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A B S T R A C T

Insect cytochrome P450 monooxygenases (CYPs) play essential roles in both xenobiotic metabolism and de-
velopmental processes. However, the exact physiological function of many CYP genes remains largely unknown.
Screening the expression of the CYP genes from the CYP2 and mitochondrial CYP clans of Drosophila melanogaster
revealed that Cyp303a1 is highly expressed in the pupal stage. Knockdown of CYP303A1 transcripts by RNAi
using the Gal4/UAS system with a ubiquitous driver (tubulin-Gal4) in Drosophila or by dsRNA injection in the last
nymph stage of Locusta migratoria resulted in severe defects in eclosion and lethality during and after adult
emergence. In Drosophila, tissue-specific RNAi of Cyp303a1 with a wing-specific driver (MS1096-Gal4) revealed
that Cyp303a1 was essential for wing extension. Stage-specific RNAi of Cyp303a1 using Gal80ts for thermal-
dependent-suppression found that the expression of Cyp303a1 at the middle pupal stage was absolutely required.
Meanwhile, Cyp303a1 mutants exhibited more than 80% lethality at the late embryonic development stages.
Embryonic lethality of the Cyp303a1 mutants was fully rescued by the ubiquitous overexpression of exogenous
Cyp303a1. Taken together, we conclude that Cyp303a1 is indispensable for embryonic development and adult
eclosion in D. melanogaster, the latter role being conserved over 400 million years of insect evolution.

1. Introduction

Cytochrome P450 monooxygenases (CYPs or P450s) are an ancient
and conserved superfamily of heme-containing enzymes found in vir-
tually all living organisms from bacteria to human (Werck-Reichhart
and Feyereisen, 2000). They play a critical role in oxidation reactions of
many physiological and developmental processes. In addition to their
roles in endogenous metabolism of hormones, steroids, pheromones
and fatty acids, they also participate in metabolism of exogenous mo-
lecules, such as drugs, insecticides and plant secondary metabolites (Li
et al., 2007; Nelson, 2009; Feyereisen, 2012).

Sequences of numerous insect genomes have revealed that the
number of CYP genes in different insect species varies greatly, and they
are distributed in four phylogenetically distinct clades. According to the
P450 nomenclature, these are called the CYP3, CYP4, CYP2 and

mitochondrial CYP clans (Feyereisen, 2006). In insects, the gene num-
bers in the CYP2 and mitochondrial CYP clans are relatively stable,
whereas those in the CYP3 and CYP4 clans largely vary (Feyereisen,
2012). While many insect CYP enzymes have been well studied for their
roles in xenobiotic metabolism, phytochemical detoxification and in-
secticide resistance, their potential functions in developmental pro-
cesses are relatively understudied yet.

The fruit fly, Drosophila melanogaster, is a genetic model organism
which has more than 80 distinct CYP genes (Tijet et al., 2001). A
number of Drosophila CYP genes are regulated in a developmentally
specific manner, suggesting the roles related to developmental pro-
cesses. It has been reported that several CYP enzymes mediate the
biosynthesis of the insect molting hormone (Iga and Kataoka, 2012).
CYP genes including Cyp302a1 (Disembodied, Dib), Cyp306a1 (Phantom,
Phm), Cyp315a1 (Shadow, Sad) and Cyp307a2 expressed in the
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prothoracic glands are involved in the ecdysone biosynthetic pathway
along with Cyp307a1 (Spook/Spo) expressed in embryos and ovaries,
while Cyp314a1 (Shade, Shd) has a broader tissue expression and is
involved in the conversion from ecdysone (E) to 20-hydroxyecdysone
(20 E) (Ono et al., 2006; Niwa et al., 2004; Warren et al., 2002; Rewitz
et al., 2006; Petryk et al., 2003). These CYP genes are generally referred
to as “Halloween genes”, as knockout of these genes causes embryonic
lethality as a result of ecdysteroid biosynthesis deficiency. These genes
belong to the CYP2 clan (Cyp307, Cyp306a1) and the mitochondrial
CYP clan (Cyp302a1, Cyp315a1, Cyp314a1). In addition to the pre-
viously defined Halloween genes, Cyp18a1, which belongs to the CYP2
clan, is involved in 20 E inactivation (Guittard et al., 2011; Rewitz
et al., 2010). Cyp301a1, which belongs to the mitochondrial CYP clan,
was described as an important gene involved in the formation of the
adult cuticle, but its biochemical function is unknown (Sztal et al.,
2012). Another CYP2 clan member, Cyp303a1 (nompH) is expressed in
the socket cells of sensory bristles in D. melanogaster, and is essential for
the development and structure of external sensory organs (Willingham
and Keil, 2004). This P450 is highly conserved in insects with 48%
sequence identity between the fly enzyme and the Locusta migratoria
enzyme. In the locust, the CYP303A1 gene is highly expressed in em-
bryos with a peak on day 5 of 13 (Zhang et al., 2018).

Here we show that in Drosophila Cyp303a1 has a similar expression
pattern in embryos and is also highly expressed in the wings at the
pupal stage. RNAi in both L. migratoria and D. melanogaster cause a si-
milar lethal phenotype at adult eclosion, with failure to expand wings
and complete ecdysis. In addition, the lethal phenotype of Drosophila
Cyp303a1 mutants implies that the gene is also essential for embryonic
development. This conserved P450 therefore plays a heretofore un-
recognized role in insect development.

2. Materials and methods

2.1. Fly strains and genetic experiments

All fly strains were kept on standard cornmeal/molasses/agar medium
at 25 °C unless otherwise stated. The transgenic line UAS-Cyp303a1-RNAi
(v107902) was obtained from the Vienna Drosophila Resource Center
(VDRC). w1118, tubulin-Gal4, actin-Gal4, Aug21-Gal4 and Phm-Gal4 were
reported previously (Zhang et al., 2013; Wen et al., 2015; Liu et al., 2018).
UAS-Dicer2, the mutant Cyp303a1<ck1>and other Gal4 lines were ob-
tained from the Bloomington Drosophila Stock Center (BDSC). The mutant
Cyp303a1<AS96> was obtained from the Kyoto Stock Center. The list of
fly strains used in this study is in Table S1.

The UAS-Cyp303a1 construct was generated using pUAST vector by
the homologous recombination of an EcoRI/XbaI site fragment con-
taining the full open reading frame (ORF) of Cyp303a1 cDNA. The
transgenic fly UAS-Cyp303a1 was produced by P-element-mediated
germline transformation. The embryos were injected by Core Facility of
Drosophila Resource and Technology at Shanghai Institute of
Biochemistry and Cell Biology (Shanghai, China). Other flies used in
this study were generated by recombination.

2.2. Growing and collection of fruit fly

Drosophila wild-type (w1118) embryos were laid at 25 °C for 2 h on
standard food in bottles. Groups of animals were collected in triplicate
at 24 h intervals immediately after the beginning of the embryonic
stage and up to adult eclosion. For pupal stage, groups of pupae were
collected in triplicate at 24 h intervals after puparium formation. For
egg collections, eggs were laid at 25 °C for 2 h on grape juice agar plate
supplemented with yeast. Groups of eggs were collected at every 2 h.
Therefore, the sampling time indicated in the data is in the range be-
tween the time indicated and the time +2 h. The collected eggs, larvae,
pupae and adults were washed twice with PBS and frozen in liquid
nitrogen and stored at −80 °C until the samples were used for analyses.

2.3. Total RNA extraction and reverse transcription quantitative PCR

Total RNA was extracted from whole body sampled at each devel-
opmental stage or from different tissues dissected from white pepupal
stage in wild-type (w1118) using TRIzol (Invitrogen, USA). Potential
genomic DNA contamination was removed by DNaseI (Invitrogen,
USA). Reverse transcription reaction was made from total RNA (2 μg)
with polyT primer by using M-MLV reverse transcriptase kit (TaKaRa,
Japan). Reverse transcription quantitative PCR (RT-qPCR) was per-
formed using the IQ SYBR Green Supermix (Bio-Rad, USA) and ABI
7300 Real-Time PCR System (Applied Biosystems, USA). RT-qPCR was
performed as described previously (Zhao et al., 2018). Rp49 was used as
an internal reference gene (Jia et al., 2017). The primers used for RT-
qPCR are listed in Table S2.

2.4. Embryo immunostaining

Embryos were collected at 25 °C on grape juice agar plate 18 h after
egg laying (AEL). The eggs were dechorionated in 50% bleach for
2min, and fixed in formaldehyde -heptane (1:1) for 40min (Yuan and
O'Farrell, 2016). The fixative was then replaced by methanol, the em-
bryos shaken vigorously for 75s and washed three times by methanol.
The treated embryos were stored at −20 °C for immunostaining. Before
immunostaining, the embryos were rehydrated gradually (5min each in
1:3, 1:1, and 3:1 PBT: methanol and then five times for 10min each in
PBT) (PBT consisted of PBS supplemented with 0.5% Triton X-100).
They were incubated with anti-Fasciclin III [7G10; the Developmental
Studies Hybridoma Bank, (DSHB)] as primary antibody (1:50 in PBT)
overnight 4 °C (Enya et al., 2014). The embryos were washed four times
for 5min each in PBT and incubated with Alexa Fluor 594 goat anti-
mouse IgG (1:200, A11032; Invitrogen) as secondary antibody for 2 h in
the dark at room temperature. They were then washed four times for
5min each in PBT, incubated with 4′,6-diamidine-2′-phenylindole di-
hydrochloride (DAPI, 0.5μg/mL, C1002; Beyotime) for 20min, and
washed three times for 5min each in PBT.

2.5. Imaging

Drosophila phenotypes were photographed using a Nikon DS-Ri2
camera. The embryo immunostaining signals were captured with an
Olympus Fluoview FV1000 confocal microscope (Japan) (Liu et al.,
2018).

2.6. RNAi of CYP303A1 in L. migratoria

The LmCYP303A1 and green fluorescent protein (GFP) genes were
amplified by PCR using dsRNA primers containing the T7 RNA poly-
merase promoter. The primers used for RNAi analysis are shown in
Table S2. Double-stranded RNA (dsRNA) was synthesized using T7
RiboMAX™ Express RNAi System (Promega, USA) as previously de-
scribed (Yu et al., 2016). The synthesized dsRNA was dissolved in
ddH2O, and the final concentration of dsRNA was adjusted to 2 μg/μl.
Approximately 10 μg (5 μl) of dsLmCYP303A1 or dsGFP was injected
into the hemocoel between the second and third abdominal segments of
5th instar nymph on the second day using a manual microsyringe
(Ningbo, China). dsGFP-injected nymphs were used as control. To de-
termine the suppression level of LmCYP303A1 transcripts, cDNAs were
synthesized from total RNA isolated from whole nymphs 72 h after
dsRNA injections. The total RNA was independently isolated for each of
the five replications. All data were analyzed by Student's t-test.

2.7. Statistical analysis

All data were analyzed using Student's t-test and one-way ANOVA.
The values are presented as the mean ± standard deviation of three to
six independent experiments. Statistical significance of differences
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between two groups was determined with the 2-tailed unpaired
Student's t-test, and p < 0.05 was considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001). The Cyp303a1 relative ex-
pression levels were analyzed using one-way ANOVA followed by
Tukey's honest significant difference test (p < 0.05). Different lower-
case letters on the bars indicate significant difference.

3. Results

3.1. Tissue and development-specific expression of Drosophila Cyp303a1

The CYP2 and mitochondrial CYP clans are relatively well-con-
served in insects. A phylogenetic tree for these CYP clans in D. mela-
nogaster combined with their expression profiles revealed an interesting
pattern (Fig. 1A and 1B). Cyp18a1, Cyp304a1 and four Halloween genes
Cyp302a1 (disembodied), Cyp315a1 (shadow), Cyp307a1 (spook) and
Cyp306a1 (phantom) were highly expressed in the embryonic stage,
whereas Cyp314a1 (shade) was expressed highly in third-instar larvae.
CYP12 subfamily genes, containing Cyp12a4, Cyp12a5, Cyp12c1,
Cyp12d1 and Cyp12e1, were expressed in both larval and adult stages.
In contrast, Cyp301a1 and Cyp49a1 were expressed in the embryonic
and pupal stages. Cyp305a1 was constitutively expressed in all devel-
opmental stages. Interestingly, we found that Cyp303a1 was markedly

expressed in the pupal stage, suggesting the involvement of this gene in
metamorphic development.

The expression pattern of Cyp303a1 in Drosophila was further in-
vestigated at a finer scale in the pupal stage and in different tissues. The
highest expression was observed at 48 h after puparium formation (48 h
APF or P48), followed by white prepupal stage (P0) and 120 h AEL
(120 h) (Fig. 1C). Its expression level at P48 is hundreds of times more
than in larval or adult stage, confirming its pupa-specific expression
pattern (Fig. 1B). The tissue-specific expression pattern at P0 revealed
that Cyp303a1 was expressed in all tested tissues and had its highest
relative expression level in the ring gland (RG), which contains the
prothoracic gland (PG), corpora allata (CA) and corpora cardiaca (CC)
(Fig. 1D).

3.2. Defects in eclosion after silencing of Cyp303a1 in drosophila and L.
migratoria

To study Cyp303a1 function during Drosophila development, we
examined the phenotypes of flies after loss- or gain of function for
Cyp303a1 by the Gal4/UAS system. Tubulin-Gal4 is a ubiquitous driver
that is expressed throughout the development in all tissues.
Interestingly, insects with globally overexpressed Cyp303a1 (tub-
Gal4>UAS-Cyp303a1) molted to adults during the pupal-adult

Fig. 1. Phylogenetic tree and expression profiles of members of the CYP gene families (CYP2 and Mitochondrial CYP Clans) in D. melanogaster. A.
Phylogenetic analysis of D. melanogaster CYPs from the CYP2 and mitochondrial CYP clans. The phylogenetic tree was constructed with the neighbor joining method
of MEGA 5 using the pairwise deletion of indels. Bootstrap support is based on 1000 resampled data sets. B. Expression of CYPs at different developmental stages as
detected by RT-qPCR. C. Expression of Cyp303a1 at different days as detected by RT-qPCR. Larval stage: 24–120 h after egg laying (AEL); Pupal stage: P0–P96h,
0–96 h after puparium formation. D. Expression of Cyp303a1 in different tissues at white prepupal stage (P0) as detected by RT-qPCR. Different tissues are listed as
below. IN: Integument; Gut; FB: Fatbody; SG: Salivary gland; Br: Brain; ID: Imaginal disc; RG: Ring gland. The data are presented as the mean ± standard deviations
of three independent biological replications, and bars labeled with different lowercase letters indicate significant differences.
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transition without observable phenotype (Fig. 2B). However, silencing
the expression of Cyp303a1 gene globally (tub-Gal4>UAS-Cyp303a1-
RNAi) resulted in some embryonic lethality (see below, Fig. 5B) while
the remainder showed phenotypic deficiencies in adult eclosion that
can be divided into two subtypes (Fig. 2C). Some flies (~57%) failed to
escape from the puparium and died, whereas other flies (~43%) were
able to escape from the puparium, but unable to spread the wings and
died within 3 h after adult emergence. The expression levels of
Cyp303a1 were compared at P48 by RT-qPCR (Fig. 2D). It was sig-
nificantly increased in tub-Gal4 driven overexpression (7 fold) and de-
creased in RNAi knockdown (by 73%) compared to the control flies
(tub-Gal4>w1118).

Because CYP303A1 is conserved in insects, we took advantage of
feasibility of RNAi by injection in the locust (Yu et al., 2016; Zhao et al.,
2018) to determine if the eclosion phenotype was specific to Drosophila
or more general. Injection of dsLmCYP303A1 in fifth (last)-instar
nymphs was highly effective in suppressing CYP303A1 mRNA levels
(Fig. 3A). It caused a lethal phenotype in 26 of 28 insects. These were
trapped in the old cuticle leading to death. Ecdysis was initiated by
dorsal rupture of the old pronotum cuticle, but the wings failed to ex-
pand and to escape from the pterotheca (Fig. 3B). In contrast, all dsGFP
injected nymphs molted and ecdysed normally into adults. This phe-
notype at adult eclosion was similar to that seen in the fly.

Next, we focused on Drosophila because it is genetically more
tractable than the locust. We performed Cyp303a1 RNAi experiments by

using tissue specific Gal4 drivers that have been previously character-
ized. These Gal4 lines were chosen for expression in wing disc, muscles,
gut, fat body, Malpighian tubules, hemolymph, trachea, central nervous
system, prothoracic gland, corpora allata and corpora cardiaca
(Table 1). In addition to another ubiquitous driver actin-Gal4 showing
the similar phenotype to tubulin-Gal4, only wing-specific knockdown of
Cyp303a1 resulted in flies emerging with unextended wings
(Fig. 4C–D). Moreover, Cyp303a1 expression levels in the wings were
compared with whole body (without wings) at 48 h APF by RT-qPCR
(Fig. 4E). Cyp303a1 was significantly expressed in the wings. Taken
together, these results imply that Cyp303a1 plays a key role during the
process of wing extension and adult eclosion.

3.3. Cyp303a1 suppression in mid-pupal stage causes eclosion defects

To further determine the periods of Cyp303a1 requirement during
metamorphic development, we exploited a temperature-sensitive pro-
tein Gal80ts to suppress expression of the Cyp303a1 gene at different
developmental stages (Li et al., 2017). The Gal80ts is functional as ne-
gative regulator of Gal4 at low temperature (18 °C), while it loses
function at the shifted temperature (29 °C) (McGuire and Davis, 2003).
When thermal shifts to 29 °C were made to suppress Cyp303a1 ex-
pression only in the embryonic or larval stages, insects normally
emerged into adults (Fig. 5a-b). However, when thermal shifts were
made to inhibit Cyp303a1 expression only in the pupal stage, insects

Fig. 2. Gal4/UAS-mediated overexpression or
knockdown of Cyp303a1 in Drosophila. A. The
adult of tub > w1118 as control developed normally.
B. The phenotype of flies with overexpressed
Cyp303a1 by a ubiquitous Gal4 driver
(tub > Cyp303a1). C. The two types of phenotype
after knockdown Cyp303a1 in whole body
(tub > Cyp303a1-RNAi). These flies eventually
died. Some flies failed to emerge as adults. Other
flies eclosed with unexpanded wings. D. Relative
expression level of Cyp303a1 at 48 h APF over-
expression or knockdown as detected by RT-qPCR.
The data are presented as the mean ± standard
deviation of four independent biological replica-
tions, asterisks indicate significant differences, (*,
p < 0.05, **, p < 0.01, ***, p < 0.001).

Fig. 3. Effects of dsLmCYP303A1 injec-
tion in 5th instar nymphs on the
LmCYP303A1 transcript level and de-
velopment of L. migratoria. A. Relative
expression level of LmCYP303A1 after the
dsLmCYP303A1 injection as detected by RT-
qPCR. The data are presented as the
mean ± standard deviation of four in-
dependent biological replications, asterisks
indicate significant differences, (*,
p < 0.05, **, p < 0.01, ***, p < 0.001).
B. The phenotypes of the nymphs after
dsLmCYP303A1 injection. All 5th instar
nymphs after the dsGFP injection developed
into adults successfully. 92.8% 5th instar
nymphs after the dsLmCYP303A1 injection
could not develop into adults successfully,
and were trapped in the old cuticle leading
to death.
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were deficient in eclosion (Fig. 5c). Because the Drosophila pupal stage
is about 9 days at 18 °C, we further silenced Cyp303a1 at different time
points in the pupal stage, including 48 h APF (Figs. 4d), 96 h APF
(Figs. 5e), 144 h APF (Figs. 5f) and 192 h APF (Fig. 5g). Interestingly,
insects with Cyp303a1 suppression from 192 h APF could emerge into
adults successfully, whereas other groups were abnormal. These results
suggest that Cyp303a1 plays a role at mid-pupal stage.

3.4. Deficiency in embryonic development in Cyp303a1 mutants

Previous studies have reported that Cyp303a1 is mainly expressed at
fourth- and fifth-day of egg stage in Locusta migratoria (Zhang et al.,
2018). We investigated the expression pattern of Cyp303a1 in D. mel-
anogaster embryonic development using RT-qPCR, which revealed two
major peaks. The first peak occurred at 6–12 h AEL, and the second
smaller peak appeared at 20 h AEL (Fig. 6A). To define whether
Cyp303a1 gene expression is required at the embryonic stage, the
phenotypes of two mutants from one spontaneous and one EMS-in-
duced allele, renamed for convenience as Cyp303a1< ck1> and
Cyp303a1<AS96> , respectively, were examined (Ashburner et al.,
1999). We identified the point mutations in the open reading frame of
Cyp303a1 in the mutants, while previous studies have not described
molecular lesions of these mutants. The Cyp303a1<AS96> mutant line

carried a P28L mutation, while Cyp303a1< ck1> contained a P350L
mutation (Fig. S2A). The P28L mutation would affect the “hinge” or
“PPGP” region between the transmembrane N-terminal and the glob-
ular CYP enzyme, thus destabilizing the membrane association of the
CYP. The P350L mutation is predicted in helix J. It is possible that the
mutations seen in the open reading frame of Cyp303a1 are not them-
selves responsible for the phenotypes observed, but that they are
markers for Cyp303a1 haplotypes in which mutations in the 5’ UTR
would negatively affect expression. The homozygous mutants
Cyp303a1< ck1> and Cyp303a1<AS96> exhibited a compelling 87.3%
and 90.3% lethality at the embryonic stage, respectively (Fig. 6B). To
rule out possible effects of mutations outside the Cyp303a1
gene, we used transheterozygous mutants (Cyp303a1< ck1>/
Cyp303a1<AS96> ). These also showed high lethality of 82.5%, and the
rest died during or immediately after adult eclosion (Fig. 6B). Mean-
while, besides the majority of lethality during or immediately after
adult eclosion, silencing the expression of Cyp303a1 gene globally (tub-
Gal4>UAS-Cyp303a1-RNAi) resulted in 21.3% lethality at the em-
bryonic stage. Moreover, increasing interference efficiency (~97%) by
driving Dicer2 (Fig. S1), it caused 53.9% lethality at embryonic stage
(Fig. 5B).

We further investigated the arrested embryonic stage by using im-
munohistochemistry of Fasciclin III (Fas III) in the homozygous mutant
embryos of Cyp303a1< ck1> and Cyp303a1<AS96> . Anti-Fasciclin III
staining revealed that the developmental arrest occurred in the late
embryonic development at stage 16–17 (18–20 h AEL) in the Cyp303a1
mutants showing an abnormal dorsal vessel (Fig. 6C). Compared to the
known ecdysteroidogenic genes exhibiting a typical Halloween-class
embryonic phenotype (Niwa et al., 2004; Warren et al., 2002; Rewitz
et al., 2006; Petryk et al., 2003), the Cyp303a1 mutants have a later
stage of arrest in the embryonic development after near completion of
dorsal closure. The phenotypic characteristics of Cyp303a1< ck1> and
Cyp303a1<AS96> were indistinguishable, dying shortly before dorsal
closure completion (Fig. 6C).

3.5. Cyp303a1 mutants are rescued by overexpression of exogenous
Cyp303a1

To verify the function of Cyp303a1 in embryonic development, we
conducted rescue experiment. When Cyp303a1 was overexpressed using
tubulin-Gal4 driver, all homozygous mutants (Cyp303a1<ck1> and
Cyp303a1<AS96> ) and transheterozygous mutants (Cyp303a1<ck1>/
Cyp303a1<AS96> ) embryos developed normally and emerged into
adults (Table 2). For Cyp303a1<ck1> homozygous mutant, in the off-

Table 1
The effect of targeted expression of UAS-Cyp303a1-RNAi using several Gal4
drivers on flies.

Parental genotype Expression specificity Lethality

UAS-Cyp303a1-RNAi× Tubulin-Gal4 Ubiquitous Eclosion lethality
UAS-Cyp303a1-RNAi×Actin-Gal4 Ubiquitous Eclosion lethality
UAS-Cyp303a1-RNAi×MS1096-Gal4 Wing disc Defected in the

wing extension
UAS-Cyp303a1-RNAi× c601-Gal4 Gut, Malpighian tubules Fully viable
UAS-Cyp303a1-RNAi× Cg-Gal4 Hemolymph, fat body, Fully viable
UAS-Cyp303a1-RNAi×Hml-Gal4 Hemolymph Fully viable
UAS-Cyp303a1-RNAi× ppl-Gal4 Fat body Fully viable
UAS-Cyp303a1-RNAi× btl-Gal4 Tracheal cells Fully viable
UAS-Cyp303a1-RNAi×Mef2-Gal4 Muscles Fully viable
UAS-Cyp303a1-RNAi× CNS-Gal4 Nervous system Fully viable
UAS-Cyp303a1-RNAi× phm-Gal4 Prothoracic gland Fully viable
UAS-Cyp303a1-RNAi×Aug21-Gal4 Corpora allata Fully viable
UAS-Cyp303a1-RNAi×AKH-Gal4 Corpora cardiaca Fully viable

Transgenic UAS-Cyp303a1-RNAi virgin females were crossed to males of several
Gal4 drivers. The expression pattern and lethal stage are noted.

Fig. 4. The effects of wing-specific knockdown of
Cyp303a1 in D. melanogaster. A-B. The wing and
adult of MS1096 > w1118 as control developed
normally. C-D. The wing phenotypes after wing-
specific knock-down Cyp303a1 (MS1096
> Cyp303a1-RNAi). E. Relative expression level of
Cyp303a1 at 48 h APF in whole body, wing and
without wing of w1118 flies by RT-qPCR. Lowercase
letters indicate significant differences (p < 0.05)
according to ANOVA followed by Tukey's HSD test.
The data are presented as the mean ± standard
deviation of four independent biological replica-
tions.
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springs of Cyp303a1<ck1>/cyo-GFP;tub-Gal4/TM6B×Cyp303a1<ck1>/
cyo-GFP;UAS-Cyp303a1, a total of 38 overexpressed (tub-Gal4/UAS-
Cyp303a1) progenies were recovered, of which 13 were rescued homo-
zygous adults, Cyp303a1<ck1>/Cyp303a1<ck1>;tub-Gal4/UAS-
Cyp303a1 was found showing neither Cyo (wings curling upward and
outward) and TM6B (larvae, pupae short and stout) phenotypes (Fig. S2B).

For the Cyp303a1<AS96> homozygous mutant, a total of 51 over-
expressed progenies were recovered, of which 15 Cyp303a1<AS96>/
Cyp303a1<AS96> ;tub-Gal4/UAS-Cyp303a1 homozygous adults was
observed (Fig. S2C). Meanwhile, transheterozygous mutant
(Cyp303a1<ck1>/Cyp303a1<AS96> ), a total of 68 overexpressed
progenies were recovered, of which 21 Cyp303a1<ck1>/

Fig. 5. Cyp303a1 is required at pupal stage for
development in D. melanogaster. a-b. No visible
phenotype was observed when silencing Cyp303a1
at embryonic stage or larval stage. c. The Cyp303a1-
RNAi phenotype occurred when silencing Cyp303a1
at whole pupal stage. Drosophila pupal stage is about
9 days at 18 °C. d-g. Cyp303a1 gene was silenced at
different time points during the pupal stage, in-
cluding 48 h APF (d), 96 h APF (e), 144 h APF (f)
and 192 h APF (showing no visible phenotype) (g).
Gal80ts binds tub-Gal4 and inhibits its transcription
activity at 18 °C, but relieves the inhibition of tub-
Gal4 and allows its binding to the UAS sites to drive
the expression of UAS-Cyp303a1-RNAi at 29 °C. The
red line indicates that fruit flies are raised at 29 °C,
and the brown line represents that fruit flies are
kept at 18 °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 6. Cyp303a1 is also essential for embryonic development in Drosophila. A. Relative expression levels of Cyp303a1 as determined by RT-qPCR at embryonic
stage in Drosophila. The data are presented as the mean ± standard deviation of five independent biological replications. B. Lethality of homozygous mutants
(Cyp303a1< ck1> and Cyp303a1<AS96> ), transheterozygous mutants (Cyp303a1<ck1> /Cyp303a1<AS96> ) and knockdown of Cyp303a1 globally. Lethality of
Cyp303a1<ck1> homozygous mutant during the embryonic, larval, and pupal stages is 87.3, 7.5 and 5.2%, respectively. Lethality of Cyp303a1<AS96> homozygous
mutant during the embryonic, larval, and pupal stages is 90.3, 3.6 and 6.1%, respectively. Lethality of transheterozygous mutants (Cyp303a1< ck1>/
Cyp303a1<AS96> ) during the embryonic, eclosion and post-eclosion is 82.25, 8.5 and 9.25%, respectively. Lethality of tub > Cyp303a1-RNAi during the embryonic,
eclosion and post-eclosion stages is 21.4, 44.9 and 33.7%, respectively. Lethality of tub > UAS-Dicer2,Cyp303a1-RNAi during the embryonic, eclosion and post-
eclosion stages is 53.9, 26.3 and 19.8%, respectively. w1118 was used as control. C. The phenotype of homozygous Cyp303a1mutant at embryonic stages 16–17. (a-a")
The wild-type (w1118) embryos. (b-b") Homozygous Cyp303a1<ck1> embryos. (c-c") Homozygous Cyp303a1<AS96> embryos. DAPI labeling Nuclei (blue), Fasciclin
III antibody staining to highlight overall embryo morphology (red). The white arrow indicated the dorsal vessels. Scale bars: 100 μm for all images. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Cyp303a1<AS96> ;tub-Gal4/UAS-Cyp303a1 adults was observed. Exo-
genous Cyp303a1 overexpression rescued the embryonic lethality of
Cyp303a1 mutants, indicating that Cyp303a1 is indispensable for normal
embryonic development. Furthermore, Phm-Gal4>UAS-Cyp303a1 was
used to attempt to rescue the mutants, but these insects still showed the
similar lethal phenotypes and were not rescued.

4. Discussion

CYPs play important roles in physiological and developmental
processes. Some conserved CYP genes are involved in biosynthesis and
inactivation of ecdysteroids (Niwa et al., 2004; Warren et al., 2002;
Rewitz et al., 2006, 2010; Petryk et al., 2003; Guittard et al., 2011). In
addition, CYP4G subfamily genes have been shown to be essential for
the synthesis of cuticular hydrocarbons (Qiu et al., 2012; Yu et al.,
2016; Chen et al., 2016; Balabanidou et al., 2016; Kefi et al., 2019), and
the CYP15 enzymes catalyze the epoxidation of sesquiterpenoid pre-
cursors to juvenile hormones in corpora allata (Helvig et al., 2004;
Daimon et al., 2012; Daimon and Shinoda, 2013). However, although
most CYPs remain functional “orphans”, many probably have precise
physiological functions (Feyereisen, 2015). In this study, we report that
the Drosophila Cyp303a1 gene, a member of the CYP2 clan, is highly
expressed at the pupal stage and in the wings at 48 h APF. We also show
that Cyp303a1 is essential for embryonic development and adult eclo-
sion in Drosophila, with an RNAi phenotype that is very similar to that
elicited at adult eclosion in the locust. The conservation of the
CYP303A1 sequence is therefore linked to the conservation of its phy-
siological function over 400 MY of insect evolution.

CYP303 is a highly conserved CYP450 with a single ortholog in most
insect species studied to date (Feyereisen, 2012). In D. melanogaster, by
comparing RG with whole body transcripts, it has been shown that
Cyp303a1 has high RG-specific expression (Ou et al., 2016), which is
consistent with our results (Fig. 1D). It is important to note that
Cyp303a1 expression in the wings at 48 h APF is hundreds of times
higher than that in RG at P0 (Figs. 1C and 4E). Moreover, when UAS-
Dicer2 was combined with phantom-Gal4 to enhance RNAi efficiency
specifically in the PG, no phenotypic changes were observed either. The
data indicate that CYP303A1 might play little or non-essential role in
the PG or RG. In that respect, Cyp303a1 is not alone or remarkable, as
seven other non-Halloween genes are overexpressed in the PG
(Christesen et al., 2017), yet fail to show a phenotype by phantom-
directed RNAi (Danielsen et al., 2016), while four other P450 genes do
have such a phenotype without being overexpressed in the ring gland. It
has been reported that Cyp303a1 (nompH) is expressed in the apical
region of the socket cell in sensory bristles and is essential for the de-
velopment and structure of these sensory organs in adult Drosophila
(Willingham and Keil, 2004). Our phenotypes show that this is not the
only, or perhaps the most important role of CYP303A1. These authors
did not report other phenotypes, although mentioning obscurely some
adult mortality in hemizygous mutant flies. Chung et al. (2009) re-
ported expression in trachea and head of late stage embryos but did not
report an RNAi phenotype. Other expression surveys (FlyBase
FBgn0001992) indicate overall low or undetectable expression, except
in the late pupal stage. The embryonic and eclosion phenotypes we
report are more far reaching than these earlier observations.

In our study, Cyp303a1 is highly expressed in the wings at 48 h APF,
and wing-specific silencing of Cyp303a1 expression (MS1096>UAS-
Cyp303a1-RNAi) results in flies emerging with unextended wings. It is
well known that bursicon, through its receptor rickets (rk), controls
post-eclosion development, and Bursicon and rk mutations failed to
spread their wings following eclosion (Dewey et al., 2004; Diao and
White, 2012). As a similar phenotype was observed in the flies when
Cyp303a1 was silenced, our results imply that Cyp303a1 might be in-
volved in this developmental process.

RNAi of the orthologous CYP303A1 in L. migratoria by injection of
dsLmCYP303A1 had profound effects. The locust nymphs initiated ec-
dysis but were trapped in the old cuticle leading to death. Critically,
lack of wing expansion did not allow escape from the pterotheca. There
are mechanical differences in ecdysis from a pupal cuticle (flies) and
from a last nymphal cuticle (locusts), and the control of the ecdysis
process has undergone changes during insect evolution (Arakane et al.,
2008). Nonetheless, the phenotypes are highly similar and will need to
be more closely analyzed in the locust. This similarity may explain why
CYP303A1 is one of the most conserved CYP genes in insect.

During the embryonic development in L. migratoria, CYP303A1 is
highly expressed at early egg stage (fourth and fifth-day of total 13
embryonic developmental days) (Zhang et al., 2018). It was thus rea-
sonable to hypothesize that CYP303A1 plays a role in embryonic de-
velopment of Drosophila as well. Indeed we demonstrated that
Cyp303a1 is required for embryonic development in D. melanogaster
with three crucial evidences. Firstly, zygotic expression Cyp303a1 oc-
curred at the early and late embryonic stages. Secondly, two mutant
strains and transheterozygous mutant of Cyp303a1 exhibit more than
80% lethality at the late embryonic stage. Thirdly, the embryonic
phenotype of mutants was rescued by overexpression of Cyp303a1 in
whole body. A majority of tub > Cyp303a1-RNAi animals were able to
survive through the embryonic stage, but when interference efficiency
was increased by the simultaneous overexpression of Dicer2, over half
the embryos died. It is likely that RNAi cannot completely eliminate the
transcripts or that the enzyme itself has a long half-life at that stage.

The substrate of CYP303A1 is unknown so far. The phylogeny shows
that CYP303A1 is closely related in the CYP2 clan to the enzymes in
ecdysteroid biosynthesis (CYP307, CYP306A1) and inactivation
(CYP18A1). It is also closely related to the CYP15 enzymes of JH
synthesis, which, however, have no representative in Drosophila.
Similarly, several CYP2 clan CYP450s in vertebrates such as CYP2J1,
CYP2R1, CYP17A1, CYP21A1 are also involved in sterol, steroid and
secosteroid (vitamin D) metabolism (Nebert and Dalton, 2006). The
recent finding of a unique expansion of the CYP303 family in the firefly
Photinus pyralis, including 11 CYP303 genes and two pseudogenes
(Fallon et al., 2018), provides additional arguments for a role in sterol/
steroid metabolism. Indeed the CYP303 in the firefly may be associated
with synthesis of lucibufagins, which are polyhydroxylated compounds
derived from cholesterol. In addition, the embryonic phenotype of
Cyp303a1 mutants, arrested at the late dorsal closure phase after the
20 E peak (Fig. 6C), also suggests a possible role of Cyp303a1 in ec-
dysteroid metabolism during embryonic development. High expression
of Cyp303a1 with a number of other CYP genes including Halloween
genes implies that Cyp303a1may play a role in the complex ecdysteroid
metabolic process. We note however that the RG-specific RNAi of

Table 2
UAS-Cyp303a1 rescue of Cyp303a1 mutants.

Parental genotype (female×male)
F1 Genotype

Homozygote/Transheterozygote (without cyo-GFP) Heterozygote (with cyo-GFP)

Cyp303a1< ck1>/cyo-GFP; UAS-Cyp303a1× Cyp303a1< ck1>/cyo-GFP; tub-Gal4/TM6B 13 25
Cyp303a1<AS96> /cyo-GFP; UAS-Cyp303a1× Cyp303a1<AS96>/cyo-GFP; tub-Gal4/TM6B 15 36
Cyp303a1< ck1> /cyo-GFP; UAS-Cyp303a1× Cyp303a1<AS96>/cyo-GFP; tub-Gal4/TM6B 21 47

Data are analyzed by Chi-square test, and χ2<χ2
0.05, P> 0.05, these results fit into 1:2 expected ratio.
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Cyp303a1 did not show any phenotype, confirming the observation of
Danielsen et al. (2016). This is possibly due to redundant metabolic
pathways or to incomplete suppression by RNAi. The fact that
Cyp303a1 is also expressed outside the RG further suggests that this
peripheral expression can compensate for the deficit in RG expression,
or that RG expression is not essential to Cyp303a1 function and insect
viability. Low level expression in many tissues may be sufficient for
CYP303A1 to fulfill its function locally, and may explain why the most
prominent RNAi effects are seen with strong, global drivers. Taken to-
gether, more specifically than the hypothesized role in metabolizing a
small signal molecule (Feyereisen, 2012), we propose that Cyp303a1
might play a role in metabolism of an ecdysteroid-like molecule.
Identifying the substrate of CYP303A1 and the precise pathway affected
by CYP303A1 are the object of our current research. In addition, it is
also worthwhile to characterize the underlying molecular mechanism in
which Cyp303a1 regulate eclosion and embryonic development in
Drosophila. Our work adds Cyp303a1 to the growing list of CYP genes
involved in essential physiological functions and points to a gap in our
knowledge of identity of small signal molecules that are typical CYP
substrates.
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