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A B S T R A C T

The number of cells in tissues is under strict genetic control, and research on the determination of cell number is
of great importance to understand the growth and development of organs. Bmsage, a bHLH transcription factor,
is involved in the development of the silk gland during the embryonic stage in Bombyx mori. However, the
mechanism by which it influences silk gland development is unclear. In the present study, we determined via
immunofluorescence staining during the embryonic stage of Bombyx mori that Bmsage is expressed in silk gland
cells from the beginning of development of the silk gland until its complete formation. By comparing different
silkworm strains, we found that Bmsage expression is positively correlated with the number of silk gland cells.
Bmsage knockdown by RNAi resulted in shorter silk glands and lower cell numbers, especially in the posterior
silk gland. The silk gland lumen also shriveled, and the silk protein content was significantly lower than that in
the control. Further investigation revealed that all cyclins decreased after knock down of Bmsage, and cyclin B
and cyclin 3 were significantly down-regulated. Bmsage may be involved in the regulation of the cyclin pathway
to control silk gland development. Taken together, it can be concluded from our results that Bmsage is involved
in the determination of cell number in silk glands. Our results help clarify the process of cell number de-
termination in silk gland and identify a potential target for silkworm breeding.

1. Introduction

In nature, the cell is the basic unit of life (Mazzarello, 1999). The
number of cells in different organisms is generally subject to strict ge-
netic control. For example, a bacterium is composed of a single cell, and
Caenorhabditis elegans is composed of approximately 1000 somatic cells
(Alberts, 2002). However, the mechanism of cell number determination
in higher organisms is not fully understood. Research on the mechanism
of cell number control will remarkably help in understanding both
development and disease occurrence.

As an economically important insect, Bombyx mori has been reared
by humans for a long time. Its most important economic trait is the
ability to spin silk, and the silk gland is the main organ that carries out
the biological processes of synthesis, secretion, and spinning of silk. The
silk gland can be divided into three parts based on morphological
characteristics: the anterior silk gland (ASG), middle silk gland (MSG),
and posterior silk gland (PSG). The ASG is a duct connecting the

spinning tube and the MSG. It has no function in secreting protein but
plays an important role in the crystallization of silk protein (Asakura
et al., 2007). The MSG is the thickest part of the whole silk gland, and it
mainly secretes the silk protein sericin. The PSG is the longest part of
the silk gland; it is coiled and has a powerful ability to synthesize silk
fibroin (Inoue et al., 2000; Sprague, 1975; Yamaguchi et al., 1989). To
complete the spinning process, all the three parts are essential.

The silk gland of B. mori originates from the ectoderm and forms a
paired tubular organ, which is composed of silk gland cells and lumen.
Silk gland cells are known to complete mitosis at the embryonic stage
(Dhawan and Gopinathan, 2003), increase their cell volume, and re-
plicate their nuclei, but no cell division occurs during the larval stage
(Niranjanakumari and Gopinathan, 1991, 1993; Perdrix-Gillot, 1979).
Finally, at the fifth instar, the DNA content of the MSG and PSG in-
creases by 217–219 times (Gage, 1974; Niranjanakumari and
Gopinathan, 1992; Perdrix-Gillot, 1979); this high DNA content creates
favorable conditions for the mass transcription of silk proteins (Patel
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and Gopinathan, 1991).
The initial formation of the silk gland begins approximately 36 h

before the embryonic reversal stage. The silk gland cells are generated
by the two silk gland disc in the base of the second segment of embryo.
After 6 h, cell differentiation is extensive, and after 60 h, the MSG be-
comes S-shaped (Matsunami et al., 1999; Suzuki, 1977). At this point,
the ASG, MSG, and PSG are clearly distinguishable. There are ap-
proximately 1000 silk gland cells, with the ASG, MSG, and PSG com-
prising approximately 300, 260, and 500 cells, respectively (Perdrix-
Gillot, 1979).

However, only few studies have focused on the molecular me-
chanism of silk gland development at the embryonic stage. Nagata
found that the time of Scr expression was consistent with the start of silk
gland development, and ectopic expression of Scr could induce the
development of additional silk glands, indicating that Scr is involved in
their initation (Nagata et al., 1996). Salivary gland production in Dro-
sophila melanogaster is also controlled by Scr (Andrew et al., 1994;
Panzer et al., 1992). Furthermore, the development of the silk gland in
the embryo is mainly a process of increasing the number of cells. Al-
though several factors affect cell growth, the final determination of cell
number is mainly through apoptosis, autophagy, and division. cyclin B
has long been considered the main gene controlling mitosis in the silk
gland; when silk gland cells stop dividing, cyclin B expression ceases
(Dhawan and Gopinathan, 2003). This indicates that the cyclin
pathway plays an important role in the development of embryonic silk
glands.

Bmsage, encoding a silk gland-expressed basic helix-loop-helix
(bHLH), is homologous to the gene Dmsage in D. melanogaster. Dmsage is
specifically expressed in the salivary glands (Fox et al., 2013). B. mori
silk glands and D. melanogaster salivary glands share many common
features (Ashburner and Novitski, 1976; Martin et al., 1988). Previous
studies have shown that Dmsage could regulate senseless, while senseless
could inhibit expression of the apoptosis gene reaper, thereby main-
taining the survival of salivary gland cells (Chandrasekaran and
Beckendorf, 2003). Dmsage also regulates PH4αSG1 and PH4αSG2.
These two genes encode α subunits of prolyl hydroxylase. When
PH4αSG1 and PH4αSG2 are mutated, the resulting salivary lumen
shrinks or is blocked (Abrams et al., 2006).

In silkworm, Bmsage has been found to regulate the transcription of
fibroin-H via interaction with SGF1 (Zhao et al., 2014). When Bmsage
was deleted, the silk gland did not fully develop, and the middle and
posterior parts of the gland were almost completely absent (Xin et al.,
2015). Bmsage is not only involved in the transcription of silk protein
but also plays an important role in the development of the silk gland at
the embryonic stage; however, its molecular mechanism in silk gland
development is unknown. In the present study, we determined the ex-
pression of Bmsage in embryonic silk glands and explored its function by
RNA interference (RNAi). We found that compared to Dmsage in fruit
flies, Bmsage in silkworm plays a completely different role. Our findings
aid further understanding of the development of embryonic silk glands
and have the potential to be used for increasing silk production.

2. Material and methods

2.1. Silkworm strains

The silkworm strains, DaZao (DZ) and ZhongYe (ZY) were provided
by the silkworm gene bank of Southwest University and Biotechnology
College of Jiangsu University of Science and Technology, respectively.
The silkworm eggs were cultured at a standard temperature of 25 °C
under a photoperiod of 12 h light and 12 h dark and the larvae were
reared on fresh mulberry leaves.

2.2. Western blot analysis

RIPA Lysis Buffer (Beyotime, China) was used to extract protein

from the silkworm eggs. The lysate was divided evenly and then cen-
trifuged for 5min at 12000×g. The protein concentrations were mea-
sured using a BCA Protein Assay Kit (Beyotime, China). Anti-Bmsage
antibody was prepared following a previous report (Zhao et al., 2014).
SDS-PAGE through 10% polyacrylamide gels was used to separate the
proteins, followed by transfer onto polyvinylidene difluoride (PVDF)
membranes (Roche, Switzerland). Each PVDF membrane was blocked
with skim milk overnight and incubated with rabbit anti-Bmsage anti-
body (1:10000) for 2 h at 37 °C. After washing, the membranes were
incubated with goat anti-rabbit IgG secondary antibody labeled with
horseradish peroxidase (HRP) (Sigma, USA) for 1.5 h at 37 °C and vi-
sualized with SuperSignal™ WestFemto Maximum Sensitivity Substrate
(Thermo Scientific, USA).

2.3. RNA preparation, reverse transcription PCR (RT-PCR), and
quantitative reverse transcription-PCR (RT-qPCR)

Total RNA from the eggs and silk glands was extracted using
TRIzol™ reagent (Invitrogen, USA) and reverse transcription was per-
formed using the PrimeScript™ RT Reagent Kit with gDNA Eraser
(Takara, Japan). RT-PCR was carried out with Thermus aquaticus DNA
polymerase (Takara, Japan). Bmsage was amplified with the primers
listed in Supplementary Table 1. Quantitative PCR(qPCR) was per-
formed using SYBR® Premix Ex Taq™ II (Takara) under the following
conditions: 95 °C for 10 s, then 40 cycles of 95 °C for 5 s and 60 °C for
30 s. Silkworm ribosomal protein L3 (BmRpl3) mRNA was used as a
normalizing gene. Three independent replicates were performed.

2.4. Immunofluorescence staining, counting length and cell number of silk
glands, statistical method for cocoon layer rate

Immunofluorescence staining of embryos was performed as pre-
viously described (Liu et al., 2000). Rabbit anti-Bmsage antibody and
FITC-labeled goat anti-rabbit IgG were all used at a 1:500 dilution. Silk
glands from third instar and fifth instar larvae were dissected in phos-
phate buffered saline (PBS, pH 7.4). Fresh silk glands were fixed in
methanol and dried, and this was repeated three times. Then, the tis-
sues were stained with 4′,6′-diamidino-2-phenylindole (DAPI) for
10min and washed away with deionized water. Adobe Photoshop CC
2015 software was used to calculate the number of silk gland cells,
Adobe Illustrator CS6 was used to splice images, Image-Pro Plus was
used to measure the length of the silk gland, and GraphPad Prism 6 was
used for statistical analysis. The whole cocoon was weighed and then
gently peeled; the pupa was removed, the epidermis shed, and the re-
maining cocoon was weighed. The ratio of this weight to the whole
cocoon weight was deemed the cocoon layer ratio, which was measured
in fifteen RNAi and control individuals.

2.5. RNA interference (RNAi)

The full-length gene of Bmsage was selected as a template to syn-
thesize dsRNA. The dsRNA was synthesized using RiboMAX Large Scale
RNA Production Systems-T7 and SP6 (Promega, Madison, WI, USA)
according to the manufacturer's instructions. Approximately 3 nl of
3mg/ml dsRNA was injected into each silkworm egg within 2 h of
oviposition. Similarly, EGFP dsRNA was injected into the control eggs.

2.6. Statistical analysis

Statistical differences were evaluated using Student's t-tests for un-
paired samples. The level of statistical significance was set as follows:
*P < 0.05, **P < 0.01, and ***P < 0.001.
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3. Results

3.1. Bmsage is expressed in silk glands during the embryonic stage

To explore the role of Bmsage in the embryonic stage, first, the ex-
pression pattern of Bmsage was examined from the third to ninth day of
the embryonic stage. RT-PCR showed that Bmsage was initially tran-
scribed at low amounts from the fifth day; its level increased gradually
until the seventh day and was the highest on the ninth day (Fig. 1A). In
order to confirm this expression pattern, RT-qPCR and Western blot
analysis were performed and consistent results were obtained (Fig. 1B
and C).

In the fifth instar larvae, Bmsage is specifically expressed in the silk
gland (Zhao et al., 2014). We verified whether this is also true for the
embryonic stage. Immunofluorescence staining was performed using an
anti-Bmsage antibody. Fluorescence signals were detected from the
beginning of cell invaginations to the formation of a complete silk gland
(Fig. 1D). During the entire process, Bmsage was specifically localized
in the cells that differentiated into MSG and PSG; there was no fluor-
escence signal in the ASG. Therefore, until the completion of silk gland
development, Bmsage is continually expressed in the MSG and PSG.

3.2. Bmsage is highly expressed in a high silk yielding strain

Through population evolution analysis, previous studies have
shown that Bmsage is a candidate gene for silkworm domestication (Xia
et al., 2009). In the present study, we chose two strains, the high silk-
yielding strain ZY and the low-silk yielding strain DZ (Fig. 2A and Fig.
S1). Then, we investigated the number of cells in the silk gland. Com-
pared to DZ, ZY was found to have more cells, particularly in the PSG,
and no significant difference was observed in the cell number and
morphology in the MSG between DZ and ZY (Fig. 2C and B).

Subsequently, the expression level of Bmsage was compared between
the two strains on the sixth and seventh days, which were the key stages
when the PSG was being extended in the embryo. The RT-qPCR results
show that the expression level of Bmsage was higher in ZY than in DZ
(Fig. 2D). These results suggest that the expression of Bmsage is posi-
tively correlated with the cell number of PSG.

3.3. Knockdown of Bmsage decreases cell number in the silk gland

Although previous studies have shown that Bmsage is important for
silk gland development (Xin et al., 2015), it is unknown which aspects
of the silk gland are affected by Bmsage. Thus, we carried out an RNAi
experiment of Bmsage in the early embryonic stage. Bmsage was sig-
nificantly down-regulated via dsRNA injection on the seventh days
compared with that in the control, which was injected with EGFP
dsRNA (Fig. 3A). To examine the effect of decreasing Bmsage expression
in the embryonic stage, the morphology of the silk gland was observed
at the third instar. Surprisingly, the length of the silk gland with Bmsage
knockdown was much shorter than that with control RNAi, even
without a developed PSG in some individuals (Fig. 3B and D). Statistical
analysis revealed that the length of the PSG with Bmsage RNAi sample
was only ~50% that of the control (P= 0.0004), but there was no
significant change in the length of the MSG (P=0.2133) (Fig. 3B). To
understand why the PSG became shorter after Bmsage RNAi, these silk
glands were stained with DAPI. The results showed that the nuclei of
silk glands were clear, but there were fewer cells in the Bmsage RNAi
individual. In addition, after counting the number of silk gland cells, it
was found that the number of RNAi PSG cells was significantly lower
than that of the control (P=0.0058), but no significant difference was
obtained with the MSG cells (P=0.3038) (Fig. 3C). Furthermore, the
PSGs of the Bmsage RNAi individuals were disordered, no longer neatly
arranged side-by-side, and with loose nuclei as in the control

Fig. 1. Expression pattern of Bmsage during the embryonic stage. A. RT-PCR detection of Bmsage expression from the third to ninth days of the embryonic stage.
B. Western blot of embryo protein from the third to ninth day of the embryonic stage using anti-Bmsage antibody; three independent experiments were repeated. C.
RT-qPCR analysis of the expression profile of Bmsage from the third to ninth day of the embryo. The results are expressed as means ± SD of three independent
experiments. D. Localization of Bmsage in the PSG and MSG of embryo (arrow). The silk gland of silkworm embryos (arrow) was stained with anti-Bmsage antibody.
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Fig. 2. Expression of Bmsage and silk gland cell number in strains ZY and DZ. A. Comparison of the cocoons of the high silk-yielding strain ZY and the low silk-
yielding strain DZ. B. Comparison of the silk glands of ZY and DZ and comparison of cell arrangement in MSG and PSG. C. Comparison of the number of ZY and DZ
silk gland cells. SG means silk gland. D. Comparison of the expression of Bmsage between the sixth and seventh day embryos of ZY and DZ.
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individuals (Fig. 3E and G). However, there were no obvious differences
in these parameters in the MSG (Fig. 3F and H). The silk protein-related
mRNA, fibroin-H, fibroin-L, P25, and SGF1, were detected by RT-qPCR,
and no changes were found (Fig. S2). These results show that knock
down of Bmsage decreased the number of cells and changed the mor-
phology of the silk gland, especially in the PSG, suggesting that Bmsage
regulates cell division.

3.4. Bmsage RNAi affects silk synthesis and silk yield

To further observe the effect of Bmsage RNAi on the silk gland of
fifth instar larvae, the silk gland and silk yield were investigated.
Bmsage RNAi silk glands were still shorter than those of the control at
the fifth instar, including in the MSG and PSG (Fig. 4A). At the same
time, an abnormal morphology of the PSG was present, appearing as a
knob at the corner (Fig. 4B and C). The secretion of fibroin in the lumen
was affected, and it appeared to be loosely packed (Fig. 4D and E). The
cells were arranged unevenly, and were absent at some locations
(Fig. 4F and G). Moreover, the expression levels of fibroin-H
(P= 0.0331) was affected in the silk gland after Bmsage knockdown by

RNAi in the embryonic stage (Fig. 4I). However, Bmsage expression had
returned to normal by this time (Fig. 4H), indicating that these phe-
nomena were caused by embryonic RNAi, and they could not recover
during postnatal development. After the cocoons were formed, the silk
yield was measured. It was observed that the cocoons with Bmsage RNAi
were smaller and thinner than those with control RNAi, and their green
color had nearly faded (Fig. 4K and L). The cocoon layer ratio also
declined significantly (Fig. 4M). These results indicate that Bmsage
knockdown in the embryonic period resulted in lower silk protein
synthesis in the fifth instar.

3.5. Bmsage affects development of the silk gland by affecting expression of
cyclin genes

In D. melanogaster, Dmsage controls the cell number of the salivary
gland by inhibiting the apoptotic gene reaper (Chandrasekaran and
Beckendorf, 2003). However, there is no homolog of reaper in the
silkworm genome. Therefore we measured other apoptosis-related
pathway genes. The results indicated that, although senseless was down-
regulated (Fig. S3), no significant change was detected in the expression

Fig. 3. Phenotype of silk gland at the third instar of Bmsage RNAi individuals. Bmsage and EGFP dsRNA were injected at the embryonic stage. The silk glands of
the third-instar larvae were observed. A. Relative expression of Bmsage in dsRNA-injected seventh-day embryos. Error bars indicate SEM, student's t-test, *P < 0.05.
B. Statistics of the length of 15 RNAi and control silk glands **0.01 < P < 0.05. C. Statistics of the cell numbers of 15 RNAi and control silk glands
**0.01 < P < 0.05, ***0.001 < P < 0.01. D. Morphological comparison of Bmsage RNAi and control RNAi silk gland. E and G. Comparison of cell arrangement
between Bmsage RNAi and control RNAi PSG. F and H. Comparison of cell arrangement between Bmsage RNAi and control RNAi MSG.
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levels of multiple genes related to apoptosis and autophagy pathways
(Fig. S4). PH4αSG expression levels also remained unchanged in our
Bmsage RNAi individuals (Fig. S3). Therefore, we believe that Dmsage
regulates salivary gland cell number in D. melanogaster and Bmsage
regulates silk glands in silkworms by different pathways. As the de-
velopment of silk glands in embryos mainly involves mitosis of silk
gland cells, we investigated the expression of cyclin family genes. Our
results showed that, in Bmsage RNAi individuals, various cyclins were
down-regulated, such as cyclin B (P=0.02569) and cyclin 3
(P= 0.02593), resulting in significant downregulation (Fig. 5). The
results suggest that Bmsage regulates the development of the silk gland

via cyclin pathways.

4. Discussion

The silkworm is an important lepidopteran model insect, which is
also economically important. Research on development of the silk gland
not only helps in revealing the developmental mechanisms in insects
but also is of great economic value to the silkworm industry. However,
studies on the molecular mechanism of silk gland development are few
and difficult to perform. In the present study, we found that Bmsage
could regulate the number of silk gland cells at the embryonic stage

Fig. 4. Phenotype of silk gland at the fifth instar and cocoon of Bmsage RNAi. A. Fifth-instar larva RNAi and control RNAi silk glands. B and C. Distortion of the
PSG. D-G. RNAi defects in the inner cavities of the silk gland. Arrow indicates that cells are missing. H. Relative expression of Bmsage in the MSG and PSG of Bmsage
RNAi and control RNAi fifth-instar larvae. I and J. Relative expression levels of fibroin-H and sericin-1. K and L. Phenotype of Bmsage RNAi and control RNAi cocoons.
M. Comparison of cocoon layer ratio between Bmsage RNAi and control RNAi.
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through the cyclin pathway, and that Bmsage could potentially increase
silk production by increasing the number of silk gland cells. It is also
worth mentioning that, to the best of our knowledge, Bmsage is the first
gene reported to be involved in the regulation of the number of silk
gland cells.

The salivary glands of D. melanogaster and the silk glands of silk-
worms are believed to be homologous organs. Salivary gland develop-
ment in D. melanogaster is a good reference to understand silk gland
development. In these two tissues, sage knockdown yielded similar
phenotypes, with smaller tissues and warped lumina. In particular, the
reduced size of the tissue was caused by missing cells, because they
were not produced by cell division or they lost by apoptosis or autop-
hagy. In D. melanogaster, Dmsage inhibits cell apoptosis by inhibiting
reaper (Chandrasekaran and Beckendorf, 2003). However, there is no
known equivalent of reaper in the silkworm genome. The expression of
autophagy-related (ATG8) and apoptosis-related (caspase-1, caspase-4,
dredd, dronc, ICE) genes, which could decrease cell numbers, was not
changed in Bmsage RNAi silkworms. Therefore, we believe that apop-
tosis is not the cause of cell number reduction. Another gene reported in
D. melanogaster is PH4αSG1, which caused abnormalities in the salivary
gland cavity when it was mutated. However, the expression levels of
PH4αSG did not change in Bmsage RNAi individuals. More importantly,
knockdown of Bmsage did not distort the silk gland lumen as severely as
in the salivary glands of D. melanogaster (Abrams et al., 2006), and the
distortion occurred mainly at the locations where the cells were missing
(Fig. 4). We speculate that this is caused by the abnormal arrangement
of cells. On the basis of these results, we believe that Bmsage exerts its
biological function via another regulatory mechanism (Fig. 6).

Bmsage is expressed in both MSG and PSG. However, knockdown of
Bmsage led to a significant decline only in the cells in the PSG. We
believe that the MSG was also affected, although not as significantly as
the PSG. This could be attributed to the cascading effect of RNAi (Mann
et al., 2008; Sioud, 2010). The MSG develops early, during which
Bmsage is not downregulated much, whereas the PSG develops late,
during which RNAi signals are amplified. This resulted in an insignif-
icant decrease in the number of cells in the MSG and a significant

decrease in the cell number in the PSG. This is also supported by the
fact that the MSG are almost absent in the Bmsage knockout individuals
(Xin et al., 2015).

During the cell cycle, cyclins regulate the activity of cyclin-depen-
dent kinases (CDKs) through periodic changes and promote cell cycle
progression, and this process is highly conserved in biology (Murray,
2004). Cyclin A-cdk2 is mainly concentrated in the replication region of
the nucleolus (Cardoso et al., 1993) and is necessary for DNA replica-
tion (Labbe et al., 1989). Cyclin D is a key gene for cell cycle entry from
the resting phase (Zhou et al., 1995). Cyclin E is necessary for cells to
enter S phase (Ohtsubo et al., 1995). Cyclin B is mainly expressed at the
end of G2, and it is a key protein for cells to enter division and is ne-
cessary for cell proliferation (King et al., 1995). More importantly,
previous studies have shown that the expression pattern of cyclin B is
consistent with mitosis of silk gland cells (Dhawan and Gopinathan,
2003). In the whole silkworm genome, there are only two cyclin B fa-
mily proteins, cyclin B and cyclin 3 (cyclin B3). They are important
regulators of the G2 to M phase transition of the cell cycle in silkworm
(Pan et al., 2013). In the present study, in Bmsage RNAi individuals,
cyclin B and cyclin 3 were significantly down-regulated, and all cyclins
were down-regulated to varying degrees. This suggests that Bmsage is
involved in the mitotic process in silk gland cells (Figs. 5 and 6).
Therefore, we believe that the decrease in silk gland cell number is
caused by the down-regulation of genes associated with the cyclin
pathway.

After Bmsage knockdown at the embryonic stage, the cocoons pro-
duced by the larvae became smaller and lighter (Fig. 4), and fibroin-H
was significantly reduced (Fig. 4I). These results indicate that the re-
duced number of silk gland cells affected the production of silk, and the
synthesis of silk protein by silk gland cells was affected. At the fifth
instar, the silk glands need to synthesize a large amount of silk protein,
and at this time, Bmsage mainly interacts with SGF1 to regulate the
transcription of fibroin-H (Zhao et al., 2014). However, at the em-
bryonic stage, sericin-1, fibroin-H, fibroin-L, and P25, the main silk
protein genes, were all unchanged in Bmsage RNAi individuals (Fig. S2),
which indicates that Bmsage may play different roles in different de-
velopmental stages of the silkworm.

Silkworms are artificially selected continuously in the process of
long-term rearing by human beings. The silk gland is one of the most
remarkable organs associated with selective evolution. In previous
studies, Bmsage was predicted to be a gene subject to evolution by ar-
tificial selection (Xia et al., 2009). By comparing DZ and ZY, we found
significantly higher number of cells in the silk gland of the high-silk
yield strain than of the low silk-yield strain. This is probably the result
of domestication.

Improving silk production of the silkworm is a subject of continuous
interest for the silkworm mulberry industry. Current studies focus on

Fig. 5. Changes in the expression levels of cyclin-related genes in Bmsage
RNAi individuals at sixth day in embryos. The following cyclin genes were
selected: cyclinB (A), cyclin3 (B), cyclinA (C), cyclinD (D), and cyclinE (E). The
silkworm housekeeping gene ribosomal protein L3 (BmRpl3) was used as a
control. Results are expressed as means ± SD of three independent experi-
ments. Statistically significant differences were evaluated using Student's t-test
for unpaired samples (*P < 0.05).

Fig. 6. Model depicting the functional differences of sage in Bombyx mori
and Drosophila melanogaster. Green represents how sage functions in
Drosophila. Black represents how sage functions in silkworm. Blue represents the
corresponding phenotype. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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the transcriptional regulation of silk proteins, and many transcription
factors involved in this process have been reported, such as dimm (Zhou
et al., 2016) and SGF1 (Zhao et al., 2014). However, silk gland devel-
opment also has an important effect on silk yield. The silk gland is
larger in high silk-yield strains than in low silk-yield strains (Belles,
2011). Previous studies have indicated that overexpression of Ras1 or
Yorkie could result in larger silk glands and higher cocoon yields (Ma
et al., 2011; Zhang et al., 2017). The size of the silk gland is determined
by cell size and cell number. Although we did not obtain transgenic
individuals overexpressing Bmsage, considering the comparison be-
tween the strains ZY and DZ, we believe that Bmsage is likely to increase
cell numbers in the silk gland. In addition, Bmsage determines the
number of silk gland cells by controlling cyclins rather than apoptosis,
also indicating that it has the potential to increase the number of silk
gland cells.

Footnotes

The abbreviations used are as follow: SG, silk gland; ASG, anterior
silk gland; MSG, middle silk gland; PSG, posterior silk gland; ZY,
ZhongYe; DZ, DaZao.
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