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Genetic screens in the fruit fly Drosophila melanogaster identified a class of mutants displaying 

half as many segments as seen in wild type fly larvae (Nüsslein-Volhard and Wieschaus 1980). 

Careful examination of the larval cuticle revealed that one out of every two segments were deleted 

across the anterior-posterior  (AP) axis, an unexpected phenotype suggesting that segmentation in 

Drosophila follows a ópair ruleô. Thanks in part to the many genetic tools available for this model 

species, we now have a clear picture of how the AP axis of the Drosophila embryo is polarized 

and subsequently divided into distinct segments, and how the pair-rule genes (PRGs) define 

alternate segments during this process. Since all insects share a similar body plan, it is reasonable 

to expect that the processes regulating establishment of this body plan would be conserved. 

However, studies of the Drosophila segmentation gene orthologs in non-model insects suggest 



  

 

that this is not always the case. While the use of model organisms enables an unmatched depth of 

understanding of the mechanisms underlying development, it comes at the expense of 

understanding the diversity of these mechanisms across taxa. The milkweed bug Oncopeltus 

fasciatus (Ofas) (Hemiptera) is a particularly useful insect to study in this regard, as none of the 

orthologs of the Drosophila PRGs have clear PR-function in this species (Liu and Kaufman 2005b; 

Auman and Chipman 2018; Reding et al. 2019), while the gene E75A, which has no role in 

segmentation in Drosophila, is expressed in a PR pattern and its knockdown yields PR 

segmentation defects (Erezyilmaz et al. 2009). These results suggested that PR-regulation of 

segmentation in Oncopeltus might require a different set of factors than those discovered in 

Drosophila. To identify other non-canonical PRGs in this species, I conducted an expression 

pattern-based screen of transcription factor-encoding genes that are co-expressed with E75A 

during embryogenesis, and have identified the gene Blimp1 as an Oncopeltus PRG. Like the 

Drosophila PR mutants, Ofas-Blimp1 mutants display loss of alternate segments across the AP 

axis. No roles of Blimp1 in insect segmentation had been identified prior to this finding. This result 

suggests that while insect segmentation may be constrained to follow a pair rule, the genes 

responsible for regulating PR-segmentation are evolutionarily labile. Further, a major barrier to 

studying gene function in non-models is the lack of genetic tools such as visible markers and 

established methods for gene editing. Here I will describe deployment of CRISPR/Cas9 

technology in Oncopeltus for targeted mutagenesis. While mutation of the ABC transporter-

encoding gene white proved to be recessive lethal, I was able to generate a viable visible marker 

line by disrupting the X-linked gene Ofas-vermilion  (v). Of-v is required for production of dark 

brown eye pigments, thus Ofas-v mutants have bright red eyes, easily discernible from the black 

eyes of wild type bugs. I show that a co-CRISPR approach using Of-v as a marker of germline 



  

 

mutation is a helpful strategy to identify mutations of interest at unlinked loci, enabling many 

future genetic manipulations in this species. 
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Chapter 1. Introduction 
 

One of the central concerns of modern developmental biology is to understand how an 

organism builds complexity over time by interpreting information encoded in the genome. The 

insect body plan is a wonderfully complex system in which to investigate this question. A series 

of genetic screens aimed at identifying mutations that altered the body plan of the fruit fly 

Drosophila melanogaster were immensely successful in identifying genetic components required 

to generate a normal larval cuticle. Subsequent work has largely decoded how the anterior-

posterior (AP) axis is differentiated into specialized units by an extensive network of 

transcriptional regulators in this species. 

Comparative studies of development across taxa have shown that the mechanisms 

underlying complexity-building often vary between species. This is indeed the case for the insect 

body plan; while all insects arrive at a morphologically similar segmented germband stage, the 

process of segmenting the AP axis varies across insect groups. I will review our current 

understanding of this variation in the sections that follow.  

 

1.1 Broad differences in insect segmentation 

1.1.1 Germ mode definitions 

 

It has long been observed that segmentation of the insect embryo varies across the insect 

phylogeny (Korschelt and Heider 1899). In insects like Drosophila, segmentation of the entire 

anterior-posterior (AP) axis occurs almost simultaneously during the blastoderm stage (i.e., long-

germ mode), while in most insect groups only the anteriormost body segments are defined in the 

blastoderm, and the remaining segments are added sequentially from a posterior segment addition 

zone (SAZ, Figure 1-1) (i.e., short-germ mode).  
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While short- and long-germ modes of segmentation represent true biological differences, 

it is worth noting that how segmentation mode is assigned to a species and how these terms have 

been used through time has been rather inconsistent. Many authors make a further distinction with 

the term ñintermediate-germò, used to describe a short-germ mode of segmentation in which more 

segments are specified in the blastoderm than in strictly short-germ modes. However, there is no 

standard method for determining the number of segments specified in the blastoderm stage versus 

those specified sequentially post-gastrulation in the SAZ. Some of the comparative literature 

classifying species as short-, intermediate-, or long-germ derives these classifications from crude 

fate maps made by pinching, cauterizing, or centrifuging embryos (Sander 1976). In the age of 

molecular genetics, some authors derive blastoderm-derived segment numbers from the number 

of stripes of segmentally expressed genes in the blastoderm (Liu and Kaufman 2004c).  

Regardless of technical inconsistencies in determining the number of blastoderm-specified 

segments, these terms are still relative. There is no threshold number of blastoderm-specified 

segments below which a species would be considered short-germ, and above which intermediate-

germ. For instance, the beetle Tribolium is almost universally called short-germ, while the 

milkweed bug Oncopeltus is called intermediate-germ, but both species define the gnathal and 

thoracic segments in the blastoderm, and add abdominal segments sequentially from the SAZ. 

Thus in their usage, there is no clear distinction between short- and intermediate-germ unless these 

terms are used in the same text, in which case they describe relative numbers of blastoderm-

specified segments between two or more species.  

Although we cannot entirely discard the short-, intermediate-, and long-germ terminology, 

since much foundational literature was produced within this framework, where possible in this 

dissertation I will use the terms ñsimultaneously segmentingò and ñsequentially segmentingò to 
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describe segmentation modes. Simultaneously segmenting species specify all or most segments at 

the blastoderm stage (synonymous to ñlong-germò), while sequentially segmenting species specify 

all or most segments consecutively from a posterior SAZ (collapsing ñshort-ò and ñintermediate-

germò, Figure 1-1). 

 

Figure 1-1. Embryogenesis of a sequentially segmenting insect.  

Drawings modeled after photographs of Oncopeltus fasciatus. A) An embryo at the blastoderm stage. 

The yolk is surrounded by a layer of cells forming the blastoderm. In many sequentially segmenting 

species, the anteriormost segments are specified at this stage. In Oncopeltus, the Mn through T3 segments 

are specified in the blastoderm. B) An embryo beginning to gastrulate. An invagination pore, the 

beginning of germband invagination, is seen at the posterior (arrowhead). C) An embryo with a young 

germband (gray) embedded in the yolk along the ventral side of the eggshell. Note that the polarity of 

the embryo is now reversed compared to A. Cô) Embryo from C with germband dissected away from 

yolk and oriented anterior-left. The segment addition zone (SAZ) is marked by brackets. D) An older 

germband continuing elongation. Dô) Embryo from D removed from yolk. Only the anteriormost (oldest) 

segments are morphologically segmented. Dôô) Close-up of the SAZ to delineate anterior SAZ (A) from 

posterior SAZ (P). The anterior SAZ is the first site where patterned gene expression (stripes) is seen 

during germband elongation, whereas genes expressed in the posterior SAZ show no pattern. E) A fully 

elongated germband. Note the appendages on Mn through T3 segments, and morphological segmentation 

(segmental furrows) are now seen across the AP axis. In each panel, ñAò marks the anterior, ñPò the 
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posterior. Mn = mandibular segment, Mx = maxillary segment, Lb = labial segment, T1 = prothorax, T2 

= mesothorax, T3 = metathorax, A1 = first abdominal segment, A10 = tenth abdominal segment 

 

 

1.1.2 Phylogenetic distribution of germ modes 

It has been noted that sequentially segmenting species are found across the insect 

phylogeny, but simultaneous segmentation is only found in holometabolous insects (Patel et al. 

1994; Davis and Patel 2002). It has been proposed that simultaneous segmentation evolved 

independently several times within Holometabola from a sequential segmentation mode (Figure 

1-2).  While this general observation may hold true, a few issues are worth noting. First is the 

problem of classifying segmentation modes, as discussed above. To address this problem, a 

reevaluation of segmentation mode across the insect phylogeny, with definitions based on 

standardized techniques to evaluate segment specification pre- and post-gastrulation, would be 

very helpful.  

The second issue is that of sampling bias, as relatively few insect orders overall have been 

examined to draw this conclusion, and it is not clear which or how many species were examined 

within each order. Not easily resolved, it is important to acknowledge the potential blind spots 

caused by such bias, and to adapt our understanding of the evolution of segmentation mode as 

more data are generated. 
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Figure 1-2. Distribution of germ modes across the insect phylogeny.  

While sequential segmentation (S and I) is observed across the insect phylogeny, simultaneous 

segmentation (L) has only been observed in Holometabola. 

I = intermediate-germ, S = short-germ, L = long-germ. Figure modified from Davis and Patel (2002) 

 

1.2 A comparative look at the insect segmentation hierarchy 

1.2.1 Anterior-posterior axis formation 

1.2.1.1 Posterior determinants 

 

In Drosophila, the anterior-posterior axis of the embryo is defined by maternally inherited 

RNAs, encoded by a class of genes known as the maternal effect genes. Among these, nanos RNA 

is maternally transmitted to oocytes and localized at the posterior. Embryos from nanos mothers 

fail to develop an abdomen (Wang and Lehmann 1991). The only role of nanos in AP axis 

determination appears to be repressing translation of maternally transmitted hunchback (hb) RNA 

in the posterior, as the nanos mutant phenotype can be rescued by removing maternally derived hb 

transcripts (Irish et al. 1989). Aside from its role in AP axis formation, Drosophila nanos is 

expressed in the primordial germ cells, and its role in the germline may be highly conserved in 

animals, as mice deficient in nanos orthologs display severe gonadal defects (Tsuda et al. 2003).  
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The role of nanos in posterior determination in insects likewise appears to be well-

conserved. In situ hybridization showed that nanos orthologs localize to the posterior embryo and 

are maintained in primordial germ cells in several dipteran species, including the basally branching 

dipteran Chironomus samoensis (Diptera: Chironomidae) (Curtis et al. 1995). Transplantation of 

posterior cytoplasm from several dipteran species into Drosophila melanogaster embryos from 

nanos mothers resulted in some degree of rescue for all species tested, suggesting that nanos 

posterior localization in these species is functionally important for posterior determination (Curtis 

et al. 1995). Localization of nanos transcripts in the posterior of early embryos has been shown in 

many other insect species, and a role for Nanos in repressing hb translation likewise appears to be 

conserved in species as distantly related as Tribolium castaneum (Coleoptera: Tenebrionidae), 

Nasonia vitripennis (Hymenoptera: Pteromalidae), and Schistocerca americana (Orthoptera: 

Acrididae) (Lall et al. 2003; Lynch and Desplan 2010; Schmitt-Engel et al. 2012).  

 

1.2.1.2 Anterior determinants 

 

In Drosophila, bicoid (bcd) transcripts are maternally transmitted to oocytes, where they 

form an anterior to posterior gradient. Offspring of bcd mutant mothers fail to develop anterior 

structures, and in the most severe cases, develop posterior structures (telson) in the anterior instead, 

producing a mirror-image double-telson phenotype (Frohnhöfer and Nüsslein-Volhard 1986). Bcd 

represses translation of caudal (cad) RNA (Dubnau and Struhl 1996; Rivera-Pomar et al. 1996) 

and helps establish anterior expression domains of downstream gap and PR genes by activating 

their transcription.  

Outside of Drosophila, a bcd ortholog was also found to be expressed in nurse cells during 

oogenesis and asymmetrically localized to the anterior of early embryos in the housefly Musca 
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domestica (Diptera: Muscidae) (Sommer and Tautz 1991), suggesting a broadly conserved 

mechanism for anterior specification in flies. However, interspecies transplantation experiments 

in which anterior cytoplasm from other insect species was injected into the anterior of D. 

melanogaster embryos lacking maternal bcd suggested otherwise. Anterior cytoplasm from six 

species of Drosophila (Diptera: Drosophilidae), M. domestica (Diptera: Muscidae), and two 

species of blowfly (Diptera: Calliphoridae) all rescued the D. melanogaster mutant phenotype to 

some extent, while cytoplasm from one blowfly species, Megaselia abdita (Diptera: Phoridae), 

and the honey bee Apis mellifera (Hymenoptera: Apidae) failed to rescue (Schröder and Sander 

1993). In M. abdita, sequence comparison between bcd and zerknüllt (zen) suggested that these 

two genes are closely related, possibly the result of a recent gene duplication event. Searches for 

bcd orthologs in the more distantly related dipterans Haematopota pluvialis (Diptera: Tabanidae), 

Clogmia albipunctata (Diptera: Psychodidae), and Empis livida (Diptera: Empididae) turned up 

only a single bcd/zen-like sequence which appeared to be more closely related to zen than to bcd 

(Stauber et al. 2002). In C. albipunctata, this zen ortholog was found to be expressed in patterns 

similar to both Drosophila zen and bcd: anteriorly in the early embryo (like bcd) and in the 

extraembryonic membrane primordium (like zen) (Stauber et al. 2002). Both bcd and zen are 

homeobox-containing genes situated within the Hox cluster, but neither has homeotic function. 

These observations suggested that bcd is a relatively recent gene that arose by duplication of zen 

at the base of the Cyclorrhaphan clade within Diptera, and that each gene evolved disparate 

functions in Drosophila and other Cyclorrhaphan flies by subfunctionalization.  

It is reasonable to expect that zen orthologs outside of the Cyclorrhapha might therefore 

fulfill the anterior-determining functions of bcd within the Cyclorrhapha. However, significant 

work to identify the anterior-determining factors in a broad phylogenetic range of non-
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Cyclorrhaphan dipterans has provided evidence that this factor has changed frequently through the 

radiation of flies. Klomp et al. (2015) applied an unbiased approach to identify the anterior 

determinant in Chironomus riparius (Diptera: Chironomidae) by identifying differentially 

expressed transcripts in the anterior versus posterior halves of bisected embryos  (Klomp et al. 

2015). They found a gene highly differentially expressed gene in the anterior that encodes a 

cysteine-clamp domainðlike that found in the Wnt signaling component pangolin/TCFðwhich 

they named panish. Knocking down panish by embryonic RNAi produced embryos with a second 

mirror-image posterior abdomen at the anterior end, phenocopying the Drosophila bcd mutant 

phenotype. 

Yoon et al. (2019) applied the same approach and discovered several other genes perform 

anterior-determining functions in flies (Figure 1-3). In Clogmia albipunctata (Diptera: 

Psychodidae), the Drosophila pair-rule gene ortholog odd paired (opa) is expressed in the anterior, 

and RNAi knockdown produced a double-abdomen phenotype. Injection of opa mRNA in the 

posterior produced a double-head phenotype, providing clear evidence that in this species, opa 

RNA is sufficient to define anterior structures. In Culex and Aedes mosquitoes (Diptera: 

Culicidae), they found an uncharacterized zinc-finger encoding gene, which they named cucoid, 

to be the anterior determinant. In Anopheles mosquitoes, pangolin is differentially expressed in 

the anterior and resulted in double-abdomen embryos when knocked down. Similarly, crane fly 

(Diptera: Tipulidae) embryos showed enrichment of pangolin transcripts in the anterior, 

suggesting that use of pangolin as the anterior determinant may be the ancestral state in flies 

(Figure 1-3).  
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Figure 1-3. Anterior -determining genes across the Dipteran phylogeny.  

While maternal bicoid RNAs define the anterior in Drosophila and many other Cyclorrhaphan flies, 

bicoid arose from a recent gene duplication event. Many other genes perform anterior-defining function 

in non-Cyclorraphan flies. Figure from Yoon et al. (2019) 

 

In Drosophila, the zygotic gene orthodenticle (otd) is required for proper head 

development (Wieschaus et al. 1984b)  and is dependent on Bcd for expression in the head 

primordium (Gao and Finkelstein 1998). Otd and Bcd share a similar homeodomain, suggesting 

shared DNA binding specificity. Thus it was proposed that in lineages without bcd, otd itself might 

specify the anterior. This hypothesis was first tested in the beetle Tribolium castaneum 

(Coleoptera: Tenebrionidae), where it was found that otd-1 is expressed maternally as well as 

zygotically (Schröder 2003). Maternal otd-1 RNA is not asymmetrically localized, but knockdown 

results in embryos lacking anterior structures. Furthermore, head defects observed after parental 

RNAi were more severe than those seen after embryonic RNAi, consistent with the maternal otd-

1 contribution being required for anterior specification. However, no otd-1 knockdown embryos 

displayed a double-telson phenotype, as seen for Drosophila bcd mutants. Indeed, it is important 

to note that the Tribolium and Drosophila otd knockdown and mutant phenotypes, respectively, 
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are quite similar. While the authors interpreted these data as otd-1 conferring an anterior-

determining function in beetles, they are also consistent with a conserved function of otd as a head 

gap gene in both flies and beetles.  

Kotkamp et al. (2010) also examined the role of otd in early patterning events in Tribolium 

and came to different conclusions (Kotkamp et al. 2010). They found the anterior expression 

domains of several gap genes like hb, kni, and gt to be shifted anteriorly following otd RNAi, 

which differs from Drosophila bcd mutants in which such anterior expression domains are lost 

entirely. They further found that otd has a role in dorsoventral patterning in Tribolium, which could 

also explain the loss of head structures after its knockdown. While clearly involved in the 

specification of head structures, they concluded that otd does not have the features of an anterior 

determinant like bcd but is involved in many anterior patterning processes in early development.  

The search for an anterior determinant in Tribolium has yielded several additional 

candidates. Two genesðpangolin and eagleðwere found to be expressed maternally and localize 

to the anterior in early embryos, but knockdown embryos did not display AP patterning defects 

(Bucher et al. 2005). In Drosophila, Bcd represses translation of cad mRNA in the anterior, 

resulting in a posterior to anterior gradient of Cad protein. In C. elegans, the cad ortholog is 

translationally repressed by Mex-3. Schoppmeier et al. (2009) tested whether this interaction is 

conserved in Tribolium by knocking down the mex-3 ortholog (Schoppmeier et al. 2009). 

Interestingly, mex-3 knockdown embryos displayed loss of head segments and a uniform 

distribution of Cad protein. While this presents an interesting case of a conserved regulatory 

interaction, it is unclear from these findings whether mex-3 more broadly plays a bcd-like role in 

Tribolium in specifying the anterior. It was also found that axin expression is anteriorly localized 

in Tribolium embryos and that its knockdown resulted in an anterior shift of the eve and cad 
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expression domains and some head defects (Fu et al. 2012).  Finally, during an RNAi screen in 

Tribolium, germ cell-less (gcl) knockdown was found to produce a double-telson phenotype as 

seen in Drosophila bcd mutants (Ansari et al. 2018). Further, gcl transcripts are maternally 

transmitted to oocytes and remain localized in the anterior.  

Outside of Diptera and Coleoptera, the study of AP axis formation in the early embryo has 

mainly focused on examining orthologs of otd, as it was once thought to be the functional 

equivalent of bcd in non-drosophilids. Anterior localization of otd transcripts and head defects 

after knockdown have been observed in Bombyx mori (Lepidoptera: Bombycidae), Apis mellifera 

(Hymenoptera: Apidae), Nasonia vitripennis (Hymenoptera: Pteromalidae), and Oncopeltus 

fasciatus (Hemiptera: Lygaeidae) (Lynch et al. 2006; Birkan et al. 2011; Wilson and Dearden 

2011; Nakao 2012). A transcriptome-based screen for differentially expressed genes in the anterior 

versus posterior halves of Oncopeltus embryos was conducted, but did not turn up any anterior-

determining candidates (Ginzburg et al. 2017).  

 

1.2.2 Gap genes 

Another class of phenotypes uncovered during the Drosophila mutant screens of the 1980s 

was defined by loss of several consecutive segments along the AP axis, the so-called ñgapò 

phenotype (Nüsslein-Volhard and Wieschaus 1980). The cis-regulatory elements (CREs) of the 

gap genes interpret the gradients provided by the maternal AP axis-determining genes and translate 

these into discrete expression domains. These expression domains are further refined by mutual 

regulatory interactions between the gap gene products themselves. For instance, mutual repression 

between the products of giant (gt) and Krüppel (Kr) help define the complementary expression 

patterns of these two gap genes (Kraut and Levine 1991a). The expression of the gap genes also 

represents a transition from the maternal to the zygotic transcriptome.  
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Of the Drosophila gap genesðgt, Kr, hunchback (hb), knirps (kni), huckebein, and 

taillessðonly Kr, hb, and gt orthologs have been functionally studied in several insects aside from 

Drosophila. Each of these will be considered in turn, and their functions in the four insect orders 

in which they have been studied (Coleoptera, Lepidoptera, Hymenoptera, Hemiptera, and 

Orthoptera) will be compared.  

 

1.2.2.1 Krüppel (Kr) 

 

Drosophila Kr mutants lack a large fraction of the central body including the thorax and 

five anterior abdominal segments; for some alleles, a duplicated mirror-image abdominal segment 

6 is also observed (Wieschaus et al. 1984a; Nüsslein-Volhard et al. 1984). Kr is expressed most 

intensely in a broad band in the center of the Drosophila embryo (Gaul and Jäckle 1989).  

In two simultaneously segmenting hymenopterans, Kr orthologs appear to have similar 

functions as in Drosophila. In both the honey bee Apis melliifera (Apidae) and the jewel wasp 

Nasonia vitripennis (Pteromalidae), Kr is expressed in a broad central region of the blastoderm 

(Brent et al. 2007; Wilson et al. 2010). Furthermore, RNAi knockdown led to gap-like phenotypes, 

with segments T3 through A4 missing in Nasonia Kr RNAi embryos, and segments T1 through 

A6 missing in Apis knockdown embryos.  

In the sequentially segmenting lepidopteran Bombyx mori, Kr is expressed in a broad 

central band in young germbands (Nakao 2012). Embryonic RNAi-mediated knockdown of Kr led 

to deletion a region comprising much of the body axis, spanning from the second thoracic segment 

to the posteriormost abdominal segments (Nakao 2015). In some cases, all abdominal segments 

were reported missing.   

In Tribolium, Kr is expressed in a posterior cap during the blastoderm stage, and in a broad 

region encompassing the entire thoracic region in young germbands (Sommer and Tautz 1993; 
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Cerny et al. 2005; Marques-Souza et al. 2008). Sulston et al. (1996) carried out a mutagenesis 

screen in Tribolium to identify mutations affecting the body pattern (Sulston and Anderson 1996). 

One mutant identified in this screen, jaws, displayed a gap-like phenotype with much of the 

abdomen missing. Aside from this gap in patterning, jaws mutants exhibited homeotic 

transformations in the thorax in first abdominal segment; the first (T1) and third (T3) thoracic 

segments were transformed to maxillary (Mx) segment identity, and the second thoracic (T2) and 

first abdominal (A1) segments were transformed to labial segment (Lb) identity. Later, jaws was 

found to be an allele of Kr (Kr jaws) with a missense mutation in a region encoding one of the zinc 

fingers (Cerny et al. 2005). Consistent with the interpretation that segments T1 through A1 are 

homeotically transformed in Kr jaws mutants, the Hox genes Sex combs reduced (Scr) and Deformed 

(Dfd), which identify segments as labial or mandibular/maxillary in identity, respectively, were 

found to be expressed in ectopic domains in these segments. These ectopic expression domains 

followed an alternate-segment pattern of expression, consistent with the alternating Mx-Lb-Mx-

Lb pattern of homeotic transformations seen in Kr jaws mutants. They also found that expression of 

the segmentally expressed gene wingless (wg) was similar to wild type in the gnathal and thoracic 

region, suggesting that segmentation had proceeded normally in this region. However, posterior to 

segment A1, wg expression was highly disorganized, and discrete segments failed to form, 

resulting in loss of much of the abdomen.  

In Oncopeltus (Hemiptera), Kr is expressed in the posterior third of the late blastoderm, 

and in early germbands is expressed in a broad region encompassing the labial through T3 

segments (Liu and Kaufman 2004a). RNAi knockdown produced embryos with a typical gap 

phenotype in which segments T2 through A4 were deleted. Similar to Tribolium, an ectopic 
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expression domain of Dfd was observed in the thoracic region, but most Hox gene expression 

patterns were consistent with a large deletion of the body rather than homeotic transformations. 

Similarly, in the cricket Gryllus bimaculatus (Orthoptera), Kr expression was detected in 

the labial through T3 segments (Mito et al. 2006). Kr knockdown resulted in a gap phenotype, 

with segments T1 through A7 deleted in the most severely affected embryos. Similar to the PR-

like modulation of Hox gene expression seen in the Tribolium Krjaws mutant, moderate Kr 

knockdown produced embryos displaying partial fusions of two pairs of wg stripes (corresponding 

to T1/T2 and T3/A1).  

 

1.2.2.2 Hunchback (hb) 

 

Drosophila hb is expressed in the anterior half and posterior ~quarter of the embryo. 

Expression later fades from the poles, leaving a broad anterior stripe and thin posterior stripe (Gaul 

and Jäckle 1989). Amorphic hb mutants display loss of the Lb through T3 segments, as well as 

deletion of A7-A8 (Lehmann and Nüsslein-Volhard 1987).  

In Nasonia (Hymenoptera), a screen for body patterning mutations yielded a headless (hl) 

mutant, which lacked the head, gnathal and thoracic segments, and the posterior three abdominal 

segments; thus only A1 through A6 remained (Pultz et al. 1999). Later, hl was identified as an 

allele of hb (hbhl) in which a ~1.5 kb deletion removes much of the coding sequence including 6 

of 8 encoded zinc fingers (Pultz et al. 2005). Although the region deleted in Nasonia hbhl mutants 

is larger than that in Drosophila hb mutants, the hbhl mutants appear to present a canonical gap 

phenotype. Consistent with this, Nasonia hb is expressed in a Drosophila-like expression pattern, 

i.e., broadly in the anterior half of the embryo and in a posterior cap.  

In Bombyx, hb is expressed in two broad juxtaposed stripes in early germbands; expression 

in the anterior stripe is clearly weaker than that of the more central stripe (Nakao 2012). In later 
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germbands, hb expression was observed in the posterior SAZ, and in a stripe near the anterior SAZ 

(Nakao 2016). Knockdown of hb yields a very surprising phenotype; while wild type Bombyx 

embryos have only ten abdominal segments, up to sixteen abdominal segments were observed after 

hb RNAi (Nakao 2016). Additionally, a homeotic transformation of Lb to thoracic identity was 

observed.  

The Tribolium hb ortholog is expressed in two regions of the blastoderm, one further 

anterior and one at the posterior (Wolff et al. 1995). In young germbands, hb expression was 

detected in the primordial gnathal and thoracic region, and as the germband elongates, hb was 

observed broadly in the SAZ. Schröder (2003) knocked down hb by RNAi and interpreted the 

resultant phenotype as a deletion oof the maxillary through T3 segments, and thus a typical gap 

phenotype (Schröder 2003). However, Marques-Souza et al. (2008) performed a more detailed 

analysis of the hb RNAi phenotype and concluded that while some posterior abdominal segments 

were missing, the gnathal and thoracic segments were not deleted but rather homeotically 

transformed to abdominal identity (Marques-Souza et al. 2008). This interpretation was supported 

by expression patterns of several Hox genes in knockdown embryos; expression domains of Ubx, 

AbdA, and Antp, which are all expressed in the abdomen in wild type embryos, were observed 

further anterior, in the presumptive gnathal and thoracic segments. Furthermore, expression 

patterns of PRG orthologs eve and run were somewhat disrupted in hbRNAi embryos, but striped 

expression of these genes was still observed, suggesting hb may not play as great a role in 

establishing boundaries of PRG expression as in Drosophila.  

In Oncopeltus, hb is expressed in two abutting domains in late blastoderms; each domain 

is comprised of a broad band with a width equal to about one-quarter embryonic length (Liu and 

Kaufman 2004c). The anteriormost band is weaker and does not extend to the anterior pole of the 
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embryo, while the posterior limit of the posteriormost band extends to just past the midpoint of the 

embryo. Later during germband elongation, hb is expressed broadly in the posterior SAZ and in 

stripes around the anterior SAZ. After RNAi, the gnathal and first two thoracic segments form 

normally as evidenced by wild type-like en expression in this region. However, these segments do 

not develop appendages as in wild type embryos and display ectopic expression of  AbdA, 

suggesting homeotic transformation to abdominal identity. In the abdomen, en expression was 

disorganized and showed major disruption to segmentation; although some abdominal segments 

were lost, no homeotic transformations were observed in this region.  

In Orthoptera, hb expression has been analyzed in three speciesðthe grasshoppers 

Schistocerca americana and Locusta migratoria and the cricket Gryllus bimaculatusðand appears 

to be largely consistent across these (Patel et al. 2001; Mito et al. 2005). Expression is observed 

in the anterior region of the germband encompassing the primordial gnathal segments, and later is 

expressed broadly in the SAZ and in stripes emanating from the SAZ. In Gryllus, hb function was 

assessed by RNAi knockdown, and in the most severe cases resulted in shortened embryos lacking 

appendages (Mito et al. 2005). Examining Hox gene expression patterns in these knockdown 

embryos revealed that the gnathal and thoracic segments were homeotically transformed to 

abdominal identity. Segmentation defects were also frequently observed in the segments that 

remained, and the abdomen was reduced in segment number. RNAi knockdown of hb was also 

performed in the grasshopper L. migratoria, which resulted in a reduced abdomen and 

segmentation defects, but these phenotypes were not analyzed in great depth (He et al. 2006).  

1.2.2.3 Giant (gt) 

 

In Drosophila, gt mutants display incomplete involution of the head and loss of abdominal 

segments A5 through A7 (Wieschaus et al. 1984b; Honisch and Campos-Ortega). Fusions of the 
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Lb and T1 segments were observed by scanning electron microscopy of germband-retraction stage 

embryos (Petschek et al. 1987). Homeotic transformation of the Lb to thoracic identity was more 

recently reported (Sanders et al. 2008). Expression of gt in blastoderms begins as a broad anterior 

stripe, which does not extend to the anterior pole, and a stripe at the posterior. Later, loss of 

expression within the broad anterior stripe produces two anterior stripes, which are then followed 

by another stripe close to the anterior pole (Kraut and Levine 1991b).  

In the Hymenoptera, gt expression and function has been analyzed in two simultaneously 

segmenting species, Nasonia vitripennis and Apis mellifera. In Nasonia, gt is zygotically expressed 

in a broad anterior stripe and a thinner stripe at the posterior and RNAi knockdown led to loss of 

the head, gnathal, and thoracic segments (Brent et al. 2007). Results in Apis were very similar; gt 

is expressed in a broad anterior domain and a smaller posterior cap, and knockdown resulted in 

loss of head, gnathal, and thoracic segments, as well as fusions of a few abdominal segments 

(although this latter observation was based on en staining alone and it is unclear how segment 

fusions were determined) (Wilson et al. 2010). 

In Tribolium, gt is expressed broadly in the center of the blastoderm, and later most strongly 

in a stripe toward the posterior of the blastoderm (Bucher and Klingler 2004). In young germbands, 

gt is expressed most strongly broadly in the SAZ and in a single stripe at the anterior edge of this 

domain. As the germband elongates, stripes in the anterior SAZ were observed. RNAi-mediated 

knockdown of gt resulted in transformation of the maxillary and labial segments to thoracic 

identity, as evidenced by ectopic legs in these segments. In gtRNAi segmented germbands, en 

expression was clearly disrupted in much of the thorax and abdomen. Interestingly, often alternate 

en stripes appear reduced, reminiscent of pair-rule defects. Overall, the number of thoracic and 

abdominal segments deleted in gtRNAi embryos was highly variable.  
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In Oncopeltus, gt is expressed in a broad band around 20-60% embryo length (where the 

anterior pole is 0%) and a posterior cap (Liu and Patel 2010). The two expression domains seen in 

young germbands correspond to the head and thoracic primordia. As the germband elongates, gt 

is expressed in a stripe of variable width in the SAZ. After RNAi knockdown, deletion of the 

maxillary and labial segments, as well as abdominal segments 1 through 4, was observed. 

Consistent with this interpretation, en staining of gtRNAi segmented germbands revealed disrupted 

segment patterning in the anterior abdomen, followed by well-organized en stripe formation and 

segmentation in the posterior abdomen. An ectopic expression domain of the Hox gene Scr, which 

is normally expressed in the appendages of T1 leg primordia, was observed in the T3 leg 

primordium, suggesting a T3 to T1 homeotic transformation. This homeotic effect was confirmed 

by analyzing cuticle leg morphology, where ectopic T1-like tibial combs were observed on the 

posteriormost pair of legs.  

  

1.2.2.4 Gap gene summary 

 

It has been suggested that in Tribolium, the gap gene orthologs are more involved in 

regulation of Hox expression domains than in setting the boundaries of PRG expression and 

segment boundary formation more broadly (Marques-Souza et al. 2008). While gap gene products 

in Drosophila are involved in regulating Hox gene expression, and homeotic transformations have 

been observed in some gap hypomorphic mutants (Lehmann and Nüsslein-Volhard 1987), it has 

been reported for some Tribolium gap gene knockdowns that homeotic transformations were 

consistent regardless of knockdown level, while segmental aberrations were less sensitive to gene 

knockdown (Bucher and Klingler 2004). Indeed, comparisons between gap gene ortholog 

mutant/RNAi phenotypes of sequentially segmenting insects covered here (Tribolium, Oncopeltus, 
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Gryllus) reveal that homeotic transformations were observed in all cases, except for Oncopeltus 

and Gryllus Kr. Similar homeotic transformations have been reported following knockdown of 

Oncopeltus nubbin (nub), in which ectopic limbs were observed on most abdominal segments 

(Hrycaj et al. 2008). In Tribolium, nub RNAi produced a similar phenotype, although the regional 

extent of homeotic transformation was much more limited as ectopic leg-like structures were only 

observed on the first abdominal segment (Tidswell et al. 2021). Although nub is expressed in a 

gap-like pattern in the blastoderm in Drosophila, nub mutants do not display segmentation or 

homeotic defects (Hrycaj et al. 2008).   

Between the three gap orthologs covered here, the phenotypes observed after hb RNAi in 

sequentially segmenting species are surprisingly consistent, except for Bombyx, where a strange 

supernumerary segment addition phenotype was observed. In Tribolium, Oncopeltus, and Gryllus, 

hb RNAi produced homeotic transformation of much of the gnathal region and thorax to abdominal 

identity, suggesting a conserved role for hb in suppressing abdominal identity in the anterior half 

of the body. Homeotic transformations of gnathal to abdominal identity were likewise observed in 

Drosophila hb hypomorphs, indicating this role is partially conserved in this lineage where it has 

also evolved a more prominent role is specifying distinct domains of the AP axis (Lehmann and 

Nüsslein-Volhard 1987). More canonical gap-like phenotypes were observed for Kr in all species, 

as well as Oncopeltus gt. Most gap-like deletions, however, presented as variable segment losses 

from the abdomen; in these cases, a clear disruption of segment patterning was observed, 

suggesting a role for these gap gene orthologs in abdominal segment formation. Consistent with 

this, hb and gt expression in these species was observed in the SAZ of elongating germbands.  

In summary, most gap gene orthologs in other simultaneously segmenting species display 

typical gap phenotypesðdeletion of several consecutive segmentsðwhereas clear gap phenotypes 



  

  20 

 

in sequentially segmenting species have only been observed for Kr and Ofas-gt. Homeotic 

transformations appear to be quite common after gap gene ortholog knockdown in sequentially 

segmenting species, as was a general disruption of segmentation (hb and Tcas-gt). Within the 

context of sequential segmentation, it is not clear that this group of genes constitutes a distinct 

functional class as in Drosophila.  

 

1.2.3 Pair-rule genes (PRGs) 

In Drosophila, expression of many of the pair-rule genes (PRGs) depend on gap and 

maternal gene inputs to define discrete striped expression domains across the AP axis. Careful 

staging of embryos initiating PRG expression suggests that the stripes making up the canonical 7-

stripe PR expression pattern are independently regulated. For instance, if the seven PR stripes are 

numbered according to their position along the AP axis when all stripes are present, ftz stripes 1 

and 2 are first to appear, followed by stripe 5, then 3, then 6 and 7, and finally stripe 4 (Yu and 

Pick 1995). This staggered order of ftz stripe appearance suggests that different regulatory logic, 

mediated by different cis-regulatory elements (CREs), produces each of these stripes.  

Indeed, the CREs directing expression of many of the PRGs have been studied extensively, 

perhaps none more so than the CRE directing eve stripe 2 expression. Goto et al. (1989) showed 

that separate CREs control early and late eve expression (Goto et al. 1989). The early CREs direct 

expression in stripe-specific regions, while the late CRE is autoregulated by Eve and directs 

expression in all seven stripes, thus reinforcing the eve expression pattern initiated earlier. A 5.2 

kb eve CRE was found to direct expression of a reporter gene in regions corresponding to eve 

stripes 2, 3, and 7 (Stanojevic et al. 1991). When three Gt binding sites in this element were 

mutated, expression of stripe 2 expanded anteriorly, providing evidence that Gt represses eve 
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expression at the anterior boundary of stripe 2. Similarly, when six Kr binding sites were mutated, 

stripe 2 expression expanded posteriorly, suggesting repression by Kr defines the posterior 

boundary of eve stripe 2 expression. A small part of this 5.2 kb regulatory region, just 480 bp, was 

later found to be sufficient to direct stripe 2-like expression of a reporter (Small et al. 1992). This 

minimal stripe element contains binding sites for Bcd, Hb, Gt, and Kr. Mutation of Bcd of Hb 

binding sites led to a reduction in reporter gene expression, suggesting these regulators activate 

eve stripe 2 expression, while mutation of Gt binding sites produced a wider stripe expanded at the 

anterior, as seen previously for the 5.2 kb element. Unlike the 5.2 kb element, however, mutation 

of Kr binding sites did not lead to posterior stripe expansion, possibly due to unperturbed lower 

affinity binding sites capable of mediating repression at the posterior boundary.  

The eve stripe 2 CRE example illustrates how striped expression can arise from non-striped 

regulatory inputs, and thus how narrow AP regions can be defined by broader ones. Expression of 

many of the PRGs initiates through similar single-stripe elements, and later through 7-stripe/zebra 

elements regulated by other PRG products. Of the PRGs expressed in seven stripes only slp and 

prd appear to be regulated by 7-stripe elements alone (Schroeder et al. 2011). Following their 

expression in seven primary PR stripes, many of the Drosophila PRGs (eve, run, odd, prd, and 

slp) shift to expression in every segment primordium, the timing of which is mediated by opa 

(Clark and Akam 2016). 

Two Drosophila PRGsðftz-f1 and opaðare not expressed in stripes, but mutation of either 

of either of these produces embryonic cuticles with clear PR phenotypes (Figure 1-4) (Jürgens et 

al. 1984; Perrimon et al. 1996). Although ftz-f1 transcripts are maternally transmitted and 

ubiquitously expressed (Yu et al. 1997), the requisite interaction of Ftz-F1 with Ftz (Guichet et al. 

1997; Yu et al. 1997) provides the basis for the spatially localized PR defects seen in embryos 
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lacking maternal ftz-f1. Similarly, opa is expressed near-ubiquitously (Benedyk et al. 1994), but 

mediates PR function by regulating expression of other PRGs (Clark and Akam 2016; Soluri et al. 

2020).  

 

1.2.3.1.Definitions 

The term ñpair ruleò was introduced by N¿sslein-Volhard and Wieschaus (1980) to 

describe an unexpected class of mutant phenotypes observed during the Drosophila mutagenesis 

screens (Figure 1-4). This class showed ñhomologous parts of the patternédeleted in every other 

segmentò; this pattern of alternate segment deletion defines the pair-rule phenotype (Nüsslein-

Volhard and Wieschaus 1980). While the overall pattern of cuticle deletions is the same in these 

mutants, different alternating segment-wide units are lost in each mutant, suggesting their domains 

of activity are mostly unique. 

 

Figure 1-4. Pair-rule mutant phenotypes in Drosophila melanogaster.  

A) A wild type larval cuticle. A belt of denticlesðsmall cuticular projectionsðis present in each 

segment. B) ftz mutant, C) h mutant, D) opa mutant, E) run mutant, F) slp mutant, G) eve mutant, H) odd 

mutant, I) prd mutant, J) maternal ftz-f1 mutant. Note that while all PR phenotypes share a similar pattern 

of cuticle deletions, each phenotype is distinct. Panels A and F-I from Nüsslein-Volhard et al. (1984); 

Panels B-D from Jürgens et al. (1984); Panel E from Wieschaus et al. (1984); Panel J from Perrimon et 

al. (1996)   
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After cloning the genes that had been mutated to give rise to these phenotypes, their 

expression patterns in early embryos were examined and found to be strikingly similar. With the 

exceptions of ftz-f1 and opa, all Drosophila PRGs are expressed in 7 stripes in the blastoderm, in 

the primordia of alternate segments missing in the corresponding mutant (Figure 1-5F). Like the 

patterns of cuticle lost in the mutants, these 7-stripe expression patterns are not aligned across 

genes, once again suggesting non-redundant domains are defined by each gene. A PR expression 

pattern is thus defined by expression in alternate segment primordia. In contrast, segmental 

expression refers to expression in every segment or segment primordium.  

Having defined ñPR phenotypeò and ñPR expressionò, how do we define a pair-rule gene 

(PRG)? In Drosophila, the term has mainly been used to describe a geneôs function; thus if a 

mutation causes a PR phenotype, the mutated gene is a PRG. However, it is interesting to consider 

the case of eve and engrailed (en), which do not strictly fit this definition but are nevertheless 

considered and not considered PRGs, respectively. These examples are reminders that our 

categorization of genes, phenotypes, and stages of the segmentation hierarchy are simplifying 

constructions with the justifiable goal of making sense of an incredibly complex biological 

process.  

Drosophila eve was classified as a PRG based on the homozygous mutant phenotype of 

two isolated alleles, which displayed loss of T1, T3, and all even-numbered abdominal segments 

(Figure 1-5B) (Nüsslein-Volhard et al. 1984). It was later discovered that these alleles were 

hypomorphs, and an amorphic eve allele does not produce a PR phenotype, but rather an 

asegmental cuticle with a ñlawnò of denticles (Figure 1-5C) (Nüsslein-Volhard et al. 1985). When 

eve was cloned and its expression pattern detected by in situ hybridization, it was found to be 

expressed in a 7-stripe pattern like many other PRGs, prefiguring the phenotypes seen for 
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hypomorphic alleles (Figure 1-5F) (Macdonald et al. 1986). Despite the asegmental null eve 

phenotype, its status as a PRG is well-established; indeed, studies of its CREs are now textbook 

examples of how the PRGs are regulated by gap and maternal inputs (Gilbert 2014; Hartwell et al. 

2015). PRG is not then strictly a functional term; clearly the partial loss-of-function phenotypes, 

expression pattern, and regulatory roles of eve/Eve were all integrated to categorize it as a PRG. 

The case of en similarly illustrates that a geneôs classification as a PRG is not solely based 

on its loss-of-function phenotype. While now probably the most well-known segment polarity 

gene, en was originally classified as a PRG based on mutant phenotype. Homozygous mutants 

display fusions of pairs of denticles belts (Figure 1-5E) (Nüsslein-Volhard and Wieschaus 1980; 

Nüsslein-Volhard et al. 1984).  

 

Figure 1-5. Comparison of eve and en mutant phenotypes and expression patterns.  

A) A wild type larval cuticle, viewed by darkfield microscopy. B) An eve hypomorphic mutant displays 

the typical PR phenotype. C) An eve amorphic mutant shows no segmentation, but rather a ólawnô of 

denticles. D) A wild type larval cuticle. E) An en mutant displays a PR phenotype; compare to B. F) 

Expression pattern of eve in a blastoderm-stage embryo, G) Expression of en in a germband-extended 

embryo. Panels A-C from Macdonald et al. (1986); Panels D-C from Kornberg (1981); Panels F-G from 

Tomancak et al. (2007) 
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The first en allele discovered was recessive-viable, with adults displaying an indented 

scutellum (the geneôs namesake) and defective wing shape and venation (Ecker 1929). Lawrence 

and Morata (1976) examined marked clonal wing patches in en homozygous and heterozygous 

adults and found that while posterior wing clones always respected a straight AP compartment 

boundary in en heterozygotes, clones in en homozygotes did not (Lawrence and Morata 1976). 

This was one of the first indications that en might be involved in the maintenance of compartment 

boundaries in Drosophila. The paired segment fusions observed in homozygotes with embryonic 

lethal en mutations suggested that this role in compartment boundary maintenance might extend 

to early embryogenesis and the definition of segmental AP compartments (Kornberg 1981a). This 

idea was experimentally validated by producing homozygous enlethal clones by mitotic 

recombination, which failed to respect segmental boundaries (Kornberg 1981b).  

It was later found that en is expressed embryonically in a 14-stripe pattern (Figure 1-5G), 

suggesting that en function is required in every segment (Kornberg et al. 1985). The seven even-

numbered en stripes appear before the odd-numbered stripes, providing an explanation for the PR 

mutant phenotype initially observed (Weir and Kornberg 1985). These phenotypic and expression 

data only present a conflict when trying to place the gene into a discrete category, and indeed at 

one point it was noted that ñthe status of the en gene remains in limbo between these two classes 

[(pair-rule and segment-specific homeotic genes)]ò (Macdonald et al. 1986).  

 

1.2.3.2 Defining a ópair ruleô outside Drosophila 

Given the difficulties encountered when trying to categorize segmentation genes in 

Drosophila, it should come as no surprise that this task is particularly challenging when examining 

their orthologs in other species. First, tools for assessing gene function outside Drosophila are 

more limited. CRISPR/Cas9 technology has expanded our ability to make mutants in non-model 
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groups if enough genomic sequence is known, but even this is too technically challenging or time-

consuming for many species. Thus, most studies of gene function in non-model insects rely on 

RNA interference (RNAi), which can produce mosaic and highly variable phenotypes. While a 

range of phenotypes can be helpful, such as when less severe phenotypes elucidate the 

morphological changes seen in more severe phenotypes, these can also make it difficult to compare 

a geneôs function to that of its homolog in Drosophila, where these can be evaluated by mutant 

phenotypes.  

Second, segmentation genes in sequentially segmenting species often display more 

pleiotropy than in simultaneously segmenting species, as sequential segmentation involves both 

elongating the germband and forming segments at the same time. Thus, genes that have roles in 

both processes may only display the effects of inhibiting germband elongation, obscuring their 

roles in segmentation. Third, lower fecundity or technical issues that make fixing large numbers 

of precisely staged embryos difficult can prevent the complete characterization of highly dynamic 

expression patterns in non-model insects.  

For these reasons, the data on segmentation gene expression and function in non-model 

insects is even more difficult to categorize than those for Drosophila. It is also possible that the 

categories invented to describe Drosophila segmentation genes are not appropriate or optimal to 

describe their orthologs in other species. One need only look at the examples of otd in Tribolium 

(Section 1.2.1) or Notch signaling in Gryllus (Section 1.4) to see how the factors discussed here 

render definitive descriptions of gene functions especially difficult in non-model insects. 

Despite these difficulties, some genes in non-drosophilid species have been shown to 

display expression patterns and knockdown phenotypes that do fit the definitions invented to 

describe the PRGs in Drosophila. Since PR-expression corresponds to alternate segment primordia 
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as opposed to in every segment primordium, PR-stripes are more widely spaced than those of 

segmentally expressed genes like en. The spacing of stripes can therefore be an indication of 

whether a gene is expressed in every or every other segment primordium. A double stain 

comparing a geneôs expression to that of en or another segmentally expressed gene can more 

definitively assess stripe register; a gene expressed in stripes overlapping or coincident with every 

other en stripe is consistent with PR-expression. Similarly, when loss of gene function results in 

loss of alternate segments orðin cases of more moderate knockdownðfusions between pairs of 

segments, this phenotype is consistent with PR-function.  

 

1.2.3.3 PRG orthologs outside Drosophila  

Studies of PR segmentation in insects outside of Drosophila have almost universally 

focused on orthologs of the nine Drosophila PRGs (ftz, ftz-f1, opa, h, eve, odd, prd, slp, and run). 

Below I will review the data that has been generated for these orthologs in different insect groups, 

focusing on species for which expression and functional data is available. Although there are 

studies of these orthologs in some arachnids and myriapods, these have been reviewed elsewhere 

(Peel et al. 2005; Damen 2007). The insects alone present sufficient variability in their use of 

Drosophila PRG orthologs during segmentation to suggest that the regulatory network underlying 

PR-segmentation evolved greatly in the radiation of insects. 

1.2.3.3.1 Diptera  

 

Studies of the Drosophila PRGs in non-drosophilid dipterans suggest general conservation 

of PR patterning by these genes. hairy was found to be expressed in a PR pattern in Musca 

domestica (Muscidae) (Sommer and Tautz 1991). In Clogmia albipunctata (Psychodidae), eve is 

likewise expressed in the primordia of alternate segments (Rohr et al. 1999; García-Solache et al. 



  

  28 

 

2010). Knockdown of zygotic opa in Clogmia resulted in loss of alternate segmentally expressed 

slp stripes, suggesting conservation of PR function (Yoon et al. 2019).  

However, some notable exceptions have been documented. In the mosquito Anopheles 

stephensi (Culicidae), most PRG orthologs display Drosophila-like expression patterns albeit 

through a distinct anterior to posterior activation of stripes (Cheatle Jarvela et al. 2020, 2021). 

However, instead of a striped expression pattern, Anopheles run displays near-ubiquitous 

expression like that seen for opa and ftz-f1 in Drosophila. Surprisingly, no prd ortholog was found 

in mosquito genome assemblies, suggesting that this gene was lost in the lineage leading to 

Culicidae. However, the prd paralog gooseberry is expressed in a PR-pattern and its mutation 

resulted in loss of segments in a PR manner, providing a clear example of how different 

transcription factors can swap roles through evolution (Cheatle Jarvela et al. 2020).  

 

1.2.3.3.2 Lepidoptera 

 The first indication that a pair rule may operate during segmentation in Lepidoptera came 

when an antibody used to label nerve cells was found to label alternate segments of Manduca 

germbands (Carr and Taghert 1989). That this antibody recognizes an epitope on the cell surface 

is particularly interesting given the PR-dependent expression of many cell-surface protein-

encoding genes in Drosophila (Section 1.5).  

In Bombyx mori, which forms its segments sequentially, eve striped expression in 

germbands appears to coincide with alternate en and wg stripes in similarly staged embryos, but 

these expression patterns were not compared in the same embryo (Nakao 2010). If indeed eve is 

expressed in alternate segment primordia, then both odd and run display PR-expression patterns 

as well, as double stains revealed one odd stripe per eve stripe, and one run stripe anterior to each 
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odd stripe (Nakao 2015). Knockdown of run by RNAi in Bombyx had previously produced 

truncated embryos with the most severe phenotypes displaying only a head (Liu et al. 2008). Nakao 

(2015) validated this result, and further showed that knockdown of either eve or odd similarly 

produced head-only phenotypes (Nakao 2015). Therefore, in Bombyx, the PRG orthologs eve, odd, 

and run are expressed in patterns suggestive of roles in PR patterning, but likely have earlier, non-

redundant functions in formation of much of the body axis similar to the phenotypes seen in other 

sequentially segmenting species (see below), leaving their roles in segment patterning unclear. 

 

1.2.3.3.3 Hymenoptera 

In the simultaneously segmenting honey bee Apis mellifera, many of the PRG orthologs 

are expressed maternally and have regulatory roles upstream of several gap gene orthologs, 

potentially obscuring their roles during segmentation (Wilson and Dearden 2012). In the 

blastoderm, eve, run, h, and ftz are expressed in alternate segment primordia and thus each have 

the potential to act as PRGs in this species (Wilson et al. 2010; Wilson and Dearden 2012). 

However, only run and h displayed loss of alternate en stripes in mildly affected RNAi embryos. 

Knockdown of eve resulted in asegmental embryos or embryos with fused posterior segments, and 

ftz knockdown produced embryos with defects in the head region, suggesting a novel role for ftz 

in head development in this species.  

In the simultaneously segmenting wasp Nasonia vitripennis, a genetic screen for patterning 

mutants identified several PR mutants. The odd-defective mutant displayed defects in odd-

numbered abdominal segments. The mutants five band-1 and alternate both presented defects in 

even-numbered abdominal segments (Pultz et al. 2000). These mutants provide evidence of pair-

rule patterning in Nasonia, but unfortunately the causative mutations were not mapped to genes. 
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Nasonia paired displays segmental expression (Keller et al. 2010), but PR-expression was 

observed for odd, h, and run (Rosenberg et al. 2014). Nasonia eve is expressed first in a broad 

central domain; later PR stripes were observed in the anterior, but the posteriormost six eve stripes 

are segmentally expressed. As seen in mosquitoes, expression of these PRG orthologs arose in an 

anterior to posterior sequence. Knockdown of eve, odd, or h produced truncated embryos; the 

function of run was not investigated. opa is expressed in a broad domain that arises in an anterior-

to-posterior fashion, (Taylor and Dearden 2022), correlating with the anterior-to-posterior stripe 

activation of many PRG orthologs, consistent with the proposed role for Opa as a timing factor 

(Clark and Peel 2018). Further, Nasonia opa is indispensable for segmentation, as RNAi produced 

asegmental embryos (Taylor and Dearden 2022).  

 

1.2.3.3.4 Coleoptera 

Aside from Drosophila, insect segmentation has been most well-studied in the beetle 

Tribolium castaneum, which has become the leading model of sequentially segmenting species. 

Two mutantsðitchy and scratchyðisolated in a mutagenesis screen presented pair-rule 

phenotypes (Maderspacher et al. 1998). Later, Choe et al. (2007) showed that itchy mutants have 

a frame-shifting single base pair deletion in the PRG ortholog slp, and scratchy mutants have a 

missense mutation in the PRG ortholog prd (Choe and Brown 2007). They also showed by RNAi 

that prd and slp knockdown results in similar PR phenotypes as seen in the mutants (Choe et al. 

2006; Choe and Brown 2007). Tribolium prd is expressed in stripes arising from the SAZ that 

subsequently split, suggesting their initial periodicity is coincident with alternate segment 

primordia. Conversely, slp expression is less clearly suggestive of a role in PR patterning. Pairs of 

slp stripes arise in the anterior SAZ, and each stripe coincides with a single stripe of En, suggesting 
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that slp is segmentally expressed. Unlike prd expression, these slp stripes persist in the segmented 

region of the germband anterior to En stripes in each segment.  

 In the blastoderm, Tribolium eve expression oscillates in the posterior with a period of 3 

hours, suggesting it may be involved in regulating a clock-like mechanism for segment generation 

(Section 1.4) (El-Sherif et al. 2012). In elongating germbands, eve is expressed similarly to prd, 

initially in broad PR-like stripes emanating from the SAZ that later split into segmentally reiterated 

stripes (Patel et al. 1994; Brown et al. 1997). Chromophore-assisted laser inactivation of Eve 

protein suggested it might have PR function, but the number of embryos displaying PR-like defects 

was very small (Schröder et al. 1999). Knockdown of eve produced truncated embryos displaying 

only head segments (Choe et al. 2006), but more moderate RNAi knockdowns display loss of the 

gnathal and thoracic regions, and reduction of alternate hedgehog stripes in the abdomen, 

suggesting that while eve is required for all segments defined in the blastoderm stage, it has PR 

function in the abdomen (Jiyun and Choe 2020).  

 Tribolium odd is expressed in stripes emanating from the SAZ that overlap every other En 

stripe throughout germband elongation, a clear PR expression pattern (Choe et al. 2006; Jeon et 

al. 2020). Like eve, its expression in the posterior SAZ was seen to oscillate, implicating it in a 

possible segmentation clock regulating sequential segment addition (Section 1.4) (Sarrazin et al. 

2012). Also like eve, knockdown of odd produced a head-only phenotype, but embryos more 

moderately knocked down displayed a near-loss of segmentation in the thorax and PR defects in 

the abdomen (Choe et al. 2006; Jeon et al. 2020). Tribolium runt is expressed in germbands in a 

very similar pattern to odd, and like odd and eve, run knockdown embryos develop only a head 

(Choe et al. 2006).  
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Opa transcripts are maternally provided and expressed in the head primordium in the 

blastoderm (Clark and Peel 2018). During germband elongation, opa expression was observed in 

a broad domain in the anterior SAZ from which segmental stripes arose (Choe et al. 2017; Clark 

and Peel 2018). RNAi targeting opa has yielded conflicting results. Parental RNAi produced 

highly variable phenotypes that were not suggestive of a role in segmentation (Choe et al. 2006, 

2017), but embryonic RNAi resulted in reduced segment numbers and in some cases clear PR-like 

fusions of segments were observed (Clark and Peel 2018).  

It is unclear whether the PRG ortholog hairy has a role in segmentation of the entire AP 

axis in Tribolium, but the evidence available suggests it does not. The register of h stripes is similar 

to that of odd, which displays clear PR-expression (Sommer and Tautz 1993; Eckert et al. 2004; 

Aranda et al. 2008). Also like odd, h is expressed in the posterior SAZ, though it is unclear whether 

this expression oscillates. Knockdown of h produced defects in the head, including loss of Mn and 

Lb segments, suggesting a PR role that is regionally restricted to the anteriormost segments (Choe 

et al. 2006; Aranda et al. 2008).  

Interestingly, Tribolium ftz is expressed in PR stripes coinciding with alternate En stripes 

(Brown et al. 1994), but a genomic deletion that removed much of the Hox complex, including ftz, 

produced homeotic but no PR defects (Stuart et al. 1991) and RNAi specifically targeting ftz did 

not result in segmentation defects (Choe et al. 2006), suggesting ftz is dispensable for 

segmentation. In contrast to Drosophila, where ftz-f1 is expressed ubiquitously, Tribolium ftz-f1 is 

expressed in PR stripes overlapping every other En stripe and embryonic RNAi resulted in loss of 

alternate En stripes, a classic PR phenotype (Heffer et al. 2013b). Although Tribolium Ftz encodes 

an LRALL motif shown to mediate interaction with Ftz-F1 in Drosophila (Yussa et al. 2001), 
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these disparate results for ftz and ftz-f1 RNAi suggest that Ftz-F1 may act independently of Ftz in 

Tribolium.  

Studies of the PRG orthologs in the sequentially segmenting beetle Dermestes maculatus 

produced results largely consistent with those seen in Tribolium, with some interesting exceptions 

(Xiang et al. 2015, 2017). Like in Tribolium, strong RNAi knockdown of eve, odd, or run resulted 

in truncated embryos, but more moderate knockdown of any one of these genes produced PR 

defects. Knockdown of h resulted in non-PR segmentation defects across the AP axis, in contrast 

to head defects seen in Tribolium knockdown embryos. Also contrasting with the Tribolium 

results, ftz RNAi resulted in weakly penetrant PR segmentation defects after embryonic RNAi, 

whereas no segmentation defects were observed after ftz-f1 RNAi. These results suggest these 

genes may have been functionally redundant in the last common ancestor of Tribolium and 

Dermestes, permitting loss of either gene from the PR segmentation network in descendent 

lineages.  

 

1.2.3.3.5 Hemiptera 

Within Hemiptera, the sequentially segmenting milkweed bug Oncopetlus fasciatus has 

proved to be the most tractable model for studies of segmentation. Liu and Kaufman (2005) 

showed that the ortholog of eve is first expressed in the posterior ~half of the blastoderm, after 

which it resolves into six stripes in late blastoderms (Liu and Kaufman 2005b). By comparison 

with invected, a segmentally expressed gene paralogous to en, they demonstrated that these six 

stripes correspond to every, not every other, segment primordium. During germband elongation, 

eve is expressed broadly in the posterior SAZ, and segmental expression continues in stripes in the 

anterior SAZ (Figure 1-6). Following RNAi, most embryos were truncated and developed only a 
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head, as seen in beetles and Bombyx. Oncopetlus eve was also observed to act upstream of the gap 

gene orthologs hb and Kr, as expression of each of these was lost or altered following eve RNAi.  

Liu and Patel (2010) showed that slp is similarly not expressed in a PR pattern, but rather 

in six stripes in the blastoderm like eve. This segmental expression is not preceded by PR-stripes, 

but rather broad expression in the anterior ~half of the embryo (Reding et al. 2019). During 

germband elongation, expression of slp in every segment persists even after segment formation 

(Auman and Chipman 2018; Reding et al. 2019). Knockdown of slp did not alter the number of 

segments produced, but segmental expression of inv was expanded along the midline, suggesting 

that segment boundaries were not properly established (Auman and Chipman 2018; Reding et al. 

2019). Embryos left to develop until cuticle was deposited displayed an asegmental phenotype 

(Reding et al. 2019). Expression of opa is similar to that of slp, displaying six stripes in the 

blastoderm followed by persistent segmental stripes in germbands (Auman and Chipman 2018; 

Reding et al. 2019). However, knockdown of opa did not affect inv stripe establishment, although 

some thoracic fusions were observed in more developed embryos, suggesting opa is not required 

for segment formation but may play a role in maintaining segment boundaries (Reding et al. 2019). 

Odd and prd are expressed in strikingly similar patterns during both blastoderm and 

germband stages (Figure 1-6) (Auman and Chipman 2018; Reding et al. 2019). In the blastoderm, 

both genes are expressed in six stripes corresponding to every segment primordium, and during 

germband elongation, both are expressed in segmental stripes in the anterior SAZ. Knockdown of 

odd produced slightly variable results. Auman and Chipman (2018) found that odd RNAi embryos 

did not display loss of any segments, but rather disrupted segment boundaries across the axis, 

resulting in segments of variable widths. Reding et al. (2019) likewise found that all segment 

boundaries were disrupted following odd RNAi, but also saw an almost complete loss of inv 
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expression in many embryos. These differing knockdown phenotypes probably reflect different 

levels of gene knockdown. RNAi targeting prd also produced germbands displaying defects in inv 

establishment in every segment, and embryos allowed to develop further displayed only heads 

(Reding et al. 2019).  

 

Figure 1-6. Most Oncopeltus PRG orthologs are expressed in every segment primordium 

A) eve expression was first detected broadly in the posterior >half of the blastoderm. B-C) The earlier 

broad eve expression domain resolved into six stripes by the onset of germband invagination. D) eve is 

expressed segmentally in the anterior SAZ and in a broad domain in the posterior SAZ. E) prd was first 

detected in a single anterior stripe in the blastoderm, likely corresponding to the primordium of the 

mandibular segment. F-G) Six prd stripes were seen at the end of the blastoderm stage. H) In elongating 

germbands, segmental stripes were observed in the anterior SAZ. I) odd expression was first seen in a 

broad central domain. J-L) odd expression resolved into six stripes by the time of germband invagination. 

K) One E75A stripe was observed for every other odd stripe. M-N) odd expression was observed in 

segmental stripes in the anterior SAZ through germband elongation. Figure borrowed from Reding et al. 

(2020).  

 

Several other PRG orthologs (run, h, ftz, and ftz-f1) displayed no segmentation defects 

following RNAi knockdown, despite several of these being expressed in stripes during germband 

elongation. Expression of run was most suggestive of a role in PR patterning, as broad stripes that 

split in two were observed in both blastoderms and in the anterior SAZ of germbands (Reding et 
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al. 2019). However, knockdown of run failed to reveal a role in segmentation. Expression of h was 

observed in every segment of the germband, but these stripes did not persist like those of opa and 

slp (Auman and Chipman 2018; Reding et al. 2019), and no segmentation defects were observed 

after knockdown. Oncopeltus ftz expression was observed in the central nervous system, a 

conserved pattern of expression for ftz across insects (Heffer et al. 2013a). Weak striped expression 

of ftz-f1 expression was observed in the anterior SAZ. Examination of ftz-f1 function during 

embryogenesis were precluded by defects in oogenesis observed in ftz-f1 dsRNA-injected females.  

Together, these results suggest that the Drosophila PRG orthologs are not responsible for 

PR patterning in Oncopeltus. It is possible that Oncopeltus segmentation does not follow a pair 

rule, as suggested by some (Clark et al. 2019). However, an unexpected result from Erezyilmaz et 

al. (2009) demonstrates otherwise. Surprisingly, E75A, which encodes a nuclear receptor and is 

not involved in segmentation in Drosophila, is expressed in 3-4 stripes in the Oncopeltus 

blastoderm (Erezyilmaz et al. 2009). The register of these stripes, when compared to those of the 

segmentally expressed eve, suggests that E75A stripes in the blastoderm correspond to alternate 

segment primordia, implicating E75A in PR patterning. During germband elongation, E75A is 

expressed dynamically in the anterior SAZ, with some stripes appearing to split. Following RNAi 

knockdown, embryos display segments fused in a PR manner (Figure 1-7). This discovery was 

unprecedented in showing a non-Drosophila PRG ortholog to be involved in PR-segmentation in 

an insect. PR expression of E75A was also shown in another hemipteran, the harlequin bug 

Murgantia histrionica, which shows similar expression patterns of the Drosophila PRG orthologs 

as those described for Oncopeltus (Hernandez et al. 2020).  
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1.2.3.3.6 Blattodea 

 

Most data on the expression and function of the Drosophila PRG orthologs in Blattodea 

comes from the American cockroach, Periplaneta americana. In this species, all PRG orthologs 

examined (h, eve, run, prd-related pairberry, and slp) were found to be expressed segmentally 

during germband elongation, similar to Oncopeltus (Pueyo et al. 2008; Chesebro 2012). 

Periplaneta h expression was reported to oscillate in the posterior SAZ, and its expression was 

found to be dependent on Notch signaling (Pueyo et al. 2008). Knockdown of h resulted in 

abnormal expression or loss of expression of en in a non-PR manner. Knockdown of either eve or 

run produced segment losses or fusions in the gnathal and thoracic region that did not appear PR 

 

Figure 1-7. E75A has PR function in Oncopeltus 

A) Wild type nymph, lateral view. B) Moderate phenotype seen after E75A RNAi; fusion of T2 and T3 

was observed, lateral view. C) A more severely affected E75A knockdown individual, displaying PR-

like segment fusions across the AP axis, lateral view. D) Wild type nymph, ventral view. E) Severely 

affected E75A RNAi nymph, ventral view. la = labial segment, ant = antenna, T = thoracic segment. 

Figure borrowed from Erezyilmaz et al. (2009) 
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(Chesebro 2012). Knockdown of a prd-related gene pairberry produced lowly penetrant Lb/T1 

fusions. Finally, knockdown of slp most often resulted in loss of at least one mandible or antenna. 

Thus no clear PR functions have been established for any of the Periplaneta Drosophila PRGs 

orthologs.  

In another cockroach, Blattella germanica, ftz-f1 is expressed in stripes, but the register of 

these stripes compared to segment primordia is unclear (Cruz et al. 2023; Wexler et al. 2023). 

 

1.2.3.3.7 Orthoptera  

 

An early comparative study found that in the grasshopper Schistocerca, eve does not show 

a striped expression pattern, but rather is expressed broadly in the SAZ, providing evidence to 

support the prevailing notion at the time that sequentially segmenting insects do not follow a pair 

rule (Patel et al. 1992). However, expression of the prd-related gene pairberry was interpreted as 

PR, as broad stripes were said to split in two, however it is unclear if these stripes split, or if 

segmental stripes are continually partitioned from a broad posterior domain (Davis et al. 2001). 

Lastly, antibody stains showed Ftz localization in the posterior SAZ in Schistocerca, but not in 

stripes (Dawes et al. 1994).  

In the cricket Gryllus bimaculatus, some eve stripes were interpreted as PR, while others 

appeared to be segmental (Mito et al. 2007). Following RNAi, PR-like segmental fusions were 

observed in the anterior, but segment loss in the abdomen appeared gap-like. Further support for 

Gryllus segmentation following a pair rule comes from examination of E75A and ftz-f1, which 

both display striped expression in alternate segment primordia (Wexler et al. 2023). 

1.3 Sequential segmentation is Wnt-dependent 
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In Drosophila, Wnt signaling is required for the maintenance of segmental AP 

compartment boundaries, as seen by the segment polarity defects observed in wingless (wg) 

mutants (Nüsslein-Volhard et al. 1984). In sequentially segmenting species, Wnt signaling has a 

much earlier role in axis elongation. Expression of wg in the posterior SAZ has been observed in 

two orthopterans, Schistocerca and Gryllus (Dearden and Akam 2001; Miyawaki et al. 2004), the 

hemipteran Oncopeltus (Angelini and Kaufman 2005), the blattodean Periplaneta (Chesebro et al. 

2012), the lepidopteran Vanessa (Hanly et al. 2021), and the coleopteran Tribolium (Nagy and 

Carroll 1994). Knockdown of wg in these species has had variable results. In Oncopeltus, wg RNAi 

resulted in dorsal closure defects and some fusions between abdominal tergites (Angelini and 

Kaufman 2005), while in Gryllus knockdown failed to produce any morphological defects 

(Miyawaki et al. 2004). In Periplaneta, Wnt1 RNAi resulted in embryos with posterior truncations 

(Chesebro et al. 2012). In Tribolium, double knockdown of WntD and Wnt8 produced truncated 

embryos, but this phenotype was seen at very low penetrance (Bolognesi et al. 2008).  

Possibly due to functional redundancy between Wnt paralogs, disrupting other components 

of the Wnt signaling pathway has yielded much more consistent phenotypes across taxa. In the 

canonical Wnt signaling pathway, binding of Wnt protein to the Frizzled (Fz) and Arrow (Arr) co-

receptor transmembrane proteins prevents destruction of Armadillo (Arm, also known as b-

catenin) by members of the Arm destruction complex (Axin, among others), allowing it to 

accumulate in the cytoplasm and enter the nucleus. In the nucleus, Arm interacts with the 

transcription factor Pangolin (Pan, also known as TCF), influencing transcription of target genes. 

Thus various studies have knocked down orthologs of fz, arr, pan, axin, or pan instead of targeting 

the Wnt ligands directly. Knockdown of arm in Gryllus, pan in Oncopeltus and Tribolium, and arr 

in Tribolium, Oncopeltus, and Gryllus all led to truncations of the AP axis and thus few (if any) 
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abdominal segments formed  (Miyawaki et al. 2004; Angelini and Kaufman 2005; Bolognesi et 

al. 2008, 2009; Beermann et al. 2011; Setton and Sharma 2021).  

In Tribolium, RNA sequencing of posterior tissue in arr RNAi-treated embryos showed 

downregulation of caudal (cad) compared to controls (Oberhofer et al. 2014). In all sequentially 

segmenting species where its expression has been examined, cad is found to be expressed broadly 

in the SAZ, and its knockdown leads to posteriorly truncated embryos (Schulz et al. 1998; Copf et 

al. 2004; Shinmyo et al. 2005; Chesebro et al. 2012; Novikova et al. 2020). In Tribolium, it was 

shown that cells in the SAZ fail to intercalate following cad RNAi, resulting in a lack of germband 

extension (Benton et al. 2013).   

Several experimental results suggest that cad expression in this region is dependent on Wnt 

signaling. In Periplaneta, cad expression was lost in the SAZ following Wnt1 RNAi, but the 

converse was not true; Wnt1 expression appeared wild type-like in cad knockdown embryos 

(Chesebro et al. 2012). Similarly, in Gryllus, wg continued to be expressed in the SAZ following 

cad RNAi (Shinmyo et al. 2005). In Tribolium, cad expression was absent after Fz1/2 double 

knockdown (Beermann et al. 2011) and knockdown of the Wnt antagonist axin resulted in an 

expanded domain of cad expression (Prühs et al. 2017). In sum, sequential segmentation appears 

to require Wnt signaling in SAZ for activation of cad, without which germband extension does not 

occur.  

Interestingly, the roles of Wnt and cad in posterior elongation are shared by vertebrates, 

which also undergo sequential addition of segments from a posterior unsegmented region (Section 

1.4). In mice, for instance, Wnt-3a mutants display a truncated body (Takada et al. 1994) and 

reduced expression of the cad-related cdx-1 in the tailbud (Ikeya and Takada 2001).  
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1.4 Comparisons to vertebrate somitogenesis and the segmentation clock 

Like insects, the vertebrate AP axis is composed of a series of reiterated segmentsð

somitesðand like in sequentially segmenting insects, these somites are generated one by one in 

an anterior-to-posterior order from an unsegmented zone in the posterior, the presomitic mesoderm 

(Figure 1-8). Long before any molecular oscillators were discovered in the presomitic mesoderm, 

a óclock and wavefrontô model was theorized to coordinate vertebrate somitogenesis (Cooke and 

Zeeman 1976). This model postulated that a molecular oscillator in the presomitic region (the 

óclockô) can define the regular period of somitic addition, and that when cells in this posterior 

region encounter a ówavefrontôðsuch as a factor expressed in a gradient along the AP axisðtheir 

somitic fate is determined based on their expression of the oscillator. Evidence for a molecular 

clock acting during somitogenesis was provided much later, when expression of HES1, the 

vertebrate homolog of the Drosophila PRG hairy, was found to oscillate in the presomitic 

mesoderm of chick embryos with the same period as somite formation (Palmeirim et al. 1997). 

Since then, the óclock and wavefrontô model has been further supported by experimental evidence 

in many vertebrate models (reviewed by (Pourquié 2022; Kageyama 2022; Miao and Pourquié 

2024)). Although the details vary by model system, the wavefront boundary is set by opposing AP 

and posterior-anterior gradients (such as retinoic acid and FGF/Wnt gradients in the chick). Cell-

autonomous oscillations of HES1 are controlled by an autoregulatory negative-feedback loop 

whereby accumulation of the HES1 protein product leads to its own repression. Intercellular 

synchronization of the ñclockò is mediated by Delta/Notch signaling. 
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Figure 1-8. Current model of vertebrate somitogenesis.  

Somites are produced by sequential addition of segments from the posterior of the body, as in sequentially 

segmenting insects. The pace of sequential segmentation in chick embryos is set by oscillating c-hairy1 

(HES1) expression in the presomitic mesoderm (PSM). Figure from Kageyama (2022). 

 

The finding that an ortholog of the well-known Drosophila segmentation gene hairy was 

involved in regulating somitogenesis suggested that segmentation in these two groups might be 

more than superficially similar and could depend on similar molecular mechanisms. Thus several 

studies in sequentially segmenting insects have investigated this question by examining orthologs 

of hairy and Notch signaling components. This inquiry has yielded mixed results. Work in the 

cockroach Periplaneta (Blattodea) has produced the most convincing evidence for Notch 

involvement in sequential segmentation. Here, Notch pRNAi disrupted segmentation with some 

embryos displaying severe abdominal truncation (Pueyo et al. 2008), and resulted in the loss of 

Wnt1 and cad expression in the posterior SAZ during germband elongation (Chesebro et al. 2012). 

Conversely, in Tribolium (Coleoptera), hairy is expressed in stripes, but no clear 

vertebrate-like oscillation in its expression was observed (Aranda et al. 2008). In Schistocerca 

(Orthoptera), an ortholog of the Notch pathway component fringe was not found to be expressed 

in or around the SAZ where segments are being formed, suggesting Notch signaling is not involved 

in sequential segmentation in this species (Dearden and Akam 2000). In Gryllus (Orthoptera), axial 
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truncations observed after parental RNAi-mediated knockdown of Notch or Delta (Dl) suggested 

a role for Notch signaling during segmentation (Mito et al. 2011). However, embryonic RNAi 

targeting Dl did not inhibit posterior segment formation, indicating that an early maternal 

provisioning of Dl may be required for posterior growth, but that it is not required zygotically for 

segmentation (Kainz et al. 2011). If this is indeed the case, it calls into question the results obtained 

in Periplaneta, where embryonic RNAi is not feasible due to cockroach embryogenesis occurring 

within an ootheca (egg case).  

Although sequential segmentation in insects may not rely on the same molecular 

components as vertebrate somitogenesis, there is convincing evidence from Tribolium that a 

segmentation clock may likewise coordinate segment formation in the SAZ. Sarrazin et al. (2012) 

showed that odd expression oscillates in the posterior SAZ. They cut living germbands in half, 

fixing one half and culturing the other half 30 minutes before fixation, then visualizing odd 

transcripts in both halves. Clear differences in odd transcription, as assessed by in situ 

hybridization, in the posterior SAZ of the two halves were observed and could not be explained 

by cell movement (Sarrazin et al. 2012). As odd is expressed in every other segment primordium 

in Tribolium, the cycling period of this oscillator correlates with specification of every two 

segments, in contrast to the vertebrate oscillators, for which the cycling period correlates with the 

formation of a single somite. Two other studies have shown cycling eve expression, but in contrast 

to the previous work performed during germband elongation, eve expression was only analyzed in 

the blastoderm. Here, Tribolium eve expression was found to oscillate every ~three hours (El-

Sherif et al. 2012). However, after cad expression is reduced by RNAi, the eve expression period 

increased, suggesting that cad regulates the eve oscillation period (El-Sherif et al. 2014). Together, 
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these studies provide evidence for a segmentation clock in sequentially segmenting insects which 

may operate in the blastoderm as well as during germband elongation.  

Unlike vertebrates and myriapods, which display incredible diversity in segment number 

across groups (Minelli 2003), segment number in insects is tightly distributed around 14-17 (three 

gnathal segments, three thoracic segments, and 8-11 abdominal segments) (Sander 1976). Thus, 

whatever segmentation clock is at work in insects appears much more highly constrained by 

segment number. The mechanism responsible for generating such a constant segment number is 

unknown, but mutations or knockdown phenotypes that disobey this ruleðlike the supernumerary 

segments observed after Bombyx hb knockdown (Section 1.2.2.2)ðcould yield some insight.  

 

1.5 PRGs and convergent extension 

In Drosophila, after all segments have been specified, the embryo undergoes a dramatic 

morphological change wherein cell intercalation drives convergent extension of the germband. 

Interestingly, the extent of cell intercalation is reduced in some PRG mutants (Irvine and 

Wieschaus 1994). Later, several Toll family genes and tartan, which encode cell-surface proteins, 

were found to be expressed in PR patterns in the blastoderm, suggesting regulation by PRGs 

(Chang et al. 1993; Kambris et al. 2002). Indeed, expression of many of these genes are perturbed 

in PR mutants (Chang et al. 1993; Paré et al. 2014; Field et al. 2016). Analysis of Toll-2/-6/-7/-8 

and tartan expression patterns in wild type and PR mutants suggests a complex regulatory network 

wherein multiple PRGs regulate expression of each of these genes (Graham et al. 2019).  

Since they encode cell-surface proteins, the Toll genes and tartan are good candidates for 

mediating a role for the PRGs in convergent extension by translating AP patterning information 

into physical cell-cell contacts. In fact, Toll-2/6/8 loss-of-function results in severe cell 
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intercalation and germband extension defects, and different Toll proteins were found to physically 

interact in a heterophilic manner (Paré et al. 2014). Further, Tartan, which is a direct target of 

Ftz/Ftz-F1 (Field et al. 2016), together with its ligand Tenascin-major (Ten-m) were found to be 

crucial in the physical establishment of compartment boundaries by polarized recruitment of 

actomyosin cables in these regions (Paré et al. 2019). Together, these results provide a direct link 

between regulation of transcription along the AP axis by the Drosophila segmentation genes and 

the establishment of physical compartment boundaries.  

While Drosophila embryos undergo convergent extension after the AP axis is segmented, 

sequentially segmenting insects undergo convergent extension in the SAZ while segments are 

being formed. Several studies have shown that the SAZ is not only the locus of active segment 

patterning but also of cell intercalation which drives germband elongation. In Tribolium, stunted 

germband elongation following cad RNAi was found to be coincident with a loss of cell 

intercalation (Benton et al. 2013). Another study found that the reduction in SAZ size in Tribolium 

can account for the gain in germband length during elongation without any requirement for higher 

rates of mitosis in the SAZ (Nakamoto et al. 2015). A study of the Oncopeltus SAZ reached similar 

conclusions, and additionally found a reduction in mitosis in the anterior SAZ compared to the rest 

of the embryo (Auman et al. 2017). Convergent extension appears to be mediated through Toll 

genes in sequentially segmenting insects as well; in Tribolium, knockdown of Toll-7 and Toll-10 

prevented cell intercalation and germband extension (Benton et al. 2016). Further, these genes are 

expressed in PR patterns, and several Toll genes in Oncopeltus and Gryllus are likewise expressed 

in stripes during germband elongation. Interestingly, several of these Oncopeltus Toll gene 

expression patterns are reminiscent of Of-E75A expression, suggesting that PR regulation of Toll 

and similar genes may be a general feature of insect segmentation.  
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1.6 Aims of this dissertation 

Decades of groundbreaking research in Drosophila have yielded an incredible depth of 

knowledge of how the fruit fly body plan, divided into segments with different identities and 

functions, is generated from an undifferentiated fertilized egg. This knowledge could only have 

been brought about by focusing on a single organism. The selection of a model organism, however, 

comes at the cost of understanding the diversity of developmental modes existing in nature (Raff 

1996). While the candidate gene approach (i.e., limiting study to orthologs of Drosophila 

segmentation genes) used in most studies of segmentation in non-model insects has been fruitful, 

it has many limitations. Most importantly, factors not involved in Drosophila segmentation will 

not be identified. Thus even efforts to investigate the diversity of early development in insects by 

expanding study to non-model species generate heavily Drosophila-biased data. Often Drosophila 

is still the focal organism, and the non-model simply a vehicle for comparisons. The studies of 

insect segmentation in non-model insects reviewed above convey an incredible diversity of 

mechanisms for patterning a conserved insect body plan, but these will not be adequately 

investigated within a Drosophila-centric framework. 

The hemipteran Oncopeltus fasciatus is a particularly interesting insect to study to gain a 

better understanding of this diversity. While none of the Drosophila PRG orthologs appear to have 

clear PR function in this species, E75Aðwhich has not been shown to be involved in segmentation 

in any other speciesðis a PRG (Section 1.2.3.3.5). This suggests that 1) segments are patterned 

according a pair rule in Oncopeltus, and 2) the factors involved in PR patterning in Oncopeltus 

may be entirely different from those in Drosophila. Thus, while trying to escape the Drosophila 

paradigm is already advisable in non-model studies, in this case it appears to be necessary. 
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The overarching aim of this dissertation is to center Oncopeltus as the study organism. To 

that end, the first half of the dissertation focuses on improving tools for studying gene function in 

this species. Chapter 2 presents the first use of CRISPR/Cas9 for targeted mutagenesis in 

Oncopeltus, and shows that mutation of the white gene yields the expected white-eye phenotype 

but unexpected lethality in homozygotes. Chapter 3 applies the methods developed in Chapter 2 

to generate a viable visible marker by mutating the vermilion gene, which disrupts production of 

ommochrome pigments and yields red eyes in Oncopeltus. In Chapter 4, using an unbiased 

approach to identify factors involved in Oncopeltus segmentation, I will present our finding that 

Blimp1 is a yet-uncharacterized PRG in this species and will use CRISPR/Cas9 and our vermilion 

line to generate Blimp1 mutants. Finally, in Chapter 5, I take an Oncopeltus-centric approach by 

examining Blimp1 expression and function in a sample of other non-model insects.  
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Chapter 2: High efficiency CRISPR/Cas9 mutagenesis of the white gene 

in the milkweed bug Oncopeltus fasciatus 

 
2.1 Abstract 

Here we show that CRISPR/Cas9 is highly efficient in the hemipteran Oncopeltus 

fasciatus. We chose to target the Of-white (Of-w) locus to establish methods and with the goal of 

generating a visible marker for future experiments. The white gene is well-characterized in 

Drosophila where mutation causes loss of eye pigmentation; white is a reliable marker for 

transgenesis and other genetic manipulations. Accordingly, white has been targeted in a number 

of non-model insects to establish tools for genetic studies. We found that Of-w is required for 

pigmentation throughout the body of Oncopeltus, not just the ommatidia. High rates of somatic 

mosaicism were observed in the injected generation, reflecting biallelic mutations, and a high rate 

of germline mutation was evidenced by the large proportion of heterozygous G1s. However, Of-w 

mutations are homozygous lethal; G2 homozygotes lacked pigment dispersion throughout the body 

and did not hatch, precluding the establishment of a stable mutant line. Embryonic and parental 

RNAi were subsequently performed to rule out off-target mutations producing the observed 

phenotype and to evaluate the efficacy of RNAi in ablating gene function compared to a loss-of-

function mutation. RNAi knockdowns phenocopied Of-w homozygotes, with an unusual 

accumulation of orange granules observed in unhatched embryos. This is, to our knowledge, the 

first CRISPR/Cas9 targeted mutation generated in Oncopeltus. While we were unable to establish 

white as a useful visible marker for Oncopeltus, these findings are instructive for selection of 

visible markers in non-model species and revealed an unusual role for an ortholog of a classic 

Drosophila gene. 
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2.2 Introduction  

Researchers using the classic insect model Drosophila melanogaster rely on genetic tools 

and techniques that have accumulated and been refined in this system for over a century. In non-

model systems, CRISPR/Cas9 targeted mutagenesis provides a way to generate both somatic and 

germline mutations, allowing researchers working with such systems to begin to ócatch upô and 

pursue functional genetic analyses. Visible markers are key tools for such analyses, as they allow 

mutant or transgenic lines to be perpetuated in the lab without the need for molecular analysis 

(such as PCR) to monitor genotypes at every generation.  

Drosophila white is one of the most historically significant genes and remains a useful 

visible marker for Drosophila stocks to this day, over 100 years after its discovery (reviewed in 

(Bellen and Yamamoto 2015). At its genesis, Thomas Hunt Morganôs white mutant½lacking eye 

pigment and thus displaying white rather than red eyes½revealed the phenomenon of sex-linked 

inheritance (Morgan 1910). The utility of visible markers in both classical genetics and modern 

molecular genetics cannot be overstated. For example, calculations of recombination frequencies 

between various visible markers enabled the first known Drosophila genes to be mapped. Much 

later, instability of the white phenotype in M cytotype flies helped elucidate the mechanism behind 

P-M hybrid dysgenesis (Bingham et al. 1982).  Shortly thereafter the first Drosophila transgene 

successfully rescued the rosy eye color phenotype (Rubin and Spradling 1982). Today, balancer 

chromosomes with dominant visible markers allow the easy preservation of homozygous lethal 

alleles. Transgenesis routinely employs white as a scorable visible marker (Klemenz et al. 1987) 

and sophisticated genetic tools label somatic clones with fluorescent markers.  While it is not 

realistic to try to replicate all of these genetic tools in other insect species, it is certainly possible 

to replicate some of them. As more and more researchers broaden their analyses to other insect 
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clades, delving into the unique adaptations within particular groups and the divergence between 

groups, the development of basic genetic tools in other insects is clearly needed. 

 Oncopeltus fasciatus, a hemipteran insect in the family Lygaeidae, was once a widely used 

model species, central to basic studies of insect biochemistry, development, and reproduction 

(Chipman 2017). Before the acceleration of Drosophila genetics in the early 1980s, several 

Oncopeltus mutant lines had been isolated after treatment with the mutagen ethylmethane 

sulphonate. In 1970, Peter Lawrence described two new pigmentation mutant lines ï one with red 

eyes (red eye, re) and another with brown eyes and a white body (white body, wb) (Lawrence 

1970). However, as the era of Drosophila genetics advanced and Oncopeltus lost favor, these lines 

and others were apparently lost (Liu and Kaufman 2009; Chipman 2017). More recently, 

Oncopeltus has regained its earlier prominence, as researchers interested in evo-devo, 

aposematism, epigenomics, and toxicology (Panfilio et al. 2006; Reding et al. 2019; Auman and 

Chipman 2018; Liu et al. 2014; Bewick et al. 2019; Lohr et al. 2017) have once again turned to 

the milkweed bug, profiting from its ease of care and high fecundity. Consequently, the value of 

Oncopeltus lines with visible mutations has increased anew.  

Here we provide evidence for the high efficiency of CRISPR/Cas9 mutagenesis in 

Oncopeltus by targeting white (w), a gene known to be required for proper transport of pigment 

precursors in the eyes of many insects (Grubbs et al. 2015; Li et al. 2018; Xue et al. 2018; Ohde 

et al. 2018). This gene was chosen to evaluate the utility of CRISPR/Cas9 genome editing system 

in this species as it was expected to produce an easily observed phenotype in homozygotes. In 

addition, a white-eyed Oncopeltus line would greatly benefit the field, providing a marker of 

transgenesis when rescued, allowing easy visualization of fluorescent proteins expressed in the 

eyes (Berghammer et al. 1999), and reducing the effort of screening for homology-directed repair 
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events (Kane et al. 2016). Our studies demonstrate the high efficiency of mutagenesis at the Of-

white locus, using several different guide RNAs coinjected with Cas9 protein. Biallelic hits were 

observed in injected G0 hatchlings, resulting in patches of translucent pigment throughout the 

entire body. Surprisingly, no viable Of-w-/- homozygotes were obtained, suggesting that this locus 

is required for viability in Oncopeltus.  

 

2.3 Materials and Methods 

2.3.1 Phylogenetic analysis 

 The Drosophila melanogaster White amino acid sequence was used as the query for a 

BLAT search of the Oncopeltus genome (Panfilio et al. 2019a). Reciprocal BLAST with the top 

match suggested the sequence on scaffold 381 was likely the Oncopeltus ortholog of white. 

However, since several closely related ABC transporters in the G subfamily have well-

characterized roles in pigment transport in insects, we subjected this sequence to a more rigorous 

test of orthology by performing a phylogenetic analysis. Theoretical translations of the Drosophila 

white, brown, and scarlet genes were used as queries in searches of the Oncopeltus genome. All 

search results with significance values on the order of 1e-5 or less were considered, yielding five 

candidate sequences. Similar searches in the Halyomorpha halys genome (Me et al. 2020) were 

also performed to gather additional hemipteran sequences; in some cases these sequences were 

used to better assemble the orthologous Oncopeltus gene. tBLASTn searches of the nr/nt database 

were performed with Drosophila sequences as queries to find additional insect sequences. Since 

white, scarlet, and brown are part of the ABCG subfamily, often one of the largest ABC transporter 

subfamilies in arthropod genomes (Dermauw and Van Leeuwen 2014), our candidate sequences 

may include ABCG genes unrelated to pigmentation. To account for this, we added the full set of 
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ABCG genes identified by (Broehan et al. 2013), with the addition of brown which was identified 

in a later study (Grubbs et al. 2015), to our analysis.  

A multiple sequence alignment was generated using MUSCLE. Sequences from the ABCH 

subfamily were included as an outgroup. The final multiple sequence alignment was trimmed in 

AliView and imported into Topali v2.5. Phylogenetic analysis was run using Bayesian inference 

(MrBayes) with the JTT substitution model and gamma-distributed rate model. The tree was then 

outgroup-rooted and formatted in FigTree v1.4.4 (Figure 2-1). 

 

Figure 2-1. Phylogenetic analysis of ABC transporter subfamily G identifies the Of-w ortholog.   

A) Gene tree showing relationships between ABC transporter subfamily G members, including white, 

scarlet, brown, and ok, individually highlighted for clarity. The sequence found on scaffold 381 of the 

Oncopeltus genome falls within the white clade (blue box). Interestingly, searches of both the Oncopeltus 

and Halyomorpha genomes did not reveal clear brown orthologs, though two orthologs of ok were 

identified in each. ABC transporter subfamily H genes were included as an outgroup and used to root the 

tree. Numbers at nodes report posterior probabilities. 
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2.3.2 gRNA design and injection mix 

Guide RNAs (gRNAs) were designed using CHOPCHOP (Labun et al. 2019a) with Of-w 

exon 2 as the target sequence, which yielded thirty candidate gRNA sequences. All thirty 

sequences were searched in the Oncopeltus fasciatus genome (Panfilio et al. 2019a) using 

BLASTn optimized for short queries with the blastn-short option. All resulting alignments were 

evaluated for the number of exact matches to the protospacer-adjacent motif (PAM) plus the seed 

sequence (10-12 PAM-proximal nucleotides; (Cong et al. 2013) to estimate the number of off-

target matches. Three gRNA sequences predicted to have zero off-target matches were selected, 

named gRNAs A, B, and C (Figure 2-2A). gRNAs A and B have a guanine in the PAM-proximal 

position, while gRNA C does not; a guanine in this position has been shown to correlate with 

gRNA efficiency (Doench et al. 2014). DNA oligos were designed using these target sequences, 

with the T7 RNA polymerase promoter sequence added to the 5ô end and a primer for the gRNA 

scaffold sequence added to the 3ô end (Of-w-exon2-guideA, Of-w-exon2-guideB, Of-w-exon2-

guideC, see Appendix A for sequences). These primers were each used with a common reverse 

primer (gRNArev, see Appendix A) to amplify the gRNA scaffold sequence from the pCFD3-

dU6:3gRNA plasmid (Port et al. 2014a). PCR products were then purified using the Monarch PCR 

cleanup kit (NEB). gRNAs were then in vitro synthesized using the Megascript T7 kit (Invitrogen), 

treated with TURBO DNase (Invitrogen), and purified using the Monarch RNA cleanup kit (NEB).  

Each gRNA was then diluted in injection buffer (5 mM KCl, 0.1 mM phosphate buffer pH 

6.8), denatured at 70°C for 2 min, transferred to ice for 1 min, then complexed with Cas9-NLS 

protein (PNA Bio) by incubation at room temperature for 5 min. The final concentrations of gRNA 

and Cas9 protein in the injection mix were 80 ng/mL and 300 ng/mL, respectively, as used by others 
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(Kistler et al. 2015). The injection mix was centrifuged at 13k rpm at 4°C for 10 min prior to 

injection. 

 

Figure 2-2. Oncopeltus CRISPR-Cas9 mutagenesis workflow.  

A) Genomic structure of Of-w; exon boundaries are based on transcriptome data and the alignment of a 

cDNA sequenced in this study to the genome; however exon 4 was not found in the genome. The target 

location gRNAs A, B, and C used in this study are in red. The dsRNA target region (519 bp) used in this 

study is shown as an orange bar (exons only). The primers used to PCR-amplify exon 2 for our two 

genotyping assays are shown as black arrows. The amplicon is 513 bp and includes some intronic regions 

surrounding the exon. Stars mark the predicted loci of Cas9 cleavage and thus likely mutation; the 

predicted Surveyor cleavage product sizes (in bp) for each gRNA are shown above the strands. B) Gels 

showing representative results from the Surveyor digest and the heteroduplex mobility assays used to 

genotype G1s. i) In the Surveyor assay, PCR products were digested with Surveyor nuclease, resulting 

in cleavage in samples derived from heterozygous individuals. All gRNA A individuals screened here 

(lanes 1-7) show the expected cleavage products (~ 100 and 413 bp), as do all gRNA B individuals (lanes 

8-9; ~277 and 236 bp, asterisks), identifying all individuals shown here as heterozygotes. ii) In the 
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heteroduplex mobility assay, 5 mL of PCR product was electrophoresed on a 4% agarose gel for >5 h at 

80 V, allowing visualization of heteroduplexes, which migrate more slowly than homoduplexes, in 

samples from heterozygotes (lanes 11-14); thus samples from homozygous individuals (wild-type) 

should produce only the 513 bp band (lane 10). C) Sequenced mutant alleles induced by i) gRNA-A/Cas9 

and ii) gRNA-B/Cas9. Red and blue lettering indicate the PAM site and insertions, respectively. i) The 

mutant allele from individual A6-17 has a 16 bp insertion (blue) which adds a premature stop codon (red 

box); the allele from individual A12-10 has a 15 bp insertion (blue) and 1 bp deletion which induces a 

frame shift. ii) The allele from individual B4-4 has a 7 bp deletion, resulting in a frame shift; the allele 

from individual B5-16 is complex, showing insertions (blue) replacing wild-type sequence (underlined) 

5ô and 3ô of the PAM site (red), including mutation of the splicing donor site (black box).  

 

2.3.3 RNA interference 

  The Of-w template for double-stranded RNA was made by PCR-amplifying a 519 bp 

fragment of Of-w from 0-120 h AEL embryonic cDNA using primers Of-w-RNAi-FT7 and Of-w-

RNAi-RT7, which both have the T7 RNA polymerase promoter sequence at the 5ô end (see 

Appendix A). This region spans exons 9 to 12 (Figure 2-2Ai, orange bar) and therefore does not 

overlap the target of CRISPR/Cas9 mutagenesis (exon 2). Furthermore, a BLASTn search of the 

Oncopeltus genome using this dsRNA template sequence as query matched only Of-w, suggesting 

that dsRNA should induce a specific knockdown of Of-w. The Megascript T7 kit (Invitrogen) was 

used to transcribe RNA, which was then DNase-treated, denatured by heating to 94° for 3 min, 

and reannealed by slowly cooling to 45° over 1 h. The dsRNA was then precipitated with ethanol 

and 7.5 M LiCl, spun down, and resuspended in water. The concentration of the dsRNA was 

approximated by using the ssRNA setting on a Nanodrop Lite. Molarities were estimated using 

the ssRNA setting of the NEBioCalculator and halving the estimation. For embryonic RNAi 

(eRNAi), Of-w dsRNA was diluted in injection buffer to 500 ng/mL or ~1.5 mM, and gfp dsRNA 

was diluted to 650 ng/mL or ~1.5 mM. Embryo injections were carried out as described below. As 

hatch rate after embryonic injection can vary greatly between replicates due to variation in needle 

size, embryos which clearly died from injection were excluded from our calculations. For parental 

RNAi (pRNAi), Of-w dsRNA was diluted in injection buffer to 2 mg/mL or ~6 mM and gfp dsRNA 
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was diluted to 2.6 mg/mL or ~6 mM. Young adult females were injected using glass needles between 

the 4th and 5th abdominal sternites with 5 mL of the dsRNA dilution. Each injected female was 

paired with one male; pairs were maintained at 25° and embryos were collected daily from each 

pair.  

 

2.3.4 Embryonic injection 

 To collect embryos for injection, cotton was placed in cages with adult Oncopeltus, and 

the bugs were allowed to lay for 5 h. Embryos were then removed from the cotton, placed in 

Drosophila embryo collection baskets, and washed with water to remove cotton fibers and other 

debris. To fix the embryos to a surface for injection, several approaches were tested. We found 

that Oncopeltus embryos will not stick to double-sided tape and that various glues encase the 

embryos in a hard shell from which hatchlings cannot escape. Instead, we designed and 3D-printed 

a mold (Figure 2-3A, B) using ABS filament similar to those designed by others (Porazinski et al. 

2010; Ohde et al. 2018). When filled with molten 3% Drosophila food-grade agarose and allowed 

to harden, these molds produced 38 x 50 mm agar sheets with grooves roughly equal in width 

(~0.5 mm) to that of an Oncopeltus embryo (Figure 2-3C). Embryos were lined up longitudinally 

within the grooves of these agar sheets (Figure 2-3D, E), roughly 100 embryos per sheet.  

 Embryos were injected at 2-8 h after egg laying (AEL). Needles for injection were pulled 

from borosilicate glass capillaries (1.0 mm OD, 0.75 mm ID; World Precision Instruments) on a 

Sutter P-97 needle puller using the following settings: Heat 535, Pull 90, Velocity 100, and Time 

160. Needles were opened by clipping the end with fine dissection scissors so that the tip remained 

flexible. Needles were backloaded with the injection mix, attached to a Narishige IM-400 

microinjector and micromanipulator. The microinjector was programmed for ~6-9 psi injection 
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pressure and 0.05 s injection time and embryos were injected at the posterolateral side. Each sheet 

of injected embryos was then placed in a sterile petri dish and allowed to develop at 25°. We found 

that the fungus which grew readily on the agar sheets could be combated by brushing it daily with 

70% ethanol using a fine paintbrush. Hatched G0 individuals were transferred to Drosophila vials 

with a strip of seed paper, made by fixing raw organic sunflower seeds to paper with non-toxic 

wallpaper paste. A constant source of water was supplied by filling the vial a quarter of the way 

with water, then inserting a cotton ball plug to wick water from the bottom of the vial as it dried 

out. We kept the vials horizontal to reduce the chance of debris coming into contact with the wet 

cotton, which promotes fungal growth. Once vials became dirty, bugs were CO2-anaesthetized and 

transferred to clean vials.   

 

 

 

Figure 2-3. Agarose mold setup for Oncopeltus embryo injection.  

A) Top part of mold; this is placed inside the bottom part (B) after agar is poured, creating grooves in 

the agar sheet; B) Bottom part of agar mold; C) Agar sheet made using mold; D) Oncopeltus embryos 

lined up for injection in agar sheet; E) Close-up from D showing Oncopeltus embryos aligned 

longitudinally in the grooves. 

 

 

 



  

  58 

 

2.3.5 Crossing scheme 

 All 20 G0s that reached adulthood were mated to wild-type individuals.  For these crosses, 

a single male or female G0 was crossed to one wild type female or male, respectively, in 

Drosophila vials, as described above, with the addition of a small piece of cotton provided as an 

egg laying substrate. Embryos were collected from each pair and G1 individuals were moved to 

their own vial upon hatching. G1 progeny were reared to adulthood, at which point several 

individuals from each G0 cross were genotyped by removal of one mesothoracic leg (see below, 

Figure 2-4). Each line was self-crossed (e.g., A4 x A4) and also outcrossed to another gRNA-

derived line (e.g., A4 x B5), and in most cases crossed to a different line derived from the same 

gRNA (e.g., A4 x A2).  In many cases, these crosses were repeated more than once to increase the 

likelihood that progeny would be obtained from each combination. As there were more G1 adults 

than could be reasonably genotyped, many additional crosses were set up óblindlyô between 

individuals of unknown genotypes for a total of 196 G1 crosses.  

 

 

Figure 2-4. Percent of G1s genotyped heterozygous from each G0 line.  

The G0 lines from which adult G1 progeny were obtained are displayed along the x-axis; the percent of 

their progeny which were screened and genotyped heterozygous is shown along the y-axis. The number 

of G1s which were directly screened from each G0 line is displayed within each bar. 
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2.3.6 Screening G1s for heterozygosity 

 At the last nymphal instar or after molting to adulthood, one mesothoracic leg was 

removed, placed in a 0.2 mL tube, and crushed with a pipette tip. 50 mL of DNA extraction buffer 

(10 mM Tris-HCl pH 8.2, 1 mM EDTA, 25 mM NaCl, 0.2 mg/mL proteinase K) were added to 

each tube. Tubes were then incubated for 30 min at 37°, followed by 2 min at 95° to inactivate the 

proteinase K. Of-w exon 2 was then amplified by PCR from the extracted gDNA with primers Of-

w-exon2-64-F and Of-w-exon2-211-R (see Appendix A) using Phusion polymerase, yielding a 

513 bp product which included some of the flanking introns (Figure 2-2A).  

To determine the genotype of G1s (homozygous wild-type or heterozygous), the Of-w exon 

2 PCR products were then subjected to one of two assays: the Surveyor nuclease assay or a 

heteroduplex mobility assay. The Surveyor mutation detection kit (IDT) was used for the nuclease 

assay following manufacturerôs instructions, with the exception that only 1 mL of Surveyor 

nuclease, rather than the suggested 2 mL, was used. The nuclease reaction products were then run 

on a 2% gel; the expected cleavage products for offspring of G0s injected with gRNA A are 100 

and 413 bp and those for gRNA B are 277 and 236 bp (Figure 2-2Bi). The heteroduplex mobility 

assay was performed following the recommendations of (Bhattacharya and Van Meir 2019). 

Briefly, 5 mL of each PCR product was run on a 4% agarose gel at 80 V for over 5 h. As 

heteroduplexes formed by copies of the mutant allele annealing to copies of the wild-type allele 

migrate more slowly through the agarose matrix than homoduplexes, heterozygotes can be 

identified by the presence of an extra band when PCR products are run on highly concentrated 

agarose gels (Figure 2-2Bii).   
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For four G1s (Figure 2-2C), the w exon 2 Phusion PCR product was A-tailed by incubation 

of the purified product with Taq polymerase, TA-cloned into the pGEM-T Easy vector (Promega), 

and Sanger-sequenced (Genewiz).  

 

2.4 Results 

2.4.1 Gene isolation and experimental design 

 After subjecting several candidate white sequences from the Oncopeltus draft genome to 

phylogenetic analysis (see Methods for details), only one candidate gene was found to clearly fall 

within the clade of insect white genes, indicating this sequence is likely the only ortholog of white 

in Oncopeltus (Figure 2-1). This sequence, found on scaffold 381, is nested within the hemipteran 

white clade, and we therefore designate this sequence Of-white.  

 Genome sequence was used to design primers to verify most of the Of-w cDNA sequence 

(Of-w-exon1-UTR-F and Of-w-R-1, Appendix A), from exon 1 to 14. A single, 1.93 kb fragment 

was isolated from 0-120 h AEL embryonic cDNA. This fragment was sequenced and exon 

boundaries were determined by alignment to the genome and validated by the available nymphal 

and adult transcriptome data (Panfilio et al. 2019a); this sequence has been deposited to GenBank 

with accession number MT439905. The cDNA includes an exon 4 (139 bp) that is not found in the 

genome, but is homologous to the corresponding region in other insect white genes. We also found 

that exon 5 is misplaced in the genome assembly, mapping 5ô to exon 2. Given these discrepancies, 

we also aligned the Of-w sequence to the Halyomorpha halys white sequence and verified that the 

predicted exon boundaries matched nearly identically. Of-w has 15 exons spanning a region of 

~82.5 kb in the genome (~78 kb in Halymorpha).  
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 To generate loss-of-function mutations in Of-w, three different gRNAsðnamed A, B, and 

Cðwere designed to target exon 2 (Figure 2-2A). We chose to target the beginning of the gene 

rather than a functional domain, as any frameshift mutations which occur by non-homologous end 

joining following the Cas9-induced double-stranded break are more likely to ablate protein 

function the closer they are to the 5ô end.  

 

2.4.2 High rates of somatic mutation were observed in G0 individuals 

In order to generate heritable germline mutations, CRISPR reagents should be injected 

before cellularization of the embryo as close to the primordia of the germline nuclei as possible. 

While a precise range of time over which cellularization of the syncytial blastoderm occurs in 

Oncopeltus has not been definitively reported, a cellular blastoderm has been observed by 17 h 

AEL at 21̄  (Butt 1949) and 20 h AEL at 28̄ (Ewen-Campen et al. 2013). We injected 2-8 h AEL 

embryos to ensure that cellularization had not yet occurred. It has been shown that germline 

induction occurs zygotically in Oncopeltus near the site of blastopore formation at the posterior 

end (Ewen-Campen et al. 2013); thus embryos were injected laterally near the posterior pole. 

Embryos were collected over 5 hours and individually injected with one of the three gRNAs 

complexed with purified Cas9 protein (PNA Bio) (Figure 2-2A). G0 individuals injected with 

gRNAs A or B showed high rates of somatic biallelic mutation upon hatching, evidenced by clear 

mosaic loss of pigment throughout the body (Figure 2-5). In some cases, large translucent patches 

were observed, often delineated by distinct compartment boundaries (e.g., Figure 2-5B, C, I). 

Mosaic loss of pigment in the compound eyes was most apparent in adults (Figure 2-5E-G).  Of 

the G0 individuals that hatched, those which had been injected with gRNA A showed the highest 

rate of mosaicism (Figure 2-6, 92.5% of hatchlings, 37/40), followed by those injected with gRNA 
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B (75%, 9/12). Only 14% of bugs injected with gRNA C displayed similar mosaic loss of pigment, 

and this group showed the highest hatch rate (Figure 2-6, 83%, 99/119). Since a lower rate of 

somatic mutation was observed in this group, all subsequent observations and analyses were made 

with gRNA groups A and B only.  

 

 

Figure 2-5. High rates of somatic mutation were observed after Of-w CRISPR mutagenesis.  

High rates of somatic mutation were observed after Of-w CRISPR mutagenesis.  

Examples of first instar nymph hatchlings at varying stages (A-D) or adults (E-I) after injection of 

embryos with buffer or gRNAs and Cas9 are shown. A) Nymph post-melanization, control injection with 

buffer; B) Nymph mid-melanization, gRNA-B.  Large translucent patches can be seen in the abdomen; 

C) Nymph pre-melanization, gRNA-B. Mosaic translucent patches are obvious in the right half of the 

head and patches in the thorax, abdomen, and appendages; D) Nymph pre-melanization,  gRNA-A. 

Translucent regions can be seen throughout the body; E) Adult compound eye, wild-type; F) Adult 

compound eye, gRNA-A, individual A-14; G) Adult compound eye, gRNA-A, individual A-13. The 

black pigmentation seen in wild type is absent from sections of the eye in these two individuals (F, G). 

H) Wild-type pigmentation in adult body, ventral view; I) Mosaic loss of pigmentation in lateral patch 

(dotted white outline) in adult body, gRNA-A, individual A-13, ventral view 
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2.4.3 Germline transmission of white mutations  

In some insects, the ability to singly mate individuals is precluded by various behavioral 

adaptations favoring swarming and other non-monogamous mating systems. For a species to be 

amenable to genetic studies, it is necessary to be able to control copulations by singly mating 

individuals, which we were able to do for Oncopeltus (see Methods). Each injected G0 adult was 

mated to a wild-type individual by placing the pair in a Drosophila vial with a water source and 

sunflower seeds (see Methods for more detail) and embryos from each pair were collected daily. 

We observed fairly high mortality in the G1 generation during development from embryo to adult; 

frequently the cause of death appeared to be an inability to shed the exoskeleton while trying to 

molt (data not shown). The eye and body pigmentation of all G1s was indistinguishable from wild-

type. Adult G1s were obtained from 16 of 20 G0s (11 A lines, 5 B lines). In total, 161 G1s were 

genotyped using the Surveyor or heteroduplex mobility assays (see Methods) on DNA extracted 

from a clipped leg, allowing us to mate individuals after genotyping; 104 were genotyped as 

 

Figure 2-6. Somatic mosaicism and hatch rate varied after CRISPR/Cas9 embryonic injection with 

different guide RNAs. 

A) Hatch rate of embryos injected with gRNAs A, B, and C, compared to those injected with buffer; B) 

Frequency of mosaic pigmentation phenotype in G0s. Embryos injected with gRNAs A or B clearly 

showed much higher rates of mosaicism than embryos injected with gRNA-C. 
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heterozygous at the Of-w locus (64.6%). Only two G0 lines yielded no G1 progeny genotyped 

heterozygous (Figure 2-4); one of these G0s (A3) had shown no mosaic loss of pigment, while 

mosaicism was observed in the other (A11). This high rate of germline mutation may have been 

biased by the fact that somatic mutations could be visibly observed in the G0s, allowing us to 

prioritize G1s based on the parental G0 phenotype. Of the 14 G0s that yielded heterozygous 

progeny, only one of these was not an obvious phenotypic mosaic. 

Sequences of Of-w exon 2 from four G1 heterozygotes that had given w-/- progeny showed 

indels at the expected double-stranded break site, resulting in frame shifts and subsequent 

premature stop codons in almost every case, likely leading to nonsense-mediated decay of the 

transcripts (Figure 2-2C). The mutation isolated from individual A6-17 has a 16 bp insertion, 

including insertion of an in-frame premature stop codon (Figure 2-2Ci, red box). The predicted 

full -length coding DNA sequence (CDS) of Of-w is 2,052 bp; the A6-17 allele encodes a stop 

codon at nucleotide position 132, or 6% wild-type CDS length. The mutant allele isolated from 

individual A12-10 has a 15 bp insertion coupled with a 1 bp deletion, resulting in a stop codon at 

13% wild-type CDS length. The B4-4 mutation has a 7 bp deletion and a stop codon at 15% wild-

type CDS length. The B5-16 has 5 bp and 4 bp replacements upstream and downstream of the 

PAM site, respectively, along with a 21 bp deletion between the two replacements, which does not 

result in a frameshift. However, the second replacement disrupts the GT splice donor site.  

In sum, while germline mutation was clearly mosaic, we observed high rates of overall 

germline mutation with 14 of the 16 fertile G0 lines showing transmission of a mutant allele to at 

least one offspring. 
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2.4.4 Despite germline transmission, homozygous white hatchlings were not recovered 

To establish stable mutant lines, G1 individuals genotyped as heterozygous were crossed 

to each other.  Despite efforts to minimize off-target mutations, these are known to occur after 

CRISPR mutagenesis even after careful gRNA design (Aryal et al. 2018). Indeed, we observed 

phenotypes such as shortened antennae presumably resulting from off-target mutations over the 

course of this experiment (not shown). We therefore took advantage of the fact that any mutations 

present in our G1s were derived from one of two different gRNAs (A or B), allowing us to generate 

transheterozygous G2s. Assuming that any off-target mutations resulting from gRNA-A/Cas9 

would be different from off-target mutations resulting from gRNA-B/Cas9, we set up many A x B 

crosses presuming that off-target mutations would be complemented in their progeny. 

Given the G0 phenotypes we observed (Figure 2-5), we expected a quarter of these G2 

offspring to have a white eye, white body phenotype. From many crosses (total of 196), only wild-

type G2 hatchlings were recovered. As we have observed that first instars will cannibalize 

unhatched embryos, it seemed likely that if w-/- individuals were developmentally delayed, they 

would be especially vulnerable to predation by siblings. We therefore collected embryos from 

individual crosses every day to be able to monitor each clutch and remove any hatchlings as 

quickly as possible. From 21 of these crosses, we observed a similar aberrant pigmentation 

phenotype in ~ one fifth of offspring (mean = 20 ° 1.84 (SE)% across n = 21 crosses; 1,637 

embryos examined in total). These embryos appeared entirely translucent, with the exception of 

spots of orange pigment throughout the body (Figure 2-7D-F), while their wild-type siblings 

showed normal dispersion of pigment (Figure 2-7A-C). This lack of pigment dispersion could best 

be seen in the antennae (Figure 2-7C, F) and other appendages where the orange spots are 

concentrated in the center. Interestingly, a similar phenotype was not observed in the large w-/- 
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patches seen in some G0 somatic mutants (Figure 2-5B, C). Individuals with this óspottedô 

phenotype were also more fragile when handled compared to their wild-type siblings. This 

phenotype was observed in progeny of A x A, B x B, and A x B crosses, suggesting that it is not 

due to off-target mutations. As soon as this phenotype was visible, usually 2-3 days prior to the 

expected hatch date, w-/- embryos were separated from their wild-type siblings to ensure they 

would not be cannibalized; however none of the w-/- embryos ever hatched. We also observed a 

subset (mean = 17 ° 4.6 (SE)% across n = 21 crosses) of the G2 progeny which seemed to lack 

yolk and appeared flattened; these embryos completely failed to develop. In sum, mutation of white 

is homozygous lethal in Oncopeltus and results in a óspottedô pigmentation phenotype throughout 

the body.  

 

Figure 2-7. Nonviable Of-w homozygotes and RNAi knock-down embryos both display óspottedô 

phenotype.  

A-B) Wild-type phenotype, sibling of embryo shown in D-E; arrowhead indicates antenna; C) Last 

antennal segment of a wild-type individual; D-E) Of-w homozygous mutant phenotype, sibling of embryo 

in A-B; F) Last antennal segment of a  w-/- individual; G-I) gfp eRNAi negative control replicates wild-

type phenotype; J-L) Of-w eRNAi embryo phenocopies Of-w mutant; M-O) Of-w pRNAi embryo 

phenocopies Of-w mutant.   A, D, G, J, M) lateral view; B, E, H, K, N) dorsal view; C, F, I, L, O) Last 

antennal segment shows clusters of undispersed orange pigment in Of-w homozygous mutants (F) and 

after Of-w RNAi (L, O) compared to wild-type dispersion of pigments (C, I).  
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2.4.5 RNA interference produces phenocopies of Of-w homozygotes 

 Given that the lethality observed in the G2 homozygotes was unexpected, we were 

interested to see if this phenotype could have been predicted by RNAi and how well parental versus 

embryonic RNAi-treated individuals would phenocopy the mutant. We therefore injected embryos 

and adult females with w dsRNA (Figure 2-2A, orange bar) or gfp dsRNA as a control. Both 

embryonic RNAi and parental RNAi appeared to phenocopy the w-/- mutant equally well (Figure 

2-7J-O) compared to gfp controls (Figure 2-7G-I). The óspottedô phenotype can be easily seen 

through the chorion as early as a few days before the expected hatch date (7 days AEL), thus 

embryos were visually inspected at this time. Presence of eye spots and wild-type dispersion of 

pigment throughout the body was scored as wild-type, presence of at least one eye spot and mosaic 

óspottedô pigmentation was scored as a partial w-/-  phenocopy, and loss of both eyespots and 

óspottedô pigmentation throughout the body was scored as a complete w-/- phenocopy. An average 

of 97 ° 0.64 (SD)% of Of-w pRNAi offspring (n = 3 replicates, 176 embryos examined) 

phenocopied the Of-w homozygotes, compared to 0% of the offspring from the gfp dsRNA-

injected controls (n = 4 replicates, 175 embryos examined). Similarly, 96.7 ° 3.1 (SD)% of w 

dsRNA-injected embryos (n = 2 replicates, 289 embryos examined) phenocopied the mutant, while 

an average of 2.3 ° 1.7 (SD)% displayed a partial phenocopy, compared to 0% of gfp dsRNA-

injected control embryos (n = 2 replicates, 163 embryos examined).  

 

2.5 Discussion 

 Here we have shown that CRISPR/Cas9 is highly effective in the milkweed bug Oncopeltus 

fasciatus and that, unlike many other insect species in which stable white mutant lines have been 

generated (Morgan 1910; Grubbs et al. 2015; Li et al. 2018; Xue et al. 2018; Ohde et al. 2018), 
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Of-w mutations are homozygous lethal. Nonetheless, the observed efficiency of this mutagenesis 

system indicates that creating lines with visible mutations is feasible, once an appropriate 

candidate gene is identified. This essential role of white in Oncopeltus viability was not predicted 

by previous RNAi experiments targeting Of-w in Oncopeltus nymphs and adults ((Liu 2016); A. 

Popadiĺ, personal communication), emphasizing the importance of testing gene function at every 

developmental stage by RNAi before proceeding to CRISPR/Cas9 mutagenesis.  

 While RNAi is known to be effective and has been widely used to knock down gene 

function in Oncopeltus, the Of-w mutation reported here is, to our knowledge, the first targeted 

gene knockout in this species. This allows us to directly compare RNAi knockdown to a loss-of-

function genetic mutation. Our results showed that both parental and embryonic RNAi replicated 

the mutant phenotype, suggesting that RNAi is likely sufficient in many cases to produce mutant 

phenocopies. However, it has also been observed that RNAi phenotypes can be variable, and may 

depend on the length or amount of the dsRNA injected, the region targeted, or the amount of time 

since injection (Liu and Kaufman 2004b, 2005b). In these cases and others in which low protein 

concentrations may be sufficient for wild type function, or when a stable mutant line is desirable, 

CRISPR/Cas9 is an effective alternative strategy. 

 Due to the lack of definitive órulesô for gRNA design, it is often recommended to test the 

efficiency of several gRNAs per target to optimize mutagenesis. Our results demonstrate the 

additional benefit of testing multiple gRNAs, particularly in non-model species with fairly long 

generation times. Of the three gRNAs we tested, all produced mosaic phenotypes; this allowed us 

to cross lines derived from different gRNAs, producing transheterozygotes whose phenotypes 

cannot likely be attributed to off-target mutations. If using only one gRNA, off-target mutations 

can be purged from a line by outcrossing for some number of generations; in species with short 
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generation times, this is a feasible approach. However, even in species with only moderate-length 

generations like Oncopeltus, the ability to observe the mutant phenotypes reasonably quickly 

(within two generations) is a great advantage. 

Despite the high efficiency of mutagenesis in Oncopeltus, there are a few challenges 

specific to this species relative to some other lab models. First, Oncopeltus take ~six weeks to 

mature from embryo to reproductive adult at 25.̄ Thus the time between embryo injection to 

analysis of G2 phenotype was ~120 days at our rearing conditions (~23-26̄ ), though time could 

be saved by maintaining bugs at slightly higher temperatures. A second challenge that remains for 

CRISPR/Cas9 mutagenesis in Oncopeltus is the frequency of cannibalism among hatchlings. 

When performing parental RNAi, we have found that at high enough dsRNA concentrations, all 

embryos within a single clutch typically share a similar phenotype. For instance, in the case of Of-

w pRNAi, all embryos within a clutch failed to hatch. However, when crossing heterozygous 

mutants, only a fraction of the progeny are expected to display a given phenotype. If this phenotype 

involves lethality or developmental delay, the homozygous mutant embryos will likely be 

cannibalized by their non-homozygous siblings if not kept separate. Separating the homozygous 

embryos within each clutch once the phenotype becomes visible is time-intensive and may not be 

possible if the associated phenotype is not visibly apparent.  

Lastly, while lethality due to Of-w mutation was not expected, it is not wholly 

unprecedented. (Khan et al. 2017) showed that in the moth Helicoverpa armigera, loss-of-function 

mutations of white are also homozygous lethal. In Tribolium castaneum, an RNAi screen of ABC 

transporters showed that knockdown of another member of the G subfamily (which includes 

white), Tc-ABCG-4C, resulted in embryonic mortality and a decrease in lipid transport to the 

epicuticle and elsewhere in injected larvae (Broehan et al. 2013).  In the heteropteran Lygus 
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hesperus (family: Miridae), knockdown of white by RNAi resulted in cuticular and behavioral 

defects. Yet in another more distantly related hemipteran, Nilaparvata lugens (family: 

Delphacidae), CRISPR/Cas9-induced mutation resulted in viable white mutants (Xue et al. 2018). 

It is interesting to note that even in Drosophila, mutation of white is not without fitness 

consequences. (Xiao et al. 2017) showed that white is involved in mating success, in a manner 

independent of its role in eye pigmentation. White-eyed flies with a mutant copy of white showed 

reduced mating success compared to wild-type flies, while white-eyed flies with a wild-type copy 

of white (w+; cn, bw) showed no such decrease.   

Although generating a white-eyed Oncopeltus strain may not be as simple as mutating one 

gene, it is certainly possible. Indeed, when mutants heterozygous at the aforementioned re and wb 

loci were crossed, the re-/- ; wb-/- offspring had white eyes (Lawrence 1970). Thus, instead of 

knocking out white, which is critical to both the ommochrome and pteridine pathways, the situation 

in Oncopeltus is likely similar to that in Helicoverpa armigera. In this species, a white mutation 

was likewise found to be homozygous lethal (Khan et al. 2017). However, white-eyed moths were 

produced when individuals were homozygous for mutations at the ok (brown paralog, thus likely 

part of the pteridine pathway, responsible for production of red pigments) and scarlet (of the 

ommochrome pathway, responsible for production of brown pigments) loci. Thus a potential 

strategy could be to generate two similar knockouts to disrupt both ommochrome and pteridine 

pathways in Oncopeltus after first investigating gene function by RNAi to rule out lethality or 

other unexpected phenotypes. The present study shows not only the efficiency of both CRISPR 

mutagenesis and RNAi in Oncopeltus, but also how these techniques complement each other in a 

non-model species. Particularly when gene function cannot be directly inferred from those of 

homologous genes in other species, these two approaches work well in concert.  
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Alternatively, one could avoid assumptions of functional conservation altogether; the 

efficiency of CRISPR/Cas9-induced mutation presented here suggest that homology-directed 

repair events may likewise be a viable strategy in this species. Rather than generating loss-of-

function mutations, one could insert epitope tags for immunoprecipitation or insert a visible (i.e., 

fluorescent) tag to a gene of interest. The numerous ways in which visible markers have 

empowered other genetic model systems affirm the advantage of producing visible mutations. Our 

studies showed that Oncopeltus CRISPR/Cas9 efficiency is often high enough to produce biallelic 

mutations in injected individuals, greatly aiding selection of individuals and providing immediate 

evidence of mutation. Thus, testing of a number of candidate genes is feasible and could lead to 

the identification of multiple markers useful in this model system. 
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Chapter 3. Genome editing of the vermilion locus generates a visible eye 

color marker for Oncopeltus fasciatus 
 

This research presented in this chapter was a collaborative effort between myself and Minh 

Lê. It was published in 2023 in Scientific Reports, volume 13, article number 4188. Additionally, 

I will present some follow-up work in this chapterôs addendum which was not included in that 

publication. The addendum describes two attempts to rescue one of the Of-vermilion mutations 

described in this chapter; this project entailed a lot of screening for eye color rescue and an 

undergraduate student, Abigail Heath, helped with the screening in the first rescue experiment. 

 
3.1 Abstract 

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 after 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. 
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fasciatus body color.  Our studies generated the first gene-based visible marker for O. fasciatus 

and expanded the genetic toolkit for this model system.  

 

3.2 Introduction  

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 holometabolous insects, the order Hemiptera comprises >80,000 described 

species (Stork 2018) that share a piercing-sucking mode of feeding but which are otherwise 

enormously diverse (reviewed in (Panfilio and Angelini 2018; Jockusch and Fisher 2021)).  This 

order includes agricultural pests such as aphids and harlequin bugs, nuisance pests of humans such 

as bed bugs and stink bugs, and vectors of serious human disease, such as kissing bugs, which 

transmit Chagas disease (Nunes-da-Fonseca et al. 2017; Pacheco et al. 2022).  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 mutagenesis (Hughes and Kaufman 2000; Chipman 2017; 

Panfilio et al. 2019b; Reding and Pick 2020).  However, lacking for this species and Hemiptera 

more broadly are visible markers that are needed to pursue more rigorous genetic studies. 
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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 isolation and maintenance of mutant lines. This was exploited 

in the early 1900s to launch the field of Drosophila genetics (Morgan 1910; Sturtevant 1932). At 

that time, studies of eye color mutants from several different insect species contributed to the ñone 

gene-one enzyme hypothesisò and established an ordered biochemical pathway involved in 

synthesis of insect pigments (Beadle and Ephrussi 1936a; b, 1937; Ephrussi and Beadle 1937a; b; 

Ephrussi 1942). Body color in some insects is based on melanin (reviewed in (Popadiĺ and 

Tsitlakidou 2021)).  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 ï wing, 

based on their first identification from the orange, yellow and white colors in the wings of Pieridae 

butterflies (see (Ziegler and Harmsen 1970)), 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 in (Kikkawa 1941; Summers et al. 1982)).  Biosynthetic 

pathways leading to ommochrome pigments include products of the karmoisin (kar), vermilion 

(v), cinnabar (cn) and cardinal (cd) genes (Sullivan et al. 1973; Ryall and Howells 1974; Howells 

et al. 1977) (recently reviewed (Figon and Casas 2019)), 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 

colors (Ziegler and Harmsen 1970; Reaume et al. 1991) (recent review (Kim et al. 2013a)). For 
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each pathway, specific transporters are required for pigment deposition (Ewart and Howells 1998). 

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 transport (Mount 1987; Dreesen 

et al. 1988; Tearle et al. 1989; Pepling and Mount 1990; Mackenzie et al. 1999; Dermauw and 

Van Leeuwen 2014). 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 skin (Wang et al. 2013). 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 in (Ziegler and Harmsen 1970; Liu et al. 2016)) 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 & Hull (2019) combined gene expression analysis 

and RNAi to document the roles of five ommochrome pathway genes in eye color development in 

Lygus  hesperus (Lh) (Brent and Hull 2019).  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 cuticles. 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 adults (Heu et al. 2022). 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 color (Xue et al. 2018). Orthologs of ABC transporter genes w, st and 
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ok as well as ommochrome pathway member cn were identified in the kissing bug Rhodnius 

prolixus (Rpro), and their roles in pigmentation tested with RNAi (Berni et al. 2022).  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 for Rpro-st in 

ommochrome deposition in eyes, 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 species (Vargas-Lowman et al. 2019) 

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 pigmentation (Abbott 1968; Smissman and Orme 1969; Lawrence 1970).  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 pteridines in 

the body; while no pigment analysis was performed on these mutants, they likely lacked 
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erythropterin, as levels of this pigment were elsewhere found to coincide with the reddening of the 

body during embryogenesis (Forrest et al. 1966). 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 epidermis (Shelton and 

Lawerence 1974). After transplanting eye-proximal epidermal tissue from wild type nymphs into 

the corresponding region 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 Liu (Liu 2016).  

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 

somewhat to body pigmentation.  This gene likely encodes a protein involved in intracellular 

pigment trafficking and, accordingly, knockdown impacted both ommochrome and pteridine 

pathways (Francescutti et al. 2022).  

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 marker (Green 2010). While that approach 
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established CRISPR/Cas9 mutagenesis for O. fasciatus, we were surprised to find lethality in 

animals homozygous for white null alleles, although w had been shown to be required for viability 

in the moth Helicoverpa armigera (Khan et al. 2017) and more recently in L. hesperus (Heu et al. 

2022).  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 color (Liu 2016; Francescutti et al. 2022) 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. 

 

3.3 Materials and methods 

3.3.1 O. fasciatus rearing 

An O. fasciatus wild type population was maintained at room temperature (23-24°C) in 

clear plastic storage containers (15.25x11x11 inch) and exposed to a 16h:8h light:dark cycle. All 

RNAi experiments were performed at 25°C. As described in the Results, subpopulations were 

briefly maintained at 29°C and 75% relative humidity, which appeared to promote disease. 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 described (Reding and Pick 2020) or using one gallon 

plastic storage containers.  

 

 

 



  

  79 

 

3.3.2 Gene isolation 

To identify the O. fasciatus ortholog of v, a BLAST search against the O. fasciatus official 

gene set (OGS) (Panfilio et al. 2019b) 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 the 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 input into BLAST using 

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 modelsðOFAS027123 and OFAS013815ðclustering 

with other insect xdh/ry orthologs, whereas the remaining O. fasciatus gene models clustered with 

Dmel-aox, which was included in the analysis an outgroup, suggesting that there are two Of-xdh 

paralogs. The O. fasciatus orthologs of st, ok1, and ok2 were analyzed previously (Reding and 

Pick 2020). Primers to all sequences were designed based on O. fasciatus genome sequence (see 

Appendix B). 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 (Figure 

3-2), 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.  
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Figure 3-1. Phylogenetic trees of v and xdh orthologs  

Phylogenetic trees of A) vermilion orthologs and B) xdh/ry-related genes. Posterior probabilities are 

displayed at tree nodes. A) OFAS025214 is most closely related to another heteropteran v ortholog, 

which in turn forms a clade with other insect v genes. B) OFAS027123 and OFAS013815 cluster with 

other insect xdh orthologs, suggesting they are both xdh orthologs. 

 

3.3.3 Phylogenetic analysis  

To construct gene trees, amino acid sequences were aligned in MUSCLE58followed by 

phylogenetic inference using MrBayes 3.1.1 (Ronquist and Huelsenbeck 2003) within the TOPALi 

v2.5 framework (Milne et al. 2009) with the following parameters: runs = 2, generations = 100000, 

sample freq. = 10, burnin= 25%. Tree formatting was done in MEGA X 10.1.6 (Kumar et al. 2018). 

 

3.3.4 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 
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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 each 5ô 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 ethanol 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, Figure 3-2). All 

primer sequences are listed in Appendix B.   

 

 

Figure 3-2. Gene diagrams 

Exons of coding DNA sequence are shown in dark blue. Fragments used to synthesize dsRNAs are shown 

below the exons, in black. In all cases except Of-v, two non-overlapping dsRNAsðA and Bðwere used 

per gene. Regions shown in gray below the exons are fragments that were Sanger sequenced in the course 

of this study. A) Of-v, with partial 5ôUTR shown in the first exon in light gray. The gRNA target site is 

in the second exon (arrowhead). B) Of-xdh2, C) Of-xdh1, D) Of-ok1, E) Of-ok2, F) Of-st. 
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3.3.5 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 ul 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 uM of each 

dsRNA (dsRNA A, Figure S2) or 5 uM of each dsRNA (dsRNA B, Figure 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 
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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 ñanalyzerò) 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 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.  

 

3.3.6 Nymphal RNA interference (nRNAi) 

For nRNAi, 4th instar nymph injections were performed as described above for pRNAi, 

except that only 1 ul of the 5 uM 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.  

 

3.3.7 CRISPR/Cas9 mutagenesis of Of-vermilion 

The Of-v exon 2 sequence was submitted to CHOPCHOP62 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.crisprflydesign.org/grnatranscription/. Briefly, the 

gRNA sequence was introduced using primer 24, which was used with primer 23 to amplify a 

https://www.crisprflydesign.org/grnatranscription/
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gRNA scaffold sequence in plasmid pCFD3 (Port et al. 2014b) 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/ul Of-v gRNA, 

300 ng/ul 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 collected 

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 ~3-7 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.  

 

3.3.8 Heteroduplex mobility assay 

When sampling 5th instar or adult bugs, genomic DNA was prepared as described in (Gloor 

and Engels 1991), except that a single mesothoracic leg was used instead of whole individuals and 

only 25 ul 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 ul 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 methods (Bhattacharya and Van 

Meir 2019; Reding and Pick 2020). 
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3.3.9 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 ï presumably 

homozygous for Of-v mutation ï 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 

(Figure 3-7i). A heteroduplex mobility assay was performed on embryos from the offspring of 

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 Figure 3-6B. To characterize each lineôs 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.  

 

3.3.10 Second Of-v CRISPR experiment 

Wild type embryos were injected with 300 ng/ul Cas9 protein (PNA Bio), 500 ng/ul 

pBac[3xP3-EGFP;Tc'hsp5'-Gal4Delta-3'UTR] (Addgene #86449), 80 ng/ul of the Of-v gRNA 

described above (see ñCRISPR/Cas9 mutagenesis of Of-vermilionò), and 80 ng/ul 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 (Appendix B) were used to amplify the gRNA template. The AmpR 
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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 mothers, and thus are not informative of v mutations that may have occurred in the paternal 

germline. Germline mutation rate for male G0s was calculated as the number of v female G1s / 

(total G1s ï v male G1s); for G0 females the calculation was v G1s / total G1s. 

 

 

3.4 Results 

 

3.4.1 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 genome (Reding and Pick 2020). Since the ok subfamily 

of ABC transporter-encoding genes is most closely related to the brown subfamily (Wang et al. 

2013), 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 pigmentation, 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 
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was observed compared to gfp controls (Figure 3-3 A-B). Following Of-ok2 pRNAi, very few 

embryos hatched despite appearing fully developed. Only 0.87% of embryos hatched following 

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 3-1). Co-injection of both Of-ok1 and Of-ok2 dsRNA produced intermediate hatch rates 

(Table 3-1), but no change in coloration of hatched nymphs was observed.  Furthermore, nRNAi 

knockdown of Of-ok1 on 4th instar nymph yielded no discernible change in eye or body coloration 

in either 5th instar nymphs or adults (Figure 3-3G) compared to gfp dsRNA-injected controls 

(Figure 3-3F). 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. 

Table 3-1. Summary of hatch rates observed in pRNAi experiments. 

 

Gene(s) 

 

dsRNA 

 

dsRNA concentration 

(uM) 

 

 

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 
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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 

 

3.4.2 xdh1 contributes to body pigmentation in O. fasciatus  

In Drosophila, rosy (ry) mutants display dark red eyes (Reaume et al. 1991) resulting from 

mutation of the xanthine dehydrogenase gene, a component of the pteridine pathway. 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 (Figure 3-1) revealed two 

orthologs of Dmel-ry, which we refer to as Of-xdh1 (OFAS027123) and Of-xdh2 (OFAS013815) 

(Figure 3-1, 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 (Figure 3-3A,C). This difference was most discernible by the 2nd instar (Figure 3-3Cii), likely 

because the compaction of the body in newly hatched 1st instar nymphs obscures slight differences 

in pigmentation (Figure 3-3Ci). The body color change persisted through the third and fourth 

nymphal instars (Figure 3-3Ciii -iv). 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 (Figure 3-3D). Simultaneous knockdown of both Of-

xdh1 and Of-xdh2 resulted in nymphs with yellow-orange coloration indistinguishable from the 

Of-xdh1 single knockdown (Figure 3-3E).  The yellow-orange phenotype observed after Of-xdh1 

pRNAi persisted from 1st to 4th instar (Figure 3-3c). However, some Of-xdh1 dsRNA-treated 
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nymphs appeared wild type by the fourth instar, indicating that the RNAi effect waned over time 

in some individuals. 

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 scored 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 in seen in wild type populations. Overall, these results 

demonstrate that Of-xdh1 is required for dark red pigments in the O. fasciatus body, consistent 

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.  
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Figure 3-3. 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-xdh 2, or (E) Of-xdh 1 and Of-xdh 2. Knockdown of Of-xdh 1 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).  

 

3.4.3 Of-v and Of-st are required for brown pigmentation in adult compound eyes 

We next investigated roles of genes expected to function in ommochrome pigmentation  

pathways. The tryptophan 2,3-dioxygenase-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 eyes (Liu 2016; 

Francescutti et al. 2022). We employed both pRNAi and nRNAi to assess the function of v and st 
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in O. fasciatus. Following pRNAi targeting 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 (Figure 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 (Figure 3-4Ei,Fi). The effect was 

even more pronounced after individuals molted to adulthood (Figure 3-4Eii, Fii). This partial 

change in eye color is attributed 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 3-1), making 

these genes good candidates for use as eye color markers in this species. 

 

 

Figure 3-4. 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 
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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). 

 

3.4.4 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. fasciatus (Reding and Pick 2020). We designed a single guide RNA (sgRNA) 

to direct Cas9 to a site within exon 2 of Of-v (Figure 3-6A 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 developmental 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 (Figure 3-5). 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 aeruginosa (Dorn 1976), 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.  
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Figure 3-5. Disease presentation in O. fasciatus population 

A) Individuals at different stages of disease. i) An infected individual showing signs of paralysis but not 

yet displaying spots of melanin; ii) An individual with many spots of melanin on the ventral side of the 

abdomen; iii) The entire body has darkened in an individual showing a more advanced stage of the 

disease. B) Close-up of individual shown in Aii. Arrowheads point to spots of melanin. C) Dead 

individuals found with blackened, distended abdomens. 

 

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 population, we were unable to tabulate the frequencies 

of G0 phenotypes. Rather, all G0s with a red-eyed mosaic phenotype were allowed to mate to each 

other, producing many red-eyed G1s, which were selected and maintained as a heteroallelic Of-v 

mutant population.  

 

3.4.5 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 
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(ñfounder crossesò, Figure 3-6B). 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 (Figure 3-6Bii). 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 (Figure 3-6Biii). All of these crosses produced both red- and black-eyed G4 male 

progeny (Figure 3-6Biv). 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 (Figure 3-6Bv).  

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 2 (Figure 3-6Aii, red dots; Figure 3-6C). 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 (Figure 3-6Ci). 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 

(Figure 3-6Cii). We also observed a single substitution in the intron preceding exon 2 in which a 
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guanine was present where a thymine was observed in 8/8 wild-type samples. As this locus is 61 

bp away from the expected DSB site, this difference most likely represents a polymorphism present  

 

Figure 3-6. 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 
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in the G0 individual before Cas9 cleavage. Allele v4 has a 6 bp (TC|TCC|T) insertion immediately 

before AA (Figure 3-6Ciii), resulting in a TAA stop codon at that site (Figure 3-6Ciii, red box). 

All sequences are listed in Appendix C.  

 

3.4.6 Scoring Of-v mutants for use as genetic tool 

All three Of-v mutant lines are viable and fertile, making 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 (Figure 3-7A), the Of-v lines are almost indistinguishable from wild type, though the 

body color of Of-v mutants is slightly lighter (Figure 3-7Ai, 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 (Figure 3-7Aiii -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 (Figure 3-7Biii) and Of-v mutant lines (Figure 3-7Biv-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 (Figure 3-7C-E). In 

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 a 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: v1, has a single nucleotide 

insertion at the predicted double-stranded break site (i), v3, which has a 10 bp deletion (ii), and v4, which 

has a 6 bp insertion. Insertions or deletions, blue. Reading frame, light gray boxes. Introduced stop 

codons, red boxes.  PAM site, underline.  
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adulthood, male and female Of-v mutants have bright red compound eyes in stark contrast to the 

black eyes of wild type adults (Figure 3-7F, 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 

community for transgenesis and other genetic manipulations. 

Table 3-2. 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 

 

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 mutation rates, we conducted a second round of Of-v 

CRISPR injections, making use of our new Of-v mutant lines for crosses (Figure 3-8). 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 
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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 3-

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.  

 

Figure 3-7. 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).   
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Figure 3-8. Second Of-v CRISPR 

A) Experimental workflow for second Of-v CRISPR/Cas9 injections. i.) A gRNA targeting Of-v and 

Cas9 protein were injected into wild-type embryos. ii.) Each G0 individual was phenotypically scored as 

wild-type, having one red eye, or two red eyes before being crossed to a v4 virgin of the opposite sex. 

iii.) All progeny were scored by eye-color phenotype and sex in order to calculate germline mutation 

rates. B) A phenotypically mosaic G0 individual with one red eye and one black eye.  

 

3.4.7 xdh1 knockdown in v3 mutant produces bright yellow body color 

Given that we observed a lighter body color after Of-xdh1 pRNAi (Figure 3-3C) and after 

Of-v mutation (Figure 3-7A-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 (Figure 3-9B), lighter than 

the v3 ; gfppRNAi controls (Figure 3-9A), and even lighter than the yellow-orange pigmentation 

observed after xdh1 pRNAi knockdown in a wild type background (compare to Figure 3-3C). Since 
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Of-v mutants do not synthesize ommochromes and thus have red eyes throughout the lifespan 

(Figure 3-7), 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 (Figure 3-9Bi) but was clear in 2nd instars (Figure 3-9Bii) and lasted 

until through the 4th instar (Figure 3-9Biv). 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. 

 

Figure 3-9. 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 (iô-ivô), body pigmentation was greatly reduced in Of-xdh1 treated individuals, 

resulting in a bright yellow color (Bi-iv).  
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3.5 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 particularly valuable, given the established efficacy the 3XP3 

synthetic enhancer-promoter construct, which can direct gene expression in eyes, across a range 

of phylogenetically diverse insects (Lorenzen et al. 2002b). 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 species (Kômoto et al. 2009; Kim et al. 2014). Based on our previous experience 

that loss-of-function mutation of Of-w results in lethality to homozygotes (Reding and Pick 2020), 

we pre-screened candidate genes by RNAi before performing CRISPR/Cas9 mutagenesis. Similar 

to previous work in O. fasciatus (Liu 2016) and R. prolixus (Berni et al. 2022), we did not observe 

roles for Of-ok paralogs in eye pigmentation, but also observed no change in body 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 
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translucent larval skin, 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 mutation, perhaps resulting from the inability to transport waste products 

like uric acid. Knockdown of Of-xdh1ðortholog of rosy, a gene required for pteridine pigment 

synthesis in Drosophilaðrevealed a subtle but consistent change in body color, with loss of red 

pigmentation, while no role was identified for Of-xdh2 (Figure 3-3). 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 (Figure 3-4). 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 (Figure 3-6,4), 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 (Figure 3-6). Thus, although the phenotype appears identical to that 

of Lawrenceôs re mutants, they are not allelic as re behaved as an autosomal recessive (Lawrence 

1970). We further made use of Of-v mutants to test the efficiency of CRISPR/Cas9 mutagenesis 

in this species, showing that bugs exhibiting mosaicism in G0 individuals had a 90% rate of 

germline transmission, making Of-v an excellent marker for co-CRISPR.  Finally, using RNAi to 

knockdown Of-xdh1 in Of-v homozygotes, we revealed a role for the ommochrome pathway in 

body coloration, as the body color of these double ñmutantsò was bright yellow (Figure 3-9), 

compared to the yellow-orange color of Of-xhd1RNAi animals (Figure 3-3). Of-xdh1 does not appear 
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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 color (Vargas-Lowman et al. 2019). Conversely, rosy plays 

roles in body and eye pigmentation in water striders (Vargas-Lowman et al. 2019), 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.    

 

3.6 Addendum: Attempts to rescue vermilion mutation by homology-directed repair 

Genomic double-stranded breaks (DSBs) can be repaired through two main pathways: the 

non-homologous end joining (NHEJ) pathway, in which the two genomic ends are ligated back 

together, often introducing insertions or deletions, and the homology-directed repair (HDR) 

pathway, which requires a DNA template, such as a sister chromatid or homologous chromosome, 

to fix the break. In the lab, an exogenous repair template can be supplied that contains regions 

homologous to the genomic target (homology arms) on either side of an intended edit, thus 

mimicking a homologous chromosome. If this donor molecule is used for templated repair, one 

can precisely edit the genome to make nearly any desired mutation, making the HDR pathway a 

powerful tool for functional genetics. However, HDR is limited to phases S and G2 of the cell 

cycle, thus NHEJ repair events are much more common. Since NHEJ events are more frequent 

and often result in frameshifting mutations, generating a null allele for a gene is fairly 

straightforward. In O. fasciatus, this has allowed us to make frameshifting alleles of white (Chapter 

2), vermilion (Chapter 3), Blimp1 (Chapter 4), and paired (Appendix J), allowing us to study these 

genesô functions in a rigorous manner. 



  

  104 

 

 Evaluating the efficiency of HDR and optimizing a protocol for achieving reproducible 

rates of HDR in O. fasciatus would greatly improve its standing as an emerging model organism, 

and allow us to perform many more types of genetic manipulations. NHEJ-induced mutations that 

produce homozygous lethal alleles require regular PCR screening to maintain, which limits the 

number of mutant lines any lab can keep and is a drain on time and resources. Hijacking the HDR 

pathway to insert exogenous DNA at any locus would allow us to disrupt a gene by inserting a 

dominant marker (see Dmel-Blimp1 mutation in Chapter 4). As we lack balancer chromosomes in 

O. fasciatus, maintenance of homozygous lethal alleles would still require regular screening, but 

these could be visual screens (such as by eye color or fluorescence) rather than molecular. The 

functions of protein domains could be studied by making precise edits at the encoding genomic 

locus without entirely disrupting gene function. Genes could be tagged with MS2 stem loops or 

fluorescent protein-encoding sequences for in vivo tracking of RNA and protein, respectively, or 

tagged with an epitope-encoding sequence for immunoprecipitation or antibody staining. An attP 

site could be inserted in the genome to allow PhiC31 integrase-mediated insertion of transgenes. 

These and many other genetic manipulations would become possible if we can achieve detectable 

rates of HDR from an exogenous donor.  

 Although HDR with exogenous templates is trivial in the insect model Drosophila, 

examples of successful HDR in non-model insects are scant. Furthermore, since screening for 

germline HDR edits should be done during the G1 generation, the time and rearing effort required 

in a single HDR attempt can be immense. Thus there are no studies in which parameters for 

consistent HDR have been systematically tested in non-model insects, and comparisons of HDR 

rates from different papers is nearly impossible, as the methods vary with respect to species used, 

locus targeted, type of donor molecule (including a number of variable parameters here, such as 
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homology arm length or DNA modification), type of edit, and crossing scheme (in some studies 

not all G0s are crossed, in others G0s are crossed to each other, and for some species single crosses 

cannot be performed at all). Furthermore, there is no standardized way to report HDR success 

rates; the fraction of G0s that give rise to progeny with the HDR allele may be reported, the total 

fraction of all G1s with the HDR allele, or some variation. The goal of most researchers is not the 

HDR-dependent edit per se, but rather to use an HDR-dependent edit for functional study, thus 

many basic statistics and technical details regarding troubleshooting and protocol optimization go 

unreported.  

 In one study in Tribolium, a plasmid HDR donor encoding a dominant fluorescent marker 

was inserted at two genomic loci with similar efficiency (0.5% and 0.6% of G0s yielded 

fluorescent progeny in two separate experiments) (Rylee et al. 2018). In another, 0-10% of G0 

crosses yielded progeny with a dominant marker that had been inserted by HDR using a plasmid 

donor (Gilles et al. 2015). The use of plasmid donors over other donor molecule types may be 

largely influenced by training in Drosophila, where this is a common and effective delivery 

method for knock-in fragments. However, there is some evidence that single-stranded 

oligonucleotide (ssODN) donors may result in higher HDR rates than double-stranded donors 

(Dokshin et al. 2018; Han et al. 2023). A major disadvantage of ssODN donors is that they are 

limited in length to about 200 nt by the most common commercial synthesis methods, so they are 

only appropriate for smaller edits. Reports of successful HDR using ssODN donors are more 

abundant than those using plasmid donors, but it is difficult to parse whether this difference is due 

to donor molecule type or size of the intended edit.  

 In Bactrocerca tryoni (Diptera: Tephritidae), using a ssODN donor yielded 15% (18/120) 

of G1s with the desired single base substitution in the shibire gene (Choo et al. 2020). In another 
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tephritid, Ceratitis capitata, a ssODN was used to change an eGFP allele to BFP by making three 

point mutations; in two separate experiments 16% and 66% of G1s had the edited, BFP allele 

(Aumann et al. 2018). ssODNs have also been successfully used in several lepidopterans including 

Plodia interpunctella (Heryanto et al. 2022), Helicoverpa armigera (Wang et al. 2017), and 

Plutella xylostella (Wang et al. 2020) to make small edits.  

 The Of-v mutations described in this chapter present an excellent opportunity to assess the 

efficiency of HDR from an exogenous repair template in O. fasciatus, as we can attempt to rescue 

the Of-v mutant phenotype by repairing an Of-v null allele and restoring wild type function. HDR 

repair events can be easily screened by eye color. Furthermore, we can expect heterozygotes with 

one copy of the repaired allele to exhibit dominant eye color rescue, i.e., restoration of brown 

pigments to the eyes, thus successful repair events should be evident in the G1 generation.  

 The Of-v3 genotype will serve as the genetic background for all experiments described here. 

This allele has a 10 bp deletion compared to the wild type allele (Figure 3-10A, ñv3ò), so a 

reversion allele (Of-v3_rev) was constructed that contains a 10 bp insertion relative to the Of-v3 allele 

(Figure 3-10A, ñv3_revò). Compared to the wild type allele (Figure 3-10A, ñWTò), Of-v3_rev has 

three synonymous substitutions (Figure 3-10Aii, boxes) which allow us to differentiate it from the 

wild type allele and thus exclude the possibility of contamination by wild type bugs if black-eyed 

G1s are found. Here we describe our attempts to repair the Of-v3 allele by supplying the Of-v3_rev 

allele in a homology-directed repair template, in the first experiment as a double-stranded DNA 

plasmid and in the second as an ssODN.  

 

3.6.1 Materials and methods 

3.6.1.1 Preparation of Of-v3_rev repair templates 
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 The Of-v3_rev plasmid HDR template was Gibson-assembled  (HiFi Master Mix, NEB) from 

two PCR products and SmaI-cut pUC19. Primers 33 and 35 were used to amplify a 1172 bp 

fragment and primers 34 and 36 were used to amplify a 1080 bp fragment from O. fasciatus gDNA. 

Primers 34 and 35 introduce the 10 bp deleted in the Of-v3 allele. Primer sequences are listed in 

Appendix B. Colonies were screened by restriction digest using HindIII and EcoRI. A midiprep 

derived from a positive colony was prepared using the Qiagen Midi Plus kit. The final repair 

template has 1172 bp and 1080 bp homology arms flanking the 10 bp insertion.  

 The Of-v3_rev ssODN (oligo 37, Appendix B) was ordered from Integrated DNA 

Technologies as an unmodified HDR donor oligo. This oligo is 200 nt long, contains the 10 bp 

missing in the Of-v3 allele, and 95 bp left and right homology arms.  

 

3.6.1.2 In vitro gRNA synthesis 

 Primers 32 and 23 were used to amplify plasmid pCFD3 (Port et al. 2014b), and 100 ng of 

PCR product was used as template to synthesize the gRNA in vitro with the Megascript T7 kit 

(Invitrogen). The RNA transcription reaction was allowed to proceed for 3 h at 37°C, followed by 

addition of TURBO DNase and further incubation for 15 min. The RNA was purified using the 

Monarch RNA Cleanup kit (NEB).  

 

3.6.1.3 Embryonic injections 

 Of-v3 embryos were collected over a Ò5.5 h period. All embryonic injections were 

performed as described in Chapter 2. For injection of the plasmid template, the injection mix 

contained 500 ng/uL of the Of-v3_rev plasmid template, along with 80 ng/uL of the Of-v3 gRNA and 

100 ng/uL Cas9 mRNA. The ssODN was injected at three different concentrations (1 ug/uL, 500 
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ng/uL, and 200 ng/uL) along with 100 ng/uL of the Of-v3 gRNA and 100 ng/uL Cas9 mRNA. All 

embryos were injected at 1-8.5 h AEL (slight differences are listed in Table 3-3).  

Table 3-3. Summary of experiments to rescue the v3 allele with v3_rev  

 

 HDR 

template 

type 

 

 

HDR 

templat

e conc 

(ng/uL) 

Conc 

v3 

gRNA 

(ng/u

L)  

Age 

injected 

Cas9 

mRNA 

conc 

(ng/uL) 

Number 

mosaic 

G0s 

G0s 

crosses 

set up 

G1 

rever

tants 

HDR 

events 

1 plasmid 500 80 1h 30min-

6h 43min 

100 0 100 0 0 

2 ssODN 1000 100 1h 17min-

6h 27min 

100 0 0 NA NA 

3 ssODN 500 100 1h 55min-

7h 42min 

100 1 100 0 0 

4 ssODN 200 100 2h 25min-

8h 13min 

100 9 34 4 0 

 

3.6.1.4 In vitro Cas9 cleavage assay  

 Exon 2 of Of-vermilion was PCR-amplified using primers 25 and 26 from 1) a wild type 

leg squish prep, 2) an Of-v3 leg squish prep, and 3) the Of-v3_rev plasmid (described above). Each 

PCR product was subjected to Cas9 cleavage in an in vitro reaction containing 60 ng each PCR 

product, 150 ng Cas9 protein (PNA Bio), and 100 ng Of-v3 gRNA in 1X NEB buffer 3.1. The 

cleavage reactions were incubated for 1 h at 37°C, followed by 10 min at 65°C. The cleavage 

products were then electrophoresed in a 1% agarose gel for visualization. 

 

3.6.2 Results 

3.6.2.1 No revertants were obtained using a dsDNA plasmid donor 

No evidence of somatic HDR events were apparent in individuals injected with the Of-

v3_rev HDR plasmid repair template, as all adult G0s had red eyes. Fifty female and fifty male G0s 

were crossed to v3 virgins, and their G1 progeny were CO2-anesthetized and their eye color 
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examined once they had reached the fifth instar or adulthood. In total, 8,120 G1s were screened 

and none displayed wild type eye color.  

 Due to the surprising lack of any HDR events, we wanted to ensure that 1) the Of-v3 gRNA 

was not capable of cleaving the v3_rev allele, which could allow indel-introducing NHEJ repairs 

after successful HDR events, and 2) that it was capable of cleaving the v3 allele with high 

efficiency. This gRNA should not allow Cas9 to cut the v3_rev allele, as this allele contains 10 bp 

between the target site and PAM site (Figure 3-10Ai).  

 To test this, we performed an in vitro cleavage assay in which PCR products from each of 

three alleles were subjected to cleavage by Cas9 protein and the Of-v3 gRNA. The v3 and wild type 

alleles were derived directly from the v3 and wild type lines, respectively, while the Of-v3_rev allele 

is an artificial allele derived from the Of-v3_rev plasmid repair template. Cleavage at the expected 

double-stranded break site in allele v3 would result in 398 bp and 173 bp cleavage products. The 

581 bp PCR products from the wild type and Of-v3_rev alleles remained fully intact (Figure 3-10B), 

while the PCR product from the v3 allele was clearly cleaved, resulting in cleavage products of the 

expected sizes and very little of the original 571 bp PCR product intact.  

 

3.6.2.2 Black-eyed G1s obtained using a single-stranded repair template were the result of 

NHEJ, not HDR 

Since we were unsure of the relationship between ssODN and toxicity to embryos, and a 

wide range of concentrations have been reportedly used in the literature (Wang et al. 2017, 2020; 

Aumann et al. 2018; Choo et al. 2020; Heryanto et al. 2022), we injected three concentrations of 

the Of-v3_rev ssODN (1000, 500, and 200 ng/uL). 77.1% of embryos injected with 200 ng/uL 

ssODN (n=389) and 64.5% of embryos injected with 500 ng/uL ssODN (n=394) hatched, while 
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only 2.3% (n=354) of embryos injected with 1000 ng/uL ssODN repair template hatched (Figure 

3-10C). All hatchlings were raised to adulthood, at which point their eye color was examined. One  

 

Figure 3-10. Using the Of-v3_rev allele to assess HDR efficiency in O. fasciatus  

Alignment of the minus or non-target strand (i) for the v3_rev, v3, and WT Of-v alleles, showing the v3 

gRNA spacer sequence (underlined), expected DSB site (arrowhead), and PAM site (red). Alignment of 

the plus or target strand (ii) displaying the substitutions in the v3_rev allele (boxes), coding for glutamine 

(red), lysine (blue), and cysteine (green). B) Gel results of an in vitro cleavage assay. PCR products from 

each of three alleles (WT, v3, and v3_rev) were subjected to in vitro cleavage by Cas9 protein and the v3 

gRNA. Only the v3 allele displays cleavage products (arrowheads). C) Hatch rates following injection of 

different concentrations of the ssODN v3_rev repair template. D) G0 individual that had been injected with 

500 ng/uL ssODN showed partial rescue of eye color in the left eye. E) G0 individual that had been 

injected with 200 ng/uL ssODN showed complete rescue of eye color in the right eye. D,E) Scale bar = 

500 um; F) Sanger DNA sequencing chromatogram of Of-v exon 2 from individual 128-1, a G1 with 

black eyes. Double peaks are expected around the DSB site (dashed line). Nucleotides above the peaks 

display which peaks are present at each locus. The v3 allele nucleotides are boxed; the unboxed 
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individual that had been injected with 500 ng/uL ssODN displayed clear mosaic rescue of the v3 

red eye phenotype, with a segment of the left eye displaying black-pigmented ommatidia (Figure 

3-10D). Nine individuals that had been injected with 200 ng/uL displayed a mosaic rescue 

phenotype, one of which displayed wild type pigmentation in the entire right eye (Figure 3-10E).  

100 crosses (50 male G0s, 50 female G0s) were initially set up with individuals obtained 

by injecting 500 ng/uL ssODN, but an additional 34 crosses (30 male G0s, 4 female G0s) were 

later set up with individuals injected with 200 ng/uL ssODN after it was apparent that somatic 

rescue of the eye color phenotype was more prevalent in the this group. Thus, in total 134 G0s 

were crossed; males were crossed to 1-2 v3 virgins and females to one v3 male. 32 G0s (23.9%) 

did not give rise to any offspring, either because they were sterile or died before reproducing. 

When G0s that did not produce offspring are excluded, female G0s produced a mean of 63.3 

offspring, while male G0s produced a mean of 83.4 offspring. A total of 7,745 G1s were screened 

by eye color, usually at the fifth instar. Only four of these, all females from G0 #128, had black 

eyes. All four black-eyed G1s were mated to v3 males, and each cross produced roughly half black-

eyed, half red-eyed offspring. Of-v exon 2 was amplified from gDNA isolated from one of these 

apparent G1 revertants (#128-1) and Sanger-sequenced. The rescue allele could be deduced by 

parsing the Sanger chromatogram double peaks and eliminating the expected nucleotide from the 

Of-v3 allele at each position (Figure 3-10F, dashed line indicates expected double-stranded break 

site). Although we expected to recover the Of-v3_rev allele, instead we found that 128-1ôs rescue 

allele has a 2 bp deletion relative to the v3 allele, and a 12 bp deletion relative to the wild type 

allele. There is also a 2 bp substitution downstream of the deletion. The additional 2 bp deleted in 

nucleotides thus belong to the 128-1 alternate allele. G) Alignment of the v3, WT, and 128-1 alternate 

alleles. v3 has a 10 bp deletion relative to the WT allele which results in a frame shift and premature stop 

codon (red box), and 128-1 has a 12 bp deletion relative to the WT allele, which restores the WT coding 

frame (light gray boxes). Asterisks below indicate bases shared by all alleles.  
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the 128-1 allele apparently repairs the frame shift of the v3 allele, restoring Of-Vermilion function 

and thus wild type eye color. Thus the 12 bp deletion and 2 bp substitution found in the 128-1 

allele do not appear to affect protein function. In conclusion, the only G1s with wild type eye color 

did not have the Of-v3_rev allele, and thus were not the result of an HDR event, but instead were the 

consequence of NHEJ-mediated repair that happened to shift the sequence back to the wild type 

reading frame. This unexpected result demonstrates how essential it is that suspected HDR events 

are confirmed by sequencing, particularly in this experimental setup where revertants are not 

necessarily the product of HDR events.  

 Interestingly, another six G1s were found to have one black eye and one red eye. Each of 

these G1s were derived from different G0 male crosses and therefore different repair events. 

Mosaic phenotypes at this generation are unexpected, as they depend on the CRISPR reagents 

themselves being transferred to the next generation. Indeed, it has been shown that sperm can take 

up exogenous nucleic acids and transfer these to oocytes in a process known as sperm-mediated 

gene transfer (Robinson et al. 2000; Sciamanna et al. 2019). Given that all CRISPR reagents in 

this experiment were supplied as nucleic acids, recovery of mosaic G1s from male G0 crosses may 

be evidence of this occurring in Oncopeltus. Five of the six mosaic G1s were crossed to v3 virgins, 

and all G2s from the four crosses that produced offspring were red-eyed, suggesting that the 

rescuing mutations present in the G1 individuals were strictly somatic. 

 

3.6.3 Factors affecting the success of HDR 

Here we have described two attempts to perform HDR in Oncopletus.  Our strategy was to 

rescue the Of-v3 allele by HDR using either dsDNA plasmid or ssODN templates containing the 

Of-v3_rev rescue allele. Both attempts proved unsuccessful, even after screening several thousand 
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G1s from ²100 G0 crosses in each experiment. In our second experiment using the ssODN 

template, G1s displaying black eyes were found to be the result of an NHEJ repair event that 

repaired the frameshift induced by the 10 bp deletion present in the Of-v3 allele. While 

disappointing, the presence of these black-eyed G1s confirms that the v3 allele is being cleaved in 

vivo, and is potentially helpful in establishing a background level of NHEJ-based rescue events to 

consider in future experiments. This finding also highlights the importance of not relying on 

phenotype when screening for HDR events. In our case, we risked counting false-positives as HDR 

events, but the opposite can also be true. Aumann et al. (2018) attempted to make three point 

mutations in eGFP in a transgenic eGFP-expressing line of C. capitata by HDR, which would 

convert this gene to BFP, thus making the flies fluoresce blue instead of green. Despite none of 

the flies fluorescing blue, after sequencing it was found that up to 66% of G1s carried the intended 

edits (Aumann et al. 2018).   

 Although each experiment described here takes several months to complete, limiting the 

number of parameters we can test and precluding the fine tuning of certain parameters, it will be 

advantageous in the long run to continue these attempts to rescue the v3 allele with the v3_rev allele 

to avoid confounding effects of genomic target and size of edit. Furthermore, as the only visible 

marker currently available, v rescue remains the only edit for which we have a clear expectation 

of phenotype. Below I will outline several parameters that could be tested in the future and our 

current understanding of how each of these may affect rates of HDR.  

 

3.6.3.1 Strand preference for ssDNA donors 

 

One factor that must be considered when using single-stranded DNA donors is strand 

choice. Double-stranded DNA donors by nature include both the strand complementary to the 
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target strand (the strand targeted and annealed by the gRNA) and the strand complementary to the 

non-target strand (the strand that contains the PAM sequence, NGG). When using single-stranded 

DNA, one must decide whether to use a donor complementary to the target strand or the non-target 

strand. Although strand performance has been tested in numerous studies using cell lines to 

optimize CRISPR/Cas9 design parameters, the results vary. Richardson et al. (2016) found that 

using a ssODN donor complementary to the non-target strand increased HDR efficiency, which 

they suggested was due to Cas9 releasing this strand first, thus leaving it more exposed (Richardson 

et al. 2016). Consistent with this, Liang et al. (2017) found that the strand complementary to the 

non-target strand slightly outperformed the strand complementary to the target strand in mediating 

HDR events (Liang et al. 2017). However, Paix et al. (2017) found that differences in strand 

performance were largely dependent on whether the insertion is upstream or downstream of the 

DSB site (Paix et al. 2017). In our attempt to rescue the Of-v3 allele using a single-stranded donor, 

we used a ssODN complementary to the non-target strand, and as our insertion site and expected 

DSB site are very close (6 bp away), the distance between these two sites is unlikely to be a major 

factor. While studies aiming to optimize various aspects of CRISPR/Cas9 experiment design in 

cell lines are certainly worth considering, it is unclear how well conclusions reached from cell 

culture will translate to CRISPR performance in whole organisms. Indeed, one study found that 

ssODN strand performance depended on the cell line used (Schubert et al. 2021).  

 

3.6.3.2 DNA modifications 

One of the more popular commercially available DNA modifications that has been found 

to improve rates of HDR efficiency is the addition of phosphorothioate bonds (Liang et al. 2017; 

Yu et al. 2020; Han et al. 2023), which protects the DNA from exonucleases. Ghanta et al. (2021) 
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found that addition of polyethylene glycol to the 5ô ends of DNA donor molecules increased HDR 

events in C. elegans, and that 5ô addition of a 2ô-O-methyl-RNA fused to polyethylene glycol 

dramatically improved rates of HDR in zebrafish and mice (Ghanta et al. 2021).  

 

3.6.3.3 Hybrid single-stranded, double-stranded donor molecules 

Han et al. (2023) proposed that single-stranded donors produce higher HDR rates because 

they allow one end of the genomic break to be repaired through the more efficient single-strand 

annealing pathway, as the 3ô end of the single-stranded donor molecule can simply anneal to the 

resected 3ô end of the genomic DNA (Han et al. 2023). The other side of the double-stranded 

genomic break must rely on strand invasion and the more typical HDR pathway. However, a 

double-stranded DNA donor must rely on this less efficient pathway to repair both sides of the 

double-stranded break. Thus while a single-stranded donor may allow more efficient repair than a 

double-stranded donor, they hypothesized that a hybrid double-stranded donor with single-

stranded 3ô overhangs (henceforth called a hybrid donor), might be more efficient than either, 

allowing both ends of the genomic break to be repaired through single-strand annealing.   

Indeed, in C. elegans, Dokshin et al. (2018) reported that hybrid donors made by denaturing 

and reannealing linear dsDNA donors with different homology arm lengths increased HDR rates 

compared to blunt-ended donors; however this comparison is complicated by the fact that their 

blunt-ended controls did not include any homology arms (Dokshin et al. 2018). Curiously, they 

later showed HDR rates were dramatically improved by using blunt-ended PCR product donors 

with 35 bp homology arms that had been denatured and reannealed, compared to those that had 

never been denatured (Ghanta and Mello 2020), possibly because imprecise annealing enhances 

uptake of donor molecules into the nucleus or DNA repair itself.  
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Han et al. (2023) tested hybrid donors that, importantly, were synthesized by exonuclease 

digestion rather than denaturation and reannealing of DNA, allowing us to better understand 

whether the hybrid nature of the donor molecule confers any advantage for HDR efficiency (Han 

et al. 2023). They showed that hybrid donors resulted in higher HDR rates than blunt-ended 

dsDNA donors at three genomic loci in four cell lines, but did not test these in animals. The highest 

HDR rates were seen with hybrid donors with a 10 nt 3ô overhang. Interestingly, double-stranded 

donors with single-stranded overhangs have also been reported to result in high knock-in rates in 

beetles (T. Nakamura, personal communication). 

 

3.6.3.4 Inhibition of NHEJ pathway components to increase likelihood of HDR 

 

Since HDR-mediated repair of double-stranded breaks occurs only during a fraction of the 

cell cycle, NHEJ-mediated DNA repair predominates. To increase the chances of HDR repair, 

many researchers have tested whether removal of components specific to the NHEJ repair 

pathwayðby mutation, RNAi knockdown, or chemical inhibitionðleads to increased rates of 

HDR.  

Mutation of Drosophila lig4, which encodes NHEJ pathway component DNA ligase IV, 

has been shown to improve rates of HDR (Beumer et al. 2008, 2013; Bozas et al. 2009). In the 

mosquito Aedes aegypti, a lig4 mutant line was generated using CRISPR/Cas9, but could not be 

maintained (Basu et al. 2015). As an alternative, Basu et al. (2015) opted to co-inject CRISPR 

reagents with double-stranded RNA (dsRNA) targeting Aaes-ku70 to achieve transient RNAi 

knockdown of this NHEJ pathway component. They assessed HDR frequency by injecting a donor 

plasmid with a transgene encoding a dominant fluorescent marker, which they co-injected with 

either ku70 or egfp dsRNA. They only recovered transgenic G1s when ku70 was knocked down, a 
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pattern that was repeated across many experiments including two genomic targets.  It is worth 

noting that in this study, tens of thousands of G1s were screened to recover only a handful (ranging 

between 5 to 37) transgenic G1s, suggesting that the scale of G1 screening we performed to 

identify potential v3 rescue events is not excessive. 

RNAi-mediated knockdown or mutation of several NHEJ pathway components, including 

lig4 and ku70, were found to increase HDR rates in a Bombyx mori (Lepidoptera: Bombycidae) 

cell line (Zhu et al. 2015). A B. mori ku70 mutant line was generated and found to be homozygous 

viable, but it is unclear whether ku70 knockout increased the frequency of HDR events (Ma et al. 

2014).  It has been shown that addition of Scr7, a chemical inhibitor of DNA ligase IV, can increase 

rates of HDR in human cell lines and mice (Maruyama et al. 2015). However, in Ceratitis capitata 

(Diptera: Tephriditae), co-injection of Scr7 did not confer any advantage (Aumann et al. 2018).    
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Chapter 4: Blimp1 is a pair-rule gene in the milkweed bug Oncopeltus 

fasciatus 
 

The work presented in this chapter was aided by a collaboration with Dr. Matthew Chung 

and Dr. Julie Dunning Hotopp at the University of Maryland School of Medicine, who performed 

the bioinformatic analyses. Scoring of partial segment fusions was aided by an undergraduate 

student, Abigail Heath.  

 

4.1 Introduction  

During the Drosophila screens for embryonic patterning mutants, a class of mutant 

phenotypes was discovered in which every other body segment was missing, suggesting that 

during segment formation, one of every two segment primordia is defined before individual 

segment boundaries form. Thus segmentation appeared to follow a ñpair ruleò. Most of the genes 

disrupted in these pair-rule (PR) mutants were later found to be expressed in the primordia of every 

other segmentðthe regions missing in the corresponding mutantsðthus displaying two-segment 

periodicity across the body axis. The existence of pair-rule genes (PRGs) was unexpected, and 

thus the question of how segmentation evolved to follow a pair rule in Drosophila has interested 

researchers since their discovery.  

The PRGs present a particularly interesting study system with regard to the evolution of 

segment patterning mechanisms in insects. Studies of the PRG orthologs in other insects have 

revealed a complicated picture. On one hand, unlike the Hox and segment polarity genes, which 

display conservation of both expression and function across the insect phylogeny (Patel et al. 

1989), the pair-rule genes appear to be less evolutionarily constrained. For example, the 

Drosophila PRG fushi tarazu (ftz) evolved from an ancestral Hox gene, and only at the base of the 

Holometabola acquired the domain that facilitates interaction with segmentation partner Ftz-F1 



  

  119 

 

(Heffer et al. 2010). In mosquitoes, the Drosophila PRG paired was lost altogether and its function 

replaced by close paralog gooseberry (Cheatle Jarvela et al. 2020). On the other hand, in many 

cases the same genes have been found to have PR function despite hundreds of millions of years 

of evolution. For example, the beetle Tribolium and Drosophila are not only distantly related, they 

also display entirely different modes of segmentation. In Drosophila, the segments across the 

anterior-posterior (AP) axis are patterned around the same time, the so-called simultaneous or 

long-germ mode of segmentation. In Tribolium, segment specification occurs sequentially, with 

anterior segments patterned first, and the remaining segments added from a posterior segment 

addition zone (SAZ), termed sequential or short-germ mode of segmentation (Davis and Patel 

2002; Liu and Kaufman 2005a). Yet when an unbiased approach was applied to discover 

segmentation genes in Tribolium by mutant screen, the two mutants displaying pair-rule (PR) 

segmentation defects (Maderspacher et al. 1998)ðscratchy and itchyðwere later found to have 

mutations in the orthologs of Drosophila PRGs paired and sloppy paired, respectively, likely 

responsible for the observed phenotypes (Choe and Brown 2007).  

In the sequentially segmenting milkweed bug Oncopeltus fasciatus (Hemiptera), the 

Drosophila PRG orthologs do not appear to be involved in a pair-rule-like patterning mechanism 

(Liu and Kaufman 2005b; Auman and Chipman 2018; Reding et al. 2019). Striped expression of 

most PRG orthologs in this species is consistent with every-segment, rather than every other 

segment, expression. Furthermore, knockdown failed to produce clear PR phenotypes, although it 

is possible that segmentation defects are obscured by earlier requirements for some of these genes 

in germband elongation, as has been found in beetles. Does a ñpair ruleò exist in Oncopeltus? 

Interestingly, E75A knockdown was found to produce pair-rule-like defects in this species 

(Erezyilmaz et al. 2009), and is expressed in alternate segment primordia in the blastoderm, when 



  

  120 

 

the mandibular through third thoracic segments are specified in Oncopeltus (Liu and Kaufman 

2004c). Oncopeltus is therefore a particularly interesting species in which to study pair-rule 

patterning, as the only pair-rule regulator identified to date (E75A) is not involved in segmentation 

in Drosophila. The combinatorial inputs of nine PRGs in Drosophila regulate downstream genes 

to spatially define the segment boundaries; it therefore seems unlikely that this complex process 

could be accomplished by a single gene and likely that additional PRGs remain to be characterized 

in Oncopeltus. Identifying other non-canonical segmentation genes (i.e., not required for 

segmentation of the Drosophila embryo) in Oncopeltus could help resolve questions about the 

existence of pair-rule patterning in more basally branching insect taxa, and could uncover an 

alternative gene network for generating segments according to a pair-rule in a sequentially 

segmenting species.  

Seeking an unbiased approach for Oncopeltus segmentation gene discovery, we produced 

transcriptomes from three stages during Oncopeltus embryogenesis. We have begun an in situ 

hybridization-based screen of transcription factor-encoding genes that are co-expressed with 

E75A. Here we show that one gene examined during this screen, B lymphocyte-induced maturation 

protein 1 (Of-Blimp1), displays PR-expression in the blastoderm and during much of germband 

elongation. We have investigated the function of Of-Blimp1 using RNAi, germline CRISPR, and 

somatic CRISPR, and find that phenotypes derived from all three functional perturbations are 

consistent with Blimp1 being a PR regulator of segment formation in Oncopeltus. Thus while the 

genes with PR function may be different, the ñpair ruleò appears to hold true as a mechanism of 

patterning the embryo in species as distantly related as Oncopeltus and Drosophila. 

In insects, Blimp1 has been shown to be involved in numerous developmental contexts, 

playing a role in pupation in Drosophila (Agawa et al. 2007; Akagi and Ueda 2011; Akagi et al. 
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2016; Aly et al. 2018) and Tribolium (Li et al. 2016), tracheal development in Drosophila (Ng et 

al. 2006; Öztürk-Çolak et al. 2018), wing development in Drosophila (Bunker et al. 2023) and 

Bombyx (Wu et al. 2019), corneal lens shape (Wang et al. 2022) and photoreceptor cell fate 

(Bunker et al. 2023) in the Drosophila eye, and primordial germ cell specification in Gryllus 

(Nakamura and Extavour 2016), but this is the first report to our knowledge of its involvement in 

segmentation of an insect embryo.  

 

4.2 Materials and methods 

4.2.1 Insect rearing 

Lab populations of Oncopeltus are maintained on a diet of water and raw organic sunflower 

seeds in 15.25 x 11 x 11 inch (wildtype or Of-v lines) or 11 x 7.5 x 5.5 inch (individual Of-Blimp1 

lines) plastic containers topped with mesh at 25ęC or room temperature (RT, ~22ęC). Drosophila 

were reared on a standard cornmeal, molasses, and yeast diet at 25ęC or RT. 

 

4.2.2 Oncopeltus embryonic transcriptomes, bioinformatics, WGCNA clustering 

Embryos were collected over 12 h periods at 26ęC and aged to 0-12, 24-36, or 48-60 h 

AEL. These developmental stages were chosen because they displayed clear changes in expression 

level of Of-E75A, with no expression detected at the first and third time points and high expression 

detected at the second time point, as determined by RT-PCR. Three replicates were collected per 

time point. ~100 uL embryos per replicate were frozen at -80ęC in 150 uL TRIzol until RNA 

extraction. RNA was extracted from TRIzol, then chloroform, and isopropanol-precipitated. RNA 

pellets were washed with 70% ethanol and dried in a SpeedVac, then resuspended in water. RNA 

quality was assessed using an Agilent 2100 bioanalyzer.  
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RNA libraries were prepared using NEBNext Ultra Directional RNA Library Prep Kit for 

Illumina (NEB) and 150 bp paired-end transcriptomes were sequenced using the Illumina 

HiSeq4000 system, carried out at the University of Maryland School of Medicineôs Institute for 

Genome Sciences. The Oncopeltus genome assembly was downloaded from the i5k workspace, 

which was indexed using Bowtie 2v2.2.9 (Langmead and Salzberg 2012). Transcriptome reads 

were aligned to the assembly using Tophatv2.1.1 (Kim et al. 2013b). HTSeq (Anders et al. 2015) 

was used to count reads overlapping with gene models in the Oncopeltus official gene set (OGS) 

v1.2.  

Raw counts were converted to transcripts per million (tpm) by normalizing counts by gene 

model length and then by sequencing depth. EdgeR was used to perform quasi-likelihood F-tests 

to identify differentially expressed genes (Robinson et al. 2010). P-values were adjusted using the 

BH method and the p-value cutoff was 0.05. Differentially expressed genes were sorted into 

clusters with highly correlated expression profiles by weighted correlation network analysis 

(WGCNA) using the WGCNA v1.69 R package (Langfelder and Horvath 2008). As an unsigned 

network was generated, negatively and positively correlated genes clustered together. To generate 

sub-clusters informed by the direction of the correlation, clusters were split by degree of 

correlation with the eigengene or inverse eigengene. Finally, transcription factor-encoding genes 

were selected from the sub-cluster containing E75A (brown_FALSE) using the list of gene models 

previously determined to encode transcription factors (Panfilio et al. 2019b) (Appendix D) . 

 

4.2.3 Embryo fixation and in situ hybridization 

Oncopeltus embryos were fixed as previously described (Erezyilmaz et al. 2009). Briefly, 

embryos were covered with Ó1.5 mL of water, submerged in a boiling water bath for 3 min, then 
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transferred to ice until cool. The water was replaced with 1 mL of 1:1 12% paraformaldehyde 

(PFA):heptane. The embryos were shaken on a rotating platform for 20 min at 300 rpm. The liquid 

was replaced with 1 mL of 1:1 methanol:heptane and the embryos were shaken manually for ~30 

s. Embryos were stored at -20ęC in methanol. After rehydration to PBST, chorions were manually 

removed. We found that germbands must be free of yolk to stain with INT/BCIP, so germband-

stage embryos were dissected away from the yolk at this time when performing a double in situ 

hybridization. Embryos were transferred back to methanol and stored at -20ęC. Drosophila 

embryos were fixed according to established protocols. 

Probe templates for E75A-coexpressed genes screened by in situ hybridization were PCR-

amplified from embryonic cDNA using the primers listed in Appendix E. All other primers are 

listed in Appendix F.  

Antisense RNA probes for in situ hybridization were generated in vitro using ~200 ng of a 

PCR-amplified probe template, digoxigenin or biotin RNA labeling mix (Roche), T7 RNA 

polymerase and buffer, and RNase inhibitor.  Reactions were incubated for Ó2 h, LiCl- and ethanol-

precipitated, washed with 70% ethanol, and resuspended in water. For in situ hybridization, 

embryos were rehydrated and rinsed several times in PBST. Oncopeltus embryos were washed in 

4% PFA for 1.5 h, Drosophila embryos for 30 min, followed by several PBST rinses. For 

Drosophila embryos, most of the PBST was removed and embryos were incubated at 95ęC for 5 

min; this step was not performed for Oncopeltus embryos. All remaining steps were the same for 

both species. The embryos were rinsed once in hybridization buffer (5X saline sodium citrate 

buffer (SSC), 50% (v/v) formamide, 0.05 mg/mL heparin, 0.05 mg/mL yeast tRNA, 0.1% (v/v) 

Tween-20), then incubated in hybridization buffer for at least 30 min at 65ęC.  The buffer was 

replaced with the probe, diluted in hybridization buffer and embryos were hybridized overnight at 
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65ęC. After probe removal, the following washes were performed for Ó20 min each: two washes 

in pre-warmed hybridization buffer at 65ęC, one wash in pre-warmed 2X SSC at 65ęC,  another in 

2X SSC at RT, and one wash in 0.2 SSCX at RT. All remaining washes were performed at RT. 

Embryos were rinsed several times in PBST, then incubated in 10% sheep serum diluted in PBST 

for Ó30 min. Embryos were incubated in 1:1600-1:2000 anti-digoxigenin antibody conjugated to 

alkaline phosphatase (AP) (Roche) diluted in 10% sheep serum for Ó1 h. Embryos were rinsed 

several times in PBST, and occasionally left in PBST overnight at 4ęC. Embryos were washed five 

times in PBST for Ó10 min each, then three times in fresh AP staining buffer  (0.1 M NaCl, 50 

mM MgCl2, 0.1 M Tris-HCl pH 9.5, 0.1% (v/v) Tween-20) for Ó5 min each. Embryos were stained 

in the dark with NBT/BCIP diluted in AP staining buffer. Oncopeltus embryos were often left 

overnight at RT to stain. After adequate stain had developed, embryos were rinsed several times 

in PBST, then in methanol and ethanol, and again in PBST.  

When performing a double in situ hybridization, most of the PBST was removed from the 

tubes and embryos were incubated at 70ęC for 30 min to inactivate the AP conjugated to the first 

antibody. Embryos were washed in 4% PFA for 20 min, in 10% sheep serum/PBST for Ó30 min, 

and in anti-biotin-AP antibody diluted 1:2000 in 10% sheep serum for Ó1 h. Embryos were washed 

five times in PBST for Ó10 min each, then three times in AP staining buffer for Ó5 min each. 

Embryos were stained overnight with INT/BCIP diluted in AP staining buffer.  

 

4.2.4 Embryonic RNAi  

dsRNA was synthesized using the Megascript T7 RNA transcription kit (Ambion). For Of-

Blimp1 dsRNA-1, the template was PCR-amplified from cDNA using primers ofas008150-FT7 

and ofas008150-RT7. For Of-Blimp1 dsRNA-2, the template was PCR-amplified from cDNA 
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using primers Of-Blimp-dsRNA2-FT7 and Of-Blimp-dsRNA2-RT7. For tGFP dsRNA, the 

template was PCR-amplified from plasmid pBac[3xP3-DsRed; UAS-Tcôhsp_p-tGFP-SV40] using 

primers turbo GFP 1R_T7_2 and T7-tGFP-F. Sense and antisense strands were synthesized 

simultaneously according to kit instructions, and strands were annealed by denaturing the RNA 

for 3 min at 95ęC, then slowly cooling to Ò40ęC. The RNA was LiCl- and ethanol-precipitated, 

washed with 70% ethanol, and resuspended in water. 

Embryos injected with dsRNA were fixed at 67-71.5 h AEL. Embryos were mounted on 

slides and photographed under 40.5X magnification using a Zeiss Discovery.V12 microscope and 

the length of each embryo was measured using the ZEN software. A Kruskal-Wallis test was used 

to compare the means between treatment groups, and a post-hoc pairwise Wilcoxon rank sums test 

was used to determine where significant differences lie between treatment groups. The Bonferroni 

method was used to adjust p-values for multiple comparisons.  

 

4.2.5 Ofas-Blimp1 genomic and cDNA sequence gap filling 

Blimp1 orthologs typically encode an intact PR/SET domain and five zinc fingers, however 

the OFAS008150 gene model was found to encode only a partial PR/SET domain and three zinc 

fingers. Furthermore, there are several large gaps in the genome assembly around OFAS008150, 

suggesting that several portions of the Of-Blimp1 CDS were not assembled. We observed several 

regions of high RNA-seq read coverage upstream and downstream of the gene model, and 

individual mapped reads suggested these were contiguous with portions of the gene model. We 

amplified 24-36 h AEL cDNA using primers Of-Blimp1-upstream-2 and Of-Blimp1-downstream-

2, yielding a 3.5 kb band which was inserted into pGEM-T-Easy (Promega). Although this 

fragment likely does not contain full-length UTRs, sequencing of this Of-Blimp1 cDNA (Appendix 
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G, ñOf-Blimp1_cDNAò) revealed a 2 kb open reading frame, encoding a complete PR/SET 

domain and five zinc fingers, and 1.4 kb of 3ô UTR. One exon annotated in the gene model 

immediately downstream of the partial PR/SET-domain-encoding region was not found in the 

product amplified. The exon preceding the first zinc finger-encoding region was longer than 

annotated in the gene model (Figure 4-6A, solid-outlined exons). Several exons are missing from 

the genome assembly altogether, which encode the C-terminal portion of the PR/SET domain, the 

first two zinc fingers, and the C-terminus (Figure 4-6A, dashed-outlined exons).  

 Since we planned to design gRNAs upstream of the zinc finger-encoding region, we 

wanted to be certain of the exon boundaries and genomic sequence in this region. We PCR-

amplified Oncopeltus gDNA using primers Of-Blimp-gDNAseq-F1 and Of-Blimp-gDNAseq-R2 

with Taq polymerase (NEB) which yielded a 2.3 kb band, which was inserted into pGEM-T-Easy 

(Promega) and sequenced (Appendix G, ñOfas-Blimp1_gDNAò). 

 

4.2.6 Design and in vitro synthesis of Of-Blimp1 gRNAs and Cas9 mRNA 

CHOPCHOP (Labun et al. 2019b) was used to find potential gRNA target sites within the 

two exons preceding the zinc finger-encoding region; suggested target sites were assessed for off-

target genomic matches by aligning them to the Oncopeltus genome assembly using BLASTn. 

One target site in each of the two exons with 40-60% GC content, low self-complementarity scores, 

and no predicted off-target matches was selected. The gRNA target sites were named A and B 

(Figure 4-3A, arrowheads). gRNAs were in vitro transcribed following the CRISPR Fly Design 

protocol (https://www.crisprflydesign.org/grnatranscription/). Oligonucleotides were designed for 

each gRNA sequence (Of-Blimp-gRNA-A, Of-Blimp-gRNA-B) which incorporated a T7 RNA 

polymerase promoter sequence at the 5ô end and a region annealing to the sgRNA scaffold 
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sequence at the 3ô end. Each oligo was used independently with gRNArev to PCR-amplify the 

gRNA scaffold sequence from plasmid pCFD3 (Port et al. 2014b). 100 ng of PCR product was 

supplied as template for in vitro RNA transcription using T7 polymerase (Megascript T7 kit). Each 

transcription reaction was incubated at 37°C for 3h, then for 15 min after addition of 2 uL of 

TURBO DNase I. Products were purified using the Monarch RNA Cleanup kit (NEB).  

The template for Cas9 RNA synthesis was PCR-amplified from plasmid MLM3613 

(Hwang et al. 2013), which contains the Streptococcus pyogenes Cas9 coding sequence, using Q5 

polymerase (NEB) with primers Cas9-mRNA-R and Cas9-mRNA-FT7, the latter of which has a 

T7 RNA polymerase promoter at the 5ô end. 250 ng of the PCR product was used as template in 

an in vitro RNA synthesis reaction using the HiScribe T7 ARCA mRNA With Tailing kit (NEB). 

The RNA synthesis and tailing reactions were performed following manufacturerôs instructions. 

The final polyadenylated mRNA was lithium chloride-precipitated, washed with 70% ethanol, and 

resuspended in water.  

 

4.2.7 Ofas-Blimp1 CRISPR/Cas9 injections, genotyping, and maintenance of lines 

~1-6 h after egg laying (AEL) wildtype embryos were injected with 100 ng/uL each of 

Cas9 mRNA, Of-Blimp1 gRNA A, and Of-Blimp1 gRNA B diluted in injection buffer (5 mM KCl, 

0.1 mM phosphate buffer pH 6.8). A single Ofas- v gRNA (100 ng/uL) (Reding et al. 2023) was 

also injected to allow for a co-CRISPR screening strategy. Embryo injection and post-injection 

care was performed as previously described (Chapter 1).  

To genotype adults, genomic DNA samples were prepared from G1s by clipping a single 

mesothoracic leg, then immersing and crushing it in squish buffer (10 mM Tris-HCl, pH 8.2, 1 

mM EDTA, 25 mM NaCl, 0.2 mg/mL proteinase K) (Gloor and Engels 1991), followed by 
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incubation at 37°C for 30 min and 95°C for 2 min. 1 uL of this gDNA preparation was used in one 

of three PCR reactions: PCR-A used primers Of-Blimp-screening-F1 and Of-Blimp-screening-R1, 

PCR-B used primers Of-Blimp-exon8-F and Of-Blimp-screening-R2, and PCR-AB used primers 

Of-Blimp-screening-F1 and Of-Blimp-screening-R2. Products from PCR-A and -B were subjected 

to a heteroduplex mobility assay (Bhattacharya and Van Meir 2019) using a 4-5% agarose gel, and 

heterozygotes were identified by the presence of heteroduplex bands. Once lines were established, 

primers Of-Blimp-screening-F1 and Of-Blimp-screening-R2 were used to amplify both gRNA 

target sites; PCR products were inserted into pGEM-T-Easy, and DNA from several colonies per 

line were sequenced. Sequences of all five alleles are listed in Appendix G. All five lines have 

been maintained for nine generations by genotyping virgin females in this manner, and outcrossing 

~10 heterozygotes from each line to wildtype males. 

To genotype individual embryos, 5 d AEL embryos were photographed and phenotyped, 

squished in 8 uL squish buffer, and the DNA was prepared and amplified as described above. Only 

individual embryos from lines Blimp140-3, Blimp122-12, and Blimp159-10 were genotyped in this 

manner as these Blimp1 alleles (Figure 4-3E) contain deletions large enough to allow the PCR 

bands derived from the Blimp1 mutant and wildtype alleles to be easily distinguished, permitting 

differentiation of homozygous Blimp1/Blimp1 and +/+ individuals (Figure 4-5D, samples 13 

versus 14).  

 

4.2.8 Ofas-Blimp1 CRISPR/Cas9 for somatic mutation 

Embryos were injected as described above with 100 ng/uL each of Of-Blimp1 gRNA A 

and Cas9 mRNA, Of-Blimp1 gRNA B and Cas9 mRNA, or Cas9 mRNA alone. To score segment 

fusions of pre-hatchling stage embryos, embryos were then heat-fixed after 7 d at 25°C by 
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submerging in a boiling water bath for 3 min and chorions were manually removed. To score 

segment fusions in germbands, embryos were incubated at 25°C until they reached 67-71 h AEL, 

when they were fixed according to the method described above (ñEmbryo fixationò).  

 

4.2.9 Dmel-Blimp1 CRISPR/Cas9 mutagenesis 

CRISPR/Cas9 was used to create a null Dmel-Blimp1 allele. Regions of 200 bp surrounding 

the start codon (A region) and stop codon (B region) were independently submitted to 

CHOPCHOP (Labun et al. 2019b) to find gRNA target sites. The gRNA template sequences were 

cloned into pCFD4 (Port et al. 2014b) using primers Dmel-Blimp-gRNA-F and Dmel-Blimp-

gRNA-R following the recommendations of CRISPR Fly Design 

(https://www.crisprflydesign.org/grna-expression-vectors/). Briefly, the pCFD4 plasmid was 

amplified using the aforementioned primers . The PCR product and BbsI-cut pCFD4 were gel-

extracted and Gibson-assembled using the HiFi Master Mix (NEB). The resulting plasmid encodes 

gRNA-A downstream of a U6-1 promoter, and gRNA-B downstream of a U6-3 promoter. A repair 

template to replace the Dmel-Blimp1 coding region with 3XP3>EGFP was constructed as follows: 

A 1097 bp homology arm upstream of the gRNA-A cut site was amplified from Drosophila gDNA 

using primers Dmel-Blimp-5-HDR-F and Dmel-Blimp-5-HDR-R, and a 942 bp homology arm 

downstream of the gRNA-B cut site was amplified using primers Dmel-Blimp-3-HDR-F and 

Dmel-Blimp-3-HDR-F. The 3XP3>EGFP construct was amplified from plasmid pbac[3xP3-

EGFP;Tcôhsp5ô-Gal4Delta-3ôUTR] (Addgene #86449) using primers Dmel-Blimp-HDR-insert-F 

and Dmel-Blimp-HDR-insert-R. These three PCR products were Gibson-assembled into SmaI-

digested pUC19 using the HiFi Master Mix (NEB). Primer sequences are listed in Appendix F.  

 

https://www.crisprflydesign.org/grna-expression-vectors/
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4.2.10 Fly stocks and genetics 

The repair plasmid and gRNA expression vector described above were injected (Rainbow 

Transgenics) into yw;nanos>Cas9/CyO flies, derived from BL#78781 (y[1] sc[*] v[1] sev[21]; 

P{y[+t7.7] v[+t1.8]=nanos-Cas9.R}attP40) and BL#22664 (y[1] w[67c23]; 

Mi{GFP[E.3xP3]=ET1}kkv[MB00004]). G0 flies were outcrossed to yw flies, and G1s expressing 

GFP in the eyes were selected. G1s were crossed again to yw, and y offspring were selected to get 

rid of the y rescue marker associated with the nanos>Cas9 element. For two more generations, 

virgin females were outcrossed to yw males to reduce the likelihood of maintaining off-target 

mutations. Lines were then balanced over the TM3, Ser, hb>lacZ chromosome. 

 

4.3 Results 

4.3.1 OFAS008150 is expressed in PR-like manner during germband elongation 

Since Of-E75A is the only gene shown to have clear PR function in Oncopeltus, we 

reasoned that there would be other PRGs expressed in a similar temporal manner. RNA-seq was 

conducted on RNA extracted from embryos 0-12, 24-36, and 48-60 h AEL. These developmental 

stages were chosen because they displayed clear changes in expression level of Of-E75A, with no 

expression detected at the first and third time points and high expression detected at the second 

time point. RNA was sequenced, and WGCNA was used to identify co-expressed gene modules 

among the genes found to be differentially expressed across these three time points. 2,363 gene 

models fell into the E75A co-expression cluster (Figure 4-1A). A subset of only 135 of these genes 

were predicted to encode transcription factors by (Panfilio et al. 2019b) (Appendix D).  
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Figure 4-1. Genes co-expressed with Of-E75A were screened by expression pattern.  

 A) Heatmap displaying expression levels of genes co-expressed with E75A as determined by 

WGCNA clustering. All genes show elevated expression levels at 24-36 h AEL relative to the two other 

time points. Each row represents a single gene, each column a different RNA sample. Three replicates 

were sequenced per time point. B) Expression patterns of Of-E75A-coexpressed genes were visualized 

by in situ hybridization in 24-48 h AEL embryos. A subset of screened genes is shown here and the rest 

in Figure 4-2. i) OFAS008150 is expressed in stripes around the anterior SAZ and broadly in the posterior 

SAZ, suggestive of a role in segmentation. ii) OFAS013944 expression was observed ubiquitously in 

germband-stage embryos, iii) OFAS000035 (annotated as H6-like-homeobox) expression was observed 

in specific domains of the head lobes, iv) OFAS012059 expression was observed in the head lobes and 

along the midline, v) OFAS025181 (annotated as tailup) expression was observed in a single dot in each 

head lobe, vi) OFAS025116 (annotated as single-minded) expression was observed along the midline, 

vii) OFAS025203 (annotated as Brachyury) expression was observed in the posterior tip of the SAZ, and 

viii) OFAS003956 expression was observed ubiquitously.   

 

We have examined the expression patterns of 46 of these E75A-coexpressed TF-encoding 

genes so far (Figure 4-1B, Figure 4-2).  Several genes were expressed in clearly defined regions 

suggesting specific functions that remain to be determined (Figure 4-1Biii -vii), while many were 

found to be expressed ubiquitously (Figure 4-1Bii, viii). Ubiquitously expressed genes could 

potentially have PR-function (e.g., ftz-f1 and opa in Drosophila, (Benedyk et al. 1994; Yu et al. 

1997)), which will be tested in the future. Several genes annotated as a clear ortholog of a 

Drosophila gene displayed expression patterns reminiscent of their Drosophila or Tribolium 

counterpart. For instance, Ofas-SoxN expression was observed in paired spots along the midline, 
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likely the primordia of the central nervous system, similar to Dmel-SoxN (Crémazy et al. 2000)  

(Figure 4-2, OFAS008078). Expression of brachyury at the posterior of the germband  

 

Figure 4-2. Expression patterns of other Of-E75A-coexpressed genes.  

Expression patterns of 38 Of-E75A-coexpressed genes, which were screened in addition to those 

presented in Figure 1. Expression patterns are shown at 24-48 h AEL for the following genes: 

OFAS000234, OFAS000348, OFAS000892, OFAS001135, OFAS001679, OFAS001818, OFAS002344 

(annotated as Knirps2), OFAS002807, OFAS002923, OFAS004060, OFAS004876, OFAS005791, 

OFAS008063 (annotated as retained), OFAS008078 (annotated as SoxN), OFAS008654, OFAS008658, 

OFAS009156 (annotated as cubitus interruptus-partial), OFAS009415, OFAS009817, OFAS010084, 

OFAS010374, OFAS011318, OFAS012523, OFAS013445, OFAS015219, OFAS016187, 

OFAS016401, OFAS016760, OFAS016990, OFAS018237, OFAS018348 (annotated as hunchback), 

OFAS018531 (annotated as Dichaete), OFAS018942, OFAS019071, OFAS025035 (annotated as giant), 

OFAS025019 (annotated as extramacrochaetae), OFAS025096 (annotated as caudal), and 

OFAS025230. Primers used to amplify probe templates are presented in Appendix E. 
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 (Figure 4-1Bvii, OFAS025203) is nearly identical to the expression of its orthologs in Drosophila, 

Tribolium (Coleoptera), and Locusta (Orthoptera) (Kispert et al. 1994). As in Drosophila, Ofas-

single-minded expression was observed along the midline (Figure 4-1Bvi, OFAS025116) 

(Muralidhar et al. 1993).  

So far, the expression pattern of only one gene (represented by gene model OFAS008150) 

has stood out as suggestive of involvement in segmentation due to its striped expression in and 

around the SAZ (Figure 4-1Bi).  

 

4.3.2 The OFAS008150 gene model corresponds to the Oncopeltus ortholog of Blimp1 

The OFAS008150 gene model was annotated as Of-Blimp1, a gene with a highly conserved 

structure encoding an N-terminal PR/SET domain and five zinc fingers at the C-terminus. The 

OFAS008150 gene model, however, encodes a partial PR/SET domain and only three zinc fingers 

which, along with several genome assembly gaps in the region, suggested that portions of coding 

sequence may not be present in the genome assembly. To resolve this, we isolated an Of-Blimp1 

cDNA and compared it to genomic DNA with Sanger sequencing (Appendix G). Based on this, 

we assembled a more complete version of coding DNA sequence (CDS) (see Methods), which 

encodes a complete PR/SET domain and five zinc fingers, supporting the initial annotation of this 

gene as Blimp1. 

Blimp1 is part of the PRDM gene family whose members each encode a PR/SET domain 

and variable numbers of zinc fingers (Fumasoni et al. 2007). To further verify the annotation of 

this gene model as Of-Blimp1, we searched the Oncopeltus genome assembly using the newly 

assembled complete PR/SET domain of the putative Of-Blimp1/OFAS008150 as a query, yielding 

three significant (e-value < 1e-6) alignments corresponding to three separate gene models: 



  

  134 

 

OFAS008150, OFAS008959, and OFAS019593. OFAS008959 encodes nine C2H2-type zinc 

fingers (InterPro ID 013087), while OFAS019593 encodes only two such zinc fingers. However, 

OFAS019593 is located at the end of a scaffold and likely does not represent a full coding 

sequence; we therefore cannot be certain how many zinc fingers are encoded by this PR-domain-

containing gene. Only three PRDM family genes were found in the D. melanogaster and D. 

pseudoscura genomes: prdm1/Blimp1, prdm5, and hamlet, which encode five, six, and nine zinc 

fingers, respectively (Fumasoni et al. 2007). If Oncopeltus has the same complement of PRDM 

family members as Drosophila, OFAS008150 would correspond to Drosophila Blimp1, 

OFAS008959 to hamlet, and OFAS019593 to prdm5, and would be expected to encode six zinc 

fingers.  

 

4.3.3 Of-Blimp1 is expressed in the primordia of alternate segments through much of Oncopeltus 

germband elongation 

Of-Blimp1 expression was first observed in blastoderm-stage embryos at 24-32 h after egg 

laying (AEL) in a broad band positioned at ~one-third the length of the embryo (Figure 4-3Ai). In 

32-40 h AEL embryos that were starting to gastrulate, as evidenced by an invagination pore at the 

posterior pole, this broad band remained and two additional stripes appeared posterior to it (Figure 

4-3Aii, arrowheads). In later blastoderm-stage embryos, the broad anterior stripe of Of-Blimp1 

expression had split in two, and the two posteriormost stripes had begun to move toward the 

germband invagination site (Figure 4-3Aiii). The spacing and number of the Of-Blimp1 stripes in 

these late blastoderm-stage embryos resemble those of Of-E75A (Erezyilmaz et al. 2009; Reding 

et al. 2019) in embryos of comparable age.  
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Figure 4-3. Of-Blimp1 is expressed in alternate segment primordia.   

A) Expression of Of-Blimp1 blastoderm-stage 24-32 h AEL embryos. Expression was first observed in 

a broad domain at about one-third embryo length (i), later two additional stripes appeared at the posterior 

(ii), and as gastrulation proceeded, the broad anterior stripe split into two discrete regions, and the 

posterior two stripes had begun to more toward the germband invagination pore (iii). B) Expression of 

Of-Blimp1 through germband elongation. First, three Of-Blimp1 stripes were observed in young 

germands (i); later a fourth stripe was added at the posterior in the SAZ (ii). Of-Blimp1 was expressed 

broadly in the posterior SAZ (bracket), and in two stripes anterior to the SAZ (iii). Posterior SAZ 

expression later narrowed to a single stripe (iv, arrowhead), and a stripe anterior to the SAZ appeared to 

split (iv, arrows). Single striped expression in the SAZ continued as the embryo continued to elongate 

(v) and appendages started to form (vi). In older embryos, two stripes were then apparent anterior to the 

SAZ (vii-viii), and later only one stripe was observed (ix). C) Double in situ hybridization to visualize 

expression of Of-slp (orange), which is expressed in every segment, and Of-Blimp1 (purple). One Of-

Blimp1 stripe (arrowheads) was observed posterior to every other Of-slp stripe as the germband 

invaginated (i-iv, ivô). As the germband began to elongate from the SAZ and abdominal segments were 
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In early germbands that lacked any clear morphological segments, three stripes of Of-

Blimp1 were observed along the length of the embryo (Figure 4-3Bi). In slightly older germbands, 

a fourth stripe (Figure 4-3Bii, arrowhead) was observed in the segment addition zone (SAZ) 

(Figure 4-3Bii, bracket). Also at this stage, morphological segments had begun to appear, and the 

alignment of segmental furrows (Figure 4-3Bii, asterisks) with Of-Blimp1 stripes suggests that the 

anteriormost two Of-Blimp1 stripes coincide with alternate segmental units. In later germbands in 

which all gnathal and thoracic segments were morphologically segmented (Figure 4-3Biii), Of-

Blimp1 expression was observed in two stripesïone in the segmented germband, and one around 

the boundary between segmented germband and SAZïand in a broad domain in the posterior SAZ. 

The stripe in the anterior SAZ may split in two, as two stripes were observed in this region in a 

slightly older embryo (Figure 4-3Biv, arrows). At this time, the posterior SAZ expression domain 

had resolved into a stripe (Figure 4-3Biv-v, arrowhead). Two stripes in the anterior SAZ were 

apparent in later embryos (Figure 4-3Bv), and later only one stripe of Of-Blimp1 expression was 

apparent (Figure 4-3Bvi).  

While the spacing of the Of-Blimp1 stripes throughout germband elongation is suggestive 

of expression in alternate segment primordia, we sought to better characterize the register of Of-

specified, this trend continued (v). The slp A4 stripe may overlap with Of-Blimp1 expression, disrupting 

the pattern of Of-Blimp1 co-expression with alternate slp stripes (vi). No new Of-Blimp1 stripes leave 

the SAZ as slp stripes A5 (viii) and A6 (ix-x) form. When eight abdominal slp stripes are visible, Of-

Blimp1 is expressed posterior to slp stripes A6 and A7 (xi), after which time Of-Blimp1 is no longer 

observed in the SAZ (xiii) as the remaining abdominal segments are specified. In a 56-64 h AEL embryo, 

Of-Blimp1 is detected in midline dots in the Mx through T3 segments. D) Double in situ hybridization 

to visualize expression patterns of Of-E75A (orange), a gene with pair-rule function in Oncopeltus, and 

Of-Blimp1 (purple) during germband elongation. Of-E75A was observed in a stripe anterior to a stripe of 

Of-Blimp1 in the anterior SAZ (i, arrowhead) and more broadly in the posterior SAZ (i-iô, brackets). As 

the broad expression domain of Of-E75A in the SAZ faded at the posterior, Of-Blimp1 expression took 

its place (ii-iiô, arrowhead). Later, the broad expression of Of-E75A in the SAZ appeared to split into two 

stripes (iii-iiiô, arrowheads). Two stripes each of Of-Blimp1 (iv-ivô, white arrowheads) and Of-E75A (iv-

ivô, black arrowheads) were then observed anterior to an intense Of-Blimp1 stripe in the SAZ. Anterior 

is to the left in all panels. 
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Blimp1 expression by co-staining with Of-slp. We and others previously showed that Of-slp is 

expressed in every segment in the anterior SAZ and the segmented germband (Auman and 

Chipman 2018; Reding et al. 2019), and that this expression persists and is anterior to stripes of 

invected (inv) expression in every segment, making it a good segmental marker. Of-Blimp1 

expression was observed between alternate pairs of Of-slp stripes throughout germband 

invagination (Figure 4-3Ci-iv). By the time morphological segmentation allows clear 

identification of slp stripe identity (Figure 4-3Civ), Of-Blimp1 expression was observed in the 

posterior region of the mandibular, labial, and T2 segments, which likely correspond to the stripes 

seen in blastoderm-stage embryos (Figure 4-3Aii -iii). This alternate segment expression continues 

as the abdominal segments are added from the posterior during germband elongation, as Of-Blimp1 

stripes are seen posterior to the slp stripes in A1 and A3 (Figure 4-3Civ-v). The slp expression in 

the primordia of segment A4 (Figure 4-3Cv, vô) is much stronger than slp stripes further anterior 

suggesting possible co-expression with Of-Blimp1, which may correspond to the apparent stripe 

doublet seen in Figure 4-1Biv. As slp stripe A5 (Figure 4-3Cvi, viô) and stripe A6 (Figure 4-3Cvii, 

viiô) appeared, Of-Blimp1 expression remained a single stripe in the SAZ. By the time slp stripe 

A7 appeared, Of-Blimp1 was observed in stripes posterior to slp stripes A6 and A7 (Figure 4-

3Cviii, viiiô). After slp stripe A8 and A9 had formed, Of-Blimp1 is no longer observed in the SAZ 

(Figure 4-3Cix, ixô).  

As Of-Blimp1 was found to be expressed in alternate segments across much of the AP axis, 

it is possible it could be spatially co-expressed with Of-E75A, so far the only gene for which a role 

in pair-rule patterning had been described in Oncopeltus (Erezyilmaz et al. 2009). Double in situ 

hybridization revealed that while the expression patterns of Of-E75A and Of-Blimp1 appear very 

similar, their expression domains do not overlap during germband elongation. In early embryos, 
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Of-E75A is expressed anterior to a stripe of Of-Blimp in the anterior SAZ (Figure 4-3Di, iô, 

arrowhead), and Of-E75A is expressed broadly in the posterior SAZ. Later, as Of-E75A expression 

clears from the posterior SAZ, Of-Blimp1 expression takes its place (Figure 4-3Dii -iiô). Of-E75A 

expression was observed in the SAZ anterior to a broad domain of Of-Blimp1 expression in the 

posterior SAZ (Figure 4-3Diii, iiiô). In an even later embryo, when the posterior SAZ domain of 

Of-Blimp1 expression had narrowed to a stripe and a stripe of expression in the segmented 

germband had appeared to split into two stripes (Figure 4-3Div-ivô, white arrowheads), Of-E75A 

expression is distinct and non-overlapping in a doublet of stripes just posterior (Figure 4-3Div-ivô, 

black arrowheads).  

In sum, Of-Blimp1 is expressed in stripes in the blastoderm in a register like that of Of-

E75A, and in every other segment primordium through much of germband elongation, the 

expression pattern characteristic of most of the Drosophila PRGs. This PR expression pattern does 

not overlap with that of Of-E75A, the other known Oncopeltus PRG, suggesting the two genes are 

active in different sets of cells.  

 

4.3.4 Embryonic RNA interference (eRNAi) suggests Of-Blimp1 is a key regulator of 

segmentation 

To probe the function of Of-Blimp1 during embryogenesis, we conducted eRNAi, 

separately using two non-overlapping double-stranded RNAs (dsRNAs) for knockdown (Figure 

4-4). Of-Blimp1 dsRNA-1 was injected at three concentrations (0.015, 0.15, and 1.5 uM), while 

Of-Blimp1 dsRNA-2 was injected at the highest concentration (1.5 uM).  Knockdown by either 

Of-Blimp1 dsRNA produced significantly shorter 67-71.5 h AEL embryos compared with controls 

(Figure 4-5). Injection of dsRNA-1 produced a mean embryo length of 1084.6Ñ10 (SEM) ɛm 
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(n=53) and injection of dsRNA-2 produced embryos with a mean length of 1069.3Ñ9.5 ɛm (n=45), 

compared to a mean length of 1865.6Ñ18.3 ɛm (n=43) seen in tGFP dsRNA-injected control 

embryos (Figure 4-5). Of-Blimp1 knockdown embryos were thus reduced to ~60% wildtype-like 

length, similar to the ~half-sized embryos seen for Drosophila PR-mutants.  

 

Figure 4-4. Of-Blimp1 embryonic RNAi phenotypes.  

A) tGFP dsRNA-injected embryo with one inv stripe in each of the six appendage bearing segments and 

each of the ten abdominal segments. B,C) Embryos injected with 1.5 uM Of-Blimp1 dsRNA 1 and D,E) 

embryos injected with 1.5 uM Of-Blimp1 dsRNA 2 displaying reduced segment number and concomitant 

reduced inv stripe number. F,G) Embryos injected with 0.015 uM Of-Blimp1 dsRNA 1 displaying partial 

segment loss. The right half of both embryos exhibits WT segment number, while segment fusions are 

seen on the left side. H) Embryo injected with 0.15 uM Of-Blimp1 dsRNA 1 displaying a more severe 

phenotype than F or G; the right half of the embryo is mostly WT, while segments are fused in the left 

half. Arrowhead marks a possible fusion of A7 and A8. All embryos fixed at 67-71.5 h AEL.  
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Figure 4-5. Lengths of embryos after Of-Blimp1 embryonic RNAi and mutation.  

Violin plots displaying the distribution of embryonic lengths in control (tGFP dsRNA-injected), Of-

Blimp1 eRNAi embryos, and presumptive heterozygotes from line Blimp140-3. eRNAi embryos were 

fixed after 67-71.5 h AEL whereas  Blimp140-3 embryos were fixed at 48-72 h AEL. The mean and 

standard deviation are shown in red. The data are plotted in gray dots. Statistical significance is shown 

by letters above plots.  

 

When injected at the highest concentration, injection of either Of-Blimp1 dsRNA resulted 

in embryos  displaying at most four appendage-bearing segments in the trunk region (Figure 4-4B-

E), compared to six in wildtype individuals (Mn through T3, Figure 4-4A). In the abdomen, 

wildtype individuals express inv in 10 stripesïone for every abdominal segmentïbut Of-Blimp1 

knockdown individuals displayed only 4-5 inv stripes in this region (Figure 4-4B-E). Injecting 

lower amounts of dsRNA produced more variable phenotypes, as expected (Figure 4-4F-H). Many 

embryos displayed bilateral phenotypic differences, with one side displaying wildtype segments 

and the other side displaying segment fusions (Figure 4-4F-H), providing insight on the patterns 

of segment loss seen in the more severely affected embryos. Fusions between the mandibular (Mn) 
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and maxillary (Mx) segments, the first and second thoracic segments (T1 and T2), the third 

thoracic (T3) and first abdominal (A1) segments, the second and third abdominal (A2 and A3), the 

fourth and fifth abdominal (A4 and A5) were all observed (Figure 4-4F-H). These phenotypes 

resemble those seen for hypomorphic alleles of Drosophila PRGs (Nüsslein-Volhard and 

Wieschaus 1980). Together, these results are suggestive of pair-rule-like function for Of-Blimp1.  

 

4.3.5 Of-v co-mutation expedites screening of Of-Blimp1 mutations 

Given the apparent alternate segmental abnormalities and reduced embryonic length 

observed after eRNAi, we next sought to generate Of-Blimp1 germline mutations to more precisely 

determine its role in segmentation. We reasoned that introducing indels upstream of the zinc 

finger-encoding region would likely result in loss-of-function alleles by inducing a frameshift and 

precluding any mutant protein from binding DNA. We further reasoned that two guide RNAs 

(gRNAs) spaced apart by several hundred base pairs might result in large deletions of the 

intervening sequence, thus producing alleles that could be clearly identified by PCR. Two gRNA 

target sites (A and B) met these criteria and displayed no significant alignments to off-target sites 

in the genome. gRNA-A targets a site two exons upstream of the zinc finger-encoding region, 

while gRNA-Bôs target site falls in the exon directly upstream of this region (Figure 4-6A, 

arrowheads).  

Of-Blimp1 gRNAs A and B were co-injected with a previously used Of-vermilion (Of-v) 

gRNA (Reding et al. 2023) and Cas9 mRNA into wildtype embryos (Figure 4-6B). Of-v mutation 

results in red eyes in contrast to wildtype black eyes; the Of-v gRNA was therefore injected to 

provide a visible marker for CRISPR/Cas9 co-conversion which has proven to be a successful  
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Figure 4-6. CRISPR/Cas9 generated germline Of-Blimp1 mutations 

A) Gene structure for the sequenced Of-Blimp1 CDS. The Of-Blimp1 gene contains regions encoding a 

PR/SET domain (purple) and five zinc fingers (orange). Gene regions missing from the genome assembly 

are outlined in dotted lines. Regions missing from the gene model but present in the genome assembly 

are outlined in solid lines. Dotted introns indicate unknown intron-exon boundaries due to the lack of 

genomic sequence in this region. Arrowheads point to the gRNA target sites of gRNAs A and B. Regions 

amplified for PCR screening of G1s are indicated beneath structure by dotted lines (amplicons) and 

arrows (primers). Probe and dsRNA regions and a sequenced genomic DNA fragment are indicated 

below the gene structure.  At least 1.4 kb of the 3ô UTR was sequenced but is not shown. B) 

CRISPR/Cas9 injections and crossing scheme. Wildtype embryos (G0) were injected with Of-Blimp1 

gRNAs A and B, Cas9 mRNA, and an Of-v gRNA, which served as a visual marker of germline mutation. 

G0 adults were crossed to a red-eyed Of-v virgin, and their progeny (G1) were visually screened by eye 

color. C) Heteroduplex mobility assay. Agarose gel showing results of G1 PCR screening at the Of-

Blimp1 gRNA-A target site. PCR products were run on a 4% agarose gel, allowing separation of 

homoduplexes and heteroduplexes in heterozygous samples. All 8 samples represent siblings derived 

from the same G0 cross. Samples 1-4 were genotyped as wildtype, due to the lack of heteroduplex bands. 

Samples 5-8 were genotyped as heterozygous, as heteroduplex bands were observed above the wildtype 

bands (samples 5, 7, and 8) or homoduplex bands from a deletion allele below the wild type band (sample 

6). As the band patterns of samples 5, 7, and 8 are very similar, these samples would be presumed to 

have the same allele. D) The presence of red-eyed G1s is correlated with the presence of G1 Of-Blimp1 

heterozygotes. G1s from 16 different G0 lines were screened by PCR for Of-Blimp1 mutations. Of-

Blimp1 heterozygotes were only recovered from G0 crosses yielding Of-v red-eyed progeny. The number 

of G1s screened from each G0 cross is displayed above the bars. E) Alignments between the Of-Blimp1 

wildtype allele and the five Of-Blimp1 loss-of-function mutations used in this study. The gRNA 

protospacer sequences are underlined in the wildtype sequences. The gray boxes denote the reading 

frame; the complement of the protospacer-adjacent motif (PAM) site is shown in bold; premature stop 

codons are boxed in red or noted by a red circle. Deleted nucleotides are shown as red dashes; inserted 

nucleotides are blue.  
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approach in other species (Kim et al. 2014). G0s were crossed to Of-v virgins, and offspring were 

screened by eye color.  

Of 1,304 embryos injected, only 160 (12.3%) hatched. Among the unhatched embryos we 

observed clear segmental abnormalities, suggesting that the low hatch rate was a consequence of 

lethal somatic mutations, since the survival rate for embryo injection in our hands is usually >50%. 

Furthermore, all of the 82 G0s that survived to adulthood (51.3% of hatchlings) had wild type 

eyes; in contrast when the Of-v gRNA is injected without Blimp1 gRNAs, ~70% of G0s had at 

least one red eye (Reding et al. 2023). This result suggests that somatic mutation at the Of-v locus 

was accompanied by mutation at the Of-Blimp1 locus, resulting in viable G0s that likely had a 

lower frequency of somatic mutations at both loci (and thus black eyes), compared to G0 embryos 

that did not hatch, which likely suffered a high degree of somatic mutation.  

All surviving G0s were crossed to Of-v virgins and of these, 68 G0s produced G1 offspring 

(Figure 4-6B). G1 offspring were first screened by eye color to determine which G0s had 

undergone germline mutation of Of-v. Due to Of-v X-linkage, G0 male crosses were only 

considered v-yielding if any female progeny had red eyes, while G0 female crosses were 

considered v-yielding if any G1 progeny had red eyes. Overall, 10 crosses were v-yielding. We 

reasoned that five outcomes at the Of-Blimp1 locus were possible: no mutation at either gRNA 

target site, indel at site A only, indel at site B only, indels at both sites, or deletion between sites 

A and B. We therefore screened G1 individuals by performing at least one of the following PCRs 

with genomic DNA extracted from a single leg: PCR-A which amplifies a 211 bp region around 

site A, PCR-B which amplifies a 171 bp region around site B, and PCR-AB which amplifies a 751 

bp region around both sites (Figure 4-6A, arrows). PCR-A and PCR-B were used to identify indels 

at sites A and B, respectively, and PCR-AB was used to identify large deletions between the two 
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sites. PCR products from PCR-A and PCR-B were subjected to a heteroduplex mobility assay (see 

Methods) to identify heterozygotes by the presence of heteroduplex bands (Figure 4-6C).  

In total, 258 G1 individuals (195 G1s from 8 v-yielding G0 lines and 63 G1s from 8 non-

v-yielding G0s) were screened by PCR and 41 of these were identified as Blimp1 heterozygotes 

(Figure 4-6D). Notably, all Blimp1 heterozygotes came from v-yielding G0 lines (Figure 4-6D). 

Thus, about 21% of all G1s from v-yielding G0s were found to be heterozygotes; a similar rate 

among non-v-yielding G0s would be expected to yield at least 10 heterozygotes, and yet none were 

found in our screen, demonstrating the usefulness of our co-CRISPR strategy using Of-v as a 

visible marker. Among the heterozygotes, 38 had indels at site A as determined by the 

heteroduplex mobility assay, 2 at site B, and 1 at both sites. Since different alleles produce different 

patterns of homoduplex and heteroduplex bands, we selected individuals with unique banding 

patterns to propagate and maintain as lines (compare sample 5, 7 and 8 with sample 6 in Figure 4-

6C). After sequencing alleles from several lines, we selected five lines with frameshift mutations 

to maintain (Figure 4-6E). Line Blimp152-11 has a 5 bp deletion at site A; line Blimp159-10 has an 18 

bp deletion and substitution of 11 bp at site A and a 2 bp deletion at site B (this latter deletion was 

not identified by the heteroduplex mobility assay but was found when the allele was sequenced);  

line Blimp122-12 has a 32 bp deletion at site B; line Blimp140-3 has a 25 bp deletion at site A and 

line Blimp140-1 has a 4 bp insertion at site A. The frameshifts present in each of these five alleles 

result in premature stop codons upstream of the zinc finger-encoding region (Figure 4-6E, red 

boxes, circle). Allele sequences are listed in Appendix G.  
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4.3.6 Ofas-Blimp1 homozygous mutants display ~half as many segments as wildtype 

  

Wild type Oncopeltus first instars have three thoracic segments, each bearing a pair of legs, 

and ten abdominal segments, though often only seven to eight abdominal segments are clearly 

visible (Figure 4-7Ai,ii). In contrast, presumptive Of-Blimp140-3 homozygotes (Figure 4-7Aiii,iv) 

have many fewer segments than their wildtype siblings at 6-7 days AEL (d AEL). These 

individuals usually have only one pair of legs; a second pair of appendages may be present, but if 

so, they appear as small nubs rather than fully formed legs. Presumptive homozygotes from all 

five lines display a very similar phenotype (Figure 4-7B, Figure 4-8A). The mean length of 

presumptive Of-Blimp140-3 homozygous 48-72 h AEL embryos was 1109Ñ8.6 ɛm (n=54), similar 

to the embryo lengths observed after Of-Blimp1 eRNAi (Figure 4-5), and 59% the length of 

wildtype-like (tGFP dsRNA-injected control) embryos.  

 

Figure 4-7. Of-Blimp1 homozygotes have about half as many segments as wildtype 

A) 6-7 d AEL pre-hatchling embryos. i, ii) Wild type-like segmentation (i, lateral view; ii, dorsal view). 

Three thoracic segments each bear a pair of legs, followed by 10 abdominal segment, 7-8 of which are 

usually visible in these preparations due to the telescoping nature of the posteriormost segments.  Aiii, 

iv) Presumptive Blimp140-3 homozygote displaying  segment loss across the AP axis (iii, lateral view; iv, 

dorsal view). B) Presumptive Of-Blimp1 homozygote from line Of-Blimp122-12 (i. lateral view; ii. dorsal 

view). While three pairs of legs are present in wildtype pre-hatchlings (Ai), only one fully formed leg 

was observed in Of-Blimp1 homozygotes (Aiii, Bi). C) Of-inv is expressed in the posterior of each of the 

six appendage-bearing segments of the gnathal (Mn, Mx, Lb) and thoracic (T1-T3) segments, and each 

of the ten abdominal segments (A1-A10) in wildtype individuals (i), but only 3-4 inv stripes were 

observed in the gnathal and thoracic segments, and abdominal expression of inv was observed as highly 
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variable and less clearly defined stripes in Of-Blimp140-3 homozygotes (ii-iv). D) Dfd expression in a i) 

wildtype-like individual and ii) presumptive Of-Blimp1 homozygotes fromn from Of-Blimp140-3 self-

cross. While the mandibular and maxillary segments express Dfd in wildtype embryos, only one Dfd-

expressing segment remained in Blimp1 mutants. E) Scr is expressed in the labial segment and in dots on 

the T1 appendages in wildtype embryos (i); expression in the labial segment is unaffected in Blimp140-3 

homozygotes, but expression is often lost in the appendage produced by fusion of T1 and T2 (arrowhead). 

F) Ubx is expressed in the first abdominal segment and in a pair of dots on the second abdominal segment 

in wildtype embryos (i), but expression is restricted to the last appendage-bearing segment in Of-

Blimp140-3 homozygotes (ii).. G) AbdB is expressed in the posterior of the abdomen in wildtype embryos 

(i) and in the shortened abdomen of Of-Blimp40-3 homozygotes (ii). inv-stained embryos are 72-96 h AEL; 

Ubx-stained embryos are 56-81 h AEL; all other stained embryos are 48-72 h AEL. Across panels, 

anterior is to the left, and black arrowheads point to the T1/T2 fused appendage for comparison between 

embryos. In all panels displaying wildtype phenotypes (Ai-ii, Ci, Di, Ei, Fi, Gi), individuals are offspring 

of two Of-Blimp1 heterozygotes, and are thus Of-Blimp1 heterozygotes or homozygous for the wildtype 

allele.  

 

To visualize segment boundaries in Blimp1 mutants, we examined expression of the 

segment polarity gene invected (inv) in fully extended germband-stage embryos. These embryo 

preparations also allowed clear visualization of the morphology of Of-Blimp1 homozygotes. Of-

inv is expressed in the posterior of each of the three mouthpart segments (Mn through Lb), the 

three thoracic segments (T1 through T3), and the ten abdominal segments (A1 through A10) 

(Figure 4-7Ci). In presumptive Blimp140-3 homozygotes, there are consistently three to four inv 

stripes in the mouthpart plus thoracic region (Figure 4-7Cii-iv). Only one pair of leg-like 

appendages is evident (Figure 4-7Cii-iv, black arrowhead), which often appears distally forked 

(Figure 4-7Ciii), suggesting that this may be a fusion of T1 and T2. Often a much smaller 

appendage is seen on the first abdominal segment (Figure 4-7Cii-iv, transparent arrowhead), 

suggesting that this may be a fusion of T3 and A1. Abdominal inv expression is highly variable 

and chaotic; often this expression takes the form of dots or partial stripes rather than the clearly 

defined transverse stripes seen in the anterior region of the body. However, the segmental furrows 

seen along the lateral sides of the abdomen suggest that the abdomen has been reduced to about 

four to five segments.  
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While segment number is clearly reduced in Of-Blimp1 homozygotes, the identities of the 

remaining segments is unclear. We reasoned that comparing the expression patterns of Hox genes 

in wildtype and mutant embryos could help illuminate segment identities, as they are expressed in 

specific regions along the AP axis and their expression patterns have been previously characterized 

for this species (Angelini et al. 2005). In wild type embryos, Of-Deformed (Dfd) is expressed in 

the mandibular and maxillary segments, two appendage-bearing segments in the trunk region that 

will form part of the mouthparts later in development (Figure 4-7Di). In presumptive mutants, only 

one appendage-bearing segment expressed Of-Dfd, suggesting either the mandibular or maxillary 

segment is lost (Figure 4-7Dii). This phenotype is consistent across all five Of-Blimp1 lines (Figure 

4-8B). 

 

Figure 4-8. Pair-rule phenotypes in all Of-Blimp1 mutant lines  

All embryos are offspring of self-crosses for the indicated line. A) Pre-hatchling phenotypes. i) Wildtype-

like Of-Blimp140-3 offspring, Pair-rule defects for: (ii) Of-Blimp140-3, (iii) Of-Blimp159-10, (iv) Of-Blimp122-

12, (v) Of-Blimp140-1, and (vi) Of-Blimp152-11  offspring. i-vi) lateral view; iô-viô) dorsal view. B) Dfd 

expression in embryos from line (i) Of-Blimp122-12, (ii) Of-Blimp140-1, (iii) Of-Blimp159-10,  (iv) Of-

Blimp152-11 . Arrowhead indicated fused appendage. 

 

Of-Sex combs reduced (Scr) is expressed mainly in the labial segment, and in dots on the 

T1 appendage (Figure 4-7Ei). In presumptive Of-Blimp140-3 homozygous mutants, labial 
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expression of Scr appeared unaffected (Figure 4-7Eii), and the T1 dot of Scr expression was 

sometimes present. The segment posterior to the labial segment displays a high degree of 

variability in the extent of T1 versus T2 identity in the appendages both across embryos and within 

individual embryos. For instance, in Figure 4-7Eii, one side of the embryo displays the dot of Scr 

expression on the appendage of this segment, suggesting T1 identity, while the other side does not, 

suggesting T2 identity. Across embryos, this segment varies in the extent of T1 or T2 appendage 

loss, often displaying a forked appendage (compare Figure 4-7Dii, Eii, Fii, Gii, arrowheads).  

In wildtype embryos, Of-Ultrabithorax (Ubx) expression is most pronounced in the first 

abdominal segment (A1), and two small dots of expression are observed in the A2 segment (Figure 

4-7Fi). In Of-Blimp40-3 embryos, Ubx is most clearly expressed in the posteriormost appendage-

bearing segment (Figure 4-7Fii). This shift in expression domain, along with the observation that 

this T3 appendage usually degenerates through development leading to only a small nub in pre-

hatchling mutants (Figure 4-7Aiii, Bi), suggests that the segment remaining displays shared T3/A1 

identity. Of-Abdominal B (AbdB) is expressed in a gradient in the posterior abdominal segments 

in wildtype embryos; the anterior boundary of this expression domain is somewhat variable, but 

expression is evident in abdominal segments A9-A10, and often continues anteriorly to A7 (Figure 

4-7Gi). In Of-Blimp140-3 mutant embryos, AbdB was likewise expressed in the posteriormost 

abdominal segment or two. This suggests that within the abdomen, segment loss is interspersed 

across the AP axis, i.e., neither the anterior half nor the posterior half of the abdomen is lost (Figure 

4-7Gii). This contrasts with the pattern of AbdB expression following knockdown of the gap gene 

Of-giant, in which the entire abdominal region that remains following giant depletion expresses 

AbdB (Liu and Patel 2010).  Together, the expression patterns of Hox genes in Blimp1 mutants is 

consistent with PR-defects. Dfd and Ubx expression patterns are the most diagnostic and clearly 
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suggest that Of-Blimp1 mutants display Mn/Mx and T3/A1 fusions, and Scr expression is 

somewhat suggestive of T1/T2 segment fusion.  

 

Figure 4-9. Phenotyping and genotyping ótissue massô phenotype across lines.  

A) Graph showing overall phenotypes of embryos derived from self-crosses of indicated Blimp 1 mutant 

lines. A large portion of embryos from all five lines displayed an unexpected ótissue massô phenotype. 

Number of embryos examined from each line are presented in a gray box beneath the plot. B) Genotypes 
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of embryos displaying ótissue massô phenotype from lines Blimp122-12, Blimp140-3, and Blimp159-10. While 

most ótissue massô embryos are Blimp1 homozygotes, manyïparticularly from line Blimp122-12ïare 

heterozygous or homozygous WT, suggesting that this phenotype is not caused by Blimp1 mutation, but 

may be due to a linked off-target mutation. The number of embryos genotyped from each line are 

displayed in a gray box beneath the plot. C) 15 Blimp122-12 embryos that were phenotyped prior to being 

sacrificed for genotyping. Embryos 6-8 and 13 display the ótissue massô phenotype. Embryos are labeled: 

Genotype; Phenotype.  D) Genotyping gel from embryos in C. A single lower band is present for 

Blimp122-12 homozygotes (1-8, 13, and 15), a single upper band is present for samples homozygous for 

the WT allele (12 and 14), and both bands are present in heterozygotes (9-11). NTC = no template control. 

 

  

Given the evidence that loss of Blimp1 function results in PR-like defects, embryos 

obtained after self-crossing heterozygotes from each of the five lines were phenotypically scored 

after fixing at 5 d AEL. While most embryos from each line displayed a wildtype phenotype as 

expected, the percentage of embryos displaying a PR-like phenotype was less than the expected 

25% (Figure 4-9A); this percentage ranged from 11.8% (line Of-Blimp140-3) to 20.5% (line Of-

Blimp122-12). Aside from the wildtype and PR-like phenotypes, some embryos (6.8-10.5%) 

developed only a small mass of tissue (ñtissue mass phenotypeò) (Figure 4-9C6-8, 13). Sometimes 

clear structures were present in these tissue masses, such as a compound eye (see Figure 4-9C6), 

but very often no discernible structures were visible. To understand if this phenotype is associated 

with Of-Blimp1 mutation, we genotyped individual embryos from lines Of-Blimp122-12, Of-

Blimp140-3, and Of-Blimp159-10. These lines were selected because for each, the indel is large 

enough for homozygous wildtype and homozygous mutant bands to be distinguished (Figure 4-

9D). All embryos phenotyped as wildtype (n=12) were found to be homozygous for the wildtype 

allele or heterozygous, and all embryos phenotyped as PR (n=19) were found to be homozygous 

for the mutant allele. A total of 74 ótissue massô embryos were genotyped, and the majority (78%) 

were found to be Blimp1 homozygotes, but 20% were either heterozygous or homozygous 

wildtype (Figure 4-9B). Of this latter group, 80% came from line Of-Blimp122-12.  Taken together, 

these data suggest that the tissue mass phenotype is caused by an off-target mutation closely linked 
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to Of-Blimp1, and that one or more recombination events occurred between these two loci early in 

the Of-Blimp122-12 lineage to separate the alleles.  

4.3.7 Somatic CRISPR/Cas9 mutation of Of-Blimp1 

The results thus far indicated that Of-Blimp1 homozygotes display defects conforming to 

a pair-rule. However, given the difficulty of identifying specific segments morphologically, we 

sought to further characterize defects in an unbiased fashion. We had observed segmental defects 

in unhatched G0 embryos following Of-Blimp1 CRISPR/Cas9 injection. We thus reasoned that 

somatic mutants displaying mosaic phenotypesïboth wildtype and mutant phenotypes in the same 

sets of segmentsïmight facilitate clear identification of the segments affected in the mutants. We 

injected wildtype embryos with either Of-Blimp1 gRNA-A and Cas9 mRNA, Of-Blimp1 gRNA-

B and Cas9 mRNA, or Cas9 mRNA alone as a negative control. Only embryos that displayed 

 

Figure 4-10. Frequencies of phenotypes observed after somatic Of-Blimp1 CRISPR/Cas9 

mutagenesis 

Injected embryos from each treatment were broadly categorized as appearing wildtype (WT), 

undeveloped (no clear structures, likely killed by injection or unfertilized), undetermined (segment 

defects were too severe or segment loss too complete to accurately identify affected segments), or as 

having specific partial defects. Only embryos in this last category could be accurately identified and used 

for analysis presented in Figure 4-11.  
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partial segmental fusions, such that the affected segments could be reliably identified by the 

corresponding unaffected regions, were scored. Thus, embryos were first broadly scored as 

displaying one of the following phenotypes: specific partial segment fusions, wildtype, 

undetermined (embryos displaying defects in segments which could not be reliably identified), or 

undeveloped (Figure 4-10). Specific segmental fusions were recorded for all embryos displaying  

clear partial segment fusions. As several of the posteriormost segments telescope into each other  

and are too compact to be reliably scored, only segments anterior to segment A7 were analyzed. 

 

Figure 4-11. Mosaic segmentation defects observed after Blimp1 somatic mutation   

A-E) As for Figure 4-7 ï say what these embryos are - of embryos injected with A) Cas9 mRNA only, 

B,C) Cas9 mRNA and Of-Blimp1 gRNA-A, and D,E) Cas9 mRNA and Of-Blimp1 gRNA-B. A) Control 

embryos displayed wildtype segmentation; B-E) Fusions were observed on one side of the embryo only, 

allowing for identification of affected segments. B) Partial fusion of segment T1 and T2, T3 and A1, and 

A2 and A3; C) Partial fusion of segments T3 and A1, A2 and A3; D) Partial fusion of segments T1 and 

T2, T3 and A1, and A2 and A3; E) Partial fusion of segments T3 and A1, A2 and A3, and A4 and A5. 

Dorsal, anterior-left views F) Frequencies of partial segment fusions observed among embryos 

displaying scorable segment fusions after injection with Cas9 mRNA and Of-Blimp1 gRNA-A (gray) or 

gRNA-B (black). A clear trend of alternate segment pair fusions was observed independent of gRNA 

used. The number of individuals displaying each type of segmental fusion is displayed above the bars.  
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  Of the 259 embryos injected with Cas9 mRNA alone, only 1.5% displayed any segmental 

defects and 79% appeared wildtype (Figure 4-11A, Figure 4-10). In contrast, 34% (n=698) of 

embryos injected with Cas9 mRNA and Of-Blimp1 gRNA-A and 29% (n=639) injected with Cas9 

mRNA and Of-Blimp1 gRNA-B displayed segmental defects. For the gRNA-A group, 16.8% 

displayed partial segmental defects that could be scored reliably. Among these, specific pairs of 

segments displayed fusions consistently across the AP axis: 38.5% displayed fusions of segments 

T1/T2 (Figure 4-11B), while only 1.7% displayed fusions of T2/T3; T3/A1 fusions were observed 

in 34.2% (Figure 4-11B-E), whereas A1/A2 fusions were observed in only 3.4%; A2/A3 fusions 

were seen in 54.7% (Figure 4-11B-E), but A3/A4 in none; A4/A5 fusions were observed in 17.1% 

(Figure 4-11E), but A5/A6 in none. Embryos injected with Cas9 mRNA and Of-Blimp1 gRNA-B 

that displayed specific partial segmental defects (19.6%) yielded remarkably similar patterns of 

segmental defects (Figure 4-11F), suggesting that the segment fusions observed were due to 

specific mutation of Of-Blimp1 and not off-target loci.  

Although we could not properly score the posteriormost segments in such late-stage 

embryos, patterns of inv expression in Of-Blimp1 presumptive homozygotes (Figure 4-7C) and 

embryos treated with lower concentrations of Of-Blimp1 dsRNA (Figure 4-4H) suggest that the 

segment fusions may be present in the posterior abdomen following Of-Blimp1 depletion. We 

therefore repeated the injections described above, fixed embryos at 67-71 h AEL, and visualized 

Of-inv expression by in situ hybridization (Figure 4-12). None of the embryos injected with Cas9 

mRNA alone displayed segmental defects. Indeed, 90.3% (n=72) displayed wildtype inv 

expression patterns and segment morphology (Figure 4-12A); the rest were too damaged to score. 

Of those injected with Cas9 mRNA and gRNA-A, only 40% of stained embryos (n=203) displayed 

specific defects which could be scored, compared to 36.8% (n=136) injected with gRNA-B. In 
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addition to observing the same segment fusion pairs seen in the pre-hatchling stage somatic 

mutants (Figure 4-11), we also observed fusion of the Mn and Mx segments (Figure 4-12Cv),  

 

Figure 4-12. Expression of invected (inv) in Of-Blimp1 somatic mutants.  

A) An embryo injected with Cas9 mRNA only, displaying wildtype segment morphology and a wildtype 

inv expression pattern. B) Embryos injected with Cas9 mRNA and Of-Blimp1 gRNA-A. (i) Embryo 

displaying disrupted segment boundaries, including fusion of segments A2/A3, A7/A8, and A9/A10 on 

one side. (ii) Embryo displaying fusion of segments T1 and T2, A7 and A8. (iii) Embryo displaying 

A4/A5, A7/A8, and A9/A10 segmental fusions. (iv) An embryo displaying T1/T2, T3/A1, and A2/A3 

fusions on one side. C) Embryos injected with Cas9 mRNA and Of-Blimp1 gRNA-B. (i) An embryo 

displaying fusion of segments A7 and A8. (ii) An embryo displaying A4/A5 and A7/A8 segmental 

fusions. (iii) An embryo displaying reduced inv expression and posterior curling in the posteriormost 

segments (bracket), which was scored as having nonspecific posterior defects. (iv) An embryo displaying 

T3/A1, A7/A8, and A9/A10 segmental fusions. (v) An embryo with T1/T2 and T3/A1 segmental fusions, 

and nonspecific posterior fusions. In the region of A7 through A9, inv expression does not form complete 

stripes. All embryos were fixed at 67-71 h AEL. D) Plot displaying the percent of each segmental fusion 
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observed in embryos injected with Cas9 mRNA and gRNA-A or -B. Nonspecific posterior fusions refer 

to segment fusions in the region of A7 through A10 which could not be specifically identified, which 

were marked by reduced or disrupted inv expression and often by curling of the posterior abdomen. 

 

consistent with our interpretation of the Dfd expression pattern in homozygous germline mutants 

(Figure 4-7D). In the posterior abdomen, segment A6 did not appear to fuse with either 

neighboring segment, but fusions of A7 and A8 were fairly common (Figure 4-12Bi-iii, Ci,iv). A 

small number of embryos displayed fusions of segments A9 and A10 (Figure 4-12Bi,iii, Civ), but 

many more displayed non-specific posterior fusions (Figure 4-12Ciii, D). Embryos with this latter 

defect showed reduced inv expression in the A7 through A10 region often accompanied by curling 

of the posterior abdomen due to differences in length of the left and right halves of the embryo, 

suggestive of partial segment loss on one side.  

In sum, CRISPR/Cas9-mediated somatic mutation produced consistent mosaic defects that 

facilitated careful identification of the segment pairs that fused after loss of Of-Blimp1. These 

fusions displayed a PR-register with fusion of alternate sets of segments: T1/T2, T3/A1, A2/A3, 

A4/A5 in the most directly scorable regions of the embryo.  

 

4.3.8 Dm-Blimp1 is expressed in stripes but plays no role in segmentation 

Given the clear role of Of-Blimp1 in segmentation, we re-examined the conclusion (Ng et 

al. 2006) that the Drosophila ortholog of Blimp1 has no role in segmentation. Interestingly, Dm-

Blimp1 is expressed in the late blastoderm when segmentation of the AP axis is underway. As 

reported previously (Ng et al. 2006), Dm-Blimp1 transcripts were first detected in an anterior cap 

and a stripe about one-third the length of the embryo (Figure 4-13Ai), followed by a stripe in the 

center of the embryo and another at the posterior end (Figure 4-13Aii). Later, the central stripe of 

Dm-Blimp1 expression resolved into two weak stripes while the posteriormost stripe became more 
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intense (Figure 4-13Aiii). By the end of germband extension, Dm-Blimp1 transcripts were only 

evident in the head region.  

 

Figure 4-13. Dm-Blimp1 is not required to establish segments in Drosophila  

A) Dm-Blimp1 was first observed in an anterior cap and stripe at about one-third embryonic length (i). 

Later, two additional stripes were observed (arrowheads) posterior to the earlier expression domains (ii). 

Dm-Blimp1 expression intensified in most domains of expression, and the central stripe appeared as two 

weak stripes (iii). After germband formation, Dm-Blimp1 expression was localized to the head region 

(iv). B) Schematic showing CRISPR/Cas9 gRNA target sites (arrowheads) and homology-directed repair 

plasmid template for creation of the Dm-Blimp13XP3>EGFP allele, in which the entire Dm-Blimp1 CDS is 

replaced by the 3XP3>EGFP dominant marker. Homology arms are highlighted in gray. C) 

Blimp13XP3>EGFP homozygous mutants (i) display wildtype-like expression of Dm-slp, indistinguishable 

from the pattern of Dm-slp observed in Dm-Blimp13XP3>EGFP heterozygotes (ii), which also express lacZ 

in a hb-like pattern due to a transgene on the balancer chromosome.   
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Previous studies (Ng et al. 2006; Öztürk-Çolak et al. 2018) have established that Dm-

Blimp1 is required for proper tracheal development, but any that considered the effect of Dm-

Blimp1 mutation on segmentation used an allele in which a transposable element had been inserted 

in one of Dm-Blimp1ôs introns, which may not result in a total loss of Dm-Blimp1 function. To 

definitively address the role of Dm-Blimp1 in segmentation, we used CRISPR/Cas9 to create a 

Dm-Blimp1 allele in which the entire CDS is replaced by the 3XP3>EGFP dominant fluorescent 

eye marker (Figure 4-13B). Both homozygous (Figure 4-13Ci) and heterozygous (Figure 4-13Cii) 

Dm-Blimp13XP3>EGFP mutants displayed wildtype-like expression of Dm-slp1 in 14 stripes in 

germband-stage embryos, demonstrating that Dm-Blimp1 is not required for segment 

establishment.  

 

4.4 Discussion 

The Drosophila genetic screens for body patterning mutants revealed an unexpected PR 

embryonic patterning mechanism, in which certain genes define every other segment of the AP 

axis prior to individual segment identities are established. Mutants of different PRGs display loss 

of different alternating segment-wide units, producing similar though distinct patterns of segment 

loss. The loss of alternate segments thus defines the classic PR phenotype. Another characteristic 

feature shared by most Drosophila PRGs is their expression in alternate segment primordia, 

presumably in the cells that give rise to the segments lost in the corresponding mutants.  

Only one gene in OncopeltusðE75Aðhas yet been characterized that displays clear PR 

expression and knockdown phenotype as they were originally conceived. We took an approach 

unbiased by the Drosophila PRGs to identify Oncopeltus PRGs based on temporal expressionð

using the Of-E75A expression profile as our guideðrather than homology to Drosophila. This 
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approach revealed that in the hemipteran insect Oncopeltus, the Blimp1 ortholog encodes a crucial 

regulator of segment formation. Blimp1 is now the second gene (E75A the first) shown to have PR 

function in this species, neither of which are involved in segmentation in Drosophila.  Several 

lines of evidence suggest the existence of a pair rule in Oncopeltus and Of-Blimp1ôs role in 

mediating it: 1) Of-Blimp1 is expressed in a manner consistent with two-segment periodicity 

through much of germband elongation; 2) Presumptive homozygotes and eRNAi knockdown 

embryos display a PR-like shortening of body axis, and loss of segments across all tagmata; 3) 

When individual segment identities can be clearly discerned, a consistent pattern of segment pair 

fusions is observed after Blimp1 mutation: Mn/Mx, T1/T2, T3/A1, A2/A3, A4/A5. While the 

posteriormost segments were clearly also affected, PR defects were less apparent in this region. 

While this pattern of segment loss is mostly in agreement with loss of every other segment, 

the unperturbed labial segment following Of-Blimp1 depletion appears to be an exception to this 

trend. It is interesting to note that the original characterization of missing segments in Drosophila 

PR mutants was done by observing unhatched larvae, i.e., at the latest stage of embryonic 

development, when the gnathal segments are involuted and thus obscured. Scanning electron 

microscopy images of Dmel-fushi tarazu (ftz) mutants prior to head involution showed that the Mn 

and Mx segments are present, while the Lb segment is missing (Wakimoto et al. 1984). The 

presence of the Mn segment in this case also presents an exception to a strictly interpreted ópair 

ruleô, and suggests that the gnathal segments may be differently regulated than the thoracic and 

abdominal segments. 

Interestingly, we found that despite their correlated temporal expression profiles, Of-

Blimp1 and Of-E75A appear to be expressed in exclusive, non-overlapping spatial domains. How 

does the Of-Blimp1 mutant phenotype compare to phenotypes observed after knockdown of Of-
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E75A? Within the gnathal region, where Of-Blimp1 loss results in Mn/Mx fusion and no change 

in Lb segment morphology or expression of Scr, the inverse is observed after E75A RNAi: the Mn 

and Mx segments are unaffected, while the Lb segment is fused to T1 or lost altogether 

(Erezyilmaz et al. 2009). In the thoracic region, E75A knockdown most often resulted in fusion of 

T2/T3, although T3/A1 fusions were also observed; in contrast, T2/T3 fusions were never observed 

in Of-Blimp1 mutants or knockdown embryos. In the abdomen, Of-E75A knockdown produced 

A3/A4 and A5/A6 fusions, compared to the A2/A3 and A4/A5 fusions shown here after Blimp1 

mutation. Taken together with our observation that Of-Blimp1 and -E75A are expressed in distinct 

regions of the germband (Figure 4-1D), these two genes appear to direct pair-rule-like subdivision 

of the embryo across different segment boundaries in a non-redundant manner.   

Blimp1 is conserved across Metazoa (Fumasoni et al. 2007) and encodes a PRD-BF1-RIZ1 

(PR) domain which shares homology with the Su(va)3-9/Enhancer of zeste/trithorax (SET) 

domains of histone methyltransferases (Huang et al. 1998; Kouzarides 2002), as well as five zinc 

fingers. Blimp1 was first discovered as a binding factor of the positive regulatory domain 1 (PRD1) 

of the human beta-interferon promoter (Keller and Maniatis 1991). It is perhaps most extensively 

studied for its role in the vertebrate immune system as a key regulator of the developmental 

transition of B cells to plasma cells (Turner et al. 1994), but has not been widely studied in insects.  

Across the diverse developmental contexts in which Blimp1ôs role in transcriptional 

regulation has been studied in detail, it is almost universally found to be a repressor (Lin et al. 

1997, 2002; Ren et al. 1999; Yu et al. 2000; Agawa et al. 2007; Bunker et al. 2023; Sarhan et al. 

2023). The SET domain is the catalytic domain of histone methyltransferases; despite the presence 

of a SET-like PR domain encoded by Blimp1, it is not thought to have intrinsic methyltransferase 

activity (Kouzarides 2002). Nonetheless, Blimp1 has been found to recruit histone-modifying 
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enzymes to the genomic loci to which it binds in several developmental contexts (GyŖry et al. 

2004; Ancelin et al. 2006; Su et al. 2009). The genomic targets of Of-Blimp1, its mechanism of 

transcriptional control, and its effect on transcription of downstream targets remain to be 

determined.  

By comparison with Drosophila, the Oncopeltus Blimp1- and E75A-dependent PR 

patterning network represents a clear example of variability in patterning the AP axis. How 

conserved in an Oncopeltus-like PR network within insects? The maintenance of striped 

expression of Blimp1 in the Drosophila blastoderm could suggest a vestigial expression pattern 

due to fairly recent loss of Blimp1 from the segmentation network. In Nasonia vitripennis, E75A 

is expressed in a PR-like expression pattern (Taylor and Dearden 2022) and Tribolium Blimp1 was 

found to be expressed in stripes during germband elongation (Economou 2008), suggesting 

possible widespread use of these genes in segmentation. However, no segmentation defects were 

reported after Gryllus Blimp1 knockdown (Nakamura and Extavour 2016). How much variability 

exists in patterning mechanisms will require continued unbiased efforts to uncover them. 
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Chapter 5. The role of embryonic Blimp1 throughout the insect 

phylogeny 

 
The work presented in this chapter is largely preliminary and will likely be continued by 

future lab members before publication.  T. castaneum fixed embryos were provided to me by 

Patricia Graham and Ximena Gutierrez Ramos. Both Mhis-Blimp1 double-stranded RNAs were 

synthesized by Veronika Valverde Jimenez. 

 

5.1 Introduction 

The finding that Blimp1 has pair-rule function in Oncopeltus but not in Drosophila 

(Chapter 4) implies dramatic functional evolution of this gene in the lineages leading to these two 

species. Although studies of Drosophila have yielded immense insights for the field of 

developmental biology, it is often noted that Drosophila developmentðparticularly during 

segmentationðis not particularly representative of most insect species.  

The discovery that Of-E75A knockdown produces pair-rule defects in Oncopeltus embryos 

(Erezyilmaz et al. 2009) has been largely ignored in studies of segmentation in other insect species, 

with a few exceptions. Hernandez et al. (2020) analyzed E75A expression in another hemipteran 

Murgantia histrionica, and showed that Mhis-E75A is expressed in a pattern similar to Ofas-E75A, 

displaying widely spaced stripes in the blastoderm and stripes in the anterior segment addition 

zone (SAZ) suggestive of pair-rule expression (Hernandez et al. 2020). Outside of Hemiptera, 

embryonic E75A expression has been examined in just three other species. Wexler et al. (2023) 

examined expression of E75A in the cricket Gryllus bimaculatus ( Blattodea) and in the cockroach 

Blattella germanica (Orthoptera) (Wexler et al. 2023). In Gryllus, E75A is expressed in widely 

spaced stripes in early germbands which coincide with every other stripe of the segmentally 
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expressed gene wingless, consistent with pair-rule expression. Later, during germband elongation, 

Gbim-E75A is expressed in stripes in and anterior to the SAZ. In Blattella, E75A was likewise 

found to be expressed in stripes in the SAZ, but the register of these stripes compared to segment 

boundaries was not determined. It should be noted that Cruz et al. (2023) also examined Bger-

E75A expression, and did not detect striped SAZ expression; this discrepancy may be due to the 

different detection methods used in each study (Cruz et al. 2023). Finally, embryonic E75A was 

examined in the jewel wasp Nasonia vitripennis (Hymenoptera), where it was found to be 

expressed in a clear pair-rule pattern in blastoderm-stage embryos (Taylor and Dearden 2022). 

Outside of Oncopeltus, E75A function has only been tested in B. germanica where knockdown 

produced inconsistent results. Thus while the functional relevance of E75A for proper 

segmentation throughout the insect phylogeny remains to be determined, it is expressed in patterns 

that implicate its involvement in this process in species as distantly related as wasps and 

cockroaches, which are estimated to have diverged >350 million years ago (Misof et al. 2014). 

Another instance in which studies of segmentation mechanisms outside of Drosophila 

yielded results that were broadly applicable to many insect species except Drosophila comes from 

examination of Tribolium mille-pattes/tarsaless/polished rice (mlpt), which was found to display 

a gap-like expression pattern (Savard et al. 2006). Knockdown of Tcas-mlpt produced embryos 

with striking homeotic transformations and segmentation defects. The abdomen was generally 

truncated and the identity of several abdominal segments was transformed to that of thoracic 

segments, as embryos displayed extra pairs of legs posterior to the three leg-bearing thoracic 

segments seen in wild type animals. Following this result, Ray et al. (2019) examined the function 

of mlpt, as well as shavenbaby (svb) and E3 ubiquitin ligase (ubr3), which have been shown to 

interact in the context of Drosophila trichome development, in additional insect species (Ray et 
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al. 2019). Interestingly, they showed that the interactions seen in Drosophila epidermal 

differentiation between Mlpt, Svb, and Ubr3 are recapitulated in the context of Tribolium 

segmentation. Further, mlpt and svb are expressed in striped patterns during segmentation in 

Oncopeltus, the water strider Gerris buenoi (Hemiptera), and the jewel wasp N. vitripennis 

(Hymenoptera) (Ray et al. 2019). Most interestingly, in all three species, knockdown of svb or 

mlpt resulted in segmental fusions in the abdomen or abdominal truncation (Ray et al. 2019). 

Severe posterior truncations after mlpt RNAi were also reported for the hemipteran Rhodnius 

(Tobias-Santos et al. 2019) and posterior abdominal segment fusions following svb RNAi were 

observed for the lepidopteran Bombyx (Nakao 2018).  

These two examplesðE75A and mlptðillustrate that despite the vast body of work 

uncovering the intricate segmentation pathway in Drosophila, there remain many gaps in our 

knowledge with regard to embryonic segmentation mechanisms in other insects. In both examples, 

when a non-Drosophila insect species was employed as the focal organism, the findings were 

found to be applicable to additional, and often highly divergent insect species, suggesting once 

again that while Drosophila may be an excellent insect model, it is a poor representative. 

Furthermore, these examples illustrate that when a novel segmentation regulator is identified in a 

non-Drosophila species, it is worthwhile to examine its function in additional insects.  

Our finding that the gene Blimp1 is a pair-rule gene in Oncopeltus (Chapter 4) thus raises 

questions about how broadly this role is conserved throughout the insect phylogeny. Is a Blimp1-

dependent Oncopeltus-like mode of segmentation widespread across the insect tree of life or 

limited to Oncopeltus and its closest relatives? Interestingly, the expression pattern of Dmel-

Blimp1 during the blastoderm stage, when segment boundaries are being defined, is suggestive of 

a role in segmentation. At its peak expression level at this stage, Dmel-Blimp1 is expressed in a 
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pattern somewhat reminiscent of gap gene expression. Dmel-Blimp1 transcripts localize to an 

anterior stripe, another stripe at about 1/3 embryonic length, two faint central stripes, and a stripe 

at the posterior (Ng et al. 2006) (Figure 4-13). However, when the Dmel-Blimp1 coding sequence 

was deleted, no defects in segmentation were observed (Chapter 4). Thus Dmel-Blimp1 transcripts 

are present at the right time and places to potentially be involved in segmentation, but are 

dispensable during this process. It is possible this striped expression pattern is a vestigial remnant, 

suggesting a fairly recent removal of Blimp1 from the segmentation hierarchy in the lineage 

leading to Drosophila. Aside from Drosophila, embryonic Blimp1 expression has only been 

examined in the beetle Tribolium and the cricket Gryllus. In Tribolium, Blimp1 was analyzed as 

part of an expression pattern screen and was found to show striped expression during germband 

elongation (Economou 2008). In Gryllus, Blimp1 was examined for a potential role in primordial 

germ cell specification (Nakamura and Extavour 2016). Its expression pattern is unclear, but 

embryonic RNAi knockdown produced smaller primordial germ cell clusters and reportedly no 

segmentation defects. Additional sampling of Blimp1ôs roles in segment patterning across the 

insect tree could provide the basis for evolutionary hypotheses explaining the disparate roles so 

far observed. 

Here we present expression and/or functional data on Blimp1 in two additional 

hemipterans, a lepidopteran, two coleopterans, a hymenopteran, and a zygentoman. While 

technical barriers abound in non-model research, inhibiting our resolution of Blimp1ôs role during 

segmentation in several of these species, we found that Blimp1 has pair-rule-like function in all 

hemipterans examined and discovered a surprising role for Blimp1 in regulating segmentation in a 

non-pair-rule manner in a lepidopteran. Interestingly, Blimp1ôs expression in stripes during 

segment formation appears to be highly conserved in all species where this could be examined.  
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5.2 Methods 

5.2.1 Double-stranded RNA (dsRNA) synthesis 

All dsRNAs were synthesized by first amplifying a dsDNA template amplified using 

primers with the T7 RNA polymerase promoter sequence added to each 5ô end from mixed cDNA 

or a cloned cDNA. The PCR product was provided as template in a T7 RNA transcription reaction 

using the MEGAscript T7 kit (Invitrogen), allowing both sense and antisense RNA strands to be 

synthesized at the same time. In vitro transcription reactions were incubated overnight (Ó16 h) at 

37°C, followed by addition of 1 uL of TURBO DNase and 15 min further incubation at 37°C. The 

RNA was then heated to 95°C for 3 min in a heat block, after which the heat block was turned off 

and the RNA was allowed to slowly cool to at least 45°C over ~1 h. The RNA was precipitated 

with 7.5 uM LiCl and ethanol, washed with 70% ethanol, dried, and resuspended in water. The 

quality of the dsRNA was examined on an agarose gel. The concentration of the dsRNA was 

estimated on a Nanodrop Lite, using the single-stranded (ssRNA) setting. NEBiocalculator was 

used to determine the molarity of the solution; the molarity for ssRNA was halved to estimate the 

concentration of dsRNA.  

A 636 bp dsRNA targeting the turboGFP (tGFP) gene was used as a negative control in 

all experiments. The template for this dsRNA was amplified from plasmid pBac[3xP3-DsRed; 

UAS-Tc'hsp_p-tGFP-SV40] (Addgene #86453) using primers turbo GFP 1R_T7_2 and T7-tGFP-

F. All primers used to make dsRNA templates are listed in Appendix H.  

 

5.2.2 Embryonic RNAi (eRNAi) 

eRNAi in V. cardui, T. castaneum, L. decemlineata and T. domestica was performed as 

described for O. fasciatus (Section 2.3.4). For T. domestica, it was necessary to move the 
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injected embryos off the agar sheets the morning following injection, but the sheets were kept in 

the petri dishes to increase the humidity.  

 

5.2.3 Antisense RNA probe synthesis for in situ hybridization 

All antisense RNA probes for in situ hybridization were generated in the same manner. 

First, a DNA template was PCR-amplified using a reverse primer with the T7 RNA polymerase 

promoter sequence added to the 5ô end. Templates for the probes used in this study were PCR-

generated using the following primer pairs:  Vcar-Blimp1 with Vcar-Blimp1-F and Vcar-Blimp1-

RT7 (791 bp), Jhae-Blimp1 with Jhae-Blimp1-F and Jhae-Blimp1-RT7 (713 bp), Tcas-Blimp1 

with Tcas-blimp-F and Tcas-blimp-RT7 (444 bp), Vcar-Blimp1 with Vcar-Blimp1-F and Vcar-

Blimp1-RT7 (791 bp), Vcar-wg with Vcar-wg-F and Vcar-wg-RT7, and Jhae-prd with Jhae-prd-

F-1 and Jhae-prd-RT7-1 (458 bp for Jhae-prd-isoformX1 and 386 bp for Jhae-prd-isoformX2). 

Each PCR product was added as template to an RNA transcription reaction using T7 RNA 

polymerase and digoxigenin RNA labeling mix (Roche), which was incubated at 37°C for 2 h, 

followed by precipitation in 6 M LiCl and ethanol. The RNA pellet was washed with 70% ethanol, 

dried, and resuspended in water. In situ hybridization was performed using the protocol used for 

Oncopeltus (Section 4.2.3). All primers used to amplify probe templates are listed in Appendix H. 

 

5.2.4 Vanessa cardui gene isolation 

The V. cardui official gene set (OGS) v1 was searched by tblastn using the Dmel-Blimp1 

PR/SET domain as query, resulting in only one alignment, to gene model VCARD_00008554. 

Searching the V. cardui genome assembly scaffolds using the same query produced three 

significant alignments, all of which overlapped with VCARD_00008554. InterProScan was used 
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to identify conserved domains within this gene model; VCARD_00008554 encodes a PR/SET 

domain (IPR044413) and five C2H2-type zinc fingers (IPR013087), and will be referred to as 

Vcar-Blimp1. 

 

5.2.5 V. cardui rearing 

Our lab population of V. cardui was established from embryos purchased from Carolina 

Biological Supply. V. cardui were reared according to (Martin et al. 2020). All developmental 

stages were maintained at 25°C and 16:8 h light:dark cycle. Larvae were reared on artificial diet 

(multiple species diet, Southland Products) in 16 oz. deli containers. Ten larvae were kept in each 

container, and were moved to fresh containers of food as needed. When larvae were about to 

pupate, a piece of mesh was added under the lid of the deli container, to which pre-pupae could 

easily attach. Mesh with pupae attached were taped to the ceiling of a large mesh cage. Once adults 

eclosed, a 1:1 Gatorade:water solution was added for food. Sunflower (Helianthus annuus), 

mallow (Malva sylvestris), or hollyhock (Alcea) plants were added to the cage for oviposition. A 

paper cone was fashioned around the base of the plantôs stem to keep butterflies from laying eggs 

in the soil. 

 

5.2.6 V. cardui embryo fixation 

Embryos were harvested from the plant leaves, submerged in ~500 uL water and heat-fixed 

by submerging tubes in a boiling water bath for 3 min, then submerged in ice for 10 min. This 

boiling step is necessary not only to partially fix the embryos but also to inflate and stretch the 

chorion, making them much easier to remove. Water was replaced with PBST and the embryos 

were moved to a glass dissection dish, where chorions were manually removed. Chorions can also 
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be removed by placing embryos in a Drosophila-style embryo collection basket and submerging 

in 1:1 bleach:water for 1 min, but this method led to many embryos disintegrating, thus manual 

chorion removal was preferred. Embryos were then washed in 4% paraformaldehyde (PFA) for 20 

min, rinsed three times in PBST, and transferred to methanol. Embryos were stored in methanol at 

-20°C for at least 16 h. At some point between fixation and the start of in situ hybridization, 

embryos were gradually transferred back to PBST, and germbands were dissected away from the 

yolk; germbands were then gradually transferred. back to methanol and stored at -20°C until 

further use. Before in situ hybridization, embryos were gradually transferred to PBST, and washed 

in 4% PFA for 1.5 h. 

 

5.2.7 V. cardui embryonic RNAi  

Two non-overlapping dsRNAs were generated for Vcar-Blimp1 eRNAi. A 791 bp template 

for Vcar-Blimp1 dsRNA-1 was amplified from cDNA using primers Vcar-Blimp1-FT7 and Vcar-

Blimp1-RT7. A 939 bp template for Vcar-Blimp1 dsRNA-2 was amplified from cDNA using 

primers Vcar-Blimp1-dsRNA2-FT7 and Vcar-Blimp1-dsRNA2-RT7. The typical concentration of 

injected dsRNA into embryos was 1.5 uM, corresponding to 756 ng/uL for dsRNA-1 and 835 

ng/uL for dsRNA-2. Vcar-Blimp1 dsRNA-1 was also injected at 0.15 uM (75.6 ng/uL) and 0.015 

uM (7.56 ng/uL).  

 

5.2.8 Tribolium castaneum rearing  

  The T. castaneum vermilionwhite strain (Lorenzen et al. 2002b) was reared in organic 

whole wheat flour and yeast powder at 37°C and 12:12 h light: dark cycle. For egg collection, 
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adults were transferred to white flour from which eggs could be more easily separated using a 

metal 250 um sieve.  

 

5.2.9 T. castaneum RNAi 

A 444 bp Tcas-Blimp1 dsRNA template was PCR-amplified from cDNA using primers 

Tc-Blimp-FT7 and Tc-Blimp-RT7. See Section 5.2.2 for a description of eRNAi.  

 

5.2.10 Thermobia domestica rearing 

T. domestica were reared in plastic cages at 37°C in darkness and fed cat food, oatmeal, 

and water. Pans of water were kept in the incubator to increase humidity. Fluffed cotton balls were 

added to the cages for oviposition. 

 

5.2.11 T. domestica RNAi 

The Dmel-Blimp1 amino acid sequence was used as a query to search the T. domestica 

genome assembly (Brand et al. 2018) using tblastn, which yielded several significant (e-value <1e-

35) on scaffold 2423, allowing specific primers to be designed. Primers Tdom-Blimp1-FT7 and 

Tdom-Blimp1-RT7 were used to amplify 0-5 d AEL embryonic cDNA, producing a 465 bp band. 

Subsequent sequencing (Appendix I) revealed that this product encodes four C2H2-type zinc 

fingers (IPR013087) with 95% amino acid identity to the aligning region encoded by Ofas-Blimp1. 

This sequence will be referred to as Tdom-possible-Blimp1(partial). Furthermore, using the 

translated nucleotide Tdom sequence as query to search the D. melanogaster non-redundant 

nucleotide database yielded Dmel-Blimp1 as the top hit. However, no part of the PR/SET domain-

encoding region is included in this sequenced cDNA. See Section 5.2.2 for a description of eRNAi.  
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5.2.12 Leptinotarsa decemlineata population and rearing 

L. decemlineata egg masses and larvae were collected from potato plants at the Beltsville 

Agricultural Research Center (Beltsville, MD). Larvae were reared on eggplant and tomato plants 

at 29°C and 70% with a 12:12 h light:dark cycle. The population could not be maintained for 

multiple generations as we could not meet its high demand for plant material.  

 

5.2.13 L. decemlineata gene isolation 

The Dmel-Blimp1 PR/SET domain amino acid sequence was used as a query to search 

annotated transcripts in the L. decemlineata genome assembly v2.0 (RefSeq assembly 

GCF_000500325.1) using tblastn. All significant alignments (e-value < 1e-30) matched the same 

gene (LOC111514050), which encodes a PR/SET domain (IPR044413) and five C2H2-type zinc 

fingers (IPR013087).  

 

5.2.14 L. decemlineata embryonic RNAi 

cDNA was made from RNA extracted from embryos of unknown age. A 763 bp dsRNA 

template was amplified from this embryonic cDNA using primers Ldec-Blimp1-FT7 and Ldec-

Blimp1-RT7. A 1.5 uM (738 ng/uL) solution of this Ldec-Blimp1 dsRNA was injected into 

embryos; a 6 uM (613 ng/uL) solution of tGFP dsRNA was injected as a negative control. Embryos 

were collected over 5 h and 15 min and injections began 25 min later. 

 

5.2.15 Jadera haematoloma rearing 
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The lab J. haematoloma population was established from individuals collection from 

Hornbake Plaza on the University of Maryland campus. J. haematoloma were reared in 15.25 x 11 

x 11 in plastic containers with mesh lids, and provided with water and golden raintree 

(Koelreuteria paniculata) seeds collected from trees in College Park, MD (mapped locations 

available here). Cages were maintained at 29°C, 70% relative humidity, and a 12:12 h light:dark 

cycle. Once adults were sexually mature, a fluffed cotton ball inside a 2 oz. plastic cup was added 

to the cages for oviposition. 

 

5.2.16 J. haematoloma gene isolation 

A partial Jhae-Blimp1 cDNA was isolated by degenerate PCR. Embryonic cDNA was 

amplified with Taq polymerase using primers blimp-degen-F-inner and Blimp-degen-R-outer and 

annealing at 45°C. To increase the likelihood of primers annealing to the target sequence, each 

primer was provided at a final concentration of 1 uM. This reaction yielded a ~1.5 kb band, which 

was sequenced, allowing species-specific Blimp1 primers Jhae-Blimp-CDS-F  and Jhae-Blimp-

CDS-R to be designed. These were used with Q5 polymerase to amplify embryonic cDNA, again 

yielding a single ~1.5 kb band, which was inserted into pGEM-T-Easy. Although only one PCR 

product was visible from this latter reaction, a subsequent colony screen revealed different sized 

insertions. 11/15 colonies screened likely contained the major product, 4/15 had smaller insertions. 

Plasmids from several colonies were sequenced (Appendix I). Two of these (colonies 10 and 11) 

have the expected 1,501 bp insertion, which encodes a partial SET domain (IPR001214) and four 

C2H2-type zinc fingers (IPR013087), and is 83.8% identical to the aligning region of Ofas-Blimp1. 

This 1.5 kb partial cDNA will be referred to as Jhae-Blimp1(partial). One sequenced plasmid 

(colony 8) has a 644 bp insertion that is 100% identical to the aligning regions of Jhae-Blimp1, 

https://www.google.com/maps/@38.9875091,-76.9432539,16.74z/data=!4m3!11m2!2sGu9DLYSoel43dBSaEFOa8WJxUyeYMw!3e3?entry=ttu
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and another (colony 9) has a 1,362 bp insertion that is 99.6% identical to aligning regions of Jhae-

Blimp1. However, both encode truncated proteins with no zinc fingers. 

   Two rounds of degenerate PCR were used to amplify a partial Jhae-paired (prd) cDNA. 

The outer reaction used degenerate primers prd-deg1F and prd-deg1R (1 uM each). To increase 

primer specificity, a touchdown PCR was performed, with the annealing temperature started at 

50°C, which was decreased by 0.5°C per cycle for 20 cycles, followed by 20 additional cycles 

annealing at 40°C. 5 uL of this PCR was provided as template for the inner reaction, using primers 

prd-deg2F and prd-deg1R (1 uM each), an annealing temperature of 45°C. The resulting product 

was sequenced, allowing species-specific primers Jhae-prd-F2 and Jhae-prd-R2 to be designed. 

These primers were used to amplify embryonic cDNA, producing two bands, which were inserted 

into pGEM-T-Easy. Plasmids from four colonies were sequenced, yielding three different 

sequences. Plasmids from colonies 9 and 11 have 622 bp insertions and are almost identical aside 

from one conservative single nucleotide polymorphism (SNP). These sequences both encode 

partial Paired domains and homeodomains, and will be referred to as Jhae-prd(partial)-isoformX1. 

Another (colony 12) has a 550 bp insertion that is 100% identical to the aligning region of colony 

9, but is missing 72 bp present in the colony 9 sequence. This sequence also encodes a partial 

Paired domain and homeodomain, and will be referred to as Jhae-prd(partial)-isoformX2. Similar 

isoforms of prd were also identified in the harlequin bug M. histrionica (Hernandez et al. 2020). 

Jhae-prd(partial)-isoformX1 is homologous to Mhis-prd-B (Genbank MT235252.1) and Jhae-

prd(partial)-isoformX2 to Mhis-prd-A (Genbank MT235251.1). Another sequence derived from 

colony 10 encodes a stop codon within the paired box, so likely does not encode a function DNA-

binding protein. 
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5.2.17 J. haematoloma embryo fixation 

To fix J. haematoloma embryos, they were first submerged in ~1 mL water, then boiled 

for 3 min. The tubes of embryos were then transferred to ice until cool. The water was replaced 

with PBST, and the embryos transferred to a glass dissection dish, where part of the chorion was 

removed from each embryo, allowing PFA to penetrate. The embryos were then rocked in 4% PFA 

for 30 min, rinsed several times with PBST, and gradually transferred to methanol. They were 

stored in methanol at -20°C awaiting total chorion removal. Embryos were then transferred 

gradually back to PBST and chorions manually removed, followed by storage in methanol at -

20°C.  

 

5.2.18 J. haematoloma parental RNAi  

Two non-overlapping dsRNAs were synthesized to target Jhae-Blimp1. Primers Jhae-

Blimp-FT7 and Jhae-Blimp-RT7 were used to amplify a 713 bp DNA template for dsRNA-1, and 

primers Jhae-Blimp-dsRNA2-FT7 and Jhae-Blimp-dsRNA2-RT7 were used to amplify a 327 bp 

template for dsRNA-2. Adult females were injected with 3 uL of 5 uM dsRNA diluted in injection 

buffer (5 mM KCl, 0.1 mM phosphate buffer pH 6.8) with green dye (McCormick) diluted 1:50. 

These molarities correspond to 2.4 ug/uL for dsRNA-1 and 1 ug/uL for dsRNA-2. The dsRNA 

solution was loaded into a pulled glass capillary needle and pressure supplied using a connected 

syringe. Females were injected between two ventral abdominal sternites.  

 

5.2.19 Murgantia histrionica rearing 

M. histrionica were collected from brassica plants grown at the Beltsville Agricultural 

Research Center (Beltsville, MD). One lab population is derived from bugs collected in 2016 and 
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has been maintained in the lab since with no addition of wild bugs. Another lab population is 

generally maintained derived from bugs collected the previous summer. M. histrionica were reared 

in 12 x 12 x 12 in mesh cages, and fed fresh kale and cabbage every 2-3 days. Cages were kept at 

25°C, 50% relative humidity, and a 16:8 h light:dark cycle. Embryos were collected from the mesh 

walls of the cage and the kale and cabbage leaves. 

 

5.2.20 M. histrionica gene isolation 

Degenerate primers blimp-degen-innerF and blimp-degen-outerR (0.4 uM each) were used 

to amplify 24-48 h AEL M. histrionica cDNA with an annealing temperature of 51°C. This 

reaction yielded a 1.5 kb band which was sequenced, allowing species-specific primers Mhis-

Blimp1-F and Mhis-Blimp1-RT71 to be designed. These were used to amplify a 1.3 kb band, 

which was inserted into pGEM-T-Easy. Plasmids from two colonies (2 and 12) were sequenced 

(Appendix I); these sequences are almost identical, but colony 12 has 6 bp (encoding the amino 

acids YR) upstream of the zinc finger-encoding region, which is not present in colony 2. 

Furthermore, there is a single conservative SNP. Both sequences encode a region homologous to 

SET domain superfamily genes (IPR046341) and three C2H2-type zinc fingers (IPR013087). The 

colony 2 sequence will be referred to as Mhis-Blimp1(partial)-isoformX1 and the colony 12 

sequence as Mhis-Blimp1(partial)-isoformX2. 

 

5.2.21 M. histrionica pRNAi 

Two non-overlapping dsRNAs targeting Mhis-Blimp1 were generated for pRNAi. The 

DNA templates for both dsRNAs were amplified from the cloned Mhis-Blimp1(partial)-isoformX2 

fragment. Primers Mhis-Blimp1-FT7 and Mhis-Blimp1-RT7-2 were used to amplify a 645 bp 
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template for dsRNA-1, and primers Mhis-Blimp1-FT7-2 and Mhis-Blimp1-RT7-1 were used to 

amplify a 497 bp template for dsRNA-2.  

For each treatment (Mhis-Blimp1 dsRNA-1, -2, and tGFP dsRNA), 10 young adult females 

were each injected with 5 uL of 6 uM dsRNA solution diluted in injection buffer (5 mM KCl, 0.1 

mM phosphate buffer pH 6.8) with 1:50 green dye (McCormick). As the length of each dsRNA 

differs, a 6 uM solution is equivalent to 2.5 ug/uL of Mhis-Blimp1 dsRNA-1 and 1.9 ug/uL of 

Mhis-Blimp1 dsRNA-2. To inject, females were CO2-anaesthetized and one set of fore- and 

hindwings was turned outward, exposing the dorsal abdomen. Using a pulled glass capillary needle 

with pressure supplied using a connected syringe, the dsRNA solution was injected through the 

cuticle of the dorsal abdomen. Females from each treatment were kept in a single mesh cage, and 

an equal number of males was added. Embryos were collected daily and fixed 5 days later by 

boiling for 3 min.  

 

5.2.22 Nasonia vitripennis stocks and rearing 

Orange-eyed Nasonia vitripennis pupae were purchased from Wardôs Science. N. 

vitripennis are parasitoid wasps, laying their eggs in large dipteran pupae, which the larvae feed 

on until pupation.  Adults were fed 10% sugar water in Drosophila vials and provided with live 

Sarcophaga pupae (Diptera: Sarcophagidae, purchased from Wardôs Science) for oviposition.  

 

5.2.23 N. vitripennis gene isolation 

The Dmel-Blimp1 PR/SET domain amino acid sequence was used as a query to search the 

N. vitripennis translated OGSv1.1. Since the OGS contains various isoforms for each gene, the top 

five significant alignments (e-value<1e-10) localized to two genes. LOC100123469 encodes a 
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PRDM1-SET domain (IPR044413) and five C2H2-type zinc fingers (IPR013087), like other 

Blimp1 genes, while LOC100678344 encodes a SET domain and nine C2H2-type zinc fingers 

(IPR013087). LOC100123469 will be referred to as Nvit-Blimp1.  

 

5.2.24 N. vitripennis pRNAi  

A 711 bp Nvit-Blimp1 dsRNA template was amplified from ~0-16 h AEL embryonic 

cDNA using primers Nvit-Blimp1-FT7 and Nvit-Blimp1-FT7. RNAi was performed according to 

established methods (Lynch and Desplan 2006). To conduct parental RNAi in N. vitripennis, 

young pupae at the ñyellow stageò are injected with dsRNA; the efficiency of the RNAi has been 

reported to decrease after this stage. Yellow pupae were fixed to a coverslip with a thin strip of 

Elmerôs glue. 5 uM Nvit-Blimp1 or tGFP dsRNA was injected into the ventral side of the abdomen 

using a pulled glass capillary needle connected to a syringe, which was used to manually apply 

pressure.  

 

5.3 Results 

 

5.3.1 Jhae-Blimp1 is expressed in a PR-like manner during germband elongation 

The expression of Jhae-Blimp1 in the early embryo was analyzed by in situ hybridization. 

Jhae-Blimp1 transcripts were first detected in young germbands in a broad anterior stripe and thin 

stripe toward the posterior (Figure 5-1A). Later, three broadly spaced Jhae-Blimp1 stripes were 

observed (Figure 5-1B). The spacing of these stripes suggests expression in alternate segment 

primordia, but we were unable to test this more definitively by co-staining with a segmental 

marker. Later, Jhae-Blimp1 continued to be expressed at this register in the segmented germband 
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(Figure 5-1C); unfortunately, morphological segmentation of the germband was still too unclear 

at this stage to be certain how these stripes of expression align with segments. Also at this stage, a 

faint stripe was observed in the anterior SAZ and a broader stripe in the posterior SAZ (Figure 5-

1C, arrowheads). In an older germband, two Jhae-Blimp1 stripes were observed in the abdominal 

region of the germband, and a broad stripe within the SAZ (Figure 5-1D). The pattern of Jhae-

Blimp1 expression is very similar to that observed for Ofas-Blimp1, and very likely corresponds 

to an alternate-segment, PR-like manner of expression. Analyzing additional developmental 

stages, including those in which morphological segmentation and domains of expression can be 

compared, or co-staining with a segmental marker should help parse the register of Jhae-Blimp1 

stripes more definitively. 

 

Figure 5-1. Expression of Jhae-Blimp1 during germband elongation 
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A) In a young germband, Jhae-Blimp1 expresson was observed in a wide stripe toward the anterior and 

a think nascent stripe toward the posterior. B) Later, one stripe was observed in the head lobes, and three 

stripes along the length of the germband. C) Two new stripes (arrowheads) were later added at the 

posterior.  D) In a germband beginning to display morphological segmentation in the trunk region, two 

stripes were observed within the segmented region of the germband, and a broad stripe in the SAZ. For 

all panels, anterior is to the left. 

 

5.3.2 Blimp1 knockdown results in PR-like segmentation defects in two additional hemipteran 

species 

The similarities in expression between Ofas-Blimp1 and Jhae-Blimp1 suggested that 

Blimp1 might also have PR function in J. haematoloma. We therefore assessed its function by 

parental RNAi; adult females were injected with dsRNA and the phenotypes of their embryos were 

examined at the end of embryogenesis. The expected three leg-bearing thoracic segments and at 

least ten abdominal segments were observed in control tGFP knockdown embryos (Figure 5-2Ai -

ii). In Jhae-Blimp1 embryos knocked down with dsRNA-1, only two thoracic segments were 

observed (Figure 5-2Bi-ii, asterisks), and segment number in the abdomen was greatly reduced, to 

only ~3-4 segments (Figure 5-2Bi-ii).  

 

Figure 5-2. PR-like phenotype following Jhae-Blimp1 pRNAi  

A) Wildtype-like morphology is observed after tGFP pRNAi. Three leg-bearing thoracic segments (T1-

T3) and ten abdominal segments (1-10) are visible. B) After Jhae-Blimp1 pRNAi, only two leg-bearing 

segments (asterisks) and many fewer abdominal segments were observed. For A and B, both lateral (i) 

and dorsal views of the same embryo are shown. A-B) anterior is to the left. C) Plot displaying 

phenotypes observed in offspring of 8 females injected with Jhae-Blimp1 dsRNA-1. Phenotypic classes 

0-2 describe segmentation defects of increasing severity. Class 3 embryos do not have any clearly 

discernable morphological structures. No segmentation phenotype was observed in embryos collected 2 

days following injection, but by 3 days post-injection, most embryos displayed a non-wildtype 
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phenotype, a trend that continued over the 14-day collection period. The most severe knockdown 

phenotype peaked around 6-8 days post-injection. The number of embryos scored from each day is noted 

above each bar; 496 embryos were examined in total.  

 

When conducting pRNAi, embryos laid in the first few clutches often fail to display a 

knockdown phenotype, likely because the dsRNA had not reached older oocytes due to chorion 

deposition or other barriers at the time of injection. As we had not conducted pRNAi in this species 

before, we did not know when to expect the knockdown phenotype to first present after injection, 

or how long the knockdown effect would last in this species. We therefore tracked the phenotypes 

of offspring laid by Jhae-Blimp1 dsRNA-1-injected females and tGFP dsRNA-injected females 

over a two-week period (Figure 5-2C). Control tGFP offspring displayed no segmentation defects 

during this two-week collection period.  Jhae-Blimp1 knockdown embryos were scored according 

to the severity of the segmentation phenotype. Phenotypic Classes 0 through 2 represent 

segmentation phenotypes of increasing severity. Class 0 embryos displayed three thoracic 

segments, but fewer than 8-9 segments in the abdomen were visible. Class 1 embryos had only 

two thoracic segments, 4-5 abdominal segments (Figure 5-2Bi-ii). Class 2 embryos displayed 

fewer than 2 thoracic segments, and the abdominal segments were could not be distinguished to 

permit counting. Another phenotypic categoryðClass 3ðdescribes embryos that only developed 

balls of tissue in which no discernible structures were present. Embryos were also classified as 

wild type, undeveloped (ball of yolk), or too damaged to score. Two days after injection, all Jhae-

Blimp1 knockdown embryos displayed wild type-like phenotypes, and the first segmentation 

phenotype was observed at 3 days post-injection. No wild type-like phenotypes were observed 

after this time. The most severe class of segmentation phenotypes (Class 2) peaked in frequency 

around 6-7 d post-injection, which was not accompanied by a peak in the Class 3 phenotype, 

suggesting this latter phenotype may represent a non-specific effect. The least severe segmentation 

phenotype (Class 0) represents a sizeable fraction of examined embryos by 11-14 days post-
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injection, suggesting the RNAi effect may be beginning to wane at this time. However, the vast 

majority of embryos displayed a Class 1 phenotype (Figure 5-2Bi-ii).  

To assess the specificity of the segmentation phenotypes seen after knockdown with Jhae-

Blimp1 dsRNA-1, we designed a second, non-overlapping dsRNA-2 and again performed pRNAi. 

We had observed that after an early pattern of broad expression in the posterior ~2/3 of the embryo 

(Figure 5-3Ai), Jhae-paired (prd) is expressed similarly to Ofas-prd, in every presumptive 

segment primordium in the blastoderm-stage embryos (Fix 3Aii) and young germbands (Figure 5-

3Aiii), and around the anterior SAZ in elongating germbands (Figure 5-3Aiv). Late embryos with 

gnathal and thoracic appendages express prd in the appendages of the mandibular (Mn) and 

maxillary (Mx) segments (Figure 5-3Av), making Jhae-prd a helpful marker of segment identity 

in this region. We therefore examined the expression of Jhae-prd in pRNAi embryos knocked 

down with dsRNA-2. While tGFP embryos displayed the expected wild type-like prd expression 

pattern in the Mn and Mx appendages (Figure 5-3XBi), Jhae-prd was only detected in a single 

segmentôs appendages in this region in Jhae-Blimp1 knockdown embryos (Figure 5-3Bii, filled 

arrowhead). The segment posterior to this appears normal, while the next segment is enlarged and 

appears to be the result of two segments fusing, evidenced by the forked appendage on one side 

(Figure 5-3Bii, asterisk). The segment posterior to this bears a reduced appendage (Figure 5-3Bii, 

transparent arrowhead), and abdomen is much shorter than that seen after tGFP RNAi.  
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Figure 3. Expression pattern of Jhae-prd in wild type and Jhae-Blimp1 pRNAi embryos 

A) Expression of prd at different developmental stages in wild type embryos. i) In an early blastoderm-

stage embryo, prd is expressed broadly in the posterior half of the embryo; ii) in a later blastoderm-stage 

embryo, 5-6 stripes are visible; iii) prd is expressed in stripes throughout the length of a young germband, 

and in a broad stripe in anterior SAZ; iv) in a later germband, five prd stripes are situated anterior to and 

within the anterior portion of the SAZ; v) in an even older germband, prd is expressed in the appendages 

of the mandibular (Mn) and maxillary (Mx) segments. B) Expression of prd in extended germband-stage 

pRNAi embryos. i) Control tGFPRNAi embryos display wildtype-like expression of prd in the Mn and Mx 

appendages. ii) Jhae-Blimp1RNAi embryos are shortened compared to the control, displaying fewer 

abdominal and appendage-bearing gnathal and thoracic segments. Consistent with this, expression of prd 

was only observed in one gnathal segmentôs appendages (arrowhead). For all panels, anterior is to the 

left. 

 

Preliminary in situ hybridizations in another hemipteran, the harlequin bug Murgantia 

histrionica, suggest that Blimp1 is also expressed in stripes in this species. To assess its function, 

two non-overlapped dsRNAs were designed to target Mhis-Blimp1 and pRNAi was performed. 

Following tGFP pRNAi, nearly all examined offspring displayed wild type-like phenotypes with 

three thoracic segments and at least seven abdominal segments visible (Figure 5-4A, D). Mhis-

Blimp1 knockdown with either dsRNA 1 or 2 produced embryos with reduced segment number, 

often with two thoracic segments (Figure 5-4B-C, asterisks) and 3-4 visible abdominal segments. 

31% (n=142) of embryos scored after Mhis-Blimp1 knockdown with dsRNA-1 and 90% (n=159) 
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with dsRNA-2 and displayed these PR-like segmentation defects. A large fraction (38%) of 

embryos knocked down with dsRNA-1 developed only as masses of tissue. Whether this 

phenotype results from a more severe knockdown of Mhis-Blimp1 or is a non-specific phenotype 

associated with this dsRNA and not the gene targeted, remains to be determined. A typical M. 

histrionica egg mass consists of 12 embryos, and the ñtissue massò phenotype was not present in 

more than 12 embryos on any collection day, thus it is possible only one female is responsible for 

these embryos, though it is unclear why the effect would vary between individuals.  

 

Figure 5-4. Mhis-Blimp1 pRNAi produces PR-like segmentation defects in offspring 

A) tGFP pRNAi embryos displayed wildtype-like morphology. Three leg-bearing thoracic segments 

(T1-T3) are visible, and at least seven abdominal segments (1-7) can be clearly observed. B-C) Mhis-

Blimp1 pRNAi phenotypes are shown following maternal injection of dsRNA-1 (B) and dsRNA-2 (C). 

Segmentation defects observed after Mhis-Blimp1 pRNAi were PR-like, as embryos displayed only two 

leg-bearing segments (asterisks), and only ~4 abdominal segments were visible. For A-C, both lateral (i) 

and dorsal (ii) views are shown. D) Plot displaying frequencies of observed in tGFPRNAi and Mhis-
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Blimp1RNAi (dsRNA-1 and -2) embryos. Mhis-Blimp1 dsRNA-1 produced a larger fraction of non-specific 

phenotypes, while phenotypes produced by dsRNA-2 were much more consistent. The number of 

embryos scored per treatment is noted above each bar. For all panels,  

 

5.3.3 In the lepidopteran Vanessa cardui, depletion of Blimp1 transcripts results in loss of two 

consecutive abdominal segments 

As V. cardui is a tractable lab model, with established protocols for embryonic injection 

(Martin et al. 2020), it was selected to examine the role of Blimp1 during lepidopteran embryonic 

development. V. cardui is a sequentially segmenting species; while itôs not clear whether any 

segment specification occurs during a blastoderm stage, most segments are specified from the SAZ 

during germband elongation. First, the expression pattern of Vcar-Blimp1 was analyzed by in situ 

hybridization. The first Vcar-Blimp1 expression we have observed was detected in a very young 

germband in two broad bands, one in the primordial head region, and another further posterior 

(Figure 5-5B). Later, expression was observed in a broad domain around the center of the 

germband, an in a stripe at the posterior in the SAZ (Figure 5-5B). In slightly older germbands, 

this central broad domain appeared more clearly as three defined stripes (Figure 5-5C, asterisks), 

and a stripe in the SAZ was still present (Figure 5-5C, arrowhead). As germband elongation 

continued, a single stripe in the anterior SAZ continued to be observed (Figure 5-5D-F, 

arrowhead). While its expression in stripes around the SAZ suggests a potential role for Vcar-

Blimp1 in segment formation, it is unclear how these Vcar-Blimp1 expression domains align with 

segment boundaries.  
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Figure 5-5. Expression of Vcar-Blimp1 during germband elongation 

In a young germband (A), Vcar-Blimp1 expression was observed in the anterior region, and in a broad 

band toward the posterior. In a more elongated germband (B), a new stripe of expression had arisen in 

the SAZ (arrowhead). C) Later, three stripes of expression are evident in the segmented germband 

(asterisks), and a stripe was observed in the SAZ (arrowhead). D) A broad expression domain was 

observed in the segmented region of the germband, and a stripe in the SAZ was still observed 

(arrowhead). E) In an older germband, a stripe in the SAZ continued to be present (arrowhead) as the 

broad expression domain had started to fade, and later (F) was absent, while an SAZ stripe remained 

(arrowhead). For all panels, anterior is to the left. 

 

To test the function of Vcar-Blimp1 during embryogenesis, embryonic RNAi (eRNAi) was 

performed by directly injecting embryos with dsRNA. Fully extended germbands that had been 

injected with tGFP dsRNA had the wild type complement of wg stripes and corresponding 

segments: three appendage bearing gnathal segments (Lb through Mx), three leg-bearing thoracic 

segments (T1 through T3) and ten abdominal segments (A1 through A10) (Figure 4-6Ai). Embryos 

injected with Vcar-Blimp1 dsRNA-1 were found to have two fewer abdominal segments than wild 

type embryos (Fig 6Aii). An enlarged segment was observed between segments A2 and A6, and 

the identity of this segment was unclear. In wild type V. cardui larvae, abdominal segments A3 

through A6 each bear a pair of prolegs, leg-like protrusions with a circle of hooks allowing the 

larva to grasp surfaces. In tGFP RNAi embryos that were allowed to develop to the pre-hatchling 

stage, these four pairs of prolegs can be observed (Figure 5-6Bi-ii, asterisks). However, after Vcar-

Blimp1 eRNAi (1.5 uM dsRNA), only two abdominal segments bear prolegs were present (Figure 

5-6Ci-ii, asterisks).  
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Figure 5-6. Two abdominal segments are lost following Vcar-Blimp1 eRNAi 

A) Expression pattern of the segmentally expressed gene Vcar-wingless (wg) in (i) an embryo injected 

with 1.5 uM tGFP dsRNA and (ii) an embryo injected with 1.5 uM Vcar-Blimp1 dsRNA. tGFPRNAi 

embryos displayed wildtype-like morphology, segment number, and expression of Vcar-wingless (wg), 

while Vcar-Blimp1RNAi embryos displayed only ~8 segments, and an enlarged abdominal segment was 

observed between segments A2 and A6. B) A wildtype-like tGFPRNAi pre-hatchling embryo has four 

abdominal segments (A3 through A6) which each bear a pair of prolegs (asterisks). C) A Vcar-Blimp1RNAi 

embryo is missing two abdominal proleg-bearing segments. For B and C, both lateral (i) and ventral (ii) 

views are shown. D) Plot displaying phenotypes observed after injection of 1.5 uM tGFP dsRNA, and 
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0.015, 0.15, and 1.5 uM Vcar-Blimp1 dsRNA. Injection of an intermediate concentration (0.15 uM) 

produced mostly intermediate phenotypes, which aided in identification of segments missing after Vcar-

Blimp1 RNAi. E) A Vcar-Blimp1RNAi embryo displaying an intermediate phenotype, in which segments 

A3 and A4 are present in the left half (top) of the body, but absent from the right half (bottom) of the 

body. F) Injection of 1.5 uM Vcar-Blimp1 dsRNA-2 produced the same phenotype seen after injection 

of dsRNA-1.  

 

The identity of these segments was unclear until intermediate phenotypes, which displayed 

incomplete loss of segments, were observed (Figure 5-6D-E). Many of these embryos displayed a 

wild type segment number on one side, and loss of segments A3 and A4 on the other side (Figure 

5-6E). Lower concentrations of dsRNA were injected to increase the frequency of these partial 

knockdown phenotypes, and we observed a progressive increase in severity of the segment loss 

phenotype with increasing concentrations of dsRNA (Figure 5-6D). Embryos injected with the 

lowest concentration of Vcar-Blimp1 dsRNA-1 (0.015 uM) displayed mostly wild type-like 

phenotypes (51.4%, n=142), while those injected with an intermediate concentration (0.15 uM) 

displayed mostly partial loss of A3 and A4 (83.6%, n=146), and those injected with the highest 

concentration (1.5 uM) displayed mostly complete loss of segments A3 and A4 (71.7%, n=145). 

Embryos injected with 1.5 uM of a second non-overlapping Vcar-Blimp1 dsRNA similarly 

displayed loss of these two abdominal segments (Figure 5-6F), suggesting this phenotype is 

specific to Vcar-Blimp1. In sum, these results suggest that in V. cardui, Blimp1 does not function 

in a PR manner during segmentation, but rather is required to establish two consecutive segments 

in the abdomen.   

 

5.3.4 Blimp1 is required for adult eclosion in the hymenopteran Nasonia vitripennis 

Nasonia is a parasitoid wasp that lays its eggs (Figure 5-7Ai) in the pupal cases of large 

flies; the hatched larvae (Figure 5-7Aii) then consume the fly pupa. The wasps pupate (Figure 5-

7Aiii) inside the flyôs pupal case, and many adult wasps (Figure 5-7Aiv) emerge from a single 
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pupal case. To perform pRNAi in this species, young female pupae are injected with dsRNA, 

allowed to eclose, and the phenotype of their offspring is examined for the knockdown effect.  

A dsRNA was designed to target Nvit-Blimp1 and parental RNAi was attempted by 

injecting 42 female Nasonia pupae with a 711 bp Nvit-Blimp1 dsRNA and 40 pupae with tGFP 

dsRNA as a negative control. However, while all tGFP dsRNA-injected pupae eclosed normally 

with wild type morphology (Figure 5-7Bi), all Nvit-Blimp1 dsRNA-injected pupae failed to 

properly eclose from the puparium (Figure 5-7Bii). Thus no Nvit-Blimp1 knockdown embryos 

could be obtained. However, this result suggests that Blimp1 likely has a conserved role in 

metamorphosis in Nasonia, like in Drosophila and Tribolium (Agawa et al. 2007; Li et al. 2016). 

 

Figure 5-7. Nvit-Blimp1 RNAi disrupts adult eclosion 

A) N. vitripennis life stages. i) Embryos (arrowhead) and ii) larvae inside a Sarcophaga pupal case; iii) 

A female N. vitripennis pupa. Pupae can easily be sexed by the length of the forewing pads; females can 

be identified by posterior tip of the wing pad extending past the thorax. Anterior-right. iv) Adult male N. 

vitripennis can be identified by the short vestigial wings. Anterior-left. B) Pupal RNAi in N. vitripennis. 

i) An individual injected during the with tGFP dsRNA eclosed normally with wild type morphology. ii) 

Individual injected with Nvit-Blimp1 dsRNA failed to eclose, becoming stuck within the puparium. 

Anterior-left. 
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5.3.5 Preliminary results suggest Blimp1 may not be required for segmentation in two beetle 

species 

Previous work showed that Tcas-Blimp1 is expressed in stripes during germband 

elongation (Economou 2008). We validated this by examining the Tcas-Blimp1 expression pattern 

by in situ hybridization. In young germbands, four Tcas-Blimp1 stripes of expression were visible 

(Figure 4-8A) in a similar pattern to Tcas-odd and -run at this stage (Choe et al. 2006). Later, 

~three stripes are visible, with one more intense than the others (Figure 4-8B). As the germband 

elongates, Tcas-Blimp1 stripes were detected in the posterior (Figure 4-8C) and later in two stripes 

anterior to the SAZ (Figure 4-8D, asterisks). In an older germband, expression was observed in a 

stripe anterior to the SAZ and in the posterior region of the SAZ (Figure 4-8E). Finally, only one 

stripe of Tcas-Blimp1 expression was observed in an older germband beginning to show 

morphological segmentation of the trunk region (Figure 4-8F).  

 

Figure 5-8. Expression of Tcas-Blimp1 during germband elongation 

A) In a young germband, Tcas-Blimp1 was observed in four stripes of equal intensity along the length of 

the germband. B) In a slightly older germband, 3-5 stripes are still evident. C) Later, 2-3 Tcas-Blimp1 

stripes were observed toward the posterior of the germband. D) Two stripes were later observed anterior 

to the SAZ, and one stripe further anterior. E) Tcas-Blimp1 was observed broadly in the posterior SAZ 

and in a stripe near the anterior SAZ. F) In a germband displaying morphological segmentation in the 

anterior, only a single stripe of Tcas-Blimp1 was observed in the anterior SAZ. For all panels, anterior is 

to the left.  

 

To test the function of Blimp1 in Coleoptera, eRNAi was attempted in two beetle species: 

Tribolium and the Colorado potato beetle Leptinotarsa decemlineata. In Tribolium, only 9% of 

embryos injected with Tcas-Blimp1 dsRNA (n=87) hatched with wild type morphology, and none 
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of the tGFP dsRNA-injected embryos hatched, likely due to insufficient humidity. As eRNAi 

typically results in severe knockdown, it is unlikely that any Tcas-Blimp1 dsRNA-injected 

embryos could hatch if Tcas-Blimp1 were required for segment patterning, but it cannot be ruled 

out. Thus while these data are inconclusive, they suggest that Tcas-Blimp1 may not be needed for 

segment patterning. Further work will determine more conclusively whether this is indeed the case. 

In Leptinotarsa, 56.5% of embryos injected with Ldec-Blimp1 dsRNA (n=62) and 88.9% 

of embryos injected with tGFP dsRNA (n=36) hatched five days post-injection with wild type 

morphology, also suggesting that Blimp1 may not be required for segmentation in this species.  

 

5.3.6 Blimp1 may not be required for segmentation in the zygentoman T. domestica  

The firebrat T. domestica is a basally branching ametabolous insect in the order 

Zygentoma. A potential partial Tdom-Blimp1 fragment was isolated from embryonic cDNA, and 

used to generate a dsRNA for embryonic knockdown. Embryos were injected with either this 

Tdom-Blimp1 dsRNA or tGFP dsRNA. 66% of embryos injected with Tdom-Blimp1 dsRNA 

(n=55) and 52.6% of embryos injected with tGFP dsRNA hatched ~13 days post-injection, 

suggesting that Blimp1 may not be required for segment patterning in this species.  

 

5.4 Discussion 

This chapter presented preliminary data on the expression and function of Blimp1 orthologs 

in several insect species positioned across the insect phylogeny. The expression patterns of Blimp1 

in Vanessa and Jadera were so far uncharacterized, and we have validated previously published 

expression data for Tribolium. New data were presented on the effects of RNAi-mediated 

knockdown on segmentation of  Blimp1 in Vanessa, Jadera, and Murgantia (Figure 5-9, solid 
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green boxes). The Blimp1 knockdown data in Tribolium, Leptinotarsa, and Thermobia were 

inconclusive, and thus Blimp1ôs role in these lineages during segmentation remains unclear (Figure 

5-9, dashed green boxes). While much work remains to be done to provide a clearer picture of 

Blimp1ôs role throughout the Insecta, several observations can be made that can help us refine our 

questions regarding Blimp1ôs evolution in insects. 

First and perhaps most surprisingly, we have found that Blimp1 is expressed in stripes in 

every insect species we have examined. Additionally, another lab interpreted the Gryllus Blimp1 

expression pattern as striped in the anterior SAZ during germband elongation (Nakamura and 

Extavour 2016). Based on the data currently available, it is likely that the last common ancestor 

(LCA) of the Holometabola and Hemiptera displayed striped Blimp1 expression in the early 

embryo. Whether this was preceded by, coincident with, or followed by Blimp1ôs involvement in 

segment patterning is still unclear. Similar striped expression patterns could imply similar 

regulatory logic, thus it is possible that investigating the upstream regulators of Drosophila or 

Oncopeltus Blimp1ðwhere this is technically feasibleðcould help us identify these in other 

species. 

While the conservation of striped Blimp1 expression is remarkable, how the register of 

these stripes aligns with the boundaries of segment primordia should be considered further. 

Although Drosophila Blimp1 is expressed in stripes at the right developmental time to be involved 

in segmentation, is not expressed in alternate segment primordia like most Drosophila PRGs. On 

the other hand, we have shown that Oncopeltus Blimp1 stripes are expressed through much of 

segment formation in every other segment primordium (Chapter 4). Although we have not co-

stained Jadera Blimp1 and a segmental marker, it is likely this trend holds true in this species as 

well. In Vanessa, the register of Blimp1 stripes is still unclear and should be investigated. 
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Intriguingly, Tribolium Blimp1 stripes are markedly PR-like. Although this needs to be validated 

by co-staining with a segmental marker, the similarity of Blimp1 expression with that of Tribolium 

odd and run, which have been shown to display alternate-segment expression (Choe et al. 2006), 

clearly suggests Blimp1 is expressed in a PR-manner in this group.  

 

Figure 5-9. Expression and function of Blimp1 during embryogenesis in insects 

A summary of the data on Blimp1ôs expression and function during embryogenesis across Insecta. Blimp1 

is expressed in stripes during embryogenesis in four samples holometabolous species representing three 

orders. Outside of Holometabola, Blimp1 embryonic expression have been examined in two hemipteran 

species, which display not only striped, but alternate-segment pair-rule-like patterns. Embryonic 

expression in more basally branching insect groups is unclear. Despite widespread striped embryonic 

expression, Blimp1ôs role in segmentation across Insecta appears to be more limited. No role for Blimp1 

in AP segment patterning was observed in Drosophila. In the lepidopteran Vanessa, although Blimp1 

knockdown embryos displayed clear segmentation defects (loss of two consecutive abdominal 

segments), these were clearly not PR. In Hemiptera, PR-like loss of segments has been shown clearly for 

Oncopeltus, and less definitively for two other hemipterans Murgantia and Jadera. RNAi knockdown in 

the coleopterans (beetles) Tribolium and Leptinotarsa as well as the zygentoman Thermobia are not 

conclusive, but suggest Blimp1 may not be required for body patterning in these species. Data presented 

in this chapter are outlined by green boxes. Green dashed boxes indicate lower-confidence preliminary 

data presented here. The data for Oncopeltus is derived from Chapter 4; data for Drosophila is from Ng 

et al. (2006) and Chapter 4; data for Gryllus Blimp1 is from Nakamura and Extavour (2016). 
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Second, Blimp1 is required for segmentation in two distantly related lineages (Figure 5-9), 

and the segmentation phenotypes observed in each lineage after knockdown are distinct. In all 

surveyed hemipterans (Oncopeltus, Jadera, and Murgantia), Blimp1 knockdown produces 

embryos with ~half as many segments as wild type (Figure 5-9). At least in Oncopeltus, segments 

are lost in a PR-manner (Chapter 4). Based on how closely related these three species are to each 

other and the similarity of expression patterns between Oncopeltus and Jadera, it is most likely 

the Blimp1 segmentation phenotypes observed in Jadera and Murgantia are PR as well. However, 

in Vanessa, the only lepidopteran sampled so far, Blimp1 knockdown does not result in a PR 

phenotype, but instead loss of two consecutive abdominal segments. It is possible that Blimp1 

plays a similar role in these two lineages by influencing expression of the same target genes but 

that different functions are conferred by different domains of expression. Again, co-staining 

Vanessa Blimp1 with a segmental marker should help answer this question. Thus while in 

hemipterans, Blimp1 loss results in loss of alternate segments across the AP axis, in Vanessa, 

Blimp1 loss affects a small fraction of the AP axis length and results in loss of consecutive, rather 

than alternate, segments.  

From these data, the evolutionary trajectory of Blimp1 remains unclear. Whether or not the 

Blimp1-dependent PR segmentation network seen in hemipterans represents an ancestral or 

derived trait cannot be determined. However, the current data suggest that striped Blimp1 

expression was present at the base of the clade comprising Holometabola and Hemiptera. If indeed 

Tribolium Blimp1 is expressed in PR-stripes, it is also likely that the LCA of Holometabola and 

Hemiptera displayed striped Blimp1 expression in alternate segment primordia. The PR stripe 

register of Blimp1 is then predicted to have been lost in lineage(s) leading to Drosophila and 
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Vanessa. Maintenance of striped Blimp1 expression may have allowed Blimp1 to be incorporated 

into different levels of the segmentation hierarchy in hemipterans and Vanessa (or perhaps 

maintained at a certain level of the hierarchy, depending on the ancestral state).   

These observations also raise the question of how Blimp1 striped expression is maintained 

where it is dispensable for segmentation, as in Drosophila. Two scenarios for Drosophila Blimp1 

are most likely. First, although Blimp1 may be dispensable during segment formation in 

Drosophila, it is not necessarily non-functional during this process. It is possible that Dmel-Blimp1 

is functionally redundant with one or more genes, and that deletion of any one of these can be 

tolerated. This is an intriguing idea, as functional redundancy is thought to be a major driver of the 

evolution of regulatory genes. Such redundancy provides a buffer against potential deleterious 

effects of mutations, rendering such mutations evolutionarily neutral, and allowing rapid changes 

in function to one or both members of the redundant pair. For example, the Drosophila PRG 

ortholog paired (prd) has been lost from mosquito genomes, and its expression pattern and 

function replaced by paralog gooseberry (gsb), which is proposed to have occurred after gsb 

adopted an earlier prd-like expression pattern (Cheatle Jarvela et al. 2020). As in the case of gsb 

and prd, which are closely related Pax3/7 family members, this functional redundancy is generally 

assumed to evolve in the form of duplicated genes. In Drosophila, the only other known PR 

domain-containing (prdm) genes are hamlet (CG31753) and prdm5 (CG43347), which do not 

display Blimp1-like expression patterns during segmentation. hamlet is expressed in a single 

anterior spot (likely the head primordium) during the blastoderm, and prdm5 was not found to be 

expressed during this stage (Hammonds et al. 2013).  

Second, is also possible that Drosophila Blimp1 is indeed non-functional during the 

blastoderm stage, and that the maintenance of striped expression during this stage is simply a 
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vestige of an ancestral requirement for Blimp1 striped expression. In this model, continued striped 

expression of Blimp1 cannot be deleterious; Blimp1 expression at this stage might be rendered 

neutral by post-transcriptional silencing, making Blimp1 binding sites inaccessible, or by reducing 

Blimp1 expression level below some threshold required for functionality. It should be noted that 

Drosophila Blimp1ôs expression level at the blastoderm stage is quite low, ~8% that of Drosophila 

PRGs ftz or eve (Graveley et al. 2011), making this latter scenario quite likely. Vestigial expression 

could be the consequence of a high level of redundancy in Blimp1ôs cis-regulatory elements 

(CREs). Redundant CREs are thought to be a common phenomenon (Hong et al. 2008; Frankel et 

al. 2010; Graham et al. 2021; Fischer et al. 2024), and could slow the evolution of an expression 

pattern.  

So far, we have only examined the expression patterns and ultimate effects of Blimp1 

knockdown on embryo segment formation. In the future, it will also be worthwhile to examine the 

protein-coding sequence differences between different Blimp1 orthologs to see if any trends in 

protein motifs correlate with differences we observe in Blimp1 function in different groups. 

Unfortunately, there are currently few full-length verified insect Blimp1 ortholog sequences 

available. 

In sum, we have found that Blimp1ôs role in segmentation is not limited to Oncopeltus, and 

that it likely acts as a PRG in the hemipterans Jadera and Murgantia as well. Additionally, Blimp1 

is required for proper segmentation of the abdomen in the lepidopteran Vanessa, where loss of 

Blimp1 transcripts results in loss of A3 and A4. Finally, we find Blimp1 expressed in stripes during 

segmentation throughout Insecta. This striped expression is likely plesiomorphic, and may have 

predisposed Blimp1 orthologs to become involved in segmentation independently in Hemiptera 
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and Lepidoptera, or involvement in segmentation itself may be plesiomorphic. Future work 

expanding on the work presented here will help resolve these possibilities.  
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Chapter 6: Outlook and conclusions 

 
6.1 The pleiotropy of Of-white remains to be investigated 

In most insect where white mutants are homozygous viable, the pleiotropy of the white 

gene contributes to its usefulness as a visible marker. White proteins heterodimerize with Scarlet 

to transport ommochrome precursors, and with Brown to transport pteridine precursors, thus white 

mutation prevents transport of both types of pigments into the pigment granules. In Oncopeltus, 

white is even more pleiotropic than expected, since in addition to its roles in eye and body 

pigmentation, we found white mutations to be recessive lethal.  

As noted in Chapter 2, this white phenotype is not without precedent. In Helicoverpa 

armigera, white mutations were likewise found to homozygous lethal, and some viable 

heterozygotes displayed dominant defects during ecdysis and could not properly shed their 

exoskeletons (Khan et al. 2017). After publication of our findings, white mutation was found to be 

the likely cause of G0 lethality in another hemipteran, Peregrinus maidis (Klobasa et al. 2021), 

and RNAi knockdown of white in the hemipteran Lygus hesperus was also found to be lethal (Heu 

et al. 2022).    

We have not explored the possible causes of white mutant lethality, but a few possibilities 

are worth considering. As suggested by Kômoto et al. (2009), it is possible that White 

heterodimerizes with other yet unknown ABC half-transporters to transport chemicals aside from 

ommochrome and pteridine pigment precursors. Toxic chemicals depending on White for transport 

to organs or organelles where they are sequestered from vulnerable components could explain 

white mutant lethality.  

It is also possible that no additional White dimerizing partners exist, but that the pigment 

precursors themselves have toxic effects when not incorporated into the pigment granules of the 
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cell. Harmen (1966) suggested that using pteridines as pigments may be a strategy to remove 

harmful nitrogenous waste products from the body, as an alternative to excretion (Harmsen 1966). 

For example, they noted that in contrast to many other insects, Pieris (Lepidoptera) butterflies 

excrete a small amount of pteridines, but produce pteridine-rich scales, essentially ñexcretingò 

these molecules to the body surface where they have an additional function in pigmentation. It is 

possible that the deposition of pteridines into the pigment granules of epidermal cells serves a 

similar function. In support of this hypothesis, there is some evidence that the pteridines 

isoxanthopterin and xanthopterin inhibit DNA synthesis in Oncopeltus embryos (Harris and 

Forrest 1967).  

Whatever the exact cause of white mutant lethality, it is interesting to note that this effect 

can be rescued by some proportion of the body having wild type copies of white. We observed that 

most G0 individuals with large white clonal patches in the epidermis and eyes were viable and 

fertile (Figure 6-1A). However, since we did not observe any G0 adults that were mostly 

unpigmented, there appears to be a threshold area of white clonesðwhich we did not determineð

above which bugs do not survive.  

 

 

Figure 6-1. Comparison of Of-w G0 mosaic and Pyrrhocoris white-bodied mutant 

A) Ofas-w CRISPR G0 nymph displaying large w/w clonal patches in the epidermis of the abdomen. B) 

Pyrrhocoris apterus white-bodied mutant nymph (left) compared to wild type (right). Like the 

Oncopeltus wb and cb mutants described by Lawrence (1970), the Pyrrhocoris white-bodied mutants 

have reduced erythropterin. Panel A is my data; panel B is borrowed from Slama (2013). 
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6.2 A gene involved in the synthesis of erythropterin remains to be identified 

We chose to target the white locus for mutagenesis because we expected this to produce 

the viable, white-eyed phenotype seen in many other insects. Fluorescent protein-encoding genes 

under control of the 3XP3 eye-specific regulatory sequence are often used as dominant markers of 

transgenesis in Drosophila and non-model insects. The 3XP3 regulatory sequence contains three 

Pax6 binding sites, shown to be sufficient to direct expression in the eyes in flies and beetles 

(Berghammer et al. 1999). Due to the highly conserved expression of Pax6 in the eyes of insects, 

3XP3 is presumed to be functional in all or most species, circumventing the arduous task of 

identifying species-specific regulatory sequences. However, Berghammer et al. (1999) showed 

that eye pigments can greatly mask eye fluorescence (Figure 6-1, compare top row to bottom row), 

limiting the usefulness of such transgenes to species in which a white-eyed mutant line exists 

(Berghammer et al. 1999). Thus, generating a white-eyed Oncopeltus line would permit many 

downstream applications and is still a worthy goal.  

As noted in Chapter 2, pigmentation mutants in Oncopeltus were isolated in the 1960s in 

several labs, but were subsequently lost. Among these were the mutants white body (wb) and cream 

body (cb), which were found to be non-allelic and displayed very similar phenotypes, i.e., the loss 

of orange-red coloration from the epidermis (Smissman and Orme 1969; Lawrence 1970). Double 

homozygotes generated by crossing wb individuals to red-eyed (re/re) mutantsðwhich were 

suspected to be deficient in ommochrome pigmentsðresulted in Oncopeltus with white eyes and 

white bodies, suggesting that Oncopeltus eye color depends on both ommochromes and pteridines, 

as in flies.  

White-bodied mutants were also isolated in another heteropteran, Pyrrhocoris apterus. The 

Oncopeltus wb and cb mutants, and the Pyrrhocoris white-bodied mutants all have reduced levels 
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of erythropterin compared to wild type (Figure 6-1B) (Rizki and Sláma 1968; Lawrence 1970; Bel 

et al. 1997). Erythropterin is a pteridine pigment thought to be responsible for the red color of 

Oncopeltus nymphs, as increasing levels of this pigment through embryogenesis correlate with the 

production of a deep orange-red color as embryos develop (Forrest et al. 1966). Thus it is likely 

the pigment most responsible for the striking orange-red color of Oncopeltus, but unfortunately 

little about its biosynthesis is known.  

Additionally, it was found that in the white-bodied Pyrrhocoris mutants, the red 

erythropterin was replaced by white leucopterin (note the transparency of the Of-w epidermal 

clones in Figure 6-1A compared to the epidermis of the white-bodied Pyrrhocoris mutant in panel 

B). This suggests that the precursor of erythropterin, which is thought to be xanthopterin (Forrest 

et al. 1966), can be diverted to synthesize a different pteridine pigment in the absence of a factor 

responsible for erythropterin synthesis.  

 

Figure 6-2. Fluorescence of EGFP expressed in the eyes of transgenic flies and beetles is blocked 

by eye pigments 

A-D) Non-transgenic individuals shown at left; transgenic 3XP3>EGFP individuals shown at right. A) 

Drosophila white mutant background (white eyes), B) Tribolium stpearl mutant background (white-eyed), 

C) Drosophila white/+ background (wild type eyes), D) Tribolium stpearl/+  background (wild type eyes). 

Figure modified from Berghammer et al. (1999)  
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6.3 Expansion of genetic tools to study gene function in Oncopeltus  

 In Chapter 1, I showed that CRISPR/Cas9 is a practical and highly efficient strategy to 

generate targeted mutations in Oncopeltus. This was not surprising, as the main barriers to using 

CRISPR/Cas9 in insects typically arise from the difficulty of injecting large numbers of eggs due 

to the embryoôs size, the structure of the chorion, oviposition behavior, or low fecundity. 

Compared to many insects, Oncopeltus lay plenty of embryos (often >1,000 over the lifespan of a 

female), which are fairly large (1.4 x 0.6 mm, (Butt 1949)), and easy to inject. Hatch rates of 

embryos injected with non-toxic reagents are often in the range of 60-80%. Despite these 

advantages, the direct injection of CRISPR reagents can have highly toxic effects when targeting 

essential loci. 

In Drosophila, CRISPR injections are usually done in transgenic fly lines that express Cas9 

under control of the nanos or other germline-specific promoter. As nanos expression is spatially 

restricted to the germline primordia and later the gonads during embryogenesis (Curtis et al. 1995), 

germline editing is maximized while somatic editing is likely reduced. By contrast, in Oncopeltus 

and most other non-model insects, somatic nuclei are highly vulnerable to mutation, which can be 

lethal for the embryo. Additionally, there is evidence that the Oncopeltus germline is not 

maternally transmitted as in Drosophila but rather zygotically induced, and thus germline 

specification occurs at a later point in embryogenesis (Ewen-Campen et al. 2013).  

During this dissertation, three genes essential for embryonic development were targeted in 

Oncopeltus: white (Chapter 2), prd (Appendix J), and Blimp1 (Chapter 4), as well as one non-

essential gene, vermilion (Chapter 3). I will compare the different strategies employed in each case 

and how these may have contributed to the ease/difficulty of generating a mutant line. However it 

should be noted that gRNA efficiency can be highly variable, which may have also contributed to 
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these results. Comparative statistics are shown in Table 6-1. Of-w and Of-Blimp1 were both 

targeted for mutation at protein-coding regions. As NHEJ is the most common repair pathway and 

often introduces frameshifting indels, double-stranded breaks at these loci would be expected to 

produce loss-of-function alleles. Injection of these CRISPR reagents is therefore expected to cause 

some lethality in G0s due to somatic mutation. Indeed, hatch rates were very low following both 

injections (Table 6-1); only 10.7% of Of-w CRISPR G0s hatched in one case, and 12.3% of Of-

Blimp1 CRISPR G0s hatched. By contrast, prd was targeted for mutation at two sites flanking 

exon 1 (described in Appendix J); thus only non-coding regions were targeted. While indels at 

either site could certainly lead to loss of prd function (such as by disrupting transcription factor 

binding sites in the promoter or disrupting the donor splice site flanking the 3ô end of the exon), 

this is much less likely than when targeting protein-coding gene regions. Thus we expect somatic 

mutation at these loci to be less lethal unless the entire exon is deleted, and indeed the G0 hatch 

rate in this case was much higher (49%).  

Drastic differences were observed in the proportion of G1s genotyped as heterozygous at 

the targeted locus. For Of-w, 64% of genotyped G1s were found to be heterozygous at the w locus. 

This high proportion is likely due to the visibility of Of-w mutant clones in G0s, allowing us to 

identify G0s most likely to transmit Of-w mutations to their offspring, as well as the viability of 

these individuals. By contrast, prd or Blimp1 G0s displaying visible somatic mutation were not 

viable. Of-prd G1s were screened for the desired loss-of-function mutation: a deletion of ~400 bp 

between the two gRNA target sites that includes exon 1. Only 5% of Of-prd genotyped G1s were 

identified as heterozygotes. This result suggests a trade-off when targeting non-coding loci of 

essential genes; while G0 viability may be high, the frequency of mutations derived from deleting 

regions between gRNA target sizes appears to be quite low. Only one prd mutant line could be 
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propagated and has been maintained as a heterozygous line. Finally, as described in Chapter 4, 

Blimp1 gRNAs were co-injected with an Of-v gRNA, and G0s were crossed to Of-v virgins, 

allowing me to screen G1s by eye color which provided evidence of germline mutation in the G0 

parent. Genotyping was heavily biased toward v-yielding lines, and offspring from non-v-yielding 

lines were only genotyped for comparison; thus to best compare the efficiency of this co-CRISPR 

approach to the other CRISPR strategies, I will only consider genotyped G1s from v-yielding lines. 

In this case, 21% of genotyped G1s were found to be Blimp1 heterozygotes. Five different Blimp1  

loss-of-function alleles were identified and have been maintained as heterozygous lines. Although 

two gRNAs targeting Blimp1 were injected, no G1s displaying loss of the region between the target 

sites were recovered, consistent with the frequency of this type of mutation being quite low as was 

seen for Of-prd mutation.  

 The case of white mutation is likely an outlier with respect to most CRISPR experiments, 

which will probably not yield viable mosaic G0s with visible somatic mutations. Considering the 

Table 6-1. G0 hatch rates and G1 heterozygotes recovered from CRISPR mutations at three 

essential loci 

Gene  Region 

targeted 

Expectatio

n of G0 

mosaic 

viability*  

 

G0 hatch 

rate  

Number 

of G1s 

screened 

(A) 

Number of 

G1 

heterozygotes 

identified 

(B) 

Percent 

heterozygous 

G1s (B/A) 

Number 

lines 

maintained 

white coding viable 10.7%; 

35.4%** 

161 104 64% NA 

paired non-

coding 

not viable 49% 124 7 5% 1 

Blimp1 

***  

 

coding not viable 12.3% 195 41 21% 5 

*Here, the expected viability of G0s with large and/or many mutant clones (like those seen in Figure 6-

1A) is considered.  

**Hatch rates for the two most effective gRNAs. Efficacy of gRNAs was assessed by the proportion of 

G0 hatchlings displaying a mosaic white phenotype. 

***Only genotyped G1s from v-yielding lines is considered here, as G1s from non-v-yielding lines were 

genotyped only to evaluate the effectiveness of the co-CRISPR strategy 
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different strategies used for prd and Blimp1 mutation, the co-CRISPR approach (as used for 

Blimp1 mutation) produced the greatest likelihood of recovering multiple loss-of-function alleles. 

I am therefore convinced that when working with a non-model insect, particularly one that has 

potential to become a quasi-model, it is worthwhile to invest in making mutant lines with visible 

markers (as described for vermilion in Chapter 3) despite the extra time and effort this requires.  

 Regarding the tools available for gene-editing in Oncopeltus, our inability to generate 

alleles by homology-directed repair (HDR) from an exogenous template presents a major barrier. 

The recessive lethal alleles generated during this dissertation must be maintained in heterozygous 

individuals, necessitating regular PCR screening of individuals from each line to ensure the alleles 

are not lost. Targeted insertional mutagenesis of loci of interest using a transgene conferring a 

dominant visible marker would greatly facilitate maintenance of such lines, as heterozygotes could 

be screened visually rather than molecularly (See strategy for Dmel-Blimp1 mutation in Chapter 4 

as an example of this). Although we still might not be able to detect fluorescent proteins expressed 

in the eye, a dominant marker could easily be made to rescue the Of-v mutant phenotype. In 

Tribolium, transgenes expressing vermilion (v) under control of the 3XP3 enhancer-promoter or 

the Tcas-polyubiquitin promoter rescued the Tcas-v mutant eye color phenotype (Lorenzen et al. 

2002a; Siebert et al. 2008). However, targeted insertion of such transgenes relies on HDR from an 

exogenous template following double-stranded break.  

Potential factors that could affect the success rate of HDR have already been reviewed in 

Section 3.6.3. It is important to note, however, that even for more established non-drosophilid 

insect models like Tribolium, in which successful HDR events have been reported (Gilles et al. 

2015; Rylee et al. 2018), unpublished reports of unsuccessful HDR attempts appear to be much 

more frequent (personal communications). It is possible that Cas9 restriction to the germline 
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accounts for the frequency of HDR events reported for Drosophila compared to other insects. A 

transgenic Tribolium line expressing Cas9 with a Tcas-nanos 3ô UTR has been generated and 

found to produce functional Cas9, but whether this UTR is sufficient to limit Cas9 function to the 

germline and whether this source of Cas9 is more effective than direct injection remains to be seen 

(Rylee et al. 2022).  

 

6.4 Maintenance of patterned expression of TF-encoding genes in highly diverged species 

 Of the 46 Oncopeltus TF-encoding genes screened by in situ hybridization so far, 18 

display spatially restricted (i.e., non-ubiquitous) patterns of expression. Of these, 15 were 

annotated as a clear ortholog of a Drosophila gene and all 15 display spatially restricted patterns 

of expression during Drosophila embryogenesis as well (Tomancak et al. 2007). Although a small 

sample of TF-encoding genes in either species, this observation was somewhat surprising given 

the prominent example of ftz-f1 losing patterned expression in the lineage leading to Drosophila 

(Heffer et al. 2013b). Owing to their patterned expression, we can predict that these genes are 

deeply integrated in gene regulatory networks specific to certain developmental contexts. It makes 

sense that the transcription of such regulatory genes would be tightly controlled, as lack of 

expression or misexpression would likely be deleterious. The evolution of redundant CREs might 

provide a buffer against deleterious changes while at the same time allowing divergence of 

redundant elements. This could explain differences in specific expression patterns despite 

conservation of a patterned expression per se, resulting in the same TF-encoding genes displaying 

spatially restricted expression patterns across great evolutionary distances.  

 We likewise observe striped Blimp1 expression in the Drosophila blastoderm despite 

Dmel-Blimp1 being dispensable for segmentation. Comparative studies have produced similar 
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findings. For instance, mlpt, which is involved in segmentation in a broad range of species outside 

Drosophila but is dispensable for Drosophila segmentation, is expressed in a weak PR 7-stripe 

pattern in the Drosophila blastoderm (Ray et al. 2019). The gene nubbin, which regulates segment 

identity specification in Oncopeltus and Tribolium (Section 1.2.2.4), is expressed in a single gap-

like broad band in the Drosophila blastoderm (Hrycaj et al. 2008). Similarly, the Drosophila PRG 

ortholog ftz is expressed in PR stripes in Tribolium, where it appears to be dispensable for 

segmentation (Stuart et al. 1991; Brown et al. 1994). Considering the discussion above, it is 

possible these instances represent transition states in which CREs continue to direct expression of 

a gene in a developmental context in which they are no longer required.  

 

6.5 Oncopeltus PRGs are responsive to ecdysone in Drosophila 

In this dissertation, I have shown that Ofas-Blimp1 is a PRG in Oncopeltus, the second 

gene with such function after E75A (Erezyilmaz et al. 2009), and have generated the first PR 

mutant in Oncopeltus. It is noteworthy that in Drosophila, both Blimp1 and E75A are expressed in 

response to the hormone ecdysone (Segraves and Hogness 1990; Agawa et al. 2007; Akagi and 

Ueda 2011). Furthermore, the mille-pattes (mlpt) gene, whose expression is likewise stimulated 

by ecdysone in Drosophila (Chanut-Delalande et al. 2014), is required for normal segmentation in 

many non-drosophilid insects including Oncopeltus and the hemipterans Rhodnius and Gerris 

(Tobias-Santos et al. 2019; Ray et al. 2019). Interestingly, several other TF-encoding genes related 

to ecdysone signaling are also found in the E75A- and Blimp1-coexpression cluster: svb, which is 

post-translationally regulated by the Mlpt peptide, hormone receptor 38, and hormone receptor 3-

like. Expression of svb was already shown to be expressed in the Oncopeltus SAZ (Ray et al. 

2019), but expression patterns of these latter two genes remain to be determined. 
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Whether or not the concomitant expression of ecdysone-inducible genes in the early 

embryo is in fact due to ecdysone signaling, merely coincidental, represents a co-option of an 

ecdysone-responsive regulatory network into an ecdysone-unresponsive context, or some 

combination, remains to be determined. The literature suggests that ecdysone likely plays some 

role in early embryonic development. Ecdysteroids have been found in 0-24 h AEL Oncopeltus 

embryos (Kaplanis et al. 1975; Dorn and Romer 1976) and supplying an exogenous ecdysone to 

adult females was found to hasten early embryonic development of their offspring (Dorn and 

Buhlmann 1982). Recently in another sequentially segmenting insect, the cockroach Blattella 

germanica, both the ecdysone receptor complex and several ecdysone signaling genes were shown 

to be required for germband formation and segmentation to proceed normally (Cruz et al. 2023; 

Wexler et al. 2023). 

 

6.6 Which genes are targets of Of-Blimp1 regulation during segmentation? 

 Having identified Of-Blimp1 as a PRG in Oncopeltus, it will be interesting to understand 

how it mediates this role by identifying targets of Of-Blimp1 regulation. Ideally, we could perform 

ChIP-seq to identify direct downstream targets. However, as this is not currently technically 

feasible, an alternative is to scan the Oncopeltus genome for Blimp1 binding sites to identify 

potential targets, the expression patterns of which could then be examined in Blimp1 mutants for 

functional validation. Additionally, there are many candidate target genes, such as the segmentally 

expressed orthologs of the Drosophila PRGs, and other genes shown to be expressed in and around 

the SAZ which might depend on Blimp1 for proper expression.  

Additionally, the finding that Toll-7, -8, and -10 are all expressed in PR patterns in the 

Oncopeltus blastoderm and in stripes in the SAZ during germband elongation (Benton et al. 2016) 
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makes these genes particularly good candidates to evaluate for regulation by Of-Blimp1. As 

discussed in Section 1.5, the Drosophila Toll genes and tartan encode cell surface proteins 

important for mediating convergent extension during germband elongation, and their expression 

is regulated by the PRG products. We should therefore evaluate whether the Oncopeltus PRGsð

Blimp1 and E75Aðare found to regulate expression of these cell surface protein-encoding genes. 

If they do, this could suggest that a major evolutionary constraint on segmentation is the requisite 

alternate-segment localization of these cell surface markers, while the PR factors responsible for 

mediating this localization are evolutionarily labile, thus providing a potential explanation for the 

maintenance of a ñpair ruleò directing segmentation across the insect phylogeny.  

 

6.7 The Blimp1 protein is unstable in other lineages 

In C. elegans, Blimp1 was found to be a target of ubiquitination and subsequent 

proteasome-mediated degradation through interaction with the F-box protein Dre-1 (Horn et al. 

2014). In Drosophila, this interaction was found to be conserved during the prepupal to pupal 

transition, and the timing of Blimp1 degradation is an important regulatory component modulating 

the repression of ftz-f1 and ultimately the timing of pupation (Akagi and Ueda 2011; Aly et al. 

2018). Drosophila fbxo11 (dre-1 homolog) mutants displayed delays in pupation timing and 

increased stability of a heat-shock-induced FLAG-tagged Blimp1 protein compared to controls 

(Aly et al. 2018). A region between the PR domain and zinc fingers of Drosophila Blimp1 is 

implicated in mediating degradation by the proteasome, potentially through interaction with 

Fbxo11 (Akagi et al. 2016; Sarhan et al. 2023). In sequentially segmenting species, a timing 

mechanism regulating the periodic addition segments has been suggested, similar to the clock-and-

wavefront model proposed for vertebrate somitogenesis (Section 1.4). An unstable transcriptional 
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repressor is a tempting candidate regulator of oscillating gene expression, which could in turn 

define repeating subunits of the AP axis at a given periodicity (Figure 6-3). Whether Of-Blimp1 is 

subject to proteasome degradation during germband elongation, and whether this plays any role in 

a clock-like mechanism of segment addition, should be investigated.  

 

6.8 Does Blimp1 expression oscillate in the SAZ?  

Sarrazin et al. (2012) showed convincing evidence for a single oscillation of odd expression 

in the SAZ during Tribolium germband elongation. It is not clear if odd expression continues to 

oscillate in this region throughout segmentation of the entire AP axis, although additional gene 

expression data suggests that it does (Jeon et al. 2020). It is clear that Blimp1 expression oscillates 

one time in the posterior SAZ; the slp stripes allow us to compile a time course Blimp1 posterior 

SAZ expression. When the A3 slp stripe is visible, no Blimp1 expression was detected in the 

posterior SAZ (Figure 4-3Civ). Concomitant with the slp A4 stripe, Blimp1 is expressed broadly 

in the posterior SAZ (Figure 4-3Cv). Finally, along with the slp A5 stripe, Blimp1 is expressed in 

a stripe in the middle of the SAZ, and posterior SAZ expression is lost. Furthermore, Blimp1 

expression in the posterior SAZ replaces E75A expression there, and generates a stripe of 

expression posterior to an E75A stripe (Figure 4-3D).  

Although it is possible that subsequent oscillations in the SAZ occur, it is unlikely that 

these would not have been captured by our more tightly staged embryo collections. Continuous 

oscillations in this region throughout germband elongation could potentially explain how 

expression in alternate segment primordia is generated in a sequentially segmenting insect. Thus, 

it will be interesting to identify other oscillators in the posterior SAZ that Blimp1 and E75A 

expression may depend on later during germband elongation.  
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Further, while we cannot reconstruct the evolutionary history of PR regulators throughout 

Insecta, it is interesting to consider whether the intrinsic properties of certain genes make them 

more or less appropriate as PR regulators in the context of simultaneous or sequential 

segmentation. Clark and Akam (2016) observed that Drosophila PRGs expressed in the typical 7-

stripe pattern have small transcription units of less than 3.5 kb, allowing relatively fast and 

simultaneous production of protein. The rate of transcription in Drosophila has been found to be 

~1 kb per minute (Thummel 1992), thus transcript length can be an important factor influencing 

the timing of gene regulation. Interestingly, both Ofas-Blimp1 and Ofas-E75A have very large 

transcription units. The transcription unit of Ofas-E75A is at least 24 kb, and that of Blimp1 is at 

least 16 kb (although there is some evidence that Ofas-Blimp1 exon 1 is even further upstream, 

which would make the transcription unit over 45 kb). Such large transcription units should confer 

a notable time lag from the onset of transcription to translation of protein. If indeed expression of 

these genes oscillates, such a lag could help define the period of these oscillations.  
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Figure 6-3. A simple model of PR patterning 

A) A simple model of PR patterning in a sequentially segmenting species by two genes (A and 

B) expressed in out-of-phase oscillations over time in the SAZ. Each oscillation can generate a 

segment (gray ovals), such that the period of each geneôs oscillation (brackets) corresponds to 

alternate segments. In the presence of a ubiquitous activator (not shown), mutual repression 

between A and B could enforce reciprocal expression profiles, and auto-repression could ensure 

periodicity of expression. Lines terminating in a perpendicular bar represent repressive 

regulatory interactions. Aô) Spatial expression of A and B at three time points (t1-t3). B) 

Expression of A and B oscillates over space (AP axis) in the blastoderm of a simultaneously 

segmenting insect. Bô) Expression patterns of A and B at a single time point. C) We know that 

simultaneous segmentation requires many more than two factors with staggered expression 

patterns oscillating over the AP axis, the combinatorial action of which can define discrete 

domains within segmental compartments. Vertical dotted lines are intended to mark more 

spatially refined domains, not specific cells. A = anterior, P = posterior 
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6.9 A simple model for PR patterning in a sequentially segmenting species 

We do not know when PR patterning originated, but if the conservation of PR patterning 

across most insects is the result of a single origin, then it would pre-date simultaneous 

segmentation. Thus speculation about its evolution should consider that it likely came about in a 

sequentially segmenting arthropod and was maintained with the advent of simultaneous 

segmentation.  In Figure 6-3, I present a highly simplified model for how PR expression patterns 

could be generated in a sequentially segmenting species. The segmentation ñclockò is regulated by 

two oscillators, A and B; oscillation initiates segment formation (Figure 6-3A, gray ovals). 

Assuming ubiquitous activators of both genes are present, transcription of A and B is the default 

state in the absence of repression. Factor A represses transcription of B, and B of A; this mutual 

repression ensures that A and B are expressed in completely out-of-phase oscillations. Both factors, 

A and B, repress transcription of the genes encoding them (A and B), leading to termination of 

transcription at a rate consistent with degradation of these proteins. Thus the period of oscillation 

for either gene coincides with alternate segments (Figure 6-3A, brackets). As convergent extension 

leading to elongation of the germband is occurring at the same time, this simple regulatory 

framework would lead to alternating stripes of cells expressing (or having once expressed) A and 

B (Figure 6-3Aô).  

The transition from sequential to simultaneous segmentation has been proposed to be an 

instance of heterochrony (Nagy and Carroll 1994; Clark et al. 2019), in which the timing of 

segmentation gene expression shifted to an earlier point in development before gastrulation. In 

simultaneously segmenting species, instead of oscillating over time, PRG expression oscillates 

over space, leading to striped expression corresponding to alternate segment primordia (Figure 6-

3B,Bô).  
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The model presented above is only useful for considering the possibilities for the initiation 

and maintenance of PR patterning; it is very unlikely that the body plan of a sequentially 

segmenting insect could be patterned by two regulators alone. In Drosophila, the staggered 

expression patterns of seven PRGs across the AP axis, along with two ubiquitously expressed 

PRGs, allows for specification of distinct domains within segments (Figure 6-3C). How this could 

occur in the context of sequential segmentation remains to be determined.  

6.10 Conclusion 

 Early studies of Drosophila PRG orthologs during embryogenesis of sequentially 

segmenting insects suggested that this mode of segmentation may not follow a pair rule, as some 

of these orthologs were not found to be expressed in stripes (Patel et al. 1992). However, our 

finding that Blimp1 is a PRG in Oncopeltus, together with E75A (Erezyilmaz et al. 2009), 

challenges the notion that PR-regulation of segmentation must use the same sets of regulators in 

different lineages. This conservation of pair-rule patterning, but not the factors mediating this 

process, suggest that there is more evolutionary constraint on the process of segmentation than on 

the genes responsible for carrying out this process. Hopefully continued examination of the 

mechanisms regulating segmentation in a diverse array of insects will shed light on the forces 

constraining segmentation to follow a pair rule.  
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Appendix A. Primer sequences from Chapter 2 
 

 

  

Primer name Sequence 

Of-w-exon2-

guideA 

TTAATACGACTCACTATAGGTTTTCGATAACGGTCTCCAGGTTTTAG

AGCTAGAAATAG 

Of-w-exon2-

guideB 

TTAATACGACTCACTATAGGGACCCTGGCAAGGCTCAGGTTTTAGA

GCTAGAAATAG 

Of-w-exon2-

guideC 

TTAATACGACTCACTATAGGCGCTTCTGTTCAGTCTGTTTTAGAGCT

AGAAATAG  

gRNArev AAAAGCACCGACTCGGTGCC 

Of-w-exon2-64-F GTGAGGTATATTACTGGATGTGCCAAATTTCTTG 

Of-w-exon2-211-

R 

GATGAGAGCAGGAGTGCTGACAGGATTAG 

Of-w-RNAi-FT7 taatacgactcactatagggagaGCTGCATGTCCGAGTAACTACAAC 

Of-w-RNAi-RT7 taatacgactcactatagggagaCATTCCATTCATGTGCTCTCGC 

Of-w-exon1-

UTR-F 

GGACTTGGTGACAGTGCTTGACTTC 

Of-w-R-1 GTGTTTGACCGGCTGCATGTAATG 
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Appendix B. Primers used in Chapter 3 

 
  Primer name Primer sequence 

1 Of-ok1-s301-FT7 (A) taatacgactcactatagggagaGCAAGGAACCCTCAAGATC

AG 

2 Of-ok1-s301-RT7 (A) aatacgactcactatagggagaGAAGGATTGAAACTGCTTC

CAG 

3 Of-ok2-s196-FT7 (A) taatacgactcactatagggagaGACTGTCAGCCAGGAAG 

4 Of-ok2-s196-RT7 (A) taatacgactcactatagggagaGATATCGCCTCCAGTCC 

5 Of-ok1-s301-FT7-2 (B) taatacgactcactatagggagaGTTGAACACGACCTATTAC

C 

6 Of-ok1-s301-RT7-2 (B) taatacgactcactatagggagaGTTGTAACTGTCAAGTCCT

GTC 

7 Of-ok2-s196-FT7-2 (B) taatacgactcactatagggagaGGAACTCTCAGTGCAGTAA

TG 

8 Of-ok2-s196-RT7-2 (B) taatacgactcactatagggagaGAGTAGCTGTCCAGACCAG

TAG 

9 Of-Xdh1-s587-FT7 (A) taatacgactcactatagggagaGTGTATTGCATGGTCTGGC

AGTG 

10 Of-Xdh1-s587-RT7 (A) taatacgactcactatagggagaGAACCTCTCTGAGTGTTAC

AGGTC 

11 Of-Xdh2-s1491-FT7 (A) taatacgactcactatagggagaGTCTCAGTGTGGCTTCTGT

ACTCC 

12 Of-Xdh2-s1491-RT7 (A) taatacgactcactatagggagaCAGCTCCAATCCTCAGGCC

ATTAC 

13 Of-Xdh1-s587-FT7-2 (B) taatacgactcactatagggagaGCAATCCAGGAGGAGAGA

TG 

14 Of-Xdh1-s587-RT7-2 

(B) 

taatacgactcactatagggagaCCTGGAGTAATATCCTTGG

C 

15 Of-Xdh2-s1491-FT7-2 

(B) 

taatacgactcactatagggagaGTAATCGTGTTGTGAGCAG

AG 
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16 Of-Xdh2-s1491-RT7-2 

(B) 

taatacgactcactatagggagaCAGCTTGACTCTGGAGTG 

17 Of-st-FT7 (A) taatacgactcactatagggagaGAATCAGGACAACTGGTAG

C 

18 Of-st-RT7 (A) taatacgactcactatagggagaCGCATTCCAAGATGCCATC 

19 Of-st-FT7-B (B) taatacgactcactatagggagaGTGAACAGAGATCAAGAA

GG 

20 Of-st-RT7-B (B) taatacgactcactatagggagaGCAGCCAAGATATTACATC

AG 

21 Of-ver-RNAi-FT7 taatacgactcactatagggagaGAGACTACCTCTGCCCTGC

TTC 

22 Of-ver-RNAi-RT7 taatacgactcactatagggagaGCTTTGTGTGTAAATCTCCT

CTCACCTC 

23 gRNArev AAAAGCACCGACTCGGTGCC 

24 Of-v-gRNA-1 ttaatacgactcactataggTCTTCCGAGATCCAGAAATGgtt

ttagagctagaaatag 

25 Of-v-F CACCAGGTACACTATAGTCGTAGCG 

26 Of-v-R GCTCACTTTATCTTGTAAACTGCCTTCATTG 

27 Turbo GFP 1R_T7_2 ttaatacgactcactataggCTCGGTGTTGCTGTGATCCTC 

28 T7-tGFP-F taatacgactcactatagggagaATGGAGAGCGACGAGAGC 

29 AmpR-gRNA-A ttaatacgactcactataggTAGATAACTACGATACGGGgtttt

agagctagaaatag 

30 Of-v-fullCDS-F CAGTGCAGAGAGCGTCTTC 

31 Of-v-fullCDS-R CAAAACATTTTTAATCTTCTTCGTGATCTTC 
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32 

Of-v3-gRNA-A 

ttaatacgactcactataggTACAGCATTCCACTTTGCTCgtttt

agagctagaaatag 

33 

Of-v3-reversion-HDR-1 

cgacggccagtgaattcgagctcggtacccCCATGATTTCGAGT

CATGCC 

34 Of-v3-reversion-HDR-2 agatcttccGAGATCCAAAAGTGCGGAGAG 

35 Of-v3-reversion-HDR-3 tccactttgCTCTCCGCACTTTTGGATCTC 

36 

Of-v3-reversion-HDR-4 

atgcctgcaggtcgactctagaggatccccCCAAATGTTCTGAG

GGTTGACG 

37 

Of-v3-reversion-ssODN 

GGAAATCCATCGGGAAGGGAGATCGCATGAAA

GCTTGATTTTCTTTCAAATGTAAATGTACGTGTT

CTGTTTCAGTTGCAGATCTTCCGAGATCCAAAA

GTGCGGAGAGCAAAGTGGAATGCTGTATGGGG

ATTACCTCCAACTTGACAAAATACTGAAGGCCC

AAAGATTGCTGAGCGAATCCAACAACGCCACTG

TAA 
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Appendix C. Sequences from Chapter 3 
 
>Ofas-v, vermilion, mRNA, cds [Genbank:OQ151805.1] 

CAGTGCAGAGAGCGTCTTCGATGGAGTCCGACAGCAATTGCAGATCTTCCGAGATCCAGAA

ATGTGGAGAGCAAAGTGGAATGCTGTATGGGGATTACCTCCAACTTGACAAAATACTGAAG

GCCCAAAGATTGCTGAGCGAATCCAACAACGCCACTGTAATGGACGAACATTTATTTATCGT

CACACATCAAGCTTACGAGCTATGGTTTAAACAAATTATATACGATTTAGATTGGGTCCGAG

ACGTCTTTAGCAATCATAAGGGACTTAATGAGCGACAAACTCTGGATGTTGTCAAACGATTA

AATAGAATTGTATTAATCCTAAAGTTGCTAGTGGAACAAGTAATGATACTTGAAACAATGAC

TCCATTGGACTTCATGGAGTTTAGAGACTACCTCTGCCCTGCTTCTGGTTTCCAAAGCGCACA

ATTTCGCCTCATTGAGAACAAACTTGGAGTAAAAACGGAACATCGGGTCCGTTCCTTTCAAC

ATTACTCTACTGTTTTTGAGAGAGACAAGGAAGCACTTAATGAAATCAAGAAATCAGAAAC

CGAACAGTCTTTAGCAGATCTGATTGAGCAGTGGCTTGAGCGTACGCCTGGCCTGGATGAAA

ATGGATTCGATTTTTGGGGAAAATATATAAAAAATGTTGAGTTTCTCCTTCAGCATTATTATG

AAAAGGCAATGAAAAGCAATTCAGAAACAGAGAAAACTACAAAGTTAGCAGAATATGAAA

AGAAGAAAACTATTTTTAATTCAGTTT TAAATAAAGATATGCATGACTTATTTGTACAAAGA

GGTGAGAGGAGATTTACACACAAAGCATTTCAAGGTGCCATTATGATAACATTTTATAGAGA

TGAGCCCCGTTTCAGCCAACCTCACCAAATTCTTACTTTATTAATGGATATCGATTCCCTAGT

CACCAAATGGAGATATAATCATGTAATTATGGTCCAAAGGATGATTGGGTCTCAAAGTGGA

ACAGGAGGTTCATCAGGTTATCACTACTTGCGCTCAACTCTTAGTGATAGGTATAAATGTTTT

TTGGACTTGTTCAACCTTTCATCATTTTTATTGCCTCGAAATTTCATCCCCCCATTAAGCTCAT

CAGTAAGGAATCAAATTAATATACACACCTGGAATACAAAGAAACAAACAGAAGATCACGA

AGAAGATTAAAAATGTTTTG  

 

>Ofas-ok1, mRNA, partial cds [Genbank:OQ151806.1] 

AGTGGTGTTGCAGAACCAGGATCATTGATGGCCATTATGGGTCCTAGTGGAGCAGGAAAAA

CAACGTTACTGGCAACAATTAGTCAAAGGCTCAAAGGTGATGTAAAAGGTAAAATTTTAGTC

AATGGACAACAAATCTCAAGAGAATTAATGATGAGGGTATCAGCTTTCCTTCCTCAGCAAGA

TCTGACTATTGATAGTCTAACAGTTTATGAACATCTACAATTAATGGCTAGATTAAAATTAG

ACAGAGATATAAGTCCTGCTGAAAGGACTGAGAGAATTCTAGCTATTTTAACTGAGTTGGGT

ATCAATAAATGCAAACACACATATATTAAATCTCTCTCAGGTGGTGAAAGACGCCGAGTATC

TTTAGCTGTTGAGTTGCTTACAGATCCAGCCATTCTCTTCTGTGATGAGCCTACGACAGGACT

TGACAGTTACAACGCTACATCTGTGATAGAGCAGCTTCGAAGGCTTGCTTCCACAGGGAAAG

TTATTATATGTACAAT ACACCAGCCAACTTCAGGAATATTTGAATTGTTTCAGACTGTTTATT

TGCTTGCTTCTGGGGGCAAACTTGCCCTTACTTGTCCTATTCACGAAGCTGCATTGTTTTTCC

AAAAAATGGGTATGGTTTGTCCTCCTACATATAACATAGCTGAATTTTTAGTCAGCCAACTT

GCACATCAAGAAGATTCTGAAAGTGAATTGAGACTTTTTAAAATTTGTAATGAGTTTAAGTT

GAGTGAACATTATGAAAATCTT ATGAAAAAATTAGATGGAGAATTGAATCATGCAAAGTTT

ATGGTTCCTAATTATTCAACTAATGCACAAGATTTTAAACATTCTTTTCAGTCTTTATATGAG

TATGGAGATGAGTTTCACAAGTACATGTCTATCAAACGTCCTTCTAGACTTACTCAGTTAGG

ATGGCTAATGTGGAGGTCTTTCCTTGACATTGCAAGGAACCCTCAAGATCAGTTAATTCGTC

TTGCTTTTTTTATGTTTATGGCTATTCTCATATCAACTCCTTATGTTGGGCTCAAAGTAGATCA

AGAAGGAATTCAAAATTTGCAAGGTCTGCTTTACTTAATAATTGTTGAGACAATATTCACTT

ATACATACAGTGTGAGTCATACCTTTCCTTCCGAAATACCAATATTGCTGCGTGAAGTCAAC

AATGGCTTGTACACTCCTGGACCTTATTATGTTTCAAAGATGATAATTTTGCTTCCTAGAGCT

CTTTTTGAGCCAATAATCTATGCAGCTGTGGTGTTTTGGATACCTGGTTTGTTAGGAGGTTTT

GCTGGATATCTTGAATTTTGCATACCTATTATTGTTTGTTCAATGGCTGCAACTGCTTATGGG

TGCGTTATTTCTGCTATATTTGAAGATATTTCTACTGGTTCTCTATTGTCTGTGCCATTTGAAC

AGTTTTGTCTACTTTTCTGTGGATTGTATTTGTCATTGAGTGATGTACCATTTCATCTCGCATG

GGTGAAGTACATATCAATATTTTNCTATGGG 
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>Ofas-ok2, mRNA, partial cds [Genbank:OQ151807.1] 

GGTCCCAGTGGTGCAGGTAAAACAACTTTGCTAGCGGCAATAAGCCAGAGATTTTCTGGAG

AGCTGAGGGGCGAGATCCACCTTAGCGGACGGCCGGTGGACAAGGAGCTCATGATGAAAAT

GTCTGGCTTTGTCCCACAGCACGACTTGGCCGTCAAGACCCTCACTGTTAGCGAACATTTAA

ATTTCATGGCCGTGCTGAAGATGGATCGGCGGGTCTCGAAACTCCAGCGGCGCCGGATAGTG

GAGTCTCTTCTGCTAGAGCTGGGCCTGAATGACAGCGCAGACTCCAGACTCGGCGCGCTCTC

TGGAGGGGAGAGGAAGCGGCTCAGCCTCGCTGTTCAGCTGGTGACAGATCCTCCGGTCCTCC

TGTGTGACGAGCCCACTACTGGTCTGGACAGCTACTCGGCTGGCAGTGTGGTCAGCCTGCTC

CGACAACTTGCTTCCAGAGGTAAAGCTGTACTGGCGTCTGTCCACCAACCAGCCTCTGGGAT

CTTCGAACAGTTCGACACGGTGACTCTCCTTGTTCCCGGTGGTCGGATGGCCTACTTCGGCG

AGGTGAACTCCGCCAAGCTGTACTTTTCGCAGATGGGTCTGAACTGTCCGACCTCCTACAAC

ACTGCCGAGTTCCTGGTGACCCAGCTGAACACCCTCCCAGACAAGCTGACGGAGAAGTTCGT

CACCACGAACACCTTCGTCACCATGCACAAGGATATCGAGACAGTCAAGAAGAAGACCTTG

AACGACACCCTCATCTATGGAATGGAAGAAAAGTTTTTGAAGTTTTATTCAGTGCAACCATC

GACGGATAAGACTCAGATAAAGTGGCTACTGTGGCGTTCGGCCCTCGACATGGTTCGAGACT

CGCACAGGCTATTCGTCAGGCTCATCATGTATCTCGTGACGGCGATATTGATATCCACCCCG

TTCGTGGGGACGACTGTCAGCCAGGAAGGCATCCAGAACGTCCAGGGTCTGAGCTACTCCGT

CATCACGGAGACAGTGTTCTCCCACGCGTACGCAGTGATGCATACCTTCCCCTCCGAAATCC

CCATACTCCTGAGGGAGGTCAGCAATGGGGTGTACAAACCCGCCCCGTACTACCTCTCCAAA

GTCCTCTTCCAGATTCCGAGGACAATCATCGAGACAATTCTATTCTGCTTAGTGATATACGTG

ATAGCTGGAAAAGGCTTAGAAGTGAATTTCTTCTACTTCTGTATTCCAGTGGTCGTCGTGGC

AGTAGCTTCCACAGCCTACGGCTACTGCATTTCGGCCATGTTTGAGAGTATCAGTACAGCGT

CCTTGTTGTCTGTGCCTGTAGATTTCATCTCCTACACGTTCAGTGGGATTTTTCTTCAGCTCAG

CACGGTTCCTCTCTACCTCTCCTGGGTGAAGT 

 

>Ofas-st, scarlet, mRNA, partial cds  [Genbank:OQ151808.1] 

GGAGGAATGTTAGTTGATGGTGATGTAAGACTTAATGGAAAGAAAATGGATTCATCTATGTG

CAAAATGTCTGGACTTATGAGGCAAGAAGATCTTTTTATCGGCGACCTCACAGTGAAGGAAC

ATCTCATGTTTATGGCAAGGCTCAAATTAGACAGAAGATTCAATTCTGTTGAAAGAGAAAAT

CGAGTATGTTCCTTGATAAAGAATCTTGGACTGAGCAAGTGTGCTCATCGAAAAATTGAAGG

CAGCACTTTTGGCAATGTCACAGCATTGTCTGGTGGAGAAAAAAAACGTCTATCATTTGCTA

CTGCATGTCTCCCAGATCCTCCTCTACTCTTCTGTGATGAACCAACAACAGGTCTTGATTCAT

TAAATGCAATAAGAATTGTCCGAATGATGGCATCTTGGAATGCGACAATTTTGTGCACCATT

CATCAGCCAAGCCCTGAAATTTTGAAGTATTTTTCTTCTGTTATTTTAGTTGCTGATGGTAGC

CTTGTATTTTCGGGTACAGTTGAGAATGCTGTCGATTTTTTAAAAAGTGCTGGTTATGAACAA

AATGAACACAAAAGTGCTGGAGAATTTCTTGTGACATGTTTAGCTCCAACCCCTGGGTCTGA

ACAGTCCACTAAAATCGCTGTGAGAAGACTAGCACATCAGTTTGCTCTTTCAGAGTACGCAA

AAACCAGTGAAATGCACATACAATTGCACAAACAAACTGAAAGGAAGACAAAAAATCGCG

ATCTTCATGATCATAAATCTTCATTTTGGATGTGCAAATTTTTCTGGCTTCTAATTAGAGGAA

TAATAGAAATTCTTCGAAACCCACAAATACAATGGGTAAAAATAGGACAAAAAGTTGTAGT

AGCCCTGATGGCAGGCCTGTGTTTTGTTGGAGCTGTGAACAGAGATCAAGAAGGTCTGCAAG

CTGTTCAGGGTGCCCTGTTTATTCTTGTAGCTGAGAACACTTTTTCTCCCATGTATTCAGCAC

TTGCACTCCTTCCCAAAGAATTTCCACTTCTCCTCCGGGAACTCCGAGATGGAGATTACCATC

CATCAGCATTGTACCTTGCTAAAATAATATCATATATTCCAGGACTTGCATTTGAGGCTGTGC

TGTTTACTGCTATTGTATATTGGCTAGCTAATTTAAGGGATACCGTGTTTGCATTTTCCATGG

TACTGTTATGTAATATTTTATGTGTATTGGTTTCATCAGCTTGTGGTATGATGTTTGCTAGTAT

TTTTGACAATTATGAGCTGGCAAATATTTATTTGATTCCATTTGATAATGCTATGATGATTTT

GTCTGGGGTATATAT 

 

>Ofas-xdh1, xanthine dehydrogenase 1, mRNA, partial cds [Genbank:OQ151809.1] 
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AGGGCATAGGGAGTTTTGCTGATAAACTTCATCCTGTCCAAGAGAGGATCGCCAAGGCACAT

GGTTCGCAATGTGGCTTCTGCACTCCTGGCATCGTTATGTCCATGTACGCACTCCTCAGGTCT

CTCGACAGGAAACCTACAATGGATGACATTCAGACTGCTTTCCAAGGGAACTTGTGTCGCTG

CACAGGATATAGACCAATTCTTGATGGCTACAGGACGTTCACCGGTCCGCCTCTGGAGTACA

AAGGCAATTCCTCTTGTTCAATGGGAAACAAATGCTGTAAAGTCAATGGCCATATTGATAAA

AGCATTGATGATAGGGGAAATAACAGTGTAGAATCTGAGGTCCCGGTCATTCTCTTCAACGG

GGAAAAGCTGAGCAAATATGATCCAACTCAAGAAATAATATTTCCACCTGAACTTGCTATTT

CAGACAAATACGACAAGGAGTCCTTACACATCAAAGGACCAAGGATAGCTTGTTATAGACC

TGTAACACTCAGAGAGGTTCTTGAATTGAAGGCTTTACATCAAGATTCAGTTATTATCAATG

GAAACACTGAAGTTGGAATTGAAATAAAATTTAAGAACATTCTCTATTCTCATGTGATAGTG

GCAAATATGGTCTCTGAGCTATCACAAATATCCTTGGAAGAGGGTGGTGTAAAGATTGGTGC

AGCTGCAACTATTAATGAAATTGAAGAATTTTTGATAGAAACACTAGCTTTGAAAGAAGAA

GCTGCTTGCAGAATATTTATATCTATGCTTTCTATGATCAAATATTTTGCTGGAAAACAAATA

AGAAATGTTGCTGCAATTGGAGGGAATATAATGACTGGTAGCCCTATTTCTGATCTGAATCC

TATTTTTATGGCTGCTGGAGCTGAACTAGAATTTCAAACTACTGGAGGTTCGCGTAAGTTGA

TAATGGATAACAACTTCTGGATTGGTTATCGAAAAAATATTGTACAAAAGAATGAAGTACTG

ACCTCCATAGTTCTACCTTTCACTTCTAAGAACCAATATTTTAAGGCATACAAGCAATCCAG

GAGGAGAGATGACGATATTGCAATTGTAAATGCAGCATTCTTTTTGGACCTTGAAAGAAATA

CAATTAAAAATATTCATATGGCTTTTGGTGGAATGGGACCAACTACTCTTATGGCCATCAGA

ACTGAAAAAATGTTAATTGGGAAGAAATGGAATGAATCAACATTGAATGAAGCAATGTCCT

CATTGACAGTCGAGCTTTCATTACCTTCTGAAGCCCCAGGTGGAATGGTGCAGTTCAGGAAA

TCTCTTACCCTCAGCTTTTTCTTCAAATTCTACCTTTATGTTGCCAATGAAATGGAAAAAATG

GGCTTAAATTATTCTGTAGACAATGAACTTAAAAGTGCCATTGATGAAATGCATATTTTAAG

CCCCACTAGTTCACAATTTTTTTCTATTAATCCTGCAAAGGAGGAGTACAGCACTGTTGGCCA

ACCCATAGTGCATCAATCAGCATTCAAACATGCTACTGGGGAAGCTATTTATTGTGATGATA

TGCCCAAACTTGAAAATGAAGCCTACTTAGCTCTTGTACTAAGTAGCAAACCCCATGCTAAG

ATTCTCAGCATTGATAGTTCAGAAGCTCTGAAATTGGAAGGAGTG 

 

>Ofas-xdh2, xanthine dehydrogenase 2, mRNA, partial cds [Genbank:OQ151810.1] 

AAAGGAGTCCAAGTATAGTGCTCTTGCACTTCCTGTTGCTGTTGCTGCTTCAAAACTAAATCG

TCCTGTAAGAGCTATGCTGGACCGAGATGAAGATATGATGATAACTGGACATAGACACCCTT

TCTTAGGGAAATACAAAGTTGCTGTTACAAAAGAAGGGAAAATGATAGCTTGTGAAGTTAA

AATTTATTGTAATGCAGGGTTTACATTGGATCTTTCTTGTTCTGTTATGGATAGGGCAATTTT

CCACTTTTCAAATGCCTTCTTTATTCCAAATGTAGTAGTCTATGGTTATTGCTGTAAGACCAA

TATCCCTTCAAATACTGCTTTCCGAGGATTTGGAGGGCCTCAGGGTATGTTCATAGGCGAGA

CTATGGTCACTCATATTGCCGAAACTCTCAGCCTAGACTCTCAGCAGGTTAGAGAAATAAAC

TTCTACAAAGAAGGATATATCACCCACTATAACCAAGAATTATCATATTGCACCTTAGATCG

CTGTTGGAATGAGTGTATTTCTAAATCAGATTACCACTCCAGAGTCAAGCT 

 

 

>Ofas-v, vermilion, genotype wild type, exon 2 [Genbank:OQ151811.1] 

TAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGAAGG

AAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGATTTTCTTTCAAATGTAAATGTACGTG

TTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGAAATGTGGAGAGCAAAGTGGAATGCTGTA

TGGGGATTACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAATCCAAC

AACGCCACTGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTCAACTC

CACTCAAGAAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGGTTACT

GTTTGTATAAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACCCATTG

ATAAACATTGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCTATGTT

GATTAACC 
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>Ofas-v, vermilion, genotype v1, nonfunctional, exon 2 [Genbank:OQ151812.1] 

CTATAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGA

AGGAAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGATTTTCTTTCAAATGTAAATGTAC

GTGTTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGAAGATGTGGAGAGCAAAGTGGAATGC

TGTATGGGGATTACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAATCC

AACAACGCCACTGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTCAA

CTCCACTCAAGAAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGGTT

ACTGTTTGTATAAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACCCA

TTGATAAACATTGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCTAT

GTTGATTAAC 

 

>Ofas-v, vermilion, genotype v3, nonfunctional, exon 2 [Genbank:OQ151813.1] 

TATAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGAA

GGAAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGAGTTTCTTTCAAATGTAAATGTACG

TGTTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGAGCAAAGTGGAATGCTGTATGGGGATT

ACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAATCCAACAACGCCAC

TGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTCAACTCCACTCAAG

AAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGGTTACTGTTTGTAT

AAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACCCATTGATAAACAT

TGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCTATGTTGATTAAC 

 

>Ofas-v, vermilion, genotype v4, nonfunctional, exon 2 [Genbank:OQ151814.1] 

TAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGAAGG

AAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGATTTTCTTTCAAATGTAAATGTACGTG

TTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGATCTCCTAATGTGGAGAGCAAAGTGGAAT

GCTGTATGGGGATTACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAAT

CCAACAACGCCACTGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTC

AACTCCACTCAAGAAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGG

TTACTGTTTGTATAAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACC

CATTGATAAACATTGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCT

ATGTTGATTAAC 
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Appendix D. Gene models co-expressed with E75A and predicted to 

encode transcription factors  

 

Gene model Annotation 

Mean(tpm) 

at 24-

36hAEL 

Mean(tpm) 

at 24-

36hAEL > 

5 

Probe 

Made InSitu  ExpressionPattern 

OFAS000035 

H6-like-

homeobox 7 1 1 1 

Two domains of 

expression in the head 

lobes 

OFAS000127   17 1 0 0   

OFAS000198   1 0 0 0   

OFAS000199   3 0 0 0   

OFAS000200   2 0 0 0   

OFAS000234   41 1 1 1 No clear pattern 

OFAS000348   26 1 1 1 Midline in germbands 

OFAS000892   749 1 1 1 No clear pattern 

OFAS001030   45 1 0 0   

OFAS001134   48 1 0 0   

OFAS001135   437 1 1 1 No clear pattern 

OFAS001285   69 1 0 0   

OFAS001633 

Zinc Finger 271-

like / CTCF-like 14 1 0 0   

OFAS001679   230 1 1 1 

No stain in blastoderms; 

staining appears 

neurogenic in 

germbands 

OFAS001818   1,163 1 1 1 No clear pattern 
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OFAS002344 Knirps2 19 1 1 1 

Single stripe in 

blastoderm, around 

invagination pore at 

gastrulation, single 

stripe in early 

germbands, and single 

dot in each head lobe in 

later germbands 

OFAS002382   40 1 0 0   

OFAS002667   75 1 0 0   

OFAS002676   72 1 0 0   

OFAS002704   4 0 0 0   

OFAS002846   15 1 0 0   

OFAS002897   0 0 0 0   

OFAS002923 

Jun-related 

antigen 17 1 1 1 No clear pattern 

OFAS003156   29 1 0 0   

OFAS003564   0 0 0 0   

OFAS003685   7 1 0 0   

OFAS003686   75 1 0 0   

OFAS003792   0 0 0 0   

OFAS003956   116 1 1 1 No clear pattern 

OFAS003961   217 1 0 0   

OFAS004060   589 1 1 1 No clear pattern 

OFAS004360   64 1 0 0   

OFAS004436   0 0 0 0   

OFAS004874   5 0 0 0   

OFAS004876   573 1 1 1 No clear pattern 

OFAS005245   0 0 0 0   

OFAS005525   7 1 0 0   

OFAS005686 

Zinc finger 

protein 271-like 46 1 0 0   

OFAS005791   19 1 1 1 No clear pattern 

OFAS007220   5 0 0 0   

OFAS007602   30 1 0 0   

OFAS007659 Runt 55 1 0 0   

OFAS007760 

Zinc finger 

protein 271-like 7 1 0 0   
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OFAS008063 

retained -part 2 of 

2 1,349 1 1 1 

In blastoderm, appears 

~ubiquitous but 

concentrated in anterior 

1/3; in germbands, 

along midline and in 

triangular regions of T1-

T3 

OFAS008078 SoxN 49 1 1 1 

Ubiquitous [?] in 

blastoderm; broadly in 

anterior SAZ, then 

appears neuronal in 

segmented germband 

OFAS008150 blimp-1 16 1 1 1 

In and around SAZ, 

appears very dynamic, 

possibly alternating 

segments  

OFAS008415   2 0 0 0   

OFAS008429 sloppy paired 117 1 0 0   

OFAS008654 pipsqueak 36 1 1 1 No clear pattern 

OFAS008657   4 0 0 0   

OFAS008658   0 0 1 1 No clear pattern 

OFAS008868   24 1 0 0   

OFAS009067 twin of eyeless 0 0 0 0   

OFAS009156 

cubitus interruptus 

-partial 234 1 1 1 

Stain at site of 

invagination; segmental 

in later germbands 

OFAS009414 

mothers against 

dpp 2 89 1 0 0   

OFAS009415 

mothers against 

dpp 3 468 1 1 1 No clear pattern 

OFAS009483   7 1 0 0   

OFAS009817   663 1 1 1 No clear pattern 

OFAS010083   2 0 0 0   
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OFAS010084   640 1 1 1 No clear pattern 

OFAS010185 

Zinc finger 

protein 271-like 3 0 1 0   

OFAS010201   55 1 0 0   

OFAS010413   22 1 0 0   

OFAS011499   36 1 0 0   

OFAS012059   644 1 1 1 

Anterior 1/3 in pre-

gastrulation 

blastoderms, recedes to 

anterior 1/4, narrows to 

stripe or spot around 

gastrulation. This spot 

appears to end up in 

head lobes. As 

germband grows, there 

is a stripe along the 

midline.  

OFAS012077   54 1 0 0   

OFAS012078   13 1 0 0   

OFAS012406   46 1 0 0   

OFAS012523 Capicua 46 1 1 1 No clear pattern 

OFAS012703 Ets at 97D 36 1 0 0   

OFAS012774   5 0 0 0   

OFAS012828   71 1 0 0   

OFAS013195   0 0 0 0   

OFAS013206   2 0 0 0   

OFAS013440 ovo 215 1 1 0 

Stripes but overstained, 

need to repeat 

OFAS013445 

Zinc finger 

protein 271-like 566 1 1 1 

No clear pattern in 

germbands, yolk nuclei 

stained 

OFAS013451 

Zinc finger 

protein 271-like 147 1 0 0   

OFAS013944   242 1 1 1 No clear pattern 

OFAS014214   9 1 0 0   

OFAS014239   3 0 0 0   
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OFAS014240   3 0 1 0   

OFAS014411 

Zinc finger 

protein 271-like 99 1 1 0   

OFAS014417   29 1 0 0   

OFAS014620   7 1 0 0   

OFAS014682   32 1 0 0   

OFAS015111 

paired/gsb/gsb-n-

like A -part1 of 2 399 1 0 0   

OFAS015219 Sp4 17 1 1 1 No clear pattern 

OFAS015252   0 0 0 0   

OFAS015982   10 1 0 0   

OFAS016090 

Zinc Finger 271-

like / CTCF-like 21 1 0 0   

OFAS016187 

hepatocyte 

nuclear factor 4b 31 1 1 1 No clear pattern 

OFAS016229   2 0 0 0   

OFAS016401 

Zinc finger 

protein 271-like-

RA 1 0 1 1 No clear pattern 

OFAS016401 

Zinc finger 

protein 271-like-

RB 1 0 0 0   

OFAS016524   19 1 0 0   

OFAS016760   7 1 1 1 No clear pattern 

OFAS016821   1 0 0 0   

OFAS016822   5 0 0 0   

OFAS016990 forkhead  30 1 1 1 No clear pattern 

OFAS017289   6 1 0 0   

OFAS017365 

retained -part 1 of 

2 3 0 0 0   

OFAS017402   36 1 0 0   

OFAS018237 

Zinc finger 

protein 271-like 6 1 1 1 No clear pattern 
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OFAS018348 hunchback 45 1 1 1 

Mainly two regions in 

blastoderm, one light 

broad stripe followed 

toward the posterior by 

one dark broad stripe. 

At germband 

invagination, clear lack 

of expression between 

the two regions. In 

germband, posterior 

SAZ and throughout 

segmented germband 

(neuronal?) 

OFAS018488   9 1 1 0   

OFAS018531 Dichaete 54 1 1 1 

Broadly in the posterior 

in blastoderms; in 

germbands, in posterior 

SAZ, then neuronally 

(?) in segmented 

germband 

OFAS018941   34 1 0 0   

OFAS018942   181 1 1 1 No clear pattern 

OFAS019070   1 0 0 0   

OFAS019071   0 0 1 1 No clear pattern 

OFAS019125   2 0 0 0   

OFAS019593   1 0 0 0   

OFAS025019 extramacrochaetae 1,922 1 1 1 

Semi-ubiquitous in 

SAZ, segmented 

germband, no stain 

lateral sides SAZ 

OFAS025035 giant-RA 8 1 1 1 

In blastoderm, two 

broad stripes, and 

domain at posterior. In 

germbands, in stripes in 

early germbands, later 

disappearing. Later 

expression in head.  

OFAS025035 giant-RB 8 1 0 0   

OFAS025036 

Ecdysone-induced 

protein 75 -part 1 

and 3 of 3 1,385 1 0 0   
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OFAS025047 

Zinc finger 

protein 271-like 186 1 0 0   

OFAS025096 

caudal -part 1 of 2 

-partial 36 1 1 1 

In blastoderms, 

diffusely at posterior of 

germband invagination; 

in germbands in 

posterior SAZ 

OFAS025102 

dissatisfaction, 

partial 1 0 1 1   

OFAS025111 

Zinc finger 

protein 271-like 147 1 0 0   

OFAS025116 single-minded 210 1 1 1 

In blastoderm, along 

ventral sides. In 

germbands, along 

midline 

OFAS025149 

hormone receptor 

38 -part 2 of 2 4 0 0 0   

OFAS025156 oddskipped 13 1 1 1 

Segmental in 

blastoderms and in 

anterior SAZ; see 

publication 

OFAS025161 

Zinc finger 

protein 271-like -

partial 139 1 0 0   

OFAS025167 

Zinc finger 

protein 271-like 7 1 0 0   

OFAS025181 tailup -part 2 of 2 15 1 1 1 Spots in head lobes 

OFAS025203 Brachyury 43 1 1 1 Posterior SAZ 

OFAS025222 

hormone receptor 

38 -part 1 of 2 -

partial 170 1 0 0   

OFAS025230 

Zinc finger 

protein 271-like 275 1 1 1 No clear pattern 

OFAS025232 

caudal -part 2 of 2 

-partial 3 0 0 0   

OFAS025252 

Zinc Finger 271-

like / CTCF-like 2 0 0 0   
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OFAS025262 

pangolin -part 2 of 

3 14 1 1 0   

OFAS025290 

Hormone 

receptor-like in 4 1 0 0 0   

OFAS025318 

hormone receptor-

like  3 20 1 0 0   

OFAS027089 

longevity 

assurance factor 18 1 0 0   
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Appendix E. Primer sequences used to amplify probe templates for in 

situ hybridization screen  

 
Primer name Primer Sequence 

ofas008150-F GCAGTGTATCTAGTACTGGACC 

ofas008150-RT7 taatacgactcactatagggagaGTAGTCGGAGTATGCAGGAG 

ofas013944-F GCACCAATGAAGAATCAGGACTTCCAAAGATG 

ofas013944-RT7 taatacgactcactatagggagaCTTCTGATGACCAAGCACTGTTTCCATCTTG 

ofas000035-F GCTTGATTAACCTGTTGCAGAAGCAGGGTC 

ofas000035-RT7 taatacgactcactatagggagaCGTGATGCCCTTCGTGGTAGAGGATCG 

ofas012059-F CTAGAAGCCCTCTTCGCCAAGAC 

ofas012059-RT7 taatacgactcactatagggagaGTACTGGTATTCAGGATACGATCCCGAGG 

ofas025181-F GGGACTAAGTGTGAGAAGTGCAGTTTAAGC 

ofas025181-RT7 taatacgactcactatagggagaGAGTGCGAAGTCTGTGAGAGCCTTCC 

ofas025116-F GAAGGAGAAGTCGAAGAATGC 

ofas025116-RT7 taatacgactcactatagggagaGTGCAACTTGATCTCGGTG 

ofas025203-F GAGTTGGAAGAACGTGATCTCTGGAGAAG 

ofas025203-RT7 taatacgactcactatagggagaCCAACCAGCCACTTTCATATTGCTGTTG 

ofas003956-F GATGAAGAAGGAATCAGACGGAACCTCC 

ofas003956-RT7 

taatacgactcactatagggagaGAGGTGCTTCAGAACCACTATAGGACTTATTG

AC 

ofas000234-F CTAGTTCTGATAGTAGTGCAGGTTCTGTGTCATC 

ofas000234-RT7 taatacgactcactatagggagaCTGGAGACCAGCAGGAAGTCCC 

ofas000348-F GATTAGCCATGACGAAAGTGCCGTCCTTC 

ofas000348-RT7 taatacgactcactatagggagaGCCCTTCACTCCTCTCCTCGTTGC 

ofas000892-F GTTATAGAGCCATCCAAGGAACCTAC 

ofas000892-RT7 taatacgactcactatagggagaCAGATGCTGTTCCAAGGCATTG 

ofas001135-F GAGTGGTTTTAGGACATTTGAATC 

ofas001135-RT7 taatacgactcactatagggagaCCATTTTCAAACTTGCAACAAC 

ofas001679-F GCCATCGATAATAAAATTGAGCAGGC 

ofas001679-RT7 taatacgactcactatagggagaCAA GTG GAA GGG TAT GCT ACG C 

ofas001818-F CTGGTCCTAAATGTGTTGTGTTGG 

ofas001818-RT7 taatacgactcactatagggagaCTGTCCACAATTAGTGGCAAGAATTAC 

ofas002344-F-2 GAGCCAGCGGCAGGATTTCAC 

ofas002344-RT7 taatacgactcactatagggagaCCTGTGGTTGAAGTTGTCGTCGTAGCAG 

ofas002807-F GTGACCATAGAAGAAAATGGGATACAGAAG 

ofas002807-RT7 taatacgactcactatagggagaCTTTCATCCTCTGTTCCAAGTCATAGTCTC 

ofas002923-F GTCCGTAATTCTAGTGTGCCTAAGATGGAGC 

ofas002923-RT7 taatacgactcactatagggagaCCACTTTTGGCATGTTCCATTACTTGCTG 
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ofas004060-F GCAGATGACTGGGGTGGATG 

ofas004060-RT7 taatacgactcactatagggagaCAGAGTCACAACTCTCACGTCG 

ofas004876-F GACTCCTGTTCGACGTAAACGAAGGGAAAC 

ofas004876-RT7 

taatacgactcactatagggagaGGTAACCATTGTCTTCTTCAGAGGACCACACA

G 

ofas005791-F GGATTTCCAACCAGAAGAGGTGACGGTAAC 

ofas005791-RT7 taatacgactcactatagggagaGACAACCATAGCTGCTTCCACGAGG 

ofas008063-F GAAATACTTGTACCCCTACGAATGTG 

ofas008063-RT7 taatacgactcactatagggagaCATTATCTGGGTAATGTCTCTTAGGTG 

ofas008078-F GTACCATCGCCGGCAGCCAAG 

ofas008078-RT7 taatacgactcactatagggagaGCGTGTGGATGCCCTGCG 

ofas008654-F CAGCACTACTGTTTACGTTGG 

ofas008654-RT7 taatacgactcactatagggagaGATGATCCATGTCCATCGC 

ofas008658-F GAGATTGGAGCCAAGGTGTTATAAGACG 

ofas008658-RT7 taatacgactcactatagggagaCCTTTGAGCTAAGTCTAACGGGGC 

ofas009156-F GACTAGCAAGCCCTAGACCTC 

ofas009156-RT7 taatacgactcactatagggagaCTCCTCCATCTTCTGAGCCAC 

ofas009415-F GACAGCAGAGGCACCTAAATCTG 

ofas009415-RT7 taatacgactcactatagggagaCCATCCACAATAACTGAATGAGCC 

ofas009817-F GAATTCTGGAGCAAATTCGAGGAG 

ofas009817-RT7 taatacgactcactatagggagaCTGAGTTCTTCAAATGCGTTCC 

ofas010084-F GCATATGAGGATAAGACACAGTGATG 

ofas010084-RT7 taatacgactcactatagggagaCGAACTAATCTGTGCTAACTTATCTGC 

ofas010374-F CAGACCAATCATCTTGTACTGTAGGAATATGGGCTG 

ofas010374-RT7 

taatacgactcactatagggagaCAGGTGGTTCATTTCCATACCAAAATTGTCTA

CTCC 

ofas011318-F GTGCAAGTGCCTAAAGACTGCCCAATATC 

ofas011318-RT7 taatacgactcactatagggagaGCGACACTCCAAGAGAACACTCGACC 

ofas012523-F CGAATTATAGCGGCAGAGTTGC 

ofas012523-RT7 taatacgactcactatagggagaGAGAAGCTCAGTTGGATTGTTCAC 

ofas013445-F CTCTTCTGTGATTACAGTGCTCCTTATGCAAGTAAC 

ofas013445-RT7 

taatacgactcactatagggagaGCAAGACTCAACTGTACTGTATTCGCAATGTG

G 

ofas015219-F GACCTGCATCAAGATAGAGGAGC 

ofas015219-RT7 taatacgactcactatagggagaGTCTGAATTATGGGCTGCTGAAC 

ofas016187-F GTAAATAACACTGTAGATCCCCTGGCTTCAG 

ofas016187-RT7 

taatacgactcactatagggagaCTATAAGAGTTTCACTCAATGGGCGAATGAGT

TC 

ofas016401-F GACTCAGTCAGGTGCTCGTCCTAATATTTGG 

ofas016401-RT7 taatacgactcactatagggagaCCAGAGAGGAGAGATTCGGTAACTGGC 
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ofas016760-F GGAAATTTAGAGACATTGATGTGGACACCTAACCAC 

ofas016760-RT7 taatacgactcactatagggagaGCCCACCATACTTCTTCCAATAACACCAAC 

ofas016990-F CGAAACAGTGACTTCGGCG 

ofas016990-RT7 taatacgactcactatagggagaGAGGTCCGATCCGCTCTG 

ofas018237-F CAGAGGACGAGTTTGGTGACAGTG 

ofas018237-RT7 

taatacgactcactatagggagaCGGTATGCTTAGACATAATGTGTCTCTTCATG

C 

ofas018348-F CCAGCATGACGGGAGGGGTG 

ofas018348-RT7 taatacgactcactatagggagaCGCCGCTGTCTTCAACCATAGG 

ofas018531-F GTCAGGTTACAGTTTCCCCATG 

ofas018531-RT7 taatacgactcactatagggagaGTCTTCTTAGGCTGTCCATGTC 

ofas018942-F GAAGCGAAAGCACAGGAGTAGATC 

ofas018942-RT7 taatacgactcactatagggagaGGAGGCTTGATAGTTCCATCGTC 

ofas019071-F CCACCCTTCAAGGCAGAAATGC 

ofas019071-RT7 

taatacgactcactatagggagaGAAGTCCTTGGCAAATAAATAGGTTCAGTAG

G 

ofas025035-F GCAGGAGTACTGGACCTAC 

ofas025035-RT7 taatacgactcactatagggagaCGTAGAACATTCGCCTCATGTG 

ofas025019-F GAAAGTGTCAAATGTTTGTGGTTCCTC 

ofas025019-RT7 taatacgactcactatagggagaCAAGAGACGGGTGGTACGATG 

ofas025096-F CCTCTGAGAGTATGTACTATCCTCAG 

ofas025096-RT7 taatacgactcactatagggagaCTTGTCGTTCTGACAATCCAAG 

ofas025230-F CCTGTGAAAGAAGAGACACCTTTG 

ofas025230-RT7 taatacgactcactatagggagaGTATGTTTGGCGAGTATGTGTCTATTC 
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Appendix F. Of- and Dm-Blimp1 primer sequences  

 

Primer name Primer Sequence Notes 

Of-Blimp-gDNAseq-F1 GCAATACAATGCAATAG

GCTTG 

Used for sequencing 

Of-Blimp-gDNAseq-R2 GCAAATCTCACACTGAT

GAGG 

Of-Blimp-exon10-R GTTGGCTGATACTCATA

GTAGTATTGAG 

Of-Blimp-exon8-F GTTCCAGTAAGCCCTGA

TTCAAC 

Used for sequencing and 

screening 

Cas9-mRNA-F-T7 taatacgactcactatagggagaGGT

GGGAGGTCTATATAAGC

AG 

To amplify template for Cas9 

mRNA 

Cas9-mRNA-R GCTGATCAGCGGGTTTA

AACTC 

Of-Blimp-gRNA-A ttaatacgactcactataggTCAAG

GATGGATGGTTGCTGgtttt

agagctagaaatag 

Used with gRNArev to amplify 

template for Of-Blimp1 gRNA-

A 

Of-Blimp-gRNA-B ttaatacgactcactataggTAAGG

GTAGTCGGAGTATGCgtttt

agagctagaaatag 

Used with gRNArev to amplify 

template for Of-Blimp1 gRNA-

B 

gRNArev AAAAGCACCGACTCGGT

GCC 

Used to amplify templates for 

gRNA synthesis 

Of-Blimp-screening-F1 CAGTTCTCGTAAGCCCA

GAGCC 

Used for screening 

Of-Blimp-screening-R1 ATCTCAGTAGGACTACT

CGGCGG 

Of-Blimp-screening-R2 CCGAGATCCTGTAGGTG

AGAGTG 

Dmel-Blimp-gRNA-F TATATAGGAAAGATATC

CGGGTGAACTTCgtggttgtg

atgtccatgcaGTTTTAGAGCT

AGAAATAGCAAG  

Used to construct gRNA 

expression plasmid 
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Dmel-Blimp-gRNA-R ATTTTAACTTGCTATTTC

TAGCTCTAAAACtctacgtgc

attcgatgatcGACGTTAAATT

GAAAATAGGTC 

Dmel-Blimp-5-HDR-F cgacggccagtgaattcgagctcggta

cccGTGGGTCAGTAGTAG

GAACTCTC 

To amplify 5ô homology arm 

for Dmel-Blimp1 HDR template 

Dmel-Blimp-5-HDR-R gctcgaattaaccatGGCGACTA

TAGCTAGATTGTTGCTC

AG 

Dmel-Blimp-3-HDR-F catcaatgtatcttaAAGGTACA

TGGTACATGGTATATGG

AG 

To amplify 3ô homology arm 

for Dmel-Blimp1 HDR template 

Dmel-Blimp-3-HDR-R atgcctgcaggtcgactctagaggatcc

ccGCTAGGCGATACTAGT

TCAACAGATG 

Dmel-Blimp-HDR-insert-

F 

ctagctatagtcgccATGGTTAA

TTCGAGCTCGCC 

To amplify 3XP3>EGFP>SV40 

transgene from plasmid 

Dmel-Blimp-HDR-insert-

R 

tgtaccatgtaccttTAAGATAC

ATTGATGAGTTTGGACA

AAC 

ofas008150-F GCAGTGTATCTAGTACT

GGACC 

To amplify Of-Blimp1 

(OFAS008150) probe template 

ofas008150-RT7 taatacgactcactatagggagaGTA

GTCGGAGTATGCAGGAG 

ofas008150-FT7 taatacgactcactatagggagaGCA

GTGTATCTAGTACTGGA

CC 

Used with ofas008150-RT7 to 

amplify Of-Blimp1 dsRNA #1 

template 

OfE75AF_New tcaagagggactccatacac To amplify Of-E75A probe 

template 

OfE75ART7_New 
taatacgactcactatagggagaTGT

ACCAGGACTCTTGCTCT 

Of-slp F2 CTTACAGCTACAACGCC

CTC 

To amplify Of-slp probe 

template 
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Of-slp3UTR-R1T7 taatacgactcactatagggagaTGA

GGAATGTGACGACTTTA

GG 

Of-enRT7 taatacgactcactatagggagaTGT

CTTCCTTGCTCTTGTCT 

To amplify Of-inv probe 

template (primers were named 

before gene identified as inv; 

forward primer is found closest 

to inv in genome, reverse primer 

is not specific to either gene) 

Of-enF aatcggatgtagtgaggatg 

Of-Ubx-F GGATTCTACGGTTCACA

TCACC 

To amplify Of-Ubx probe 

template 

Of-Ubx-RT7 taatacgactcactatagggagaGAT

TGGCAGGCTGTTGATGG 

Of-lab-F GTGAGCAGGAGAACTAC

TGCCAG 

To amplify Of-lab probe 

template 

Of-lab-RT7 taatacgactcactatagggagaGAG

GTGCTGGAGTGTGAGAG 

Of-AbdB-F GACCGAGCGGCAGGTG

AAG 

To amplify Of-AbdB probe 

template 

Of-AbdB-RT7 taatacgactcactatagggagaGTT

GAATGAGGCGCTGCGG 

Dmel-Blimp1-F GAGCTAATGGTTTGGTA

CTGCAAG 

To amplify Dmel-Blimp1 probe 

template 

Dmel-Blimp1-RT7 taatacgactcactatagggagaCTC

ATTCTTGTCCGTTTCGCA

AATGG 

Of-Blimp1-dsRNA2-FT7 taatacgactcactatagggagaGCA

GCAGCATGTGGCTAGGA

AATG 

To amplify Of-Blimp1 dsRNA 

#2 template 

Of-Blimp1-dsRNA2-RT7 taatacgactcactatagggagaACC

AAGAGGAACTTCAGTTG

GCTG 

turbo GFP 1R_T7_2 

 

ttaatacgactcactataggCTCGG

TGTTGCTGTGATCCTC 

To amplify tGFP control 

dsRNA  

T7-tGFP-F taatacgactcactatagggagaATG
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GAGAGCGACGAGAGC   

Of-Blimp1-upstream-2 GTCATGGTAATTTAGAG

TGAAGATCATAGAAG 

To amplify more complete 

Blimp1 cDNA 

Of-Blimp1-downstream-2 CAGTCGATTTGATTGGT

AGCAG 
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Appendix G. Sequences from Chapter 4 
 

>Of-Blimp1_cDNA, wild type genotype, full length cds 

GTCATGGTAATTTAGAGTGAAGATCATAGAAGATTTGAAAATGAAGTACCCCGATA

AAATGAGACAGGAGGATGTGTTGGAGGAGGAGGAGTGGGATCCAAGCACCACTCG

AGAGGAGGAGTTTGAAAAGCATGCAGTGTATCTAGTACTGGACCAAACCGCCCCTG

CTGGAGCTCCTAATCGTGCCGAAGCCTCCCTCCCAAGAAACCTTGTACTCAGGCCAA

GCCAGGCCCTTTCTGATGTAATGGGTGTCTGGAGTACCAGTTACATTCCAAGGGGCA

CAAGGTTTGGTCCACTTGTTGGAGAAGTGTATGCCAAAAATGAAGTTCCGTCCACAG

CTAATCGCAAATACTTCTGGAGGGTGTACAAACAGAATCAGTTGTTTTATTACATTG

ATGGTTATGATGTCTCAAAGTCCAATTGGATGCGATACGTTAATCCTGCCTATTCTTC

AGAGTCCCAAAACCTCATTGCTTGCCAGTACAAGATGTCTATTTACTTTTATACTATT

CGACCAATCTTGCCTAATCAAGAACTTCTGGTCTGGTACTGTCGGGAGTTTGCTGAA

AGGCTCAACTATCCACTCACTGGTGAACTTATGCTTCAAAGGATAAGGCAACAAGTC

CAGCAAACTGGAACAAAACCAGAATCAAGTCCTACACCAGAAGTTAGTTCGACTGA

AAAACCTAATTATACTGATATTATTAATAATAATTACCAAAGAGGCCGATCATCATC

TCCTGAGCTTTCTGAAGTCAAAGAAGAAGGAGGTGAAAAAGAAGCAAGTGGGTCTG

TGAGATCTGACGAAGGCTATCACAGCCATGGCTATCATGATGAGGTCCTTACTCCCC

CAAGCCATGCTTCTGATAGTGATGACCCTGACAATAATTATGTCTTAGATTTCAGTA

GTAAGAAGGCTGGGGAAGTGGGTGATGAGCCCATGGATACAACAGTCCCTGAAGAG

CGAGAAGTGATACCCCCTACAGTTCTCGTAAGCCCAGAGCCTGGCTTAGGCGAAGA

GTTGGCCCGTAATGAGTACCGGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTG

TGGGGAGGGAAGAAGGACGAGGGGATGAGTTACCCCCTCAGCAACCATCCATCCTT

GAGAACATTCTCCTTAGAAACAGAGAGGAGAAGGAGTCCCCGCCGAGTAGTCCTAC

TGAGATGGCCTATAGCTATAAGAAGTCTGCAAGATACGGTAATGTTCCAGTAAGCCC

TGATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCATACTCCGACTACCCTTA

CTACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCAGCATGTGGCTAGGAA

ATGGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTCGGGGGTCACTCCCTT

ATCCCTTGAAGAAAAAGGACGGGAAGATGCACTATGAATGTAATGTTTGCTTCAAG

ACATTCGGACAGCTATCAAACCTGAAGGTGCATCTCAGAACTCATAGTGGAGAACG

GCCGTTCAAGTGTAATGTTTGCACCAAGAGCTTCACTCAACTTGCCCACTTGCAGAA

GCATCACCTTGTCCACACAGGAGAAAAACCTCATCAGTGTGAGATTTGCAAAAAAA

GGTTCAGCTCAACTTCCAACTTAAAAACACATCTCAGGCTCCACTCAGGTCAAAAGC

CATATGCATGTGATCTCTGCCCAGCAAAGTTCACTCAATTTGTCCACCTTAAGCTTCA

CAAGCGATTGCATACAAATGAAAGGCCATACACTTGCCAGGGCTGTAATAAGAAAT

ACATTTCGGCATCAGGGCTCAGGACACACTGGAAGACTACTAGTTGCCGACCTAATA

ATATGGAAGAGGAACTAGCATTAGCTGCGGCAGCTGCTGGTACTTACCCTTCTCAAT

ACTACTATGAGTATCAGCCAACTGAAGTTCCTCTTGGTGTGGGTGAGAAGGAGAACC

AACAAGAAGCTAACTCACGGGAGAGTTTTGAATTGGAAAGGCCACCTCCAGAGCCT

CAGCCCTCTAGACCCACAGTCATTGAGTCCTCCCAACCCCACATCATTGAGTGCACT

TAGTCTAGCGCTTCTCCTCCAAATGTCTACATCTTACTGCTATAAGCCATTTCTGTGA

TAAGACTATTTATAAATAAATTTATATATATATATATACATGTATAATATTTAAAAA

CTATGTGTTTCATATTATAAGTATTGTAAGTTGTGAAACAAAGCCCCTTTGAGCCAG

CCAATCGCTCAATTTGAAAATAAAGGAATATTAAGGC TAGGCTTTTTACTTTAAAGT

ATATTGTGGTGGCATGCAAAGTAAAAAAATATTCATTGAATTTAACTAACTGAAGAA

AGATTTACCTCTAATCAACAGAAAATGGTTACACAAAACAAATTTTTAAGATGTATT
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TATGCAATTTTTTTAAAAATATTAAATTCCTCAAAATTTTCTGAGAAAAGCAGGAAT

TTGAAAAAAATTTACTGTTATAGCAAGAGAAATTTCATTTTTTTTAAAATTTCCTTTT

TGTTAATTTCTCTTAAATTTTCAGAGATATTCATTCAATATTCAGAAAATTTCTCCAT

GTCTCTCTCCTAGATGTCATCTGCAGTGTCTATGAAATTTAAAGTATTTAGTTGAAAA

AGTGTTTCAATTTTATTGTAAATTGAACACTTTAGCCATTTAGCTGGGCCATAAACA

AGTGGGAATTATGAAATTTCATTTGCACATATACTTTTTATTGGAAAATTATAAATAT

AGTATCACTTATCAATGTTAAAAGGCTCCAAGGATGTCATTTATAGCCAGTTTTTTTT

TTTAAACTTATGAGAGCATTTACCGTTTCTTCTTCCGGGTTGGACCGTGTCAAGTTTT

TGATATTTGCCGAGCTTTCGCACATCATGTGATGGCTTCTTCAAGGCTGAAAAAGAG

AATGAGAGTTGTAAAAGAGAGATTTAAAAATCCAGGTGGTATGGATTATGGTATTA

TAAGAGCAATCGCTCAACTAGAAATTGTTGTAAAACGTATTTTTCAGCTATTGCCCG

GCTGTAATAGTGCAAAGGATGCTTGATCTCATTTACTTACTAGAATAAGAATTAGGA

TCCACTACTCTGCTAACCCAAAATTTCAGATACTCTAAATAAGGGAAAGAGAGAGA

AATAGAAATGCTTTTTTAAATTC AAAGAATCTCATAATATTTAAAAATGCTGACAGA

CAGACTTTTCTTTTTTGACTGATAGCTTGAATTTCCTTGCATGTATCAAAATTAACCT

AAAATATTTGTATGCTGACAGAAGATAAAATGAAAAATTGAAAATAATATACGTGT

AGAGGTCAGCAGACCTACCCGGAAAGTAGGAGACTCGGGTTCGATAGTAAGTTCCC

GGCTGAGGTAGTAAGATTTTTTTCTGGTTCCCTTGCATTTCTTGTTGAAAATAATATA

TTTTGAAGAACAGTCTTCTGTAAACTCTTTTTTATTCACCATATTTCTCCCTGCTACCA

ATCAAATCGACT 

 

>Ofas-Blimp1_gDNA, partial genomic DNA, wild type genotype 

GCAATACAATGCAATAGGCTTGAAATATAGTTTTAAAAATCTCATCTCCTGAATTAA

AAAATTAACTTTTGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTC

AATAAACTAAATTGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTT

GAAGTTTTTTTAAATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATC

ATATAAAGTACATTAATTAATATTTTAT TTCAATAGAATAATAATTTATTTTGCTTCT

TTGTATCCAGGTAATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCC

CCACCTCCTGCATACTCCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCT

CCCCCTAGCAGCAGCATGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCA

CCTACAGGATCTCGGGGGTACAGGTCAGCTTTCTTTAGAGTCATACTTCAACAGATT

TGTCTTGCAATGCATTTTTATTCAGAGGGAATCCATATGCTTTTGAATATGACTAGCT

CTGTATAACCAATAAAATATTATTCTTCACTAATCTGAATATGTGTATTATTTTAATT

TATACTAAAATTATAACTGAGTAAGATTTGTTTTTTAAGAAAAGGGTCTTCATTAAC

CACTTATTTTGTTTTAGCTAATGGTTTTTTAAGGTTCTAAAACTTGCTTTATGCACTTA

ATTCAAGTAAATGATTCAAAAT TATTTAAAATAATTATAAATCACAATTTTATTATA

ATAGATTTAAAATTTTTTTTTAATGCAAACTATTACAGAAGCTATTTACATTGGTACA

TTAAAAAAAAATTATTGAAAAATAAATATCAATTAGTTTTGAACAAAATTATAGGTT

TTGTTTGTTTATTTTAGGTCTTAAAAATATATATGTTATCTCAACTAAACCCTTTAAT

AAAACTTGTAAAATATACAGAAATAAAATATACTTATTTTTTTATAAT ATTCTGAAT

GATATATGGGTTCAATATTCCCTAGATTTAATTGCTCAAAATTTTCAGAAATATAGA

GAATGTATTGGCAAATCTGTTTGAAAATGACAAAAGTAATAGACTGTGGTATGCAA

AATGTTGAATCTATTTCTTTAAATTAAATTTTTATTAATAAACTTGCTCCCCTATCAC

TTGAGGAAATATACATGTCATTATTTTCAGACATCAGAAAAAATGTATTTATTTTGA

GATGTAATTAAATTGACCGTTTCATTTTGTCTAGCCTAATAATGGAGAAATCATTGA

AGAATTATGAATCACATAATCACTTAATGTTTTCCTTGAAAATGAATCATGAAGTGT
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TTTTTTCTCTGATAAGAAATTATATAAATTTAATTTTGTAAAAATAAAATTTCATTTG

ATTAATGAACACTTTAATCTAAAATTTATACTTCGAAACATATTTTCCATTGTATTTG

TTTCATTTGAAACTCTCAAAGCCCTATCCACTATGAATATTGATTTTGAAAATTATCA

AGTTGAAAAAGTCAGCCTAAATTACCTTTGATTTTTTTTTTTTTTAATTTCTGGCAATT

TTTCCAAATTTTCTGATTTCAGCATTTGCCTGCTTACAATACTATTATTTTTAATATTG

ATAATGGCAGGTCAATTTATTAATTTGTCATATAAATGTAATTTTCAGGTCACTCCCT

TATCCCTTGAAGAAAAAGGACGGGAAGATGCACTATGAATGTAATGTTTGCTTCAA

GACATTCGGACAGCTATCAAACCTGAAGGTGCATCTCAGAACTCATAGTGGAGAAC

GGCCGTTCAAGTGTAATGTTTGCACCAAGAGCTTCACTCAACTTGCCCACTTGCAGA

AGCATCACCTTGTCCACACAGGTAAGAGTATAGTGTTTTTTAAGCAGAAATTACAAT

TAATTTAAACTTATAATACTATTTTATATTTTTTTGTATAGTTTATAGTATTTTAACTA

TAGAATATATAAAAAGTAAAAAATATAGTTATATCCTATAATGGATAACTTAGGTGT

CAGCCATAAATAGTATATATTTTATATATACTTTTTTCATTATTATTTTTATTTATTAC

ATTTTCTTTAATCATAA AATTAACGCAGAGTTACAATATCTAGTTTTATACGCTTATA

TGTGATAATATAATTTTATATATATATATATATATTATAATTTTGTTACCTTTTATAA

AAAGATTTTTAATTATTTTTTGTTAATTTTCTAGGAGAAAAACCTCATCAGTGTGAGA

TTTGC 

 

>Ofas-Blimp1, genomic DNA, genotype 22-12, nonfunctional, genomic DNA 

CAGTTCTCGTAAGCCCAGAGCCTGGCTTAGGCGAAGAGTTGGCCCGTAATGAGTACC

GGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACG

AGGGGATGAGTTACCCCCTCAGCAACCATCCATCCTTGAGAACATTCTCCTTAGAAA

CAGAGAGGAGAAGGAGTCCCCGCCGAGTAGTCCTACTGAGATGGCCTATAGCTATA

AGAAGTCTGCAAGATACGGTAAGTTAAAAGA AAATTATCTATTGTATTTATTTGCAA

TACAATGCAATAGGCTTGAAATATAGTTTTAAAAATCTCATCTCCTGAATTAAAAAA

TTAACTTTTGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATAA

ACTAAATTGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAAC TGCTCTTGAAGTT

TTTTTTAAATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATATAA

AGTACATTAATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTGTATC

CAGGTAATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCACCTC

CAACCGGCCAACTACTCTCCCCCTAGCAGCAGCATGTGGCTAGGAAATGGTTCTCCA

GAGGAGTTTCCACTCTCACCTACAGGATCTCGG 

 

>Ofas-Blimp1, genomic DNA, genotype 40-3, nonfunctional, genomic DNA   

CAGTTCTCGTAAGCCCAGAGCCTGGCTTAGGCGAAGAGTTGGCCCGTAATGAGTACC

GGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACG

AGGGGATGAGTTACCCCCATTCTCCTTAGAAACAGAGAGGAGAAGGAGTCCCCGCC

GAGTAGTCCTACTGAGATGGCCTATAGCTATAAGAAGTCTGCAAGATACGGTAAGTT

AAAAGAAAATTATCTATTGTATTTATTT GCAATACAATGCAATAGGCTTGAAATATA

GTTTTAAAAATCTCATCTCCTGAATTAAAAAATTAACTTTTGAAGAAACAATAAAAC

ACTTACACTTTTTTTATAAATTAGTTTCAATAAACTAAATTGAAAAACTTTTTAAAAA

AATTTCTATTCCTTAGAAACTGCTCTTGAAGTTTTTTTTAAATTGAAAACAACTATAA

AATTATAATTAATATGATTTTTGAATCATATAAAGTACATTAATTAATATTTTA TTTC

AATAGAATAATAATTTATTTTGCTTCTTTGTATCCAGGTAATGTTCCAGTAAGCCCTG

ATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCATACTCCGACTACCCTTACT
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ACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCAGCATGTGGCTAGGAAAT

GGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTCGG 

 

>Ofas-Blimp1, genomic DNA, genotype 40-1, nonfunctional, genomic DNA  

AAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACGAGG

GGATGAGTTACCCCCTCAGGATGGAACCATCCATCCTTGAGAACATTCTCCTTAGAA

ACAGAGAGGAGAAGGAGTCCCCGCCGAGTAGTCCTACTGAGATGGCCTATAGCTAT

AAGAAGTCTGCAAGATACGGTAAGTTAAAAGAAAATTATCTATTGTATTTATTTGCA

ATACAATGCAATAGGCTTGAAATATAGTTTT AAAAATCTCATCTCCTGAATTAAAAA

ATTAACTTTTGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATA

AACTAAATTGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTTGAAG

TTTTTTTTAAATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATAT

AAAGTACATTAATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTG T

ATCCAGGTAATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCAC

CTCCTGCATACTCCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCTCCCC

CTAGCAGCAGCATGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCACCTA

CAGGATCTCGG 

 

 

>Ofas-Blimp1, genomic DNA, genotype 52-11, nonfunctional, genomic DNA  

AAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACGAGG

GGATGAGTTACCCCCAACCATCCATCCTTGAGAACATTCTCCTTAGAAACAGAGAGG

AGAAGGAGTCCCCGCCGAGTAGTCCTACTGAGATGGCCTATAGCTATAAGAAGTCT

GCAAGATACGGTAAGTTAAAAGAAAATTATCTATTGTATTTATTTGCAATACAATGC

AATAGGCTTGAAATATAGTTTTAAAAATC TCATCTCCTGAATTAAAAAATTAACTTT

TGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATAAACTAAAT

TGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTTGAAGTTTTTTTTA

AATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATATAAAGTACA

TTAATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTGTATCCAG GTA

ATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCAT

ACTCCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCA

GCATGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTC

GG 

 

>Ofas-Blimp1, genomic DNA, genotype 59-10, nonfunctional, genomic DNA  

ATGAGTACCGGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAA

GAAGGACGAGGGAAGACATCCTAAGGAGAACATTCTCCTTAGAAACAGAGAGGAG

AAGGAGTCCCCGCCGAGTAGTCCTACTGAGANGGCCTATAGCTATAAGAAGTCTGC

AAGATACGGTAAGTTAAAAGAAAATTATCTATTGTATTTATTTGCAATACAATGCAA

TAGGCTTGAAATATAGTTTTAAAAATCTCA TCTCCTGAATTAAAAAATTAACTTTTG

AAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATAAACTAAATTG

AAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTTGAAGTTTTTTTTAAA

TTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATATAAAGTACATT

AATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTGTATCCAGGTA A

TGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCACT
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CCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCAGCA

TGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTCGG 

 

>Dmel-Blimp1, genomic DNA, genotype Blimp1(3XP3>EGFP), 5ô region, nonfunctional 

AACACTGTGAAAATTCTGAGGAGCTTTTCCAGGGCGAGGGAGTGCAGGGGTTGCAG

GTGTAGAGGATGATAGGCGCCTCTATTTATAGCGCCAAATTATGACTATTTTTAAAA

CGTATTTTCCCATCCTTTGTGCCATTCCAGATCAAGTAAAACTTCAACCACAAACAA

CTAGCAGAATAAGCAGCAACCACTGAAACCCCTATATATATAAAATCAGCACATAT

ATACACAGTGTTAGCTGAGCAACAATCTAGCTATAGTCGCCATGGTTAATTCGAGCT

CGCCCGGGGATCTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGA

TCCAAGCTTATCGATTTCGAACCCTCGACCGCCGGAGTATAAATAGAGGCGCTTCGT

CTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACGTCGCTAAGCGAAAG

CTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCGGGGTACCGCTAGAG

TCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGA

GGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG

GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG

AC 

 

>Dmel-Blimp1, genomic DNA,  genotype Blimp1(3XP3>EGFP), 3ô region, nonfunctional 

CTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACA

TGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGT

ACAAGTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGG

TTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGA

ATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAA

TAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTG

TCCAAACTCATCAATGTATCTTAAAGGTACATGGTACATGGTATATGGAGCAGCTGC

AGACCAGACCAGGAAGTGATGTAATCCAAGTGCAATAAAGTTAAATAGAGTTAAGC

GACAGACAGGCAGACAGACAGACGATACCCCTTAAAACAAAAAAAAAATCGAAAA

GGATAACAAAAATGCAGCACAA  

  



  

  241 

 

Appendix H. Primers used in Chapter 5 

 
Primer name Primer sequence  

Nvit-Blimp1-FT7 taatacgactcactatagggagaGAGTCTGTG

ATATACGAGAGGCG 

To amplify Nvit-Blimp1 

dsRNA template 

Nvit-Blimp1-RT7 taatacgactcactatagggagaCAGGATGTT

GCTGTAGCGGTG 

Mhis-Blimp1-F CCCTGCATATTCTTCTGAATCTC Used with Mhis-Blimp1-

RT71 to clone partial cDNA 

of Mhis-Blimp1 

Mhis-Blimp1-RT7-

1 

taatacgactcactatagggagaGTCACATGC

GTATGGCTTCTG 

To amplify Mhis-Blimp1 

dsRNA-1 template 

Mhis-Blimp1-FT7-

2 

taatacgactcactatagggagaGATATGGGA

ATGTACCTGTGAGCC 

Mhis-Blimp1-RT7-

2 

taatacgactcactatagggagaCTGTACTCA

TTCCTATCTCTGTATTC 

To amplify Mhis-Blimp1 

dsRNA-2 template 

Mhis-Blimp1-FT7 taatacgactcactatagggagaCCCTGCATA

TTCTTCTGAATCTC 

Tdom-Blimp1-FT7 taatacgactcactatagggagaCCTCTCAGT

CCGAACAGCCAGGC 

To amplify partial possible 

Tdom-Blimp1 cDNA, dsRNA 

template Tdom-Blimp1-RT7 taatacgactcactatagggagaCCTTAATCC

ACTGGCGCTTATGTAC 

Blimp-degen-F-

inner 

CGSAARTACTTYTGGAGGGT Degenerate insect Blimp1 

primer, designed to anneal 

within PR/SET domain-

encoding region  

Blimp-degen-R-

outer 

CARCTHGTHGTYTTCCARTGHG Degenerate insect Blimp1 

primer, designed to anneal 

around zinc fingers-encoding 

region  

Jhae-Blimp-CDS-F AATCAGTTGTTCTACTATATTGAT

GGC 

To amplify partial Jhae-

Blimp1 sequence 

Jhae-Blimp-CDS-R TTCGTAAACCTGAAGCTGAG 

prd-deg1F GGNGGNGTNTTYATHAAYGG Degenerate primers to 

amplify paired; designed by 

Yong Lu 
prd-deg1R 

 

RTTNSWRAACCANACYTG 

prd-deg2F MARATHGTNGARATGGC 

prd-deg1R 

 

RTANACRTCNGGRTAYTG 

Jhae-prd-F2 GAT TGT TGA GAT GGC TGC To amplify partial Jhae-prd 

sequence Jhae-prd-R2 

 

GGTGAACCAGACCTGTATCC 

Mhis-Blimp1-FT7 taatacgactcactatagggagaCCCTGCATA

TTCTTCTGAATCTC 

To amplify Mhis-Blimp1 

dsRNA-1 template 
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Mhis-Blimp1-RT7-

2 

taatacgactcactatagggagaCTGTACTCA

TTCCTATCTCTGTATTC 

Mhis-Blimp1-FT7-

2 

 

taatacgactcactatagggagaGATATGGGA

ATGTACCTGTGAGCC 

To amplify Mhis-Blimp1 

dsRNA-2 template 

Mhis-Blimp1-RT7-

1 

taatacgactcactatagggagaGTCACATGC

GTATGGCTTCTG 

Ldec-blimp1-FT7 taatacgactcactatagggagaCAGGTGTTA

CCGCATTCCAAAGG 

To to amplify Ldec-Blimp1 

dsRNA template 

Ldec-Blimp1-RT7 

 

taatacgactcactatagggagaCAGGTACTG

AATCATCCATTCTTGAGTC 

Mhis-Blimp1-F CCCTGCATATTCTTCTGAATCTC Used with Mhis-Blimp1-RT7-

2 

to amplify Mhis-Blimp1 probe 

template 

AsteBlimp1-1 AGTCCAACTGGATGCGGTAC To 

amplify Aste-Blimp1 probe 

template; designed by Alys 

Cheatle Jarvela 

AsteBlimp1-2T7 taatacgactcactatagggagaGTCGGTTCT

GCCTCGTAGTA 

turbo GFP 

1R_T7_2 

ttaatacgactcactataggCTCGGTGTTGC

TGTGATCCTC 

To amplify tGFP dsRNA 

template 

T7-tGFP-F taatacgactcactatagggagaATGGAGAG

CGACGAGAGC 

Tc-Blimp-F TACCCCCTGAAGAAGAAGGAC Used with Tc-Blimp-RT7 to 

amplify Tcas-Blimp1 probe 

template  

Tc-Blimp-FT7 taatacgactcactatagggagaTACCCCCTG

AAGAAGAAGGAC 

To amplify Tcas-Blimp1 

dsRNA template 

Tc-Blimp-RT7 taatacgactcactatagggagaACAACTCGT

CGTCTTCCAATG 

Jhae-Blimp1-FT7 taatacgactcactatagggagaGATCTGATG

AAGGTTATCACAGCC 

To amplify Jhae-Blimp1 

dsRNA-1 template 

Jhae-Blimp1-RT7 taatacgactcactatagggagaGAAGCAGA

CATTACACTCATAGTGC 

Jhae-Blimp-

dsRNA2-FT7 

taatacgactcactatagggagaGCAAAGTCA

AATTGGATGCGATATG 

To amplify Jhae-Blimp1 

dsRNA-2 template 

Jhae-Blimp-

dsRNA2-RT7 

taatacgactcactatagggagaGGAAGAGG

AACGGTCTCTTTG 

Jhae-prd-F-1 CGTCCTTGCGTAATCTCCAGACA

G 

To amplify Jhae-prd probe 

template 

Jhae-prd-RT7-1 taatacgactcactatagggagaCGAGACCTC

CGCTGTTTCCTC 

Vcar-Blimp1-F CCATCATTACTGCCATTACCAC Used with Vcar-Blimp1-RT7 

to amplify Vcar-Blimp1 probe 

template 
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Vcar-Blimp1-FT7 taatacgactcactatagggagaCCATCATTA

CTGCCATTACCAC 

To amplify Vcar-Blimp1 

dsRNA-1 template 

Vcar-Blimp1-RT7 taatacgactcactatagggagaGTGAATTTC

TGCATACATAAGTCGC 

Vcar-Blimp1-

dsRNA2-FT7 

taatacgactcactatagggagaGCACACGTA

CACCAAATAAGCC 

To amplify Vcar-Blimp1 

dsRNA-2 template 

Vcar-Blimp1-

dsRNA2-RT7 

taatacgactcactatagggagaCATCGTTAG

GCGTAAGTTGATGGTC 

Vcar-wg-F GGCGAACCAAACAACCTATCAC To amplify Vcar-wg probe 

template Vcar-wg-RT7 taatacgactcactatagggagaGCAGCCTCA

TCCAGCAAGTC 
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Appendix I. Sequences isolated in Chapter 5 

 
>Tdom-possible-Blimp1-partial [sequenced PCR product] 

CCTCTCAGTCCGAACAGCCAGGCGAGAGGGTATCGGTCGCTGCCCTATCCGCTCAAG

AAGAAAGATGGGAAGATGCATTATGAGTGCAATGTGTGTTTTAAGACTTTTGGCCAG

CTTTCTAATTTAAAGGTGCATCTGAGGACTCATTCTGGCGAAAGACCTTTCAAATGT

AATGTGTGTACGAAGAGTTTCACGCAATTAGCTCATCTCCAGAAACATCATCTAGTC

CATACAGGGGAGAAGCCACACCAGTGTGACATCTGCAAGAAGCGATTCAGCAGCAC

CTCCAACTTGAAGACGCATTTGAGGTTGCATTCGGGTCAGAAGCCCTACGCATGTGA

CCTGTGTCCGGCTAAATTCACGCAGTTTGTTCATCTCAAACTTCACAAGCGATTGCA

CACAAACGAACGCCCATATACCTGTCAAGGTTGCAACAAAAAGTACATAAGCGCCA

GTGGATTAAGG 

 

>Mhis-partial-Blimp1-isoformX1 [inserted into pGEM-T-Easy, colony 2] 

CCCTGCATATTCTTCTGAATCTCAGAACTTAATTGCTTGCCAATATAAGATGTCTATT

TACTTTTATACTATCAGGCCTATCTTGCCTAACCAAGAACTTCTTGTTTGGTACTGTC

GAGAATTCGCAGAGAGATTAAATTATCCACTTACAGGAGAACTAATGCTCCAGAGA

ATACGTCAACAAGTTCAGCAGAGTGGACCTGCTGTGAAACCTGAATCAACTAATGT

ACCTGAAGTGGTGAGTTCGACTGAAAAGCCTGCTTATACCGACATCATGAACAATA

ATTATCAACGGGGACGGTCTTCTTCTCCAGAGCTCTCTGAAGTCAAAGAAGAAGGA

GGAGAGAAAGAAGCTGCTGGCTCTGTTAGATCTGATGAAGGTTATCATAGCCATGG

TTATCATGATGAGGTTTTAACTCCACCTGGCCACTCTTCAGACAGCGATGATCCAGA

TAATAATTATGTTCTTGATTTTAGCAGCAAGAAAACTGGTGAAGAAGCAATGGAGGT

TACGACTGTTGAAGAAGTGGATACTGTTGTTGTGGGATCAGCTCCTGCGACACAGAC

ATCTGTAGTTGTTGGACCTGGTGTTCCACTCCCCGTCACTGGAGGCGGGGAAGAATA

CAGAGATAGGAATGAGTACAGAAAGGTGAAGATTAAAATGTCAAAAGCTTACCCAG

TGACCCCAGGCCTGAAAGAAGACATCAAAGAACCAGCACCACAACCGTCCATTTTA

GAAAATATACTGTTAAGGAATAAAGAAGAGAA GGAGTCACCTCCAAGCAGTCCAAC

TGAGATGGCTTATAGTTACAAAAAATCTGCAAGATATGGGAATGTACCTGTGAGCCC

TGATTCAACAGGAGTTGCTCATTACTCACCTCCACCGAATTACCCTGAATATCCCTA

CTACAACTACCAACCGCAGAACTACTCTCCACCAAGCAGTTCAGCGTGGTTTGGCCA

AAATGGAAATGATGAATTCCCGCTTTCACCGACAGGATCTCGGGGGTCACTTCCTTA

TCCGCTGAAGAAGAAGGATGGAAAAATGCACTATGAATGCAATGTCTGCTTCAAAA

CATTTGGCCAGCTCTCTAATTTGAAAGTGCACTTACGCACTCACAGTGGTGAGCGCC

CTTTCAAGTGCAATGTTTGCACCAAGAATTTCACCCAATTAGCTCACTTACAGAAAC

ATCATCTCGTTCACACTGGTGAAAAACCTTATCAGTGTGAAATATGCAAGAAAAGGT

TTAGTTCAACTTCCAACCTTAAAACTCACCTTCGACTACATTCAGGCCAGAAGCCAT

ACGCATGTGACTCTCCCTATAGTGAGTCGTATTA 

 

>Mhis-partial-Blimp1-isoformX2 [inserted into pGEM-T-Easy, colony 12] 

CCCTGCATATTCTTCTGAATCTCAGAACTTAATTGCTTGCCAATATAAGATGTCTATT

TACTTTTATACTATCAGGCCTATCTTGCCTAACCAAGAACTTCTTGTTTGGTACTGTC

GAGAATTCGCAGAGAGATTAAATTATCCACTTACAGGAGAACTAATGCTCCAGAGA

ATACGTCAACAAGTTCAGCAGAGTGGACCTGCTGTGAAACCTGAATCAACTAATGT

ACCTGAAGTGGTGAGTTCGACTGAAAAGCCTGCTTATACCGACATCATGAACAATA

ATTATCAACGGGGACGGTCTTCTTCTCCAGAGCTCTCTGAAGTCAAAGAAGAAGGA
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GGAGAGAAAGAAGCTGCTGGCTCTGTTAGATCTGATGAAGGTTATCATAGCCATGG

TTATCATGATGAGGTTTTAACTCCACCTGGCCACTCTTCAGACAGCGATGATCCAGA

TAATAATTATGTTCTTGATTTTAGCAGCAAGAAAACTGGTGAAGAAGCAATGGAGGT

TACGACTGTTGAAGAAGTGGATACTGTTGTTGTGGGATCAGCTCCTGCGACACAGAC

ATCTGTAGTTGTTGGACCTGGTGTTCCACTCCCCGTCACTGGAGGCGGGGAAGAATA

CAGAGATAGGAATGAGTACAGAAAGGTGAAGATTAAAATGTCAAAAGCTTACCCAG

TGACCCCAGGCCTGAAAGAAGACATCAAAGAACCAGCACCACAACCGTCCATTTTA

GAAAATATACTGTTAAGGAATAAAGAAGAGAAGGAGTCACCTCCAAGCAGTCCAAC

TGAGATGGCTTATAGTTACAAAAAATCTGCAAGATATGGGAATGTACCTGTGAGCCC

TGATTCAACAGGAGTTGCTCATTACTCACCTCCACCGAATTACCCTGAATATCCCTA

CTACAACTACCAACCGCAGAACTACTCTCCACCAAGCAGTTCAGCGTGGTTTGGCCA

AAATGGAAATGATGAATTCCCGCTTTCACCAACAGGATCTCGGGGGTACAGGTCACT

TCCTTATCCGCTGAAGAAGAAGGATGGAAAAATGCACTATGAATGCAATGTCTGCTT

CAAAACATTTGGCCAGCTCTCTAATTTGAAAGTGCACTTACGCACTCACAGTGGTGA

GCGCCCTTTCAAGTGCAATGTTTGCACCAAGAATTTCACCCAATTAGCTCACTTACA

GAAACATCATCTCGTTCACACTGGTGAAAAACCTTATCAGTGTGAAATATGCAAGAA

AAGGTTTAGTTCAACTTCCAACCTTAAAACTCACCTTCGACTACATTCAGGCCAGAA

GCCATACGCATGTGACTCTCCCTATAGTGAGTCGTATTA 

 

>Jhae-partial-Blimp1-product [inserted into pGEM-T-Easy, colony 8] 

AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA

TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA

TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG

GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT

TCAGAGAATAAGGCAACAAGTACAAC AAACTGGGGTAAAACCAGAAACAAGTGCT

CCTGAAGTTAGCTCGACTGAAAAGCCTGCCTATAGTGATATTATGAATAACAATTAC

CAAAGAGACCGTTCCTCTTCCCCTGAACTATCAGAAGTAAAGGAAGAGGGGGCTGA

AAAAGAAGCTAGTGGATCTGTTAGATCTGATGAAGGTTATCACAGCCATGGCTACC

ATGATGAAGTTCTTACTCCTCCTGGCCATTCCTCAGACAGCGATGATCCTGATAACA

ACTATGTCCTCGACTTTAGCAGTAAGAAATCTGGAGCTGAGCCAATGGATACTATCG

TAGTTGATGAGCCAGAACCTGCTGTGGTTGTATCAGGGTTGCTCTAAGAAGTACATC

TCAGCTTCAGGTTTACGAA 

 

>Jhae-partial-Blimp1-product [inserted into pGEM-T-Easy, colony 9] 

AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA

TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA

TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG

GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT

TCAGAGAATAAGGCAACAAGTACAAC AAACTGGGGTAAAACCAGAAACAAGTGCT

CCTGAAGTTAGCTCGACTGAAAAGCCTACCATGATGAATTTCTTACTCCTCCTGGCC

ATTCCTCACACATCCATGATCCTGATAACAACTATGTCCTCGACTTTAGCAGTAAGA

AATCTGGAGCTGAGCCAATGGATACTATCGTAGTTGATGAGCCAGAACCTGCTGTGG

TTGTATCAGGGACGGGAACTCCGACTGCTGTTGTCGTGGCTCCAAGTGTCCATATTC

CTGGGGATGAGTACAGAGATAGGAATGAATACCGCAAGGTCAAGATAAAAATGTCC

AAAGCATACCCAGGTATGCCTCTGAGAGAAGATGGAAAGGAGGAACTCAAGGAGC

CTATCACCATTTCACAGCCGTCCATACTCGAAAATATCCTCTTGAGGAGCAGGGAAG
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AGAAGGAGTCTCCTCCAAGTAGCCCTACGGAGATGGCTTATAGCTACAAGAAGTCT

GCAAGATATGGTAATGTTCCTGTAAGTCCTGATTCAACTGGAGTTGCTCACTATTCTC

CACCACCTAACTACCCTGACTACCCATACTACAATTACCAGCACCAGAACTATTCAC

CACCCAGCAGTTCTGCATGGTTCAATGGAAATTCCAGTGATGAATTCCCACTGTCTC

CAACAGGATCTCGGGGGTACAGGTCACTTCCTTATCCATTGAAGAAGAAGGATGGG

AAAATGCACTATGAGTGTAATGTCTGCTTCAAAACATTTGGGCAGCTCTCCAATCTA

AAAGTTCACCTTAGGACACACAGCGGGGAAAGACCATTTAAATGCAACGTATGCAC

AAAGAGTTTTACACAGCTTGCCCATTTACAAAAACACCACCTTGTGCATACAGGAGA

AAAGCCCCACCAATGTGAAATATGTAAGAAACGATTTAGTTCAACTTCTAACTTAAA

AACTCACCTTCGACTACATTCGGGCCAAAAGCCGTATGCTTGTGACCTCTGCCCAGC

CAAGTTCACACAGTTTGTCCACCTGAAGCTTCATAAGAGGCTACACACCAATGAAAG

ACCTTACACATGCCAGGGTTGCTCTAAGAAGTACATCTCAGCTTCAGGTTTACGAA 

 

>Jhae-partial-Blimp1 [inserted into pGEM-T-Easy, colony 10] 

AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA

TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA

TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG

GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT

TCAGAGAATAAGGCAACAAGTACAAC AAACTGGGGTAAAACCAGAAACAAGTGCT

CCTGAAGTTAGCTCGACTGAAAAGCCTGCCTATAGTGATATTATGAATAACAATTAC

CAAAGAGACCGTTCCTCTTCCCCTGAACTATCAGAAGTAAAGGAAGAGGGGGCTGA

AAAAGAAGCTAGTGGATCTGTTAGATCTGATGAAGGTTATCACAGCCATGGCTACC

ATGATGAAGTTCTTACTCCTCCTGGCCATTCCTCAGACAGCGATGATCCTGATAACA

ACTATGTCCTCGACTTTAGCAGTAAGAAATCTGGAGCTGAGCCAATGGATACTATCG

TAGTTGATGAGCCAGAACCTGCTGTGGTTGTATCAGGGACGGGAACTCCGACTGCTG

TTGTCGTGGCTCCAAGTGTCCATATTCCTGGGGATGAGTACAGAGATAGGAATGAAT

ACCGCAAGGTCAAGATAAAAATGTCCAAAGCATACCCAGGTATGCCTCTGAGAGAA

GATGGAAAGGAGGAACTCAAGGAGCCTATCACCATTTCACAGCCGTCCATACTCGA

AAATATCCTCTTGAGGAGCAGGGAAGAGAAGGAGTCTCCTCCAAGTAGCCCTACGG

AGATGGCTTATAGCTACAAGAAGTCTGCAAGATATGGTAATGTTCCTGTAAGTCCTG

ATTCAACTGGAGTTGCTCACTATTCTCCACCACCTAACTACCCTGACTACCCATACTA

CAATTACCAGCACCAGAACTATTCACCACCCAGCAGTTCTGCATGGTTCAATGGAAA

TTCCAGTGATGAATTCCCACTGTCTCCAACAGGATCTCGGGGGTACAGGTCACTTCC

TTATCCATTGAAGAAGAAGGATGGGAAAATGCACTATGAGTGTAATGTCTGCTTCAA

AACATTTGGGCAGCTCTCCAATCTAAAAGTTCACCTTAGGACACACAGCGGGGAAA

GACCATTTAAATGCAACGTATGCACAAAGAGTTTTACACAGCTTGCCCATTTACAAA

AACACCACCTTGTGCATACAGGAGAAAAGCCCCACCAATGTGAAATATGTAAGAAA

CGATTTAGTTCAACTTCTAACTTAAAAACTCACCTTCGACTACATTCGGGCCAAAAG

CCGTATGCTTGTGACCTCTGCCCAGCCAAGTTCACACAGTTTGTCCACCTGAAGCTT

CATAAGAGGCTACACACCAATGAAAGACCTTACACATGCCAGGGTTGCTCTAAGAA

GTACATCTCAGCTTCAGGTTTACGAA 

 

>Jhae-partial-Blimp1 [inserted into pGEM-T-Easy, colony 11] 

AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA

TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA

TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG
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GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT

TCAGAGAATAAGGCAACAAGTACAACAAACTGGGGTAAAACCAGAAACAAGTGCT

CCTGAAGTTAGCTCGACTGAAAAGCCTGCCTATAGTGATATTATGAATAACAATTAC

CAAAGAGACCGTTCCTCTTCCCCTGAACTATCAGAAGTAAAGGAAGAGGGGGCTGA

AAAAGAAGCTAGTGGATCTGTTAGATCTGATGAAGGTTATCACAGCCATGGCTACC

ATGATGAAGTTCTTACTCCTCCTGGCCATTCCTCAGACAGCGATGATCCTGATAACA

ACTATGTCCTCGACTTTAGCAGTAAGAAATCTGGAGCTGAGCCAATGGATACTATCG

TAGTTGATGAGCCAGAACCTGCTGTGGTTGTATCAGGGACGGGAACTCCGACTGCTG

TTGTCGTGGCTCCAAGTGTCCATATTCCTGGGGATGAGTACAGAGATAGGAATGAAT

ACCGCAAGGTCAAGATAAAAATGTCCAAAGCATACCCAGGTATGCCTCTGAGAGAA

GATGGAAAGGAGGAACTCAAGGAGCCTATCACCATTTCACAGCCGTCCATACTCGA

AAATATCCTCTTGAGGAGCAGGGAAGAGAAGGAGTCTCCTCCAAGTAGCCCTACGG

AGATGGCTTATAGCTACAAGAAGTCTGCAAGATATGGTAATGTTCCTGTAAGTCCTG

ATTCAACTGGAGTTGCTCACTATTCTCCACCACCTAACTACCCTGACTACCCATACTA

CAATTACCAGCACCAGAACTATTCACCACCCAGCAGTTCTGCATGGTTCAATGGAAA

TTCCAGTGATGAATTCCCACTGTCTCCAACAGGATCTCGGGGGTACAGGTCACTTCC

TTATCCATTGAAGAAGAAGGATGGGAAAATGCACTATGAGTGTAATGTCTGCTTCAA

AACATTTGGGCAGCTCTCCAATCTAAAAGTTCACCTTAGGACACACAGCGGGGAAA

GACCATTTAAATGCAACGTATGCACAAAGAGTTTTACACAGCTTGCCCATTTACAAA

AACACCACCTTGTGCATACAGGAGAAAAGCCCCACCAATGTGAAATATGTAAGAAA

CGATTTAGTTCAACTTCTAACTTAAAAACTCACCTTCGACTACATTCGGGCCAAAAG

CCGTATGCTTGTGACCTCTGCCCAGCCAAGTTCACACAGTTTGTCCACCTGAAGCTT

CATAAGAGGCTACACACCAATGAAAGACCTTACACATGCCAGGGTTGCTCTAAGAA

GTACATCTCAGCTTCAGGTTTACGAA 

 

>Jhae-partial-prd-isoformX1 [inserted into pGEM-T-Easy, colony 9] 

GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGTAATCTCCAGACAGCTGAG

GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGAGCA

TCAGGCCAGGAGTGATCGGAGGCAGCAAGCCCAGGGTTGCCACTCCCGACGTCGAG

AGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTTTCTCCTGGGAGATAAG

AGACAGCTCTGAGAAGAAATACGGATCTTGGATTGAAGGGATAGAAGAGGGATCAT

CGCAGTCACTCATCAAAAACCGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAAT

GCACCTTCAGTGAGTGCCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGG

GGAGAAGAAGCTCCATGAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAAC

CGGGGATCCCACTTAAGAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAG

CAGCTGGACGAGTTGGAAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACAC

CAGAGAGGAGCTGGCGCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGGT

TCACC 

 

>Jhae-partial-prd-isoformX1 inserted into pGEM-T-Easy, colony 11] 

GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGCAATCTCCAGACAGCTGAG

GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGAGCA

TCAGGCCAGGAGTGATCGGAGGCAGCAAGCCCAGGGTTGCCACTCCCGACGTCGAG

AGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTTTCTCCTGGGAGATAAG

AGACAGCTCTGAGAAGAAATACGGATCTTGGATTGAAGGGATAGAAGAGGGATCAT

CGCAGTCACTCATCAAAAACCGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAAT
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GCACCTTCAGTGAGTGCCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGG

GGAGAAGAAGCTCCATGAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAAC

CGGGGATCCCACTTAAGAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAG

CAGCTGGACGAGTTGGAAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACAC

CAGAGAGGAGCTGNNNCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGG

TTCACC 

 

>Jhae-partial-prd-isoformX2 [inserted into pGEM-T-Easy, colony 12] 

GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGTAATCTCCAGACAGCTGAG

GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGAGCA

TCAGGCCAGGAGTGATCGGAGGCAGCAAGCCCAGGGTTGCCACTCCCGACGTCGAG

AGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTTTCTCCTGGGAGATAAG

AGACAGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAATGCACCTTCAGTGAGTG

CCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGGGGAGAAGAAGCTCCAT

GAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAACCGGGGATCCCACTTAA

GAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAGCAGCTGGACGAGTTGG

AAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACACCAGAGAGGAGCTGGC

GCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGGTTCACC 

 

>Jhae-partial-prd-product [inserted into pGEM-T-Easy, colony 10] 

GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGTAATCTCCAGACAGCTGAG

GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGTTGC

CACTCCCGACGTCGAGAGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTT

TCTCCTGGGAGATAAGAGACAGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAAT

GCACCTTCAGTGAGTGCCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGG

GGAGAAGAAGCTCCATGAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAAC

CGGGGATCCCACTTAAGAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAG

CAGCTGGACGAGTTGGAAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACAC

CAGAGAGGAGCTGGCGCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGGT

TCACC 
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Appendix J. Mutation of Of-paired 
 

Overview and rationale 

To make a loss-of-function mutation in Of-paired (prd), I originally planned to replace Of-prd 

exon 1 with a potentially dominant marker (as this marker has never been used in Oncopeltus, we 

cannot be sure it would dominant), following the methods used by (Cheatle Jarvela et al. 2020) to 

mutate Anopheles stephensi gooseberry. I intended to assemble a homology-directed repair 

template with the sequences flanking Of-prd exon 1 instead flanking the 3XP3>EGFP marker. 

However, there are many gaps in the genome assembly in the region surrounding Of-prd exon 1 

(Figure J-A). I tried to amplify these gaps both by designing primer flanking them, as well as by a 

modified amplified fragment length polymorphism protocol for isolation of genomic sequence 

(Heffer and Pick 2011). Neither of these were successful, and in the end I opted not to provide a 

homology-directed repair template.  

 

Injection 

Embryos from the Of-vermilion multi-allelic stock (Chapter 3) were injected with 40 ng/uL each 

of Of-prd gRNAs A and B, 300 ng/uL Cas9-NLS protein (PNA Bio), and 500 ng/uL of a donor 

vector which contained Of-prd gRNA A and B target sites flanking either 3XP3>EGFP or 

3XP3>DsRed, allowing cleavage of both the genomic target and plasmid by the same gRNAs. 

These donor vectors did not contain homology arms, thus donor insertion would be expected to 

occur through the non-homologous end joining pathway. A total of 2,276 embryos were injected, 

of which 1,114 (49%) hatched. 113 adult G0s were outcrossed. 

 

G1 Screening 
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No G1s were found to have fluorescent eyes, as expected if the 3XP3>EGFP or DsRed marker 

were inserted at the target site. Genomic DNA was isolated from a dissected leg from each 

molecularly screened G1, and subjected to PCR using primers Of-prd-screening-F and Of-prd-

screening-R. A product of 884 bp was expected to be amplified from the wild type allele, and a 

464 bp product from the deletion allele (Figure J-1B). In total, 124 G1s were screened by PCR, 

yielding 7 heterozygotes from four G0 lines. Heterozygous G1s were outcrossed, and only two of 

these yielded viable offspring (23-3 and 23-5). As these two individuals are from the same G0, 

and after sequencing found to have the same mutation, only line 23-3 was kept. Of-prd23-3 has 416 

bp deletion which removes Of-prd exon 1 (Figure J-1C).  

  

 
Figure J-1. Mutation of Of-prd 

A) gRNA sites (arrowheads) target non-coding regions flanking Of-prd exon 1. Below are the 

expected PCR products from a mutant with exon 1 deleted (464 bp) and a wild type allele (884 

bp). B) PCR screening for heterozygotes yields either a wild type band (25-27 and 30-31) or a 

smaller band amplified from the mutant allele (28-29). NTC = no template control. C) 

Alignment between wild type (WT) allele and the Of-prd23-3  allele, in which exon 1 is deleted.  

 

  




