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The developing embryo is a paradigmatic model to study molecular mechanisms of time control in Biology. Hox
genes are key players in the specification of tissue identity during embryo development and their expression is under
strict temporal regulation. However, the molecular mechanisms underlying timely Hox activation in the early embryo
remain unknown. This is hindered by the lack of a rigorous temporal framework of sequential Hox expression within a
single cluster. Herein, a thorough characterization of HoxB cluster gene expression was performed over time and space
in the early chick embryo. Clear temporal collinearity of HoxB cluster gene expression activation was observed. Spatial
collinearity of HoxB expression was evidenced in different stages of development and in multiple tissues. Using embryo
explant cultures we showed that HoxB2 is cyclically expressed in the rostral presomitic mesoderm with the same
periodicity as somite formation, suggesting a link between timely tissue specification and somite formation. We foresee
that the molecular framework herein provided will facilitate experimental approaches aimed at identifying the
regulatory mechanisms underlying Hox expression in Time and Space.

Introduction

Vertebrate embryo development proceeds from a single cell to
an autonomous individual through highly complex, yet coordi-
nated mechanisms functioning together in time and space. This
is achieved through strictly regulated gene expression within spe-
cific tissues and at precise times.1 Time and space are closely
intertwined in the gastrulating embryo, where epiblast cells
undergoing epithelial-to-mesenchymal transitions earlier in time,
are specified to anterior body structures and those remaining lon-
ger in the stem cell-rich epiblast will give rise to more posterior
structures. This process occurs under the control of Hox tran-
scription factors and temporal control of Hox gene expression
during gastrulation ultimately defines cell fate specification along
the entire body axis.2-4

Hox genes are expressed in defined, often overlapping
domains along the embryo anterior-posterior (A-P) body axis
and their joint activity distinctly patterns the various body seg-
ments.5 In the genome, Hox genes are positioned in a 30 to 50

direction along chromosomal clusters, in a sequence that reflects
their anterior limit of expression along the embryo A-P axis,
defined as “spatial collinearity.”4 Their chromosomal alignment
is also critical for the timing of expression initiation, as 30 Hox

genes in each cluster are expressed first, whereas more 50 Hox
genes are expressed later in time, a phenomenon coined
“temporal collinearity.”2,4 Initial activation of Hox genes occurs
during gastrulation and different signaling pathways such as
Wnt, Fgf or Retinoic acid have been proposed to regulate this
event (reviewed in ref.6). However, the molecular mechanisms
underlying temporal collinearity of Hox gene activation are far
from being understood.

The best known molecular mechanism of temporal control
operating during embryo development is the molecular clock
underlying somitogenesis,7,8 characterized by cyclic gene expres-
sion of Notch, FGF and Wnt signaling pathway effectors and/or
downstream targets.9 Several experimental evidences have sug-
gested that temporal regulation of Hox gene expression may be
linked to the somitogenesis clock. Notch-dependent dynamic
transcriptional bursts of HoxD1 gene expression were described
in the rostral presomitic mesoderm (PSM)10 and loss of notch-
signaling gene expression cycles in transgenic mice altered Hox
gene expression and produced anterior shifts in vertebrae axial
identity.11 Further evidence come from Xenopus embryos, where
a feedback loop between Hox genes and X-Delta-2 was identified
as early as gastrulation, when Hox gene expression is first initi-
ated.12 In fact, a timer mechanism in the early non-organizer
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mesoderm driving Hox gene expression initiation and the exis-
tence of coordination between somite formation and antero-pos-
terior patterning have been independently postulated.12,13

A significant impediment to experimentally interrogate the
molecular mechanisms underlying Hox temporal collinearity has
been the lack of knowledge on the initial momentum of gene
expression induction of sequential Hox genes within a unique
cluster. Also, it is not clear if different combinations of Hox gene
expression-Hox codes – are present along the early embryo A-P
axis or if they are only established later in development.14 Herein,
we present a detailed study of HoxB cluster gene expression in
the chick embryo by in situ hybridization, identifying the devel-
opmental stage of activation of each HoxB gene (Time), as well
as its domains of expression (Space). We experimentally show
temporal collinearity of HoxB activation during gastrulation, as
well as spatial collinearity in different embryonic tissues. Cyclic
expression of one of the HoxB genes is described and a summary
of our results is presented in the form of tissue-specific “Hox
codes” of gene expression along the embryo A-P axis.

Results

HoxB1
A detailed characterization of HoxB cluster gene expression

domains during early stages of chick embryonic development
(from late blastula to 6-somite stage) was performed by whole
mount in situ hybridization analysis and cross section histology.
HoxB1 expression was never detected in late blastula stage
embryos (HH1, Fig. 1A, B) and from stage HH2 to HH4,
HoxB1 was detected in some, but not all embryos analyzed for
each of these stages. From HH3 onwards, however, HoxB1
expression was consistently observed in more than 50% of the
studied embryos (Fig. 1A, B) and we have considered this condi-
tion (over 50%) as the activation stage of HoxB gene expression.
From HH5 onwards HoxB1 was expressed in 100% of the tested
embryos (Fig. 1B).

HoxB1 is expressed along the primitive streak in gastrulation
stages, excluded from the Hensen’s node. During early somito-
genesis, HoxB1 is present in the caudal tissues and in the neural

Figure 1. HoxB1 expression patterns. (A) HoxB1 gene expression evaluated by in situ hybridization during early chick development. (B) Representation of
the percentage of embryos that display HoxB1 expression. Numbers indicate the experimental N. Red boxes highlight the developmental stage where
over 50% of the tested embryos present HoxB1 staining. (C) In situ hybridization images obtained with increasing times of staining, evidencing graded
nature of HoxB1 expression. (D) Transverse section analysis of HoxB1 expression patterns in different developmental stages. hn – Hensen’s node; ps –
primitive streak; epi – epiblast; hyp – hypoblast; hf – head fold; nt – neural tube; s – somite; psm – presomitic mesoderm; fg – foregut; nc – notochord;
ect – ectoderm; end – endoderm.
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tube, caudal to the otic placode, where it is also strongly
expressed (Fig. 1A). When allowed to stain for increasing periods
of time, HoxB1 expression was detected in the heart tube while
absent from the anterior intestinal portal (HH10, Fig. 1A). The
spatial patterns obtained were highly suggestive of graded HoxB1
expression in the caudal embryo, which was confirmed by photo-
graphing in situ hybridization staining reactions of the same
embryos over time (Fig. 1C). We found that HoxB1 presents a
clear gradient of expression: HoxB1 expression initially appeared
along the primitive-streak and progressively extended radially
along the adjacent tissues. As a result, we can conclude that
HoxB1 exhibits higher levels of expression near the primitive
streak while in the surrounding cells the expression is progres-
sively lower.

We further analyzed cross-sections of HH4 (gastrulation) and
HH8- (somitogenesis) stained embryos. HoxB1 transcripts were
excluded from the Hensen’s node (Fig. 1Di) and detected along
the primitive streak (ps) and in the nascent mesoderm
(Fig. 1D ii-iv). Graded expression is observed in the epiblast cells

adjacent to the ps in a medial-lateral direction. At stage HH8-,
HoxB1 continues to be expressed in the caudal streak, in the
ingressing epiblast and nascent mesoderm (Fig. 1D viii). Ros-
trally, HoxB1 expression is detected in the neural plate and pre-
somitic mesoderm, while there is no expression in both
endoderm and notochord (Fig. 1D vii). Finally, HoxB1 expres-
sion is detected in the dorsal neural tube (Fig. 1D vi).

HoxB2
HoxB2 transcripts were detected at the beginning of gastrula-

tion (HH3) but only consistently after HH3C (Fig. 2A, B).
HoxB2 gene expression initially appears in the posterior primi-
tive streak (HH3C) and extends rostrally along the primitive
streak progressively in time. As soon as somitogenesis takes place,
it is possible to observe 1–2 bands of HoxB2 expression in the
rostral PSM, located in the prospective somite region (Fig. 2A,
asterisks). The anterior boundary of HoxB2 expression is situated
at the last somite formed. HoxB2 is also expressed in a gradient,
with highest levels near the streak (Fig. 2C). Regarding the cross-

Figure 2. HoxB2 expression patterns. (A) HoxB2 gene expression by in situ hybridization during early chick development. (B) Representation of the per-
centage of embryos that display HoxB2 expression. Numbers indicate the experimental N. Red boxes highlight the developmental stage where over
50% of the tested embryos present HoxB2 staining. (C) In situ hybridization images obtained with increasing times of staining, evidencing graded nature
of HoxB2 expression. (D) Transverse section analysis of HoxB2 expression patterns in different developmental stages. hn – Hensen’s node; ps – primitive
streak; epi – epiblast; hyp – hypoblast; hf – head fold; nt – neural tube; s – somite; psm – presomitic mesoderm; nc – notochord; ect – ectoderm; end –
endoderm.
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section analysis, at stage HH4 the entire primitive streak exclud-
ing the Hensen’s node, displays HoxB2 transcripts (Fig. 2D i-iv).
A striking feature of HoxB2 expression is its salt-and-pepper pat-
tern in both the epiblast and nascent mesoderm. The analysis of
HH8- embryos reveals that the expression of HoxB2 is present
along the primitive streak, in ingressing epiblast and prospective
mesoderm cells (Fig. 2D viii); HoxB2 is also localized in the neu-
ral plate and in the neural tube (nt) (Fig. 2D, vi, vii); no expres-
sion is detected in the notochord, endoderm or non-neural
ectoderm (Fig. 2D v, vi).

HoxB3
HoxB3 expression was consistently observed from stage HH4

onwards (Fig. 3A, B). At this stage HoxB3 was detected only in
the posterior half primitive-streak, contrarily to HoxB1 and
HoxB2 which were present along the entire A-P axis. At somito-
genesis stages, neither head, somites nor neural tube are stained
by this probe and the expression is restricted to the caudal tissues.
HoxB3 displayed a graded expression with maximum levels near

the streak, consistent with previous genes (Fig. 3C). Cross-sec-
tions from HH6 embryos showed graded medial-lateral HoxB3
expression in the primitive streak and nascent mesoderm
(Fig. 3D ii, iii), while absent from the Hensen’s node
(Fig. 3D i). Embryos at stage HH8 exhibited HoxB3 expression
in the primitive streak, PSM and neural plate (Fig. 3D vi-vii).
No expression was detected in the endoderm, notochord or fore-
gut (Fig. 3D iv, v).

HoxB5
HoxB5 gene expression activation (in situ staining in more

than 50% of the studied embryos) occurred at stage HH5
(Fig. 4A, B). HoxB5 expression patterns differed significantly
from the other HoxB cluster genes. While most HoxB genes ini-
tially appeared at primitive-streak level and quickly extended to
the mesodermal tissues, HoxB5 expression was initiated in cells
of the posterior primitive streak that will contribute to extraem-
bryonic mesoderm and only expanded anteriorly along the streak
later in time. In fact, HoxB5 was mostly expressed in the

Figure 3. HoxB3 expression patterns. (A) Evaluation of HoxB3 gene expression by in situ hybridization. (B) Representation of the percentage of embryos
that display HoxB3 expression. Numbers indicate the experimental N. Red boxes highlight the developmental stage where over 50% of the tested
embryos present HoxB3 staining. (C) In situ hybridization images obtained with increasing times of staining, evidencing graded HoxB3 expression. (D)
Transverse section analysis of HoxB3 expression patterns in different developmental stages. hn – Hensen’s node; ps – primitive streak; ect – ectoderm;
end – endoderm; epi – epiblast; hyp – hypoblast; hf – head fold; nt – neural tube; s – somite; psm – presomitic mesoderm; fg – foregut; nc – notochord.
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reminiscent Kohler´s Sickle and in the lateral plate mesoderm,
including extraembryonic mesoderm (Fig. 4A, C). At HH7C,
HoxB5 transcripts are clearly localized in the caudal-most primi-
tive streak region, where the nascent mesoderm is strongly stained
with a “salt-and-pepper” type pattern (Fig. 4D iii-iv). At HH8,
HoxB5 is further expressed as “salt-and-pepper” in the lateral plate,
extraembryonic and presomitic mesoderm (Fig. 4D vi-viii).

HoxB8
HoxB8 expression was active from stage HH6 onwards

(Fig. 5A, B). HoxB8 was expressed along the primitive streak
and Hensen´s node, occasionally in an asymmetrical manner
(black arrowheads in Fig. 5, see also Fig. 7B). At later stages
(HH10C) HoxB8 was also detected in the lateral plate meso-
derm. HoxB8 was expressed as a radial gradient in the caudal tis-
sues surrounding the primitive streak and neural plate (Fig. 5A,
C). Cross-section analysis at stage HH6 evidenced that HoxB8
transcripts are strongly expressed in the caudal-most epiblast,
while absent from the hypoblast (Fig. 5D iii). At primitive

streak-level, Hoxb8 was expressed in the epiblast adjacent to the
streak and in the endoderm and nascent mesoderm, although
with lower intensity (Fig. 5D i-ii). Graded expression was
observed in the epiblast cells adjacent to the ps in a medial-lateral
direction. HoxB8 expression at HH8- was spread as a medial-lat-
eral gradient at the streak level, in the PSM and neural plate
(Fig. 5D vi-viii). More anteriorly, HoxB8 was expressed in the
neural plate and was absent from mesodermal and endodermal
tissues (Fig. 5D vi). No expression was detected at the level of
formed somites, neural tube and foregut (Fig. 5D iv-v).

HoxB9
HoxB9 expression was very similar to HoxB8. HoxB9 was

consistently detected after stage HH6 (Fig. 6A, B), present along
the primitive streak and neural plate as a radial gradient
(Fig. 6C), frequently with asymmetry around the Hensen’s node
(black arrowheads in Fig. 6). At later stages (HH10C) HoxB9
was also strongly expressed in the lateral plate mesoderm
(Fig. 6A). Cross-section analysis of HH6 embryo revealed that

Figure 4. HoxB5 expression patterns. (A) Evaluation of HoxB5 gene expression by in situ hybridization. (B) Representation of the percentage of embryos
that display HoxB5 expression. Numbers indicate the experimental N. Red boxes highlight the developmental stage where over 50% of the tested
embryos present HoxB5 staining. (C) In situ hybridization images obtained with increasing times of staining, evidencing graded HoxB5 expression.
(D) Transverse section analysis of HoxB5 expression patterns. nt – neural tube; s – somite; ps – primitive streak; ect – ectoderm; end – endoderm;
psm – presomitic mesoderm; nc – notochord; epi – epiblast; hyp – hypoblast; hf – head fold; fg – foregut; lpm – lateral plate mesoderm.
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maximum HoxB9 expression is present in the caudal-most hypo-
blast while excluded from the epiblast (Fig. 6D iii). Furthermore,
HoxB9 transcripts cannot be detected in the endoderm, ecto-
derm and nascent mesoderm (Fig. 6D i). In HH9-, the caudal-
most endoderm is strongly stained along the entire medial-lateral
extension, while it is only present in the ectoderm and mesoderm
nearby the streak (Fig. 6D viii). More rostrally HoxB9 is
expressed in the endoderm and in the neural plate and early noto-
chord (Fig. 6D vii), which loses its expression at more anterior
levels (Fig. 6D vi). HoxB9 is also not expressed in the rostral pre-
somitic mesoderm (Fig. 6D vi). No expression was detected in
somites, neural tube and foregut (Fig. 6D iv-v).

Temporal collinearity of HoxB cluster gene expression
A characteristic feature of Hox gene expression is temporal

collinearity of Hox activation along the genomic cluster. We
show this property for the first time along a single cluster in the
early vertebrate embryo. The activation of HoxB cluster genes

over time, defined as the HH stage where more than 50% of the
tested embryos presented in situ hybridization staining, is sum-
marized in Figure 7. HoxB genes are sequentially activated dur-
ing developmental time progression, reflecting their relative
positions in the genomic cluster. Although HoxB8 and HoxB9
expression was detected within the same developmental stage,
cross section analysis revealed that only HoxB8 is expressed in
the embryo proper at HH6 (Figs. 5D and 6D). Cross section
analysis of HH7 and HH7C embryos stained for HoxB8 and
HoxB9 (Fig. 7B) confirmed that HoxB8 expression is initiated in
the embryonic tissue earlier than HoxB9, thus confirming the
temporally collinear nature of HoxB cluster gene expression
initiation.

Spatial collinearity of HoxB cluster gene expression
Spatial collinearity of HoxB cluster gene expression was

further visualized by in situ hybridization in multiple embryonic
tissues. This was clearly observable along the embryo anterior-

Figure 5. HoxB8 expression patterns. (A) Evaluation of HoxB8 gene expression by in situ hybridization. Black arrowheads highlight asymmetrical expres-
sion around the Henson’s node. (B) Representation of the percentage of embryos that display HoxB8 expression. Numbers indicate the experimental N.
Red boxes highlight the developmental stage where over 50% of the tested embryos present HoxB8 staining. (C) In situ hybridization images obtained
with increasing times of staining, evidencing graded HoxB8 expression. (D) Transverse section analysis of HoxB8 expression patterns in different develop-
mental stages. hf – head fold; hn – Hensen’s node; ps – primitive streak; ect – ectoderm; end – endoderm; epi – epiblast; hyp – hypoblast; nt – neural
tube; s – somite; psm – presomitic mesoderm; fg – foregut; nc – notochord.
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posterior axis (Fig. 8A). Interactive surface plots representing the
HoxB expression patterns obtained experimentally highlight
HoxB cluster spatial collinearity (Fig. 8A): the anterior limit of
maximum expression of 30 Hox genes is significantly rostralized
relatively to the 50 Hox genes. Spatial collinearity was further
observed in specific tissues, namely along the primitive streak at
HH4, where the anterior limit of expression of HoxB1, HoxB2
and HoxB3 was progressively caudalized (Fig. 8B), in the neural
tube (Fig. 8C) and in the lateral plate mesoderm (Fig. 8D).

Cyclic HoxB2 gene expression
HoxB2 expression patterns varied considerably in the rostral

PSM, even among embryos of the same HH stage (Fig. 9A).
HoxB2 was consistently expressed along the primitive streak and
neural plate, however some embryos displayed an expression
band overlapping the prospective somite (Fig. 9A, arrows) while
others had an additional band in the PSM (Fig. 9A, arrowheads).
In order to clarify the dynamic nature of this expression profile,
the caudal portion of chick embryos was divided into 2 halves by

sectioning along the midline; one half was fixed immediately,
while the other half was cultured in vitro for varying amounts of
time. When the experimental half was cultured for 30 or 60
minutes, different profiles of HoxB2 expression were observed in
the 2 halves (n D 9/9) (Fig. 9B). We concluded that HoxB2 dis-
plays dynamic stripes of expression in the chick PSM. When the
experimental half was incubated for 90 minutes a new somite
was generated in the incubated explant and both halves showed
identical HoxB2 expression patterns (n D 7/7), indicating that
HoxB2 has a cyclic expression pattern in the rostral PSM, with
the same periodicity as somite formation.

Discussion

Ingression of epiblast cells into the primitive streak in a tem-
porally controlled manner during early embryogenesis is funda-
mental for proper specification and spatial distribution of adult
body tissues, skeletal structures and organs. Timely activation of

Figure 6. HoxB9 expression patterns. (A) Evaluation of HoxB9 gene expression by in situ hybridization. Black arrowheads highlight asymmetrical expres-
sion around the Henson’s node. (B) Representation of the percentage of embryos that display HoxB9 expression. Numbers indicate the experimental N.
Red boxes highlight the developmental stage where over 50% of the tested embryos present HoxB9 staining. (C) In situ hybridization images obtained
with increasing times of staining reaction, evidencing graded HoxB9 expression. (D) Transverse section analysis of HoxB9 expression patterns in different
developmental stages. hf – head fold; hn – Hensen’s node; ps – primitive streak; ect – ectoderm; end – endoderm; epi – epiblast; hyp – hypoblast; nt –
neural tube; s – somite; psm – presomitic mesoderm; fg – foregut; nc – notochord.
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Hox gene expression sets the tempo for cell ingression during gas-
trulation,3 coupling temporal collinearity with spatial distribu-
tion of Hox expression and consequent tissue specification.
Thus, it is critical to identify the tissues that express each HoxB
gene over development as well as the developmental time when
each Hox gene is first expressed in the early embryo.

Temporal collinear expression of Hox genes is known to occur
in chick,3,14 mouse15 and xenopus.13 However, previous
attempts to observe temporal collinearity of gene expression
along one single Hox cluster by in situ hybridization have pro-
duced inconsistent results. Gaunt and Strachan14 described this
property only in the rostral primitive streak, while they couldn’t
observe sequential gene activation in the caudal streak. More
recently, Barak et al.16 challenged the idea that temporal collin-
earity takes place in early gastrulation stages. In the present study
a large number of embryos per gene and stage were analyzed and
we observed that HoxB cluster genes are not turned on from one
HH stage to another, but rather along a period of time, from
HH3 to HH6 (Fig. 7). Temporal collinearity was clearly
observed and an activation-stage for each HoxB gene was estab-
lished by considering the stage when over 50% of the embryos
presented staining. Although expression of HoxB8 and HoxB9
was activated in the same stage (HH6), we found that these genes
are differentially required for tissue patterning, since HoxB8 is
expressed in the epiblast/ectoderm while HoxB9 is present only
in the hypoblast/endoderm.

Spatial collinearity is another characteristic feature of Hox
gene expression that was readily observed in the present study:
we found that the rostral-most boundary of expression of 3’HoxB
cluster genes is more anterior than that of 5’ genes (Fig. 8A).
This is also visible along the primitive streak during gastrulation
(Fig. 8B), in the neural tube (Figs. 8C and D) and lateral plate
mesoderm (Fig. 8D) during early somitogenesis. This observation
suggests that the molecular mechanisms underlying A-P pattern-
ing and specification are common to mesodermal-derived tissues.

We describe a singular expression pattern for HoxB5, since it
is restricted to the caudal-most gastrulating region of the embryo
and lateral plate mesoderm, including extraembryonic meso-
derm. This observation suggests that HoxB5 may be primarily
involved in patterning tissues and organs derived from the lateral
plate mesoderm, while the axial and paraxial mesodermal tissues
are patterned by the other HoxB genes. A very interesting obser-
vation was the asymmetric expression of both HoxB8 and
HoxB9 around the Hensen’s node in early stages (see Figs. 5
and 6). This is a characteristic feature of genes participating in
the establishment of embryonic left-right asymmetry.17 A Hox
gene was recently implicated in left-right asymmetry establish-
ment in Drosophila18 and our work provides the first indication
that Hox genes may also play a similar role in vertebrate embryos.
Our results are in overall agreement with previous data,3,14,16

while providing greater detail on the expression domains of each
HoxB gene.

Figure 7. Temporal collinearity of HoxB cluster activation in the early chick embryo. (A) HoxB cluster expression by in situ hybridization evidences tempo-
ral collinearity of gene expression activation. The developmental stages where over 50% of the tested embryos were stained (as indicated by N in each
figure) was considered the first stage of gene activation. (B) Transverse section analysis of HoxB8 and HoxB9 expression patterns in sequential develop-
mental stages evidences that HoxB8 is expressed in the embryo proper before HoxB9. hn – Hensen’s node; ps – primitive streak; ect – ectoderm; end –
endoderm; epi – epiblast; hyp – hypoblast; nt – neural tube.
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An intriguing observation was made regarding the dynamics
of HoxB2 expression. HoxB2 in situ hybridization of embryos
belonging to the same HH stage produced varied expression pat-
terns and cyclic pulses of HoxB2 expression were shown to
underlie this observation (Fig. 9). This is a characteristic feature
of somitogenesis clock genes7 and is reminiscent of what was pre-
viously reported for mouse HoxD1,10 further supporting the
hypothesis that temporal regulation of Hox gene expression initi-
ation may be linked to the somitogenesis clock.10,11,13

Materials and Methods

Eggs and embryos
Fertilized chick (Gallus gallus) eggs obtained from commer-

cial sources were incubated at 37.8�C in a 49% humidified

atmosphere and were staged according to the Hamburger and
Hamilton (HH) classification.19 A somite pair was considered to
be formed when definite clefts separating somites from both sides
of the PSM were observed.

RNA probes
Antisense digoxigenin-labeled RNA probes were produced as

previously described: HoxB1,20 HoxB3,20 HoxB821 and
HoxB9.21 HoxB2 probe was generated by amplifying a 383 bp
fragment of chick HoxB2 (XM_003642792) using sense 50-
GCAGCGAAGCCACGGATGAGG-30 and antisense 50-
TCGGGGTGGGACAGAAAGGGATAA-30 oligos. HoxB5
probe was generated by amplifying a 580 bp fragment of chick
HoxB5 (NM_001025355) using sense 50-CACCCGCAGGAG-
GAGAATAGAGAT-30 and antisense 50-CAGGAAGGG-
GAAAAAGCAACAAAT-30 oligos. PCR products were cloned

Figure 8. Spatial collinearity of HoxB cluster gene expression evidenced by in situ hybridization. (A) Heatmap surface plots of HH9- embryos evidencing
progressively posterior peaks of expression (arrows) of HoxB genes positioned along the genomic cluster. (B) Spatial collinearity of early HoxB gene
expression along the primitive streak of gastrulating embryos (HH4). Spatial collinearity is also observed in specific tissues of somitogenesis-staged
embryos (HH9-), namely along the neural tube (C) and in the lateral plate mesoderm (D). Arrows indicate rostral limit of expression. lpm – lateral plate
mesoderm; nc – notochord; np – neural plate; nt – neural tube; s – somite; psm – presomitic mesoderm.
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into the vector pGEM-T Easy (Promega) and orientation con-
firmed upon sequencing.

In situ hybridization
In situ hybridization was performed as previously described.22

Embryos were photographed over time during the staining reac-
tion using an Olympus SZX16 stereomicroscope. Interactive sur-
face plots were obtained using ImageJ software. The luminance
of an image is interpreted as height for the plot. The pixels were
counted for each gray value in 8-bit or 16-bit image in the
defined interval and then transformed the picture in heatmap
with calibration bar.

Cross-section preparation
Cross-section analysis of stained embryos was performed as

previously described.23 Briefly, selected embryos were embedded
in 15% sucrose, 7.5% gelatin, frozen, and sectioned (14 mm)
using a Leica CM3050 S cryostat. Sections were examined and
photographed using an Axio Imager Z2 Fluorescence microscope
with a Zeiss Axio Cam IC.

Explant cultures
Explant culture experiments were performed as previously

described.24 Briefly, ventrally positioned chick embryos in stages
HH7–HH9¡ or HH11–14 were divided into 2 halves by cutting
across the 3 germ layers at the midline level, bisecting both neural
tube (nt) and notochord (nc), producing 2 equivalent nt/ncC

explants. All explants were delimited rostrally above the second
or third formed somites. Tissues thus isolated, originated control
and experimental explants, which were cultured individually in a
dorsal position for varying amounts of time.
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Figure 9. Cyclic HoxB2 expression in the rostral PSM. (A) In situ hybridization of the same-staged embryos reveals dynamic stripes of HoxB2 expression in
the rostral PSM (arrows and arrowheads). (B) Explant culture experiments evidencing cyclic expression of HoxB2 stripes (arrowheads) with a 90 min peri-
odicity. The left explants were immediately fixed and the right explants were cultured for the amount of time indicated above the figure. Both explants
were processed for in situ hybridization simultaneously.
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