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Genome editing of the vermilion 
locus generates a visible eye color 
marker for Oncopeltus fasciatus
Katie Reding , Minh Lê  & Leslie Pick *

Insects display a vast array of eye and body colors. Genes encoding products involved in biosynthesis 
and deposition of pigments are ideal genetic markers, contributing, for example, to the power of 
Drosophila genetics. Oncopeltus fasciatus is an emerging model for hemimetabolous insects, a 
member of the piercing-sucking feeding order Hemiptera, that includes pests and disease vectors. To 
identify candidate visible markers for O. fasciatus, we used parental and nymphal RNAi to identify 
genes that altered eye or body color while having no deleterious effects on viability. We selected 
Of-vermilion for CRISPR/Cas9 genome editing, generating three independent loss-of-function mutant 
lines. These studies mapped Of-vermilion to the X-chromosome, the first assignment of a gene to a 
chromosome in this species. Of-vermilion homozygotes have bright red, rather than black, eyes and 
are fully viable and fertile. We used these mutants to verify a role for Of-xdh1, ortholog of Drosophila 
rosy, in contributing to red pigmentation using RNAi. Rather than wild-type-like red bodies, bugs 
lacking both vermilion and xdh1 have bright yellow bodies, suggesting that ommochromes and 
pteridines contribute to O. fasciatus body color. Our studies generated the first gene-based visible 
marker for O. fasciatus and expanded the genetic toolkit for this model system.

Recent years have witnessed an explosion of genome sequencing and gene annotation for representative species 
across the tree of life. Understanding the roles these genes play in generating, maintaining, or even limiting 
biodiversity will require approaches to assess gene function at key branches of the tree. Insects are excellent 
subjects of investigation because of the large number of species, their diverse habitats, physiology, behaviors and 
morphologies. Additionally, many can be reared in lab settings to allow for molecular genetic analyses. Most 
studies of insects to date have focused on the holometabolous insects, including beetles, butterflies and flies, with 
Drosophila melanogaster among the most powerful genetic model systems. As a close outgroup to holometabol-
ous insects, the order Hemiptera comprises > 80,000 described species1 that share a piercing-sucking mode of 
feeding but which are otherwise enormously diverse (reviewed in2,3). This order includes agricultural pests such 
as aphids and harlequin bugs, nuisance pests of humans such as bed bugs and brown marmorated stink bugs, 
and vectors of serious human disease, such as kissing bugs, which transmit Chagas disease4,5. The milkweed bug 
Oncopeltus fasciatus (Of) is a promising model system for Hemiptera: a genome sequence is available and multiple 
tools for molecular genetic analyses have been developed, including RNA interference (RNAi) and CRISPR/
Cas9 mutagenesis6–9. However, lacking for this species and Hemiptera more broadly are visible markers that are 
needed to pursue more rigorous genetic studies.

Pigmentation has long fascinated researchers and has been the target of genetic approaches because it varies 
extensively, even within species, and is simple and direct to assay, being readily visible externally. Mutations 
in genes that cause variation in body or eye color often do not impact organismal viability, allowing for isola-
tion and maintenance of mutant lines. This was exploited in the early 1900s to launch the field of Drosophila 
genetics10,11. At that time, studies of eye color mutants from several different insect species contributed to the 
“one gene-one enzyme hypothesis” and established an ordered biochemical pathway involved in synthesis of 
insect pigments12–17. Body color in some insects is based on melanin (reviewed in18). However, the brightly 
colored eye and body colors of many insects are comprised of two other pigment types: ommochromes (named 
from the Greek omma—eye, and khroma—color) which derive from tryptophan; and pteridines (named for the 
Greek pteron—wing, based on their first identification from the orange, yellow and white colors in the wings of 
Pieridae butterflies (see19)), which are derived from GTP. Overall, ommochrome pigments are in the brown range, 
with mutations generating red- or white-eyed insects, while pteridines range from bright red to yellow, with 
mutations often leading to loss of body pigmentation and brown eyes (reviewed in20,21). Biosynthetic pathways 
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leading to ommochrome pigments include products of the karmoisin (kar), vermilion (v), cinnabar (cn) and 
cardinal (cd) genes22–24 (recently reviewed25), while biosynthesis of pteridine pigments requires gene products 
of punch (pu) and purple (pr), and includes additional enzymatic steps, such as the product of rosy (ry) which 
encodes xanthine dehydrogenase, to generate a variety of colors19,26 (recent review27). For each pathway, specific 
transporters are required for pigment deposition28. The genes white (w), scarlet (st), and brown (bw) are closely 
related and comprise a subfamily of the ABC-transporter-encoding genes, with White forming a heterodimer 
with Brown for pteridine precursor transport, and with Scarlet for ommochrome precursor transport29–34. In 
Bombyx mori, another member of this subfamily, ok was identified and found to be most closely related to Bm-
brown; Bm-ok mutants display defects in uric acid deposition in the larval epidermis resulting in a translucent 
skin35. Although no ok ortholog was found in the Drosophila genome, orthologs have been identified in many 
other insect genomes.

Hemiptera display diverse colors and patterns that include contributions from melanin (reviewed in18,36) 
in addition to ommochromes and pteridines. Roles for these latter pigment types in color variation have been 
investigated recently for a number of species within this order. Brent and Hull (2019)37 combined gene expres-
sion analysis and RNAi to document the roles of five ommochrome pathway genes in eye color development in 
Lygus hesperus (Lh). Knockdown of Lh-bw suggested that the pteridine pathway contributes to eye color while 
w knock down impacted both eyes and body, with phenotypes including smaller and paler bodies and soft cuti-
cles. Subsequent CRISPR/Cas9 mutagenesis in this species showed that the ommochrome pathway components 
Lh-cn and Lh-cd are both involved in eye pigmentation, with Lh-cn mutants displaying sex-specific phenotypic 
differences in adults38. In the brown planthopper, Nilaparvata lugens, CRISPR/Cas9 genome editing suggested 
that Nl-w and ommochrome pathway member Nl-cn are necessary for wild type eye color39. Orthologs of ABC 
transporter genes w, st and ok as well as ommochrome pathway member cn were identified in the kissing bug 
Rhodnius prolixus (Rpro), and their roles in pigmentation tested with RNAi40. Interestingly, nymphal RNAi 
(nRNAi) knockdown of Rpro-cn resulted in animals with reddish, rather than black, ommatidia, but parental 
RNAi (pRNAi) caused lethality post-blood meal in first instars. This suggests the Rpro-cn gene is required for 
functions other than eye color, making it a poor candidate for a visible marker gene. Transporter knockdown 
revealed a role in ommochrome deposition in the eyes for Rpro-st, with newly added ommatidia displaying bright 
red color similar to that seen after Rpro-cn nymphal RNAi, and for Rpro-w, which also impacted viability, but 
no change in eye color was observed after knockdown of either ok ortholog. However, subtle changes in body 
pigmentation were noted after knockdown of Rpro-st or either of the two Rpro-ok paralogs, suggesting roles for 
both types of pigment in body color. Results from an extensive study of pigmentation-related genes in several 
water strider species41 suggested that ommochromes do not contribute to body color but are utilized for eye color 
in these species, with parental RNAi targeting either cn or st in Limnogonus franciscanus producing embryos with 
bright red eyes. Pteridines, on the other hand, appear to contribute to both eye and body pigmentation, with 
pRNAi of several different genes in that pathway producing loss of body coloration and brown eyes. Orthologs 
of ry were examined in several species where it is expressed and functions in both body and eye pigmentation.

O. fasciatus was one of the first hemipterans for which genetic approaches were taken to study 
pigmentation42–44. Through an EMS mutagenesis screen, Lawrence and coworkers identified genes impacting 
both pteridine and ommochrome pathways. One mutation, white body (wb), resulted in a loss of specific pteri-
dines in the body; while no pigment analysis was performed on these mutants, they likely lacked erythropterin, as 
levels of this pigment were elsewhere found to coincide with the reddening of the body during embryogenesis45. 
Conversely, red eye (re) mutants had bright red eyes and wild type pteridines, and thus resulted from mutation 
in ommochrome synthesis. With both pteridine and ommochrome pathways disrupted, wb/wb; re/re mutants 
displayed loss of both red and brown pigments in the eye, resulting in white eyes and white bodies. In one study, 
Shelton and Lawrence (1974) made use of these mutants to show that ommatidia added as the compound eye 
grows through successive molts are recruited from cells of nearby epidermis46. After transplanting eye-proximal 
epidermal tissue from wild type nymphs into the corresponding area of wb/wb; re/re mutants, they observed 
mosaic eyes in the adult, mostly white eyes with clusters of wild type ommatidia at the eye margin closest to the 
graft, showing that these newer ommatidia had formed from transplanted epidermal tissue. The first study of 
these pathways using RNAi to target candidate genes in O. fasciatus was carried out by Liu47. Separate analyses 
of ommochrome pathway genes v, cn and st, and pteridine pathway genes bw, pu, pr, as well as w suggested roles 
for both pigment types in O. fasciatus coloration. Both parental and nymphal RNAi implicated pteridines in 
eye and body coloration, while nymphal RNAi knockdowns of ommochrome pathway genes generated animals 
with bright red eye margins but wild type body coloration, similar to the re mutant of Lawrence. Recently, RNAi 
knockdown demonstrated a role for Of-red Malpighian Tubules (red) in eye color, while also contributing some-
what to body pigmentation. This gene likely encodes a protein involved in intracellular pigment trafficking and, 
accordingly, knockdown impacted both ommochrome and pteridine pathways48.

In our first attempt to generate a visible eye color marker for O. fasciatus, we chose to target Of-w, given its 
historic use as a visible marker49. While that approach established CRISPR/Cas9 mutagenesis for O. fasciatus, 
we were surprised to find lethality in animals homozygous for white null alleles9, although w had been shown 
to be required for viability in the moth Helicoverpa armigera50 and more recently in L. hesperus38. Here, we used 
RNAi to assess roles of selected genes encoding candidate visible markers, testing for detrimental consequences 
of gene knockdown before proceeding to genome editing. Our experiments verified the role of Of-v in eye 
color47,48 and identified a novel role of the Of-xdh/ry gene in body color. We generated three independent Of-v 
null mutations, each of which has been maintained in lab colony for multiple generations without discernable 
impact on development. Thus, Of-v is an ideal visible marker for transgenesis, co-CRISPR, and other genetic 
tools, adding to the range of genetic studies feasible for this insect.
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Results
RNAi targeting ok paralogs fails to reveal clear role in pigmentation.  We first investigated two 
components of the pteridine pigment pathway: two previously identified ok orthologs in the O. fasciatus genome9. 
Since the ok subfamily of ABC transporter-encoding genes is most closely related to the brown subfamily35, which 
is required for pteridine pigment transport in many insects (“Introduction”), the two O. fasciatus ok paralogs are 
good candidates for pteridine transport in this species. To evaluate the roles of these paralogs in O. fasciatus pig-
mentation, we designed two non-overlapping dsRNAs per gene. Following Of-ok1 pRNAi, no difference in eye 
or body color in 1st or 2nd instar nymphs was observed compared to gfp controls (Fig. 1A,B). Following Of-ok2 
pRNAi, very few embryos hatched despite appearing fully developed. Only 0.87% of embryos hatched follow-
ing pRNAi with dsRNA-A (n = 344), and 4.96% hatched after pRNAi using dsRNA-B (n = 262), compared with 
an average hatch rate of 91.52% (n = 544 across four replicates) for gfp controls (Table 1). Co-injection of both 
Of-ok1 and Of-ok2 dsRNA produced intermediate hatch rates (Table 1), but no change in coloration of hatched 
nymphs was observed. Furthermore, nRNAi knockdown of Of-ok1 in 4th instar nymphs yielded no discernible 
change in eye or body coloration in either 5th instar nymphs or adults (Fig. 1G) compared to gfp dsRNA-injected 
controls (Fig. 1F). In sum, despite being strong candidates for involvement in pteridine pigment transport in O. 
fasciatus, we found no evidence that either would serve as a useful visible marker gene for this species.

xdh1 contributes to body pigmentation in O. fasciatus.  In Drosophila, rosy (ry) mutants display 
dark red eyes26 resulting from mutation of the xanthine dehydrogenase gene, a component of the pteridine path-
way. To further investigate potential components of the O. fasciatus pteridine pathway, we used pRNAi to assess 
the functions of the Of-xanthine dehydrogenase (xdh) ortholog. BLAST searches of the O. fasciatus official gene 
set (OGS) followed by phylogenetic analysis (Fig.  S1) revealed two orthologs of Dmel-ry, which we refer to 
as Of-xdh1 (OFAS027123) and Of-xdh2 (OFAS013815) (Figs. S1, S2). However, as we were unable to amplify 
the region encompassing both dsRNA templates of Of-xdh2 from cDNA, it is possible the OFAS013815 gene 
model encodes more than one transcript (see “Methods” for more detail). Knockdown of Of-xdh1 by pRNAi 
produced nymphs with slightly lighter body coloration than gfppRNAi nymphs, appearing yellow-orange rather 
than red (Fig. 1A,C). This difference was most discernible by the 2nd instar (Fig. 1Cii), likely because the com-

Figure 1.   RNAi targeting pteridine synthesis pathway in Oncopeltus. Photos of nymphs and adults, as indicated. 
(A) Offspring of females injected with a gfp dsRNA control exhibit wild type phenotypes at (i) first, (ii) second, 
(iii) third, and (iv) fourth instars. (B) Offspring of females injected with Of-ok1 dsRNA were indistinguishable 
from controls. pRNAi knockdown of (C) Of-xdh1, (D) Of-xdh2, or (E) Of-xdh1 and Of-xdh2. Knockdown of 
Of-xdh1 caused a lightening of body color from red (A) to yellow-orange, particular evident in second through 
fourth instars (Cii–iv; Eii–iv). (F,G) Nymphal RNAi. The eye color of last instar nymphs and adults are similar 
in controls (Fi,ii) and after nRNAiok1 (Gi,ii).
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paction of the body in newly hatched 1st instar nymphs obscures slight differences in pigmentation (Fig. 1Ci). 
The body color change persisted through the third and fourth nymphal instars (Fig. 1Ciii,iv). Some Of-xdh1 
dsRNA-treated nymphs appeared wild type by the fourth instar, indicating that the RNAi effect waned over 
time in some individuals. However, following Of-xdh2 pRNAi, no clear change in pigmentation relative to gfp 
controls was observed at any instar, although a marginal decrease in red body color intensity cannot be ruled 
out (Fig. 1D). Simultaneous knockdown of both Of-xdh1 and Of-xdh2 resulted in nymphs with yellow-orange 
coloration indistinguishable from the Of-xdh1 single knockdown (Fig. 1E).

Since we have noticed variation in body coloration within our O. fasciatus lab population and wanted to 
ensure that the lighter body coloration observed after xdh1 pRNAi was indeed due to specific knockdown of 
this gene and not lighter variants already present in the population, we performed another round of Of-xdh1 
pRNAi to be scored according to a single-blind protocol. In this experiment, adults were injected with either 
gfp or Of-xdh1 dsRNA by one researcher, and second instar offspring from both treatments were individually 
placed in tubes labeled with a random number to be analyzed by a second researcher, described in more detail 
in the “Methods”. The second researcher scored each individual using a four-point scale (yellow-orange, orange, 
orange-red, or red). Of 188 gfp pRNAi offspring scored, 97.8% were scored as orange-red or red; just 4 (2%) were 
scored as orange. Of 193 Of-xdh1 pRNAi bugs scored, none were scored as red, just one (0.5%) was scored as 
orange-red, and 99.4% were scored as yellow-orange or orange. Thus, Of-xdh1 knockdown produced a definitive 
and consistent reduction in body pigmentation outside the range of variation seen in wild type populations. 
Overall, these results demonstrate that Of-xdh1 is required for dark red pigments in the O. fasciatus body, consist-
ent with a role in the pteridine synthesis pathway, and does not appear to be required for viability, making this 
a potentially useful marker in this species. Interestingly, we did not observe any effect of Of-xdh1 on eye color.

Of‑v and Of‑st are required for brown pigmentation in adult compound eyes.  We next investi-
gated roles of genes expected to function in ommochrome pigmentation pathways. The tryptophan 2,3-dioxy-
genase-coding gene vermilion (v) and ABC transporter-encoding gene scarlet (st) are involved in ommochrome 
pigment synthesis and transport in Drosophila and other insects (see “Introduction”). Furthermore, previous 
work showed that RNAi targeting either Of-v or Of-st results in loss of dark brown pigmentation in the eyes47,48. 
We employed both pRNAi and nRNAi to assess the function of v and st in O. fasciatus. Following pRNAi target-
ing either Of-v or Of-st, no change in eye or body coloration was observed relative to gfp controls in 1st or 2nd 
instar nymphs (Fig. 2A–C). However, nRNAi targeting Of-v or Of-st in 4th instar nymphs resulted in a loss of 
brown pigments at the medial edge of the compound eyes in 5th instar nymphs (Fig. 2Ei,Fi). The effect was even 
more pronounced after individuals molted to adulthood (Fig. 2Eii,Fii). This partial change in eye color is attrib-
uted to the gradual addition of newly formed ommatidia after each molt. No change in body coloration following 
knockdown of Of-v or Of-st was observed. In short, Of-v and Of-st both appear to play roles in ommochrome 
synthesis or transport, respectively, with loss of these transcripts resulting in clear phenotypic differences late in 
development. In addition, no impact on viability was observed after RNAi knockdown for either gene (Table 1), 
making these genes good candidates for use as eye color markers in this species.

Table 1.   Summary of hatch rates observed in pRNAi experiments.

Gene(s) dsRNA dsRNA concentration (μM) Analyzed (n) # Hatch Hatch rate (%)

gfp A 5 124 111 89.52

gfp A 5 156 139 89.10

Gfp A 5 142 137 96.48

Gfp A 5 122 111 90.98

Of-ok1 A 5 262 240 91.60

Of-ok1 B 5 236 236 100.00

Of-ok2 A 5 344 3 0.87

Of-ok2 B 5 262 13 4.96

Of-ok1 + Of-ok2 A 2.5 each 327 155 47.40

Of-ok1 + Of-ok2 B 5 each 196 114 58.16

Of-st A 5 188 179 95.21

Of-st B 5 100 90 90.00

Of-v A 5 257 246 95.72

Of-xdh1 A 5 190 184 96.84

Of-xdh1 B 5 272 199 73.16

Of-xdh2 A 5 208 182 87.50

Of-xdh2 B 5 189 188 99.47

Of-xdh1 + Of-xdh2 A 2.5 each 127 113 88.98

Of-xdh1 + Of-xdh2 B 5 each 87 76 87.36

gfp (v3 mut) A 5 255 255 100.00

Of-xdh1 (v3 mut) B 5 212 204 96.23
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Loss‑of‑function red‑eyed Of‑vermilion mutants are viable.  Given that RNAi knockdown of Of-v 
did not appear to negatively impact viability or fertility, we chose it as a candidate for generating a stable eye 
color marker for O. fasciatus. We used CRISPR/Cas9 to generate an Of-v null mutant, with tools we developed 
previously for mutagenesis in O. fasciatus9. We designed a single guide RNA (gRNA) to direct Cas9 to a site 
within exon 2 of Of-v (Fig.  3A arrowhead; see “Methods”). Of 1177 embryos injected with Of-v gRNA and 
Cas9 protein, 779 (66%) hatched. Since it takes at minimum four months from the time of O. fasciatus embryo 
injection to generation of homozygous individuals when reared at 25 °C, we sought to increase the develop-
mental rate by rearing the G0s at 29 °C and 75% relative humidity. At their final nymphal instar, we observed an 
unusually high number of dead G0 nymphs, all of which had swollen black abdomens, a presentation we had 
not previously seen in our lab populations (Fig. S3). While we cannot be sure of the cause, the symptoms we 
observed closely matched those described for a disease of O. fasciatus populations infected with the bacterium 
Pseudomonas aeruginosa51, namely: paralysis, darkening of the body, bad smell, and very quick death following 
the onset of symptoms. The disease caused by P. aeruginosa was likewise associated with populations raised at 
high temperature (30 °C) and humidity.

The eyes of healthy G0s, sequestered from the diseased population, were inspected for the expected red-eyed 
mosaic phenotype, which would result from biallelic hits in the injected animals. Mosaicism was observed in 
many individuals. In our efforts to isolate potentially infected bugs from the rest of our O. fasciatus lab popula-
tion, we were unable to tabulate the frequencies of G0 phenotypes. Rather, all G0s with a red-eyed mosaic phe-
notype were allowed to mate to each other, producing many red-eyed G1s, which were selected and maintained 
as a heteroallelic Of-v mutant population.

Of‑vermilion X‑linkage and establishment of homozygous lines.  Having established a population 
of red-eyed mutant bugs with many different v mutant alleles, we sought to establish single-allele homozygous 
lines. Five G2 males, offspring of the red-eyed G1 heteroallelic Of-v stock described above, were individually 
outcrossed to wild type virgins (“founder crosses”, Fig. 3Bi). When founder offspring reached the 5th instar or 
early adulthood, a single leg was removed for genomic DNA isolation, allowing us to genotype individuals before 
crossing them. We found that samples from all female offspring of crosses 3–5 showed the presence of a mutant 
allele, while no male samples produced heteroduplex bands, consistent with Of-v X-linkage (Fig. 3Bii). To test for 
X-linkage, a single red-eyed virgin female from the heteroallelic Of-v population was outcrossed to a wild-type 
male. When all progeny of this cross were in their final nymphal instar or adults, their eye color was examined. 
All female offspring (37/37) were found to have wild-type black eyes, and all male offspring (30/30) were found 
to have red eyes, consistent with X-linkage (data not shown).

Accordingly, to generate homozygous lines, a single virgin presumably heterozygous G3 female offspring from 
each of the original five founder crosses was outcrossed to one or more wild-type males (Fig. 3Biii). All of these 
crosses produced both red- and black-eyed G4 male progeny (Fig. 3Biv). Red-eyed males and all females from 
each cross were selected and crossed to each other. Finally, the G5 red-eyed progeny were selected to produce 
homozygous lines (Fig. 3Bv).

From the original five founder crosses, three homozygous Of-v mutant lines were established: v1, v3, and v4. 
Sequencing of Of-v exon 2 from each line showed all three alleles result in premature stop codons within exon 

Figure 2.   RNAi knockdown of ommochrome pathway genes Of-st and Of-v results in loss of brown eye 
pigmentation. Photos of nymphs and adults, as indicated. (A) Offspring of females injected with a gfp dsRNA 
control exhibit wild type phenotypes at first (i), second (ii) instars. Offspring of females injected with (B) Of-v 
dsRNA or (C) Of-st dsRNA. Fourth instar nymphs were injected with (D) gfp, (E) Of-v, or (F) Of-st dsRNA, 
shown after molting to fifth instar (i) and adulthood (ii). While gfp dsRNA-treated individuals display wild type 
black eyes, those treated with either Of-v or Of-st dsRNA display clear loss of brown eye pigment in the new 
ommatidia along the medial border of the adult compound eye (Eii,Fii, arrowheads).
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Figure 3.   Generation of Of-v mutant lines using CRISPR/Cas9. (A) An Of-v gRNA was designed to guide Cas9 to generate 
a double-stranded break (arrowhead) in Of-v exon 2. (i) Of-v gene structure, with coding DNA sequence shown in dark blue 
and untranslated regions shown in light gray. (ii) Premature stop codons found in exon 2 of all mutant alleles. (B) Crossing 
scheme to generate homozygous lines from a heteroallelic Of-v mutant stock. (i) Five single crosses were set up between a 
single red-eyed Of-v G2 male founder (derived from the heteroallelic Of-v population) and three wild-type virgin females. (ii) 
Of-v exon 2 was amplified from genomic DNA isolated from the progeny of these crosses and a heteroduplex mobility assay 
performed; all females gave rise to heteroduplex bands, while no heteroduplex bands were found in male samples, consistent 
with Of-v X linkage; (iii) One G3 female offspring from each founder cross was mated with one or more wild type males; (iv) 
Male G4 offspring had either red or black eyes, while all female G4s had black eyes. All red-eyed males were selected to mate 
with female siblings; (v) In the G5, all red-eyed males and red-eyed virgin females were selected to establish homozygous lines. 
The expected genotypes and phenotypes are shown in their expected proportions. (C) Alignment between the wild-type Of-v 
allele and the three mutant alleles for which homozygous lines were successfully established: (i) v1, single nucleotide insertion 
at the predicted double-stranded break site; (ii) v3, 10 bp deletion; (iii) v4, 6 bp insertion. Insertions or deletions, blue. Reading 
frame, light gray boxes. Introduced stop codons, red boxes. PAM site, underline.
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2 (Fig. 3Aii, red dots; Fig. 3C). The wild type Of-v allele has a 1167 bp long coding DNA sequence (CDS). Allele 
v1 has a single guanine insertion at the expected double-stranded break (DSB) site, causing a frameshift and 
introduction of a stop codon at position 87 of the CDS (Fig. 3Ci). Allele v3 has a 10 bp deletion, removing bases 
from both sides of the expected DSB, as well as introducing a stop codon at CDS position 98 (Fig. 3Cii). We also 
observed a single substitution in the intron preceding exon 2 in which a guanine was present where a thymine was 
observed in 8/8 wild-type samples. As this is 61 bp away from the expected DSB site, the difference most likely 
represents a polymorphism present in the G0 individual before Cas9 cleavage. Allele v4 has a 6 bp (TC|TCC|T) 
insertion immediately before AA (Fig. 3Ciii), resulting in a TAA stop codon at that site (Fig. 3Ciii, red box).

Scoring Of‑v mutants for use as genetic tool.  All three Of-v mutant lines are viable and fertile, mak-
ing Of-v useful as an eye color marker for this species. To determine at which instars the Of-v mutant phenotype 
can reliably be scored, we photographed individuals from each of our three Of-v mutant lines at every nymphal 
instar and as adults to document and compare the phenotype to wild-type bugs over the lifespan. During the 
first instar (Fig. 4A), the Of-v lines are almost indistinguishable from wild type, though the body color of Of-v 
mutants is slightly lighter (Fig. 4Ai, dorsal view; ii, lateral view). Consistent with pRNAi results, the eye color of 
wild type first instar nymphs is not clearly different from that of the Of-v lines (Fig. 4Aiii-vi), perhaps because 
ommochromes have not yet been deposited in the eye. By the second instar, there is a clear difference in eye color 
between wild type (Fig. 4Biii) and Of-v mutant lines (Fig. 4Biv–vi). Any differences in body coloration become 
less apparent as development proceeds, while differences in eye pigmentation become much more pronounced 
as the compound eyes enlarge in subsequent instars (Fig. 4C–E). In adulthood, male and female Of-v mutants 
have bright red compound eyes in stark contrast to the black eyes of wild type adults (Fig. 4F,G). Overall, we 
noticed no differences in phenotype between the three Of-v strains. We have maintained each Of-v line for 
multiple generations and have noticed no difference in their developmental rate or overall health compared to 
our wild type population. Thus, these mutants provide a reliable visible marker for the O. fasciatus research com-
munity for transgenesis and other genetic manipulations.

Because of issues with disease described above, we were not able to determine the frequency of mutagenesis in 
our initial Of-v CRISPR experiment. To determine basic statistics of CRISPR/Cas9 efficiency and germline muta-
tion rates, we conducted a second round of Of-v CRISPR injections, making use of our new Of-v mutant lines 
for crosses (Fig. S4). Wild type embryos were injected with Cas9 protein and an Of-v gRNA as described above. 
We characterized the phenotype of mosaic G0s, and crossed these to v4 virgins. G1 offspring from each cross 
were then analyzed for red or black eyes. We observed a progressive increase in germline mutation rates with the 
severity of somatic knockout seen in the mosaic G0s. G0s that appeared wild type produced a germline mutation 
rate of 66.18 ± 9.12%, while G0s with one red eye had a germline mutation rate of 74.56 ± 9.37%, and those with 
two red eyes had a rate of 90.41 ± 4.33% (Table 2). Importantly, these results suggest that Of-v co-mutation may 
be a helpful strategy to concentrate screening efforts when trying to isolate non-visible mutations at other loci.

xdh1 knockdown in v3 mutant produces bright yellow body color.  Given that we observed a lighter 
body color after Of-xdh1 pRNAi (Fig. 1C) and after Of-v mutation (Fig. 4A–C), we wondered if both genes might 
contribute to body pigmentation in an additive manner. To test this, we performed Of-xdh1 pRNAi in an Of-v 
mutant background. Of-v3 females were injected with either Of-xdh1 dsRNA or gfp dsRNA as a negative control. 
Interestingly, v3; Of-xdh1 pRNAi offspring had bright yellow bodies (Fig. 5B), lighter than the v3; gfppRNAi con-
trols (Fig. 5A), and even lighter than the yellow-orange pigmentation observed after xdh1 pRNAi knockdown 
in a wild type background (compare to Fig. 1C). Since Of-v mutants do not synthesize ommochromes and thus 
have red eyes throughout the lifespan (Fig. 4), any effect of Of-xdh1 knockdown on eye color that may have 
been masked by the presence of ommochromes in a wild type background should be more apparent in the Of-
v3 background. However, no distinguishable effect of the knockdown on Of-v3 eye pigmentation was observed, 
consistent with our previous observation that Of-xdh1 knockdown in a wildtype background had no effect on 
eye pigmentation. The yellow body phenotype was marginally detectable in 1st instar nymphs (Fig. 5Bi) but was 
clear in 2nd instars (Fig. 5Bii) and lasted through the 4th instar (Fig. 5Biv). These results suggest that both Of-v 
and Of-xdh1 contribute independently to O. fasciatus body coloration and that Of-xdh1 would be useful as a 
visible body color marker for O. fasciatus.

Discussion
Here we have expanded the repertoire of genetic tools available for O. fasciatus, an emerging model system for 
hemimetabolous insects. Among pigmentation mutants, those that display loss of eye pigmentation are par-
ticularly valuable, given the established efficacy of the 3XP3 synthetic enhancer-promoter construct, which can 
direct gene expression in eyes across a range of phylogenetically diverse insects52. Combined with a fluorescent 
protein-encoding gene or rescue allele, this becomes a powerful tool for screening low-frequency genetic events, 
including gene replacement using CRISPR/Cas9 or transposon-mediated transgenesis. Even in the absence of 
validated transgenes, pigmentation mutants are useful for tracking germline mutation in the case of CRISPR/
Cas9 co-conversion, allowing alleles that may not produce visible phenotypes to be more easily detected.

In investigating genes that would be useful as visible markers, we identified functions for both ommochrome 
and pteridine synthesis pathways in eye and body color of these bugs. This contrasts with holometabolous insects 
such as the beetle Tribolium castaneum, where mutations in ommochrome pathway genes generate white-eyed 
animals, suggesting no role for pteridines in eye color in that species53,54. Based on our previous experience 
that loss-of-function mutation of Of-w results in lethality in homozygotes9, we pre-screened candidate genes 
by RNAi before performing CRISPR/Cas9 mutagenesis. Similar to previous work in O. fasciatus47 and R. pro-
lixus40, we did not observe roles for the Of-ok paralogs in eye pigmentation, but also observed no change in body 
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Figure 4.   Phenotypes of homozygous Of-v lines across lifespan. Photographs of whole animals or heads of 
different individuals are shown in (A–G). (A) First instar nymphs, (B) second instar nymphs, (C) third instar 
nymphs, (D) fourth instar nymphs, (E) fifth instar nymphs, (F) adult females, (G) adult males. (i) Dorsal view 
of each genotype in the following order: vWT, v1, v3, v4. (ii) Lateral view of each genotype in the same order 
as shown in i. (iii–vi) Close-up view of right compound eye from individuals shown in i–ii, with genotypes 
indicated at top. Wild-type and v phenotypes are essentially indistinguishable during the first instar (A), but 
differences in coloration become apparent as wild-type eyes darken by the second instar (B), while v compound 
eyes remain red for the rest of nymphal development (C–E) and appear bright red in adults (F,G).

Table 2.   Somatic and germline mutation rates observed in second Of-v CRISPR experiment.

G0 phenotype Number Percent of all G0s Mean germline mutation rate SEM germline mutation rate

WT (total) 21 30.43 66.18 9.12

WT (males) 9 13.04 45.93 16.04

WT (females) 12 17.39 81.38 8.67

1 red eye (total) 14 20.29 74.56 9.37

1 red eye (males) 5 7.25 63.90 20.82

1 red eye (females) 9 13.04 89.81 4.96

2 red eyes (total) 34 49.28 90.41 4.33

2 red eyes (males) 24 34.78 89.09 5.69

2 red eyes (females) 10 14.49 93.56 5.80
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pigmentation following Of-ok1 knockdown, in contrast to the functions of these genes in R. prolixus. However, 
we did observe an unexpected role for Of-ok2 in embryonic viability. In Bombyx mori, where ok is involved in 
transporting uric acid to the larval epidermis, both ok and white mutants display translucent larval skin55, leading 
Wang et al. (2013) to hypothesize that Bmor-White and Bmor-Ok form a heterodimer responsible for uric acid 
transport in this species. A similar heterodimer forming between Ofas-White and Ofas-Ok2 could explain the 
lethality seen here after Of-ok2 RNAi and after Of-w mutation9, perhaps resulting from the inability to transport 
waste products like uric acid. Knockdown of Of-xdh1—ortholog of rosy, a gene required for pteridine pigment 
synthesis in Drosophila—revealed a subtle but consistent change in body color, with loss of red pigmentation, 
while no role was identified for Of-xdh2 (Fig. 1). Within the ommochrome pathway, our studies confirmed roles 
of Of-st, encoding a putative ommochrome transporter, and Of-v, encoding tryptophan 2,3-dioxygenase, in eye 
color (Fig. 2). Neither parental nor nymphal RNAi appeared to impact viability, making both of these genes 
potentially useful eye color markers.

Accordingly, we used CRISPR/Cas9 genome editing to generate three independent loss-of-function mutations 
via non-homologous end joining in Of-v (Figs. 3, 4), each of which has been maintained as a viable colony of 
bright red-eyed homozygotes for multiple generations without any apparent impact on viability or fertility. As 
in Drosophila, this gene is located on the X-chromosome of O. fasciatus (Fig. 3). Thus, although the phenotype 
appears identical to that of Lawrence’s re mutants, they are not allelic as re behaved as an autosomal recessive44. 
We further made use of Of-v mutants to test the efficiency of CRISPR/Cas9 mutagenesis in this species, showing 
that G0 individuals exhibiting somatic mutation displayed germline transmission rates as high as 90%, making 
Of-v an excellent marker for co-CRISPR56. Finally, using RNAi to knock down Of-xdh1 in Of-v homozygotes, we 
revealed a role for the ommochrome pathway in body coloration, as the body color of these double “mutants” 
was bright yellow (Fig. 5), compared to the yellow-orange color of Of-xdh1RNAi animals (Fig. 1). Of-xdh1 does 
not appear to be required for viability, making this another potentially useful O. fasciatus marker. In contrast 
to our findings, studies in water striders suggested that ommochromes play no role in body pigmentation but 
function only for eye color41. Conversely, rosy plays roles in body and eye pigmentation in water striders41, but 
we found it to function only in body coloration in O. fasciatus. These differences may reflect species variation or 
stage-specific utilization of the different pathways, which remain to be examined.

Methods
O. fasciatus rearing.  An O. fasciatus wild type population was maintained at room temperature (23–24 °C) 
in clear plastic storage containers (15.25 × 11 × 11 in.) and exposed to a 16 h:8 h light:dark cycle. All RNAi experi-
ments were performed at 25 °C. As described in the    “Results”, subpopulations were briefly maintained at 29 °C 

Figure 5.   Of-xdh1 knockdown in Of-v3 mutant background produces bright yellow body color. Offspring of v3 
mothers treated with gfp (A) or Of-xdh1 (B) dsRNA were observed at first (i), second (ii), third (iii), and fourth 
(iv) instars. While the knockdown did not appear to produce an effect in the eyes of pRNAi offspring (i’–iv’), 
body pigmentation was greatly reduced in Of-xdh1 treated individuals, resulting in a bright yellow color (Bi–iv).
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and 75% relative humidity, which appeared to promote disease (Fig. S3). A paper towel and cotton ball wick 
placed atop a 32 oz. plastic container full of water provided a constant source of water and raw organic sunflower 
seeds were provided as food. Single crosses were performed either using Drosophila vials as described9 or using 
one gallon plastic storage containers.

Gene isolation.  To identify the O. fasciatus ortholog of v, a BLAST search against the O. fasciatus official 
gene set (OGS)8 was conducted using the Dmel-v amino acid sequence as a query. Only one hit had an e-value 
less than 1.4, that of OFAS025214 (e-value = 2e−129), suggesting that there is only one Of-v ortholog. To confirm 
the identity of OFAS025214, a phylogenetic tree was constructed from an alignment of this gene model to amino 
acid sequences of several insect v orthologs. The OFAS025214 gene model clustered with Lhes-v, the only other 
heteropteran v ortholog included in this analysis, suggesting that OFAS025214 is indeed the Of-v ortholog. To 
identify the Of-xdh ortholog, the O. fasciatus OGS was searched using BLAST and the Dmel-ry amino acid 
sequence as query. Several hits had significant e-values, so sequences for all gene models with e-values below 
8e−71 were collected and subjected to phylogenetic analysis. The resulting gene tree showed two gene models—
OFAS027123 and OFAS013815—clustering with other insect xdh/ry orthologs, whereas the remaining O. fas-
ciatus gene models clustered with Dmel-aox, which was included in the analysis as an outgroup, suggesting that 
there are two Of-xdh paralogs. The O. fasciatus orthologs of st, ok1, and ok2 were analyzed previously9. Primers 
for all sequences were designed based on the O. fasciatus genome sequence (see Table S1). For Of-v, we amplified 
the coding DNA sequence using primers 30 and 31, and the PCR product was blunt-end ligated into SmaI-cut 
pUC19, and subsequently Sanger sequenced. We Sanger sequenced fragments from all other genes spanning the 
two dsRNA templates (Fig. S2), except for Of-xdh2. For this gene model (OFAS013815), we were able to amplify 
two non-overlapping fragments, but we were not able to amplify a fragment uniting these two regions. This 
may suggest that the two regions are not part of the same transcript; more work is needed to determine if the 
OFAS013815 gene model represents a single gene.

Phylogenetic analysis.  To construct gene trees, amino acid sequences were aligned in MUSCLE57followed 
by phylogenetic inference using MrBayes 3.1.158 within the TOPALi v2.5 framework59 with the following param-
eters: runs = 2, generations = 100,000, sample freq. = 10, burnin = 25%. Tree formatting was done in MEGA X 
10.1.660.

Double‑stranded RNA (dsRNA) synthesis.  All dsRNA templates were PCR-amplified using Q5 high-
fidelity DNA polymerase (NEB) from O. fasciatus first instar complementary DNA (cDNA). In some cases, 
this PCR product was inserted into the pGEM T-easy vector before dsRNA synthesis, while in others the PCR 
product was used directly as template for dsRNA synthesis. A dsRNA template targeting turbo gfp (tGFP) was 
amplified from plasmid pBac[3xP3-DsRed; UAS-Tc’hsp_p-tGFP-SV40] (Addgene 86453) for use as a negative 
control. All primers used to amplify dsRNA templates have T7 RNA polymerase promoter sequences at the 5’ 
end allowing synthesis of both RNA strands in a single reaction. PCR products were used as templates in an 
RNA transcription reaction using the MEGAscript T7 Transcription kit (Invitrogen) at 37 °C overnight. 1 ul 
kit-provided TURBO DNase was then added and the reaction was incubated at 37 °C for 15 min. The RNA was 
denatured by heating to 95 °C for 3 min in a heat block; the heat block was then turned off, and the RNA strands 
were allowed to anneal as the heat block temperature slowly decreased. The dsRNA was precipitated with etha-
nol and lithium chloride, and resuspended in water. For each gene except Of-v and tGFP, two non-overlapping 
dsRNAs were made (denoted dsRNA A and B, Fig. S2). All primer sequences are listed in Table S1.

Parental RNA interference (pRNAi).  For pRNAi, each dsRNA was diluted to 5 uM in injection buffer 
(5 mM KCl, 0.1 mM phosphate buffer pH 6.8) with green food coloring (McCormick) diluted 1:50. Each adult 
female was injected with 3 μl injection mix between the 4th and 5th abdominal sternites using a glass needle 
pulled from borosilicate glass capillary tubes (World Precision Instruments). Each injected female was paired 
with a male and kept individually in a Drosophila vial supplied with raw sunflower seeds, damp cotton as a 
source of water, and dry cotton for egg laying. Vials were laid on their sides to keep seeds from contacting the wet 
cotton. Embryos were collected daily over 7 days after injection and incubated at 25 °C for approximately one 
week until hatching. Offspring were checked every day, and photographed within 24 h of hatching or molting to 
the next instar, after melanin deposition. For Of-xdh1 + xdh2 and Of-ok1 + ok2 double injections, either 2.5 μM 
of each dsRNA (dsRNA A, Fig. S2) or 5 μM of each dsRNA (dsRNA B, Fig. S2) were used.

After an initial xdh1 knockdown experiment produced a subtle phenotype, we carried out a blind experiment 
to ensure that this phenotype was indeed due to xdh1 knockdown and not to lighter colored variants in our 
population. In this experiment, phenotypes of offspring of Of-xdh1 or gfp dsRNA-injected females were scored 
by a researcher who had no knowledge of the treatment each bug had received. Two researchers independently 
injected five adult females each with Of-xdh1-B dsRNA or gfp dsRNA (as described above). The first four egg 
clutches laid by each female were discarded as we have often observed that the first several clutches fail to display 
knockdown phenotypes, likely due to their position within the ovariole at the time of injection. Each additional 
clutch of embryos was placed in a Drosophila vial provided with sunflower seeds and damp cotton and incubated 
at 25 °C for approximately 7 days until hatching. Nymphs were allowed to molt into 2nd instar as we had noticed 
the lighter coloration seen after xdh1 knockdown is more apparent at this stage. Each researcher selected 100 gfp 
pRNAi and 100 Of-xdh1 pRNAi nymphs derived from their independent injections and placed each nymph in 
a tube labeled with a random number from 1 to 200. Each researcher gave the other researcher (the “analyzer”) 
the 200 nymphs to score on a 4-point scale from light orange to dark red. Any individuals found by the analyzer 
to be dead or at the wrong instar were excluded from analysis. The analyzer had no information about any of the 
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nymphs aside from their random labels. Finally, the score sheets of the two analyzers were combined, treatment 
groups were unblinded, and scores assigned to individuals from each RNAi treatment group were tabulated and 
compared.

Nymphal RNA interference (nRNAi).  For nRNAi, 4th instar nymph injections were performed as 
described above for pRNAi, except that only 1 μl of the 5 μM dsRNA injection mix was injected into each nymph 
and individuals were injected between the 5th and 6th abdominal sternites. After injection, nymphs were kept 
in small cages provided with damp cotton and sunflower seeds, incubated at 25 °C, and were photographed after 
molting to 5th instar and/or adulthood.

CRISPR/Cas9 mutagenesis of Of‑vermilion.  The Of-v exon 2 sequence was submitted to CHOPCHOP61 
to identify potential gRNA target sites. Each of the suggested gRNAs was aligned to the O. fasciatus genome 
assembly using blastn -task blastn-short, and the resulting alignments were used to evaluate the potential of 
off-target Cas9 cleavage. A gRNA was selected that produced no alignments in the PAM plus seed region for any 
genomic region other than Of-v exon 2. This gRNA was synthesized in vitro following the recommendations of 
https://​www.​crisp​rflyd​esign.​org/​grnat​ransc​ripti​on/. Briefly, the gRNA sequence was introduced using primer 
24, which was used with primer 23 to amplify a gRNA scaffold sequence in plasmid pCFD361 using Phusion 
polymerase. This PCR product was added as template to a T7 RNA polymerase transcription reaction using 
the Megascript T7 kit (Invitrogen). Following 3 h of RNA transcription at 37 °C, TURBO DNase was added 
to the reaction and incubated for 15 min at 37 °C. The RNA was purified using the Monarch RNA Cleanup kit 
(NEB). To form ribonucleoprotein complexes prior to injection, the Of-v gRNA was diluted in injection buffer 
(5 mM KCl, 0.1 mM phosphate buffer pH 6.8) and heated to 70 °C for 2 min, then transferred to ice. Cas9-NLS 
protein (PNA Bio) was added to the gRNA and incubated at room temperature for 5 min. The final injection 
mix contained 80 ng/μl Of-v gRNA, 300 ng/μl Cas9 protein, and green food coloring (McCormick) diluted 1:50. 
Embryo injection was performed as described in Reding and Pick (2020). Briefly, O. fasciatus embryos were col-
lected over a ~ 3.5 h period, washed in 1:50 commercial bleach: water for 3 min, then aligned into the grooves of 
3% agar sheets. Embryos were injected at ~ 3 to 7 h AEL using a Narishige IM-400 microinjector attached to a 
micromanipulator. Sheets of injected embryos were moved to petri dishes and allowed to develop at 25 °C until 
hatching.

Heteroduplex mobility assay.  When sampling 5th instar or adult bugs, genomic DNA was prepared 
as described in62, except that a single mesothoracic leg was used instead of whole individuals and only 25 μl 
of squishing buffer was used, which was then diluted 1:2 with water after DNA extraction. When sampling 
embryos, a single embryo was squished in 6 μl squishing buffer. Primers 25 and 26 were used to amplify a 
581 bp fragment around Of-v exon 2, and the heteroduplex mobility assay was performed following standard 
methods9,63.

Crosses to establish homozygous Of‑v lines.  All G0s were inspected as young adults or last instar 
nymphs to identify mosaic animals, reflecting biallelic gene targeting events. As described in the “Results”, G0s 
with at least one red eye were selected and allowed to mate with each other. All G1s with two red eyes—presum-
ably homozygous for Of-v mutation—were selected to establish a heteroallelic Of-v mutant population. Five 
G2 red-eyed males drawn from this population were each crossed to three wild-type virgins (Fig. 3B). A heter-
oduplex mobility assay was performed on embryos resulting from these crosses. Since this assay is not sensitive 
enough to detect very small indels, it was expected that not all samples would give rise to heteroduplex bands; 
indeed no heteroduplex bands were observed in samples of offspring from two of the five crosses. Offspring from 
three of the five founder crosses produced heteroduplex bands in all female fifth instar or adult samples and in 
none of the male samples, suggesting that Of-v is X-linked. Crosses proceeded as described in the Results and 
illustrated in Fig. 3B. To characterize each line’s mutation, genomic DNA was isolated as described above from 
two individuals per line, Of-v exon 2 was independently PCR-amplified from each sample using primers 25 and 
26, and PCR products were Sanger sequenced.

Second Of‑v CRISPR experiment.  Wild type embryos were injected with 300 ng/μl Cas9 protein (PNA 
Bio), 500 ng/μl pBac[3xP3-EGFP;Tc’hsp5’-Gal4Delta-3’UTR] (Addgene #86449), 80 ng/μl of the Of-v gRNA 
described above (see “CRISPR/Cas9 mutagenesis of Of-vermilion”), and 80 ng/μl of a gRNA designed to target 
the ampicillin resistance gene of the injected plasmid for Cas9-mediated linearization. This AmpR gRNA was 
synthesized in vitro as described above for the Of-v gRNA, except that primers 23 and 29 (Table S1) were used 
to amplify the gRNA template. The AmpR gRNA was injected to allow whole plasmid integration through non-
homologous end joining at the Of-v locus, potentially tagging an Of-v mutation with a 3xP3 > egfp fluorescent 
eye marker.

The phenotypes of adult G0s were recorded, before being crossed to v4 virgins. 99 G0 crosses were set up; 30 
G0s either died before mating or were infertile. G1s were CO2-anaesthetized and the eye phenotype of each was 
characterized as wild-type or v under a brightfield microscope; the presence of GFP in the eyes was assessed 
using a fluorescent microscope equipped with a GFP filter. Unfortunately, we observed no GFP+ G1 offspring, 
suggesting that either no plasmid incorporation occurred or that the reduction in eye pigmentation in Of-v 
mutants is not sufficient to allow GFP visualization. Germline mutation rate was differentially calculated for G0 
males and G0 females, since male v G1 offspring of male G0s obtained their mutant v allele from their v moth-
ers, and thus are not informative of v mutations that may have occurred in the paternal germline. Germline 

https://www.crisprflydesign.org/grnatranscription/
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mutation rate for male G0s was calculated as the number of v female G1s/total female G1s; for G0 females the 
calculation was v G1s/total G1s.

Data availability
Mutant strains and materials are available upon request. The gene sequences generated and/or analysed dur-
ing the current study are available in the GenBank repository: vermilion, OQ151805; ok1, OQ151806; ok2, 
OQ151807; scarlet, OQ151808; xdh1, OQ151809; xdh2, OQ151810; v_exon2_WT, OQ151811; v_exon2_v1, 
OQ151812; v_exon2_v3, OQ151813; v_exon2_v4, OQ151814.
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