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for morphology building in honeybees. It is unclear whether there is
an interaction between these two processes. Here, we investigated
the expression of fem and Amdsx genes between female castes
of honeybees. We found that the expression of fem and Amdsx is
significantly higher in queens than in workers, and this expression

was positively regulated by juvenile hormone (JH). Our results
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suggest that sex-determining genes fem and Amdsx are also involved
in honeybee caste differentiation.

Introduction

Honeybees are typical social insects. A honeybee
colony is usually made up of a queen, tens of thousands of
workers, and hundreds of drones. The queen and workers are
diploid females developed from fertilized eggs; the drones
are haploid males developed from unfertilized eggs. As two
female castes, the queens and workers differ significantly
in morphology, physiology and behaviors (Winston, 1987).
Thus, the differentiation of queen, worker, and drone contains
two critical developmental processes: sex determination and
caste differentiation.

Sex determination of honeybees is controlled by the
cascade of csd > fem > Amdsx (Beye et al., 2003; Cho et al.,
2007; Hasselmann et al., 2008; Gempe et al., 2009). During
the early embryonic stage, csd, as the primary signal,
transmits the sex-determining signal to the downstream
genes so that the embryo develops toward female (Beye et
al., 2003). Fem is homologous to csd, and its function is to
maintain and stabilize the female embryo development and
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regulate the female-specific splicing of downstream gene
Amdsx (Hasselmann et al., 2008; Gempe et al., 2009). Dsx is
a conserved gene in insects located at the bottom of the sex
determination cascade (Gempe & Beye, 2010). The pre-mRNA
of Amdsx is sex-specifically spliced in males and females
to produce male- and female-specific AmDSX proteins to
regulate sex differentiation of honeybees (Cho et al., 2007).
Caste differentiation of female honeybees is regulated
by many factors, such as nutrition (Haydak, 1970; Rembold
& Dietz, 1966; Wittmann & Engels, 1987), hormones (Wirtz et
al., 1972; Asencot & Lensky, 1976; Rachinsky & Beetsma,
1990), epigenetic modifications (Kucharski et al., 2008;
Spannhoff et al., 2011; Wojciechowski et al., 2018), etc.
The queen larvae were fed royal jelly during the whole
larvae stage, while the worker larvae were just fed worker
jelly for three days and then were fed bee bread till pupation.
Factors such as sufficient food at the larvae stage, high titer
of JH, and low level of genomic DNA methylation in the
larvae can promote the queen phenotype’s development.
On the other hand, dicoumaric acid (Mao et al., 2015) and
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plant RNAs (Zhu et al., 2017) can induce worker phenotype
development. Studies confirmed that insulin/insulin-like growth
factor 1 signaling (IIS) pathway (Wolschin et al., 2010; Mutti
etal., 2011; Wang et al., 2013), the target of rapamycin (TOR)
signaling pathway (Patel et al., 2007; Mutti et al., 2011) and
epidermal growth factor receptor (EFGR) signaling pathways
(Kamakura, 2011) are involved in caste differentiation. These
signaling pathways transmit the initial nutritional signals
to JH, which plays a dominant role in caste differentiation.
Compared with worker larvae, the titer of JH in queen larvae
is 26 times higher than that in worker larvae during the 4th
to 5th instars (Rachinsk & Hartfelder, 1990). Meanwhile,
topical application of synthetic JH to worker larvae leads to
the development of queen-like traits (Rembold et al., 1974).

Although both sex determination and caste differentiation
pathways are related to the development of honeybees’
morphological and physiological traits, the possible link
between these two pathways is poorly understood. Recent
studies have shown that sex-determining genes may also
play a role in caste differentiation (Brito et al., 2015; Klein
et al., 2016; Roth et al., 2019). In this study, we compared
the expression of fem and Amdsx between queen and worker
castes and assessed the effect of JH on their expression. We
found caste-biased expression of fem and Amdsx, which
indicates an interaction between sex determination pathway
and caste differentiation pathway.

Materials and Methods
Sample collection

The honeybees used in this study were western
honeybee, Apis mellifera ligustica Spinola, 1806. According
to standard beekeeping techniques at the Honeybee Research
Institute, we raised colonies, Jiangxi Agricultural University,
Nanchang, China (28°46’ N, 115°49’ E).

Three colonies of 4. m. ligustica with similar populations
were selected. The queen of each colony was confined on a
comb to lay eggs for six hours. Then, we transferred the comb
to a super box of the same colony. When the eggs hatched into
larvae, some of the larvae were grafted to queen cells, and all
the larvae continued to be bred in a super box. When the larvae
reached 48 h, 84 h, and 120 h, the queen larvae and worker
larvae were sampled respectively to analyze expression
differences of fem and Amdsx between them by qRT-PCR. At
48 h, every three larvae were collected as a sample; at 84 h

and 120 h, each larva is a sample. During sampling, the larvae
were washed three times with double distilled water. Seven
biological replicates were sampled for each time point.

The head and stomach of newly emerged queens and
workers with five biological replicates were sampled. During
sampling, the stomach and intestines of bees were removed.
All the samples were quickly frozen in liquid nitrogen and
were stored at -80 °C.

Juvenile hormone treatment

An A. m. ligustica colony was used in the JH treatment
experiment. The queen was limited on a comb to lay eggs for
six hours. When the eggs hatched, the 1-day old larvae were
grafted to 24-well cell culture plates with 200 pL/hole artificial
larval food (glucose 6%, fructose 6%, royal jelly 50%, yeast
extract 1%, distilled water 37%). They were randomly divided
into three groups. One group was topically applied with 1uL
of JH III (APExBIO, purity > 65.00%) solution diluted in
ethanol (10 pg/pL). The second group was topically applied
with 1uL of ethanol and was set as control. The third group
was normal larvae without any treatment. Larvae were reared
in an incubator with a temperature of 34 °C and humidity
of 85%. For the next two days, the JH treatment group and
ethanol treatment group continued to be treated with JH III or
ethanol three times every day. Twenty-four hours after the end
of the treatment, larvae of the three groups were collected to
detect mRNA expression changes of fem and Amdsx through
gRT-PCR. For each group, seven biological replicates were
sampled. After washing three times with double distilled water,
the larvae were immediately frozen in liquid nitrogen and
stored at -80 °C for RNA extraction.

Quantitative real-time PCR

Total RNA was extracted from the above samples
according to the instructions of the TransZol Up Plus
RNA Kit (TransGen Biotech, Beijing, China). cDNA was
obtained by reverse transcription following the instructions
of the Primescript™ RT reagent Kit (Takara, Japan). The
housekeeping gene Amactin of A. mellifera was used as an
internal reference gene. Quantitative real-time PCR primers
were designed based on mRNA sequences of fem, Amdsx, and
Amactin with Primer Premier 5.0 software. The sequences of
primers are listed in Table 1.

Table 1. Primer sequences used for qRT- PCR assays.

Gene Accession number Primer sequence (5’ to 3°)
Forward: CCAATGCGGGGTCAAGTA
Jem EU101388.1 Reverse: TATCTGGAGGAATAAATCGTG
Forward: CTCACACTGCGATGGTCAC
Amdsx EU236954.1 Reverse: CGTCTCACTACTTCTTCCG
Amactin NM _001185145.1 Forward: GTATTGTATTGGATTCGGGTG

Reverse: TGCCATTTCCTGTTCAAAGTCA
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Amplification conditions of qRT-PCR: 50 °C for 2
min, predenaturation at 95 °C for 10 min, followed by 40
cycles of 95 °C for 10 s, (fem, 58.2 °C; Amdsx, 52.9 °C and
Amactin, 52.9 °C) for 1 min. For each sample, the specificity of
the PCR amplification was verified by melting curve analysis.

The data were analyzed by the comparative Ct method
(222 (Schmittgen & Livak, 2008). The expression differences
of fem and Amdsx between samples were analyzed by t-test or
one-way ANOVA using SPSS17.0 software (SPSS Inc., 2008).

Results

fem and Amdsx have expression differences between queen
and worker

The expression levels of fem and Amdsx in queen larvae
and worker larvae at 48 h, 84 h, and 120 hand in the head and
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stomach of adult queens and workers were detected by qRT-
PCR analysis. The results showed that: the expression levels of
fem in queen larvae at 84 h and 120 h were significantly higher
than those in worker larvae (84 h: t=3.99, df=4.23, p=0.0146;
120 h: t=6.25, df=8.00, p=0.0002) (Fig 1), and there was no
significant difference at 48 h (t=0.39, df=8.00, p=0.7053); the
expression levels of Amdsx in queen larvae at all the three
stages were significantly higher than those in worker larvae
(48 h: t=-3.46, df=8.00, p=0.0085; 84 h: t=-7.56, df=8.00,
p<0.0001; 120 h: t=4.04, df=5.98, p=0.0069); both fem and
Amdsx expressed higher in stomach of queen than in that of
worker (fem: t=-6.48, df=4.58, p=0.0018; Amdsx: t=-9.30,
df=8.00, p<0.0001) (Fig 2), and there were no significant
expression difference of fem and Amdsx between the head of
queen and worker (fem: t=-1.79, df=8.00, p= 0.1107; Amdsx:
t=-0.74, df=7.98, p= 0.4786).
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Fig 1. Expression differences of fem and Amdsx between queen larvae and worker larvae. "represent significant difference (t-test, p<0.05).
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Fig 2. Expression differences of fem and Amdsx between head and stomach of queen and that of workers. "represent significant difference

(t-test, p<0.05).
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JH up-regulated fem and Amdsx

After treatment of larvae with JH, the expression
levels of both fem and Amdsx in JH treatment group were
significantly up-regulated compared with the two control
groups, and there was no significant difference between the
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two control groups (fem: JH vs. normal vs. ethanol, F(2,
18)=20, p<0.0001; JH vs. ethanol, p=0.0006; JH vs. normal,
p<0.0001; ethanol vs. normal, p=0.0639. Amdsx: JH vs
normal vs. ethanol, F(2, 18)=20, p=0.0005; JH vs. ethanol,
p=0.0003; JH vs. normal, p=0.0009; ethanol vs. normal,
p=0.6773) (Fig 3).
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Fig 3. Expression change of fem and Amdsx after JH III treatment. “represent significant difference (ANOVA, p<0.05).

Discussion

fem and Amdsx are critical regulators in the sex
determination cascade of honeybees. Several studies have
indicated that sex-determining genes may also be involved in
caste differentiation (Brito et al., 2015; Klein et al., 2016; Roth
et al.,, 2019). A study in stingless bee Melipona interrupta
showed that the fem gene expressed higher in the queen
than in the worker (Brito et al., 2015). In ant Cardiocondyla
obscurior, dsx exhibits both sex and form-specific expression
across life stages (Klein et al., 2016). Knocking out fem and
Amdsx using CRISPR/cas9, (Roth et al., 2019) found that
nutrition could affect the gonad size of honeybees through the
fem gene. In this study, we also found that fem and Amdsx
had higher expression levels in the queen than in the worker.
It suggests that fem and Amdsx play a critical role in sex
determination and are involved in caste differentiation of
female bees.

JH plays a vital role in the process of honeybee caste
differentiation. The increase of JH can make female larvae
develop into queens (De Oliveira Campos et al., 1975) and
promote the increase in the number of ovarian tubes in workers
(Dorn, 1985). We investigated the relationship between fem,
Amdsx, and JH, and found that the expression levels of fem
and Amdsx in the larvae were significantly increased after JH
IIT treatment. This indicates that JH regulates the differential
expression of fem and Amdsx between queen and worker. The
increase of fem and Amdsx expression after JH treatment is
associated with queen development.

In conclusion, our study indicates that sex-determining
genes fem and Amdsx are also involved in honeybee caste

differentiation, and they are positively regulated by
JH. Further studies are needed to clarify how these sex-
determining genes function in the caste differentiation
process of honeybees.
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