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hb (hunchback) is a contributing factor in anteroposterior axial patterning of insects. Although the Ab function in Locusta mi-
gratoria manilensis has been investigated, its expression pattern remains unknown. Here, the mouse polyclonal antibody was
produced against Hb fusion protein, and then its expression pattern during oogenesis and embryogenesis of L. migratoria
manilensis was examined by immunohistochemical staining. Hb protein was detected in the oocyte nucleus which was posi-
tioned centrally within the developing oocyte. The oocyte nucleus gradually moved to the posterior end of the egg along with
the oocyte maturing. In freshly laid eggs, Hb formed gradient at the posterior end of the egg, and then #b was expressed as a
band in the middle of the blastodisc. As the blastodisc differentiated into the head and trunk, the expression region became
wide, which would develop into spatial gnathal and thoracic segments. With abdominal segmentation, the expression domain
in the gnathal and thoracic region became faint and eventually faded out, while the Hb expression domain appeared at the pos-
terior growth zone in a discontinuous expression manner. The hb expression pattern of L. migratoria manilensis is greatly
similar to that of other locusts, such as Schistocerca americana and another L. migratoria. Compared with other insects, hb

expression is conserved in the gnathal and thoracic domains, while divergent in oogenesis and abdomen.
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Though all insects possess a highly conserved adult body
plan, insects vary significantly in how the segmented em-
bryo is formed [1,2]. Three modes of embryogenesis are
generally recognized: short, intermediate, and long germ
embryogenesis. In long germ embryos like Drosophila
melanogaster and Nasonia vitripennis, all segments are
formed simultaneously during the blastoderm stage within
the early syncytial environment of the embryo. By contrast,
in short and intermediate germ embryos (both described as
‘short’ hereafter), for example, Tribolium castaneum, Gryl-
lus bimaculatus and Oncopeltus fasciatus, only the anterior
segments are formed in the blastoderm stage, while poste-
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rior segments arise during the subsequent development.
Long germ band modes are restricted to the higher insects,
whereas the short germ embryos are widely represented
among insects, indicating that short germ band development
is ancestral [2,3].

The molecular mechanisms of patterning and segmenta-
tion during Drosophila embryogenesis have been studied a
lot, in which the segmentation depends on progressive ac-
tions of maternal coordinate, gap, pair-rule and segment
polarity genes [1,4,5]. The striking differences between
short and long germ band embryology imply fundamental
differences in patterning at the molecular level [6]. For ex-
ample, the grasshopper even-skipped orthologue is not ex-
pressed in a pair-rule pattern, raising the possibility that the
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upstream regulatory genes of even-skipped may play dif-
ferent roles in short and long germ band insects [7].

hb (hunchback) functions as both maternal gene and gap
gene, which encodes a zinc-finger-containing transcription
factor known to be critical for controlling other gap genes as
well as pair-rule and homeotic genes [8-13]. The Droso-
phila embryo mutant for zygotic hb exhibits a canonical gap
defect, i.e., deletion of the labial through the metathoracic
segments, and fusion of the A7/A8 abdominal segments [14].
Knockdown of &b in coleopteran T. castaneum by parental
RNAI results in deletion of the gnathal and thoracic seg-
ments [15]. N. vitripennis hb mutant, headless, deletes all of
the head except the most anterior labral segment, as well as
thoracic and posterior A7-A10 segments [16,17]. By con-
trast, hb RNAI in O. fasciatus does not delete the gnathal
and thoracic segments but transforms them toward abdomi-
nal identity, at the same time also severely disrupts ab-
dominal growth and segmentation [2]. Similarly, the gnathal
and thoracic regions are transformed towards the abdominal
identity, and only three abdominal segments are formed in
severe cases of G. bimaculatus hb RNAi depletion [18]. hb
functions as canonical gap gene in Drosophila, Tribolium
and Nasonia, while exhibits non-canonical gap gene in On-
copeltus and Gryllus. These facts suggest that the b func-
tion has diversities in different insects.

Comparative studies of hb expression and function in
more primitive insects would be likely to elucidate the evo-
lution of segmentation mechanisms. The migratory locust,
Locusta migratoria, is an orthopteran pest and a representa-
tive member of the most basal hemimetabolous insects.
Some species of the grasshopper genus Locusta are receiv-
ing increasing attention as a powerful model system in neu-
rosciences, development and evolution [19]. We have iso-
lated the homologue of the Drosophila gap gene hb of L.
migratoria manilensis (Lmm’hb), and investigated its func-
tion by paternal RNA interference (RNAi). Phenotypes re-
sulting from hb knockdown were categorized into three
classes based on severity. In the most extreme case, em-
bryos only developed the most anterior structures, including
the labrum, antennae and eyes [6]. The expression patterns
of Lmm’hb during the oogenesis and embryogenesis are still
unknown. Here, we prepared the mouse polyclonal antibody
against Hb fusion protein, and then examined the Hb ex-
pression pattern during oogenesis and embryogenesis at the
protein level.

1 Materials and methods

1.1 Experimental animals

The colony of L. migratoria manilensis was maintained arti-
ficially with a 12-h light/12-h dark photoperiod. BALB/C
mice were bought from the Laboratory Animal Center of
the Third Military Medical University, China.
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1.2 Main reagents

The pMD-hb plasmid containing full-length Lmm’hb cDNA
sequence, pET30a(+) used to Hb prokaryotic expression, E.
coli BL21 and JM109 were stored in our lab. BugBuster
Protein Extraction Reagent and Ni-NTA His Bind Kit were
the products of Merck (Darmstadt, Germany). Alkaline
phosphatase (AP) or horseradish peroxidase (HRP)-conju-
gated goat antimouse IgG was purchased from Sigma (St.
Louis, MO, USA). Engrailed monoclonal antibody 4D9 was
purchased from Developmental Studies Hybridoma Bank
(Iowa City, IA, USA). AP or HRP substrate coloration kit
was the product of Dingguo Ltd. (Beijing, China). All other
reagents used were of analytical grade.

1.3  hb prokaryetic expression and purification

A 6xHis/L. migratoria Hb fusion protein was constructed
by cloning a fragment, beginning at the X#o I site within the
M-1 finger and continuing through to the end of the coding
region, into a pET30a(+) vector. The construction process
was carried out as follows: 6xHis and Hind III site were
added to the 3’ end of the Ab coding region by PCR. Both
the PCR products and pET30a(+) were digested with Xho I
and Hind III, and then the digested products were recovered
and ligated at 16°C overnight. The ligated vector (pET30a-
Hb) was transformed into E. coli JM109. The positive
clones were identified by sequencing and digesting with the
same enzymes as that used in pET30a-Hb construction. The
plasmids pET30a-Hb with the correct sequence and insert
direction were extracted, and then transformed into BL21
cells. After optimizing the induction conditions including
IPTG, time and temperature, the fusion protein was purified
according to Ni-NTA His Bind Kit’s protocol.

1.4 Hb polyclonal antibody production

The fusion protein mixed with the same volume of freund
complete adjuvant was boosted into subcutaneous sites of
BALB/C mice. After the first immunization, reinforced
immunization was done every two weeks. On the 7th day
after the last immunization, blood was taken from eyes. The
antiserum was stored at —=70°C.

1.5 Western blot

The Western blot analyses of Hb fusion protein and the Hb
polyclonal antibody were carried out according to the
method described previously [20].

1.6 Embryo preparation

Fertilized eggs were laid in damp sand and incubated at
30°C. At this temperature, L. migratoria manilensis em-
bryos take approximately 13 days to hatch. Embryos were
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examined at the indicated times after egg lay (AEL). The
embryo preparation protocol used here was largely based on
the methods of Patel [21].

1.7 Immunohistochemistry

Locusts eggs were collected, dechorionated, and fixed ac-
cording to the established protocols as described above. The
embryos were rehydrated stepwise into PBS/0.1% Triton
X-100 (PBT), and blocked in PBT/1% BSA for 2 h at room
temperature. For single antibody staining experiments, the
Hb polyclonal antibody was used at a dilution of 1:100, and
carried out at 4°C overnight. After washing in PBT, the
alkaline phosphatase-conjugated secondary antibody at a
1:2000 dilution was added and incubated at 4°C overnight.
After further washing, embryos were stained in BCIP/NBT
solutions for 5-15 min. Following the washing in PBS, em-
bryos were placed in 70% glycerol and viewed as
wholemounts.

For the double antibody staining experiments, a BCIP/
NBT solution was washed off in several changes in PBT
and blocked in PBT/1% BSA for 2 h at room temperature.
An En-specific cross-reactive mouse monoclonal antibody
Mab4D9 (Developmental Studies Hybridoma Bank, Iowa,
IA, USA) was added at a 1:50 dilution and incubated at 4°C
overnight. After washing, the horseradish peroxidase
(HRP)-conjugated secondary antibody at a 1:2000 dilution
was added and incubated at 4°C overnight. The HRP color
reaction was developed with the nickel-enhanced diamino-
benzidine substrate.

1.8 Fixation and immunohistochemistry of ovary

The ovary of locusts was dissected in PBS and fixed for 20
min in PEM-FA fixative at room temperature. The staining
method was the same as that of embryos.

1.9 Imaging

Wholemount embryos were viewed under a Nikon micro-
scope (SMZ1500). Images were digitized with a CCD chip
video camera using Nikon Nis elements BR 3.0 software.

2 Results

2.1 hb prokaryotic expression and confirmation

His/Hb fusion protein was expressed in E. coli and purified
selectively with nickel chelate resins in step elution condi-
tions. However, there were still some non-target proteins in
the purified samples. We further carried out PAGE electro-
phoresis and recovered the target proteins from the gel
(Figure 1). The purified proteins were transferred to the
nylon-membrane for Western blotting analysis with the His
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monoclonal antibody. There was a single strip the same to
the purified protein in size (Figure 1). Results showed that
the purified proteins were the Hb fusion proteins that could
be used as antigens to produce the polyclonal antibody
against Hb.

2.2 Hb polyclonal antibody production and specificity
confirmation

The antiserum was produced by the immunizing mouse with
His/Hb fusion proteins. Eggs freshly oviposited and recom-
binant E. coli bacteria were lysed separately, then Western
blotting was conducted to determine the specificity of the
antiserum at a 1:100 dilution. A specific strip was detected
from the two lysed samples (Figure 2). These results
showed that the antiserum was specific to the Hb protein
and there were not cross reactions with other antigens.

2.3 hb expression during oogenesis

Immunostaining revealed that hb was expressed within de-
veloping oocytes and localized to the oocyte nucleus which
was positioned centrally within the developing oocyte (Fig-
ure 3A). The oocyte nucleus gradually moved to the poste-
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Figure 1 PAGE electrophoresis and Western blotting analysis of Hb
fusion protein. Lane M, protein marker; Lane 1, Hb fusion protein recycled
from PAGE gel; Lane 2, Hb fusion protein purified by affinity chromatog-
raphy; Lane 3, lysates of recombinant strains after optimizing the expres-
sion conditions; Lane 4, lysates of recombinant strains before optimizing
the expression conditions; Lane 5, lysates of strains with the empty vector
control; Lane 6, Western blotting analysis of Hb fusion protein.
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Figure 2  Analysis of antiserum specificity by Western blotting. Lane 1,
lysates of recombinant strains; Lane 2, lysates of eggs freshly laid.
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rior end of the egg along with the oocyte maturing. As the
nucleus moved toward the posterior end of the oocyte, Hb
protein was still nuclear (Figure 3B and C).

2.4 hb expression during embryogenesis

In freshly laid eggs, Hb accumulated and formed gradient at
the posterior end of the egg (Figure 4A). The nuclei divided
without cellular divisions at about 2 h AEL, migrated to the
egg periphery during the next few hours, and reached the
surface of the egg about 23 h AEL, then rapidly cellularized
[22]. Around 28 h AEL, the nuclei were condensing and hb
expression appeared more strongly at the posterior end of
the egg where the blastodisc formed (Figure 4B). Around 32
h AEL, the cells at the posterior end formed a circular blas-
todisc, and hb was expressed as a band in the middle of the
blastodisc (Figure 4C).

By the 42nd h AEL, the embryo differentiated into the
head lobe and posterior region. At this stage, hb was still
expressed in the central domain, whereas absent in the head
lobe and at the posterior end of the embryo (Figure 4D).
With the elongations of the germband, kb expression be-
came stronger (Figure 4E and G). Till the 50th h AEL, the
expression region became wide at a distinct stepped expres-
sion level (Figure 4H). By double staining with the En and
Hb antibody, the strong region of hb expression will de-
velop into gnathal region spanning from the prospective
mandibular to labial segments, while the boundary of the
faint expression region will develop into the first thoracic
segment (Figure 41).

With segmentation of abdomen, the expression domain
in the gnathal and thoracic region became faint and gradu-
ally faded out. 72 h AEL, an Hb expression domain ap-
peared near the posterior end of the abdomen (Figure 4J).
During the next few hours, the domain faded as the poste-
rior region elongated, and a new domain was appearing in
the more posterior region corresponding to A7-A9 ab-
dominal segments (Figure 4K). Then another hb domain
appeared at the posterior of A9, which would form the 10th
abdominal segment (Figure 4L and M).

Figure 3 Maternal hb expression in L. migratoria manilensis. A, Hb was

expressed at the position of germarium (arrowhead), and localized to the

oocyte nucleus which was positioned centrally (arrow). B, The oocyte

nucleus gradually moved to the posterior end of the egg with the oocyte

maturing. C, High-magnification view of the boxed area in B, showing the

nucleus positioned at the posterior end of the egg. D, Ovariole staining
without the primary antibody.
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Figure 4 Kb expression during embryogenesis. Expression patterns of hb
at 0 (A), 28 (B), 32 (C), 42 (D), 44 (E and F), 46 (G), 50 (H and I), 72 (J),
90 (K), 96 (L and M) and 144 h (N) AEL. The embryo was double-stained
with En in I, K and M (Hb, blue; En, brown). Anterior is upwards in C-N
and towards the left in A, the frontal view of the posterior end of embryo is
shown in B. A, hb accumulated and formed gradient at the posterior end in
freshly laid eggs. B, Blastodisc formed (arrowhead). C-G, hb was ex-
pressed in the middle gap domain, and then gradually became wider at a
distinct stepped expression level (the arrowhead indicates the stronger
domain, and the arrow indicates the weak domain) (H). I, Double staining
for En and Hb indicated that the strong region will develop into the gnathal
region spanning from the prospective mandibular to labial segments, while
the boundary of the faint expression region will develop into the first tho-
racic segment. The posterior expression domain (arrowheads in J) appeared
at 72 h AEL (J) and split into three strips corresponding to A7-A9 ab-
dominal segments (K). Subsequently, the 10th abdominal segment ap-
peared (L and M). hb was also expressed on appendages indicated by ar-
rowheads (N), and expressed as spots or arrowheads in the head region and
in the trunk indicated by diamonds (J-N). Mn, mandible; Mx, maxilla; Lb,
labium; T, thoracic segments; A7-A10, abdominal segments; En, Engrailed;
Hb, Hunchback. Scale bar=100 pm in C; scale bar=200 um in A, B, D, E, F,
G, L and N; scale bar=250 um in H, I, J, K and M.

When appendage primordium developed in the gnathal
and thoracic segments, hb was expressed strongly on the
segments of the appendages, which suggested that hb was
probably required for the development of the appendages
(Figure 4N). In the later stages, Hb was also expressed as
spots or arrowheads in the head region and in the trunk
(Figure 4J, L, and N). The expression patterns were consis-
tent with the Hb neural expression in other insects [7,18,23].
These expressions suggested that Hb was also involved in
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neural patterning in oriental migratory locust.

3 Discussion

hb is directly implicated in anteroposterior axial patterning
of insects. Although the function of Lmm’hb has been in-
vestigated, its expression pattern remains unknown. The
development and accumulation pattern of Lmm’hb reported
here shared great similarity with that of other insects, such
as Schistocerca americana and another L. migratoria [7].
Moreover, kb function has been intensively investigated in
several insects at different phylogenetic positions. Com-
parative analysis of the expression pattern and function of
hb in different insects may shed light on the evolutionary
transition from short to long germ segmentation.

3.1 Maternal hb expressed as protein

hb functions as both maternal gene and zygotic gene. Hb
protein was shown to be provided maternally in L. migrato-
ria manilensis (Figure 3), consistent with that of S. ameri-
cana [7]. However, maternal loading of Hb protein has not
been reported in either Drosophila or Tribolium, even not in
Gryllus which belongs to Orthoptera along with L. migrato-
ria [2,15-17]. Thus the expressions of maternal kb have
diversities in different insects and have no consistency with
phylogenetic relationships or the germband mode of insects.

In contrast to the locust, kb transcript, provided by the
nurse cells through cytoplasmic bridges, is not translated
during oogenesis in Drosophila. Locusts have the primitive
panoistic type of ovarioles, where the developing oocytes
are not associated with special nurse cells. This means that
hb mRNA in locust oocytes is likely to be transcribed by the
oocyte nucleus. In very early embryos of L. migratoria
manilensis, Hb is only distributed in the posterior of the egg
(Figure 4A), just as S. americana, however, hb mRNA is
undetectable by in situ hybridization, indicating that Hb
protein is presumably maternally provided in this develop-
ing stage [7].

In locusts, maternal Hb protein may only serve to distin-
guish embryonic cells from extraembryonic cells [7]. This
contrasts with Drosophila where both maternal and zygotic
hb participate in axis formation, as the embryos lacking all
maternal and zygotic products have a larger anterior gap
than those lacking only zygotic hb [14]. We also found that
for hb, no qualitative difference in the phenotypes was pro-
duced by embryonic and parental RNAi experiments (data
not shown), supporting that maternal Hb may not control
the additional anteroposterior patterning function in locusts.

3.2 hb expression and function in the gnathal and tho-
racic region

As the germband elongated, the expression region became
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wider at a distinct stepped expression levels (Figure 4H),
which would develop into spatial gnathal and thoracic seg-
ments. This gradient expression pattern is consistent with
that of Drosophila, Gryllus, and Tribolium, indicating that
hb expressions in the gnathal and thoracic regions are con-
served in different insects.

hb functions as a gap gene in the gnathal and thoracic
development in many insect species. In Drosophila, zygotic
hb mutants exhibit a canonical gap phenotype [14,24]. As in
fruit flies, hb RNAI in Tribolium results in gnathal and tho-
racic gap phenotypes [15]. Surprisingly, Lmm’hb RNAi
results in deletions of all the gnathal and thoracic segments
in class II embryos, and only the pregnathal segments are
present in the extreme phenotypes [6]. These results indi-
cate that Lmm’hb is required in more segments and might
therefore function as a gap gene in a broader region than in
Drosophila.

In Oncopeltus and Gryllus, the loss of gnathal and tho-
racic segments is thought to be due to transformation of
these segments towards abdominal fates [2,18]. Interest-
ingly, hb parental RNAi in L. migratoria manilensis, an
insect belonging to the same order as Gryllus, did not sup-
press abdominal identity, but yielded only canonical gap
phenotypes. Further investigation into the expression pat-
terns of genes involved in abdominal fates in L. migratoria
will help us understand the details of the hb function in Lo-
custa.

3.3 hb expression and function in abdomen

With abdominal segmentation, the expression domain in the
gnathal and thoracic region became faint and eventually
faded out, and then appeared at the posterior growth zone in
a discontinuous expression manner (Figure 4] and K). In
strongly affected Lmm’hb RNAi animals, abdomen is se-
verely compacted and segmentation is defective [6]. The
Lmm’hb function in the developing abdominal segmentation
probably reflects its expression in the posterior growth zone.
Therefore, we proposed that hb was required for the proper
growth and segmentation of the posterior germband.

Lmm’hb is not continuously expressed in the growth
zone, and disruption of 74b mRNA results in a compacted
abdomen with deletions of three to four abdominal seg-
ments [6]. In Gryllus, hb is expressed in the growth zone as
in the locust, and required in the formation of at least seven
abdominal segments [18]. By contrast, b is continuously
expressed in the growth zone of two other short germband
insects, Tribolium and Oncopeltus, with the compacted ab-
domen phenotype exhibited only in Oncopeltus. It has not
yet been reported that b RNAI leads to posterior compac-
tion in Tribolium [2]. These facts suggest that b functions
in the growth zone are divergent among these species.

In short germband insects, only the anterior body seg-
ments are specified early in embryogenesis. The rest parts
of the body extend later by the sequential addition of new



HeZ B, et al.

segments from the growth zone, known as germ anlagen.
However, the growth zone has not yet been well character-
ized [2]. Except for hb expressed in the growth zone, other
genes, such as caudal, are simultaneously expressed in this
region. The functions and relationships of these genes are
the key factors of growth and segmentation of posterior
germband. Further analyses of the functions and relation-
ships of these genes would be needed to elucidate the
mechanisms of abdominal segmentation.
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