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Ommochrome pathway genes kynurenine
3-hydroxylase and cardinal participate in
eye pigmentation in Plutella xylostella
Xuejiao Xu1,2,3, Tim Harvey-Samuel4, Jie Yang1,2,3, Luke Alphey4† and Minsheng You1,2,3*†

Abstract

Background: Eye pigmentation genes have been utilized as visible markers for constructing genetic control
prototypes in several insect vectors of human disease. Here, orthologs of two ommochrome pathway genes,
kynurenine 3-hydroxylase (kmo) and cardinal, were investigated in Plutella xylostella, a globally distributed,
economically important pest of Brassica crops.

Results: Both somatic mosaic and germline mutations were efficiently created using the CRISPR/Cas9 system, and
null mutant strains of Pxkmo and Pxcardinal were obtained. A frame-shift mutation in Pxkmo caused yellow
compound eyes at adult stage while an in-frame mutation lacking two amino acids resulted in a hypomorphic red
eye phenotypes. In contrast, Pxcardinal-deficient moths with a frame-shift mutation exhibited yellow eye
pigmentation in newly emerged adults which turned to red as the adults aged. Additionally, differences were
observed in the coloration of larval ocelli, brains and testes in Pxkmo and Pxcardinal yellow-eye mutant lines.

Conclusions: Our work identifies the important roles of Pxkmo and Pxcardinal in P. xylostella eye pigmentation and
provides tools for future genetic manipulation of this important crop pest.
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Background
The diamondback moth (DBM), Plutella xylostella, is
one of the most destructive agricultural pests worldwide
and causes great economic damage by feeding on crucif-
erous crops during its larval stage, significantly impact-
ing plant quality and yield [1, 2]. Additionally, its rapid
development of resistance against a broad range of in-
secticides including Bacillus thuringiensis (Bt) toxins has
become the primary challenge in the management of this

global pest [1, 3]. Genetics-based strategies have been
proposed as environmentally friendly complements or
alternatives to current pesticide-based method. For ex-
ample, the female-specific RIDL system, where lethal
phenotypes are only expressed in females, has been engi-
neered in DBM for reducing female density and conse-
quently suppressing populations [4, 5]. Recently, CRIS
PR-based gene drive systems have been described in sev-
eral disease vectors as potentially powerful population
suppression/replacement tools, which could be extended
to agricultural pest management [6–9]. To construct
“proof of principle” models for these novel genetic con-
trol systems, phenotypic genes, such as those manipulat-
ing body pigmentation or eye coloration, are commonly
utilized as primary targets for assessing and improving
genome editing capacity. Considering its short life-cycle,
ease of rearing and relatively well-annotated genome
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[10], DBM displays potential as a model agricultural pest
for testing genetic-based pest management strategies, in-
cluding gene drives.
Eye pigmentation genes have attracted great attention for

genetic manipulation of insects due to the ease of discrimin-
ating viable mutant phenotypes, and in the past, the ease
with which these mutants could be rescued by mini-gene
constructs [11]. Insect eye color traits are regulated by com-
plex gene networks which vary by species. For example in
Drosophila, these networks include the ommochrome and
pteridine synthesis pathways, while ommochromes are the
only visual pigments in other important species such as vari-
ous mosquitoes, beetles and the silkworm Bombyx mori
[12–14]. In the B. mori ommochrome synthesis pathway, the
upstream component tryptophan is oxidized to formylkynur-
enine by tryptophan oxidase (encoded by vermilion in Dros-
ophila), after which formylkynurenine is catalyzed into
kynurenine by kynurenine formamidase (KFase). Kynurenine
is subsequently converted into 3-hydroxykynurenine by
kynurenine 3-hydroxylase (kmo, encoded by cinnabar in
Drosophila). The 3-hydroxykynurenine is incorporated into
pigment granules by a heterodimer composed of ABC trans-
porters Scarlet and White and then catalyzed into xanthom-
matin by Cardinal, which is also involved in ommin
synthesis (Fig. 1) [14, 15].
In previous reports, different eye-color mutants were

generally identified in the field or isolated from

laboratory rearing colonies and subsequently identified
as possessing mutations in ommochrome pathway genes.
For instance, classical mutant strains such as vermilion,
cinnabar, scarlet, cardinal and white were described by
early researchers in Drosophila [16]. Similarly, B. mori
white-eyed mutant lines w-1, w-2 and w-3 were respect-
ively found to correspond to impaired functions of kmo
(cinnabar), scarlet and white [17–19]. Positional cloning
of the B. mori egg and eye color mutant pink-eyed white
egg (pe) showed that it was derived from a missense car-
dinal mutation [13]. Spontaneous eye-color mutants
have also been reported in Tribolium castaneum [20].
These mutant lines provided useful material for studying
the metabolism of various ommochrome pigments in in-
sect eggs and eyes. The advance of molecular tools such
as RNA interference-mediated gene silencing and
nuclease-induced gene disruption has allowed modern
researchers to more easily identify these eye-color genes
and characterize their biological functions in a range of
different insect species [13, 21]. Among these tools, the
clustered regularly interspaced short palindromic repeats
(CRISPR) / CRISPR-associated protein 9 (CRISPR/Cas9)
system has attracted a great deal of attention due to its
convenience of design and operation, lower costs, and
functionality across different insect species [22].
Despite the essential roles of ommochrome pathway

genes kmo and cardinal in eye pigmentation of some non-

Fig. 1 Schematic diagram of ommochrome synthesis pathway in silkworm B. mori (edited from [15]). Genes involved in ommochrome pathway
are represented in italics, while the kmo and cardinal genes investigated in this study are indicated with dashed boxes. The color of the
pigments/precursors was highlighted with yellow, red or brown boxes
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drosophilid species [13, 19, 23, 24], the biological functions
of these two genes remain unexplored in DBM. In the
current study, the CRSPR/Cas9 system, which has been
previously demonstrated in DBM [25], was utilized to gen-
erate Pxkmo and Pxcardinal mutant moths. Easily distin-
guished yellow or red eye colorations were observed in
null-mutant adults compared with black compound eyes in
wildtype (non-mutated) individuals. Interestingly, in the
case of Pxkmo, we observed differing color-change pheno-
types depending on the nature of the disruption induced
(sense or missense mutation). In addition, disruption of
Pxcardinal led to an unusual phenotype in adult moths in
which eye color gradually changed over time. Our work ex-
pands the genome editing toolbox in DBM, providing vis-
ible markers for developing ‘proof of principle’ models of
novel genetic control tools targeting this global pest.

Results
Identification of P. xylostella kmo and cardinal homologs
We first utilized the annotated B. mori kmo protein se-
quence as a query to blast the DBM genome database,
and only one hit (g24581) was found. With reciprocal
BlastP of this hit against the B. mori genome, only the
kmo protein showed high similarity (lowest E value).
Using the D. melanogaster cardinal protein sequence as

a query, several hits containing a conserved peroxidase
domain were found in DBM genome, among which
g18000 showed the lowest E value. The top four hits for
Drosophila cardinal in DBM (g18000, g36589, g12936
and g29396) were reciprocally blasted against the D.
melanogaster genome, and only g18000 gave Drosophila
cardinal as the most similar hit. Combined with the
functional validation below, g24581 and g18000 genes
are hereafter named Pxkmo and Pxcardinal.
The coding sequences of Pxkmo and Pxcardinal

were 1344 bp and 2568 bp in length, containing 10
exons and 14 exons respectively. Based on sequence
analysis, a FAD binding domain (22–1136 bp) and
three transmembrane domains (34–87, 1107–1157
and 1215–1277 bp) were detected in Pxkmo, while a
peroxidase family conserved domain (742–2397 bp)
and one transmembrane domain (163–237 bp) were
found in Pxcardinal (Fig. 2a).
Phylogenetic trees of kmo and cardinal homologues

were constructed using protein sequences from several
lepidopteran, coleopteran, hemipteran and dipteran spe-
cies. Both Pxkmo and Pxcardinal proteins were clustered
with their lepidopteran counterparts (Fig. 2b), consistent
with the evolutionary relationships between DBM and
the other species compared here [10].

Fig. 2 Gene structure (a) and phylogenetic analysis (b) of Pxkmo and Pxcardinal a Gene structure of Pxkmo (upper) and Pxcardinal (lower).
Predicted splicing patterns are indicated with black boxes (exons) and broken lines (introns). Red boxes and blue dashed lines are used to mark
the relative positions of transmembrane structures and conserved domains in translated proteins, respectively. sgRNAs binding sites are indicated
with black arrows. b Phylogenetic trees of kmo (upper) and cardinal (lower) proteins across insect species (with Maximum Likelihood Method,
1000 bootstraps). Species name (left) and accession number (right) are listed at the terminal of tree branches. Tree scales are provided to indicate
the branch length
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Cleavage assessment of sgRNA/Cas9 complex
Based on previous reports in other species and analysis with
online tool CHOPCHOP, kmo-sgRNA1 and kmo-sgRNA2
were designed for CRISPR-mediated editing of Pxkmo exon
3, of which the cutting efficiency (estimated probability of
generating a frameshift mutation with a given sgRNA [26])
was predicted as 73.3 and 67.8% respectively. For the
knockout of Pxcardinal, cad-sgRNA1 (expected cleavage
efficiency = 62.0%) and cad-sgRNA2 (expected cleavage effi-
ciency = 60.9%) were selected to target exon 6 (Fig. 2a).
As a preliminary assessment of whether Pxkmo and

Pxcardinal genome sequence could be edited using the
chosen sgRNAs, we first conducted in vitro cleavage as-
says using Cas9 protein and corresponding sgRNAs. In-
dividually, each sgRNA targeting Pxkmo or Pxcardinal
was combined with Cas9 protein in vitro and used to
treat wildtype genomic DNA fragments of the target
area in PCR tubes. In all cases, bands of the size ex-
pected for successful cleavage events were observed via
gel electrophoresis (Fig. S 1A). Specifically, for Pxkmo,
120 bp and 583 bp bands were generated with kmo-
sgRNA1; 270 bp and 433 bp bands with kmo-sgRNA2.
For Pxcardinal, 662 bp and 220 bp bands were created
with cad-sgRNA1, while 696 bp and 186 bp bands were
produced with cad-sgRNA2. In addition, embryonic in-
jection was conducted with sgRNAs/Cas9 mixtures, and
the T7E1 assay of Pxkmo and Pxcardinal G0 mosaic
adults showed the same pattern of bands as those result-
ing from the in vitro cleavage assay (Fig. S 1B). These
data indicated that the designed sgRNAs could be ap-
plied for CRISPR-mediated gene editing in both Pxkmo
and Pxcardinal targets.

Germline disruption of Pxkmo and Pxcardinal
In total, 222 and 182 eggs were injected with Pxkmo and
Pxcardinal sgRNA mixtures, respectively. For each gene,
both sgRNAs were combined in the same injection mix.
Normally, pupal compound eyes of wildtype DBM
change from translucent in early pupae to black in late
pupae and then remain black during the adult stage.
However, randomly patchy coloration with dark stripes
appeared in pupal and adult compound eyes of both
Pxkmo (71.3%) and Pxcardinal (56.4%) G0 founders
(Table 1 and Fig. 3). Sanger sequencing of these mosaics
post egg-laying confirmed successful editing events of

both genes (Fig. S 1C and D) by showing multiple peaks
at the predicted cleavage sites.
To validate the presence of germline mutations, 8

pools of Pxkmo G0s (94 moths in total with equal num-
ber of males and females in each pool), were set up for
mating. Two strikingly different mutant phenotypes, yel-
low and red compound eyes were observed in the G1

adults derived from all 8 pools (phenotypes were con-
sistent with the G3 mutants shown in Fig. 4b and c while
wildtype eyes were shown in Fig. 4a and h). Under the
conservative assumption that only 2 adults (a male and a
female) in each G0 pool carried germline mutations, the
minimum Pxkmo germline editing efficiency was esti-
mated as 16.7% (16/96) (Table 1). In a similar procedure,
8 pools of Pxcardinal G0s were set up for crossing (28
moths in total with equal number of males and females
in each pool). In contrast to Pxkmo injections, here only
one mutant phenotype was observed in the G1 gener-
ation (yellow compound eye mutants consistent with G3

mutant phenotype in Fig. 4d) - comprising 57.1% min-
imal editing efficiency (Table 1).
To generate single mutant-allele homozygous knock-

out lines of Pxkmo and Pxcardinal for further analysis,
identified G1 mutants of the three phenotypes (Pxkmo
yellow or red-eye and Pxcardinal yellow-eye) were first
outcrossed to wildtype in single-pairs producing G2 fam-
ily pools of heterozygous black-eyed offspring. For each
of these G2 family pools, males and females were sib-
crossed in pairs. Identified eye-mutant G3 individuals
from these sib-pair crosses were isolated and subse-
quently sib-crossed again in pairs to give G4 family
pools. Once G4 eggs had been laid, a single G3 parental
pair for each of the three different phenotypes was se-
quenced to assess whether they were homozygous with
regards to their respective mutant allele. In each case,
only one allele was observed in each parental pair, sug-
gesting that the process of wildtype outcrossing and sub-
sequent sib-crossing was successful in bringing together
the same mutant alleles in these G3 parental pairs
chosen for sequencing. For the Pxkmo yellow-eye par-
ents, this single allele consisted of two 5 bp deletions (−
10 bp in total) found respectively in the kmo-sgRNA1
and kmo-sgRNA2 target sites, causing a frameshift and
early translation stop signal in Pxkmo. In contrast, a 6 bp
deletion in the kmo-sgRNA1 target region, causing a 2
aa in-frame deletion, was detected in the Pxkmo red-eye

Table 1 Mutagenesis of Pxkmo and Pxcardinal using CRISPR/Cas9 system

G0 G1

Injected eggs Surviving pupae (%) Visible mosaic adults (%) Total number of G0s
crossed (pools)

G0 pools showing
mutant G1

Minimal germline transformation
efficiency

Pxkmo 222 94 (42.3) 67 (71.3) 94 (8) 8 17.0% (16/94)

Pxcardinal 182 55 (30.2) 31 (56.4) 28 (8) 8 57.1% (16/28)
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mutant parents (Fig. 4o). Sequencing results of the
Pxcardinal yellow-eye parents also exhibited a single al-
lele with a 7 bp deletion in the cad-sgRNA1 and a 6 bp
deletion at the cad-sgRNA2 target sites (− 13 bp in
total) (Fig. 4p). Offspring from these sequenced G3 par-
ents were subsequently maintained as three homozy-
gous knockout lines. It was noted that the eye color of
most Pxcardinal yellow-eye mutant adults changed
from yellow to red from the 2nd or 3rd day post eclo-
sion, although a small minority of individuals remained
yellow over time (Fig. 4d-g). Such a color shift over
time was not observed in the Pxkmo yellow-eye strain.
It was further noted that ocelli (eye-spot) color in
Pxkmo and Pxcardinal mutant adults was lighter than
in wildtype individuals (Fig. 4h-m) but obviously darker
than their larval form, where it appeared white/color-
less (Fig. 5 d-f).
After outcrossing the Pxkmo yellow-eye strain with

wildtype, only wildtype black compound eyes could
be observed in the heterozygous offspring, indicating
that yellow-eye was a recessive phenotype in Pxkmo
(Fig. S 2A). Similarly, outcrossing of Pxkmo red-eye
mutants with their wildtype counterparts also resulted
in only black eyes, which again confirmed that Pxkmo
was a dominant gene (Fig. S 2B). However, when
Pxkmo yellow-eye and Pxkmo red-eye individuals were
crossed, only red-eye offspring were observed, illus-
trating that red-eye was dominant over yellow-eye in
Pxkmo mutants (Fig. S 2C). Similarly, wildtype black
compound eyes were also found in heterozygous
Pxcardinal mutant after crossing the Pxcardinal line
with wildtype, showing that the induced Pxcardinal
mutant allele was also recessive (Fig. S 2D). We fur-
ther noted that no observable difference was found
between male and female adult compound eyes in

these heterozygous mutants, both Pxkmo and Pxcardi-
nal genes should not be sex-linked (i.e. located on
the Z chromosome) in DBM.

Larval and pupal phenotypes of Pxkmo and Pxcardinal
yellow-eye lines
For a better understanding of mutant phenotypes
caused by frame-shift disruption of Pxkmo and Pxcar-
dinal, both yellow-eye lines were further investigated.
In wildtype DBM, during late embryonic and all larval
stages, a patch of yellow coloration could be observed
on the back of the protothorax but was absent in
both Pxkmo and Pxcardinal mutants (Fig. S 3). Repre-
sentative phenotypes of 4th instar larvae are shown in
Fig. 5a-c. Note that colorless ocelli were found in
these two mutant lines in comparison with black
ocelli in their wildtype counterparts (Fig. 5). By dis-
secting 4th instar larvae, we found that the pigmenta-
tion of larval brains was darker in wildtypes (dark
yellow) than in Pxkmo and Pxcardinal mutants
(white), while no observable difference was found be-
tween Pxkmo and Pxcardinal mutants (Fig. 5d-g).
Therefore, we propose that the absence of yellow pig-
mentation on the mutant dorsal protothorax was
caused by whitish larval brain coloration. Compared
with the yellow/white testes in wildtype 4th instar lar-
vae, the color of testes become transparent in Pxkmo
while semi-transparent in Pxcardinal mutants (Fig.
5h-j). At the pupal stage, compound eyes of wildtypes
usually changed from translucent to black over time.
However, compound eyes of both Pxkmo and Pxcardi-
nal mutants turned yellow instead of black in late
pupae (Fig. 5k-m). Additionally, no observable differ-
ence was found between male and female mutant
adults (Fig. S 4).

Fig. 3 Representative phenotypes of G0 mosaics. Pupae (a-e) and adults (A’-E’). A and A’: wildtype (WT) control. B, B′, C and C′: Pxkmo mosaic
mutants. D, D’, E and E’: Pxcardinal G0 mosaic mutants. Differences of pupal body color were due to differences in developmental stages, while
patchy eye pigmentation was linked to gene editing. Scale bar = 0.5 mm
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Discussion
Considering the ease with which they can be visually
screened, eye pigmentation genes have become useful
tools for identifying germline transformation and gene
editing events in several insect species. Here, we identi-
fied the P. xylostella homologs of kmo and cardinal,
which have been reported as important genes involved
in ommochrome synthesis of mosquitoes and silkworm
[13, 20, 24] and characterized their mutant phenotypes
using the CRISPR/Cas9 system. Relatively high rates of
somatic editing (≥ 71.3% in Pxkmo and ≥ 56.4% in Pxcar-
dinal) and germline transformation (≥ 17.0% in Pxkmo
and ≥ 57.1% in Pxcardinal) were achieved, compared
with our previous reports targeting different genes in P.
xylostella [25, 27]. This was possibly due to the use of

Cas9 protein rather than in vitro transcribed mRNA
used previously, in each case delivered with sgRNAs into
embryos. Our work validates that the CRISPR/Cas9 sys-
tem is highly active in DBM for generating site-specific
mutations and suggests that improvements in the system
can be achieved through the use of protein components.
The ommochrome synthesis pathway in the lepidopteran

model insect B. mori, whose eye pigmentation is solely deter-
mined by ommochromes, has been well studied [15]. There,
kmo was found to be able to convert kynurenine into 3-
hydroxykynurenine, which was further transferred into pig-
ment granule by the White/Scarlet heterodimer. Kynurenine
and 3-hydroxykynurenine could both function as yellow pig-
ment. 3-hydroxykynurenine was further auto-oxidized into
xanthommatin, a process that could also be catalyzed by

Fig. 4 Phenotypes and genotypes of Pxkmo and Pxcardinal mutants. a and h: Wildtype phenotype. b and i: Pxkmo yellow-eye mutant phenotype. c and j:
Pxkmo red-eye mutant phenotype. d-g and K-M: Pxcardinal mutant phenotypes. For Pxcardinal newly eclosed adults showed yellow compound eyes (d
and k), which started to change on Day 2 or Day 3 post eclosion and gradually turned red (in the order of D to G, or K to M), although a small minority of
individuals did not change. h-m: Red dashed circles indicate the positions of ocelli on increased magnification images. o: Pxkmo mutant genotypes. Two
sgRNA targets are shown with red color. p: Pxcardinalmutant genotypes. Two sgRNA targets are marked with blue color. The protospacer adjacent motif
(PAM) sites are underlined. Abbreviation: YE: yellow-eye; RE: red-eye. Scale bar = 0.2mm
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Cardinal. The oxidized form of xanthommatin exhibited yel-
low coloration but turned red under reductive conditions.
Additionally, Cardinal participated in the synthesis of silk-
worm ommin, responsible for brown pigmentation [15].
Thus, wildtype black eye coloration is a combination of all
these pigments. It has been reported in B. mori that the dis-
ruption of kmo (w-1 strain) causes a white-eye phenotype,
consistent with the mutant phenotype of other ommo-
chrome pathway genes scarlet (w-2 line) and white (w-3 line)
[18, 19]. Similar white-eye phenotypes were also reported in
kmo-deficient mutants of T. castaneum and mosquitoes [12,
20, 24]. It is noted that the above mutants in B. mori were

also accompanied with color changes in egg shell. Although
we observed a difference in ‘egg color’ between wild-type and
knockout strains of DBM (Fig. S3), we identified the source
of this color change in DBM as being due to differences in
the somatic pigmentation of the developing embryo/neonate.
Even in wild-type DBM, the egg shell is completely transpar-
ent (allowing observation of the developing embryo) and as
such we did not expect - and did not observe – the
knockout-associated chorion color changes which are
present in B. mori.
Our work shows that CRISPR-induced mutagenesis of

Pxkmo resulted in yellow or red compound eyes. Further

Fig. 5 The 4th instar larvae and pupae of Pxkmo and Pxcardinal yellow-eye knock-out lines. a-c: larval body including head and partial thorax.
d-g: dissected larval heads. h-j: dissected larval testes. a, d and h: wildtype larva. b, e and i: Pxkmo larva. c, f and J: Pxcardinal larva. White dash
rectangles are used to indicate dorsal protothorax of larvae. Dissected brains are highlighted with white dashed lines while colorless ocelli are
indicated with red dashed circles. a, b, c and g: dorsal view of larval heads. d-f: lateral view of larval heads. K: wildtype pupa. l: Pxkmo pupa. m:
Pxcardinal pupa. Scale bar = 0.5 mm
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sequencing confirmed that the yellow-eye phenotype
was linked to a frame-shift disruption of the Pxkmo cod-
ing region, a presumed amorphic allele likely resulting in
either mRNA degradation before translation or the gen-
eration of a truncated polypeptide due to the presence
of a premature in-frame stop codon. It is probable that
in the absence of functional Pxkmo protein, 3-
hydroxykynurenine and its metabolite xanthommatin
could not be synthesized, leading to the loss of yellow
and red pigments at the terminal steps of the ommo-
chrome pathway. Therefore, the ocular yellowing in
Pxkmo knockout adults likely resulted from the accumu-
lation of kynurenine, which might be removed from B.
mori w-1 by participating in other metabolite pathways
[15, 28]. Sequence analysis also revealed that the Pxkmo
red-eye phenotype was linked to an in-frame mutation
with the absence of only two amino acids. This possibly
reduced Pxkmo protein activity to some extent due to
the change of protein structure within the FAD binding
domain, but some ommochromes were still synthesized
to form the red-eye phenotype, which means the red-eye
mutant allele was likely hypomorphic. However, further
investigation (e.g. western blot or Immunoelectrophor-
esis) is needed to confirm whether Pxkmo protein
existed in yellow-eye or red-eye lines and quantify their
differences. In addition, individual conserved domains of
both proteins could be edited with CRISPR to further in-
vestigate their functions.
In the current work, a presumed amorphic allele of

Pxcardinal, caused by a frameshift mutation with a total
13 bp deletion in its coding sequence, resulted in a
yellow-eyed mutant which gradually shift to red as adults
aged. This could be explained by the slow auto-
oxidation of yellow pigment 3-hydroxykynurenine with-
out the catalysis of Pxcardinal protein, and the eventual
accumulation of red pigment xanthommatin. A similar
change of compound eye coloration during adult stages
has also been described in Culex pipiens, however the
mutant mosquito eyes turned from red to wildtype black
as adults aged [12], while our Pxcardinal mutants chan-
ged from yellow to red and never reverted to wildtype
black. In contrast, cardinal-defective B. mori only
showed red eyes at their adult stage [13]. Additionally, in
both C. pipiens and B. mori, larval ocelli showed signifi-
cant color change from colorless to red during their de-
velopment, which was not observed in the Pxcardinal
knockout line generated here.
Our dissections showed a lighter color of Pxkmo and

Pxcardinal mutant larval brains compared with wildtype,
a divergence which, to our knowledge, has not been de-
scribed in other species. This phenomenon was possibly
caused by the accumulation of ommochrome pathway
pigments in larval brains of wildtype larvae and the lack
of such pigments in Pxkmo and Pxcardinal mutants. In

addition, testes of Pxkmo and Pxcardinal larvae were vis-
ibly different from wildtypes, indicating that ommo-
chromes might also participate in testes pigmentation,
consistent with previous research in Ephestia kuehniella
[29]. It was further noted that both Pxkmo and Pxcardi-
nal larval ocelli were colorless but darkened at adult
stages, albeit always remaining lighter than wildtype in-
dividuals. This phenotype indicates that the same pig-
ments are likely involved in the coloration of both adult
ocelli and compound eyes.
Although ommochromes are the only eye pigments

thought to be involved in B. mori, the situation in DBM
remains unexplored. The presence of pteridine pathway
products in Drosophila have been reported to exhibit
yellow and red pigmentation [30]. Putative homologs of
Drosophila pteridine synthesis pathway genes, such as
punch and purple, could also be found in DBM with
BlastP. Therefore, it is possible that the pteridine synthe-
sis pathway exists in DBM and was revealed when
ommochromes were absent in Pxkmo or Pxcardinal-de-
ficient adult compound eyes, providing the yellow pig-
mentation observed. This would be consistent with early
reports in the other lepidopteran Ephestia kuehniella,
whose red eye mutant ‘a’ (lacking ommochrome accu-
mulation) was caused by pteridines [29, 31, 32]. Similar
evidence could also be found in Helicoverpa armigera
[33]. Further functional investigation of other ommo-
chrome and pteridine pathway genes is needed to assess
this possibility in DBM. Complementary biochemical ap-
proaches, such as high-performance liquid chromatog-
raphy–mass spectrometry (HPLC-MS), could be used to
identify and quantify pigments in DBM eyes, which
should further increase our understanding of eye pig-
mentation pathways in this lepidopteran pest.
This is the first report detailing the functional validation

of eye pigmentation genes in DBM. Additionally, these
Pxkmo and Pxcardinal yellow-eye/red-eye mutant strains
have been readily kept in our lab for over 6 generations,
indicating no severe fitness costs to individuals bearing
null-allele mutations in these genes. Therefore, the Pxkmo
and Pxcardinal genes investigated here can potentially be
used as convenient visual markers for germline editing of
DBM. In future work, Pxkmo and Pxcardinal could be tar-
geted for site-specific knock-in of sgRNA-coding cassettes
to construct in vivo sgRNA expressing strains. Combined
with existing germline-expressing Cas9 transgenics [34],
this would allow the further exploration of utilizing the
powerful gene drive system as a pest management tool to
control this global pest.

Conclusions
In conclusion, using the CRISPR/Cas9 gene editing sys-
tem, we identified and characterized orthologues of two
important eye pigmentation genes kmo and cardinal in
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DBM, whose disruption resulted in novel and distin-
guishable mutant phenotypes. This work will not only
provide potential targets for genetics-based pest control
of this highly invasive, global pest, but also benefit re-
searches on the evolution and divergence of ommo-
chrome synthesis pathway genes across the Insecta.

Methods
Insect rearing
In the current study, all knockout moths were generated
using the Vero Beach wildtype strain. Insect larvae were
reared on beet armyworm artificial diet (Frontier Biosci-
ences, USA) while adults were fed with 10% sugar solu-
tion. All the insects were maintained at 25 °C with 50%
relative humidity under a 16 h light: 8 h dark cycle.

Identification of putative homologs and construction of
molecular phylogenetic trees
To identify putative P. xylostella kmo and cardinal ho-
mologs, protein sequences encoded by B. mori kynure-
nine 3-monooxygenase (accession number: ABY73874.1)
and D. melanogaster cardinal (accession number: NP_
651081.1) were used as blast queries against Liverpool
DBM genome databases (http://lepbase.org/), and the
hits were reciprocally blasted against B. mori and D. mel-
anogaster genomes respectively (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). An online tool Protter (http://wlab.
ethz.ch/protter/start/) was used to analyze transmem-
brane domains in putative P. xylostella kmo and cardinal
homologs. Protein sequences of kmo and cardinal ortho-
logs in other species including B. mori, Spodoptera
litura, Helicoverpa armigera, T. castaneum, Aedes
aegypti, D. melanogaster and Nilaparvata lugens were
collected from NCBI databases (https://www.ncbi.nlm.
nih.gov/) and utilized to construct phylogenetic trees
with MEGA 5.1 software using the Maximum Likelihood
(ML) method.

Design of sgRNAs
Genomic DNA was extracted from wildtype adults using
the NucleoSpin Tissue kit (Macherey-Nagel, Germany).
Two pairs of primers were applied to clone gene frag-
ments of Pxkmo (LA5000 and LA4974) and Pxcardinal
(LA4985 and LA4986) using Q5 High-Fidelity DNA
Polymerase (NEB, UK). The amplicons were purified
with Monarch DNA Gel Extraction Kit (NEB, UK) and
sequenced. Obtained sequences of both gene fragments
were screened to find sgRNA targets using CHOPCHOP
(https://chopchop.cbu.uib.no/) based on the N20-NGG
rule [26]. Sequence information for primers used in this
study is listed in Table S1.

In vitro synthesis and cleavage assay of sgRNAs
The synthesis of all sgRNAs was carried out as described
previously [24]. In brief, DNA templates for in vitro syn-
thesis of sgRNAs, which targeted Pxkmo (i.e. kmo-
sgRNA1 and kmo-sgRNA2) and Pxcardinal (i.e. cad-
sgRNA1 and cad-sgRNA2), were respectively amplified
using forward primers LA5001, LA5002, LA5005 and
LA5006 (each primer containing a T7 promoter, 20 nt
target site and a 16 nt sequence overlap with reverse pri-
mer) as well as a common reverse primer LA137. PCR
amplicons were cleaned up with the Monarch DNA Gel
Extraction Kit (NEB, UK). Afterwards, sgRNAs were
in vitro transcribed from these templates using MEGA-
script T7 transcription kit (Life Technologies, USA) and
then purified with the MEGAclear Kit (Life Technolo-
gies, USA). Templates of each target gene were prepared
from wildtype DNA samples with the same primer sets
used in section 2.3, providing targets for Cas9 cleavage.
Furthermore, an in vitro cleavage assay was conducted
using the synthesized sgRNAs and commercially pur-
chased SpCas9 nuclease protein (NEB, UK) following
the manufacturer’s instructions.

Embryonic microinjection
Wildtype DBM adults were kept in a 15 cm × 15 cm × 15
cm net cage for mating, and glass slides covered with
cabbage juice were set inside the cage for oviposition.
Embryos were collected within 30min post oviposition,
followed by the injection with a mixture containing 300
ng/μl Cas9 protein (PNA Bio, USA), 150 ng/μl of each
sgRNA (making the total concentration of sgRNAs at
300 ng/μl), 1 x injection buffer [35] and made up to
20 μl using nuclease-free H20. The same injection
process was conducted for both Pxkmo and Pxcardinal
knockout experiments. The injection mixture inside each
needle was only used for 1 h post loading to avoid po-
tential degradation. Glass slides with injected eggs were
kept in Petri dishes which contained small pieces of wet
cotton wool in order to maintain humidity. Cotton wool
was removed after 48 h post injection and artificial diet
was then put in the Petri dishes to feed hatched larvae.

Germline gene editing screening
The pupae and adults of injected G0s were screened for
abnormal eye pigmentation. Genomic DNA of G0 mo-
saic adults was extracted after they had laid eggs in order
to amplify target regions (the same primer sets as de-
scribed in 2.4); target region PCR products were gel-
purified and sequenced. In addition, a T7E1 assay was
conducted on these PCR products using T7 endonucle-
ase (NEB, UK) based on manufacturer’s instructions to
confirm CRISPR/Cas9 induced mutations.
For each gene editing experiment, G0 adult injection

survivors were crossed en masse in multiple pools, and
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any identified G1 mutant adults were subsequently pair
crossed to wildtype. The heterozygous G2 individuals de-
rived from the same parents were sib-crossed to gener-
ate G3s; offspring with non-wildtype eye color were
collected and maintained as mutant lines. Dissection of
4th instar larvae of these strains was conducted to assess
color changes to the brains and testes. Most phenotypic
images were taken with a Leica E24 HD stereo micro-
scope (Leica Microsystems, Germany), except for photos
of adult ocelli which were taken using a Leica MZ165FC
microscope (Leica Microsystems, Germany).

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12860-020-00308-8.

Additional file 1: Table S1. Primers used in current study. Fig. S1. CRIS
PR-mediated gene editing in G0 founders. Fig. S2. Phenotypes of Pxkmo
and Pxcardinal heterozygous mutants derived from different crosses. Fig.
S3. Phenotype of Pxkmo and Pxcardinal yellow-eye knock-out lines. Fig.
S4. Phenotypes of Pxkmo and Pxcardinal G1 mutations.

Abbreviations
DBM: Diamondback moth.; kmo: Kynurenine 3-hydroxylase

Acknowledgements
Not applicable.

Authors’ contributions
XX and THS designed and performed the experiments. JY carried out
sequence data analysis. LA, MY and THS provided the necessary funding and
materials. All authors worked on the draft and approved the final manuscript.

Funding
This work was supported by European Union H2020 Grant nEUROSTRESSPEP
(634361). THS was additionally supported by a UK Biotechnology and
Biological Sciences Research Council (BBSRC) Impact Acceleration Account
grant (BB/S506680/1), and LA was supported by core funding from the
BBSRC to The Pirbright Institute [BBS/E/I/00007033, BBS/E/I/00007038 and
BBS/E/I/00007039]. XX was supported by the CSC Scholarship from the
Chinese Government. The funding bodies played no role in any aspect of
the study design, data collection, data analysis, data interpretation or
manuscript writing.

Availability of data and materials
The datasets and materials used and/or analyzed during the current study
are available from the corresponding authors or reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1State Key Laboratory of Ecological Pest Control for Fujian and Taiwan Crops,
Institute of Applied Ecology, Fujian Agriculture and Forestry University,
Fuzhou 350002, China. 2Joint International Research Laboratory of Ecological
Pest Control, Ministry of Education, Fujian Agriculture and Forestry University,
Fuzhou 350002, China. 3Key Laboratory of Integrated Pest Management for
Fujian-Taiwan Crops, Ministry of Agriculture, Fuzhou 350002, China.
4Arthropod Genetics Group, The Pirbright Institute, Woking, Pirbright GU24
0NF, UK.

Received: 24 June 2020 Accepted: 25 August 2020

References
1. Furlong MJ, Wright DJ, Dosdall LM. Diamondback moth ecology and

management: problems, progress, and prospects. Annu Rev Entomol. 2013;
58:517–41.

2. Li Z, Feng X, Liu SS, You M, Furlong MJ. Biology, ecology, and management
of the diamondback moth in China. Annu Rev Entomol. 2016;61:277–96.

3. Shelton AM, Robertson JL, Tang JD, Perez C, Eigenbrode SD, Preisler HK,
Wilsey WT, Cooley RJ. Resistance of diamondback moth (Lepidoptera:
Plutellidae) to Bacillus thuringiensis subspecies in the field. J Econ Entomol.
1993;86(3):697–705.

4. Jin L, Walker AS, Fu G, Harvey-Samuel T, Dafa’alla T, Miles A, Marubbi T,
Granville D, Humphrey-Jones N, O’Connell S, et al. Engineered female-specific
lethality for control of pest Lepidoptera. ACS Synth Biol. 2013;2(3):160–6.

5. Harvey-Samuel T, Morrison NI, Walker AS, Marubbi T, Yao J, Collins HL,
Gorman K, Davies TG, Alphey N, Warner S, et al. Pest control and resistance
management through release of insects carrying a male-selecting
transgene. BMC Biol. 2015;13:49.

6. Gantz VM, Bier E. Genome editing. The mutagenic chain reaction: a method
for converting heterozygous to homozygous mutations. Science. 2015;
348(6233):442–4.

7. Hammond A, Galizi R, Kyrou K, Simoni A, Siniscalchi C, Katsanos D, Gribble
M, Baker D, Marois E, Russell S, et al. A CRISPR-Cas9 gene drive system
targeting female reproduction in the malaria mosquito vector Anopheles
gambiae. Nat Biotechnol. 2016;34(1):78–83.

8. Li M, Yang T, Kandul NP, Bui M, Gamez S, Raban R, Bennett J, Sanchez CH,
Lanzaro GC, Schmidt H, et al. Development of a confinable gene drive
system in the human disease vector Aedes aegypti. Elife. 2020;9:e51701.

9. Scott MJ, Gould F, Lorenzen M, Grubbs N, Edwards O, O’Brochta D:
Agricultural production: assessment of the potential use of Cas9-mediated
gene drive systems for agricultural pest control. Journal of Responsible
Innovation 2017, 5(sup1):S98-S120.

10. You M, Yue Z, He W, Yang X, Yang G, Xie M, Zhan D, Baxter SW, Vasseur L,
Gurr GM, et al. A heterozygous moth genome provides insights into
herbivory and detoxification. Nat Genet. 2013;45(2):220–5.

11. Handler AM, O’Brochta DA: Transposable elements for insect transformation.
In: Insect Molecular Biology and Biochemistry. Edited by Gilbert LI. San Diego:
Academic Press; 2011: 90–133.

12. Rasgon JL, Scott TW. Crimson: a novel sex-linked eye color mutant of Culex
pipiens L. (Diptera: Culicidae). J Med Entomol. 2004;41(3):385–91.

13. Osanai-Futahashi M, Tatematsu KI, Futahashi R, Narukawa J, Takasu Y,
Kayukawa T, Shinoda T, Ishige T, Yajima S, Tamura T, et al. Positional cloning
of a Bombyx pink-eyed white egg locus reveals the major role of cardinal in
ommochrome synthesis. Heredity. 2016;116(2):135–45.

14. Osanai-Futahashi M, Tatematsu K, Yamamoto K, Narukawa J, Uchino K,
Kayukawa T, Shinoda T, Banno Y, Tamura T, Sezutsu H. Identification of the
Bombyx red egg gene reveals involvement of a novel transporter family
gene in late steps of the insect ommochrome biosynthesis pathway. J Biol
Chem. 2012;287(21):17706–14.

15. Zhang H, Lin Y, Shen G, Tan X, Lei C, Long W, Liu H, Zhang Y, Xu Y, Wu J,
et al. Pigmentary analysis of eggs of the silkworm Bombyx mori. J Insect
Physiol. 2017;101:142–50.

16. Lloyd V, Ramaswami M, Krämer H. Not just pretty eyes: Drosophila eye-
colour mutations and lysosomal delivery. Trends Cell Biol. 1998;8(7):257–9.

17. Komoto N, Quan GX, Sezutsu H, Tamura T. A single-base deletion in an ABC
transporter gene causes white eyes, white eggs, and translucent larval skin
in the silkworm w-3oe mutant. Insect Biochem Mol Biol. 2009;39(2):152–6.

18. K-i T. Yamamoto K, Uchino K, Narukawa J, Iizuka T, Banno Y, Katsuma S,
Shimada T, Tamura T, Sezutsu H et al: positional cloning of silkworm white egg
2 (w-2) locus shows functional conservation and diversification of ABC
transporters for pigmentation in insects.Genes Cells. 2011;16(4):331–42.

19. Quan GX, Kim I, Komoto N, Sezutsu H, Ote M, Shimada T, Kanda T, Mita K,
Kobayashi M, Tamura T. Characterization of the kynurenine 3-
monooxygenase gene corresponding to the white egg 1 mutant in the
silkworm Bombyx mori. Mol Gen Genomics. 2002;267(1):1–9.

20. Lorenzen MD, Brown SJ, Denell RE, Beeman RW. Cloning and
characterization of the Tribolium castaneum eye-color genes encoding
tryptophan oxygenase and kynurenine 3-monooxygenase. Genetics. 2002;
160(1):225–34.

Xu et al. BMC Molecular and Cell Biology           (2020) 21:63 Page 10 of 11

https://doi.org/10.1186/s12860-020-00308-8
https://doi.org/10.1186/s12860-020-00308-8


21. Adrianos S, Lorenzen M, Oppert B. Metabolic pathway interruption: CRISPR/
Cas9-mediated knockout of tryptophan 2,3-dioxygenase in Tribolium
castaneum. J Insect Physiol. 2018;107:104–9.

22. Sun D, Guo Z, Liu Y, Zhang Y. Progress and prospects of CRISPR/Cas
systems in insects and other arthropods. Front Physiol. 2017;8:608.

23. Xue W-H, Xu N, Yuan X-B, Chen H-H, Zhang J-L, Fu S-J, Zhang C-X, Xu H-J.
CRISPR/Cas9-mediated knockout of two eye pigmentation genes in the
brown planthopper, Nilaparvata lugens (Hemiptera: Delphacidae). Insect
Biochem Mol Biol. 2018;93:19–26.

24. Anderson ME, Mavica J, Shackleford L, Flis I, Fochler S, Basu S, Alphey L. CRIS
PR/Cas9 gene editing in the West Nile virus vector, Culex quinquefasciatus
say. PLoS One. 2019;14(11):e0224857.

25. Huang Y, Chen Y, Zeng B, Wang Y, James AA, Gurr GM, Yang G, Lin X,
Huang Y, You M. CRISPR/Cas9 mediated knockout of the abdominal-A
homeotic gene in the global pest, diamondback moth (Plutella xylostella).
Insect Biochem Mol Biol. 2016;75:98–106.

26. Labun K, Montague TG, Krause M, Torres Cleuren YN, Tjeldnes H, Valen E.
CHOPCHOP v3: expanding the CRISPR web toolbox beyond genome
editing. Nucleic Acids Res. 2019;47(W1):W171–4.

27. Huang Y, Wang Y, Zeng B, Liu Z, Xu X, Meng Q, Huang Y, Yang G, Vasseur L,
Gurr GM, et al. Functional characterization of pol III U6 promoters for gene
knockdown and knockout in Plutella xylostella. Insect Biochem Mol Biol.
2017;89:71–8.

28. Oxford GS, Gillespie RG. Evolution and ecology of spider coloration. Annu
Rev Entomol. 1998;43(1):619–43.

29. Marec F, Shvedov AN. Yellow eye, a new pigment mutation in Ephestia
kuehniella Zeller (Lepidoptera: Pyralidae). Hereditas. 1990;113(2):97–100.

30. Vargas-Lowman A, Armisen D. Burguez Floriano CF, da Rocha Silva Cordeiro
I, Viala S, Bouchet M, Bernard M, Le Bouquin a, Santos ME, Berlioz-Barbier a
et al: cooption of the pteridine biosynthesis pathway underlies the
diversification of embryonic colors in water striders. Proc Natl Acad Sci U S
A. 2019;116(38):19046–54.

31. Leibenguth F. Genetics of the flour moth, Ephestia kühniell. In: Agric Zool
rev, vol. 1. UK: Newcastle upon Tyne; 1986. p. 39–72.

32. Caspari E, Gottlieb F. The Mediterranean meal moth, Ephestia kühniella.
Handbook of Genetics. 1975;3:125–47.

33. Khan SA, Reichelt M, Heckel DG. Functional analysis of the ABCs of eye
color in Helicoverpa armigera with CRISPR/Cas9-induced mutations. Sci Rep.
2017;7:40025.

34. Xu X, Yang J, Harvey-Samuel T, Huang Y, Asad M, Chen W, He W, Yang G,
Alphey L, You M. Identification and characterization of the vasa gene in the
diamondback moth, Plutella xylostella. Insect Biochem Mol Biol. 2020;122:
103371.

35. Coates CJ, Jasinskiene N, Miyashiro L, James AA. Mariner transposition and
transformation of the yellow fever mosquito, Aedes aegypti. Proc Natl Acad
Sci. 1998;95(7):3748–51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Xu et al. BMC Molecular and Cell Biology           (2020) 21:63 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Identification of P. xylostella kmo and cardinal homologs
	Cleavage assessment of sgRNA/Cas9 complex
	Germline disruption of Pxkmo and Pxcardinal
	Larval and pupal phenotypes of Pxkmo and Pxcardinal yellow-eye lines

	Discussion
	Conclusions
	Methods
	Insect rearing
	Identification of putative homologs and construction of molecular phylogenetic trees
	Design of sgRNAs
	In vitro synthesis and cleavage assay of sgRNAs
	Embryonic microinjection
	Germline gene editing screening

	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

