident in a
ventral–posterior view of the same embryos depicted in C and D.
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continued expression of Wnt3a and T is essential for me-
sodermal progenitors to adopt specific mesodermal fates
and to promote mesenchymal morphology but neither
gene appears essential for ingression of cells through the
streak. How exactly Wnt3a and Brachyury control these
cellular processes is currently unclear.

One demonstrated function for T is in the regulation of
morphogenetic cell movements (Wilson et al. 1995). Ex-
perimentally increasing the levels of Brachyury in streak
cells led to increased movement of these cells away from
the primitive streak (Wilson and Beddington 1997). In-
terestingly, different cells in the wild-type streak appear
to express different levels of Brachyury (Kispert and Her-
rmann 1994; Wilson and Beddington 1997). Because we
have demonstrated that Wnt3a regulates T transcription
directly, it seems likely that Wnt3a modulates the pro-
portion of cells that stay in the streak versus cells that
exit the streak as paraxial mesoderm progenitors. It is
tempting to speculate that Wnt3a specifies the fate of a
pluripotent primitive streak stem cell (Tam and Bedding-
ton 1987; Nicolas et al. 1996; Wilson and Beddington
1996) to give rise to a paraxial mesodermal daughter cell
that expresses high levels of T and exits the streak to
contribute to trunk somites. The suggestion has been
made from amphibian studies that neural development
is a default state, which, in contrast to mesoderm devel-
opment, does not require a specific inductive process.
Our results here are consistent with this general model
in that Wnt3a is required for paraxial mesoderm devel-
opment; its absence leads to ectopic neural development.
Thus, Wnt3a ultimately modulates a balance between
mesodermal and neural cell fates in the primitive streak
during gastrulation and A-P axis development.

Materials and methods
Embryo collection and analysis
Embryos were dissected into PBS and yolk sacs were biopsied for PCR
genotyping. The targeted Wnt3a allele was genotyped by PCR as de-
scribed (Takada et al. 1994). Embryos homozygous for TWis were gener-
ated by intercrossing TWis heterozygotes (easily identified by their lack of
tails) and were identified morphologically by their lack of somites. Ho-
mozygous T embryos were also generated by intercrossing T heterozy-
gotes. Experiments performed on T and TWis homozygous embryos were
repeated four times. Embryos were fixed in 4% paraformaldehyde for
whole-mount RNA in situ hybridization analysis according to the
method of Wilkinson and Nieto (1993). Embryos dissected for b-galacto-
sidase staining were fixed in 1% formaldehyde/0.2% glutaraldehyde and
processed following the method of Whiting et al. (1991). Whole-mount
stained embryos were processed for paraffin embedding and sectioned as
described (Takada et al. 1994; Yoshikawa et al. 1997).

Transgene construction
A 14.7-kb plasmid (pCTZA) containing 8.3 kb of the murine T promoter
fused to lacZ and followed by an SV40 polyadenylation sequence (Stott et
al. 1993) was cut with SacII and SalI and subcloned into pBluescript KS(+)
(Stratagene). This plasmid was designated pBS0.7TZA and retained ∼500
bp of the proximal T promoter fused to the lacZ reporter. pBS0.7TZA
served as the wild-type T promoter control construct and has been shown
to contain elements sufficient to drive expression in the primitive streak
(Clements et al. 1996). The promoter was isolated further with BamHI
and SacII and subcloned into pBluescript to generate pBS0.7T; this pro-
moter construct served as the template for subsequent mutagenesis. Mu-
tagenized promoters were cloned into pBS0.7TZ(S-C), a shuttle vector
created by subcloning a 1.4-kb SacII–ClaI fragment that contained the
500-bp promoter and a portion of lacZ into pBluescript. The lacZ reporter

was reconstituted by cloning the 1.4-kb fragment containing the muta-
genized promoter back into pBS0.7TZA.

The T promoter was mutagenized following the QuikChange site-di-
rected mutagenesis kit (Stratagene) protocol. The 58 and 38 Tcf binding
sites were mutagenized using the following primers: 2F-58Lef*, CCAGGG-
TCCGCCCCGCCGCGAATTCGGAGGTGCAAACATTTGG; 2R-58Lef*,
CCAAATGTTTGCACCTCCGAATTCGCGGCGGGGCGGACCCTGG;
3F-38Lef*, GGGCAGCTGCTCGGTACTTCCCCGGGTGTCCCGCCCA-
ATCCGCC; and 3R-38Lef*, GGCGGATTGGGCGGGACACCCGGGGA-
AGTACCGAGCAGCTGCCC. The 58 and 38 E boxes were mutagenized
using the following primers: 2F-58E*, GCGAATTCGGAGGTGCAAAGA-
AGCTTGGGAGGGCGGGGGTGTCGGG; 2R-58E*, CCCGACACCCC-
CGCCCTCCCAAGCTTCTTTGCACCTCCGAATTCGC; 2F-38E*, GGC-
CGCGCACCGCCAATGGGTGGCCACTCGGTACTTCCCCGGGTG;
2R-38E*, CACCCGGGGAAGTACCGAGTGGCCACCCATTGGCGGTG-
CGCGGCC. All primers were synthesized by Life Technologies and
PAGE-purified. All PCR mutagenesis reactions were performed using 18
cycles of denaturing at 95°C for 30 sec, annealing at 55°C for 1 min,
followed by an 8-min extension at 68°C.

Generation of transgenic embryos
DNA constructs were prepared for pronuclear injection by digesting with
SacII and SalI and purifying by agarose gel to remove vector sequences.
DNA was electroeluted in dialysis tubing in 1× TAE and purified using
several QIAQuick PCR DNA purification spin columns (Qiagen). Eluants
were pooled and ethanol precipitated, and DNA was resuspended in 50 µl
of TE at pH 7.5. Concentration was determined by UV spectrophotom-
etry and confirmed by gel electrophoresis using known standards.

Pronuclear injections were performed according to standard published
protocols (Hogan et al. 1994). G0 transgenic embryos (8.5 dpc) were dis-
sected and yolk sacs were biopsied for PCR genotyping using primers to
the T promoter [T(+7/+20): CCTTTGGCGAATGTGCAGGG] and to
lacZ (oligo 1098: AAGGGCGATCGGTGCGGGCC). Samples were
cycled 35× at 94°C for 30 sec, 66°C for 30 sec, and 72°C for 1 min.
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