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Geneticscreens in the fruit flyprosophila melanogastadentified a class of mutants displaying

half as many segments as seen in wild type fly la(MiessleirVolhard and Wieschaus 1980)

Careful examination of the larval cuticle revealed that one out of every two segments were deleted
across the anterigrosterior (AP) axis, an unexpected phenotype suggesting that segmentation in
Drosophilaf ol | ows a O6pair ruled. Thanks in part to
species, we now have a clear picture of how the AP axis drbsophilaembryo is polarized

and subsequently divided into distinct segments, and how theupaigenes (PRGs) define
alternate segments duringdiprocess. 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, stugks of the Drosophilasegmentation gene orthologs in Amodel 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 milkwgeé&hdapeltus
fasciatus (OfasfHemiptera) is a particularly usefuisect tostudy in this regard, as none of the
orthologs of thérosophilaPRGs have clear PfRnction in this specied.iu and Kaufman 2005b;
Auman and Chipman 2018; Redimg al. 2019) while the gene€e75A, which has no role in
segmentation inDrosophila, is expressed in a PR pattern aitsl knockdown vyields PR
segmentation defectErezyilmazet al. 2009) These results suggested that-féBulation of
segmentation irOncopeltusmight require a different set of factors than those discovered in
Drosophila. To identify other nofcanonical PRGs in this species, | conducted an expression
patternbased screen of transcription faetsrcoding genes that are-empressed witlEE75A

during embryogenesis, and have identified the dglirapl as anOncopeltusPRG. Like the
DrosophilaPR mutantsOfasBlimpl mutants display loss of alternate segments across the AP
axis. No roles oBlimplin insect segmentation had been identified prior tofthdsng. This result
suggests that while insect segmentation may be constrained to follow a pair rule, the genes
responsible for regulating Ps&gmentation are evolutionarily labile. Further, a major barrier to
studying gene function in nemodels is thdack of genetic tools such as visible markers and
established methods for gene editing. Here | will describe deployment of CRISPR/Cas9
technology inOncopeltusfor targeted mutagenesis. While mutation of the ABC transporter
encoding gen&hite proved to beecessive lethal, | was able to generate a viable visible marker
line by disrupting the Minked geneOfasvermilion (v). Ofv is required for production of dark
brown eye pigments, thi@fasv mutants have bright red eyes, easily discernible from the black

eyes of wild type bugs. | show that aCRISPR approach usim@f-v as a marker of germline



mutation is a helpful strategy to identify mutations of interest at unlinked doabling 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 ovéime 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 mutatitimst alteredthe body plan of the fruit fly
Drosophilamelanogastewere immensely successful in identifying genetic components required
to generate a normal larval cuticl8ubsequent wrk has largely decoded how the anteror
posterior (AP) axis is differentiated into specialized units by an extensive nktvodr
transcriptional regulatoiis this species

Comparative studies of development across taxa have shown that the mechanisms
underlying complexitybuilding often vary between species. This is indeed the case for the insect
body plan; while all insects arrive at a morphologically similar segmented geddtage, the
process of segmenting the AP axis varies across insect groups. | will review our current

understanding of this variation the sections that follow

1.1 Broad differences in insecsegmentation

1.11 Germ mode definitions

It has long been observed that segmentaifdhe insect embryaries across the insect
phylogeny(Korschelt and Heider 1899)n insects likeDrosophila, segmentation of the entire
anteriorposterior (AP) axi®ccurs almost simultanedysiuring the blastoderm stage (i.e., leng
germ mode), while in most insect groups only the anteriormost body segments are defined in the
blastodermandthe remaining segments are added sequentially from a posterior segment addition

zone (SAZ Figure 11) (i.e., shordgerm mode).



While short and longgerm 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 timegiaeen rather inconsistent. Many authors make a further distinction with
t he term fgiertmdr, maidsiealt d-germanede of seigrbeatatianwisidn rmaret
segments are specified in the blastoderm than in strictly-gkarmt modes. However, there is no
standard method for determining themher of segments specified in the blastoderm stage versus
those specified sequentially pagstrulation in the SAZ. Some of the comparative literature
classifying species as shglintermediate or longgerm derives these classifications from crude
fate maps made by pinching, cauterizing, or centrifuging emb(gasder 1976)In the age of
molecular genetics, some authors derive blastodksmved segment numbers from the number
of stripes of segmentally expressed genes in the blastqderand Kaufman 2004c)

Regardless of technical inconsistencies in determining the number of blassyksrifired
segments, these terms are still relative. There is no threshold number of blastpeeifrad
segments below which a species would be consideredgdont and abavwhich intermediate
germ. For instance, the beefleibolium is almost universally called sheyerm, while the
milkweed bugOncopeltuss called intermediatgerm, 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 simarintermediatgerm unlesstese
terms are used in the same text, in which case they desel#tize numbers of blastoderm
specified segments between two or more species.

Although we cannot entirely discard the sharitermediate and longgerm terminology

sincemuch foundational literature was produced within this framework, where possible in this

di ssertation I wi || use the ter ms fisi multaneo



describe segmentation modes. Simultaneously segmenting species specify all or most segments at
the blastoder m st aggeer nics)y,n ownhyimoeu ss etqou €intoinagl | 'y s
all or most segments consecutively from a posterior SAZ (collapsi i-e hantd fAi Nt er me

g e r, Fgure 11).

gnathum  thorax abdomen

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

Drawings modeled after photographsQricopeltus fasciatug\) An embryo at the blastoderm stag
The yolk is surrounded by a layer of cells forming the blastoderm. In many sequentially segr
species, the anteriormost segments are specified at this st@gpeodjpeltusthe Mn through T3 segmen
are specified in the blastoderm. B) An embryo beginning to gastrulate. An invagination po
beginning of germband invagination, is seen at the posterior (arrowhead). C) An embryo with ¢
germband (gray) embedded in @k along the ventral side of the egghNote that the polarity o

the embryo is now reversed compared to A.
yolk and oriented anterideft. The segment addition zone (SAZ) is marked by brackets. D) An
germband continuing elongation. D6) Embryo

segments are mor phol ogupoféé $SAY to selingatecanter@Ad (A) fiora
posterior SAZ (P). The anterior SAZ tise first site where patterned gene expressgiriges) is seel
during germband elongation, whereas genes expressed in the posterior SAZ show no pattern. |
elongated germband. Note the appendages on Mn through T3 segments, and morphological seg
(segmental furrows) are now seen acthesAP axisl n each panel, AAO 1



posterior. Mn = mandibular segment, Mx = maxillary segmidnt= labial segment, T1 = prothorax, -
= mesothorax, T3 = metathorax, Al = first abdominal segment, A10 = tenth abdominal segmen

1.12 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 ifixseiet al.

1994; Davis and Patel 2002l has been proposed that simultaneous segmentation evolved
independently several times within Holometabola from a sequential segmentatioriFigoale

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 atdrgssblem, a
reevaluation of segmentation mode across the insect phylogeny, with definitions based on
standardized techniques to evaluate segment specificatiomnueposigastrulaton, 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 acknoweédgpotentialblind spots
caused by such biaand to adapt our understanding of the evolution of segmentation mode as

more dataregenerated.



Order Germ
type

"Thysanura" S

Od I

Orthoptera S,1

Pterygota et
Coleop S, L

Neoptera

Hymenoptera LL

Holometabola
(=Endopterygota)

— Diptera L

Figure 1-2. Distribution of germ modes across the insect phylogeny.
While sequential segmentation (S and [) is observed across the insect phylogeny, simu

segmentation (L) hasnly been observed in Holometabola.
| = intermediategerm, S = shorgjerm, L = longgerm Figure maodified from Davis and Patel (2002)
1.2 A comparative look at the insect segmentation hierarchy

1.2.1Anterior-posterior axis formation

1.2.1.1Posterior determinants

In Drosophila,the anterioiposterior axis of the embryo is defined by maternally inherited
RNAs, encoded by a class of genes known as the maternal effect genes. Amomgutiossa\A
is maternally transmitted to oocytasdlocalizedat the posterior. Embryos fromanosmothers
fail to develop an abdomefWwang and Lehmann 1991The only role ofnanosin AP axis
determination appears to be repressing translation of maternally trandmitigtback (hbRNA
in the posterior, as theanosmutant phenotype can be rescued by remowiatgrnaly derivedhb
transcripts(lrish et al. 1989) Aside from its role in AP axis formatiomrosophila nanoss
expressed in the primordial germ cells, and its role in the germline may be highly conserved in

animals, as mice deficient manosorthologs display severe gonadal def¢¢sudaet al. 2003)



The role ofnanosin posterior determination in insects likewise appears to be well
conserved. In situ hybridization showed thahosorthologs localize to the posterior embryo and
aremaintained in primordial germ cells in several dipteran species, incltidrgasally branching
dipteranChironomus samoensiBiptera: Chironomidae(Curtiset al. 1995) Transplantation of
posterior cytoplasm from several dipteran species Drtisophila melanogasteembryos from
nanosmothers resulted in some degree of rescue for all species tested, suggestiamadbat
posterior localization in these species is functionally important for posterior determii@uitis
et al.1995) Localization ofnanostranscripts in the posterior of early embryos has been shown in
manyotherinsect speciesandarole for Nanos inrepressindib translation likewise appears to be
conserved in species as distantly related rsolium castaneunfColeoptera: Tenebrionidage)
Nasonia vitripennis(Hymenoptera: Pteromalidgeand Schistocerca american@Orthoptera:

Acrididae)(Lall et al.2003; Lynch and Desplan 2010; Schréitigelet al.2012)

1.2.1.2 Anterior determinants

In Drosophila, bicoid (bcdjranscripts are maternally transmitted to oocytes, where they
form an anterior to posterior gradient. Offspringbofl mutant mothergail to develop anterior
structures, and in threost severe cases, devepasterior structures (telson) in the anterior instead,
producing a mirroimage doublgelson phenotyp@rohnhofer and Nussleiolhard 1986) Bed
represses translation cdudal (cad)RNA (Dubnau and Struhl 1996; RiveRomaret al. 1996)
and helps establish anterior expression domains of downstreaenddpR genes by activating
their transcription

Outside ofDrosophila,abcdortholog was also found to be expressed in nurse cells during

oogenesis and asymmetrically localized to the anterior of early embryos in the hblissetly



domestica(Diptera: Muscidae)Sommer and Tautz 1991ysuggesting 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 anteior of
melanogasteembryos lacking maternaicd suggestedtherwise Anterior cytoplasm from six
species ofDrosophila (Diptera: Drosophilidae)M. domestica(Diptera: Muscidae), and two
species of blowfly (Diptera: Calliphoridae) all rescuedEhenelanogastemutant phenotype to
some extent, hile cytoplasm from one blowfly speciddegaselia abditgDiptera: Phoridae),
and the honey begpis mellifera(Hymenoptera: Apidae) failed to resc(f&chréder and Sander
1993) In M. abditg sequence comparison betwdsd and zerknllt (zenysuggested that these
two genes are closely related, possibly the result of a recent gene duplication event. Searches for
bcdorthologs inthemore distantly related dipterahlaematopota pluviali§Diptera: Tabanidae),
Clogmia albipunctatgDiptera: Psychodidae), ariempis livida Diptera: Empididae) turned up
only a singlebcd/zenrlike sequence which appeared to be more closely relatezhtban tobcd
(Stauberet al. 2002) In C. albipunctatathis zenortholog was found to be expressed in patterns
similar to bothDrosophila zenand bcd anteriorly in the early embryo (likbcd) and in the
extraembryonic membrane primordium (like (Stauberet al. 2002) Both bcd and zenare
homeoboxcontaining genes situated within thi®x cluster, but neither lsehomeotic function.
These observations suggested tiatis a relatively recent gene that arose by duplicaticreaf
at the base of the Cyclorrhaphan clade within Diptera, and that each gene evolved disparate
functions inDrosophilaand othelCyclorrhaphan flies by subfunctionalization.

It is reasonable to expect thegnorthologs outside of the Cyclorrhapha might therefore
fulfill the anteriordetermining functions obcd within the Cyclorrhapha. However, significant

work to identify the anteriedetermining fact® in a broad phylogenetic range of Ron



Cyclorrhaphan dipterans hpsovided evidencthat this factor has changed frequently through the
radiation of flies.Klomp et al. (2015) applied an unbiased approach to identify the anterior
determinant inChironomus riparius (Diptera: Chironomidae) by identifying differentially
expressed transcripts in the anterior versus posterior halves of bisected erfigrog et al.
2015) They found a gene highly differentially expresgghein the anterior that encodes a
cysteineclamp domaid like that found in the Wnt signaling compongrangolin/TCE which
they namegbanish Knocking dowrpanishby embryonic RNAI produced embryos with a second
mirror-image posterior abdomen at the anterior end, phenocopyingrdsephilabcd mutant
phenotype

Yoon et al. (2019applied the same approach and discovered several other genes perform
anteriordetermining functions in flies (Figure-3). In Clogmia albipunctata (Diptera:
Psychodidae), therosophilapair-rule gene orthologdd paired (opais expressed in the anterior,
and RNAI knockdown produced a doubéddomen phenotypénjection ofopa mRNA in the
posterior produced a doubitead phenotypegyroviding clear evidencthat in this speciegpa
RNA is sufficient to define anterior structures. Qulex and Aedes mosquitoes (Diptera:
Culicidae), they found an uncharacterized #inger encoding gene, which they nanmatoid
to be the anterior determinarih Anophelesnosquitoespangolinis differentially expressed in
the anterior and resulted in dowalbdomen embryos when knocked do®milarly, aane fly
(Diptera: Tipulidae) embryos showed enrichment pangolin transcriptsin the anterior,
suggesting that use g@lngolinas the anterior determinant may be the ancestral state in flies

(Figure 13).



Anopheles gambiae
Clogmia albipunctata
Lutzomyia longipalpis

Nephrotoma suturalis §
[J] = [
© N o] v v ]
g B : 8 P = 8 L E 8
© [S) ° IS © = kel @ LT JT o
el ISE S = - 3T < §y85eT 560
= Yol © v Y 85 2 v o %?g'a“”i:m_c'a
£ QMOO v @ v ¢ © o -08%0 © 9 %'U = £ 3 Q <€ g .=
S 2 oll=lle o o oV O w9 = @ 2ag < ¢ .coq;.c._omwugoo_:_c
SlolES o weds3d S D398 %e 5028 BeES5829%5988359£9T 8
= Y1EIS 2 o O =52 m§<vg“’mcchEmEQEa9<9—§£‘a‘EUﬂ
E fEEldEE s 28 eS| 8555258888 52smBge sV ESay
() o) ‘0 Q ‘5 [ = = £ |
23Sl , DS838c3 (28| £2gcMes | S 805 (£ |HTT
23w T o3 s>l 5,82 | mB| 3 A
= LA gx a | F £ -
o < g
S e
=
T J
. | Cyclorrhapha g b’cofd
150 mya panish
Diot B;e(l)((:)hycera O odd-paired
ipter mya :
. 4 O cucoid
245 mya ;
[ pangolin

Figure 1-3. Anterior -determining genes across the Dipteran phylogeny.
While maternalbicoid RNAs define the anterior iDrosophilaand many other Cyclorrhaphan flie

bicoid arose from a recent gene duplication event. Many other genes perform ataérimg function
in nonCyclorraphan fliesFigure from Yoon et al. (2019)

In Drosophila, the zygotic geneorthodenticle (otd)is required for proper head
development(Wieschauset al. 1984b) and is dependent on Bcd for expression in the head
primordium(Gao and Finkelstein 1998ptd and Bcd share a similar homeodomain, suggesting
shared DNA binding specificity. Thus it was proposed that in lineages whhdubtdtself might
specify the anterior. This hypothesis was first tested in the béeib®lium castaneum
(Coleoptera: Tenebrionidae), where it was found ttdtl is expressed maternally as well as
zygotically(Schroder 2003Maternalotd-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 nudternal
1 contribution being required for anterior specificatiblowever,no otd-1 knockdownembryos
displayed a doubletelsonphenotype, as seen fbrosophila bcdnutants. Indeed, it is important

to note that thdribolium and Drosophila otdknockdown and mutant phenotypes, respectively,



are quite similar While the authors interpreted these dataotksl conferring an anterier
determining function in beetles, they are also consistent with a conserved functidast head
gap gene in both flies and beetles.

Kotkamp et al. (2010) also examined the roletdfin early patterning events ifribolium
and came to different conclusiofisotkamp et al. 2010) They found the anterior expression
domains of several gap genes likie, kni,and gt to be shifted anterity following otd RNAI,
which differs fromDrosophila bcdmutants in which such anterior expression domains are lost
entirely. They further found thatd hasarole in dorsoventral patterning Tiribolium,which could
also explain the loss of head structures after its knockdown. While clearly involved in the
specification of head structures, they concludeddltdtioes not have the features of ateaior
determinant likdocdbut is involved in mangnteriorpatterning processes in early development.

The search for an anterior determinantTiribolium has yielded several additional
candidates. Two geng@gpangolinandeagled werefound to be expressed maternally and localize
to the anterior in early embryos, but knockdown embryos did not display AP patterning defects
(Bucheret al. 2005) In Drosophila, Bcd represses translation ocdd mRNA in the anterior,
resulting in a posterior to anterior gradient of Cad proteirC.Irelegansthe cad ortholog is
translationally repressed by M&x Schoppmeier et al. (2009) tested whether this interaction is
conserved inTribolium by knocking down themex3 ortholog (Schoppmeieret al. 2009)
Interestingly, mex3 knockdown embryos displayed to®f head segmentand a uniform
distribution of Cad protein. While this presents an interesting casecohserved regulatory
interaction it is unclear from these findings whetlmex3 more broadly plays bcdlike role in
Triboliumin specifying the anterior. It was also found thain expression is anteriorly localized

in Tribolium embryos and that its knockdown resulted in an anterior shift oétk@and cad
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expression domains armbmehead defect§Fu et al. 2012) Finally, during anRNAI screen in
Tribolium, germ celtless (gcl)knockdownwas found to produca doubletelsonphenotype as
seen inDrosophila bcdmutants(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 afd, as it was once thought to be the functional
equivalent ofbcd in nondrosophilids. Anterior localization adtd transcripts and head defects
after knockdown have been observe®ombyx mor{Lepidoptera: Bombycidaghpis mellifera
(Hymenoptera: Apidae)Nasonia vitripennis(Hymenoptera: Pteromalidae), ar@ncopeltus
fasciatus(Hemiptera: Lygaeidag)Lynch et al. 2006; Birkanet al. 2011; Wilson and Dearden
2011; Nakao 2012A transcriptomebased screen for differentially expressed genes in the anterior
versus posterior halves @ncopeltusembryos was conducteldut did not turn up any anterior

determining candidatg§inzburget al.2017)

1.2.2Gap genes

Another class of phenotypes uncovered duringdttesophilamutant screens of the 1980s
was defined by loss of several consecutive segments along the ARhaxsacalled Aigap
phenotye (NussleinVolhard and Wieschaus 1980)he cisregulatory elements (CREsj the
gap gensinterpret the gradients provided by thaternalAP axisdetermining genes and translate
these into discrete expressidamains These expressiaciomainsare further refined by mutual
regulatory interactions between the gap gene products themselves. For instance, mutual repression
between the products giant (gt)andKruppel (Kr) help define the complementary expression
patterns of these two gap ger{gsaut and Levine 1991aYhe expression of the gap genes also

represerga transitionfrom the maternaibo the zygotic transcriptome.
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Of the Drosophila gap genes gt, Kr, hunchback (hb), knirps (kni), huckebeand
taillesd only Kr, hb,andgt 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) willbecompared.

1.2.2.1Kruppel (Kr)

Drosophila Krmutants lack a large fraction of the central body including the thorax and
five anterior abdominal segments; for some alleles, a duplicated simrage abdominal segment
6 is also observe@Wieschauset al. 1984a; NusslekVolhardet al. 1984) Kr is expressed most
intensely in a broad band in the center oflinesophilaembryo(Gaul and Jackle 1989)

In two simultaneously segmentingymenopteransKr orthologs appear to have similar
functions as irDrosophila.In both the honey be&pis melliifera(Apidae) and the jewel wasp
Nasonia vitripennigPteromalidae)Kr is expressed in a broad central region of the blastoderm
(Brentet al.2007; Wilsoret al.2010) Furthermore, RNAi knockdown led to gike phenotypes,
with segments T3 through A4 missingNtasonia KrRNAi embryos, and segments T1 through
A6 missing inApisknockdown embryos.

In the sequentially segmentinigpidopteranBombyx mori, Kris expressed in a broad
central band in young germbarn@akao 2012)Embryonic RNAtmediated knockdown &fr led
to deletion a region comprising much of the body axis, spanning from the second thoracic segment
to the posteriormost abdominal segmdiiakao 2015)In some cases, all abdominal segments
were reported missing.

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

region encompassing the entire thoracic region in young germi¢8odsmer and Tautz 1993;
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Cernyet al. 2005; MarquesSouzaet al. 2008) Sulston et al. (1996) carried out a mutagenesis
screen inlriboliumto identify mutations affecting the body pattéBulston and Anderson 1996)
One mutant identified in this scregaws, displayed a gajike phenotype with much of the
abdomen missing. Aside from this gap in patternijggys mutants exhibited homeotic
transformations in the thorax in first abdominal segméd;first (T1) and third {3) thoracic
segmentsvere transformed to maxillaijvix) segment identity, antthe second thorac(@2) and
first abdominal A1) segments wergansformed to labial segmefiib) identity. Later jawswas
found to be an allele ddr (Kri®¥9) with amissense mutation i region encodingne of the zinc
fingers(Cernyet al. 2005) Consistent with the interpretation that segments T1 through Al are
homeotically transformed ikri®**mutants, thédoxgenesSex combs reduced (SerdDeformed
(Dfd), which identify segments as labial or mandibular/maxillary in identity, respectively, were
found to be expressed in ectopic domainthesesegmentsThese ectopic expression domains
followed an alternatsegment pattern of expressi@monsistent with thalternating MxLb-Mx-
Lb pattern of homeotic transformations seeKiit*s mutants. Tiey also found that expressioh
the segmentally expressed geviegless (wgjvassimilar to wild type in the gnathal and thoracic
region,suggesting that segmentation had proceeded normally in this region. However, posterior to
segment Alwg expression wasighly disorganized, and discrete segments failed to,form
resulting in loss of much of the abdomen

In OncopeltugHemiptera) 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
segmentqLiu and Kaufman 2004aRNAI knockdown produced embryos with a typical gap

phenotype in which segments T2 through Wdre deleted. Similar tolribolium, an ectopic

13



expression domain ddfd was observed in the thoracic region, but ntdsk gene expression

patterns were consistent with a large deletion of the body rather than homeotic transformations.
Similarly, in the crickeGryllus bimaculatugOrthoptera) Kr expression was detected in

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

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

like modulation ofHox gene expression seen in tiebolium Kr2“s mutant moderateKr

knockdown produced embryos displaying partial fusions of two pawsg sfripes (corresponding

to T1/T2 and T3/Al).

1.2.2.2Hunchback (hb)

Drosophilahb 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 posteri@atiipe
and Jackle 1989Amorphichb mutants display loss of tHeb throughT3 segments, as well as
deletion of AZA8 (Lehmann and Nussleiolhard 1987)

In Nasonia(Hymenoptera), a screen for body patterning mutations yielteddess (hl)
mutant, which lacked the head, gnathal and thoracic segments, and the posterior three abdominal
segments; thus only Al through A6 remair{Pdltz et al. 1999) Later, hl was identified as an
allele ofhb (hB") in which a ~1.5 kb deletion removes much of the coding sequence including 6
of 8 encoded zinc finge(®ultzet al. 2005) Although the region deleted Masonia hBl mutants
is larger than that ibrosophila hbmutants, thénb" mutants appear to present a canonical gap
phenotype. Consistent with thidasonia hlis expressed in Arosophilalike expression pattern,

i.e., broadly in the anterior half of the embryo and in a posterior cap.
In Bombyx, hlis expressed in two broad juxtaposed stripes in early germbands; expression

in the anterior stripe is clearly weaker than that of the more central Gligg@o 2012)In later
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germbanddhb expression was observed in the posterior SAZ, and in a stripe near the anterior SAZ
(Nakao 2016) Knockdown ofhb yields a very surprising phenotype; while wild typembyx

embryos have only ten abdominal segments, up to sixteen abdominal segments were observed after
hb RNAIi (Nakao 2016)Additionally, a homeotic transformation bb to thoracic identity was
observed.

The Tribolium hbortholog is expressed in two regions of the blastoderm, one further
anterior and one at the poster{®olff et al. 1995) In young germband$b expression was
detected in the primordial gnathal and thoracic region, and as the germband eldripates,
observed broadly in the SAZ. Schroder (2003) knocked duwoy RNAI and interpreted the
resultant phenotype as a deletion oof the maxillary through T3 segments, and thus a typical gap
phenotype(Schroder 2003)However, MarqueSouza et al. (2008) performed a more detailed
analysis of théab 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 identifyarquesSouzaet al.2008) This interpretation was supported
by expression patterns of severklx genes in knockdown embryos; expression domaitsbaf
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/eandrun were somewhat disrupted io®NA' embryos, but striped
expression of these genes was still observed, suggdstimgay not play as great a role in
establishing bondaries of PRG expression afirosophila.

In Oncopeltus, hlis expressed in two abutting domains in late blastoderms; each domain
is comprised of a broad band with a width equal to aboutjoagter embryonic lengtiiu 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 midgment of
embryao Later during germband elongatidiy 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 tygi&e enexpression in this region. However, these segments do
not develop appendages as in wild type embryos and display ectopic expressidiodAf
suggesting homeotic transformation to abdominal identity. In the abd@nexpression 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 sp®dles grasshoppers
Schistocerca americarendLocusta migratoriaand the crickeGryllus bimaculatud and appears
to be largely consistent across th@atelet al. 2001; Mitoet 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 S&Zyllas, hbfunction was
assessed by RNAi knockdown, and in the most severe cases resulted in shortened embryos lacking
appendage¢$Mito et al. 2005) ExaminingHox 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 waduced in segment number. RNAI knockdowrhbfwas also
performed in the grasshoppér migratoria, which resulted in a reduced abdomen and
segmentation defects, but these phenotypes were not analyzed in greétidepid. 2006)

1.2.2.3Giant (gt)

In Drosophilg gt mutants displayncomplete involution of thbead and loss of abdominal

segments A5 through AVieschaust al. 1984b; Honisch and Camp@rtega) Fusions of the
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Lb and T1 segments were observed by scanning electron microscopy of geretbacttbn stage
embryos(Petschelet al. 1987) Homeotic transformation of the Lb to thoracic identity was more
recently reportedSanderst al.2008) Expressiorof gtin 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 strip close to the anterior palKraut and Levine 1991b)

In the Hymenopterayt expression and function has been analyzed insimaoltaneously
segmentingpeciesNasonia vitripennigandApis melliferaln Nasonia, gts 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 segm@itentet al.2007) Results inApiswere very similargt
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 basecepistaining alone and it is unclear how segment
fusions were determine@Vilson et al.2010)

In Tribolium, gtis expressed broadly in the center of the blastoderm, and later most strongly
in a stripe toward the posterior of the blastod@ocher and Klingler 2004)n young germbands,
gtis 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 observeemBdiated
knockdown ofgt resulted in transformation of the maxillary and labial segments to thoracic
identity, as evidenced by ectopic legs in these segmentt®fi segmented germbandsn
expression was clearly disrupted in much of the thorax and abdomen. Interestingly, often alternate
en stripes appar reduced, reminiscent of pairle defects. Overall, the number of thoracic and

abdominal segments deletedgifi™ embryos was highly variable.
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In Oncopeltus, gis expressed in a broad band arouné@® embryo length (where the
anterior pole is 0%) and a posterior ¢aju and Patel 2010)T'he two expression domains seen in
young germbands correspond to the head and thoracic primordia. As the germband elgingates,
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 interpretatioen staining ofgttNA' segmented germbands revealed disrupted
segment patterning in the anterior abdomen, followed by-avghnizeden stripe formation and
segmentaon in the posterior abdomen. An ectopic expression domain éfakgeneScr,which
is normally expressed in the appendages of Tl 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 ectopicliké tibial conbs were observed on the

posteriormost pair of legs.

1.2.2.4 Gagene summary

It has been suggested thatTinbolium, the gap gene orthologs are more involved in
regulation ofHox expression domains than in setting the boundaries of PRG expression and
segment boundary formation more broadfarquesSouzaet al.2008) While gap gene products
in Drosophilaare involved in regulatinglox gene expression, and homeotic transformations have
been observed in some gap hypomorphic mut@etismann and Nussleiolhard 1987) it has
been reported for someéribolium 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 gkequentially segmentingsects covered heré&ribolium, Oncopeltus,
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Gryllus) reveal that homeotic transformations were observed in all cases, excOpictypeltus

and Gryllus Kr. Similar homeotic transformations have been reported following knockdown of
Oncopeltus nubbin (nub)p which ectopic limbs were observed on most abdominal segments
(Hrycajet al.2008) In Tribolium, nubRNAI produced a similar phenotype, although the regional
extent of homeotic transformation was much more limited as ectoplikéestructures were only
observed on the first abdominal segm@ntswell et al. 2021) Althoughnubis expressed in a
gaplike pattern in the blastoderm Drosophila nub mutants do not display segmentation or
homeotic defect@Hrycaj et al.2008)

Between the three gap orthologs covered here, the phenotypes observielo RiN&i in
sequentially segmenting species are surprisingly consistent, exc&unfdayx,where a strange
supernumerary segment addition phenotype was observBdbdtium, OncopeltusandGryllus,
hb RNAI produced homeotic transformation of much of the gnathal region and thorax to abdominal
identity, suggesting a conserved role librin suppressing abdominal identity in the anterior half
of the body. Homeotic transformationsgsfathal to abdominal identity were likewise observed in
Drosophila hbhypomorphs, indicating this role is partially conserved in this lineage where it has
also evolved a more prominent role is specifying distinct domains of the ARLakimann and
NussleirVolhard 1987) More canonical gapke phenotypes were observed Kirin all species,
as well agOncopeltus gtMost gaplike 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 andgt 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 phenotypésdeletion of several consecutive segménighereas clear gap phenotypes
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in sequentially segmenting species have only been observedr fand Ofasgt. Homeotic
transformationsappear to be quiteommon after gap gene ortholog knockdowrsequentially
segmenting specieas was a general disruption of segmentatidnapd Tcasgt). Within the
context of sequential segmentation, it is not cteat this group of genesonstitutes a distinct

functional class as iDrosophila

1.2.3Pairrule genes (PRGS)

In Drosophila, expression of many of the painle 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 expresssmggestshatthe stripesnaking upthe canonical 7
stripe PR expression pattern ardependentlyegulated. For instance, if the seven PR stripes are
numbered according to their position along the AP axis when all stripes are pitestripes 1
and 2 are first to appear, followed by stripe 5, tBethen 6 and 7, and finally stripe(¥u and
Pick 1995) This staggered order &t stripe appearance suggests that different regulatory logic,
mediated by different cieegulatory elements (CRES), produces each of these stripes.

Indeed, the CRESs directing expression of many of the PRGs have been studied extensively,
perhaps none more so than the CRE direaiagtripe 2expressionGoto et al. (1989) showed
that separate CRESs control early and éateexpressior{Gotoet al.1989) The early CRESs direct
expression irstripespecific regionswhile the late CRE is autoregulated by Eve and directs
expressionn all severstripes, thus reinforcing theveexpression pattern initiated earlier. A 5.2
kb eve CRE was found to direct expression of a reporter gene in regions correspondirgy to
stripes 2, 3, and {Stanojevicet al. 1991) When three Gt binding sites in this element were

mutated, expression of stripe 2 expanded anteriorly, providing evidence that Gt repuesses
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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 okvestripe 2 expression. A small part of this 5.2 kb regulatory region, just 480 bp, was
later found to be sufficient to direct stripdilke expression of a report€dmallet 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
evestripe 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 expangiossibly due tainperturbedower

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

Theevestripe 2 CRE example illustrates how striped expression can arise frestripaul
regulatory inputs, and thus how narrow AP regions can be defined by broader ones. Expression of
many of the PRGs initiates through similar sirgfiepe elements, and latérough 7stripgzebra
elements regulated by other PRG produ®the PRGs expressed in seven stripes sipand
prd appear to be regulated bysitipe elements alongchroederet al. 2011) Following their
expression in seven primary PR stripes, many oDitwsophilaPRGs éve, run, odd, prdand
slp) shift to expression in every segment primordium, the timing of which is mediatedaby
(Clark and Akam 2016)

Two DrosophilaPRG$ ftz-f1 andopad are not expressed in stripes, buttationof either
of either of these produces embryonic cuticles with clear PR phendfigese 14) (Jirgenset
al. 1984; Perrimonet al. 1996) Although ftz-f1 transcripts are maternally transmitted and
ubiquitously expressgtf'u et al. 1997) the requisite interaction of FEL with Ftz(Guichetet al.

1997; Yuet al. 1997) provides the basis for the spatially localized PR defects iseembryos
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lacking maternaftz-f1. Similarly, opais expressed neaiquitously(Benedyket al. 1994) but
mediates PR function by regulating expression of other RRfask and Akam 2016; Soluet al.

2020)

1.2.3.1Definitions

The term dpair rul eo -Melhasd amndnWiesahalisi (1$80) toby N
describe an unexpected class of mutant phenotypes observedttaidrgsophilamutagenesis
screengFigure 24). Thi s ¢l ass showed Ahomol ogous parts
S e g me n tpattern dfalernate segment deletion defines the-paie phenotypgNusslein
Volhard and Wieschaus 1980)hile the overall pattern of cuticle deletions is the same in these
mutants, different alternating segmavitie units are lost in each mutant, suggesting their domains

of activity are mostly unique.

Figure 1-4. Pair-rule mutant phenotypes inDrosophila melanogaster.

A) A wild type larval cuticle. A belt of denticléssmall cuticular projectiordsis present in eacl
segment. Bjtz mutant, Ch mutant, D)opamutant, Eyun mutant, Fslpmutant, Gevemutant, H)odd
mutant, I)prd mutant, J) maternéiz-f1 mutant.Note that while all PR phenotypes share a similar pa
of cuticle deletions, each phenotype is distif@nels A and H from NussleirVolhard et al. (1984);
Panels BD from Jirgenset al. (1984); Panel E froMVieschaust al. (1984); Panel J from Perrimen
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 oftz-f1 andopa, all DrosophilaPRGs are expressed in 7 stripes in the blastoderm, in
the primordia of alternate segmentgssing in the corresponding mutakigure 1-5F). Like the
patterns of cuticle lost in the mutants, thesstripe expression patterage not aligned across
genesonce again suggesting roedwndant domains are defined by each génBR expression
pattern isthus defined by expression in alternate segment primordia. In contrast, segmental
expression refers to expression in every segment or segment primordium.

Having defined APR phenotypeodo andule@d&k expr
(PRG)? InDrosophila,t he term has mainly been used to de
mutation causes a PR phenotype, the mutated gene is a PRG. However, it is interesting to consider
the case oktveandengrailed(en), which do not strictly fit this definition but are nevertheless
considered and not considered PRR@spectively. These examples are reminders that our
categorization of genes, phenotypes, and stafjtisecsegmentation hierarchy asanplifying
constructions with the justifiablgoal of making sense of an incredibly complex biological
process.

Drosophilaevewas classified as a PRG based on the homozygatigntphenotype of
two isolated alleles, which displayed loss of T1, T3, and all-exenbered abdominal segments
(Figure 15B) (NussleinVolhard et al. 1984) It was later discovered that these alleles were
hypomorphs, and an amorphave allele does not produce a PR phenotype, but rather an
asegment al cuti cl e (Rigure ¥C)aNUsSI¢irVolhardet @l.1985) Whenh | c | e s
evewas cloned and its expression pattern detected by in situ hybridization, it was found to be

expressed in a-3tripe pattern like many other PRGs, prefiguring the phenotypes feeen
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hypomorphic allelegFigure 15F) (Macdonaldet al. 1986) Despitethe asegmentatull eve
phenotypeits status as a PRG is welstablished; indeedtudies of its CREs are now textbook
examples of how the PRGs are regulated by gap and maternal(@piést 2014; Hartwelet al.

2015) PRG is not then strictly a functional term; clearly the partial-@dsfsinction phenotypes,
expression pattern, and regulatory roleswdEve were all integrated tmategorize it as a PRG

Thecaseoénsi mi | arly il lustrates that a geneos

on its lossof-function phenotype. While now probably the most vkelbwn segment polarity
gene,enwas originallyclassified as a PRBased on mutant phenotygdomozygous mutants
display fusions of pairs of denticles bglisgure 15E) (NussleirVolhard and Wieschaus 1980;

NussleirVolhardet al. 1984)

wild type

LML

anws

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

F

A) A wild type larval cuticle, viewed by darkfield microscopy. B) évehypomorphic mutant display
the typical PR phenotype. C) Aavea mor phi ¢ mut ant shows no s
denticles. D) A wild type larval cuticle. E) Aen mutant displays a PR phenotype; compare to B
Expression pattern avein a blastodernstage embryo, G) Expressionafin a germbangxtended
embryo.Panels AC from Macdonald et al. (1986); PanelsIfrom Kornberg (1981); Panels® from
Tomancak et al2007)
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The first en allele discoveredwas recessivgiable, with adults displaying an indented
scutellum (the geneds names ak €Bckeral@2d)Lalveerice ct i v e
and Morata (1976) examined marked clonal wing patches momozygous and heterozygous
adults and found that while posterior wing clones always respected a straight AP compartment
boundary inen heterozygotes, clones an homozygotes did naiLawrence and Morata 197.6)

This was one of the first indications tletmight be involved in the maintenance of compartment
boundaries iDrosophila.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 compart(entderg 1981a)This

idea was experimentally validated by producing homozyged¥"® clones by mitotic
recombination, which failed to respect segmental bound@gt@msberg 1981h)

It was later found thagnis expressed embryonically in a-$#ipe patterrfFigure 15G),
suggesting thaenfunction is required in every segmedKiornberget al. 1985) The seven even
numberedenstripes appear before the eddmbered stripes, providing an explanation for the PR
mutant phenotypmitially observedWeir and Kornberg 1985 hese phenotyp and expression
data only present a conflict when trying to place the gene into a discrete category, and indeed at
one point it was n entgeneremamsin limbotbétveeenghese two slasses t h

[(pair-ruleand segmert peci f i ¢ h o (Macddnaldet algl@86)e s ) ] O

1232Def i ning a OPprasophilar ul ed outsi de

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 dutssigphilaare

more limited. CRISPR/Cas9 technology has expanded our ability to make mutantsnoaein
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groups if enough genomic sequence is known, but evers this technically challenging or tirne
consuming for many species. Thus, most studies of gene function imaael insects rely on

RNA interference (RNAI), which can produce mosaic and highly variable phenotypes. While a
range of phenotypes can be helpfaych as when less severe phenotypes elucidate the
morphological changes seen in more severe phenotypes, these can also make it difficult to compare
agen® functionto that of its homolog irosophila, wherethese can bevaluatedoy 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, gehagethates 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 previtiet complete characterization of highly dynamic
expression patterns in nanodel insects.

For these reasons, the data on segmentation gene expression and functiemadelon
insectsis even more difficult to categorize than those Bopsophila It is also possible that the
categoriesnventedto describeDrosophilasegmentation genes are not appropriate or optimal to
describe their orthologs in other species. One need only look at the examutigsdfribolium
(Section1.2.]) or Notchsignalingin Gryllus (Sectionl.4) to see how the factors discussed here
render definitive descriptions of gene functions especially difficult irnmodel insects.

Despite these difficultiessome genes in nedrosophilid species have been shown to
display expression patterns and knockdown phenotypes that do fit the definitions invented to

describe the PRGs Drosophila.Since PRexpression corresponds to alternate segment primordia
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as opposed to in every segm@nimordium, PRstripes are more widely spaced than those of
segmentally expressed genes lé@ 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 geneob enoeangheressgmentally expressetl beaet canonfore
definitively assess stripe register; a gene expressed in stripes overlapping or coincident with every
otherenstripe is consistent with RBxpressia. Similarly, when loss of gene function results in

loss of alternate segmentioin cases of more moderate knockd@wiusions between pairs of

segmentsthis phenotype is consistent with fhction.

1.2.3.3PRG orthologs outsiderosophila

Studies of PR segmentation in insects outsid®mfsophila have almost universally
focused on orthologs of the nibeosophilaPRGs {tz, ftzf1, opa, h, eve, odd, prd, skmdrun).
Below | 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 myriafied® have been reviewed elsewhere
(Peelet al. 2005; Damen 2007)The insects alone present sufficient variabilitytheir use of
DrosophilaPRG orthologs during segmentatiorst@gest that the regulatory network underlying
PR-segmentation evolved greatly in the radiation of insects

1.2.3.3.1Diptera

Studies of th®rosophilaPRGs in nordrosophilid dipterans suggest general conservation
of PR patterning by these genésiry was found to be expressed in a PR patterMusca
domesticdMuscidae)(Sommer and Tautz 1991l)n Clogmia albipunctatgPsychodidae)veis

likewise expressed in the primordia of alternate segnfButisret al. 1999; GarcigSolacheet al.
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2010) Knockdown of zygotiopain Clogmiaresulted in loss of alternate segmentally expressed
slp stripes, suggesting conservation of PR funcfmon et al.2019)

However, some notable exceptions have been documédntéioe mosquitcAnopheles
stephensi(Culicidae), most PRG orthologs displ@rosophilalike expression patterns albeit
through a distinct anterior to posterior activation of strifigiseatle Jarvelat al. 2020, 2021)
However, nstead of a striped expression patteAmophelesrun displays neaubiquitous
expression like that seen fopaandftz-f1 in Drosophila Surprisingly, ngrd ortholog was found
in mosquito genome assemblies, suggesting that this gene was lost in the lineage leading to
Culicidae. However, therd paraloggooseberryis expressed in a Ppattern and its mutation
resulted in loss of segments in a PR manner, providing a clear example of how different

transcription factors can swap roles throughlean (Cheatle Jarvelat al.2020)

1.2.3.3.2 epidoptera

The first indication that a pair rule may operate during segmentation in Lepidoaieea
when an antibody used to label nerve cells was found to label alternate segnmdatslota
germbandgCarr and Taghert 1989F hat this antibody recognizes an epitope on the cell surface
is particularly interesting given the Riependent expression of many emifface protein
encoding genes iDrosophila(Sectionl.5).

In Bombyx mori,which forms its segments sequentiallgve striped expression in
germbands appears to coincide with altermstandwg stripes in similarly staged embryos, but
these expression patterns wam compared in the same embiidakao 2010)If indeedeveis
expressed in alternate segment primordia, then dadlandrun display PRexpression patterns

as well, as double stains revealed oddstripe perevestripe, and oneun stripeanterior to each
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odd stripe (Nakao 2015) Knockdown ofrun by RNAI in Bombyxhad previously produced
truncated embryos with the most severe phenotyisptayingonly a headLiu et al.2008) Nakao

(2015) validated this result, and further showed that knockdown of eittear odd similarly
produced headnly phenotyps(Nakao 2015)Therefore, irBombyxthe PRG orthologsve, odd,
andrun are expressed in patterns suggestive of roles in PR patterning, but likely have earlier, non
redundant functions in formation of much of the body aiislar to the phenotypes seen in other

sequentially segmenting species (see belteaying their roles in segment patterning unclear.

1.2.3.3.3Hymenoptera

In the simultaneously segmenting honey Bgés mellifera,many of the PRG orthologs
are expressed maternally and have regulatory roles upstream of several gap gene orthologs,
potentially obscuring their roles during segmentat{®ilson and Dearden 2012)n the
blastodermeve, run, handftz are expressed in alternate segment primordia and thus each have
the potential to act as PRGs in this spe¢&dson et al. 2010; Wilson and Dearden 2012)
However, onlyrun andh displayed loss of alternaémn stripes in mildly affected RNAi embryos.
Knockdown ofeveresulted in asegmental embryos or embryos with fused posterior segments, and
ftz knockdown produced embryos with defects in the head regimyesting a novel role fétz
in head development in this species

In the simultaneously segmenting wadgisonia vitripennisa genetic screen for patterning
mutants identified several PR mutants. Tdatdefectivemutant displayed defects in odd
numbered abdominal segments. The muthwesbandl andalternateboth presented defects in
evenrnumbered abdominal segme(iiltzet al. 2000) These mutants provide evidence of pair

rule patterning irNasonia,but unfortunately the causative mutations were not mapped to genes.
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Nasonia paireddisplays segmental expressigdKeller et al. 2010) but PRexpression was
observed foiodd, h,andrun (Rosenbergt al. 2014) Nasonia evas expressed first in a broad

central domain; later PR stripes were observed iarnherior but the posteriormost sevestripes

are segmentally expressed. As seen in mosquitoes, expression of these PRG orthologs arose in an
anterior to posterior sequence. Knockdowrewé,odd, or h produced truncated embryos; the
function ofrun was not investigateadpais expressed in a broad domain that arises in an anterior
to-posterior fashion(Taylor and Dearden 20223orrelating with the anterigo-posterior stripe
activation of many PRG orthologs, consistent with the proposed role for Opa as a timing factor
(Clark and Peel 2018urther Nasonia opas indispensable for segmentation, as RNAi produced

asegmental embryd3aylor and Dearden 2022)

1.2.3.3.4Coleoptera

Aside from Drosophila, insect segmentation has been most sstitlied in the beetle
Tribolium castaneumwhich has become the leading model of sequentially segmenting species.
Two mutantd itchy and scratchy isolated in a mutagenesis screen presentedrylair
phenotypeg¢Maderspacheet al. 1998) Later, Choe et al. (2007) showed titahy mutants have
a frameshifting single base pair deletion in the PRG orthdlpg and scratchymutants have a
missense mutation in the PRG orthofird (Choe and Brown 2007They also showed by RNAI
thatprd andslp knockdown results in similar PR phenotypes as seen in the m(Guset al.
2006; Choe and Brown 20Q7)ribolium prdis expressed in stripes arising from the SAZ that
subsequently split, suggesting their initial periodicity is coincident with alternate segment
primordia. Converselslp expression is less clearly suggestive of a role in PR patterning. Pairs of

slpstripes arise in the anterior SAZ, and each stripe coincides with a single stripe of En, suggesting
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thatslpis segmentally expressed. Unliked expression, thessdp stripes persist in the segmented
region of the germband anterior to En stripes in each segment.

In the blastodermTribolium eveexpression oscillates in the posterior with a period of 3
hours, suggesting it may be involved in regulating a elikekmechanism for segment generation
(Sectionl.4) (El-Sherifet al.2012) In elongating germbandsyeis expressed similarly tprd,
initially in broad PRIike stripes emanating from the SAZ that later split into segmentally reiterated
stripes(Patelet al. 1994; Brownet al. 1997) Chromophorassisted laser inactivation of Eve
protein suggested it might have PR function, but the number of embryos displaylikg B&fects
was very smal{Schrodelet al. 1999) Knockdown ofeveproduced truncated embryos displaying
only head segmen{€hoeet al. 2006) but more moderate RNAIi knockdowns display loss of the
gnathal and thoracic regions, and reduction of alterhatdgehogstripes in the abdomen,
suggesting that whileveis required for all segments defined in the blastoderm stage, it has PR
function in the abdomefdiyun and Choe 2020)

Tribolium oddis expressed in stripes emanating from the SAZ that overlap every other En
stripe throughout germband elongation, a clear PR expression pé&ttereet al. 2006; Jeoret
al. 2020) Like eve,its expression in the posterior SAZ was seen to oscillate, implicating it in a
possible segmentation clock regulating sequential segment ad@8otignl.4) (Sarrazinet al.
2012) Also like eve,knockdown ofodd produced a headnly phenotype, but embryos more
moderately knocked down displayed a Aleas of segmentation in the thorax and PR defects in
the abdomelriChoeet al. 2006; Jeoret al. 2020) Tribolium runtis expressed in germbands in a
very similar pattern t@dd and likeodd andeve, runknockdown embryos develop only a head

(Choeet al.2006)
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Opa transcripts are maternally provided and expressed in the gr@adrdiumin the
blastodern{Clark and Peel 2018puring germband elongatioopaexpression was observed in
a broad domain in the anterior SAZ from which segmental stripes @bseet al.2017; Clark
and Peel 2018)RNAI targetingopa has yielded conflicting results. Parental RNAIi produced
highly variable phenotypes that were not suggestive of a role in segmeGimeet al. 2006,
2017) but embryonic RNAI resulted in reduced segment numbers and in some cases-tilkar PR
fusions of segments were obsery€tark and Peel 2018)

It is unclear whether the PRG ortholbgiry has a role in segmentation of the entire AP
axis inTribolium,but the evidence available suggests it doesTin& register of stripes is similar
to that ofodd, which displays clear PRexpressio(Sommer and Tautz 1993; Eckettal. 2004;
Arandaet al.2008) Also likeodd, his expressed in the posterior SAZ, though it is unclear whether
this expression oscillates. Knockdowrhgiroduced defects in the head, including loss of Mn and
Lb segments, suggesting a PR role that is regionally restricted to the anteriormost s@gnoents
et al.2006; Arandaet al.2008)

Interestingly,Tribolium ftzis expressed in PR stripes coinciding with alternate En stripes
(Brownet al.1994) but a genomic deletion that removed much oHbrcomplex, includingtz,
produced homeotic but no PR defe@suartet al. 1991)and RNAI specifically targetin§z did
not result in segmentation defect€hoe et al. 2006) suggestingftz is dispensable for
segmentation. In contrast Biyosophila,whereftz-fl is expressed ubiquitouslyribolium ftzfl is
expressed in PR stripes overlapping every other En stripe and embryonic RNAI resulted in loss of
alternate En stripes, a classic PR phenofifafer et al.2013b) AlthoughTribolium Ftz encodes

an LRALL motif shown to mediate interaction with H&2 in Drosophila(Yussaet al. 2001)
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these disparate results fite andftz-f1 RNAI suggest that FtE1 may act independently of Ftz in
Tribolium.

Studies of the PR@rthologsin the sequentially segmenting bedllermestes maculatus
produced results largely consistent with those seé&nilimlium, with some interesting exceptions
(Xianget al.2015, 2017)Like in Tribolium, strong RNAi knockdown oéve, oddor run resulted
in truncated embryos, but more moderate knockdown of any one of these genes produced PR
defects. Knockdown di resulted in nofPR segmentation defects across the AP axis, in contrast
to head defects seen ifribolium knockdown embryos. Also contrasting with tl@bolium
results,ftz RNAI resulted in weakly penetrant PR segmentation defects after embryonic RNAI,
whereas no segmentation defects were observedfafféarRNAI. These results suggest these
genes may have been functionally redundanthie last common ancestor ®fibolium and
Dermestespermitting loss of either gene from the PR segmentation network in descendent

lineages.

1.2.3.3.5Hemiptera

Within Hemiptera, the sequentially segmenting milkweed ®ugopetlus fasciatubas
proved to be the most tractable model for studies of segmentation. Liu and Kaufman (2005)
showed that the ortholog efveis first expressed in the posterignalf of the blastoderm, after
which it resolves into six stripes in late blastodefris and Kaufman 2005bBy comparison
with invected,a segmentally expressed gene paralogowhithey demonstrated that these six
stripes correspond to every, not every other, segment primordium. During germband elongation,
eveis expressed broadly in the posterior SAZ, and segmental expression continues in stripes in the

anterior SAZ(Figure 16). Following RNAIi, most embryos were truncated and developed only a
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head, as seen in beetles &wmmbyx. Oncopetlus ewas also observed to act upstream of the gap
gene orthologbb andKr, as expression of each of these was lost or altered follcavielgNA..

Liu and Patel (2010) showed ttedp is similarly not expressed in a PR pattern, but rather
in six stripes in the blastoderm likee.This segmental expression is not preceded bygtARes,
but rather broad expression in the anterior ~half of the emiiRgdinget al. 2019) During
germband elongation, expressionstif in every segment persists even after segment formation
(Auman and Chipman 2018; Redirgal.2019) Knockdown ofslp did not alter the number of
segments produced, but segmental expressionvafas expanded along the midline, suggesting
that segment boundaries were not properly establighatan and Chipman 2018; Rediatal.
2019) Embryos left to develop until cuticle was deposited displayed an asegmental phenotype
(Redinget al. 2019) Expression obpais similar to that ofslp, displaying six stripes in the
blastoderm followed by persistent segmental stripes in germifAndsan and Chipman 2018;
Redinget al.2019) However, knockdown adpadid not affectinv stripe establishment, although
some thoracic fusions were observed in more developed embryos, suggpaimgot required
for segment formation but may play a role in maintaining segment boun@®eidiaget al.2019)

Odd and prd are expressed in strikingly similar patterns during both blastoderm and
germband stagd&igure 16) (Auman and Chipman 2018; Rediagal.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
oddproduced slightly variable results. Auman and Chipman (2018) founddd&NAi 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 digpted followingodd RNAI, but also saw an almost complete lossrf
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expression in many embryos. Thal#fering knockdown phenotypes probably reflect diéfiet
levels of gene knockdown. RNAI targetipgd also produced germbands displaying defecisvn
establishment in every segmeahdembryos allowed to develop further displayed only heads

(Redinget al.2019)
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Figure 1-6. Most OncopeltusPRG orthologs are expressed in every segment primordium

A) eveexpressiorwas first detected broadly in the posterior >half of the blastoder@). Bhe earlier
broadeveexpression domain resolved into six stripes by the onset of germband invaginatweiD
expressed segmentally in the anterior SAZ and in a broad domain in the posterior PAFWES first
detected in a single anterior stripe in the blastoderm, likely corresponding poirtierdium of the
mandibular segment-6) Six prd stripes were seen at the end of the blastoderm stage. H) In elon
germbands, ggnental stripes were observed in the anterior SAddt)expression was first seen in
broad central domain:L)) oddexpression resolved into six stripes by the time of germband invagin
K) One E75Astripe was observed for every otlaad stripe. MN) odd expression was observed
segmental stripes in the anterior SAZ through germband elonggitpme borrowed from Reding et ¢
(2020).

Several other PRG orthologeuf, h, ftz,and ftz-f1) displayed no segmentation defects
following RNAI knockdown, despite several of these being expressed in stripes during germband
elongation. Expression ofin 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 gern{Rauiisget
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al. 2019) However, knockdown otin failed to reveal a role in segmentation. Expressidnveds
observed in every segment of the germband, but these stripes did not persist like dpasaof
slp (Auman and Chipman 2018; Rediagal.2019) andno segmentation defects were observed
after knockdown.Oncopeltus ftzexpression was observed in the central nervous system, a
conserved pattern of expressionftaacross insect$efferet al.2013a) Weak striped expression
of ftz-f1 expression was observed in the anterior SAZ. Examinatioitz-6f function during
embryogenesis were precluded by defects in oogenesis obseftzeld oisRNAinjected females.
Together, these results suggest thatitesophilaPRG orthologs are not responsible for
PR patterning irDncopeltuslt is possible thaDOncopeltussegmentation does not follow a pair
rule, as suggested by soK@ark et al.2019) However, an unexpected result from Erezyilmaz et
al. (2009) demonstrates otherwise. SurprisinBl§5A,which encodes a nuclear receptor and is
not involved in segmentation iBrosophila, is expressed in -8 stripes in theOncopeltus
blastodern{Erezyilmazet al. 2009) The register of these stripes, when comparedasetiof the
segmentally expressexve,suggests thaE75Astripes in the blastoderrmorrespond to alternate
segment primordi implicating E75Ain PR patterning. During germband elongati&75A is
expressed dynamically in the anterior SAZ, with some stripes appearing to split. Following RNAI
knockdown, embryos display segments fused in a PR mdRiggme 17). This discovery was
unprecedented in showing a ABmosophilaPRG ortholog to be involved in Psegmentation in
an insect. PR expression B75A was also shown in another hemipteran, the harlequin bug
Murgantia histrionicawhich shows similar expression patterns ofmesophilaPRG orthologs

as those described f@mcopeltugHernandezt al. 2020)
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Figure 1-7. E75A has PR function inOncopeltus

A) Wild type nymph, lateral view. B) Moderate phenotype seen Bf8ARNAI; fusion of T2 and T3
was observed, lateral view. C) A more severely affeEtédlAknockdown individual, displaying Rk
like segment fusions across the AP axis, lateral view. D) Wild type nymph, ventral view. E) S¢
affectedE75ARNAI nymph, ventral view. la = labial segment, ant = antenna, T = thoracic sec
Figureborrowed fromErezyilmaz et al. (2009)

1.2.3.3.6Blattodea

Most data on the expression and function of@nesophilaPRG orthologs in Blattodea
comes from the American cockroaderiplaneta americandn this species, all PRG orthologs
examined lf, eve, run, prdaelatedpairberry, andslp) were found to be expressed segmentally
during germband elongation, similar ©ncopeltus(Pueyo et al. 2008; Chesebro 2012)
Periplaneta hexpression was reported to oscillate in the posterior SAZ, and its expression was
found to be dependent on Notch signalif®yueyoet al. 2008) Knockdown ofh resulted in
abnormal expression or loss of expressioarah a norPR manner. Knockdown of eitheveor

run produced segment losses or fusions in the gnathal and thoracic region that did not appear PR
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(Chesebro 2012Knockdown of gord-related gengairberry produced lowly penetrant Lb/T1
fusions. Finally, knockdown dafip most often resulted in loss of at least one mandible or antenna.
Thusno clear PR functions have been established for any d?¢hiplaneta DrosophildPRGs
orthologs

In another cockroackBlattella germanica, ftfl is expressed in stripes, but the register of

these stripes compared to segment primordia is un@@eazet al.2023; Wexleret al.2023)

1.2.3.3.70rthoptera

An early comparative study found that in the grassho@pkistocerca, evdoes 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 (Patelet al. 1992) However, expression of thed-related gengairberry 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 d@Dsiis et al. 2001)

Lastly, antibody stains showed Htxalization in the posterior SAZ iBchistocercabut not in
stripes(Daweset al. 1994)

In the cricketGryllus bimaculatussomeevestripes were interpreted as PR, while others
appeared to be segmen(ilito et al. 2007) Following RNAI, PRIlike segmental fusions were
observed in the anterior, but segment loss in the abdomen appeatéae: gaprther support for
Gryllus segmentation following a pair rule comes from examinatioB #8A and ftz-f1, which
both display striped expression in alternate segment prim@aleret al.2023)

1.3 Sequential segmentation i¥Vnt-dependent
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In Drosophila, Wntsignaling is required for the maintenance of segmental AP
compartment boundaries, as seen by the segment polarity defects obsemwiadless (wg)
mutants(NUssleinrVolhard et al. 1984) In sequentially segmenting speciéétsignaling has a
much earlier role in axis elongation. Expressiomvgin the posterior SAZ has been observed in
two orthopteransSchistocercandGryllus (Dearden and Akam 2001; Miyawadd al. 2004) the
hemipterarOncopeltugAngelini and Kaufman 2005)he blattodeaPReriplaneta(Chesebret al.
2012) the lepidopteraivanessgHanly et al. 2021) and the coleopterahribolium (Nagy and
Carroll 1994) Knockdown ofvgin these species has had variable result®nicopeltus, wirRNAI
resulted in dorsal closure defects and some fusions between abdominal {@mgfelni and
Kaufman 2005) while in Gryllus knockdown failed to produce any morphological defects
(Miyawaki et al.2004) In Periplaneta, WntRNAI resulted in embryos with posterior truncations
(Chesebreet al. 2012) In Tribolium, double knockdown o¥WntD andWnt8produced truncated
embryos, but this phenotype was seen at very low penetfBalognesiet al. 2008)

Possibly due to functional redundancy betwdértparalogs, disrupting other components
of the Wntsignaling pathway has yielded much more consistent phenotypes across taxa. In the
canonicaWntsignaling pathway, binding of Wnt protein to the Frizzled (Fz) and Arrow (AFfr) co
receptor transmembrane proteins prevents destruction of Armadillo (Arm, also kndwn as
catenin) by members of the Arm destruction complaxin, among others)allowing it to
accumulate in the cytoplasm and enter the nucleus. In dbkeus, Arm interacts with the
transcription factor Pangolin (Pan, also known as TCF), influencing transcription of target genes.
Thus various studies have knocked down orthologds, @irr, pan, axinpr paninstead of targeting
theWntligands directly. Knockdown armin Gryllus, panin OncopeltusandTribolium,andarr

in Tribolium, OncopeltusandGryllus all led to truncations of the AP axis and thus few (if any)
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abdominal segments forme@Miyawaki et al. 2004; Angelini and Kaufman 2005; Bolognesi
al. 2008, 2009; Beermaret al.2011; Setton and Sharma 2021)

In Tribolium, RNA sequencing of posterior tissueadrr RNAi-treated embryos showed
downregulation otaudal (cad)}compared to control®berhoferet al. 2014) In all sequentially
segmenting species where its expression has been exacadedfound to be expressed broadly
in the SAZ, and its knockdown leads to posteriorly truncated emfBpbsilzet al. 1998; Copfet
al. 2004; Shinmyeet al.2005; Chesebret al. 2012; Novikovaet al.2020) In Tribolium, it was
shown that cells in the SAZ fail to intercalate followtag RNAI, resulting in a lack of germband
extensionBentonet al.2013)

Several experimental results suggest thdtexpression in this region is dependeni/dmt
signaling.In Periplaneta, cadexpression was lost in the SAZ followinyntl RNAI, but the
converse was not tru&yVntl expression appearedild typelike in cad knockdown embryos
(Chesebreaet al.2012) Similarly, in Gryllus, wgcontinued to be expressed in the SAZ following
cad RNAI (Shinmyoet al. 2005) In Tribolium, cadexpression was absent aftezl/2 double
knockdown(Beermannet al. 2011) and knockdown of th&Vnt antagonistaxin resulted in an
expanded domain afad expressior{Pruhset al.2017) In sum, sequential segmentatappears
to requireWntsignaling inSAZ for activation ofcad, without which germband extension does not
occur.

Interestingly, the roles alVntandcadin posterior elongation are shared by vertebrates,
which also undergo sequential addition of segments from a posterior unsegmentedSeetjmm (
1.4). In mice, for instanceWnt3a mutants display a truncated bo(ljakadaet al. 1994) and

reduced expression of tieadrelatedcdx1 in the tailbud(lkeya 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 s8gments
somite® and like in sequentially segmenting insects, these somites are generated one by one in
an anteriofto-posterior order from an unsegmented zone in the posterigrasemitic mesoderm
(Figure 18). Long before any molecular oscillators were discovered in the presomitic mesoderm,
a O0clock and wavefrontd model was {(Coakeand zed t
Zeeman 1976)This model postulated that a molecular oscillator in the presomitic region (the
6clocké) can define the regular period of sor
regi on enc oumntsechasa fadiowexpresded imangtadientggtoa AP axid their
somitic fate is determined based on their expression of the oscillzidence for a molecular
clock acting during somitogenesis wpsovided much laterwhen expression oHESJ] the
vertebrate homolog of th®rosophila PRG hairy, was found to oscillate in the presomitic
mesoderm of chick embryos with the same period as somite fornfRadmeirimet al. 1997)
Since then, the O6clock and wavefrontd model h .
in many vertebrate models (reviewed {Bourquié 2022; Kageyama 2022; Miao and Pourquié
2024). Although the details vary by model system, the wavefront boundary is set by opposing AP
and postericanterior gradients (such as retinoic acid and FGF/Wnt gradients in the chick). Cell
autonomous oscillations diIES1are controlled by an autoregulatory negafeedback loop
whereby accumulation of thEES1 protein product leads to its own repression. Intercellular

synchronization of the fAclockod is mediated by
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Figure 1-8. Current model of vertebrate somitogenesis

Somites are producdy sequential addition of segments from the posterior of the body, as in seque
segmenting insect$he pace of sequential segmentation in chick embryos is set by oscitiuaigy 1
(HES1)expression in the presomitic mesoderm (PSM). Figure Kageyama (2022)

The finding that an ortholog of the wddhown Drosophilasegmentation gertgairy 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 investigaseguiistion by examining orthologs
of hairy and Notch signaling components. This inquiry has yielded mixed results. Work in the
cockroach Periplaneta (Blattodea) has producethe most convincing evidence fayotch
involvement in sequential segmentation. H&tetchpRNAI disrupted segmentation with some
embryos displaying severe abdominal truncafi®ueyoet al. 2008) and resulted in the loss of
Whntlandcadexpression in the posterior SAZ during germband elongéfibesebret al.2012)

Conversely, inTribolium (Coleoptera) hairy is expressed in stripefut no clear
vertebratdike oscillation in its expression was obser@dandaet al. 2008) In Schistocerca
(Orthoptera), an ortholog of the Notch pathway compofrerge was not found to be expressed
in or around the SAZ where segments are being formed, sugg¥stritgsignaling is not involved

in sequential segmentation in this spe¢igsarden and Akam 2000h Gryllus (Orthoptera), axial
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truncations observed after parental RN#eédiated knockdown dfiotchor Delta (DI) suggested

a role forNotchsignaling during segmentatidiMito et al. 2011) However, embryonic RNAI
targeting DI did not inhibit posterior segment formation, indicating that an early maternal
provisioning ofDl may be required for posterior growth, but that it is not required zygotically for
segmentatiofKainzet al.2011) If this is indeed the case, it calls into question the results obtained
in Periplanetawhere 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 evidencéribotium that a
segmentation clock may likewise coordinate segment formation in the SAZ. Sarrazin et al. (2012)
showed thabdd expression oscillates in the posterior SAfey cut living germbands in half,
fixing one half and culturing the other half 30 minutes before fixation, then visualimdg
transcripts in both halves. Clear differences 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 movemen(Sarrazinet al.2012) Asoddis 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 cyaliegxpression, but in contrast
to the previous work performed during germband elongatiegexpressiomwas only analyzeth
the blastoderm. Herdribolium eveexpression was found to oscillate every ~three htirs
Sherifet al.2012) However, aftecadexpression is reduced by RNAI, theeexpression period

increased, suggesting tle@dregulates theveoscillation periodEl-Sherifet 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 group@Minelli 2003), segment number in insects is tightly distributed aroun@i7Zl@¢hree
gnathal segments, three thoracic segments, didaé&bdominal segmentéyander 1976)Thus,
whatever segmentation clock is at work in insects appears much more highly constrained by
segment number. The mechanisgsponsible for generatirgyich a constant segment number is
unknown, but mutations or knockdown phenotypes that disobesutbds like the supernumerary

segments observed af@ombyx htknockdown (Sectiod.2.2.90 couldyield 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 muytaritee and
Wieschaus 1994) ater, several oll family genesandtartan, which encodeell-surfaceproteirs,
were found to be expressed in PR patterns in the blastoderm, suggesting regulation by PRGs
(Changet al.1993; Kambriset al.2002) Indeed, expression of many of these genes are perturbed
in PR mutantgChanget al. 1993; Paréet al.2014; Fieldet al.2016) Analysis ofToll-2/-6/-7/-8
andtartanexpression patterns in wild type and PR mutants suggests a complex regulatory network
wherein multiple PRGs regulate expression of each of these @&ad=mmet al.2019)

Since they encode cdlurface proteins, thEoll genes andartan are good candidates for
mediating a role for the PRGs in convergent extension by translating AP patterning information

into physical celcell contacts. In fact,Toll-2/6/8 lossof-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 mann@Paréet al. 2014) Further, Tartan, which is @direct target of
Ftz/FtzF1 (Field et al. 2016) together with its ligand Tenasemajor (Team) werefound to be

crucial in the physical establishment of compartment boundaries by polarized recruitment of
actomyosin cables ithese regiongPareéet al.2019) Together, these results provide a direct link
between regulation of transcription along the AP axis byDitesophilasegmentation genes and

the establishment of physical compartment boundaries.

While Drosophilaembryos undergo convergent extension after thexd®is segmented,
sequentially segmenting insects undergo convergent extenstbe 8AZ 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 elongatidmiblolium, stunted
germband elongation followingad RNAi was found to be coincident with a loss of cell
intercalationBentonet al.2013) Another study found that the reduction in SAZ siz€ribolium
can account for the gain in germband length during elongation without any requirement for higher
rates of mitosis in the SA@akamotcet al.2015) A study of theDncopeltusSAZ reached similar
conclusions, and additionally found a reduction in mitosis in the anterior SAZ compared to the rest
of the embrya/Aumanet al. 2017) Convergent extension appears to be mediated throalyh
genes in sequentially segmenting insects as wellribolium, knockdown ofToll-7 andToll-10
prevented cell intercalation and germband exten@entonet al.2016) Further, these genes are
expressed in PR patterns, and seveodllgenes irOncopeltusandGryllus are likewise expressed
in stripes during germband elongation. Interestingly, several of Besepeltus Tollgene
expression patterns are reminiscenOHE75Aexpression, suggesting tHaR regulation ofToll

and similar genes may be a general feature of insect segmentation.
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1.6 Aims of this dissertation

Decadesof groundbreaking researcéh Drosophilahaveyielded an incredible depth of
knowledgeof how the fruit fly body plan, divided into segments with different identities and
functions, is generated from an undifferentiated fertilized €9 knowledge could only have
been brought about by focusing on a single organi$m selection of a model organism, however,
comes at the cost of understanding the diversity of developmental modes existing ifRetture
1996) While the candidate gene approach (i.e., limiting study to orthologSragophila
segmentation genes) used in most studies of segmentation-mat®&i insects has been fruitful,
it has many limitations. Most importantly, factors not involvednosophilasegmentation will
not be identified. Thus even efforts to investigate the diversity of early development in insects by
expanding study to nemodel species generate heawisosophilabiased dataOftenDrosophila
is still the focal organism, and the@mmodel simply a vehicle for comparisons. The studies of
insect segmentation in nenodel insects reviewed above convey an incredible diversity of
mechanisms for patterning a conserved insect body plan, but these will not be adequately
investigated withira Drosophilacentric framework.

The hemiptera®ncopeltus fasciatus a particularly interesting insect to study to gain a
better understanding of this diversity. While none o@hesophilaPRG orthologs appear to have
clear PR function in this specids{5A9 which has not been shown to be involved in segmentation
in any other speciésis a PRG $ection1.2.3.3.9. This suggests that 1) segments are patterned
according a pair rule i@ncopeltusand 2) the factors involved in PR patterningdncopeltus
may be entirely different from tise inDrosophila. Thus, while trying to escape tirosophila

paradigm is already advisable in Amodel studies, in this case it appears to be necessary.
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The overarching aim of this dissertation is to ce@ecopeltusas 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
Oncopeltusand shows that mutation of thite gene yields the expected whige phenotype
but unexpected lethality in homozygotes. Chapter 3 applies the methods developed in Chapter 2
to generate a viable visible marker bytating thevermiliongene, which disrupts production of
ommochrome pigments and yields red eye®imcopeltus.In Chapter 4, using an unbiased
approach to identify factors involved @®ncopeltussegmentation, | will present our finding that
Blimplis a yetuncharacterized PRG in this species and will use CRISPR/Cas9 avetmiiron
line to generat®limpl mutants. Finally, in Chapter 5, | take @mcopeltuscentric approach by

examiningBlimplexpression and function in a sample of other-mmuel insects.
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Chapter 2: High efficiency CRISPR/Cas9 mutagenesis ofttiegene
in the milkweed bu@ncopeltus fasciasu

2.1 Abstract

Here we show that CRISPR/Cas9 is highly efficient in the hemipt@acopeltus
fasciatus We chose tdargetthe Of-white (Ofw) locus to establish methods and with the goal of
generating a visible marker for future experimertle white gene is welcharacterized in
Drosophila where mutation causes loss of eye pigmentatinite is a reliable marker for
transgenesis and other genetic manipulations. Accordingiige has been targeted in a number
of nonmodel insects to establish tools for genetic stdWe found thaOf-w is required for
pigmentation throughout the body ©hcopeltusnot 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. H@faver,
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 atal paren
RNAI were subsequently performed to rule out-tafiget mutations producing the observed
phenotype and to evaluate the efficacy of RNAI in ablating gene function compared taf loss
function mutation. RNAI knockdowns phenocopi€af-w homozygotes, with an unusual
accumulation of orange granules observed in unhatched embryos. This is, to our knowledge, the
first CRISPR/Cas9 targeted mutation generateédrinopeltusWhile we were unable to establish
white as a useful visible marker f@ncopeltus thesefindings are instructive for selection of
visible markers in nomodel species and revealed an unusual role for an ortholog of a classic

Drosophilagene.
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2.2 Introduction

Researchers using the classic insect mbdesophila melanogastaely on genetic tools
and techniques that have accumulated and been refined in this system for over a centufy. In non
model system<CRISPR/Cas9 targeted mutagenesis provides a way to generate both somatic and
germline mutations, all owing researchers work
pursue functional genetic analyses. Visible markers are key tools for such aragdytbey, allow
mutant or transgenic lines to be perpetdain the lab without the need for molecular analysis
(such as PCR) to monitor genotypes at every generation.

Drosophila whiteis one of the most historically significant genes and remains a useful
visible marker foDrosophilastocks to this day, over 100 years after its discovery (reviewed in
(Bellen and Yamamoto 2015) At it s genesi s ,whittrhuanmvalakingleyat Mor
pigment and thus displaying white rather than red*géyesealed the phenomenon of deked
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 knbDwasophilagenes to be mapped. Much
later, instability of thavhitephenotype in M cytotype flies helped elucidate the mechanism behind
P-M hybrid dysgenesigBinghamet al. 1982) Shortly thereafter the firfrosophilatransgene
successfully rescued tlesy eye color phenotyp@Rubin and Spradling 1982Joday, balancer
chromosomes with dominant visible markers allow the easy preservation of homozygous lethal
alleles. Transgenesis routinely employlsite as a scorable visible mark@¢lemenzet 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 reseesdiroaden 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 fasciatug, 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 d@rosophila genetics in the early 1980s, several
Oncopeltusmutant lines had been isolated after treatment with the mutagen ethylmethane
sulphonate. In 1970, Peter Lawrence described two new pigmentation mutantolireewith red
eyes fed eye, r¢ and another with brown eyes and a white boalgite body, wp (Lawrence
1970) However, as the era Birosophilagenetics advanced afhcopeltugost favor, these lines
and others were apparently lodtiu and Kaufman 2009; Chipman 2017Ylore recently,
Oncopeltus has regained its earlier prominence, as researchers interested -oheveyo
aposematism, epigenomics, and toxicol@ggnfilio et al. 2006; Redinget al.2019; Auman and
Chipman 2018; Litet al. 2014; Bewicket al.2019; Lohret al. 2017)have once again turned to
the milkweed bug, profiting from its ease of care and high fecundity. Consequently, the value of
Oncopeltudines with visible mutations has increased anew.

Here we provide evidence for the high efficiency of CRISPR/Cas9 mutagenesis in
Oncopeltushy targetingwhite (w),a gene known to be required for proper transport of pigment
precursors in the eyes of many ins¢@subbset al. 2015; Liet al.2018; Xueet 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 whiteeyed Oncopeltusline would greatly benefit the field, providing a marker of
transgenesis when rescued, allowing easy visualization of fluorescent proteins expressed in the

eyes(Berghammeet al. 1999) and reducing the effort of screening for homolaliyected repair
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events(Kaneet al. 2016) Our studies demonstrate the high efficiency of mutagenesis @fthe
whitelocus, using several different guide RNAs coinjected with Cas9 protein. Biallelic hits were
observed in injected GO hatchlings, resulting in patches of translucent pigment throughout the
entire body. Surprisingly, no viab®f-w’- homozygotes were obtained, suggesting that this locus

is required for viability irOncopeltus

2.3Materials and Methods
2.3.1Phylogenetic analysis

The Drosophila melanogasteWhite amino acid sequence was used as the query for a
BLAT search of theéOncopeltuggenome(Panfilio et al. 2019a) Reciprocal BLAST with the top
match suggested the sequence on scaffold 381 was likel@ribhepeltusortholog 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&idons of th®rosophila
white, brownandscarletgenes were used as queries in searches @nhkepeltuggenome. All
search redts with significance values on the order of3.er less were considered, yielding five
candidate sequences. Similar searches itHtdgomorpha halygenome(Me et al. 2020)were
also performed to gather additional hemipteran sequences; in some cases these sequences were
used to better assemble the orthologdusopeltugiene tBLASTn searches of the nr/nt database
were performed witlbrosophilasequences as queries to find additional insect sequences. Since
white, scarletandbrownare part of the ABCG subfamily, often one of the largest ABC transporter
subfamilies in arthropod genom@3ermauw and Van Leeuwen 2014ur 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 b§Broeharet al.2013) with the addition obrownwhich was identified
in a later studyGrubbset 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 Bayedgerence

(MrBayes) with the JTT substitution model and gardistributed rate model. The tree was then

outgrouprooted and formatted in FigTree v1.4Hgure 21).
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Figure 2-1. Phylogenetic analysis of ABC transporter subfamily G identifies th©f-w ortholog,

A) Gene tree showing relationships between ABC transporter subfamily G members, inathidé
scarlet, brownandok, individually highlighted for clarity The sequence found on scaffold 381 of
Oncopeltugienome falls within thevhiteclade (blue box). Interestingly, searches of botlCtheopeltus
and Halyomorphagenomes did not reveal clearown orthologs, though two orthologs ok were
identified in each. ABC transporter subfamily H genes were included as an outgroup and used tc
tree. Nuombers at nodes report postefpoobabilities.
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2.3.2gRNA design and injection mix

Guide RNAs (gRNAs) were designed using CHOPCHO#bunet al. 2019a)with Of-w
exon 2 as the target sequence, which yielded thirty candidate gRNA sequences. All thirty
sequences were searched in ecopeltus fasciatugenome(Panfilio et al. 2019a) using
BLASTnN optimized for short queries with the blastmort option. All resulting alignments were
evaluated for the number of exact matches to the protospderent motif (PAM) plus the seed
sequence (222 PAM-proximal nucleotides{Conget al. 2013)to estimate the number of eff
target matches. Three gRNA sequences predicted to have z¢éangeff matches were selected,
named gRNAs A, B, and &igure 22A). gRNAs A and B have a guanine in the PAdvbximal
position, while gRNA C does not; a guanine in this position has been shown to correlate with
gRNA efficiency(Doenchet al. 2014) DNA oligos were designed using these target sequences,
with the T7 RNA polymerase promoter sequence
scaffold seqguence -waedahZgdideA, OfweXoreguBleaB, GdwrekonZ O f
guideC, sed\ppendix Afor sequences). These primers were each used with a common reverse
primer (gRNArev, sedppendix A to amplify the gRNA scaffold sequence from the pCFD3
dU6:3gRNA plasmidPortet 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 KCI, 0.1 mpivbsphatduffer pH
6.8), denatured at 70°C for 2 min, transferred to ice for 1 min, then complexed wittNC&s9
protein (PNA Bio) by incubation at room temperature for 5 min. The final concentrations of gRNA

and Cas9 protein in the injection mix werergfirl. and 300 ngfL, 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.
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WT GAGGACACATGTGCACTACCACT == ======mmmmmm e GGAGACCGTTATCGAAAAGAAGG
A6-17 GAGGACACATGTGCACTACCACTTACCGTTAATCCGTAAGGAGACCGTTATCGAAAAGAAGG

WT GAGGACACATGTGCACTACCACTG--============~ GAGACCGTTATCGAAAAGAAGG
A12-10 GAGGACACATGTGCACTACCACTGCGAAAAGACCAGACT-AGACCGTTATCGAAAAGAAGG

ii. Mutations induced by gRNA-B/cas9

WT CTCTGCAGGGACCCTGGCAAGGCTCAGCGGAAGCATATACTGAAGAATGGTAAGTAGTTTGT
B4-4 CTCTGCAGGGACCCTGG------~ CAGCGGAAGCATATACTGAAGAATGGTAAGTAGTTTGT
WT CTCTGCAGGGACCCTGGCAAGGCTCAGCGGAAGCATATACTGAAGAATGGTAAGTAGTTTGT
B5-16 CTCTGCAGGGACCCTGGCAGTATACAGC - === === mmmmmmmmm m o CTGCGTAGTTTGT

Figure 2-2. OncopeltusCRISPR-Cas9 mutagenesis workflow.

A) Genomic structure abf-w; exon boundaries atmsed on transcriptome data and the alignment
cDNA sequenced in this study to the genome; however exon 4 was not found in the genome. T
location gRNAs A, B, and C used in this study are in red. The dsRNA target region (519 bp) use
study is shown as an orange bar (exons only). The primers used tarR@IRy exon 2 for our twc
genotyping assays are shown as black arrows. The amplicon is 513 bp and includes some intron
surrounding the exon. Stars mark the predicted loci 0P @ésavage and thus likely mutation; t
predicted Surveyor cleavage product sizes (in bp) for each gRNA are shown above the strands
showing representative results from the Surveyor digest and the heteroduplex mobility assays
genotype G1d) In the Surveyor assay, PCR products were digested with Surveyor nuclease, re
in cleavage in samples derived from heterozygous individuals. All gRNA A individuals screene
(lanes 17) show the expected cleavage products (~ 100 and 413lujn) adl gRNA B individuals (lane
8-9; ~277 and 236 bp, asterisks), identifying all individuals shown here as heterozygotes. ii)
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heteroduplex mobility assay,m8 of PCR product was electrophoresed on a 4% agarose gel for >
80 V, allowing visualization of heteroduplexes, which migrate more slowly than homoduple>
samples from heterozygotes (lanes1#); thus samples from homozygous individuals (vide)
should produce only the 513 bp band (lane 10). C) Sequenced mutant alleles induced byAy GR&8
and ii) gRNAB/Cas9. Red and blue lettering indicate the PAM site and insertions, respectively.
mutant allele fom individual A617 has a 16 bp insertion (blue) which adds a premature stop codc
box); the allele from individual AX20 has a 15 bp insertion (blue) and 1 bp deletion which indu
frame shift. ii) The allele from individual B4 has a 7 bp deien, resulting in a frame shift; the alle
from individual B516 is complex, showing insertions (blue) replacing syloe sequence (underline
56 and 36 of the PAM site (red), including

2.3.3RNA interference

The Of-w template for doublstranded RNA was made by P@rplifying a 519 bp
fragment ofOf-w from 0-120 h AEL embryonic cDNA using primers-@fRNAIi-FT7 and Ofw-
RNAI-RT 7, which both have the T7 RNA polymeras
Appendix A). This region spans exons 9 to Eglure 22Ai, orange bar) and therefore does not
overlap the target of CRISPR/Cas9 mutagenesis (exon 2). Furthermore, a BLASTn search of the
Oncopeltuggenome using this dsRNA template sequence as query matchédfonlguggesting
that dsRNA should induce a specific knockdow®éiv. TheMegascript T7 kit (Invitrogen) was
used to transcribe RNA, which was then DNasated, 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, andsespended 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 NEBioalator and halving the estimation. For embryonic RNAI
(eRNAI), Of-w dsRNA was diluted in injection buffer to 500 ngy/or ~1.5nmM, andgfp dsRNA
was diluted to 650 ngl or ~1.5nmM. 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. Foaparent

RNAI (pRNAI), Of-w dsRNA was diluted in injection buffer tor@/mL or ~6 mM andgfp dsRNA
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was diluted to 2.6g/nmL or ~6nM. Young adult females were injected using glessdles between
the 4" and %' abdominal sternites with 6L 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.

2.3.4Embryonic injection

To collect embryos for injection, cotton was placed in cages with @ihdbpeltusand
the bugs were allowed to lay for 5 h. Embryos were then removed from the cotton, placed in
Drosophilaembryo 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 Oncopeltusembryos will not stick to doublisided tape and that various glues encase the
embryos in a hard shell from which hatchlingsreatrescape. Instead, we designed ang8bted
a mold Figure 23A, B) using ABS filament similar to those designed by otfleosazinskiet al.
2010; Ohdest al.2018) When filled with molten 3%rosophilafood-grade agarose and allowed
to harden, these molds producggl x 50 mm agar sheets with grooves roughly equal in width
(~0.5 mm) to that of a@ncopeltusembryo Figure 23C). Embryos were lined up longitudinally
within the grooves of these agar she€igifre 23D, E), roughly 100 embryos per sheet.

Embryos were injected ath 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 P97 needle puller using the following settings: Heat 535, RylM@locity 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 Narishig®(M

microinjector and micromanipulator. Thearoinjector was programmed for -%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 sheeitsl @@ combated by brushing it daily with

70% ethanol using a fine paintbrush. Hatched GO individuals were transfeDesktiphilavials

with a strip of seed paper, made by fixing raw organic sunflower seeds to paper witixison
wallpaper paste. A catant 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 itnéatoeith the wet

cotton, which promotes fungal growth. Once vials became dirty, bugs werar@@sthetized and

transferred to clean vials.

Rk B a R @'
! ‘Lri'u.mg,.m‘ E &
Figure 2-3. Agarose mold setup forOncopeltusembryo injection.

A) Top part of mold; this is placed inside the bottom part (B) after agar is poured, creating gro
the agar sheet; B) Bottom part of agar mold; C) Agar sheet made using m@dcd)eltusembryos
lined up for injection in agar sheet; E) Clage from D showingOncopeltusembryos alignec
longitudinally in the grooves.
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2.3.5Crossing scheme

All 20 GOs that reached adulthood were mated to-tyiet individuals. For these crosses,
a single male or female GO was crossed to one wild type female or male, respectively, in
Drosophilavials, 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 wbioh several
individuals from each GO cross were genotyped byoreal of one mesothoracic leg (see below,
Figure 24). Each line was selfrossed (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 manedham increase the
likelihood that progeny would be obtained from each combination. As there were more G1 adults
than could be reasonably genotyped, many add

individuals of unknown genotypes for a total of 196 G1 crosses.

100
|

genotyped heterozygous
40 60
|

Percent of screened G1s
20

16 4543416104175 16| 8

o — =l — I N S N — (e ]

A4 A2 A3 A5 A6 A7 A10 B1 B5 A12 A8 B4 A14 B3 B6 Al
GO line
Figure 2-4. Percent of G1s genotyped heterozygous from each GO line.

The GO lines from which adult G1 progeny were obtained are displayed alonguis the percent o
their progeny which were screened and genotyped heterozygous is shown aleagithd lge numbe
of G1s which were directly screened from each GO Braigplayed within each bar.
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2.3.6Screening 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 tif. 8ODNA extraction buffer
(10 mM TrisHCI pH 8.2, 1 mM EDTA, 25 mM NacCl, 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 KOf-w exon 2 was then amplified by PCR from the extracted gDNA with primers Of
w-exon264-F and Ofw-exon2211-R (seeAppendix A usingPhusion polymerase, yielding a
513 bp product which included some of the flanking intréingure 22A).

To determine the genotype of G1s (homozygous-tyie or heterozygous), ti@f-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 foll owing manufact ur ethab enly imisot Sutveydri on s ,
nuclease, rather than the suggestedl,2vas used. The nuclease reaction products were then run
on a 2% gel; the expected cleavage products fepoihg of GOs injected with gRNA A are 100
and 413 bp and those for gRNA B are 277 and 236-lgu e 22Bi). The heteroduplex mobility
assay was performed following the recommendationéBbhttacharya 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 ttgpeikllele
migrate more slowly through the agarose matrix than homoduplexes, heterozygotes can
identified by the presence of an extra band when PCR products are run on highly concentrated

agarose geld{gure 22Bii).
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For four G1sFigure 22C), thew exon 2 Phusion PCR product wagaled by incubation
of the purified product with Tag polymerase,-Thned into the pGEM Easy vector (Promega),

and Sangesequenced (Genewiz).

2.4Results
2.4.1Gene isolation and experimental design

After subjecting several candidatdite sequences from th@ncopeltudraft genome to
phylogenetic analysis (see Methods for details), only one candidate gene was found to clearly fall
within the clade of inseathitegenes, indicating this sequence is likely the only ortholaghite
in OncopeltugFigure 21). This sequence, found on scaffold 381, is nested within the hemipteran
whiteclade, and we therefore designate this sequefedhite.

Genome sequence was used to design primers to verify most@ftheDNA sequence
(Of-w-exonEUTR-F and Ofw-R-1, Appendix A, from exon 1 to 14. A single, 1.93 kb fragment
was isolated from 220 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 daf@anfilio 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 otherwiseagenes. We also found
t hat exon 5 is misplaced in the genome assembl
we also aligned th®f-w sequence to thidalyomorpha halys whitsequence and verified that the
predicted exon boundaries matched nearly identic@fyw has 15 exons spannirggregion of

~82.5 kb in the genome (~78 kbhtalymorphag.
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To generate lossf-function mutations ifOf-w, three different gRNA® named A, B, and
Co were designed to target exonEgure 22A). We chose to target the beginning of the gene
rather than a functional domain, as any frameshift mutations which occur fhonwiogous end
joining following the Cas9nduced doublestranded break are more likely to ablate protein

functionthe closerthey r e t o t he 56 end.

2.4.2High rates of somatic mutation were observed in GO 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 syalcgtastoderm occurs in
Oncopeltushas not been definitively reported, a cellular blastoderm has been observed by 17 h
AEL at 21 (Butt 1949)and 20 h AEL at 28(EwenCamperet al.2013) We injected 28 h AEL
embryos to ensure that cellularization had not yet occurred. It has been shown that germline
induction occurs zygotically i@ncopeltusear the site of blastopore formation at the posterior
end (EwenCampenet 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 Bidjigure 22A). GO 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 boiggre 25). In some cases, large translucent patches
were observed, often delineated by distinct compartment boundariesFguye 25B, C, I).
Mosaic loss of pigment in the compound eyes was most apparent in &iylie (25E-G). Of
the GO individuals that hatched, those which had been injected with gRNA A showed the highest

rate of mosaicismHigure 26, 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 raigufe 26, 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 afteDf-w CRISPR mutagenesis.

High rates of somatic mutation were observed &few CRISPR mutagenesis.

Examples of first instar nymph hatchlings at varying stage®)®r adults (E) after injection of
embryos with buffer or gRNAs and Cas9 are shown. A) NympRhrpe&inization, control injection witl
buffer; B) Nymph midmelanization, gRNAB. Largetranslucent patchesan be seen in the abdome
C) Nymph premelanization, gRNAB. Mosaic translucent patchase obvious in the right half of th
head and patches in the thorax, abdomen, and appendages; D) Nyrmpélgmmeation, gRNAA.
Translucent regionsan be seen throughout the body; E) Adult compound eye;tyyple F) Adult
compound eye, gRNA, individual A-14; G) Adult compound eye, gRNA, individual A-13. The
black pigmentation seen in wild type is absent from sections of the eye in these tidusddi(F, G).
H) Wild-type pigmentation in adult body, ventral view; 1) Mosaic loss of pigmentation in lateral
(dotted white outline) in adult body, gRNA, individual A-13, ventral view
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Hatch rate Frequency of mosaic phenotype

100% 100%
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Figure 2-6. Somatic mosaicism and hatch rate varied after CRISPR/Cas9 embryonic injection wit
different guide RNAs.

A) Hatch rate of embryadsjected with gRNAs A, B, and C, compared to those injected with buffe
Frequency of mosaic pigmentation phenotype in GOs. Embryos injected with gRNAs A or B
showed much higher rates of mosaicism than embryos injected with-gRNA

2.4.3Germline transmission afhite mutations

In some insects, the ability to singly mate individuals is precluded by various behavioral
adaptations favoring swarming and other snoonogamous mating systems. For a species to be
amenable to genetic studies, it is necessary to be able to control ioopulat singly mating
individuals, which we were able to do fOncopeltugsee Methods). Each injected GO adult was
mated to a wiletype individual by placing the pair inrosophilavial with a water source and
sunflower seeds (see Methods for more ijedad 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 (dat not shown). The eye and body pigmentation of all G1s was indistinguishable frem wild
type. Adult G1s were obtained from 16 of 20 GOs (11 A lines, 5 B lines). In total, 161 G1s were
genotyped using the Surveyor or heteroduplex mobility assays (see MathddBIA extracted

from a clipped leg, allowing us to mate individuals after genotyping; 104 were genotyped as
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heterozygous at th@f-w locus (64.6%). Only two GO lines yielded no G1 progeny genotyped
heterozygousHigure 24); 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 GOs, allowing us to
prioritize G1s based on the parental GO phenotype. Of the 14 GOs that yielded heterozygous
progeny, only one of these was not an obvious piypieomosaic.

Sequences ddf-w exon 2 from four G1 heterozygotes that had giwérprogeny showed
indels at the expected douldanded break site, resulting in frame shifts and subsequent
premature stop codons in almost every case, likely leading to nonsedssed decay of the
transcripts Figure 22C). The mutation isolated from individual A& has a 16 bp insertion,
including insertion of an Hirame premature stop codoRigure 22Ci, red box). The predicted
full-length coding DNA sequence (CDS) Of-w is 2,052 bp; the AQ7 allele encodes a stop
codon at nucleotide position 23or 6% wildtype CDS length. The mutant allele isolated from
individual A1210 has a 15 bp insertion coupled with a 1 bp deletion, resulting in a stop codon at
13% wild-type CDS length. The B4 mutation has a 7 bp deletion and a stop codon at 15% wild
type CDS length. The B56 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 thpliéd donor site.

In sum, while germline mutation was clearly mosaic, we observed high rates of overall
germline mutation with 14 of the 16 fertile GO lines showing transmission of a mutant allele to at

least one offspring.
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2.4.4Despite germline transmission, homozyguadmste hatchlings were not recovered

To establish stable mutant lines, G1 individuals genotyped as heterozygous were crossed
to each other. Despite efforts to minimize-affget mutations, these are known to occur after
CRISPR mutagenesis even after careful gRNA de@gyal et al. 2018) Indeed, we observed
phenotypes such as shortened antennae presumably resulting fiamyetffmutations 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 ohenm different gRNAs (A or B), allowing us to generate
transheterozygous G2s. Assuming that anytarfjet mutations resulting from gRNA/Cas9
would be different from offarget mutations resulting from gRNBYCas9, we set up many A x B
crosses presumirthat offtarget mutations would be complemented in their progeny.

Given the GO phenotypes we observEdy(re 25), 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 seemekkly that ifw’ 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 mongach 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 = 201.84 (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 boBigre 27D-F), while their wildtype siblings
showed normal dispersion of pigmehigure 27A-C). This lack of pigment dispersion could best
be sea in the antennaeF{gure 27C, F) and other appendages where the orange spots are

concentrated in the center. Interestingly, a similar phenotype was not observed in tielarge
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patches seen in some GO somatic mutaRigu(e 25B , C) . I ndi vidual s wi 1
phenotype were also more fragile when handled compared to theutypddsiblings. 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 offtarget mutations. Asoon as this phenotype was visible, usualy @ys prior to the

expected hatch datey”” embryos were separated from their wijghe siblings to ensure they

would not be cannibalized; however none @ 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, muteatioe of

is homozygous lethal i@ncopeltusas nd results in a O0spottedd pi gn

the body.

wild type Of-white -/- gfp eRNAI Of-w eRNAI Of-w pRNAI

Figure 2-7. Nonviable Of-w homozygotes and RNAi knockd o wn e mbr yos botf
phenotype.

A-B) Wild-type phenotype, sibling of embryo shown irED arrowhead indicates antenna; C) L
antennal segment of a witgipe individual; DE) Of-w homozygous mutant phenotype, sibling of emb
in A-B; F) Last antennal segment ofv@” individual; G) gfp eRNAi negative control replicates wlc
type phenotype;-lI) Of-w eRNAi embryo phenocopie®f-w mutant; MO) Of-w pRNAi embryo
phenocopie©f-w mutant. A, D, G, J, M) lateral view; B, E, H, K, N) dorsal view; C, F, I, L, O) L
antennal segment shewelusters of undispersed orange pigmer®fw homozygous mutants (F) ar
afterOf-w RNAI (L, O) compared to wildype dispersion of pigments (C, I).

66



2.4.5RNA interference produces phenocopie©éfv 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 RNAitreated individuals would phenocopy the mutant. We theréipreted embryos
and adult females witkv dsRNA (Figure 22A, orange bar) ogfp dsRNA as a control. Both
embryonic RNAi and parental RNAi appeared to phenocopythenutant equally wellKigure
2-7J-0) compared tafp controls Figure 27G-l ) . Tthtee & ppwphenotype can
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 atgpeiltispersion of
pigment throughout the body wssored as wildype, presence of at least one eye spot and mosaic
Ospottedd pigment at iwd nphemoaapy, and loss ef bothaeyespats gmar r t i
O6spottedd pigmentation t hr oughpbhandcopyAnaverbgedy wa
of 97 ° 0.64 (SD)% ofOf-w pRNAI offspring (n = 3 replicates, 176 embryos examined)
phenocopied thé®f-w homozygotes, compared to 0% of the offspring from gfpedsRNA-
injected controls (n = 4 replicates, 175 embryos examined). Similarly,°98.Y (SD)% ofw
dsRNArinjected embryos (n = 2 replicates, 289 embryos examined) phenocopied the mutant, while
an average of 2.3 1.7 (SD)% displayed a partial phenocopy, compared4odOgfp dsRNA-

injected control embryos (n = 2 replicates, 163 embryos examined).

2.5Discussion
Here we have shown that CRISPR/Cas9 is highly effective in the milkweddrmagpeltus
fasciatusand that, unlike many other insect species in which stalblee mutant lines have been

generateqdMorgan 1910; Grubbst al. 2015; Liet al. 2018; Xueet al.2018; Ohdeet 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 identifiedhis essential role afhitein Oncopeltussiability was not predicted

by previous RNAI experiments targeti@j-w in Oncopeltusiymphs and adultgl(iu 2016} A.

Popadi |, per sonal communication), emphasizing
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 inOncopeltusthe 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 tecd loss
function genetic mutation. Our results showed that both parental and embryonic RNAI replicated
themutant phenotype, suggesting that RNAI is likely sufficient in many cases to produce mutant
phenocopies. However, it has also been obsehadRNAI 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, 20054 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 |l ack of definitive O0rulesd for
efficiency of several gRNAs per target to optimize mutagenesis. Our results demonstrate the
additional benefit of testing multiple gRNAs, particularly in frandelspecies 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 efarget maations. If using only one gRNA, ofairget 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 rdedgthte
generations likeOncopeltusthe ability to observe the mutant phenotypes reasonably quickly
(within two generations) is a great advantage.

Despite the high efficiency of mutagenesisOmcopeltusthere are a few challenges
specific to this species relative to some other lab models. Binsppeltustake ~six weeks to
mature from embryo to reproductive adult at.2Zbhus the time between embryo injection to
analysis of G2 phenotype was ~120 days at our rearing condition®2§23hough time could
be saved by maintaining bugs at slightly higher temperatdrescond challenge that remains for
CRISPR/Cas9 mutagenesis @ncopeltusis the fequency 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 ©&se 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 mutattryes will likely be
cannibalized by their nahomozygous siblings if not kept separate. Separating the homozygous
embryos within each clutch once the phenotype becomes visible igtiensive and may not be
possible if the associated phenotype is not visibly apparent.

Lastly, while lethality due toOf-w mutation was not expected, it is not wholly
unprecedentedKhanet al.2017)showed that in the mothelicoverpa armigerapssof-function
mutations ofwhiteare also homozygous lethal. Tnibolium castaneuman RNAI screen of ABC
transporters showed that knockdown of another member of the G subfamily (which includes
white), T-ABCGA4C, resulted in embryonic mortality and a decrease in lipid transport to the

epicuticle and elsewhere in injected larv@soehanet al. 2013) In the heteropterahygus
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hesperugfamily: Miridae), knockdown ofwvhite by RNAI resulted in cuticular and behavioral
defects. Yet in another more distantly related hemiptefdilgparvata lugens (family:
Delphacidag)CRISPR/Cas9nduced mutation resulted in viabdnite mutantg(Xue et al.2018)
It is interesting to note that even Drosophila, mutation of white is not without fitness
consequencegXiao et al. 2017)showed thatvhite is involved in mating success, in a manner
independent of its role in eye pigmentation. WAsiyed flies with a mutant copy wfhite showed
reduced mating success compared to-wyjifzk flies, while whiteeyed flies with a wiletype copy
of white (w+; cn, bw)showed no such decrease.

Although generating a whiteyedOncopeltusstrain may not be as simple as mutating one
gene, it is certainly possible. Indeed, when mutants heterozygous at the aforemeationidb
loci were crossed, thee” ; wb” offspring had white eyefLawrence 1970)Thus, instead of
knocking outwhite,which is critical to both the ommochrome and pteridine pathways, the situation
in Oncopeltuss likely similar to that inHelicoverpa armigeraln this speciesa white mutation
was likewise found to be homozygous letfidtanet al.2017) However, whiteeyed moths were
produced when individuals were homozygous for mutations atktfterown paralog, thus likely
part of the pteridine pathway, responsibde production of red pigments) arstarlet (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 inOncopeltusafter first investigating gene function by RNAI to rule out lethality or
other unexpeted phenotypes. The present study shows not only the efficiency of both CRISPR
mutagenesis and RNAIi @ncopeltusbut 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/Casthduced mutation presented here suggest that homdalioggted
repair events may likewise be a viable strategy in this species. Rather theatiggressof-
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 othagenetic model systems affirm the advage of producing visible mutations. Our
studies showed th&incopeltusCRISPR/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 andacbtdd le

the identification of multiple markers useful in this model system.
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Chapter 3Genome editing of theermilionlocus generates a visible eye
color marker folOncopeltus fasciatus

This research presentedtims chaptewasa collaborative effort between myself and Minh
Lé. It waspublishedin 2023 inScientific Reportsyolume 13, article number 4188. Additionally,
| will present some follomu p wor k i n this chaptero6s addendur
publication. The addendum describes two attempts to rescue one@f\kemilion 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 ngsetiment.

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 oDrosophilagenetics.Oncopeltus fasciatus an emerging model for hemimetabolous
insects, a member of the pierciagcking feeding order Hemiptera, that includes pests and disease
vectors. To identify candidate visible markers @@r fasciatus we used parental and nymphal
RNAI to identify genes that altereglye or body color while having no deleterious effects on
viability. We selectedOf-vermilion for CRISPR/Cas9 genome editing, generating three
independent losef-function mutant lines. These studies mapp@fvermilion to the X
chromosome, the first assignment of a gene to a chromosome in this s@deiesmilion
homozygotes have bright red, rather than black, eyes and are fully viable and fertile. We used these
mutants to verify a role foOf-xdhl, ortholog of Drosophila rosy in contributing to red
pigmentation after RNAI. Rather than witgpe-like red bodies, bugs lacking botkrmilionand

xdh1have bright yellow bodies, suggesting that ommochromes and pteridines contriute to
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fasciatusbody color. Our studies generated the first gemsed visible marker fdD. fasciatus

and expanded the genetic toolkit for this model system.

3.2Introduction

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 appraadbeassess 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 settingsallow for molecular genetic analyses. Most
studies of insects to date have focused on the holometabolous insects, including beetles, butterflies
and flies, withDrosophila melanogasteamong the most powerful genetic model systems. As a
close outgroup to holometabolous insects, the order Hemiptera comp8B@&¥0 described
species(Stork 2018)that share a piercirgucking mode of feeding but which are otherwise
enormously diverse (reviewed (Ranfilio and Angelini 2018; Jockusch and Fisher 2P2This
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 disea@¢unesdaFonsecat al.2017; Pachecet al.2022) The milkweed bug
Oncopeltus fasciatus (Ofy 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 mutageng@gsigihes and Kaufman 2000; Chipman 2017;
Panfilio et al. 2019b; Reding and Pick 2020However, lacking for this species and Hemiptera

more broadly are visible markers that are needed to pursue more rigeratis studies.

73



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 variationdy lor 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@fosophilagenetic§Morgan 1910; Sturtevant 1932t
that time, studies of eye color mutants from
geneone enzyme hypothesiso and established an
synthesis of insect pigmeniBeadle and Ephrussi 1936a; b, 1937; Ephrussi and Beadle 1937a; b;
Ephrussi 1942)Body color in some insects is based on melanin (reviewgdfo p ad i | anc
Tsitlakidou 2021). However, the brightly colored eye and body colors of many insects are
comprised of two other pigment types: ommochromes (named from the @Greeé- eye, and
khroma- color) which derive from tryptophan; and pteridines (named for the (teedni wing,
based on their first identification frothe orange, yellow and white colors in the wings of Pieridae
butterflies (se€Ziegler and Harmsen 1970yhich are derived from GTP. Overall, ommochrome
pigments are in the brown range, with mutations generatingoredhite-eyed insects, while
pteridines range from bright red to yellow, with mutations often leading to loss of body
pigmentation and browayes (reviewed ifKikkawa 1941; Summerst al. 1982). Biosynthetic
pathways leading to ommochrome pigments include products ddatineoisin(kar), vermilion
(v), cinnabar(cn) andcardinal (cd) genegSullivanet al.1973; Ryall and Howells 1974; Howells
et al.1977)(recently reviewedFigon and Casas 20)9yvhile biosynthesis of pteridine pigments
requires gene products ptinch (pu)andpurple (pr) and includes additional enzymatic steps,
such as the product odsy (ry)which encodes xanthine dehydrogenase, to generate a variety of

colors(Ziegler and Harmsen 1970; Reausteal. 1991)(recent review(Kim et al. 2013a). For
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each pathway, specific transporters are required for pigment dep@¢Bitvart and Howells 1998)
The genesvhite (w), scarlet (stiandbrown (bw)are closely related and comprise a subfamily of
the ABGtransporterencoding genes, with White forming a heterodimer with Brown for pteridine
precursor transport, and with Scarlet for ommochrome precursor trafigpott 1987; Dreesen

et al. 1988; Tearleet al. 1989; Pepling and Mount 1990; Mackeneteal. 1999; Dermauw and
Van Leeuwen 2014)n Bombyx morianother member of this subfamilyk, was identified and
found to be most closely related Bmbrown; Bmok mutants display defects in uric acid
deposition in the larval epidermis resulting in a translucent(®enget al. 2013) Although no

ok ortholog was found in thBrosophilagenome, 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; Liet 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 orddBrent & Hull (2019)combined gene expression analysis
and RNAI to document the roles of five ommochrome pathway genes in eye color development in
Lygus hesperus (LKBrent and Hull 2019) Knockdown ofLh-bw suggested that the pteridine
pathway contributes to eye color white 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 compbremnéndLh-cd
are both involved in eye pigmentation, with-cn mutantsdisplaying sexspecific phenotypic
differences in adultgHeu et al. 2022) In the brown planthopperNilaparvata lugens
CRISPR/Cas9 genome editing suggestediiat and ommochrome pathway memibércn are

necessary for wild type eye col@fue et al.2018) Orthologs of ABC transporter gengsstand
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ok as well as ommochrome pathway membemwvere identified in the kissing bughodnius
prolixus (Rpro) and their roles in pigmentation tested with RNBeérniet al.2022) Interestingly,
nymphal RNAi (nRNAI) knockdown oRpro-cn resulted in animals with reddish, rather than
black, ommatidia, but parental RNAi (pRNAI) caused lethality {mbsdd meal in first instars.

This suggests thBpro-cn gene is required for functions other than eye color, making it a poor
candidate for a visible marker gene. Transporter knockdown revealed a rd¥primst in
ommochrome deposition in eyes, with newly added ommatidia displaying bright red color similar
to that seen aftdRpro-cn nymphal RNAI, and folRpro-w, which also impacted viability, but no
change in eye color was observed after knockdown of et@tholog. However, subtle changes

in body pigmentation were noted after knockdowRpfo-stor either of the tw&pro-okparalogs,
suggesting roles for both types of pigment in body color. Results from an extensive study of
pigmentationarelated genes in several water strider spe\srgasLowman 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 eith@r or st in Limnogonus franciscanugroducing
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. Orthologgwpfvere examined in several species where it is expressed
and functions in both body dreye pigmentation.

O. fasciatusvas one of the first hemipterans for which genetic approaches were taken to
studypigmentation/Abbott 1968; Smissman and Orme 1969; Lawrence 197Bjough an EMS
mutagenesis screen, Lawrence and coworkers identified genes impacting both pteridine and
ommochrome pathways. One mutatiamjte 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 duringembryogenesi@-orrestet al. 1966) Converselyred 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 disruptedyb; re/remutants 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 malte recruited from cells of nearby epiderrt&helton and
Lawerence 1974)After transplanting eyproximal epidermal tissue from wild type nymphs into
the corresponding region wfb/wb; re/remutants, 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 gene®irfasciatusvas carried out by Li(Liu 2016)
Separate analyses of ommochrome pathway germesandst, and pteridine pathway genew,
pu, pr, as well asvsuggested roles for both pigment type®irfasciatusoloration. 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 mutant of Lawrence. Recently, RNAi knockdown
demonstrated a role f@f-red Malpighian Tubulegred) 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
pathwayqFrancescuttet al. 2022)

In our first attempt to generate a visible eye color markeOfofasciatus we chose to

target Of-w, given its historic use as a visible mark&@reen 201Q) While that approach
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established CRISPR/Cas9 mutagenesisdorfasciatus we were surprised to find lethality in
animals homozygous favhitenull alleles, althouglwv had been shown to be required for viability

in the mothHelicoverpa armigergKhanet al.2017)and more recently ih. hesperugHeuet 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 6f-v in eye color(Liu 2016; Francescutet al. 2022)and
identified a novel role of th®f-xdh'ry gene in body color. We generated three indeper@ent

null mutations, each of which has been maintained in lab colony for multiple generations without
discernable impact on development. ThO$y 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
3.3.10. fasciatusearing

An O. fasciatuswild type population was maintained at room temperature2ff) 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 a29°C and 75% relative humidity, which appeared to promote diskas@er
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 weredaw\as food. Single crosses were
performed either usinBrosophilavials as describefReding and Pick 202@yr using one gallon

plastic storage containers.
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3.3.2Gene isolation

To identify theO. fasciaturtholog ofv,a BLAST search against ti fasciatusfficial
gene set (OGYPanfilio et al.2019b)was conducted using tliEmelv amino acid sequence as a
guery. Only one hit had anwalue less than 1.4, that of OFAS025214vdkie = 2el29),
suggesting that there is only o@d-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 orthologs. The OFAS025214 gene model clustered with_tlesv, the only
other heteropteranortholog included in this analysis, suggesting that OFAS0252 hdleed the
Of-vortholog To identify theOf-xdhortholog, theD. fasciatu$OGS was input into BLAST using
theDmelry amino acid sequence as query. Several hits had signifiseties, so sequences for
all gene models with-ealues below 8&1 were collected and subjected to phylogenetic analysis.
The resulting gene tree showed two gene méd€lIBAS027123 and OFAS01381 X lustering
with other inseckdh/ryorthologs, whereas the remaini@gfasciatuggene models clustered with
Dmelaox, which was included in the analysis an outgroup, suggesting that there aDé-xdb
paralogs. The. fasciatusorthologs ofst, okl,andok2 were analyzed previouslReding and
Pick 2020) Primers to all sequences were designed basé€dl fasciatuggenome sequence (see
Appendix B. ForOf-v, we amplified the coding DNA sequence using primers 30 and 31, and the
PCR product was blurgnd ligated into Smatut pUC19, and subsequently Sanger sequenced.
We Sanger sequenced fragments from all other genes spanning the two dsRNA teRiglates (
3-2), except forOf-xdh2.For this gene model (OFAS013815), we were able to amplify twe non
overlapping fragments, but we were not able to amplify arfeag 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 o¥ and xdh orthologs

Phylogenetic trees of Ajermilion orthologs and Bxdh/ry-related genes. Posterior probabilities

displayed at tree nodes. A) OFAS025214 is most closely related to another heteroptehatog,
which in turn forms a clade with other inseagenes. B) OFAS027123 and OFAS013815 cluster
other inseckdhorthologs, suggesting they are batthorthologs.

3.3.3Phylogenetic analysis

To construct gene trees, amino acid sequences were aligned in MEf&dlbwed by
phylogenetic inference using MrBayes 3.(Rbnquist and Huelsenbeck 200@)hin the TOPALI
v2.5 frameworKMilne et al.2009)with the following parameters: runs = 2, generations = 100000,

sample freq. = 10, burnin=25%. Tree formatting was done in MEGA X 1&KarBaret al.2018)

3.3.4Doublestranded RNA (dsRNA) synthesis

All dsRNA templates were PGBmplified using Q5 higtfidelity DNA polymerase (NEB)

from O. fasciatudirst instar complementary DNA (cDNA). In some cases, this PCR product was
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inserted into the pGEM-€asy vector before dsRNA synthesis, while in others the PCR product
was used directly as template for dsSRNA synthesis. A dsRNA template tarngetiogfp (tGFP)

was amplified from plasmid pBac[3xH3¥sRed; UASTc'hsp_ptGFR-SV40] (Addgene 86453)

for use as a negative control. All primers used to amplify dsRNA templates have T7 RNA
pol ymerase promoter sequences at eamhsimgé end
reaction. PCR products were used as templates in an RaA&ctiption reaction using the
MEGAscript T7 Transcription kit (Invitrogen) at 37°C overnight. 1 ulpgdabvided 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 tho 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 gen®&xcept

v andtGFP,two nonroverlapping dsRNAs were made (denoted dsRNA A arfddire 32). All

primer sequences are listedAppendix B

A.OFy I-Il.--l-

6. orxan2 [N NN NN N N N v v

. orxan ||V D NN NI N N v

D. O-ok1 -II-II--II--II-

eooc  ENEN NN NN

roorst NN N N I N O

= =100 bp

Figure 3-2. Gene diagrams

Exons of coding DNA sequence are shown in dark blue. Fragments used to synthesize dsRNAs ¢
below the exons, in black. In all cases exe@fpt, two nonoverlapping dsRNA® A and B were used
per gene. Regions shown in gray below the exons are fragments that were Sanger sequenced in
of this study. AOf-v,wi t h parti al 566UTR shown in the f
in the second exon (arrowhead).®}xdh2,C) Of-xdh1,D) Of-ok1,E) Of-o0k2,F) Of-st.
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3.3.5Parental RNA interference (pRNAI)

For pRNAI, each dsRNA was diluted to 5 uM in injection buffer (5 mM KCI, 0.1 mM
phosphatduffer pH 6.8) with green food coloring (McCormick) diluted 1:50. Each adult female
was injected with 3 ul injection mix between tieahd 3" 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 ilDeosophilavial supplied with raw sunflower
seeds, damp cotton as a source of watet,dap 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 everglay, and photographed within 24 h of hatching or molting to the next instar, after
melanin depositiorf-or Of-xdh1+xdh2and Of-ok1+ok2double 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 initialxdh1knockdown experiment produced a subtle phenotype, we carried out
a blind experiment to ensure that this phenotype was indeed ddbl&nockdown and not to
lighter colored variants in our population. In this experiment, phenotypes of offspi@fegxdhl
or gfp dsRNAinjected 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 orgfp dsRNA (as described ab®). 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 additionallatch of embryos was placed irDmosophilavial provided with sunflower seeds
and damp cotton and incubated at 25°C for approximately 7 days until hatching. Nymphs were

allowed to molt into instar as we had noticed the lighter coloration seenaftdrknockdown
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is more apparent at this stage. Each researcher selectgfpJRNAI and 1000f-xdh1pRNAI

nymphs derived from their independent injections and placed each nymph in a tube labeled with a
random number from 1 to 200. Each researcher
nymphs to score on apbint scale from light orange tark 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 asilom 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.

3.3.6Nymphal RNA interference (nRNAI)

For nRNAI, 4" 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 tHednd &' 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 td'nstar and/or adulthood.

3.3.7CRISPR/Cas9 mutagenesis of@frmilion

The Of-v exon 2 sequence was submitted to CHOPCH@#identify potential gRNA
target sites. Each of the suggested gRNAs was aligned @ fasciatuggenome assembly using
blastn-task blastrshort, 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 th@fv exon 2. This gRNA was synthesized in vitro

following the recommendations bftps://www.crisprflydesign.org/grnatranscriptioBfiefly, the

gRNA sequence was introduced using primer 24, which was used with primer 23 to amplify a
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gRNA scaffold sequence in plasmid pCF@P3rtet 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 fontis at 37°C. The RNA was purified using the Monarch
RNA Cleanup kit (NEB). To form ribonucleoprotein complexes prior to injectiorQthegRNA

was diluted in injection buffer (5 mM KCI, 0.1 mM phosphitdfer pH 6.8) and heated to 70°C

for 2 min, thentransferred to ice. Cad9LS protein (PNA Bio) was added to the gRNA and
incubated at room temperature for 5 min. The final injection mix contained 800fgdRNA,

300 ng/ul Cas9 protein, and green food coloring (McCormick) diluted 1:50. Embryo injection was
performed as described in Reding and Pick (2020). Bri€flyfasciatueembryos 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 -t RAEL using a Narishige IMI00
microinjector attached to a micromanipulator. Sheets of injected embryos were moved to petri

dishes and allowed to develop at 25°C until hatching.

3.3.8Heteroduplex mobility assay

When sampling Binstar or adult bugs, genomic DNA was prepared as descrijetbior
and Engels 1991gxcept 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 squistierg buf
Primers 25 and 26 were used to amplify a 581 bp fragment arOfedexon 2, and the
heteroduplex mobility assay was performed following standard me{Bdddtacharya and Van

Meir 2019; Reding and Pick 2020)
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3.3.9Crosses to establish homozyg@fsv lines

All GOs were inspected as young adults or last instar nymphs to identify mosaic animals,
reflecting biallelic gene targeting events. As described in the Results, GOs with at least one red
eye were selected and allowed to mate with each other. All G1lswathed eye$ presumably
homozygous foOf-v mutationi were selected to establish a heteroall®liw mutant population.
Five G2 redeyed males drawn from this population were each crossed to threypeldirgins
(Figure 37i). A heteroduplex mobily 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
obseved 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 thdtv is X-linked. Crosses pceeded as described in the
Results and illustrated lRigure 36B. To characterize each | ineods
isolated as described above from two individuals per fe; exon 2 was independently PER

amplified from each sample using primers 25 and 26, and PCR products were Sanger sequenced.

3.3.10SecondOf-v CRISPR experiment

Wild type embryos were injected with 300 ng/ul Cas9 protein (PNA Bio), 500 ng/ul
pBac[3XxP3EGFP;Tc'hsp5Gal4Delta3'UTR] (Addgene #86449), 80 ng/ul of ti@f-v gRNA
described above (see nN@RMER) CaaBd mBO0agghesi S
designed to target the ampicillin resistance gene of the injected plasmid fom€dsRed
linearization. ThisAmpRgRNA was synthesized in vitro as described above foOfhegRNA,

except that primers 23 and 28ppendix B were used to amplify the gRNemplate. Thé&mpR
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gRNA was injected to allow whole plasmid integration through-imamologous end joining at
the Of-v locus, potentially tagging a@f-v mutation with a 3xP3egfpfluorescent eye marker.

The phenotypes of adult GOs were recorded, before being crosséditgins. 99 GO
crosses were set up; 30 GOs either died before mating or were infertile. G1s were CO
anaesthetized and the eye phenotype of each was characterizedtggewiio 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 G offspring, suggesting that either no
plasmid incorporation occurred or that the redrcin eye pigmentation i@f-v mutants is not
sufficient to allow GFP visualization. Germline mutation rate was differentially calculated for GO
males and GO females, since mal@1 offspring of male GOs obtained their mutaatlele from
theirv mothers, and thus are not informativesofutations that may have occurred in the paternal
germline. Germline mutation rate for male GOs was calculated as the numbientdle G1s /

(total G1si v male G1s); for GO females the calculation wa&%ls / total G§.

3.4Results

3.4.1RNAI targetingok paralogs fails to reveal clear role in pigmentation

We first investigated two components of the pteridine pigment pathway: two previously
identifiedok orthologs in the. fasciatuggenomgReding and Pick 2020%ince thek subfamily
of ABC transporteencoding genes is most closely related tohtteevn subfamilyy (Wanget al.
2013) which is required for pteridine pigment transport in many insects (Introduction), ti@. two
fasciatus okparalogs are good candidates for pteridine transport in this species. To evaluate the
roles of these paralogs . fasciatugppigmentation, we designed two nrorerlapping dsRNAs

per gene. Followin@f-ok1pRNAI, no difference in eye or body color iff dr 2" instar nymphs
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was observed compared gfp controls Figure 33 A-B). Following Of-ok2 pRNAI, very few
embryos hatched despite appearing fully developed. Only 0.87% of embryos hatched following
pRNAI with dsRNAA (n=344), and 4.96% hatched after pRNAi using dsRBIAn=262),
compared with an average hatch rate of 91.52% (n=544 across [ticates) forgfp controls

(Table 31). Coinjection of bothOf-ok1 and Of-ok2 dsRNA produced intermediate hatch rates
(Table 31), butno change in coloration of hatched nymphs was observed. Furthermore, nRNAI
knockdown ofOf-ok1on 4" instar nymph yieled no discernible change in eye or body coloration

in either 3" instar nymphs or adultsFigure 33G) compared tayfp dsRNA-injected controls
(Figure 33F). In sum, despite being strong candidates for involvement in pteridine pigment
transport inO. fasciatuswe 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 pPRNAI experiments.

Gene(s) dsRNA | dsRNA concentration| Analyzed # Hatch Hatch rate (%)
(um) (n)
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 + Ofok2 A 2.5 each 327 155 47.40
Of-ok1 + Ofok2 B 5each 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

87



Of-xdh2 B 5 189 188 99.47
Ofxdhl + Ofxdh2 | A 2.5 each 127 113 88.98
Ofxdh1 + Ofxdh2 B 5 each 87 76 87.36

gfp (V mut) A 5 255 255 100.00

3.42 xdhlcontributes to body pigmentation @ fasciatus

In Drosophila,rosy(ry) mutants display dark red ey@®eaumeet al.1991)resulting from
mutation of thexanthine dehydrogenaggne, a component of the pteridine pathway. To further
investigate potential components of thefasciatugpteridine pathway, we used pRNAI to assess
the functions of theOf-xanthine dehydrogenase (xdajtholog . BLAST searches of the.
fasciatusofficial gene set (OGS) followed by phylogenetic analy&igre 31) revealed two
orthologs ofDmelry, which we refer to a®f-xdh1(OFAS027123andOf-xdh2(OFAS013815)
(Figure 31, S2) However, as wavere unable to amplify the region encompassing both dsRNA
templates oDf-xdh2from cDNA, it is possible the OFAS013815 gene model encodes more than
one transcript (see Methods for more detail). Knockdowdfofdh1by pRNAI produced nymphs
with slightly lighter body coloration thagfp®RNA' nymphs, appearing yelloarange rather than
red Figure 33A,C). This difference was most discernible by tAgi@star Figure 33Cii), likely
because the compaction of the body in newly hatcFiémsiar nymphs obsces slight differences
in pigmentation Figure 33Ci). The body color change persisted through the third and fourth
nymphal instars RKigure 33Ciii-iv). However, following Of-xdh2 pRNAI, no clear change in
pigmentation relative tgfp controls was observed at any instar, although a marginal decrease in
red body color intensity cannot be ruled deig(re 33D). Simultaneous knockdown of bo@i-
xdhland Of-xdh2resulted in nymphs with yellowrange coloration indistinguishable from the
Of-xdh1single knockdownKigure 33E). The yelloworange phenotype observed affdrxdhl

PRNAI persisted from St to 4" instar Figure 33c). However, somef-xdhl dsRNAtreated
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nymphs appeared wild type by the fourth instar, indicating that the RNAI effect waned over time
in some individuals.

Since wehave noticed variation in body coloration within @urfasciatudab population
and wanted to ensure that the lighter body coloration observecxaiftepRNAI was indeed due
to specific knockdown of this gene and not lighter variants already present in the population, we
performed another round @ff-xdh1pRNAI to be scored according to a singlend protocol. In
this experiment, adults were injected with eithgy or Of-xdh1dsRNA by one researcher, and
second instar offspring from both treants 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 gdmnir scale (yelloworange, orange,
orangered, orred). Of 188yfp pRNAI offspring scored, 97.8% were scored as oraegdeor red;
just 4 (2%) were scored as orange. Of 193 scOfedh1pRNAI bugs scored, none were scored
as red, just one (0.5%) was scored as oraedeand 99.4% were scored as yelorange or
orange.Thus, Of-xdhl knockdown produced a definitive and consistent reduction in body
pigmentation outside the range of variation in seen in wild type populabeesall, these results
demonstrate thabf-xdhlis required for dark red pigments in t@e fasciatusbody, 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-xdhlon eyecolor.
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Figure 3-3. RNAI targeting pteridine synthesis pathway inOncopeltus

i& %: ok1

Photos of nymphs and adults, as indicaf@dl.Offspring of females injected withgfp dsRNA control
exhibit wild type phenotypes at (i) first, (ii) second, (iii) third, and (iv) fourth instars. (B) Offsprir
females injected witldf-ok1 dsRNA were indistinguishable from controls. pRNAi knockdown of

Of-xdhl, (D) Of-xdh 2 or (E) Of-xdh 1andOf-xdh 2 Knockdown ofOf-xdh 1caused a lightening ¢
body color from red (A) to yellovorange, particular evident in second through fourth instarsy(C
Eii-iv). (F-G) Nymphal RNAi. The eye color of last instar nymphs and adults are simdantrols (Fi,
i) and after nARNAY (Gi, ii).

3.4.30f-v andOf-stare required for brown pigmentation in adult compound eyes

We next investigated roles of genes expected to function in ommochrome pigmentation
pathways. The tryptophan 2¢dBoxygenasecoding genevermilion (v) and ABC transporter
encoding genescarlet (st) are involved in ommochrome pigment synthesis and transport in
Drosophilaand other insects (see Introduction). Furthermore, previous work showed that RNAI
targeting eitheOf-v or Of-st results in loss of dark brown pigmentation in the ey@s 2016;

Francescuttet al.2022) We employed both pRNAI and nRNAI to assess the functionaoidst
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in O. fasciatus Following pRNAI targeting eithe©Of-v or Of-st, no change in eye or body
coloration was observed relative tfp controls in # or 2" instar nymphs (Figure 2&).
However, nRNAI targetin@f-v or Of-stin 4™ instar nymphs resulted in a loss of brown pigments

at the medial edge of the compound eyesiinStar nymphsKigure 34Ei,Fi). The effect was

even more pronounced after individuals molted to adulthéagli(e 34Eii, 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 knockdowrQ#v or Of-stwas observed. In short,

Of-v andOf-stboth 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 eitheed€able 31), making

these genes good candidates for use as eye color markers in this species.

PRNAI NRNAI

1st 2nd 5th Adult
A\

gfo

Of-v

Of-st ﬁ

Figure 3-4. RNAIi knockdown of ommochrome pathway gene®f-st and Of-v results in loss of
brown eye pigmentation

Photos of nymphs and adults, as indicated. (A) Offspring of females injected gfftllsRNA control
exhibit wild type phenotypes at first (i), second (ii) instars. Offspring of females injected wi®f{B
dsRNA or (C)Of-st dsRNA. Fourth instar nymphs were injected with @9, (E) Of-v, or (F) Of-st
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dsRNA, shown after molting to fifth instar (i) and adulthood (ii). While dsRNA-treated individuals
display wild type black eyes, those treated with ei®iev or Of-st dSRNA display clear loss of brow
eye pigment in the new ommatidia along the medial border of the adult compound eye (t
arrowheads).

3.44 Lossof-function redeyedOf-vermilionmutants are viable

Given that RNAI knockdown oOf-v did not appear to negatively impact viability or
fertility, we chose itas a candidate for generating a stable eye color marker. fasciatusWe
used CRISPR/Cas9 to generate @iv null mutant, with tools we developed previously for
mutagenesis i®. fasciatugReding and Pick 2020We designed a single guide RNA (sgRNA)
to direct Cas9 to a site within exon 2 ©@f-v (Figure 36A arrowhead; see Methods). Of 1177
embryos injected witlf-v gRNA and Cas9 protein, 779 (66%) hatched. Since it takes at minimum
four months from the time o00. fasciatusembryo injection to generation of homozygous
individuals when reared at 25°C, we sought to increase the developmental rate by rearing the GOs
at 29°C and 75% relative humidity. At their final nymphal instar, we observed an unusually high
number of dead GO nymphs, all of which had swollen black abdomens, a presentation we had not
previously seen in our lab populatioriggure 35). While we cannot be sure of the cause, the
symptoms we observed closely matched those described for a dis€adasifiatugpopulations
infected with the bacteriuirBseudomonas aeruginogaorn 1976) namely: paralysis, darkening
of the body, bad smell, and very quick death following the onset of symptoms. The disease caused
by P. aeruginosavas likewise associated with populations raised at high temperature (30°C) and

humidity.
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Figure 3-5. Disease presentation i©. fasciatuspopulation

A) Individuals at different stages of disease. i) An infected individual showing signs of paralysis
yet displaying spots of melanin; ii) Andividual with many spots of melanin on the ventral side of
abdomen; iii) The entire body has darkened in an individual showing a more advanced stag
disease. B) Closap of individual shown in Aii. Arrowheads point to spots of melanin. C) C
individuals found with blackened, distended abdomens.

The eyes of healthy GOs, sequestered from the diseased population, were inspected for the
expected reetyed mosaic phenotype, which would result from biallelic hits in the injected
animals. Mosaicism was observed in many individuals. In our efforts tdeqmbtentially infected
bugs from the rest of oW. fasciatudab population, we were unable to tabulate the frequencies
of GO phenotypes. Rather, all GOs with aegéd mosaic phenotype were allowed to mate to each
other, producing many reelyed G1s, Wich were selected and maintained as a heteroalkéhc

mutant population.

3.45 Of-vermilionX-linkage and establishment of homozygous lines
Having established a population of feged mutant bugs with many differentmutant
alleles, we sought to establish singliele homozygous lines. Five G2 males, offspring of the red

eyed G1 heteroalleli©f-v stock described above, were individually outcrossed to wild type virgins
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( Af oun d e Figue B68)sVehersfaunder offspring reached tHeiBstar 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 crogssis®ved the presence

of a mutant allele, while no malarmsples produced heteroduplex bands, consistentQ#thX-
linkage Figure 36Bii). To test for Xlinkage, a single redyed virgin female from the
heteroallelicOf-v population was agrossed to a wikdype 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 wiliype black eyes, and all male offspring (30/30) were found to
havered eyes, consistent with-likage (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 malesKigure 36Biii). All of these crosses produced both+add blackeyed G4 male
progeny Figure 36Biv). Redeyed males and all females from each cross were selected and
crossed to each other. Finally, the G5-egéd progeny were selected to produce homozygous
lines Figure 36Bv).

From the original five founder crosses, three homozygOfis mutant lines were
establishedv?, v, andv*. Sequencing aDf-v exon 2 from each line showed all three alleles result
in premature stop codons within exonR2glure 36Aii, red dots;Figure 36C). The wild typeOf-

v allele has a 1167 bp long coding DNA sequence (CDS). Altdlas a single guanine insertion

at the expected doubktranded break (DSB) site, causing a frameshift and introduction of a stop
codon at position 87 of the CDS&i¢ure 3-6Ci). Allele v® 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 36Cii). 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 88ywddsamples. As this locus is 61

bp away from the expected DSB site, this difference most likely represents a polymorphism present

= | AT P
A i N B EmE.
il v4 v3
v1
i. founder cross L
G2
cross 4 cross 5

i, R

RAcc BERE me- wEoE-
o =

e + ahil +
iii. G3 x"Ix X XY

xtix*

V. G4 Red-eyed males and all
females selected
v. G5
E E E E Red-eyes males (1/4) and
red-eyed females (1/4)

selected
. WT  TTGCAGATCTTCCGAGATCCAGAA-ATGTGEAGNGCAANGTGEAATGL TGTATGGGEATTACCTCCANC TTGACARAATA
C l. v1 TT6CAGATCTTCCGAGATCCAGAAGATGT GEAGAGCAAAGTGGAATEE TGTATGEGGAT TACC TCCAAC TTGACARAATA

=« WT  TTGCAGATCTTCCGAGATCCAGAAATGTCGAGAGLAAAGTGGAATGLTGTATGEGEAT TACCTCCAALT TRACAAAATACTGAAGE
Il. v3 TTGCAGATCTTCCGAGATCC---------- AGAGCAMAGTGEAATGC T GTATGEGEAT TACCTCCAAC TTGAC AAAATACTGRAGG

s=e WT  TTGCAGATCTTCCGAGATCCAGA- - --- - AATGTGGAGAGCAMAGTGGAATGETGTATGGGGEATTACCTCCAACTTGACAAAATACTGAAGG
Il. vd  TTGCAGATCTTCOGAGATCCAGATCTCCT AATGTGGAGAGCANAGTIEGANTGC TG TATGGGGATTACC TCCANC TTGACAAAATAC TGAAGE

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 dstridleded break (arrowhead)@f

vexon 2. (iYOf-v gene structure, with coding DNA sequence shown in dark blue and untranslated
shown in light gray. (ii) Premature stop codons found in exon 2 of all mutant alleles. (B) Crossing
to generate homozygous lines from a heteroali@ie mutant stock. (i) Five single crosses were se
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between a single reglyedOf-v G2 male founder (derived from the heteroall€itv population) and
three wildtype virgin females. (ii)Of-v exon 2 was amplified from genomic DNA isolated from -
progeny of these crosses and a heteroduplex mobility assay performed; all females gave
heteroduplex bands, while no heteroduplex bands were found in male samples, consistefav Wit
linkage; (iii) One G3 female offspring from each founder cross was mated with one or more wi
males; (iv) Male Gaffspring had either red or black eyes, while all female G4s had black eyes.-A
eyed males were selected to mate with female siblings; (v) In the G5, -ayeddnales and reslyed
virgin females were selected to establish a homozygous lines. Teetedmenotypes and phenotyy
are shown in their expected proportions. (C) Alignment between theywpikdf-v allele and the thre
mutant alleles for which homozygous lines were successfully establishdtis a single nucleotid
insertion at the precked doublestranded break site (%, which has a 10 bp deletion (ii), avtl which
has a 6 bp insertion. Insertions or deletions, blue. Reading frame, light gray boxes. Introduc
codons, red boxes. PAM site, underline.

in the GO individual before Cas9 cleavage. AlMl@as a 6 bp (TC|TCCIT) insertion immediately
before AA Figure 36Ciii), resulting in a TAA stop codon at that siteéqure 36Ciii, red box).

All sequences are listed in Appendix C.

3.46 ScoringOf-v mutants for use as genetic tool

All three Of-v mutant lines are viable and fertile, maki@fv useful as an eye color marker
for this species. To determine at which instarsQi® mutant phenotype can reliably be scored,
we photographed individuals from each of our tf®&®& mutant lines at every nymphal instar and
as adults to document and compare the phenotype taypigdbugs over the lifespan. During the
first instar Eigure 37A), the Of-v lines are almost indistinguishable from wild type, though the
body color of Of-v mutants is slightly lighter Rigure 37Ai, dorsal view; ii, lateral view).
Consistent with pRNAI results, the eye color of wild type first instar nymphs ®ewoty different
from that of theOf-v lines Figure 37Aiii -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 37Biii) and Of-v mutant linestigure 37Biv-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 subsequenthigiaes3(/C-E). In
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adulthood, male and femafgf-v mutants have bright red compound eyes in stark contrast to the
black eyes of wild type adult&igure 37F, G). Overall, we noticed no differences in phenotype
between the thre®f-v strains. We have maintained eddfv 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 foQth&asciatusresearch

community for transgenesis anther genetic manipulations.

Table 32. Somatic and germline mutation rates observed in secon®f-v CRISPR
experiment.

GO phenotype Number Percent of all Mean germline SEM germline
GOs mutation rate 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 init@-v CRISPR experiment. To determine basic statistics of
CRISPR/Cas9 efficiency and germline mutation rates, we conducted a second rdDihd of
CRISPR injections, making use of our n®fv mutant lines for crosse&igure 38). Wild type
embryos were injected with Cas9 protein an@&wm gRNA as described above. We characterized
the phenotype of mosaic GOs, and crossed thegevtogins. G1 offspring from each cross were

then analyzed for red or black eyes. We observed a progressive increase in germline mutation rates

97



with the severity of somatic knockout seen in the mosaic GOs. GOs that appeared wild type
produced a germline mutation rate of 66.18+9.12%, while GOs with one red eye had a germline
mutation rate of 74.56+£9.37%, and those with two red eyes had a ratelb£933% Table 3

2). Importantly, these results suggest thav co-mutation may be a helpful strategy to concentrate
screening efforts when trying to isolate nasible mutations at other loci.

VLLRVARVERYZ
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Figure 3-7. Phenotypes of homozygou®f-v lines across lifespan

Photographs of whole animals or heads of different individuals are showrGn(A) First instar
nymphs, (B) Second instar nymphs, (C) Third instar nymphs, (D) Fourth instar nymphs, (E) Fiftl
nymphs, (F) Adult females, (G) Adult males. (i.) Dorsal view of each genotype in the following

vWT VL V3 VA (ii.) Lateral view of each genotype in the same order as shown imvi.XiGloseup view
of right compound eye from individuals shown {in, iwith genotypes indicated at top. Witgpe andv

phenotypes are essentially indistinguishable during the first instar (A), but differencdsratico
become apparent as witdpe eyes darken by the second instar (B), whdempound eyes remain re
for the rest of nymphal developmentK} and appear bright red in adults@&.
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Figure 3-8. SecondOf-v CRISPR

A) Experimental workflow for secon®f-v CRISPR/Cas9 injections. i.) A gRNA targeti@y-v and
Cas9 protein were injected into witdpe embryos. ii.) Each GO individual was phenotypically score
wild-type, having one red eye, or two red eyes before being crossed wrgin of the opposite sex
ii.) All progeny were scored by eyeolor phenotype and sex in order to calculate germline muti
rates. B) A phenotypically mosaic GO individual with one red eye and one black eye.

3.47 xdhlknockdown inv® mutant produces bright yellow body color

Given that we observed a lighter body color a®@é&xdh1pRNAI (Figure 33C) and after
Of-v mutation Figure 37A-C), we wondered if both genes might contribute to body pigmentation
in an additive manner. To test this, we perforr@éckdhl1pRNAI in anOf-v mutant background.
Of-\® females were injected with eith@f-xdh1 dsRNA orgfp dsRNA as a negative control.
Interestingly,v®;, Of-xdh1pRNAi offspring had bright yellow bodiegigure 39B), lighter than
the v® ; gfpP®NA' controls Figure 39A), and even lighter than the yellewange pigmentation

observed aftexdh1pRNAI knockdown in a wild type background (compar€igure 33C). Since

99



Of-v mutants do not synthesize ommochromes and thus have red eyes throughout the lifespan
(Figure 37), any effect ofOf-xdh1knockdown on eye color that may have been masked by the
presence of ommochromes in a wild type background should be more apparenOifavihe
background. However, no distinguishable effect of the knockdov@f-efeye pigmentation was
observed, consistent with our previous observation @fatdhl knockdown in a wildtype
background had no effect on eye pigmentation. The yellow Ipbeynotype was marginally
detectable intinstar nymphsKigure 39Bi) but was clear in"® instars Figure 39Bii) and lasted

until through the 4th instaf~{gure 39Biv). These results suggest that b@kv and Of-xdh1l
contribute independently 0. fasciatusbody coloration and th@f-xdhlwould be useful as a
visible body color marker fdD. fasciatus

v mutant background
gfo RNAI xdh1 RNAI

1st

2nd

3rd

4th

Figure 3-9. Of-xdh1 knockdown in Of-v® mutant background produces bright yellow body color

Offspring of \* mothers treated witlyfp (A) or Of-xdh1(B) dsRNA were observed at first (i), seco
(i), third (iii), and fourth (iv) instars. While the knockdown did not appear to produce an effect
eyes of pRNAiv 6ogf,f sbpordiyn g i (ginbe nt a Ofixdhhtreated indiviguals
resulting in a bright yellow color (Bv).
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3.5 Discussion

Here we have expanded the repertoire of genetic tools availabl®. féasciatus 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 enhancgsromoter construct, which can direct gengression in eyes, across a range
of phylogenetically diverse insediisorenzenet al.2002b) Combined with a fluorescent protein
encoding gene or rescue allele, this becomes a powerful tool for screenifigdoency genetic
events, including gene replacement using CRISPR/Cas9 or trangpesiated transgenesis.
Even in the absence of validdtgansgenes, pigmentation mutants are useful for tracking germline
mutation in the case of CRISPR/Cas9omversion, 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 bBadilglium castaneumwhere mutations
in ommochrome pathway genes generate wéytd animals, suggesting no role for pteridines in
eye color in that speci€kdmotoet al.2009; Kimet al.2014) Based on our previous experience
that lossof-function mutation oDf-w results in lethality to homozygotéReding and Pick 2020)
we prescreened candidate genes by RNAI before performing CRISPR/Cas9 mutagenesis. Similar
to previous work irD. fasciatugLiu 2016)andR. prolixus(Berniet al.2022) we did not observe
roles forOf-ok paralogs in eye pigmentation, but also observed no change in body pigmentation
following Of-ok1knockdown, in contrast to the functions of these gen&s prolixus However,
we did observe an unexpected role @ok2in embryonic viability. InBombyx moriwhereok

is involved in transporting uric acid to the larval epidermis, lmitland white mutants display
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translucent larval skin, leading Wang et al. (2013) to hypothesiz8that\White andBmorOk

form a heterodimer responsible for uric acid transport in this species. A similar heterodimer
forming betweerOfasWhite andOfasOk2 could explain the lethality seen here affdrok2

RNAI and afterOf-w mutation, perhaps resulting from the inability to transport waste products
like uric acid. Knockdown 0Of-xdh1d ortholog ofrosy,a gene required for pteridine pigment
synthesis irDrosophilad revealed a subtle bgonsistent change in body color, with loss of red
pigmentation, while no role was identified fof-xdh2 (Figure 33). Within the ommochrome
pathway, our studies confirmed rolesQ@iffst, encoding a putative ommochrome transporter, and
Of-v, encoding tryptophan 2@oxygenase, in eye coloFigure 34). Neither parental nor
nymphal RNAIi 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 nehomologous end joining i®f-v (Figure 36,4), each of which has
been maintained as a viable colony of bright-egdd homozygotes for multiple generations
without any apparent impact on viability or fertility. AsDmosophilg this gene is located on the
X-chromosome dD. fasciatugFigure 36). Thus, although the phenotype appears identical to that
of L a wreenatants,dhsy are not alielasre behaved as an autosomal receséiasvrence
1970) We further made use @if-v mutants to test the efficiency of CRISPR/Cas9 mutagenesis
in this species, showing that bugs exhibiting mosaicism in GO individuals had a 90% rate of
germline transmission, makir@f-v an excellent marker for eBRISPR. Finally, using RNAI to
knockdownOf-xdhlin Of-v homozygotes, we revealed a role for the ommochrome pathway in
body <col oration, as the body col orFigwef39t hese

compared to the yellowrange color 0Of-xhd RNA animak (Figure 33). Of-xdh1does not appear
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to be required for viability, making this another potentially us@fulasciatusnarker. In contrast

to our findings, studies in water striders suggested that ommochromes play no role in body
pigmentation but function only for eye colMargasLowmanet al.2019) Converselyrosyplays

roles in body and eye pigmentation in water strig€esgasLowmanet al.2019) but we found

it to function only in body coloration i®©. fasciatus These differences may reflect species

variation or stagspecific utilization of the different pathways, which remain to be examined.

3.6 Addendum: Attempts to rescuesermilion mutation by homology-directed repair

Genomic doublestranded break®SBs)can be repaired through two main pathways: the
northomologous end joining (NHEJ) pathway, in which the two genomic ends are ligated back
together, oftenintroducing insertions or deletionand the homologdirected 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 genomiarget (homology arms) on kédr 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 geneticséiowever, 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. IrD. fasciatusthis has allowed us to make frameshifting allelestute (Chapter
2), vermilion(Chapter 3)Blimp1(Chapter 4), angaired (AppendixJ), allowing us to study these

genesd6 functions in a rigorous manner .
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Evaluating the efficiency of HDR and optimizing a protocol for achieving reproducible
rates of HDR irO. fasciatusvould greatly improve its standing as an emerging model organism,
and allow us to perform many more types of genetic manipulations. NtdEded 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 locusiM@llow us to disrupt a gene by inserting a
dominant marker (se€@melBlimplmutation in Chapter 4). As we lack balancer chromosomes in
O. fasciatusmaintenance 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 ofproteindomains could be studied by making precise edits at the encoding genomic
locus without entirely disrupting gene function. Genes could be tagged with MS2ostesnolr
fluorescent protekencoding sequences for in vivo tracking of RNA and protein, respectively, or
tagged with an epitopencoding sequence for immunoprecipitation or antibody staining. An attP
site could be inserted in the genome to allow PhiC3gnasemediated 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 m@itekophila,
examples of successful HDR in nrorodel 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 stndidsch parameters for
consistent HDR have been systematically tested innmadel insects, and comparisons of HDR
rates from different papers is nearly impossible, as ththads 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 GOs are crossed, in others GOs are crossed to each other, and for some species single crosses
cannot be performed at all). Furthermore, there is no stdiaddrway to report HDR success

rates; the fraction of GOs 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 peesbut rather to use an HEdRpendent edit for functional study, thus

many basic statistics and technical details regarding troubleshooting and protocol optimization go
unreported.

In one study ifTribolium, a plasmid HDR donor encoding a dominant fluorescent marker
was inserted at two genomic loci with similar efficiency (0.5% and 0.6% of GOs yielded
fluorescent progeny in two separate experimefiRg)eeet al. 2018) In another, 2L0% of GO
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 irosophila, where this is a common and effective delivery
method for knockn fragments. However, there is some evidence that ssiglaeded
oligonucleotide (ssODN) donors may result in higher HDR rates than dswateled donors
(Dokshinet al. 2018; Hanet 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 tharhbse 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 tryon{Diptera: Tephritidae), using a ssODN donor yielded 15% (18/120)

of G1s with the desired single base substitution irsthieire gene(Chooet al.2020) In another
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tephritid, Ceratitis capitataa sSODN was used to changee&Pallele toBFP by making three
point mutations; in two separate experiments 16% and 66% of G1s had the RERedllele
(Aumannet al.2018) ssODNs have also been successfully used in several lepidopterans including
Plodia interpunctella(Heryantoet al. 2022) Helicoverpa armigergWang et al. 2017) and
Plutella xylostellaWanget 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 templat®irfasciatusas we can attempt to rescue
the Of-v mutant phenotype by repairing @fv null allele and restoring wild type function. HDR
repair events can be easily screened by eye.dalothermore, 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 successfuhiregvents should be evident in the G1 generation.
TheOf-v3genotype will serve as the genetic background for all experiments described here.
This allele has a 10 bp deletion compared to the wild type akejrire 310A , Av3o), S
reversion allele®f-v*-"®) was constructed that contains a 10 bp insertion relative @ftireallele
(Figure 310A Av3 revo). Co mp a r Rgdre 310A , t MeNDRGHhds t y p e
three synonymous substitutioidgure 310Aii, boxes) which allow us to differentiate it from the
wild type allele and thuexclude the possibility afontaminatiorby wild type bugsif black-eyed
G1lsare found. Here we describe our attempts to repaiDthé allele by supplying th©f-v-"¢V
allele in a homologydirected repair template, in the first experiment as a desttdeaded DNA

plasmid and in the second as an ssODN.

3.6.1Materials and methods

3.6.1.1Preparation of Qf*-"*'repair templates
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TheOf-v3-"*¥plasmid HDR template was Gibsassembled (HiFi Master Mix, NEB) from
two PCR products and Smailit pUC19. Primer83 and 35 were used to amplify a 1172 bp
fragment and primei34 and36were used to amplify a 1080 bp fragment fronfasciatuggDNA.
Primers34 and 35 introduce the 10 bp deleted in t@d-Vv? allele. Primer sequences are listed in
Appendix B.Colonies were screened by restriction digest using Hindlll and EcoRI. A midiprep
derived from a positive colony was prepared using the Qiagen Midi KLThe final repair
template has 1172 bp and 1080 bp homology arms flanking the 10 bp insertion.

The Of-v-"®V ssODN 6ligo 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 theDf-v3 allele, and 95 bp left and right homology arms.

3.6.1.2In vitro gRNA synthesis

Primers32 and23were used to amplify plasmid pCFDRBortet 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 & min. The RNA was purified using the

Monarch RNA Cleanup kit (NEB).

3.6.1.3Embryonic injections

Ovembryos were collected over a O5.5 h
performed as described ®@hapter 2 For injection of the plasmid template, the injection mix
contained 500 ng/uL of th@f-v>-"*'plasmid template, along with 80 ng/uL of Bév 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 thév® gRNA and 100 ng/uL Cas9 mRNA. All

embryos were injected at8l5 h AEL (slight differences are listed in TaBI8).

Table 3-3. Summary of experiments to rescue the? allele with ve-rev

HDR HDR Conc Age Cas9 Number GOs Gl HDR
template templat v3 injected MRNA mosaic crosses rever events
type econc  gRNA conc GOs setup tants
(ng/uL) (ng/u (ng/uL)
L)
1 plasmid 500 80 1h 30min 100 0 100 0 0
6h 43min
2 ssODN 1000 100 1h 17min 100 0 0 NA NA
6h 27min
3 ssODN 500 100 1h 55min 100 1 100 0 0
7h 42min
4 ssODN 200 100 2h 25min 100 9 34 4 0
8h 13min

3.6.1.4In vitro Cas9 cleavage assay

Exon 2 ofOf-vermilionwas PCRamplified using primer25 and26 from 1) a wild type
leg squish prep, 2) adf-v® leg squish prep, and 3) ti@f-\v>-"*'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 100Qfg° 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.

3.6.2Results
3.6.2.1No revertants were obtained using a dsDNA plasmid donor

No evidence of somatic HDR events were apparent in individuals injected wi®f-the
v>-"*"HDR plasmidrepair template, as all adult GOs had red eyes. Fifty female and fifty male GOs

were crossed to® virgins, and their G1 progeny were @@nesthetized 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 displayedild type eye color.

Due to the surprising lack of any HDR events, we wanted to ensure thatOfiwhgRNA
was not capable of cleaving thé"®Vallele, which could allow indehtroducing NHEJ repairs
after successful HDR events, and 2) that it was capable of cleaving Hikle with high
efficiency. This gRNA should not allow Cas9 to diie v:-"*Vallelg, as this alleleontains10 bp
between the target site and PAM site (Figu2a.i).

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 a@fihigRNA. Theviandwild type
alleles were derived directly from thdandwild typelines, respectively, while thef-v>-"Vallele
is an artificial allelederived from theDf-v*-"®"plasmid repair template. Cleavage at the expected
doublestranded break site in alleléwould result in 398 bp and 173 bp cleavage prodddts.
581 bp PCR products frothewild type andOf-v3-"®Valleles remained fully intacE{gure 310B),
while the PCR product from thé allele was clearly cleaved, resulting in cleavage products of the

expected sizes and very little of the original 571 bp PCR product intact.

3.6.2.2Black-eyed G1s obtained using a singteanded 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 lit§&tamget al. 2017, 2020;
Aumannet al.2018; Chocet al.2020; Heryantaet al. 2022) we injected three concentrations of
the Of-v*-"®¥ 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 wigicinttheir eye color was examined. One
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Figure 3-10. Using theOf-v*-"*allele to assess HDR efficiency i®. fasciatus

Alignment of the minus or netarget strand (i) for the®-"", V3, and WTOf-v alleles, showing the?

gRNA spacer sequence (underlined), expected DSB site (arrowhead), and PAM site (red). Aligr
the plus or target strand (ii) displaying the substitutions ivtf# allele (boxes), coding for glutamir
(red), lysine (blue), and cysteine (green). B) Gel results of an in vitro cleavage assay. PCR prodt
each of three alleles (WT, v3, autt™) were subjected to in vitro cleavage by Cas9 protein andt
gRNA. Only thev® allele displays cleavage prods¢arrowheads). C) Hatch rates following injectior
different concentrations of the ssORN"™'repair template. D) GO individual that had been injected 1
500 ng/uL ssODN showed partial rescue of eye color in the left eye. E) GO individual that he
injected with 200 ng/uL ssODN showed complete rescue of eye color in the right eye. D,Hjafeca
500 um; F) Sanger DNA sequencing chromatogra®fef exon 2 from individual 128, a G1 with
black eyes. Double peaks are expected around the DS@la#leed line). Nucleotides above the pe
display which peaks are present at each locus. Vftadlele nucleotides are boxed; the unboy
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nucleotides thus belong to the 12&lternate allele. G) Alignment of thvé, WT, and 1281 alternate
alleles.v*has a 10 bp deletion relative to the WT allele which results in a frame shift and prematt
codon (red box), and 12ZBhas a 12 bp deletion relative to the WT allele, which restores the WT ¢
frame (light gray boxes). Asterisks below indicate bad®ared by all alleles.

individual that had been injected with 500 ng/uL ssODN displayed clear mosaic rescug®of the
red eye phenotype, with a segment of the left eye displaying-plgokented ommatidiaHgure
3-10D). Nine individuals that had been injected with 200 ng/uL displayedosaic rescue
phenotype, one of which displayedd type pigmentationn the entire right eyeNigure 310E).

100 crosses (50 male GOs, 50 female GOs) were initially set up with individuals obtained
by injecting 500 ng/uL ssODN, but an additional 34 crosses (30 male GOs, 4 female GOs) were
later set up with individuals injected with 200 ng/uL ssODN after it wasuiant that somatic
rescue of the eye color phenotype was more prevalent ithithgroup. Thus, in total 134 GOs
were crossed; males were crossed-®\i virgins and females to oné male. 32 GOs (23.9%)

did not give rise to any offspring, either because they were sterile or died before reproducing.
When GOs that did not produce offspring are excluded, female GOs produced a mean of 63.3
offspring, while male GOs produced a mean o#i&8fspring. A total of 7,745 G1s were screened

by eye color, usually at the fifth instar. Only four of these, all females from GO #128, had black
eyesAll four black-eyed G1s were matedwdmales, and each cross produced roughly half black
eyed, half edeyed offspringOf-v exon 2 was amplified from gDNA isolated from one of these
appareniG1 revertants (#128) and Sangesequenced. The rescue allele could be deduced by
parsing the Sanger chromatogram double peaks and eliminating the expected nucleotide from the
Of-+\* allele at each positiorF{gure 310F, dashed line indicates expecthuliblestranded break

site). Although we expected to recover Bev>-"*" allele, instead we found that 22806 s r es c u e
allelehas a 2 bp deletion relative to ttieallele, 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
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the 1281 allele apparently repairs the frame shift ofthallele, restoringdf-Vermilion function

and thus wild type eye color. Thus the 12 bp deletion and 2 bp substitution found in the 128
allele do not appear to affect protein function. In conclusion, the only G1s with wild type eye color
did not have th©f-v*-"*"allele, and thus were not the result of an HDR event, but instead were the
consequence of NHEwdediated repair that happened to shift the sequence back to the wild type
reading frame. TiB unexpected result demonstrates how essential it is that suspected HDR events
are confirmed by sequencing, particulaiythis 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 GO male crosses and therefore different repair events.
Mosaic phenotypes at this generation are unexpected, as they dependC&BISRR 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 -asesieieal
gene transfe(Robinsonet al. 2000; Sciamannat al. 2019) Given that all CRISPR reagents in
this experiment were supplied as nucleic acids, recovery of mosaic G1s from male GO crosses may
be evidence of this occurring @ncopelus. Five of the six mosaic G1s were crossedtargins,
and all G2s from the four crosses that produced offspring wereyest] 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 HDBnicopletus Our strategy was to
rescue thef-\2 allele by HDR using either dsDNA plasmid ssODN templat&containingthe

Of-v*-"®'rescue allele. Both attempts proved unsuccessful, even after screening several thousand
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G1s from2100 GO 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 irOthe allele. While
disappointing, the presence of these blagkd G1s confirms that th allele is being cleaved in

vivo, and is potentially helpful in establishing a background level of Nb#S&d rescue events to
consider in future experiments. This findiatso highlights the importance of not relying on
phenotype when screening for HDR events. In our case, we risked countifgofsiteees as HDR
events, but the opposite can also be true. Aumann et al. (2018) attempted to make three point
mutations ineGFPin a transgenieGFP-expressing line o€C. capitataby HDR, which would
convert this gene tBFP, 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 G1d tagerietended
edits(Aumannet 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 resetialtbke with thev®>-"Vallele
to avoid confounding effects of genomic target and size of edit. Furthermore, as the only visible
marker currently available,rescue remains the only edit for which we have a clear expectation
of phenotype. Below | will otline several parameters that could be tested in the future and our

current understanding of how each of these may affect rates of HDR.

3.6.3.1Strand preference for sSDNA donors

One factor that must be considered when using sstgd@mded DNA donors is strand

choice. Doublestranded 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
nornttarget strand (the strand that contains the PAM sequence, NGG). When usingtsamgled

DNA, one must decide whether to use a donor complementarytargies strand or the nearget

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 complementarythie nontarget strand increased HDR efficiency, which

they suggested was due to Cas9 releasing this strand first, thus leaving it more @ipbaedson

et al. 2016) Consistent with this, Liang et al. (2017) found that the strand complementary to the
norttarget 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(Paixet al.2017) In our attempt to rescue tféVv3 allele using a singlstranded donor,

we used a ssODN complementary to the-tasget 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 studiesiming 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 vehotganisms. Indeed, one study found that

ssODN strand performance depended on the cell line(Gsbdberet al.2021)

3.6.3.2DNA 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 hradyy et al. 2017,

Yu et al.2020; Haret al.2023) which protects the DNA from exonucleases. Ghanta et al. (2021)
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found that addition of polyethylene glycol
events inC. elegansand t hat 50 -CarettyltRNA tused to polyathyleheé glycol

dramatically improved rates of HDR in zebrafish and nj&eantaet al.2021)

3.6.3.3Hybrid singlestranded, doubitstranded donor molecules
Han et al. (2023) proposed that singteanded donors produce higher HDR rates because

they allow one end of the genomic break to be repaired through the more efficientssimgie

t

o

anneal ing pathway, -stranded Homor Bdecutae simply anneallioghes i n g |

resected 306 end (dahet al.2G3) ghe otbemside of thél doubdtranded
genomic break must rely on strand invasion and the more typical HDR pathway. However, a
doublestranded DNA donor must rely on this less efficient pathway to repair both sides of the
doublestranded break. Thus whiesinglestranded donor may allow more efficient repair than a
doublestranded donor, they hypothesized that a hybrid destbdeded donor with single
stranded 36 overhangs (henceforth called a
allowing both ends of the genomic break to be repaired through sitrgled annealing.

Indeed, irC. eleganspDokshin 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 blurended donors; however this comparison is complicated by the fact that their
blunt-ended controls did not include any homology afskshinet al. 2018) Curiously, they

later showed HDR rates were dramatically improved by using-elui¢d PCR product donors

with 35 bp homology arms that had been denatured and reannealed, compared to those that had

never been denaturé@hanta and Mello 2020possibly 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 advantdgBRoefficiency(Han
et al. 2023) They showed that hybrid donors resulted in higher HDR rates thandnidad
dsDNA donors at three genomic loci in four cell lines, but did not test these in animals. The highest
HDR rates were seen with hybr i dglyddoublestrendedvi t h
donors with singlestranded overhangs have also been reported to result in highikn@at&s in

beetles (T. Nakamura, personal communication).

3.6.3.4Inhibition of NHEJ pathway components to increase likelihood of HDR

Since HDRmediated repair of doubkgranded breaks occurs only during a fraction of the
cell cycle, NHEdmediated DNA repair predominates. To increase the chances of HDR repair,
many researchers have tested whether removal of components specific to Ederédir
pathway) by mutation, RNAi knockdown, or chemical inhibitdreads to increased rates of
HDR.

Mutation of Drosophilalig4, which encodes NHEJ pathway component DNA ligase 1V,
has been shown to improve rates of H@Beumeret al. 2008, 2013; Bozast al. 2009) In the
mosquitoAedes aegyptialigd mutant line was generated using CRISPR/Cas9, but could not be
maintained(Basuet al. 2015) As an alternative, Basu et al. (2015) opted tongect CRISPR
reagents with doublstranded RNA (dsRNA) targetingaesku70to 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 tiggated with

eitherku70or egfpdsRNA. They only recovered transgenic G1s wkerOwas knocked down, a
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pattern that was repeated across many experiments including two genomic térgetsorth
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 potentialv® rescue events is not excessive.

RNAi-mediated knockdown or mutation of several NHEJ pathway components, including
ligd andku7Q were found to increase HDR rates iB@mbyx mor{Lepidoptera: Bombycidae)
cell line(zZhuet al.2015) A B. mori ku70mutant line was generated and found to be homozygous
viable, but it is unclear wheth&u70knockout increased the frequency of HDR evéhta 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 m{d&aruyameet al.2015) However, inCeratitis capitata

(Diptera: Tephriditag)co-injection of Scr7 did not confer any advanté§gemannet al.2018)
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Chapter 4Blimplis apair-rule gene in the milkweed bugncopeltus
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§coring 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
segmentboundase f or m. Thus segmentation appeared to
disrupted in these paiule (PR) mutants were later found to be expressed in the primordia of every
other segmegt the regions missing in the correspondingtant® thus displaying twesegment
periodicity across the body axis. The existence of-péé genes (PRGs) was unexpected, and
thus the question of how segmentation evolved to follow a pair rideasophilahas 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, unlikéitheand segment polarity genes, which
display conservation of both expression and function across the insect phy(Ggealet al.

1989) the paifrule genes appear to be less evolutionarily constrained. For example, the
DrosophilaPRGfushi tarazu (ftzgvolved from an ancestrdlox gene, and only at the base of the

Holometabola acquired the domain that facilitates interaction with segmentation partfér Ftz
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(Hefferet al.2010) In mosquitoes, thBrosophilaPRGpairedwas lost altogether and its function
replaced by close paral@gposeberryCheatle Jarvelat 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 beetlgboliumandDrosophilaare not only distantly related, they
also display entirely different modes of segmentationDiasophilg the segments across the
anteriorposterior (AP) axis are patterned around the same time, tbellsd simultaneous or
long-germ mode of segmentation. Tmibolium, segment specification occurs sequentially, with
antefor segments patterned first, and the remaining segments added from a posterior segment
addition zone (SAZ), termesequentialor shortgerm mode of segmentatigBavis and Patel
2002; Liu and Kaufman 2005a)et when an unbiased approach was applied to discover
segmentation genes ifribolium by mutant screen, the two mutants displaying-paeg (PR)
segmentation defec{dMaderspacheet al. 19989 scratchyanditchyd were later found to have
mutations in the orthologs ddrosophila PRGspaired and sloppy paired respectively likely
responsible for the observed phenotyf&isoe and Brown 2007)

In the sequentially segmenting milkweed bQ@mgcopeltus fasciatugHemiptera), the
DrosophilaPRG orthologslo not appear to be involvéd a pairrule-like patterning mechanism
(Liu and Kaufman 2005b; Auman and Chipman 2018; Reetral. 2019) Striped expression of
most PRG orthologé this speciess consistent with evergegment, 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 be®@lese s a @A pai Oncopeltuse 6 e x i
Interestingly, E75A knockdown was found to produce paitte-like defects in this species

(Erezyilmazet al.2009) and is expressed in alternate segment primordia in the blastoderm, when
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the mandibular through third thoracic segments are specifi@haopeltugLiu and Kaufman

2004c) Oncopeltusis therefore a particularly interesting species in which to studyrypiair
patterning, as the only paiule regulator identified to dat&{5A) is not involved in segmentation

in Drosophila.The combinatorial inputs of nine PRGsDmnosophilaregulate 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.ldentifying other noncanonical segmentation genes (i.e., not required for
segmentation of th®rosophilaembryo) inOncopeltuscould help resolve questions about the
existence of pairule patterning in more basally branching insect taxa, and could uncover an
alternative gene network for generating segments according to -auleain a sequentially
segmenting species.

Seeking an unbiased approach@ncopeltusegmentation gene discovery, we produced
transcriptomes from three stages durdgcopeltusembryogenesis. We have begun an in situ
hybridizationbased screen of transcription faetmrcoding genes that are-empressed with
E75A Here we show that one gene examined during this s@dgmphocyténduced maturation
protein 1(Of-Blimp1l),displays PRexpression in the blastoderm and during much of germband
elongation. We have investigated the functio®©®éBlimpl using RNAI, germline CRISPR, and
somatic CRISPR, and find that phenotypes derived from all three functional perturbations are
consistent wittBlimplbeing aPR regulator of segment formation @ncopeltusThus while the
genes with PR function may be different, t he
patterning the embryo in species as distantly relatéhaspeltusandDrosophila.

In insects,Blimpl has been shown to be involved in numerous developmental contexts,

playing a role in pupation iBrosophila(Agawaet al.2007; Akagi and Ueda 2011; Akaef al.
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2016; Alyet al.2018)andTribolium (Li et al.2016) tracheal development in Drosophiidg et

al. 2006; OzturkColak et al. 2018) wing development iDrosophila(Bunkeret al. 2023)and
Bombyx(Wu et al. 2019) corneal lens shap@Vang et al. 2022) and photoreceptor cell fate
(Bunkeret al. 2023) in the Drosophilaeye, and primordial germ cell specification Gryllus
(Nakamura and Extavour 201@&ut this is the first report to our knowledge of its involvement in

segmentation of an insect embryo.

4.2 Materials and nethods
4.2.1Insect rearing
Lab populations oDncopeltusare maintained on a diet of water and raw organic sunflower
seeds in 15.25 x 11 x 11 inch (wildtypeQ@irv lines) or 11 x 7.5 x 5.5 inch (individu@if-Blimp1
l ines) plastic containers topped wiDrohophitee sh at

were reared on a standard cornmeal, mol asses,

4.2.20ncopeltusembryonic transcriptomes, bioinformatics, WGCNA clustering

Embryos were collected over-1212236,hor48680hi ods &
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 b &®R. Three replicates were collected per
time point. ~100 uL embryos per replicate were frozerBad e C i n 1d @nti RNA TR z
extraction. RNA was extracted from TRIzolethchloroform, and isopropanptecipitated. RNA
pellets were washed with 70% ethanol and dried in a SpeedVac, then resuspended in water. RNA

guality was assessed using an Agilent 2100 bioanalyzer.
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RNA libraries were preparagsing NEBNext Ultra Directional RNA Library Prep Kit for
lllumina (NEB) and 150 bp paireehd transcriptomes were sequenced using the lllumina
HiSeq4000 systepnt ar ri ed out at the University of Mary
Genome Sciences. Ti@ncopeltuggenome assembly was downloaded from the iS5k workspace,
which was indexed using Bowtie 2v2.41%ngmead and Salzberg 201Zyanscriptome reads
were aligned to the assembly using Tophatv2Kith et al.2013b) HTSeq(Anderset al.2015)
was used to count reads overlapping with gene models @rbepeltuofficial 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 perforiikgliasod Ftests
to identify differentially expressed gen@obinsonret al.2010) P-values were adjusted using the
BH methodand the pvalue 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 packafieangfelder and Horvath 2008)\s an unsigned
network was generated, negatively and positively correlated genes clustered together. To generate
subclusters informed by the direction of the correlation, clusters were split by degree of
correlation with the eigengene or inverse eigaegé&inally, transcription facteencoding genes
were selected from the suhuster containinge75A(brown_FALSE) using the list of gene models

previously determined to encode transcription fact@esfilio et al. 2019b)(AppendixD) .

4.2.3Embryo fixation and in situ hybridization

Oncopeltuembryos were fixed as previously descrilfecezyilmazet al. 2009) Briefly,

embryos were covered with O01.5 mL of water, S
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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 embryoskaden manually for ~30
s. Embryos were stored@& 0e C i n met hanol. After rehydrati ol
removed. We found that germbands must be free of yolk to stain with INT/BCIP, so germband
stage embryos were dissected away from the gbtkis time when performing a double in situ
hybridization. Embryos were transferred back to methanol and store?i Gate @osophila
embryos were fixed according to established protocols.

Probe templates fdg75Acoexpressed genes screened by in situ hybridization were PCR
amplified from embryonic cDNA using the primers listed in AppertiAll other primers are
listed in Appendix-.

Antisense RNA probes for in situ hybridization were generated in vitro using ~200 ng of a
PCRamplified probe template, digoxigenin or biotin RNA labeling mix (Roche), T7 RNA
pol ymerase and buffer, and RNas e iClmhdethanal or . F
precipitated, washed with 70% ethanol, and resuspended in water. For in situ hybridization,
embryos were rehydrated and rinsed several times in RBi&apeltuembryos were washed in
4% PFA for 1.5 h,Drosophila embryos for 30 min, folloed by several PBST rinses. For
Drosophilae mbr y o s , most of the PBST was removed an
min; this step was not performed fOncopeltusembryos. 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)
Tween20), then incubatechi hy br i di zati on buffer for at | ea

replaced with thenpbe, diluted in hybridization buffer and embryos were hybridized overnight at
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65eC. After probe removal, the following wash
inprewar med hybridization bwdrfmed a2 X658C,aton@5 ev@
2X SSC at RT, and one wash in 0.2 SSCX at RT. All remaining washrespedgormed at RT.

Embryos were rinsed several times in PBST, then incubated in 10% sheep serum diluted in PBST
for O30 min. Embr y o s1:2000 argidigoxigenin andbbdy donjugatedio: 1 6 0 O
alkaline phosphatase (AP) (Roche) diluted in 10%ese p serum for O1 h. E ml
several times in PBST, and occasionally 1l eft i
times in PBST for O10 min each, then three ti
mM MgClz, 0.1 M TrisHCIpH 9.5,0.1% (v/v) TweeB 0) f or O5 min each. Eml
in the dark with NBT/BCIP diluted in AP staining buffédncopeltusembryos were often left

overnight at RTto 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 70eC for
antibody. Embryos were washed in 4% PFA for 20 min, in 10% sheep se@rii/PBf or O30 mi
and in antibiotinrAP anti body diluted 1: 2000 in 10% shee,|
five times in PBST for O10 min each, then t h

Embryos were stained overnight with INT/BCIP dilutedAP staining buffer.

4.2.4AEmbryonic RNAI
dsRNA was synthesized using the Megascript T7 RNA transcription kit (AmbionQffor
Blimpl dsRNA1, the template was PC&nplified from cDNA using primers ofas0081607

and ofasO0815&T7. For Of-Blimpl dsRNA2, the template was PC&nplified from cDNA
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using primers OBlimp-dsRNA2FT7 and OfBlimp-dsRNA2RT7. For tGFP dsRNA, the
template was PClamplifiedfrom plasmid pBac[3xRBsRed; UAST ¢ 6 h $GFP-S¥40] using
primers turbo GFP 1R_T7_2 and -TGFRF. Sense and antisense strands were synthesized
simultaneously according to kit instructions, and strands were annealed by denaturing the RNA
for 3 nti,n tahten9%d owly cool i ng-andethaOsprécpitted, T h e
washed with 70% ethanol, and resuspended in water.

Embryos injected with dsRNA were fixed at-81.5 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 KWiakil test was used
to compare the means between treatment groups, andaopgsiirwise Wilcoxon rank sums test
was used to determine where significant differences lie between treatment groups. The Bonferroni

method was used to adjust/plues for multiple comarisons.

4.2.50fasBlimplgenomic and cDNA sequence gap filling

BlimpZlorthologs 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 aro8608158,
suggesting that several portions of @&Blimpl CDS were not assembled. We observed several
regions of high RNAseq read coverage upstream and downstream of the gene model, and
individual mapped reads suggested these were contiguoupavitbns of the gene model. We
amplified 2436 h AEL cDNA using primers GBlimpl-upstrean2 and OfBlimpl-downstream
2, yielding a 3.5 kb band which was inserted into pGEMasy (Promega). Although this

fragmentikely does not contain fullength UTRssequencing of thi©®f-Blimpl1cDNA (Appendix
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G, BOfi mp 1l )odvddlddba 2 kb open reading frame, encoding a complete PR/SET
domain and five zinc fingers, and 1.4 kb of
immediately downstream of the partial PR/S&mairencoding region was not found in the
product ampfied. The exon preceding the first zinc fingarcoding region was longer than
annotated in the gene modEldure 46A, solid-outlined exons). Several exons are missing from

the genome assembly altogether, which encode tteendinal pation of the PR/SET domain, the

first two zinc fingers, and the-@rminus Figure 46A, dasheebutlined exons).

Since we planned to design gRNAs upstream of the zinc fewgerding region, we
wanted to be certain of the exon boundaries and genomic sequence in this region. We PCR
amplified OncopeltuggDNA using primers OBlimp-gDNAsegF1 and OfBlimp-gDNAsegR2
with Taq polymerase (NEBwhich yielded a 2.3 kb band, which was inserted into pGERRSY

(Promega) and sequenced (Apper@jx (81 asnpl gDNAO) .

4.2.6Design and in vitro synthesis 6ff-Blimp1gRNAs andCas9mRNA

CHOPCHORLabunet al.2019b)was used to find potential gRNA target sites within the
two exons preceding the zinc fingemcoding region; suggested target sites were assessed for off
target genomic matches by aligning them to @meopeltusgenome assembly using BLASTn.
One target site in each of the two exons witf689 GC content, low sefomplementarity scores,
and no predicted offarget matches was selected. The gRNA target sites were named A and B
(Figure 43A, arrowheads). gRNAs were in vitro transcribed following the CRIEBFRDesign
protocol (https://www.crisprflydesign.org/grnatranscription/). Oligonucleotides were designed for
each gRNA sequend®©f-Blimp-gRNA-A, Of-Blimp-gRNA-B) which incorporated a T7 RNA

pol ymerase promoter sequence at the 56 end
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sequence at the 36 end. Each ol i goamplfysheused i
gRNA scaffold sequence from plasmid pCFP®rtet 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 pueidi using the Monarch RNA Cleanup kit (NEB).

The template forCas9 RNA synthesis was PGBmplified from plasmid MLM3613
(Hwanget al.2013) which contains th8&treptococcus pyogenes Cas@ling sequence, using Q5
polymerase (NEB) with primers Cas®RNA-R and Cas9nRNA-FT7, the latter of which has a
T7 RNA polymerase promoter at the 506 end. 250
an in vitro RNA synthesis reaction using the HiBerT7 ARCA mRNA With Tailing kit (NEB).
The RNA synthesis and tailing reactions were
The final polyadenylated mRNA was lithium chlorigeecipitated, washedith 70% ethanol, and

resuspended in water.

4.2.70fasBlimp1 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 mRNAQOf-Blimp1gRNA A, andOf-Blimp1gRNA B diluted in injection buffer (5 mM KCl,
0.1 mM phosphate buffer pH 6.8). A singdas v gRNA (100 ng/uL)(Redinget al.2023)was
also injected to allow for a eéBRISPR screening strategy. Embryo injection and-pgsttion
care was performed as previously descrifiethpter L

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 mMHTlispH 8.2, 1

mM EDTA, 25 mM NaCl, 0.2 mg/mL proteinase KEloor and Engels 1991%ollowed 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: PERused primers OGBlimp-screeningF1 and OfBlimp-screeningR1,

PCRB used primers GBlimp-exon8F and OfBlimp-screeningR2, and ER-AB used primers
Of-Blimp-screening1 and OfBlimp-screeningR2. Products from PGR and-B were subjected

to a heteroduplex mobility assé@hattacharya and Van Meir 20199ing a 45% agarose gel, and
heterozygotes were identified by the presence of heteroduplex bands. Once lines were established,
primers OfBlimp-screeningF1l and OfBlimp-screeningR2 were used to amplify both gRNA
target sites; PCR products were inseited pGEM T-Easy, and DNA from several colonies per

line were sequence&equences of all five alleles are listed in Apper@all five lines have

been maintained for nine generations by genotyping virgin females in this manner, and outcrossing
~10 heteozygotes 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 line8limp1*®3, Blimp#%*?, and Blimp2°*1° were genotyped in this
manner as thedBlimpl alleles Figure 43E) contain deletions large enough to allow the PCR
bands derived from thBlimpl mutant and wildtype alleles to be easily distinguished, permitting
differentiation of homozygous8limpl/Blimpland +# individuals Figure 45D, samples 13

versus 14).

4.2.80fasBlimplCRISPR/Cas9 for somatic mutation
Embryos were injected as described above with 100 ng/uL eaOfRBifmpl gRNA A
andCas9mRNA, Of-Blimp1gRNA B andCas9mRNA, orCas9mRNA alone. To score segment

fusions of prehatchling stage embryos, embryos were then-tvead 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 rea@idu AFL,

when they were fixed according aoi othe) met hod

4.2.9DmelBlimpl CRISPR/Cas®utagenesis

CRISPR/Cas9 was used to create alboielBlimpZlallele. Regions of 200 bp surrounding
the start codon (A region) and stop codon (B region) were independently submitted to
CHOPCHORLabunet al.2019b)to find gRNA target sites. The gRNA template sequences were
cloned into pCFD4Port et al. 2014b)using primers DmeBlimp-gRNA-F and DmelBlimp-
gRNA-R following the recommendations of CRISPR Fly Design

(https://www.crisprflydesign.org/grrexpressiorvectors). Briefly, the pCFD4 plasmid was

amplified using the aforementioned primers . The PCR product andcBbplICFD4 were gel
extracted and Gibseassembled using the HiFi Master Mix (NEB). The resulting plasmid encodes
gRNA-A downstream of a U& promoter, ad gRNAB downstream of a U8 promoter. A repair
template to replace th@melBlimplcoding region witlBXP3>EGFPwas constructed as follows:

A 1097 bp homology arm upstream of the gRNAut site was amplified frordrosophilagDNA

using primers DmeBlimp-5-HDR-F and DmelBlimp-5-HDR-R, and a 942 bp homology arm
downstream of the gRN#B cut site was amplified using primers Dadimp-3-HDR-F and
DmelBlimp-3-HDR-F. The 3XP3>EGFP construct was amplified from plasmid pbacf3xP3
EGF P; T c éGal4Delad 6 U T(ARJfigene #86449) using primdbsnelBlimp-HDR-insertF

and DmelBlimp-HDR-insertR. These three PCR products were Gibassembled into Smal

digested pUC19 using the HiFi Master Mix (NEB)imer sequences are listeddppendix F.
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4.2.10Fly stocks and genetics

The repair plasmid and gRNA expression vector described above were injected (Rainbow
Transgenics) intyw;nanos>Cas9/CyQlies, derived from BL#78781y[1] sc[*] v[1] seV[21];
P{y[+t7.7] v[+t1.8]=nanos-Cas9.R}attP4p) and BL#22664  \[1] w[67c23];
Mi{GFP[E.3xP3]=ET1}kkv[MB00004]. GO flies were outcrossedywflies, and G1s expressing
GFP in the eyes were selected. G1s were crossed agamandy offspring were selected to get
rid of they rescue marker associated with trenos>Cas%®lement. For two nte generations,
virgin females were outcrossed yav males to reduce the likelihood of maintaining-tfget

mutations. Lines were then balanced aheTM3, Ser, hb>lacZchromosome

4.3Results
4.3.10FAS008150s expressed in PRke manner during germband elongation

Since Of-E75A is the only gene shown to have clear PR functioOircopeltus,we
reasoned that there would be other PRGs expressed in a similar temporal RBidseeq was
conducted on RNA extracted from embrybs2, 2436,and48-60 h AEL. These developmental
stages were chosen because they displayed clear changes in expressio®lielz@&bdf,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 ¢ntifly coexpressed gene modules
among the genes found to be differentially expressed across these three time points. 2,363 gene
models fell into th&E75Aco-expression clusteF{gure 41A). A subset of only 135 of these genes

were predicted to encode transcription factorgfanfilio et al. 2019b)(AppendixD).
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Figure 4-1. Genes ceexpressed withOf-E75A were screened by expression pattern.

A) Heatmap displaying expression levels of genes)quessed witlE75Aas determined b
WGCNA clustering. All genes show elevated expression levels-a6 24AEL relative to the two othe
time points. Each row represents a single gene, each column a different RNA sample. Three r
were sequenced per time point. B)pEassion patterns @f-E75Acoexpressed genes were visuali:
by in situ hybridization in 2418 h AEL embryos. A subset of screened genes is shown here and t
in Figure 42. i) OFAS008150 is expressed in stripes around the anterior SAZ and broadly in the p
SAZ, suggestive of a role in segmentation. ii) OFAS013944 expression was observed ubiquit
germbanestage embryos, iii) OFAS000035 (annotatedHédike-homeobokexpression was observe
in specific domains of the head lobes, iv) OFAS012059 expression was observed in the head |
along the midline, v) OFAS025181 (annotatedidsp) expression was observed in a single dot in €
head lobe, vi) OFAS02511Gnotated asingleminded expression was observed along the midli
vii) OFAS025203 (annotated Bsachyury expression was observed in the posterior tip of the SAZ
viii) OFAS003956 expression was observed ubiquitously.

We have examined the expression patterns aff4beseE75AcoexpressedF-encoding

genes so farHigure 41B, Figure 42). Several genes were expressed in clearly defined regions

suggesting specific functions that remain to be determifigdie 41Biii -vii), while many were

found to be expressed ubiquitouskigure 41Bii, viii). Ubiquitously expressed genes could

potentially have PRunction (e.g.ftz-f1 andopain Drosophila (Benedyket al. 1994; Yuet al.

1997), which will be tested in the futur&everal genes annotated as a clear ortholog of a

Drosophila gene displayed expression patterns reminiscent of Dwsophila or Tribolium

counterpart. For instanc®fasSoxNexpression was observed in paired spots along the midline,
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likely the primordia of the central nervous systesimilar to DmelSoxN(Crémazyet al. 2000)

(Figure 42, OFAS008078 Expression obrachyuryat the posterior of the germband

OFAS009415 OFASO:

OFAS009817

/ :'.‘ ¢

OFAS018348)

Fennrnres®

OFAS018531

OFAS008658

e
b
oD
N | <l
S
% B

Figure 4-2. Expression patterns ofother Of-E75A-coexpressed genes.

Expression patterns of 38f-E75Acoexpressed genes, which were screened in addition to
presented in Figure 1. Expression patterns are shown-48 24 AEL for the following genes
OFAS000234, OFAS000348, OFAS000892, OFAS001135, OFAS001679, OFAS001818, OFAS
(annotated a¥knirps2, OFAS002807, OFAS002923, OFAS004060, OFAS004876, OFASO0O!
OFAS008063 (annotated etained, OFAS008078 (annotated 8exN, OFAS008654, OFAS00865:
OFAS009156 (annotated asbitus interruptugpartial), OFAS0094150FAS009817, OFAS01008:
OFAS010374, OFAS011318, OFAS012523, OFAS013445, OFAS015219, OFASO:
OFAS016401, OFAS016760, OFAS016990, OFAS018237, OFAS018348 (annotdtadchback
OFAS018531 (annotated B&chaetg, OFAS018942, OFAS019071, OFAS025035 (annotatethay,
OFAS025019 (annotated asxtramacrochaetde OFAS025096 (annotated asauda), and
OFAS025230. Primers used to amplify probe templates are presented in Agpendix
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(Figure 41Bvii, OFAS025203) is nearly identical to the expression of its ortholdgsasophila,
Tribolium (Coleoptera)andLocusta(Orthoptera)Kispertet al. 1994) As in Drosophila, Ofas
singleminded expression was observed along the midline (FigwEBvi, OFAS025116)
(Muralidharet al. 1993)

So far, heexpressiormpattern ofonly one genergpresentetly gene model OFAS008150)
hasstood out as suggestive of involvement in segmentatimnto its striped expressiam and

around the SAZKigure 41Bi).

4.3.2 The OFAS008150 gene model corresponds tOtiepeltusortholog ofBlimp1l

The OFAS008150 gene model was annotatédf#dimpl,a gene with a highly conserved
structure encoding an-términal PR/SET domain and five zinc fingers at thee@ninus. The
OFAS008150 gene model, however, ensalpartial PR/SET domain and only three zinc fingers
which, along with severaglenomeassembly gaps in the regi@uggested that portions of coding
sequence may nhot be present in the genome asserobilgsolve this, we isolateah Of-Blimp1l
cDNA and compared it to genomic DNWith Sanger sequreing AppendixG). Based on this,
we assembled a more complete version of coding DNA sequence (CDS) (see Methods), which
encodes a compleRR/SET domain and five zinc fingers, supporting the initial annotation of this
gene aBlimpl

Blimplis part of the PRDM gene family whose members each encode a PBdStEIN
and variable numbers of zinc fingdfaumasoniet al. 2007) To further verify the annotation of
this gene model a®f-Blimpl, we searched th®ncopeltusgenome assembly using the newly
assembled complete PR/SET domain of the put@mglimpl/OFAS008150 as a query, yielding

three significant (&alue < 1e6) alignments corresponding to three separate gene models:
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OFASO008150, OFAS008959, and OFAS019593. OFAS008959 encodes ninetyp2HZANC
fingers (InterPro 1D 013087), while OFAS019593 encodes only two such zinc fingers. However,
OFAS019593 is located at the end of a scaffold and likely does not represent eding c
sequence; we therefore cannot be certain how many zinc fingers are encoded byditnisaitR
containing gene. Only three PRDM family genes were found irDtheelanogasteand D.
pseudoscurgenomesprdml/Blimpl prdm5 andhamlet,which encode fig, six, and nine zinc
fingers, respectivelyFumasoniet al. 2007) If Oncopeltushas the same complement of PRDM
family members asDrosophila, OFAS008150 would correspond tbBrosophila Blimpl,
OFAS008959 tdhamlet,and OFAS019593 tprdm5,and would be expected to encode six zinc

fingers.

4.3.30f-Blimplis expressed in the primordia of alternate segments through m@eicopeltus
germband elongation

Of-Blimplexpression was first observed in blastodstage embryos at 23R h after egg
laying (AEL) in a broad band positioned at ~dhi&d the length of the embry&igure 43Ai). 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 posteRaureit (
4-3Aii, arrowheads). In later blastoderstage embryos, the broad anterior strip€déBlimp1l
expression had split in two, drthe two posteriormost stripes had begun to move toward the
germband invagination sit&igure 43Aiii). The spacing and number of ti@f-Blimplstripes in
these late blastoderstage embryos resemble thoseOHE75A (Erezyilmazet al. 2009; Reding

et al.2019)in embryos of comparable age.
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Figure 4-3. Of-Blimp1lis expressed in alternate segment primordia.

A) Expression ofOf-Blimp1 blastoderrstage 2432 h AEL embryos. Expression was first observe:
a broad domain at about attérd embryo length (i), later two additional stripes appeared at the pos
(i), and as gastrulation proceeded, the broad anterior stripe split intdisae@te regions, and tt
posterior two stripes had begun to more toward the germband invagination pore (iii). B) Expres
Of-Blimpl1 through germband elongation. First, thré&Blimpl stripes were observed in youl
germands (i); later a fourth stépvas added at the posterior in the SAZ (i}-Blimplwas expresse:
broadly in the posterior SAZ (bracket), and in two stripes anterior to the SAZ (iii). Posteriol
expression later narrowed to a single stripe (iv, arrowhead), and a stripe anterior to the SAZ apj
split (iv, arrows). Single stripeelxpression in the SAZ continued as the embryo continued to elo
(v) and appendages started to form (vi). In older embryos, two stripes were then apparent anter
SAZ (vii-viii), and lateronly one stripe was observed (ix). C) Double in situ hybridization to visu
expression oDf-slp (orange), which is expressed in every segment,Qiriglimp1 (purple). OneOf-

Blimpl stripe (arrowheads) was observed posterior to every d@fisip stripe as the germbar
invaginated@ v, ivé). As the germband began to e
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specified, this trend continued (v). Téip A4 stripe may overlap witlf-Blimplexpression, disruptin

the pattern o©Of-Blimpl co-expression with alternatdp stripes (vi). No newDf-Blimp1 stripes leave

the SAZ asslp stripes A5 (viii) and A6 (ixx) form. When eight abdominalp stripes are visibleQf-

Blimplis expressed posterior gip stripes A6 and A7 (xi), after which tim@f-Blimplis no longer

observed in the SAZ (xiii) as the remaining abdominal segments are specified-64 & &L embryo

Of-Blimplis detected in midline dots in the Mx through T3 segments. D) Double in situ hybridi:

to visualize expression patterns@fE75A(orange), a gene with paiule function inOncopeltusand

Of-Blimp1 (purple) during germband elongatiddf-E75Awas observed in a stripe anterior to a stript

Of-Blimplin the anterior SAZ (i, arrowhead) and more broadly in the posterior SAD(, br a

the broad expression domain@fE75Ain the SAZ faded at the posteri@f-Blimpl expression tok

itsplace(iti i 6, arrowhead) . L aGf-E7BbAInthe 8AZ agpeaedtd spli irt@tn

stripes (iiki i i1 6, arr owhead®©O}BIMmpI(wov et r wphes ee @ERAH

i vo, bl ack arrowheads) wer OfBtinpkstripeonthe 8AZvAatdriol

is to the left in all panels.

In early germbands that lacked any clear morphological segments, three stripes of

Blimplwere observed along the length of the embRrgure 43Bi). In slightly older germbands,
a fourth stripe Figure 43Bii, arrowhead) was observed in the segment addition zone (SAZ)
(Figure 43Bii, bracket). Also at this stage, morphological segments had begun to appear, and the
alignment of segmental furrowBi§ure 43Bii, asterisks) withOf-Blimp1stripes suggests that the
anteriormost tw@f-Blimplstripes coincid with alternate segmental units. In later germbands in
which all gnathal and thoracic segments were morphologically segmégene( 43Biii), Of-
Blimplexpression was observed in two strip@se in the segmented germband, and one around
the boundary between segmented germband and&#ldn a broad domain in the posterior SAZ.
The stripe in the anterior SAZ may split in two, as two stripes were observls iregion in a
slightly older embryoKigure 43Biv, arrows). At this time, the posterior SAZ egpsion domain
had resolved into a stripe~{gure 43Biv-v, arrowhead). Two stripes in the anterior SW&re
apparent in later embryoBiQure 43Bv), and later only one stripe @if-Blimpl expressiorwas
apparentkigure 43Bvi).

While the spacing of th®f-Blimplstripes throughout germband elongation is suggestive

of expression in alternate segment primordia, we sought to better characterize the re@ister of

136



Blimp1l expression by cataining withOf-slp. We and others previously showed tkHtslp is
expressed in every segment in the anterior SAZ and the segmented gef(Abarzcth and
Chipman 2018; Redingt al. 2019) and that this expression persists and is anterior to stripes of
invected (inv)expression in every segment, making it a good segmental m&k&impl
expression was observed between alternate pair©Ofedflp stripes throughout germband
invagination Figure 43Ci-iv). By the time morphological segmentation allows clear
identification ofslp stripe identity Figure 43Civ), Of-Blimp1 expression was observed in the
posterior region of the mandibular, labial, and T2 segments, which likely correspondtiipine
as the abdominal segments are added from the posterior during germband elondgatiBhingsl
stripes are seen posterior to #igstripes in A1 and A3Rigure 43Civ-v). Theslp expression in
the primordia of segment A#Figure 43Cv, v 6) i s malgstripesfurthey antegor t har
suggesting possible expression wittOf-BlimpZl, which may correspond to the apparent stripe
doublet seen ifigure 41Biv. Asslpstripe A5 Figure43Cv i , vi 6) Figarel43Gvi,r i pe A
vii 06) ©OpBlinepaexpmedsion remained a single stripe in the SAZ. By the simstripe
A7 appearedOf-Blimpl was observed in stripes posteriorsip stripes A6 and A7Kigure 4
3Cvi i i, \wlpstripedAB and AShaddarme@f-Blimplis no longer observed in the SAZ
(Figure43Ci x, i x06) .

As Of-Blimplwas found to be expressed in alternate segments across much of the AP axis,
it is possible it could be spatially -@xpressed witlOf-E75A,s0 far the only gene for which a role
in pairrule patterning had been describedincopeltugErezyilmazet al. 2009) Double in situ
hybridization revealed that while the expression patter@3f-&75Aand Of-Blimplappear very

similar, their expression domains do not overlap during germband elongation. In early embryos,
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Of-E75Ais expressed anterior to a stripe @FBlimp in the anterior SAZKigure 43D i , i 6,
arrowhead), an@f-E75Ais expressed broadly in the posterior SAZ. LateQf&75Aexpression
clears from the posterior SADf-Blimplexpression takes its pladeigure 43Dii-i i @fF-E75A
expression was observed in the SAZ anterior to a broad dom&@fRRIfmpl expression in the
posterior SAZ Figure 43Di i i i1 6) . Il n an even | ater embr)
Of-Blimp1l expression had narrowed #o stripe and a stripe of expression in the segmented
germband had appeared to split into two stripégufe 43Div-i v 6, whi t eOf-B75A owh e a
expression is distinct and naverlapping in a doublet of stripes just posteriag(re 43Div-i v 6 ,
black arrowheads).

In sum,Of-Blimplis expressed in stripes in the blastoderm in a register like ti@f of
E75A, and in every other segment primordium through much of germband elongation, the
expression pattern characteristic of most oRhasophilaPRGs. This PR expression pattern does
not overlap with that obf-E75A ,the other knowr©®ncopeltuPRG, suggesting the two genes are

active in different sets of cells.

4.3.4 Embryonic RNA interference (eRNAI) sugge3fsBlimplis a key regulator of
segmentation

To probe the function ofOf-Blimpl during embryogenesis, we conducted eRNAI,
separately using two nesverlapping doublstranded RNAs (dsRNAs) for knockdowRidure
4-4). Of-Blimpl dsRNA-1 was injected at three concentrations (0.015, 0.15, and 1.5 uM), while
Of-Blimpl dsRNA-2 was injected at the highest concentration (1.5 uM). Knockdown by either
Of-Blimp1ldsRNA produced significantly shorter-671.5 h AEL embryos compared with controls

(Figure 45). Injection of dsSRNA1 pr oduced a mean embryo | engtt
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(n=53) and injectionof dAsSRNR pr oduced embryos with a mean | e

compared to a mean | ength GFP ddRINAiBjected\cbrrol 3 & m
embryos Figure 45). Of-Blimplknockdown embryos were thus reduced to ~60% wildtise

length, similar to the ~halized embryos seen fBrosophilaPR-mutants.

{GFP dsRNA (1.5 uM) OF-Blimp1 #1 (1.5 uM)

A B C

&A ™ OF-Blimp1 #2 (1.5 uM)

A2 D E

Of-Blimp1 #1 (0.015 uM) Of-Blimp1 #1 (0.15 uM)

Figure 4-4. Of-Blimp1 embryonic RNAi phenotypes.

A) tGFP dsRNArinjected embryo with oniav stripe in each of the six appendage bearing segment
each of the ten abdominal segments. B,C) Embryos injected with 1GHBMMpldsRNA 1 and D,E)
embryos injected with 1.5 uf-Blimp1dsRNA 2 displaying reduced segment number and concon
reducednv stripe number. F,G) Embryos injected with 0.015QWBlimp1dsRNA 1 displaying partia
segment loss. The right half of both embryos exhibits WT segment number, while segment fus
seen on the left de. H) Embryo injected with 0.15 ukaf-BlimpldsRNA 1 displaying a more seve
phenotype than F or G; the right half of the embryo is mostly WT, while segments are fused in
half. Arrowhead marks a possible fusion of A7 and A8. All embryos fixed-&l6x¥h AEL.
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Figure 4-5. Lengths of embryos afterOf-Blimp1l embryonic RNAi and mutation.

Violin plots displaying the distribution of embryonic lengths in conttGHP dsRNA-injected), Of-

Blimp1 eRNAi embryos, and presumptive heterozygotes from Bilimp1'®3. eRNAiI embryos were
fixed after67-71.5 h AEL whereasBlimp1*®® embryos were fixed at 482 h AEL. The mean an
standard deviation are shown in red. The data are plotted in gray dots. Statistical significance |
by letters above plots.

When injected at the highest concentration, injection of e@f&limpl dsRNA resulted
in embryos displaying at most four appendbagaring segments in the trunk regiéig(ire 44B-
E), compared to six in wildtype individuals (Mn through FRgure 44A). In the abdomen,
wildtype individuals expresmv in 10 stripesone for every abdominal segmibit Of-Blimp1
knockdown individuals displayed only3tinv stripes in this regionHigure 44B-E). Injecting
lower amounts of dSRNA produced more variablenpitypes, as expecteligure 44F-H). Many
embryos displayed bilateral phenotypic differences, with one side displaying wildtype segments
and the other side displaying segment fusidiigure 44F-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 observEdygre 44F-H). These phenotypes
resemble those seen for hypomorphic allelesDobsophila PRGs (NussleinVolhard and

Wieschaus 1980Y ogether, these results are suggestive ofnoderlike function forOf-Blimpl

4.3.50f-v co-mutation expedites screening@fBlimplmutations

Given the apparent alternate segmental abnormalities and reduced embryonic length
observed after eRNAI, we next sought to genddtBlimplgermline 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 les$-function alleles by inducing a frameshift and
precluding any mutant prein from binding DNA. We further reasoned that two guide RNAs
(gRNAs) spaced apart by several hundred base paghktmesult 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 alignmentsaigeffsites
in the genome. gRNA targets a site two exons upstream of the zinc fiegeoding region,
while gRNAB6s t arget site falls in theiguedAn dire
arrowheads).

Of-Blimp1l gRNAs A and B were ctnjected with a previously usedf-vermilion (Ofv)
gRNA (Redinget al.2023)andCas9mRNA into wildtype embryosHigure 46B). Of-v mutation
results in red eyes in contrast to wildtype black eyesOie gRNA was therefore injected to

provide a visible marker for CRISPR/Cas9ammversion which has proven to be a successful
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Figure 4-6. CRISPR/Cas9 generated germlin©f-Blimpl mutations

A) Gene structure for the sequenc@EBlimpl CDS. TheOf-Blimplgene contains regions encoding
PR/SET domain (purple) and five zinc fingers (orange). Gene regions missing from the genome ¢
are outlined in dotted lines. Regions missing from the gene model but present in the genome
are outlined in solidines. Dotted introns indicate unknown intreron boundaries due to the lack
genomic sequence in this region. Arrowheads point to the gRNA target sites of gRNAs A and B. |
amplified for PCR screening of G1s are indicated beneath structure by dotted lines (amplico
arrows (primers). Probe and dsRNA regions and a sequenced genomic DNA fragment are i
bel ow the gene structure. At | eudis nhot showA. B
CRISPR/Cas9 injections and crossing scheme. Wildtype embryos (GO) were inject€f-Rfitmp1
gRNAs A and BCas9mRNA, and arDf-v gRNA, which served as a visual marker of germline mutai
GO adults were crossed to a+gkdOf-v virgin, and their progeny (G1) were visually screened by
color. C) Heteroduplex mobility assay. Agarose gel showing results of G1 PCR screenin@ht
Blimpl gRNA-A target site. PCR products were run on a 4% agarose gel, allowing separa
homoduplexes and heteroduplexes in heterozygous samples. All 8 samples represent sibling
from the same GO cross. Sample$wWere genotyped as wildtype, duehie tack of heteroduplex band
Samples B were genotyped as heterozygous, as heterodugieishwere observed above the wildty
bands (samples 5, 7, and 8) or homoduplex bands from a deletion allele below the wild type banc
6). As the band patterns of samples 5, 7, and 8 are very similar, these samples would be pre
have the samallele. D) The presence of reyed G1s is correlated with the presence ofd&Blimpl

heterozygotes. G1s from 16 different GO lines were screened by POR-BRimpl mutations.Of-

BlimpZlheterozygotes were only recovered from GO crosses yielifinged-eyed progeny. The numbi
of G1s screened from each GO cross is displayed above the bars. E) Alignments bet@é&tirtinel

wildtype allele and the fiveOf-Blimpl lossof-function mutations used in this study. The gRI
protospacer sequences are underlined in the wildtype sequences. The gray boxes denote tt
frame; the complement of the protospaadjacent motif (PAM) site is shown in bold; premature <
codons are boxed in red or noted by a red circle. Deleted nucleotides are shown as red dashe:
nucleotides are blue.
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approach irotherspeciegKim et al.2014) GOs were crossed @f-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 injectiorr imamals is usually >50%.
Furthermore, all of the 82 GOs that survived to adulthood (51.3B@atchlings) had wild type
eyes; in contrast when tl@f-v gRNA is injected withouBlimpl gRNAs, ~70% of GOs had at
least one red ey@®edinget al.2023) This result suggests that somatic mutation aOfhelocus
was accompanied by mutation at B&BIlimp1l locus, resulting in viable GOs that likely had a
lower frequency of somatic mutations at both loci (and thus black eyes), compared to GO embryos
that did not hatch, which likely suffered a high degree of somatic mutation.

All surviving GOs were crossed @f-v virgins and of these, 68 G0Os produced G1 offspring
(Figure 46B). G1 offspring were first screened by eye color to determine which GOs had
undergone germline mutation @fv. Due to Of-v X-linkage, GO male crosses were only
consideredv-yielding if any female progeny had red eyes, while GO female crosses were
consideredryielding if any G1 progeny had red eyes. Overall, 10 crosseswgetding. We
reasoned that five outcomes at tBeBlimpllocus were possible:onmutation 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 fro a single leg: PCRA which amplifies a 211 bp region around
site A, PCRB which amplifies a 171 bp region around site B, and fABRvhich amplifies a 751
bp region around both sitdsigure 46A, arrows). PCRA and PCRB were used to identify indels

at stes A and B, respectively, and P@B was used to identify large deletions between the two
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sites. PCR products from P&Rand PCRB were subjected to a heteroduplex mobility assay (see
Methods) to identify heterozygotes by the presence of heteroduplex Bama® 46C).

In total, 258 G1 individuals (195 G1s fronmvgielding GO lines and 63 G1s from 8 non
v-yielding GOs) were screened by PCR and 41 of these were identifitidrgel heterozygotes
(Figure 46D). Notably, allBlimpl heterozygotes came frowyielding GO lines Figure 46D).

Thus, about 21% of all G1s fromyielding GOs were found to be heterozygotes; a similar rate
among norv-yielding GOs would be expected to yield at least 10 heterozygotes, and yet none were
found in our screen, demonstrating the usefulness of c@RISBPR strategy usin@f-v as a

visible marker. Among the heterozygotes, B& 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 proggate and maintain as lines (compare sample 5, 7 and 8 with samblay6ri 4

6C). After sequencing alleles from several lines, we selected five lines with frameshift mutations
to maintain Figure 46E). LineBlimp2®?' has a 5 bp deletion at site ApdiBlimp1°*1°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 Blimp1?%'2 has a 32 bp deletion at site B; [iBEmp1**3 has a 25 bp deletion at site A and

line Blimp1%®! 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 fiegerding regionKigure 4-6E, red

boxes, circle)Allele sequences are listed in Appendix G.
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4.3.60fasBlimplhomozygousnutants display ~half as many segments as wildtype

Wild typeOncopeltudirst instars have three thoracic segments, each bearing a pair of legs,

andten abdominal segments, though often only seven to eight abdominal segments are clearly

visible (Figure 47Ai,ii). In contrast, presumptiv®f-Blimp1*®2 homozygotesKigure 47Aiii,iv)

have many fewer segments than their wildtype siblings-atdadys AEL (d AEL). These

individuals usually have only one pair of legs; a second pair of appendages may be present, but if

so, they appeaas small nubs rather than fully formed legs. Presumptive homozygotes from all

five lines display a very similar phenotypEiqure 47B, Figure 48A). The mean length of

presumptiveOf-Blimp1**3 homozygous 49 2

h

AEL

embryos

w asimilat 1 0 9 N8 .

to the embryo lengthsobservedafter Of-Blimpl eRNAI (Figure 45), and 59% the length of

wildtype-like (tGFP dsRNArinjected control) embryos.
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Figure 4-7. Of-Blimp1 homozygotes have about half as many segments as wildtype

A) 6-7 d AEL prehatchling embryos. i, ii) Wild typéke segmentation (i, lateral view; ii, dorsal viev
Three thoracic segments each bear a pair of legs, followed by 10 abdominal see¢dnefniyiich are
usually visible in these preparations due totélescoping nature of the posteriormost segments.

iv) PresumptiveBlimp1‘®* homozygote displaying segment loss across the AP axis (iii, lateral vie
dorsal view). B) Presumptiv@f-Blimplhomozygote from lin@®f-Blimp12#12 (i. lateral view;ii. dorsal
view). While three pairs of legs are present in wildtypehatehlings (Ai), only one fully formed le
was observed i@f-Blimplhomozygotes (Aiii, Bi). CPf-inv is expressed in the posterior of each of
six appendagéearing segments of the gnathal (Mn, Mx, Lb) and thoracieT@)1segments, and eac
of the ten abdominal segments ¢A10) in wildtype individuals (i), but only -& inv stripes were
observed in the gnathal and thoracic segments, and abdominal expregsiomas observed dsghly
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variable and less clearly defined stripeiRBlimp1**® homozygotes (iv). D) Dfd expression in a i
wildtype-like individual and ii) presumptivéf-Blimp1l homozygotes fromn fron®f-Blimp1*®? self-

cross. While the mandibular and maxillary segments ex&ss wildtype embryos, only onBfd-

expressing segment remainediimplmutants. EBcris expressed in the labial segment and in dot
the T1 appendages in wildtype embryos (i); expression in the labial segment is unaffedieqh P>

homozygotes, but expression is often lost in the appendage produced by fusion of T{aaravfi2ad).
F) Ubxis expressed in the first abdominal segment and in a pair of dots on the second abdominal
in wildtype embryos (i), but expression is restricted to the last appeheageag segment iOf-

Blimp1**® homozygotes (ii).. GRbdBis expressed in the posterior of the abdomen in wildtype emt
(i) and in the shortened abdomerQ#Blimp**3homozygotes (ii)inv-stained embryos are 76 h AEL;

Ubx-stained embryos are 8 h AEL; all other stained embryos areZBh AEL. Across paels,
anterior is to the left, and black arrowheads point to the T1/T2 fused appendage for comparison
embryos. In all panels displaying wildtype phenotypesiiATi, Di, Ei, Fi, Gi), individuals are offspring
of two Of-Blimplheterozygotes, and are thDEBlimplheterozygotes or homozygous for the wildty
allele.

To visualize segment boundaries Bimpl mutants, we examined expression of the
segment polarity geniavected (inv)in fully extended germbanrstageembryos. These embryo
preparations also allowed clear visualization of the morpholo@yf-&limp1 homozygotesOf-
inv is expressed in the posterior of each of the three mouthpart segiMentisrough Lb), the
three thoracic segments (T1 through T3), and the ten abdominal segments (Al through A10)
(Figure 47Ci). In presumptiveBlimp1**3 homozygotes, therere consistently three to foimv
stripes in the mouthpart plus thoracic regidfiggre 47Cii-iv). Only one pair of ledike
appendages is evident (Figur&@ii-iv, black arrowhead), which often appears distally forked
(Figure 47Ciii), suggesting that this may be a fusion of T1 and T2. Often a much smaller
appendage is seen on the first abdominal segriFigure 47Cii-iv, transparent arrowhead),
suggesting that this may be a fusion of T3 and Mddominalinv expression is highly variable
and chaotic; often this expression takes the form of dots or partial stripes rather than the clearly
defined trangerse 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 reduce®irBlimpl homozygotes, the identities of the
remaining segments is unclear. We reasoned that comparing the expression pdtexmgenés
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 speciegAngelini et al. 2005) In wild type embryosOf-Deformed (Dfd)s expressed in
the mandibular and maxillary segments, two appentiageing segments in the trunk region that
will form part of the mouthparts later in developmdtig(re 47Di). In presumptive mutants, only
one appendagleearing segment expressBliDfd, suggesting either the mandibular or maxillary

segment is losHigure 47Dii). This phenotype is consistent across all fdfeBlimpllines Figure
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Figure 4-8. Pair-rule phenotypes in allOf-Blimpl mutant lines

All embryos are offspring of selfrosses for the indicated line. A) Hratchling phenotypes. i) Wildtype
like Of-Blimp1*®2 offspring, Paifrule defects for: (iiOf-Blimp1*®3, (iii) Of-Blimp**°, (iv) Of-Blimp1**
12 (v) Of-Blimp1*®*, and (vi) Of-Blimp1°** offspring. ivi ) | at eviad) vd e wsDédl
expression in embryos from line @f-Blimp1?%*2, (i) Of-Blimp1*®*, (i) Of-Blimp1°*%, (iv) Of-
Blimp2°#'*. Arrowhead indicated fused appendage.

Of-Sex combs reduced (S@)expressed mainly in the labial segment, and in dots on the

T1 appendage(Figure 47Ei). In presumptive Of-Blimp1*®® homozygous mutants, labial
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expression ofScr appeared unaffectedriure 47Eii), and the T1 dot oBcr 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, kigure 47Eii, one side of the embryo displays the doSof
expression on the appendage of this segment, suggesting T1 identity, while the other side does not,
suggesting T2 identity. Acrossndryos, this segment varies in the extent of T1 or T2 appendage
loss, often displaying a forked appendage (compmyare 47Dii, Eii, Fii, Gii, arrowheads).

In wildtype embryosQOf-Ultrabithorax (Ubx)expression is most pronounced in the first
abdominal segment (A1), and two small dots of expression are observed in the A2 sEguent (
4-7Fi). In Of-Blimp*®2 embryos,Ubx is most clearly expressed in the posteriormost appendage
bearing segment{gure 47Fii). This shift inexpression domain, along with the observation that
this T3 appendage usually degenerates through development leading to only a small nub in pre
hatchling mutantsHigure 47Aiii, Bi), suggests that the segment remaining displays shared T3/Al
identity. Of-Abdominal B (AbdBis 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 segmentspA9, and often continues antetpto A7 (Figure
4-7Gi). In Of-Blimp1*®3 mutant embryosAbdB 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 abdomefiguost (
4-7Gii). This contrasts with the pattern AbdBexpression following knockdown of the gap gene
Of-giant, in which the entire abdominal region that remains followgrant depletion expresses
AbdB(Liu and Patel 2010)Together, the expression patterngoik genes irBlimpl mutants is

consistent with PRIefects.Dfd andUbx expression patterns are the most diagnostic and clearly
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suggest thaOf-Blimpl mutants display Mn/Mx and T3/Al fusions, astr expression is

somewhat suggestive of T1/T2 segment fusion.
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Figure4-9. Phenotyping and genotyping Otissue n

A) Graph showing overall phenotypes of embryos derived frorrcsadises of indicatellimp 1mutant
l'ines. A large portion of embryos from al/|l
Number of embryos examined from each line are presented in a gray box beneath the plot. B) G
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of embryos displaying 06 BimpEtaeimpl®sadBlinphi*e. Wik
most Oti ssue nBingps lomoeygotes, ynaigpartiautady from lineBlimp1?*'% are
heterozygous or homozygous WT, suggesting that this phenotype is not ca@$ieapliynutation, but
may be due to a linked efirget mutation. The number of embryos genotyped from each lin
displayed in a gray box beneath the plot. CBliip1*2*2embryos that were phenotyped prior to be
sacrificed fo genotyping. Embryos8 and 13 di splay the O6tissu:
Genotype; Phenotype. D) Genotyping gel from embryos in C. A single lower band is pres
Blimp1?*2homozygotes (B, 13, and 15), a single upper band is present for samples homozygc
the WT allele (12 and 14), and both bands are present in heterozygbigsNd C = no template contro

Given the evidence that loss Btimpl function results in PRke defects, embryos
obtained after selfrossing 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 perotage of embryos displaying a HiRe phenotype was less than the expected
25% (Figure 49A); this percentage ranged from 11.8% (l@&Blimp1*®3) to 20.5% (lineOf-

Blimp1?%1?), Aside from the wildtype and Rike phenotypes, some embryos (B®&5%)

devel oped only a small mass Fgudre48368,43). Sometimes s s u e

clear structures were present in these tissue masses, such as a compoundrapeds£2Co6),

but very often no discernible structures were visible. To understand if this phenotype is associated
with Of-Blimp1 mutation, we genotyped individual embryos from lir@&Blimp12#12, Of-
Blimp1%®3, and Of-Blimp1°*1% These lines were selected because for each, the indel is large
enough for homozygous wildtype and hamzyigous mutant bands to be distinguishéidyre 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 tot al,andthenajrity/AB8%%)s s u e
were found to beBlimpl homozygotes, but 20% were either heterozygous or homozygous
wildtype (Figure 49B). Of this latter group, 80% came from li@é-Blimp1?212. Taken together,

these data suggest that the tissue mass phenotype is caused dgrgedifiutation 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-Blimp1??*? lineage to separate the alleles.
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Figure 4-10. Frequencies of phenotypes observed after somati©Of-Blimpl CRISPR/Cas9
mutagenesis

Injected embryos from each treatment were broadly categorized as appearing wildtype
undeveloped (no clear structures, likédjled by injection or unfertilized), undetermined (segm
defects were too severe or segment loss too complete to accurately identify affected segmer
having specific partial defects. Only embryos in this last category could be accuratefiediant] usec
for analysis presented in Figureld.

4.3.7Somatic CRISPR/Cas9 mutation@fBlimpl

The results thus far indicated ti@t-Blimpl homozygotes display defects conforming to
a pairrule. 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 GO embryos followir@f-Blimpl CRISPR/Cas9 injection. We thus reasoned that
somatic mutants displaying mosaic phenotypesh wildtype and mutant phenotypes in the same
sets of segmeritmight facilitate clear identifiation of the segments affected in the mutants. We
injected wildtype embryos with eith@f-BlimplgRNA-A and Cas9mRNA, Of-Blimp1l gRNA-

B andCas9mRNA, or Cas9mRNA alone as a negative control. Only embryos that displayed
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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 segmesibrfs, wildtype,
undetermined (embryos displaying defects in segments which could not be reliably identified), or
undevelopedRigure 410). 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.
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Figure 4-11. Mosaic segmentation defects observed aftBlimpl somatic mutation

A-E) As for Figure 471 say what these embryos aref embryos injected with Afas9mRNA only,

B,C) Cas9mRNA andOf-Blimp1gRNA-A, and D,E)Cas9mRNA andOf-Blimp1gRNA-B. A) Control

embryos displayed wildtype segmentatiorEBFusions were observed on one side of the embryo

allowing for identification of affected segments. B) Partial fusion of segment T1 and T2, T3 and /
A2 and A3; C) Partial fusion afegments T3 and Al, A2 and A3; D) Partial fusion of segments T:
T2, T3 and Al, and 2 and A3; E) Partial fusion of segments T3 and Al, A2 and A3, and A4 an
Dorsal, anterioteft views F) Frequencies of partial segment fusions observed among en
displaying scorable segment fusions after injection ®@ak9MRNA andOf-Blimp1gRNA-A (gray) or
gRNA-B (black). A clear trend of alternate segment pair fusions was observed independent o
used. The number of individuals displaying each type of segmental fusion is displayed above th
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Of the 259 embryos injected wi@as9mRNA alone, only 1.5% displayed any segmental
defects and 79% appeared wildtypegUre 411A, Figure 410). In contrast, 34% (n=698) of
embryos injected wit€@as9ImMRNA andOf-Blimp1gRNA-A and 29% (n=639) injected witbas9
MRNA andOf-Blimpl gRNA-B displayed segmental defects. For the gRNAroup, 16.8%
displayed partial segmental defects that could be scored reliably. Among these, specific pairs of
segments displayed fusions consistently across the AP axis: 8&phayed fusions of segments
T1/T2 (Figure 411B), while only 1.7% displayed fusions of T2/T3; T3/A1 fusions were observed
in 34.2% Figure 411B-E), whereas A1/A2 fusions were observed in only 3.4%; A2/A3 fusions
were seen in 54.7%-i{gure 411B-E), but A3/A4 in none; A4/A5 fusions were observed in 17.1%
(Figure 411E), but A5/A6 in none. Embryos injected with Cas9 mRNA @fdlimplgRNA-B
that displayed specific partial segmental defet®& &%) yielded remarkably similar patterns of
segmental defectd-igure 411F), suggesting that the segment fusions observed were due to
specific mutation oOf-Blimpland not offtarget loci.

Although we could not properly score the posteriormost segments in sueltalgee
embryos, patterns ofv expression irOf-Blimpl presumptive homozygote&igure 47C) and
embryos treated with lower concentrationgOfBlimpl dsRNA Figure 44H) suggest that the
segment fusions may be present in the posterior abdomen foll@#B¢jmpl depletion. We
therefore repeated the injections described above, fixed embryos/ att6AEL, and visualized
Of-inv expression by in situ hybridizatioRijure 412). None of the embryos injected with Cas9
mMmRNA alone displayed segmental defects. Indeed, 90.3% (n=72) displayed wildtype
expression patterns and segment morphol&gu¢e 412A); the rest were too damaged to score.
Of those injected with Cas9 mRNA and gRMAonly 40% of stained embryos (n=203) displayed

specific defects which could be scored, compared to 36.8% (n=136) injected with- GRINA
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addition to observing the same segment fusion pairs seen in t#matphéing stage somatic

mutants Figure 411), we also observed fusion of the Mn and Mx segmeéitai(e 412Cv),
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Figure 4-12. Expression ofinvected(inv) in Of-Blimpl somatic mutants.

A) An embryo injected with Cas9 mRNA only, displaying wildtype segment morphology and a wil
inv expression pattern. B) Embryos injected with Cas9 mRNAGRBIimpl gRNA-A. (i) Embryo
displaying disrupted segment boundaries, including fusion of segments A2/A3, A7/A8, and A9/,
one side. (ii) Embryo displaying fusion of segments T1 and T2, A7 and A8. (iii) Embryo disp
A4/A5, A7/A8, and A9/A10 segmental fusien(iv) An embryo displaying T1/T2, T3/Al, and A2/¢
fusions on one side. C) Embryagdcted with Cas9 mRNA an0f-Blimp1l gRNA-B. (i) An embryo
displaying fusion of segments A7 and A8. (ii) An embryo displaying A4/A5 and A7/A8 segn
fusions. (iii) An embryo displaying reduc&av expression and posterior curling in the posteriorn
segments (bracket), which was scored as having nonspecific posterior defects. (iv) An embryo di
T3/A1, A7/A8, and A9/A10 segmental fusions. (v) An embryo with T1/T2 and T3/A1 segmental fu
and nonspecific posterior fusions. In the region of&@ugh A9jnv expression does not form comple
stripes. All embryos were fixed at-G4 h AEL. D) Plot displaying the percent of each segmental fu
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observed in embryos injected with Cas9 mRNA and gRNdy -B. Nonspecific posterior fusions refi
to segment fusions in the region of A7 through A10 which could not be specifically identified,
were marked by reduced or disruptedexpression and often by curling of the posterior abdomen.

consistent with our interpretation of tbéd expression pattern in homozygous germline mutants
(Figure 47D). In the posterior abdomen, segment A6 did not appear to fuse with either
neighboring segment, but fusions of A7 and A8 were fairly comrmmule 412Bi-iii, Ci,iv). A
small number of embryadisplayed fusions of segments A9 and AER(re 412Bi,iii, Civ), but
many more displayed nespecific posterior fusiong{gure 412Ciii, D). Embryos with this latter
defect showed reducaav 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/Cas®ediated somatic mutation produced consistent mosaic defects that
facilitated careful identification of the segment pairs that fused after lo€$-Bimpl These
fusions displayed a RRegister with fusion of alternate sets of segments: T1/T2, T3/Al, A2/A3,

A4/A5 in the most directly scorable regions of the embryo.

4.3.8Dm-Blimplis expressed in stripes but plays no role in segmentation

Given the clear role dDf-Blimplin segmentation, we fexamined the conclusidiNg et
al. 2006)that theDrosophilaortholog ofBlimplhas no role in segmentation. Interestindgyn
Blimplis expressed in the late blastoderm when segmentation of the AP axis is underway. As
reported previouslyNg et al.2006) Dm-Blimp1transcripts were first detected in an anterior cap
and a stripe about ofthird the length of the embry&igure 413Ai), followed by a stripe in the
center of the embryo and another at the posteriorfegdre 413Aii). Later, the central stripe of

Dm-Blimplexpression resolved into two weak stripes while the posteriormost stripe became more
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intense Figure 413Aiii). By the end of germband extensioddm-Blimp1 transcripts were only

evident in the head region.

i. Blimp1/Blimp1 ii. Blimp1/TM3, hb>lacZ

Figure 4-13. Dm-Blimp1is not required to establish segments iDrosophila

A) Dm-Blimplwas first observed in an anterior cap and stripe at abotthodeembryonic length (i)
Later, two additional stripes were observed (arrowheads) posterior to the earlier expression don
Dm-Blimplexpression intensified in most domains of expression, and the central stripe appeare
weak stripes (iii). After germband formatiodm-Blimp1 expression was localized to the head rec
(iv). B) Schematic showing CRISPR/Cas9 gRNA target sites (arrowheads) and howiodotgd repair
plasmid template for creation of tlen-BlimpT*P**Ec P allele, in which the entir®m-Blimp1 CDS is
replaced by the 3XPEGFP dominant marker. Homology arms are highlighted in gray.
Blimp**¥ESFPhomozygais mutants (i) display wildtypkke expression oDmeslp, indistinguishable
from the pattern obm-slp observed irDm-Blimp1**F**EcFPheterozygotes (i), which also expréasZ
in ahb-like pattern due to a transgene on the balancer chromosome.
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Previous studiegNg et al. 2006; OztiurkColak et al. 2018) have established th&m-
Blimplis required for proper tracheal development, but any that considered the efiatt of
Blimplmutation on segmentation used an allele in which a transposable element had been inserted
inone ofDMBIimMpl6s i ntrons, which maYPmBlioplfumcttos.dd t i n
definitively address the role @m-Blimplin segmentation, we used CRISPR/Cas9 to create a
Dm-Blimp1allele in which the entire CDS is replaced by the 3XP3>EGFP dominant fluorescent
eye markerfigure4-13B). Both homozygousHigure 413Ci) and heterozygous$igure 413Cii)
Dm-Blimp13*P3>ECFP mutants displayed wildtypkke expression oDmeslpl in 14 stripes in
germbanestage embryos, demonstrating thBXm-Blimpl is not required for segment

establishment.

4.4 Discussion

The Drosophilagenetic 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 ttisplay
of different alternating segmentide 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 mo&irosophila 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 iOncopeltud E75A9 has yet been characterized that displays clear PR
expression and knockdown phenotype as they were originally conceived. We took an approach
unbiased by th®rosophilaPRGs to identifyfOncopeltu?RGs based on temporal expres8ion

using theOf-E75A expression profile as our guidleather than homology tBrosophila This
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approach revealed that in the hemipteran in@acbpeltusthe Blimplortholog encodes a crucial
regulator of segment formatioBlimpZlis now the second gene{5Athe first) shown to have PR
function in this species, neither of which are involved in segmentati@tasophila. Several
lines of evidence suggest the existence of a pair rul@nocopeltusand Of-Blimpld6 s r ol e i n
mediating it: 1)Of-Blimpl is expressed in a manner consistent with-s@gment periodicity
through much of germband elongatid?); Presumptive homozygotes and eRNAi knockdown
embryos display a RRke 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 obsered afterBlimpl mutation: Mn/Mx, T1/T2, T3/Al, 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 followi@dBlimpl depletion appears to be an exception to this
trend. It is interesting to note that the original characterization of missing segmPntsaphila
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 @mekfushi tarazu () mutants prior to head involution showed that the Mn
and Mx segments are present, while the Lb segment is mi@alagimoto et al. 1984) The
presence of the Mn segment in this case al so
rul ed, and suggests that the gnat hal segment s
abdominal segments.

Interestingly, we found that despite their correlated temporal expression profiles,
BlimplandOf-E75Aappear to be expressed in exclusive,-averlapping spatial domains. How

does theOf-Blimpl mutant phenotype compare to phenotypes observed after knockd@in of
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E75A? Within the gnathal region, whe@f-BlimpZlloss results in Mn/Mx fusion and no change
in Lb segment morphology or expressiorsof,the inverse is observed after5SARNAI: the Mn
and Mx segments are unaffected, while the Lb segment is fused to T1 or lost altogether
(Erezyilmazet al.2009) In the thoracic regior 75Aknockdown 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-Blimpl mutants or knockdown embryos. In the abdont@E75Aknockdown produced
A3/A4 and A5/A6 fusions, compared to the A2/A3 and A4/A5 fusions shown hereBiiftgrl
mutation. Taken together with our observation ®&Blimpland-E75Aare expressed in distinct
regions of the germbané&ifure 41D), these two genes appear to direct-pale-like subdivision
of the embryo across different segment boundaries in agtamdant manner.

Blimplis conserved across Metazgaimasonet al.2007)and encodes a PRBF1-RIZ1
(PR) domain which shares homology with the Su(&Enhhancer of zeste/trithorax (SET)
domains of histone methyltransferagdsianget al. 1998; Kouzarides 2002as well as five zinc
fingers. Blimplwas first discovered as a binding factor of the positive regulatory domain 1 (PRD1)
of the humarbetainterferonpromoter(Keller and Maniatis 1991)t 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 ce(lBurneret al. 1994) but has not been widely studied in insects.

Across the diverse development al cont exts
regulationhas been studied in detail, it is almost universally found to be a rep(essat al.
1997, 2002; Reet al. 1999; Yuet al.2000; Agaweet al.2007; Bunkeet al.2023; Sarhaset al.
2023) The SET domain is the catalytic domain of histone methyltransferases; despite the presence
of a SEFlike PR domain encoded Blimp1,it is not thought to have intrinsic methyltransferase

activity (Kouzarides 2002)Nonetheless, Blimpl has been found to recruit histoodifying
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enzymes to the genomic loci to which it binds in several developmental cofit€xis Rtral
2004; Ancelinet al. 2006; Suet al. 2009) The genomic targets @f-Blimp1l, its mechanism of
transcriptional control, andts effect on transcription of downstream targets remain to be
determined.

By comparison withDrosophila the Oncopeltus Blimpl and E75Adependent PR
patterning network represents a clear example of variability in patterning the AP axis. How
conserved in arOncopeltudike PR network within insects? The maintenance of striped
expression oBlimp1lin the Drosophilablastoderm could suggest a vestigial expression pattern
due to fairly recent loss @limplfrom the segmentation network. Nasonia vitripennis, E75A
is expressed in a Plike expression patterfTaylor and Dearden 202andTribolium Blimplwas
found to be expressed in stripes during germband elongéfoonomou 2008)suggesting
possible widespread use of these genes in segmentation. However, no segmentation defects were
reported afteGryllus Blimplknockdown(Nakamura and Extavour 201&Jow much variability

exists in patterning mechanisms will require continued unbiased efforts to uncover them.
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Chapter 5. The role of embryorisdéimp1throughout the insect
phylogeny

The work presented in this chaptedargely preliminary and will likely be continued by
future lab members before publicatioff.. castaneuniixed embryos were provided to me by
Patricia Graham and Ximena Gutierrez Ramos. Baiis-Blimpl doublestranded RNAsvere

synthesized by Veronika Valverde Jimenez.

5.1 Introduction

The finding thatBlimpl has pairule function in Oncopeltusbut not in Drosophila
(Chapter 4)mplies dramatic functional evolution of this gene in the lineages leading to these two
species. Although studies ddrosophila have yielded immense insights for the field of
developmental biology, it is often noted thAtosophila developmerd particularly during
segmentatiod is not particularly representative of most insect species.

The discovery thabf-E75Aknockdown produces paiule defects ifDncopeltugembryos
(Erezyilmazet al.2009)has been largely ignored in studies of segmentation in other insect species,
with a few exceptions. Hernandez et(@020) analyzed75Aexpression in another hemipteran
Murgantia histrionicaand showed thailhis-E75Ais expressed in a pattern similaQéasE75A,
displaying widely spaced strip@s the blastoderm and stripes in the anterior segment addition
zone (SAZ) suggestive of painle expressiorfHernandezt al. 2020) Outside of Hemiptera,
embryonicE75Aexpression has been examined in just three other species. Wexler et al. (2023)
examined expression &f75Ain the cricketGryllus bimaculatug Blattodea) and in the cockroach
Blattella germanicgOrthoptera)(Wexler et al. 2023) In Gryllus, E75Ais expressed in widely

spaced stripes in early germbands which coincide with every other stripe of the segmentally
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expressed gengingless consistent with pairule expression. Later, during germband elongation,
GbimE75Ais expressed in stripes in and anterior to the SABlattella, E75Awas 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 exégeined
E75Aexpression, and did not detect striped SAZ expression; this discrepancy may be due to the
different detection methods usedeach studyCruzet al. 2023) Finally, embryonidc75Awas
examined in the jewel wasfNasonia vitripennis(tHymenoptera), where it was found to be
expressed in a clear pairle pattern in blastodernstage embryogTaylor and Dearden 2022)
Outside ofOncopeltusE75Afunction has only been tested B germanicavhere knockdown
produced inconsistent results. Thus while the functional relevanc&78f 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 p@b6n years agqMisof et al.2014)

Another instancen which studies of segmentation mechanismaside ofDrosophila
yielded results that were broadly applicable to many insect species Bxospphilacomes from
examination ofTribolium mille-pattes/tarsaless/polished rice (mlpt)hich was found talisplay
a gaplike expression patter(Gavardet al. 2006) Knockdown ofTcasmipt 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 legerfosto the three legearing thoracic
segments seen in wild type animals. Following this result, Ray et al. (2019) examined the function
of mlpt, as well asshavenbaby (svi@ndE3 ubiquitin ligase (ubr3)which have been shown t

interact in the context ddrosophilatrichome development, in additional insect spefitay et
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al. 2019) Interestingly, they showed that the interactions seerDiiasophila epidermal
differentiation between Mipt, Svb, and Ubr3 are recapitulated in the conteXtilwdlium
segmentation. Furthemlpt and svb are expressed in striped patterns during segmentation in
Oncopeltus,the water strideiGerris buenoi(Hemiptera), and the jewel wadyp. vitripennis
(Hymenoptera)Ray et al. 2019) Most interestingly, in all three species, knockdowrsb or

mipt resultedin segmental fusions in the abdomen or abdominal trunc@am et al. 2019)
Severe posterior truncations aftaipt RNAi were also reported for the hemipter@hodnius
(TobiasSantoset al. 2019)and posterior abdominal segment fusions follonsa RNAiI were
observed for the lepidopter@ombyx Nakao 2018)

These two examplésE75A and miptd illustrate that despite the vast body of work
uncovering the intricate segmentation pathwaypnmsophila, there remain many gaps in our
knowledge with regard to embryonic segmentation mechanisms in other insects. In both examples,
when a norDrosophilainsect species was employed as the focal organism, the findings were
found to be applicable tadditional, and oftemighly divergent insect species, suggesting once
again that whileDrosophila may be an excellent insect madé is a poor representative.
Furthermore, these examples illustrate that when a novel segmentation regulator is identified in a
nontDrosophilaspecies, it is worthwhile to examine its function in additional insects.

Our finding that the genBlimplis a paifrule gene irOncopeltugChapter 4}thus raises
guestions about how broadly this role is conserved throughout the insect phylogeBlmigla
dependenOncopeltudike mode of segmentation widespread across the insect tree of life or
limited to Oncopeltusand its closest relatives? Interestingly, the expression patteldmet
Blimplduring the blastoderm stage, when segment boundaries are being defined, is suggestive of

a role in segmentation. At its peak exgies level at this stag@melBlimplis expressed in a
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pattern somewhat reminiscent of gap gene expresBioretBlimpl transcripts localize to an
anterior stripe, another stripe at about 1/3 embryonic length, two faint central stripes, and a stripe
at the posteriofNg et al.2006)(Figure 413). However, when thBmelBlimplcoding sequence
wasdeletedno defects irsegmentatiomereobserved (Chapter 4yhusDmelBlimpltranscripts

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 Bfimpl from the segmentation hierarchy in the lineage
leading toDrosophila. Aside from Drosophila, embryonicBlimpl expression has only been
examined in the beetlEribolium and the crickeGryllus. In Tribolium, Blimplwas aalyzed as

part of an expression pattern screen and was found to show striped expression during germband
elongation(Economou 2008)In Gryllus, Blimplwas examined for a potential role in primordial

germ cell specificatioiNakamura and Extavour 201d}s expression pattern is unclear, but
embryonic RNAIi knockdown produced smaller primordial germ cell clusters and reportedly no
segmentation defectédditional sampling ofB | i mpole® in segment patterning across the
insect tree could provide the basis for evolutionary hypotheses explaining the disparate roles so
far observed.

Here we presenexpression and/or functional datan Blimpl in two additional
hemipterans, a lepidopteran, two coleopterans, a hymenopteran, and a zygendriban.
technical barriers abound in nomodel research, inhibiting our resolution®f i mmwlé& during
segmentation in several of these species, we foundtimapl has pairrule-like function in all
hemipterans examined and discovered a surprising roRdifoplin regulating segmentation in a
nortpairrule manner in a lepidopteran. InterestingB/| i r@xXpi@ssion 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 Doublestranded RNA (dsRNA) synthesis

All dsRNAs were synthesized by first amplifying a dsDNA template amplified using
primers with the T7 RNA polymerase promoter sequence adaathd 6 end fr om mi X ec
or a cloned cDNA. The PCR product was provided as template in a T7 RNA transcription reaction
using the MEGASscript T7 kit (Invitrogen), allowing both sense and antisense RNA strands to be
synthesized at the same time. Invitrotcamsi pt i on reactions were incu
37°C, followed by addition of 1 uL of TURBO DNase dtiimin 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 ethanplWwashed with 70% ethanol, dried, and resuspended in water. The
guality of the dsRNA was examined on an agarose gel. The concentration of the dsRNA was
estimated on a Nanodrop Lite, using the sirggtanded (ssRNA) setting. NEBiocalculator was
used to detrmine the molarity of the solution; the molarity for ssSRNA was halved to estimate the
concentration of dsRNA.

A 636 bp dsRNA targeting therboGFP (tGFP)gene was used as a negative control in
all experiments. The template for this dSRNA was amplified from plasmid pBac[3gRad;
UAS-Tc'hsp_ptGFRSV40] (Addgene #86453) using primers turbo GFP 1R_T7 2 anGFR

F. All primers used to make dsRNA templates are listed in Appendix H.

5.2.2Embryonic RNAI (eRNAI)

eRNAI inV. cardui, T. castaneurh, decemlineatandT. domesticavas performed as

described foO. fasciatugSection 2.3.4)For T. domesticait 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.

5.2.3Antisense 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 PC&nplified using a reverse primer with the T7 RNA polymerase
promoter sequence added to the 506dysvarddPCRTe mpl a
generated using the following primer paiicar-Blimplwith Vcar-Blimpl-F and VcaBlimpl-
RT7 (791 bp)JhaeBlimpl with JhaeBlimpl-F and Jhadlimpl-RT7 (713 bp),TcasBlimpl
with Tcasblimp-F and Tcaslimp-RT7 (444 bp)Vcar-Blimplwith VcarBlimpl-F and Vcar
Blimpl1l-RT7 (791 bp)Vcarwg with Vcarwg-F and Vcatwg-RT7, andJhaeprd with Jhaeprd-
F-1 and Jha@rd-RT7-1 (458 bp forJhaeprd-isoformX1land 386 bp fodhaeprd-isoformX3.
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 withetbé&fol,
dried, and resuspended in watersitu hybridization was performedsing the protocol used for

Oncopdtus(Section 4.2.3)All primers used to amplify probe templates are listed in Appendix H.

5.2.4Vanessa cardujene isolation

TheV. carduiofficial gene set (OGS) v1 was searched by tblastn usinQried-Blimp1
PR/SET domain as query, resulting in only one alignpengene model VCARD_00008554.
Searching theV. 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 C2Hgpe zinc fingers (IPR013087), and will be referred to as

Vcar-Blimp1.

5.2.5V. carduirearing

Our lab population o¥. carduiwas established from embryos purchased from Carolina
Biological Supply.V. carduiwere reared according {®lartin et al. 2020) All developmental
stages were maintained at 25°C and 16:8 h light:dark cycle. Lexsaegeared 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 otite lid of the deli container, to which ppeipae 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. SunfloWeliahthus annuds
mallow (Malva sylvestri} or hollyhock Alceg plants were added to the cage for oviposition. A
paper cone was fashioned around the base of t

in the soil.

5.2.6V. carduiembryo fixation

Embryos werdarvested from the plant leavespmerged in ~500 uL water and héatd
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 the 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 iDeosophilastyle 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 tingein 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 wergraduallytransferred backo PBST, and germbands were dissected away from the
yolk; germbands were thegradually transferred. back toethanoland stored at20°C until

further use. Before in situ hybridization, embryos wgeauallytransferred to PBST, and washed

in 4% PFA for 1.5 h.

5.2.7V. carduiembryonicRNAI

Two nonoverlapping dsRNAs were generatedVaar-BlimpleRNAI. A 791 bp template
for Vcar-BlimpldsRNA-1 was amplified from cDNA using primex&ar-Blimpl-FT7 and Vcar
Blimpl-RT7. A 939 bp template fovcar-Blimpl dsRNA2 was amplified from cDNA using
primersVcar-Blimpl-dsRNA2FT7 and VcaBlimp1l-dsRNA2RT7. The typical concentration of
injected dsRNAinto embryoswas 1.5 uM, corresponding to 756 ng/uL for dsRNAnd 835
ng/uL for dsRNA2. Vcar-BlimpldsRNA-1 was also injected at 0.15 uM (75.6 ng/uL) and 0.015

uM (7.56 ng/uL).

5.2.8Tribolium castaneumearing

TheT. castaneum vermilidfi®® strain(Lorenzenet 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

metal250 umsieve.

5.2.9T. castaneurRNAI
A 444 bpTcasBlimpldsRNA template was PG&nplified from cDNA using primers

Tc-Blimp-FT7 and TeBlimp-RT7.See Section 5.2.2 for a description of eRNAI.

5.2.10Thermobia domesticaearing
T. domesticavere reared iplasticcages 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.

5.2.11T. domestic&RNAI

The DmelBlimpl amino acid sequence was used as a query to searth dbenestica
genome assemb(Brandet al.2018)using tblastn, which yielded several significanvéue <le
35) on scaffold 2423, allowing specific primers to be designed. Primers-Biompl-FT7 and
TdomBlimp1-RT7 were used to amplify-B d AEL embryonic cDNA, producing a 465 bp band.
Subsequent sgiencing (Appendid) revealed that this product encodes four C2ye zinc
fingers (IPR013087) with 95% amino acid identity to the aligning region encodethblimpl.
This sequence will be referred to @aslompossibleBlimpl(partial) Furthermore, usg the
translated nucleotidddom sequence as query to search hemelanogastenonredundant
nucleotide database yieldBanelBlimplas the top hit. However, no part of the PR/SET domain

encoding region is included in this sequenced cD8Ee Section 5.2.2 for a description of eRNAI.
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5.2.12L eptinotarsa decemlinea@opulation and rearing

L. decemlineat@&gg 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 mainfame

multiple generations as we could not meet its high demand for plant material.

5.2.13L. decemlineatgene isolation

The DmelBlimpl PR/SET domain amino acid sequence was used as a query to search
annotated transcripts in the. decemlineatagenome assembly v2.0 (RefSeq assembly
GCF_000500325.1) using tblastn. All significant alignmemngalee < 1€30) matched the same
gene (LOC111514050), which encodes a PR/SET domain (IPR044413) and fiveyp2H2nc

fingers (IPR013087).

5.2.14L. decemlineat@mbryonicRNAI

cDNA was made from RNA extracted from embryos of unknown age. A 763 bp dsRNA
template was amplified from this embryonic cDNA using primers tBleopl-FT7 and Ldee
Blimpl-RT7. A 1.5 uM (738 ng/uL) solution of thisdecBlimpl dsRNA was injected into
embryos; a 6 uM (613 ng/uL) solutiont@®fFP dsRNA was injected as a negative control. Embryos

were collected over 5 h and 15 min and injections began 25 min later.

5.2.15Jadera haematolomearing
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The labJ. haematolomagopulation was established from individuals collection from
Hornbake Plaza on the University of Maryland campubaematolomavere reared in 15.25 x 11
x 11 in plastic containers with mesh lids, and provided with water and golden raintree
(Koelreuteria paniculath seeds collected from trees in College Park, MD (mapped locations
availableherg. 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 o0z. plastic cup was added

to the cages for oviposition.

5.2.16J. haematolomagene isolation

A partial JhaeBlimpl cDNA was isolated by degenerate PCR. Embryonic cDNA was
amplified with Taq polymerase using primers blhhggenF-inner andBlimp-degenR-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 speeggecific Blimpl primers Jha@limp-CDSF and Jha@limp-
CDSR to be designed. These were used with Q5 polymerasaftify embryonic cDNA, again
yielding a single ~1.5 kb band, which was inserted into p&ERBsy 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 colonieeme sequence@ppendixl). 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 regofasBlimpl
This 1.5 kb partial cDNA will be referred to dbaeBlimpl(partial) One sequenced plasmid

(colony 8) has a 644 bp insertion that is 100% identical to the aligning regidhseBlimp1l,
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and another (colony 9) has a 1,362 bp insertion that is 99.6% identical to aligning regdioas of
Blimpl.However, both encode truncated proteins with no zinc fingers.

Two rounds of degenerate PCR were used to amplify a paintapaired (prd)cDNA.
The outer reaction used degenerate primerslpgdF and prdleglR (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 cycleswidldoy 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 prdleglR(1 uM each), an anneatjitemperature of 45°C. The resulting product
was sequenced, allowing speesgecific primers Jhaprd-F2 and Jha@rd-R2 to be designed.
These primers were used to amplify embryonic cDNA, producing two bands, which were inserted
into pGEMT-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 P&ed domains and homeodomains, and will be referredibaesprd(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 dbaesprd(partial)-isoformX2.Similar
isoforms ofprd were also identified in the harlequin bl histrionica(Hernandezt al. 2020)
Jhaeprd(partial)-isoformX1is homologous tdvhis-prd-B (GenbankMT235252.1) andJhae
prd(partial)-isoformX2to Mhis-prd-A (GenbankMT235251.1). Another sequence derived from
colony 10 encodes a stop codon withinpla@ed box so likely does not encode a function DNA

binding protein.
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5.2.17J. haematolomambryo fixation

To fix J. haematolom&mbryos, 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 a20°C awaiting total chorion removal. Embryos wehen transferred
gradually back to PBST and chorions manually removed, followed by storage in methanol at

20°C.

5.2.18J. haematolomaarentaRNAI

Two nonoverlapping dsRNAs were synthesized to targfeeBlimpl. Primers Jhae
Blimp-FT7 and Jha&limp-RT7 were used to amplify a 713 bp DNA template for dsRINAnd
primers Jha@limp-dsRNA2FT7 and Jha@limp-dsRNA2RT7 were used to amplify a 327 bp
template for dsRNA2. Adult females were injected with 3 uL of 5 WWIRNA diluted in injection
buffer (5 mM KCI, 0.1 mM phosphate buffer pH 6.8) with green dye (McCormick) diluted 1:50.
These molarities correspond to 2.4 ug/uL for dsRNAnd 1 ug/uL for dBNA-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.

5.2.19Murgantia histrionicarearing

M. histrionicawere 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 sumgistrionicawere reared

in 12 x 12 x 12 in mesh cages, and fed fresh kale and cabbage €/day2. 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.

5.2.20M. histrionicagene isolation

Degenerate primers blirpegeninnerF and blimpdegenouterR (0.4 uM each) were used
to amplify 2448 h AEL M. histrionica cDNA with an annealing temperature of 51°C. This
reaction yielded a 1.5 kb band which was sequenced, allowing spgeei@fic primers Mhis
Blimpl-F and MhisBlimp1-RT71 to be designed. These were used to amplify a 1.3 kb band,
which was inserted into pQET-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 fingemncoding region, which is not present in colony 2.
Furthermore, there is a single conservative SNP. Both sequences encode a regiogdusno
SET domain superfamily genes (IPR046341) and three @gpt2zinc fingers (IPR013087). The
colony 2 sequence will be referred to Mbis-Blimpl(partialyisoformX1and the colony 12

sequence ddhis-Blimp1(partial}isoformX2.

5.2.21M. histrionicapRNAI
Two nonoverlapping dsRNAs targetiniglhis-Blimpl were generated for pRNAIi. The
DNA templates for both dsRNAs were amplified from the clodéds-Blimpl(partial}isoformXx2

fragment. Primers MhiBlimpl-FT7 and MhisBlimpl-RT7-2 were used to amplify a 645 bp
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template for dsRNAL, and primers Mhi8limpl-FT7-2 and MhisBlimp1-RT7-1 were used to
amplify a 497 bp template for dsSRNA

For each treatmenihis-BlimpldsRNAL, -2, andGFPdsRNA), 10 young adult females
were each injected with 5 uL of 6 uM dsRNA solution diluted in injection buffer (5 mM KCI, 0.1
mM phosphate buffer pH 6.8) with 1:50 green dye (McCormick). As the length of each dsRNA
differs, a 6 uMsolutionis equivalent to 2.5 ug/uL d¥ihis-Blimpl dsRNA-1 and 1.9 ug/uL of
Mhis-Blimpl dsRNA2. To inject, females were GC@naesthetized and one set of foamd
hindwings was turned outward, exposing the dorsal abdomerg Bginlled 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 addEmbryos were collected daily and fixed 5 days later by

boiling for 3 min.

5.2.22Nasonia vitripennistocks and rearing

Orangeeyed Nasonia vitripennispupae wer e pur chasedN from
vitripennisare parasitoid wasps, laying their eggs in large dipteran pupae, which the larvae feed
on until pupation. Adults were fed 10% sugar wateDinsophilavials and provided with live

Sarcophagp upae (Diptera: Sarcophagidae, purchased

5.2.23N. vitripennisgene isolation
TheDmelBlimpl PR/SET domain amino acid sequence was used as a query to search the
N. vitripennistranslated OGSv1.1. Since the OGS contains various isoforms for each gene, the top

five significant alignments (ealue<1elO) localizel to two genes. LOC100123469 encodes a
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PRDMI1-SET domain (IPR044413) and five C2#pe zinc fingers (IPR013087), like other
Blimp1l genes, while LOC100678344 encodes a SET domain and nine-{@@éi2inc fingers

(IPR013087). LOC100123469 will be referred td\agt-Blimp1.

5.2.24N. vitripennispRNAI
A 711 bpNvit-Blimpl dsRNA template was amplified from <4 h AEL embryonic
cDNA using primers NviBlimp1-FT7 and NvitBlimp1-FT7. RNAi was performed according to
established methoddynch and Desplan 2006Yo conduct parental RNAI ilN. vitripennis,
young pupae at the fyel | otheefficterecygatthe RANAibasbern ect e
reported to decrease after this stage. Yellow pupae were fixed to a coverslip with a thin strip of
El mer 6 s NitBliemplorSGFRAYRNA 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

5.3.1JhaeBlimplis expressed in a Pike manner during germband elongation

The expression afhaeBlimplin the early embryo was analyzed by in situ hybridization.
JhaeBlimpZltranscripts were first detected in young germisand broad anterior stripe and thin
stripe toward the posterioFigure 51A). Later, three broadly spacdtiaeBlimpl stripes were
observed Figure 51B). The spacing of these stripes suggests expression in alternate segment
primordia, but we were unable to test this more definitively bygtaming with a segmental

marker. LaterJhaeBlimplcontinued to b expressed at this register in the segmented germband
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(Figure 51C); unfortunately, morphological segmentation of the germlveassktill too unclear

at this stagéo 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 posteridfi@4&g b

1C, arrowheads). In an older germband, lkaeBlimplstripes were observed in the abdominal
region of the germband, and a broad stripe within the SAgue 51D). The pattern oflhae

Blimpl expression is very sitar to that observed fdbfasBlimpl, and very likely corresponds

to an alternatsegment, PRike manner of expression. Analyzing additional developmental
stages, including those in which morphological segmentation and domains of expression can be
compared, or cgtaining witha segmental markeshouldhelp parse the register dhaeBlimpl

stripes more definitively.

Figure 5-1. Expression ofJhae-Blimp1 during germband elongation
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A) In a young germbandhaeBlimplexpresson was observed in a wide stripe toward the anteric
a think nascent stripe toward the posterior. B) Later, one stripe was observed in the head lobes,
stripes along the length of tlgermband. C) Two new stripes (arrowheads) were later added
posterior. D) In a germband beginning to display morphological segmentation in the trunk regi
stripes were observed within the segmented region of the germband, and a broadthtig\i. For
all panels, anterior is to the left.

5.3.2Blimplknockdown results in PHke segmentation defects in two additional hemipteran
species

The similarities in expression betweé&fasBlimpl and JhaeBlimpl suggested that
Blimp1 might also have PR function th haematolomaWe therefore assessed its function by
parental RNAI; adult females were injected with dsSRNA and the phenotypes of their embryos were
examined at the end of embryogenesis. The expected thrbedegg thoracic segments and at
least ten abdominal segmentsre observed in contrt&FP knockdown embryosHigure 52Ai-
i). In JhaeBlimpl embryos knocked down with dsRNA onl two thoracic segments were
observedFigure 52Bi-ii, asterisks), and segment number in the abdonssgreatly reduced, to

only ~34 segmentsHigure 52Bi-ii).

8 40 36 86 63 41 53 29 23 33 32 14 11
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Jhae-Blimp1 pRNAI (dsRNA-1)

Figure 5-2. PRlike phenotype followingJhaeBlimpl pRNAI

Fraction of scored embryos

A) Wildtype-like morphology is observed aft&sFP pRNAI. Three legbearing thoracic segments (T
T3) and ten abdominal segmentsl() are visible. B) AftedhaeBlimp1pRNAI, only two legbearing
segments (asterisks) and many fewer abdominal segments were observed. For A and B, both
and dorsal views of the same embryo are showB) Aanterior is to the left. C) Plot displayir
phenotypes observed in offsprin§8 females injected witBhaeBlimpl1dsRNA:-1. Phenotypic classe
0-2 describe segmentation defects of increasing severity. Class rgosndn not have any clear
discernable morphological structures. No segmentation phenotype was observed in embryos cc
days following injection, but by 3 days pesfection, most embryos displayed a neitdtype
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phenotype, a trend that continued over theday collection period. The most severe knockdc
phenotype peaked around@lays posinjection. The number of embryos scored from each day is r
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 dsRMN#A notreacled 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 fefct would last in this species. We therefore tracked the phenotypes
of offspring laid byJhaeBlimpl dsRNA-1-injected females anti5FP dsRNArinjected females
over a tweweek period Figure 52C). ControltGFP offspring displayed no segmentation defects
during this tweweek collection periodJhaeBlimplknockdown 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 than98segments the abdomen were visible. Class 1 embryos had only
two thoracic segments,-3 abdonmal segmentsKigure 52Bi-ii). Class 2 embryos displayed
fewer than 2 thoracic segments, and the abdominal segments were could not be distinguished to
permit counting. Another phenotypic categbrglass ® describes embryos that only developed
balls of tissue in which no discertebstructures were present. Embryos were also classified as
wild type, undeveloped (ball of yolk), or too damaged to score. Two days after injectitirgall
Blimpl knockdown embryos displayed wild tytike phenotypes, and therdt segmentation
phenotype was observed at 3 days fgsiction. No wild typelike phenotypes were observed
after this time. The most severe class of segmentation phenotypes (Class 2) peaked in frequency
around 67 d postinjection, which was not accompad by a peak in the Class 3 phenotype,
suggesting this latter phenotype may represent apeaific effect. The least severe segmentation

phenotype (Class 0) represents a sizeable fraction of examined embryosléydags 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 phenotyiguie 52Bi-ii).

To assess the specificity of the segmentation phenotypes seen after knockdaodtraavith
BlimpldsRNA1, we designed a second, rawverlapping dsRNA2 and again performed pRNAI.
We had observed that after an early pattern of broad expression in the posterior ~2/3 of the embryo
(Figure 53Ai), Jhaepaired (prd)is expressed similarly t®fasprd, in every presumptive
segment primordium in the blastodestage embryos (Fi&Aii) and young germband§igure 5
3Aiii), and around the anterior SAZ in elongatingmeands Figure 53Aiv). Late embryos with
gnathal and thoracic appendages exppssin the appendages of the mandibular (Mn) and
maxillary (Mx) segmentsHigure 53Av), makingJhaeprd a helpful marker of segment identity
in this region We therefore examined the expressionliofeprd in pRNAI embryos knocked
down with dsRNA2. WhiletGFP embryos displayed the expected wild tfiye prd expression
pattern in the Mn and Mx appendagésg(re 53XBi), Jhaeprd was only detected in a single
s e g me n tndages ia thip egion idhaeBlimpl knockdown embryosHigure 53Bii, 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 53Bii, asterisk). The segment posterior to this bears a reduced appeRdage $3Bii,

transparent arrowhead), and abdomen is much shorter than that setbFEtRINAI.

180



Figure 3. Expression pattern ofJhae-prd in wild type and Jhae Blimpl pRNAi embryos

A) Expression oprd at different developmental stages in wild type embryos. i) In an early blasto
stage embryqrd is expressed broadly in the posterior half of the embryo; ii) in a later blastctige
embryo, 56 stripes are visible; iiprd is expressed in stripes throughout the length of a young germ
and in a broad stripe in anterior SAZ; iv) in a later germbandpfidstripes are situated anterior to a
within the anterior portion of the SAZ; v) in an even older germbgamts expressed in the appendsy
of the mandibular (Mn) and maxillary (Mx) segments. B) Expressi@ndiin extended germbarnstage
pRNAi embryos. i) ContrdiGFPRNA embryos display wildtypdike expression oprdin the Mn and Mx
appendages. iiyhaeBlimpl®NA embryos are shortened compared to the control, displaying 1
abdominal and appendabearing gnathal and thoracic segments. Consistent with this, expregsidn
was only observed in one gnathal segment 6s
left.

Preliminary in situ hybridizations in another hemipteran, the harlequinMrgantia
histrionica, suggest thaBlimplis also expressed in stripes in this species. To assess its function,
two nonoverlapped dsRNAs were designed to taighats-Blimpl and pRNAi was performed.
Following tGFP pRNAI, nearly all examined offspring displayed wild tyljes phenotypes with
three thoracic segments and at least seven abdominal segments Figilnle §-4A, D). Mhis-
Blimp1knockdown witheitherdsRNA 1or 2 producecembryos with reduced segment number,
often with two thoracic segmentsigure5-4B-C, asterisks) and-3 visible abdominal segments.

31% (n=142) of embryos scored afthis-Blimp1knockdown with dsRNAL and 90% (n=159)
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with dsRNA2 and displayed these HiRe segmentation defects. A large fraction (38%) of
embryos knocked down with dsRNRA developed only as masses of tissue. Whether this
phenotype results from a more severe knockdowvro-Blimplor is a noprspecific phenotype
associated with this dsRNA and not the gene targeted, remains to be determined. Avtypical
histrionicae gg mass consists of 12 embryos, and the
more than 12 embryos on any collection day, thus it isiplesonly one female is responsible for

these embryos, though it is unclear why the effect would vary between individuals.

tGFP dsRNA Mhis-Blimp1 dsRNA-1 Mhis-Blimp1 dsRNA-2

D n=174

Phenotype

B rr

. TissueMass

. Other

! ‘Undeveloped
WT

Fraction of embryos scored
o o
R 2

o
=}
S

tGFP dsRNA Mhis-Blimp1 Mhis-Blimp1
dsRNA-1 dsRNA-2

Treatment
Figure 5-4. Mhis-Blimp1 pRNAi produces PRlike segmentation defects in offspring

A) tGFP pRNAIi embryos displayed wildtypéke morphology. Three legearing thoracic segmen
(T1-T3) are visible, and at least seven abdominal segmefmsddn be clearly observed:@ Mhis-
Blimp1pRNAI phenotypes are shown following maternal injection of dsRNB) and dsRNA2 (C).
Segmentation defects observed altéris-Blimpl pRNAI were PRlike, as embryos displayed only tw
leg-bearing segments (asterisks), and only ~4 abdominal segments were visibleC RootA lateral (i)
and dorsal (ii) views are slwn. D) Plot displaying frequencies of observed@FPNA" and Mhis-
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BlimpIRNAT(dsRNA-1 and-2) embryosMhis-Blimp1dsRNA-1 produced a larger fraction of nepecific
phenotypes, while phenotypes produced by dsNwere much more consistent. The numbel
embryos scored per treatment is noted above each bar. For all panels,

5.3.3In the lepidopteraWanessa cardugepletion oBlimpltranscripts results in loss of two
consecutive abdominal segments

As V. carduiis a tractable lab model, with established protocols for embryonic injection
(Martin et al.2020) it was selected to examine the roleBifnplduring lepidopteran embryonic
developmentV. carduiis a sequentially segmenting speciegilei t 6 s not any e ar
segment specification occurs during a blastoderm stage, most segments are specittebitan
during germband elongation. First, the expression pattevicaBlimplwas analyzed by in situ
hybridization. The firsi/car-Blimpl expression we have observed was detected in a very young

germband in two broad bands, one in the primordealdhregion, 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 SAgufe5-5B). In slightly older germbars]
this centrabroad domain appeaa more clearly as three defined strip€g(re5-5C, asterisks),
and a stripe in the SAXvas still present Figure 5-5C, arrowhead). As germband elongation
continuel, a single stripe in the anterior SAZ continued to be obsertAglre 5-5D-F,
arrowhead). While its expression in stripes around the SAZ suggests a potential kdarfor
Blimplin segment formation, it is unclear how th&sar-Blimplexpression domains align with

segment boundaries.
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Figure 5-5. Expression ofVcar-Blimp1 during germband elongation

In a young germband (A)/car-Blimplexpression was observed in the anterior region, and in a |
band toward the posterior. In a more elongated germband (B), a new stripe of expression had
the SAZ (arrowhead). C) Later, three stripes of expression are evident in the segmentzahd
(asterisks), and a stripe was observed in the SAZ (arrowhead). D) A broad expression dor
observed in the segmented region of the germband, and a stripe in the SAZ was still ¢
(arrowhead). E) In an dér germband, a stripe in the SAZ continued to be present (arrowhead)
broad expression domain had started to fade, and later (F) was absent, while an SAZ stripe

(arrowhead). For all panels, anterior is to the left.

To test the function df car-Blimplduring embryogenesis, embryonic RNAIi (eRNAI) was
performed by directly injecting embryos with dsRNA. Fully extended germbands that had been
injected withtGFP dsRNA had the wild type complemeaf wg stripes and corresponding
segments: three appendage bearing gnathal segments (Lb through Mx), tHwesrileg thoracic
segments (T1 through T3) and ten abdominal segments (Al throughFAduie(46Ai). Embryos
injected withVcar-BlimpldsRNA-1 were found to have two fewabdominal segments than wild
type embryos (FigAii). An enlarged segment was observed between segments A2 and A6, and
the identity of this segment was unclear. In wild typecarduilarvae, abdominal segments A3
through A6 each bear a pair of prolegs,likg protrusions with a circle of hooks allowing the
larva to grasp surfaces. i6FP RNAi embryos that were allowed to develop to thelp&chling
stage, these four pairs of prolegs can be obseRrgdre5-6Bi-ii, asterisks). However, aft&fcar-
BlimpleRNAI (1.5 uM dsRNA), only two abdominal segments bear prolege preseniFigure

5-6Ci-ii, asterisks).
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Figure 5-6. Two abdominal segments are lost followinycar-Blimpl eRNAi

A) Expression pattern of the segmentally expressed geaewingless (wgjn (i) an embryo injectec
with 1.5 uMtGFP dsRNA and (i) an embryo injected with 1.5 uitar-Blimpl dsRNA. tGFPRNA

embryos displayed wildtypkke morphology, segment number, and expressiovicaf-wingless (wg)
while Vcar-Blimp1®NA' embryos displayed only ~8 segments, and an enlarged abdominal segmt
observed between segments A2 and A6. B) A wildijke tGFPRNA pre-hatchling embryo has fol
abdominal segments (A3 througB) which each bear a pair of prolegs (asterisks). @ ar-Blimp1-NA

embryo is missing two abdominal prolbgaring segments. For B and C, both lateral (i) and ventrz
views are shown. D) Plot displaying phenotypes observed after injection of IGRROSRNA, and
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0.015, 0.15, and 1.5 uMcar-Blimpl dsRNA. Injection of an intermediate concentration (0.15 1
produced mostly intermediate phenotypes, which aided in identification of segments missivigaaft
Blimp1RNAI. E) A Vcar-Blimp1*NA embryo displaying an intermediate phenotype, in which segn
A3 and A4 are present in the left half (top) of the body, but absent from the right half (bottom)
body. F) Injection of 1.5 uM/car-BlimpldsRNA2 produced the same phenotype seen after inje:
of dsRNAL.

The identity of these segments was unclear until intermediate phenotypes, which displayed
incomplete loss of segments, were obser#gufe5-6D-E). Many of these embryos displayed a
wild type segment number on one side, and loss of segments A3 and A4 on the otlkeégside (
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 withincreasing concentrations of dsRNRidure 5-6D). Embryos injected with the
lowest concentration o¥/car-Blimpl dsRNA1 (0.015 uM) displayed mostly wild typie
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 (5 uM) displayed mostly complete loss of segments A3 and A4 (71.7%, n=145).
Embryos injected with 1.%M of a second noeoverlappingVcar-Blimpl dsRNA similarly
displayed loss of these two abdominal segmehigu(e 5-6F), suggesting this phenotype is
specific toVcar-Blimp1.In sum, these results suggest tha¥ircardui, Blimpldoes not function
in a PR manner during segmentation, but ratheequired to establish two consecutive segments

in the abdomen.

5.3.4Blimplis required for adult eclosion in the hymenoptexasoniavitripennis
Nasoniais a parasitoid wasp that lays its egggQre5-7Ai) in the pupal cases of large
flies; the hatched larva&igure5-7Aii) then consume the fly pupa. The wasps pupBigufe5-

7Ai i 1) inside the flyods PpigupaTAiv)emege fromarsidglema ny
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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 targblvit-Blimpl and parental RNAiI was attempted by
injecting 42 femalédNasoniapupae with a 711 bplvit-Blimpl dsRNA and 40 pupae wittGFP
dsRNA as a negative control. However, whilet@lFP dsRNA-injected pupae eclosed normally
with wild type morphology Figure 5-7Bi), all Nvit-Blimpl dsRNA-injected pupae failed to
properly eclose from the pupariurigure 5-7Bii). Thus noNvit-Blimpl knockdown embryos
could be obtained. However, this result suggests Bfiaipl likely has a caserved role in

metamorphosis ilNasonig like in DrosophilaandTribolium (Agawaet al.2007; Liet al.2016)

. i o 4R

Figure 5-7. Nvit-Blimp1 RNAI disrupts adult eclosion

A) N. vitripennislife stages. i) Embryos (arrowhead) and ii) larvae insi8ar@ophagaupal case; iii)
A femaleN. vitripennispupa. Pupae can easily be sexed by the length of the forewing pads; feme
be identified by posterior tip of the wing pad extending past the thorax. Antigidriv) Adult maleN.

vitripenniscan be identified by the short vestigial wings. Antetadt. B) Pupal RNAI inN. vitripennis.
i) An individual injected during the wittGFP dsRNA eclosed normally with wild type morphology.
Individual injected withNvit-Blimpl dsRNA failed to eclose, becoming stuck within the pupari
Anterior-left.
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5.3.5Preliminary results suggeBtimplmay not be required for segmentation in two beetle
species

Previous work showed thafcasBlimpl is expressed in stripes during germband
elongationEconomou 2008 \We validated this by examining thieasBlimplexpression pattern
by in situ hybridization. In young germbands, fdwasBlimplstripes of expression were visible
(Figure 48A) in a similar pattern td@casodd and-run at this stag€Choeet al. 2006) Later,
~three stripes are visible, with one more intense than the {iigtse 48B). As the germband
elongates] casBlimplstripes were detected in the posterkig(re 48C) and later in two stripes
anterior to the SAZRigure 48D, asterisks). In an older germband, expression was observed in a
stripe anterior to the SAZ and in the posterior region of the $Agli(e 48E). Finally, only one
stripe of TcasBlimpl expression was observed in an older germband beginning to show

morphological segmentati of the trunk regionFigure 48F).

Figure 5-8. Expression ofTcasBIlimp1l during germband elongation

A) In a young germband,casBlimplwas observed in four stripes of equal intensity along the lenc
the germband. B) In a slightly older germbanés 8tripes are still evident. C) Later32TcasBlimpl
stripes were observed toward the posterior of the germband. D) Two stripes were later observec
to the SAZ, and one stripe further anterior.TEasBlimplwas observed broadly in the posterior S.
and in a stripe near the anterior SAZ. F) In a germband displaying morphological segmentatko
anterior, only a single stripe dtasBlimplwas observed in the anterior SAZ. For all panels, anteri
to the left.

To test the function dBlimplin Coleoptera, eRNAi was attempted in two beetle species:
Tribolium and the Colorado potato beelleptinotarsadecemlineataln Tribolium, only 9% of

embryos injected witficasBlimpldsRNA (n=87) hatched with wild type morphology, and none
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of the tGFP dsRNArinjected embryos hatched, likely due to insufficient humidity. As eRNAI

typically results in severe knockdown, it is unlikely that amgasBlimpl dsRNArinjected

embryos could hatch iFcasBlimplwere required for segment patterning, but it cannot be ruled

out. Thus while these data are inconclusive, they suggestdasBlimpl 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 wittdecBlimpl dsRNA (n=62) and 88.9%

of embryos injected withGFP dsRNA (n=36) hatched five days pasjection with wild type

morphology, also suggesting tigltmplmay not be required for segmentation in this species.

5.3.6Blimplmay not be required for segmentation in the zygentomalomestica

The firebrat T. domesticais a basally branching ametabolous insect in the order
Zygentoma. A potential partidldomBlimpl fragment was isolated from embryonic cDNA, and
used to generate a dsRNA for embryonic knockdown. Embryos were injected with either this
TdomBIlimpl dsRNA ortGFP dsRNA. 66% of embryos injected withdomBlimpl dsRNA
(n=55) and 52.6% of embryos injected wiBFP dsRNA hatched ~13 days peésjection,

suggesting thaBlimplmay not be required for segment patterning in this species.

5.4 Discussion
This chapter presented preliminary data on the expression and funddiimpf orthologs
in several insect species positioned across the insect phylogeny. The expression p&tierps of
in VanessandJaderawere so far uncharacterized, and we have validated previously published
expression data forribolium. New data were presented on the effects of RMAdiated

knockdownon segmentationf Blimplin Vanessa, Jaderaand Murgantia (Figure 5-9, solid
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green boxes). Th&limpl knockdown data infribolium, Leptinotarsaand Thermobiawere
inconclusiveand thusBBlimp16 mole in these lineages during segmentation remains unclear (Figure

5-9, dashed green boxe¥®Yyhile much work remains to be done to provide a clearer picture of
Blimpls role throughout the Insecta, several ob:
guestions regarding | i rapvbldtion in insects.

First and perhaps most surprisingly, we have foundBhatplis expressed in stripes in
every insect species we have examined. Additionally, another lab interpretdd/lins Blimpl
expression pattern as striped in the anterior SAZ during germband elon@¥aiceamura and
Extavour 2016)Based on the data currently available, it is likely that the last common ancestor
(LCA) of the Holometabola and Hemiptera displayed stripéichpl expression in the early
embryo. Whether this was preceded by, coincident with, or followdgl by & poléement in
segment patterning is still unclear. Similar striped expression patterns could imply similar
regulatory logic, thus it is possible that investigating the upstream regulatbre@sdphila or
OncopeltusBlimp1d where this is technically feasil@decould help us identify these in other
species.

While the conservation of stripeBlimpl expression is remarkable, how the register of
these stripes aligns with the boundaries of segment primordia should be considered further.
AlthoughDrosophila Blimp1lis expressed in stripes at the right developmental time to be involved
in segmentation, is not expressed in alternate segment primordia lik®rossphilaPRGs. On
the other hand, we have shown tRatcopeltus BlimpX tripes are expressed through much of
segment formation in every other segment primord{Chapter 4). Although we have not-co
stainedJadera Blimpland a segmental marker, it is likely this trend holds true insfhesiesas

well. In Vanessathe register ofBlimpl stripes is still unclear and should be investigated.
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Intriguingly, Tribolium Blimplstripes are markedly Rkke. Although this needs to be validated
by costaining with a segmental marker, the similaritBbimplexpression with that dfribolium
oddandrun, which have been shown to display alterregégment expressidichoeet al. 2006)

clearly suggestBlimplis expressed in a RRanner in this group.
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Figure 5-9. Expression and function oBlimpl1 during embryogenesis in insects

Asummary ofthedatad@liimpld s expr essi on and funct i onBlidpl

is expressed in stripes during embryogenesis in four samples holometabolous species represer
orders. Outside of HolometaboBljmplembryonic expression have been examined in two hemip
species, which display not only striped, but alters&igment pairule-like patterns. Embryonic
expression in more basally branching insect groups is unclear. Despite widespread striped er
expressionBlimplds r ol e in segmentation acr oss Blimple
in AP segment patterning was observednosophila In the lepidopteravanessaalthoughBlimpl

knockdown embryos displayed clear segmentation def@oss of two consecutive abdomin
segments), these were clearly not PR. In HemipterdikeRoss of segments has been shown clearly
Oncopeltusand less definitively for two other hemipterdviargantiaandJadera RNAi knockdown in
the coleopterans (beetlegjibolium and Leptinotarsaas well as the zygentomdrhermobiaare not
conclusive, but suggeBlimplmay not be required for body patterning in these species. Data pre
in this chapter are outlined by green boxes. Green dashed boxeseihoiearconfidence preliminary
data presented here. The data@micopeltugs derived from Chapter 4; data forosophilais from Ng

et al. (2006)and Chapter 4; data f@ryllus Blimplis from Nakamura and Extavour (2016)
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SecondBlimplis required for segmentation in two distantly related lineages (Fxg9)ye
and the segmentation phenotypes observed in each lineage after knockdown are distinct. In all
surveyed hemipteransOficopeltus, Jaderagnd Murgantia), Blimpl knockdown produces
embryos with ~half as many segments as wild type (Fign®e At least inOncopeltussegments
are lost in a PRnanner(Chapter 4). Based on how closely related these three species are to each
other and the similarity of expression pattelnesweenOncopeltusandJadera,it is most likely
theBlimplsegmentation phenotypes observedaderaandMurgantiaare PR as well. However,
in Vanessathe only lepidopteran sampled so fBfimpl knockdown does not result in a PR
phenotype, but instead loss of two consecutive abdominal segments. It is possiBlerpat
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. Agastimiog
Vanessa Blimplwith a segmental marker should help answer this question. Thus while in
hemipteransBlimpl loss results in loss of alternate segments across the AP axanessa,
Blimplloss affects a small fraction of the AP axis length and results in loss of consecutive, rather
than alternate, segments.

From these data, the evolutionary trajectorlaihplremains unclear. Whether or not the
Blimpl-dependent PR segmentation network seen in hemipterans represents an ancestral or
derived trait cannot be determined. However, the current data suggest that Btnippil
expression was present at the base of the clade comprising Holometabola and Hemiptera. If indeed
Tribolium Blimplis expressed in RBripes, it is also likely that the LCA of Holometabola and
Hemiptera displayed stripellimpl expression in alternate segment primordia. The PR stripe

register ofBlimplis then predicted to have been lastlineage(s) leading t®rosophilaand
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VanessaMaintenance of stripeBlimplexpressiomay haveallowedBlimplto be incorporated
into different levels of the segmentation hierarchy in hemipteransVamgssa(or perhaps
maintained at a certain level of the hierarchy, depending on the ancestral state).

These observations also raise the question ofBlonpl striped expression is maintained
where it is dispensable for segmentation, d3rivsophila Two scenarios fobrosophila Blimpl
are most likely. First, althougiBlimpl may be dispensable during segment formation in
Drosophila it is not necessarily nefunctional during this process. It is possible hatetBlimpl
is functionally redundant with one or more genes, and that deletion of any one of these can be
tolerated. This is an intriguing idea,fasctional 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 exampl®radlsephila PRG
ortholog paired (prd) has been lost from mosquito genomes, and its expression pattern and
function replaced by paralogooseberry (gsh)which is proposed to have ocoed aftergsb
adopted an earligrd-like expression patterfCheatle Jarvelat al.2020) As in the case ajsb
andprd, which are closely relatd@bax3/7family members, this functional redundancy is generally
assumed to evolve in the form of duplicated gene®Drlysophila, the only other knowrPR
domainrcontaining prdm) genes ardamlet CG31753 and prdm5 CG43347, which do not
display Blimpl-like expression patterns during segmentatioeumletis expressed in a single
anterior spot (likely the head primordium) during the blastodermpedmd5was not found to be
expressed during this stafégammondst al.2013)

Second, is also possible thBtosophila Blimplis indeed no#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 requirementBtimplstriped expression. In this model, continued striped
expression oBlimpl cannot be deleteriou8limpl expression at this stage might be rendered
neutral byposttranscriptional silencing, making Blimp1 binding sites inaccessible, or by reducing
Blimplexpression level below some threshold required for functionality. It should be noted that
DrosophilaBlimpbs expression | evel at the Drbsaphiaoder m
PRGsftzor eve(Graveleyet al.2011) making this latter scenario quite likeWestigial expression

could be the consequence of a high level of redundan@linmp16 s -regulatory elements

(CREs). Redundant CREs are thought to be a common phenofitoraret al. 2008; Frankeét

al. 2010; Grahanet al.2021; Fischeet al.2024) and could slow the evolution of an expression
pattern.

So far, we have only examined the expression patterns and ultimate eff@&tismt
knockdown on embryo segment formation. In the future, it will also be worthwhile to examine the
proteincoding sequence differences between diffeRiimhpl orthologs to see if any trends in
protein motifs correlate with differences we observeBimpl function in different groups.
Unfortunately, there are currently few fldingth verified insecBlimpl ortholog sequences
available.

In sum, we have found thBtimpl6 s r ol e i n s e g meQ@ncopdltisand | s nc
that it likely acts as a PRG in the hemipterdaderaandMurgantiaas well. Additionally Blimp1
is required for proper segmentation of the abdomen in the lepidoptarassawhere loss of
Blimpltranscripts results in loss of A3 and A4. Finally, we fiinplexpressed in stripes during
segmentation throughout Insecta. This striped expression is likely plesiomorphic, and may have

predisposedlimpl orthologs tobecome involved in segmentation independently in Hemiptera
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and Lepidoptera, or involvement in segmentatitself 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 wheravhite mutants are homozygous viable, the pleiotropy ofwhée
gene contributes to its usefulness as a visible marker. White proteins heterodimerize with Scarlet
to transport ommochrome precursors, and with Brown to transport pteridine precursavhitiaus
mutation prevents transport of both types of pigments into the pigment granulascdpeltus,
white is even more pleiotropic than expected, since in addition to its roles in eye and body
pigmentation, we foundhite mutations tdoe recessive lethal.

As noted in Chapter 2, thiwhite phenotype is not without precedent. Hielicoverpa
armigera, white mutations were likewise found to homozygous lethal, and some viable
heterozygotes displayed dominant defects during ecdysis and could not properly shed their
exoskeletongKhanet al.2017) After publication of our findingsyhitemutation was found to be
the likely cause of GO lethality in another hemipteReregrinus maidigKlobasaet al. 2021)
and RNAI knockdown oivhitein the hemipterahygus hesperusas also found to be leth@leu
et al.2022)

We have not explored the possible causashife mutant lethality, but a few possibilities
are worth considering. As suggested by Kémoto et al. (2009), it is possible that White
heterodimerizes with other yet unknown ABC Hadfnsporters to transport chemicals aside from
ommochrome and pteridine pigmgmecursorsToxic 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 ex(fetiorsen 1966)
For example, they noted that in contrast to many other indeietss (Lepidoptera) butterflies
excrete a small amount of pteridines, but produce pteridinec h s cal es, essenti
these molecules to the body surface where they have an additional fungiigmentationlt 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 xanthopie inhibit DNA synthesis inOncopeltusembryos(Harris and
Forrest 1967)

Whatever the exact causewalfiite mutant lethality, it is interesting to note that this effect
can be rescued by some proportion of the body having wild type copieiteiMWWe observed that
most GO individuals with largehite clonal patches in the epidermis and eyes were viable and
fertile (Figure 6-1A). However, since we did not observe any GO adults that were mostly
unpigmented, there appears to be a threshold awditefclone® which we did not determirde

above which bugs do not survive.

Figure 6-1. Comparison ofOf-w GO mosaic andPyrrhocoriswhite-bodied mutant

A) Ofasw CRISPR GO nymph displaying larggw clonal patches in the epidermis of the abdorsgn
Pyrrhocoris apteruswhite-bodied mutant nymph (left) compared to wild type (right). Like
Oncopeltus wtand cb mutants described by Lawrence (1970), fyerhocoriswhite-bodied mutants
have reduced erythropterin. Panel A is my data; panel B is borrowedfeona (2013)
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6.2 A gene involved in the synthesis of erythropterin remains to be identified

We chose to target thehite locus for mutagenesis because we expected this to produce
the viable, whiteeyed phenotype seen in many other insects. Fluorescent pgatmding genes
under control of the 3XP3 eygpecific regulatory sequence are often used as dominant markers of
trangyenesis irbrosophilaand noAmodel insects. The 3XP3 regulatory sequence contains three
Pax6 binding sites, shown to be sufficient to direct expression in the eyes in flies and beetles
(Berghammeet al. 1999) Due to the highly conserved expressioffak6in the eyes of insects,
3XP3 is presumed to be functional in all or most species, circumventing the arduous task of
identifying speciespecific regulatory sequences. However, Berghammer et al. (1999) showed
that eye pigments can greatly mask eye fluomse¢rigure 61, compare top row to bottom row),
limiting the usefulness of such transgenes to species in which aeayeidemutant line exists
(Berghammetet al. 1999) Thus, generating a whiteyed Oncopeltudine would permit many
downstream applications and is still a worthy goal.

As noted in Chapter 2, pigmentation mutant®mcopeltusvere isolated in the 1960s in
several labs, but were subsequently lost. Among these were the nataetsody (wbandcream
body (cb)which were found to be neallelic and displayed very similar phenotypes, i.e., the loss
of orangered coloration from the epidermiSmissman and Orme 1969; Lawrence 19D@uble
homozygotes generated by crossing individuals tored-eyed (re/r¢ mutant® which were
suspected to be deficient in ommochrome pignéemnésulted inOncopeltusvith white eyes and
white bodies, suggesting tHahcopeltusye color depends on both ommochromes and pteridines,
as in flies.

White-bodied mutants were also isolated in another heteroptyamocoris apterusThe

Oncopeltus wiandcb mutants, and thByrrhocoriswhite-bodiedmutants all have reduced levels
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of erythropterin compared to wild typEigure6-1B) (Rizki and Slama 1968; Lawrence 1970; Bel

et al. 1997) Erythropterin is a pteridine pigment thought to be responsible for the red color of
Oncopeltusiymphs, as increasing levels of this pigment through embryogenesis correlate with the
production of a deep oranged color as embryos develfiporrestet al. 1966) Thus it is likely

the pigment most responsible for the striking oraregecolor ofOncopeltusput unfortunately

little about its biosynthesis is known.

Additionally, it was found that in the whieodied Pyrrhocoris mutants, the red
erythropterin was replaced by white leucopterin (note the transparency Of-thepidermal
clones in Figure A compared to the epidermis of the wHikediedPyrrhocorismutant in panel
B). This suggests that the precursor of erythropterin, which is thought to be xanth@fiendst
et al. 1966) can be diverted to synthesize a different pteridine pigment in the absence of a factor

responsible for erythropterin synthesis.

Drosophila Tribolium
non-transgenic 3XP3>EGFP non-transgenic 3XP3>EGFP

T
e -

Figure 6-2. Fluorescence of EGFP expressed in the eyes of transgenic flies and beetles is blo
by eye pigments

white
eyes

A-D) Nontransgenic individuals shown at left; transgenic 3XGFP individuals shown at right. A
Drosophila whitemutant background (white eyes), Bjbolium st® mutant background (whiteyed),
C) Drosophila white/+background (wild type eyes), Dyibolium st®®/+ background (wild type eyes
Figuremodified fromBerghammer et al. (1999)
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6.3 Expansion of genetic tools to study gene function @ncopeltus

In Chapter 1, | showed that CRISPR/Cas9 is a practical and highly efficient strategy to
generate targeted mutations@mcopeltusThis 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 embryods si ze, the structure of t he
Compared tanany insectsPncopeltuday plenty of embryos (often >1,000 over the lifespan of a
female), which are fairly large (1.4 &6 mm,(Butt 1949), and easy to inject. Hatch rates of
embryos injected with netoxic reagents are often in the range of8896. 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 expesss
under control of th@anosor other germlinespecific promoter. Asilanosexpression is spatially
restricted to the germline primordia and later the gonads during embryodéhetiset al.1995)
germline editing is maximized while somatic editing is likely reduced. By contra3tdopeltus
and most other nemodel insects, somatic nuclei are highly vulnerable to mutation, which can be
lethal for the embryo. Additionally, there is evidence that @ecopeltusgermline is not
maternally transmitted as iBrosophila but rather zygotically induced, and thus germline
specification occurs at a later point in embryogen@sieenCamperet al.2013)

During this dissertation, three genes essential for embryonic development were targeted in
Oncopeltus white (Chapter 2) prd (AppendixJ), andBlimpl (Chapter 4)as well as one nen
essential gen@ermilion(Chapter 3)1 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 contmbuted t
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these results. Comparative statistics are shown in TatleO8-w and Of-Blimpl were both
targeted for mutation at protegoding regions. As NHEJ is the most common repair pathway and
often introduces frameshifting indels, doukteanded breaks at these loci would be expected to
produce los®f-function alleles. Injection of theseRISPR reagents is therefore expected to cause
some lethality in GOs due to somatic mutation. Indeed, hatch rates were very low following both
injections (Table €l); only 10.P6 of Of-w CRISPR GOs hatched in one case, and 12.3%f-of
Blimpl CRISPR GOs hatched. By contrastd was targeted for mutation at two sites flanking
exon 1 (described iAppendixJ); thus only norcoding regions were targeted. While indels at
either site could certainly lead to losspofl function (such as by disrupting transcription factor
binding sites in the promoter or disrupting
this is much less likely than when targeting protsading gene igons. Thus we expect somatic
mutation at these loci to be less lethal unless the entire exon is dalededdeedhe GO 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. F@f-w, 64% of genotyped G1s were found to be heterozygous atltwais.
This high proportion is likely due to the visibility @f-w mutant clones in GOs, allowing us to
identify GOs most likely to transm@f-w mutations to their offspring, as well as the viability of
these individuals. By contragird or Blimpl GOs displaying visible somatic mutation were not
viable.Of-prd G1s were screenedifthe desired lossf-function mutation: a deletion of ~400 bp
between the two gRNA target sites that includes exon 1. Only 596 @fd genotyped G1s were
identified as heterozygotes. This result suggests a-tfidehen targeting nowoding loci of
essential genes; while GO viability may be high, the frequency of mutations derived from deleting

regions between gRNA target sizes appeanset quite low. Only onprd mutant line could be
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propagated and has been maintained as a heterozygous line. Finally, as described in Chapter 4,
Blimpl gRNAs were ceanjected with anOf-v gRNA, and GOs were crossed @f-v virgins,

allowing me to screen G1s by eye color which provided evidence of germline mutation in the GO
parent.Genotyping was heavily biased towargiielding lines, and offspring from newtyielding

lines were only genotyped for comparison; thus to best compare the efficiency of@GRdSBR
approach to the other CRISPR strategi@sll lonly consider gentyped G1s fronv-yielding lines

In this case21%o0f genotyped Glwere found to b&8limplheterozygotes. Five differeBlimpl

lossof-function alleles were identified and have be®intained as heterozygous linathough

Table 61. GO hatch rates and G1 heterozygotes recovered from CRISPR mutations at thr
essential loci

Gene | Region | Expectatio | GO hatch | Number | Number of Percent Number
targeted| n of GO rate of Gls | G1 heterozygous| lines
mosaic screened| heterozygotes Gls (B/A) maintained
viability* (A) identified
(B)
white | coding | viable 10.7%; 161 104 64% NA
35.4%**
paired | non notviable | 49% 124 7 5% 1
coding
Blimpl | coding | not viable | 12.3% 195 41 21% 5
*k*%k

*Here, the expected viability of GOs with large and/or many mutant clones (like those &égurén6
1A) is considered.

**Hatch rates for the two most effective gRNAs. Efficacy of gRNAs was assessed by the propo
GO hatchlings displaying a mosaitite phenotype.

***QOnly genotyped G1s fronv-yielding lines is considered here, as G1s fromwgielding lines were
genotyped only to evaluate the effectiveness of theRISPR strategy

two gRNAs targetin@limplwere 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 forOf-prd mutation.

The case oivhite mutation is likely an outlier with respect to most CRISPR experiments,

which will probably not yield viable mosaic GOs with visible somatic mutations. Considering the
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different strategies used f@rd and Blimpl mutation, the c€CRISPR approach (as used for
Blimplmutation) produced the greatest likelihood of recovering multipledbfsnction alleles.
| am therefore convinced that when working with a-nowdel insect, particularly one that has
potential to become a quasiodel, it is worthwhile to invest in malgrmutant lines with visible
markers (as described feermilionin Chapter 3) despite the extra time and effort this requires.

Regarding the tools available for gesditing in Oncopeltus,our inability to generate
alleles by homologylirected 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 regula€R 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 woulgreatly facilitate maintenance of such lines, as heterozygotes could
be screened visually rather than molecularly (See strate@niefBlimpl 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 rescuefthenutant phenotype. In
Tribolium, transgenes expressingrmilion (v)under control of the 3XP3 enhangaomoter or
the Tcaspolyubiquitinpromoter rescued thEcasv mutant eg color phenotypéLorenzenet al.
2002a; Siebemrt al.2008) However, targeted insertion of such transgenes relies on HDR from an
exogenous template following douid&randed break.

Potential factors that could affect the success rate of HDR have already been reviewed in
Section3.6.3 It is important to note, however, that even for more establishedinosiophilid
insect models likdribolium, in which successful HDR events have been repdfEsites et al.
2015; Ryleeet 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 reportedfasophilacompared to other insects. A

transgenicTribolium line expressingCas9with a Tcasnanos36 UTR has been gen

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

(Ryleeet al.2022)

6.4 Maintenance of patterned expression of THencoding genes in highly diverged species

Of the 460ncopeltusTF-encoding genes screened by in situ hybridization so far, 18
display spatially restricted (i.e., naiquitous) patterns of expression. Of these, 15 were
annotated as a clear ortholog dbebsophilageneandall 15 display spatially restricted patterns
of expression durin@rosophilaembryogenesis as wéllomancalet al.2007) Although a small
sample of TFencoding genes in either species, this observation was somewhat surprising given
the prominent example diiz-f1 losing patterned expression in the lineage leadiigrosophila
(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 contedldaick 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 differencesspacfic expression pattesndespite
conservation oé patterned expressigrer se resulting in the same Téncoding genes displaying
spatially restricted expression patterns across great evolutionary distances.

We likewise observe stripeBlimpl expression in thérosophila blastoderm despite

DmelBlimp1l being dispensable for segmentation. Comparative studies have produced similar
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findings. For instancemlpt, which is involved in segmentation in a broad range of species outside
Drosophilabut is dispensable fddrosophilasegmentation, is expressed in a weak Pstripe

pattern in thédrosophilablastodernm{Rayet al.2019) The gen&ubbin,which regulates segment
identity specification irOncopeltusandTribolium (Section 1.2.2.4), is expressed in a single-gap

like broad band in thBrosophilablastodern{Hrycaj et al.2008) Similarly, theDrosophilaPRG

ortholog ftz is expressed in PR stripes Tribolium, where it appears to be dispensable for
segmentatior(Stuartet al. 1991; Brownet 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 whinky areno longer required.

6.50ncopeltusPRGs are responsive to ecdysone Drosophila

In this dissertation, | have shown ti@tasBlimplis a PRG inrOncopeltusthe second
gene with such function aft&75A (Erezyilmazet al. 2009) and have generated the first PR
mutant inOncopeltuslt is noteworthy that irosophila,bothBlimplandE75Aare expressed in
response to the hormone ecdys@Begraves and Hogness 1990; Agatal.2007; Akagi and
Ueda 2011)Furthermore, thenille-pattes (mlptlgene, whose expression is likewise stimulated
by ecdysone ibrosophila(ChanutDelalandeet al.2014) is required for normal segmentation in
many nordrosophilid insects includin@ncopeltusand the hemipterarRhodniusand Gerris
(TobiasSantoset al.2019; Rayet al.2019) Interestingly, several other T¢hcoding genes related
to ecdysone signaling are aleundin theE75A andBlimpl-coexpression clustesvb,which is
posttranslationally regulated by the Mlpt peptitd@rmone receptor 3&ndhormone receptor-3
like. Expression osvbwas already shown to be expressed in@meopeltusSAZ (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 ecdysmhecible genes in the early
embryo is in fact due to ecdysone signaling, merely coincidental, representsptiocoof an
ecdysonaesponsive regulatory network into an ecdysoneesponsive contextpr some
combination, remains to be determined. The literature suggests that ecdysone likely plays some
role in early embryonic development. Ecdysteroids have been foun@4rhOAEL Oncopeltus
embryos(Kaplaniset al. 1975; Dorn and Romer 197&hd supplying an exogenous ecdysone to
adult females was found to hasten early embryonic development of their offpony and
Buhlmann 1982) Recently in another sequentially segmenting insect, the cockRlattella
germanicapoth the ecdysone receptor complex and several ecdysone signaling genes were shown
to be required for germband formation and segmentation to proceed nof@rathet al. 2023;

Wexleret al.2023)

6.6 Which genes are targets oOf-Blimp1 regulation during segmentation?

Having identifiedOf-Blimplas a PRG irDncopeltusijt will be interesting to understand
how it mediates this role by identifying target<#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 thacopeltusgenome for Blimpl binding sites to identify
potential targets, the expression patterns of which could then be examBledpd mutants for
functional validation. Additionallythere are many candidate target genes, such as the segmentally
expressed orthologs of tbeosophilaPRGs, and other genes shown to be expressed in and around
the SAZwhich might depend on Blimpl for proper expression

Additionally, the finding thafloll-7, -8, and-10 are all expressed in PR patterns in the

Oncopeltudblastoderm and in stripes in the SAZ during germband elong&entonet al.2016)
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makes these genes particularly good candidates to evaluate for regulatiQf-Bympl. As
discussed in Section 1.5, tli@grosophila Toll genes andartan 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 whetercthyegeltu®PRGS
BlimplandE75A0 are found to regulate expression of these cell surface penewding genes.

If they do, this could suggest that a major etiohary constraint on segmentation is the requisite
alternatesegment 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

mant enance of a fApair ruleo directing segment a

6.7 The Blimp1l protein is unstable in other lineages

In C. elegans,Blimpl was found to be a target of ubiquitination and subsequent
proteasomenediated degradation through interaction with tHeok protein Drel (Horn et al.
2014) In Drosophila this interaction was found to be conserved during the prepupal to pupal
transition, and the timing of Blimpl degradation is an important regulatory component modulating
the repression dtzfl and ultimately the timing of pupatidi\kagi and Ueda 2011; Algt al.
2018) Drosophila foxoll(dre-1 homolog) mutantgisplayed delays in pupation timing and
increased stability of a heahockinduced FLAGtagged Blimpl protein compared to controls
(Aly et al. 2018) A region between the PR domain and zinc finger®rfsophilaBlimpl is
implicated in mediating degradation by the proteasome, potentially through interaction with
Fbxoll (Akagi et al. 2016; Sarharet al. 2023) In sequentially segmenting species, a timing
mechanism regulating the periodic addition segments has been suggestedodimailelockand

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 gpemodicity (Figures-3). WhethelOf-Blimp1l is
subject to proteasome degradation during germband elongation, and whether this plays any role in

a clocklike mechanism of segment addition, should be investigated.

6.8 DoesBlimpl expression oscillate in the SAZ?

Sarrazin et al. (2012) showed convincing evidence for a single oscillatboidekpression
in the SAZ duringTribolium germband elongation. It is not cleaoild expression continues to
oscillate in this region throughout segmentation of the entire AP axis, although additional gene
expression data suggests that it ddesnet al.2020) It is clear thaBlimplexpression oscillates
one time in the posterior SAZ; tistp stripes allow us to compile a time couBlenpl posterior
SAZ expression. When the Adp stripe is visible, ndBlimpl expression was detected in the
posterior SAZ (Figure -8Civ). Concomitant with thelp A4 stripe,Blimplis expressed broadly
in the posterior SAZ (Figure-3Cv). Finally, along with thelp A5 stripe,Blimplis expressed in
a stripe in the middle of the SAZ, and posterior SAZ expression is lost. FodteBlimpl
expression in the posterior SAZ repladeg5A expression there, and generates a stripe of
expression posterior to &v5Astripe (Figure 43D).

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 pallgngxplain how
expression in alternate segment primordia is generated in a sequentially segmenting insect. Thus,
it will be interesting to identify other oscillats in the posterior SAZ thaBlimpl and E75A

expression may depend on later during germledmagation.
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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 sm@olia or sequential
segmentation. Clark and Akam (2016) observed@nasophilaPRGs expressed in the typical 7
stripe pattern have small transcription units of less than 3.5 kb, allowing relatively fast and
simultaneous production of proteifihe rate otranscription inDrosophilahas been found to be
~1 kb per minutéd Thummel 1992)thus transcript lengtban bean importanfactor influencing
the timing of gene regulationinterestingly, bothOfasBlimpl and OfasE75A have very large
transcription unitsThe transcription unit oBfasE75Ais at least 24 kb, and that Bfimp1lis at
least 16 kb (although there is some evidence@fasBlimplexon 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 tréoslaf 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
B) expressed iout-of-phase oscillations over time in the SAZ. Each oscillation can gene
segment (gray ovals), such that the per
alternate segments. In the presence of a ubiquitous activator (not shown), neyprtession
between A and B could enforce reciprocal expression profiles, andegutssion could ensul
periodicity of expression. Lines terminating in a perpendicular bar represent repi
regul atory interactions. & Ghyee tBne @dinistetk). Be
Expression of A and B oscillates over space (AP axis) in the blastoderm of a simultar
segmenting insect. B6) Expression patte
simultaneous segmentatisaquires many more than two factors with staggered expre
patterns oscillating over the AP axis, the combinatorial action of which can define d
domains within segmental compartments. Vertical dotted lines are intended to marl
spatially refned 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 knowwhen PR patterning originatebut if the conservation of PR patterning
across most insects is the result of a single origin, then it wouldigbee simultaneous
segmentation. Thus speculation about its evolution should consider that it likely came about in a
sequentially segmentingrtaropod and was maintained with the advent of simultaneous
segmentation. In Figure® | present a highly simplified model for how PR expression patterns
could be generated in a sequentially segmenting specich e segmentation Acl o
two oscillators,A and B; oscillation initiates segment formation (Figure3A, gray ovals)
Assumingubiquitous activators of both genes are presemstriptionof A andB is the default
state in the absence of repression. Factor A represses transcrif@ioanadf B ofA; this mutual
repression ensures thlandB are expressed in completely aftphase oscillations. Both factors,

A and B, repress transcription of the genes encoding tlheamdB), leading ¢ termination of
transcription at a rate consistent with degradation of these proteins. Thus the period of oscillation
for either gene coincides with alternate segments (Fig8/ Brackets). As convergent extension
leading to elongation of the germbaisdoccurring at the same time, this simple regulatory
framework would lead to alternating stripes of cells expressing (or having once expfeasdd)
B(Figure 63 A6 ) .

The transition from sequential to simultaneous segmentation has been proposed to be an
instance of heterochronfNagy and Carroll 1994; Clarkt 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 expressiorresponding to alternate segment primordia (Figure 6

3B, Bo) .
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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 alon@rosophila, 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 (Fig8€ .6How this could
occur in the context of sequential segmentatenains to be determined.

6.10 Conclusion

Early studies ofDrosophila 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 s{ifaslet al. 1992) However, our
finding that Blimpl is a PRG inOncopeltus,together withE75A (Erezyilmazet al. 2009)
challenges the notion that RBgulation of segmentation must use the same sets of regulators in
different lineages. This conservation of paite patterning, but not the factors mediating this
process, suggest that there is more evolutionary constrathegrocess 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 ftollow a pair rule.
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Appendix A. Primer sequences from Chapter 2

Primer name

Sequence

Of-w-exon2 TTAATACGACTCACTATAGGTTTTCGATAACGGTCTCCAGGTTTTAG
guideA AGCTAGAAATAG

Of-w-exon2 TTAATACGACTCACTATAGGGACCCTGGCAAGGCTCAGGTTTTAGA
guideB GCTAGAAATAG

Of-w-exon2 TTAATACGACTCACTATAGGCGCTTCTGTTCAGTCTGTTTTAGAGCT
guideC AGAAATAG

gRNArev AAAAGCACCGACTCGGTGCC

Of-w-exon264-F

GTGAGGTATATTACTGGATGTGCCAAATTTCTTG

Of-w-exon2211-
R

GATGAGAGCAGGAGTGCTGACAGGATTAG

Of-w-RNAI-FT7 | taatacgactcactatagggagaGCTGCATGTCCGAGTAACTACAAC
Of-w-RNAI-RT7 | taatacgactcactatagggagaCATTCCATTCATGTGCTCTCGC
Of-w-exonkt GGACTTGGTGACAGTGCTTGACTTC

UTR-F

Of-w-R-1 GTGTTTGACCGGCTGCATGTAATG
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Appendix B. Primers used in Chapter 3

Primer name Primer sequence
1| Of-0k1-s30EFT7 (A) taatacgactcactatagggagaGCAAGGAACCCTCAAGA
AG
2 | Of-0k1-s302RT7 (A) aatacgactcactatagggagaGAAGGATTGAAACTGCTT
CAG
3| Of-0k2-s196FT7 (A) taatacgactcactatagggagaGACTGTCAGCCAGGAAG
4 | Of-0k2-s196RT7 (A) taatacgactcactatagggagaGATATCGCCTCCAGTCC
5| Of-0k1-s30kFT7-2 (B) | taatacgactcactatagggagaGTTGAACACGACCTATTA
C
6 | Of-0k1-s30tRT7-2 (B) | taatacgactcactatagggagaGTTGTAACTGTCAAGTCC
GTC
7 | Of-0k2-s196FT7-2 (B) | taatacgactcactatagggagaGGAACTCTCAGTGCAGTA
TG
8 | Of-0k2-s196RT7-2 (B) | taatacgactcactatagggagaGAGTAGCTGTCCAGACC/
TAG
9 | Of-Xdh1-s587#FT7 (A) | taatacgactcactatagggagaGTGTATTGCATGGTCTGG
AGTG
10| Of-Xdh1-s58#RT7 (A) | taatacgactcactatagggagaGAACCTCTCTGAGTGTTA
AGGTC
11| Of-Xdh2-s1491FT7 (A) | taatacgactcactatagggagaGTCTCAGTGTGGCTTCT(
ACTCC
12 | Of-Xdh2-s1491RT7 (A) | taatacgactcactatagggagaCAGCTCCAATCCTCAGG(
ATTAC
13| Of-Xdh1-s587%FT7-2 (B) | taatacgactcactatagggagaGCAATCCAGGAGGAGAG
TG
14 | Of-Xdh1-s587#RT7-2 taatacgactcactatagggagaCCTGGAGTAATATCCTTG
(B) C
15 | Of-Xdh2-s1491FT7-2 taatacgactcactatagggagaGTAATCGTGTTGTGAGCA
(B) AG

214



16

Of-Xdh2-s1491RT7-2
(B)

taatacgactcactatagggagaCAGCTTGACTCTGGAGT(

17

Of-stFT7 (A)

taatacgactcactatagggagaGAATCAGGACAACTGGTA
C

18

Of-stRT7 (A)

taatacgactcactatagggagaCGCATTCCAAGATGCCAT

19

Of-stFT7-B (B)

taatacgactcactatagggagaGTGAACAGAGATCAAGAA
GG

20

Of-stRT7-B (B)

taatacgactcactatagggagaGCAGCCAAGATATTACAT|
AG

21

Of-ver-RNAI-FT7

taatacgactcactatagggagaGAGACTACCTCTGCCCT(Q
TTC

22

Of-ver-RNAI-RT7

taatacgactcactatagggagaGCTTTGTGTGTAAATCTC
CTCACCTC

23 | gRNArev AAAAGCACCGACTCGGTGCC

24 | Of-v-gRNA-1 ttaatacgactcactataggTCTTCCGAGATCCAGAAATGg
ttagagctagaaatag

25| Of-v-F CACCAGGTACACTATAGTCGTAGCG

26 | Of-v-R GCTCACTTTATCTTGTAAACTGCCTTCATTG

27 | Turbo GFP 1R_T7 2 ttaatacgactcactataggCTCGGTGTTGCTGTGATCCT(

28 | TT-tGFRF taatacgactcactatagggagaATGGAGAGCGACGAGAG

29 | AmpR-gRNA-A ttaatacgactcactataggTAGATAACTACGATACGGGgtt
agagctagaaatag

30 | Of-v-fullCDS-F CAGTGCAGAGAGCGTCTTC

31| Of-v-fullCDS-R CAAAACATTTTTAATCTTCTTCGTGATCTTC
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32

Of-v3-gRNA-A

ttaatacgactcactataggTACAGCATTCCACTTTGCTCg
agagctagaaatag

33

Of-v3-reversionAHDR-1

cgacggccagtgaattcgagctcggtacccCCATGATTTCGAG
CATGCC

34

Of-v3-reversionHDR-2

agatcttccGAGATCCAAAAGTGCGGAGAG

35

Of-v3-reversionAHDR-3

tccactttgCTCTCCGCACTTTTGGATCTC

36

Of-v3-reversionHDR-4

atgcctgcaggtcgactctagaggatccccCCAAATGTTCTGA
GGTTGACG

37

Of-v3-reversionssODN

GGAAATCCATCGGGAAGGGAGATCGCATGAAA
GCTTGATTTTCTTTCAAATGTAAATGTACGTGTT
CTGTTTCAGTTGCAGATCTTCCGAGATCCAAAA
GTGCGGAGAGCAAAGTGGAATGCTGTATGGGG
ATTACCTCCAACTTGACAAAATACTGAAGGCCC
AAAGATTGCTGAGCGAATCCAACAACGCCACTG
TAA
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Appendix C. Sequences from Chapter 3

>0Ofasv, vermilion, mMRNA, cds [Genbank:0Q151805.1]
CAGTGCAGAGAGCGTCTTCGATGGAGTCCGACAGCAATTGCAGATCTTCCGAGATCCAGAA
ATGTGGAGAGCAAAGTGGAATGCTGTATGGGGATTACCTCCAACTTGACAAAATACTGAAG
GCCCAAAGATTGCTGAGCGAATCCAACAACGCCACTGTAATGGACGAACATTTATTTATCGT
CACACATCAAGCTTACGAGCTATGGTTTAAACAAATTATATACGATTTAGATTGGGTCCGAG
ACGTCTTTAGCAATCATAAGGGACTTAATGAGCGACAAACTCTGGATGTTGTCAAACGATTA
AATAGAATTGTATTAATCCTAAAGTTGCTAGTGGAACAAGTAATGATACTTGAAACAATGAC
TCCATTGGACTTCATGGAGTTTAGAGACTACCTCTGCCCTGCTTCTGGTTTCCAAAGCGCACA
ATTTCGCCTCATTGAGAACAAACTTGGAGTAAAAACGGAACATCGGGTCCGTTCCTTTCAAC
ATTACTCTACTGTTTTTGAGAGAGACAAGGAAGCACTTAATGAAATCAAGAAATCAGAAAC
CGAACAGTCTTTAGCAGATCTGATTGAGCAGTGGCTTGAGCGTACGCCTGGCCTGGATGAAA
ATGGATTCGATTTTTGGGGAAAATATATAAAAAATGTTGAGTTTCTCCTTCAGCATTATTATG
AAAAGGCAATGAAAAGCAATTCAGAAACAGAGAAAACTACAAAGTTAGCAGAATATGAAA
AGAAGAAAACTATTTTTAATTCAGTTT TAAATAAAGATATGCATGACTTATTTGTACAAAGA
GGTGAGAGGAGATTTACACACAAAGCATTTCAAGGTGCCATTATGATAACATTTTATAGAGA
TGAGCCCCGTTTCAGCCAACCTCACCAAATTCTTACTTTATTAATGGATATCGATTCCCTAGT
CACCAAATGGAGATATAATCATGTAATTATGGTCCAAAGGATGATTGGGTCTCAAAGTGGA
ACAGGAGGTTCATCAGGTTATCACTACTTGCGCT@AACTCTTAGTGATAGGTATAAATGTTTT
TTGGACTTGTTCAACCTTTCATCATTTTTATTGCCTCGAAATTTCATCCCCCCATTAAGCTCAT
CAGTAAGGAATCAAATTAATATACACACCTGGAATACAAAGAAACAAACAGAAGATCACGA
AGAAGATTAAAAATGTTTTG

>0Ofasokl, mRNA, partial cds [Genbank:0Q151806.1]
AGTGGTGTTGCAGAACCAGGATCATTGATGGCCATTATGGGTCCTAGTGGAGCAGGAAAAA
CAACGTTACTGGCAACAATTAGTCAAAGGCTCAAAGGTGATGTAAAAGGTAAAATTTTAGTC
AATGGACAACAAATCTCAAGAGAATTAATGATGAGGGTATCAGCTTTCCTTCCTCAGCAAGA
TCTGACTATTGATAGTCTAACAGTTTATGAACATCTACAATTAATGGCTAGATTAAAATTAG
ACAGAGATATAAGTCCTGCTGAAAGGACTGAGAGAATTCTAGCTATTTTAACTGAGTTGGGT
ATCAATAAATGCAAACACACATATATTAAATCTCTCTCAGGTGGTGAAAGACGCCGAGTATC
TTTAGCTGTTGAGTTGCTTACAGATCCAGCCATTCTCTTCTGTGATGAGCCTACGACAGGACT
TGACAGTTACAACGCTACATCTGTGATAGAGCAGCTTCGAAGGCTTGCTTCCACAGGGAAAG
TTATTATATGTACAAT ACACCAGCCAACTTCAGGAATATTTGAATTGTTTCAGACTGTTTATT
TGCTTGCTTCTGGGGGCAAACTTGCCCTTACTTGTCCTATTCACGAAGCTGCATTGTTTTTCC
AAAAAATGGGTATGGTTTGTCCTCCTACATATAACATAGCTGAATTTTTAGTCAGCCAACTT
GCACATCAAGAAGATTCTGAAAGTGAATTGAGACTTTTTAAAATTTGTAATGAGTTTAAGTT
GAGTGAACATTATGAAAATCTT ATGAAAAAATTAGATGGAGAATTGAATCATGCAAAGTTT
ATGGTTCCTAATTATTCAACTAATGCACAAGATTTTAAACATTCTTTTCAGTCTTTATATGAG
TATGGAGATGAGTTTCACAAGTACATGTCTATCAAACGTCCTTCTAGACTTACTCAGTTAGG
ATGGCTAATGTGGAGGTCTTTCCTTGACATTGCAAGGAACCCTCAAGATCAGTTAATTCGTC
TTGCTTTTTTTATGTTTATGGCTATTCTCATATCAACTCCTTATGTTGGGCTCAAAGTAGATCA
AGAAGGAATTCAAAATTTGCAAGGTCTGCTTTACTTAATAATTGTTGAGACAATATTCACTT
ATACATACAGTGTGAGTCATACCTTTCCTTCCGAAATACCAATATTGCTGCGTGAAGTCAAC
AATGGCTTGTACACTCCTGGACCTTATTATGTTTCAAAGATGATAATTTTGCTTCCTAGAGCT
CTTTTTGAGCCAATAATCTATGCAGCTGTGGTGTMTTGGATACCTGGTTTGTTAGGAGGTTTT
GCTGGATATCTTGAATTTTGCATACCTATTATTGTTTGTTCAATGGCTGCAACTGCTTATGGG
TGCGTTATTTCTGCTATATTTGAAGATATTTCTACTGGTTCTCTATTGTCTGTGCCATTTGAAC
AGTTTTGTCTACTTTTCTGTGGATTGTATTTGTCATTGAGTGATGTACCATTTCATCTCGCATG
GGTGAAGTACATATCAATATTTTNCTATGGG
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>0Ofasok2, mRNA, partial cds [Genbank:0Q151807.1]
GGTCCCAGTGGTGCAGGTAAAACAACTTTGCTAGCGGCAATAAGCCAGAGATTTTCTGGAG
AGCTGAGGGGCGAGATCCACCTTAGCGGACGGCCGGTGGACAAGGAGCTCATGATGAAAAT
GTCTGGCTTTGTCCCACAGCACGACTTGGCCGTCAAGACCCTCACTGTTAGCGAACATTTAA
ATTTCATGGCCGTGCTGAAGATGGATCGGCGGGTCTCGAAACTCCAGCGGCGCCGGATAGTG
GAGTCTCTTCTGCTAGAGCTGGGCCTGAATGACAGCGCAGACTCCAGACTCGGCGCGCTCTC
TGGAGGGGAGAGGAAGCGGCTCAGCCTCGCTGTTCAGCTGGTGACAGATCCTCCGGTCCTCC
TGTGTGACGAGCCCACTACTGGTCTGGACAGCTACTCGGCTGGCAGTGTGGTCAGCCTGCTC
CGACAACTTGCTTCCAGAGGTAAAGCTGTACTGGCGTCTGTCCACCAACCAGCCTCTGGGAT
CTTCGAACAGTTCGACAGGGTGACTCTCCTTGTTCCCGGTGGTCGGATGGCCTACTTCGGCG
AGGTGAACTCCGCCAAGCTGTACTTTTCGCAGATGGGTCTGAACTGTCCGACCTCCTACAAC
ACTGCCGAGTTCCTGGTGACCCAGCTGAACACCCTCCCAGACAAGCTGACGGAGAAGTTCGT
CACCACGAACACCTTCGTCACCATGCACAAGGATATCGAGACAGTCAAGAAGAAGACCTTG
AACGACACCCTCATCTATGGAATGGAAGAAAAGTTTTTGAAGTTTTATTCAGTGCAACCATC
GACGGATAAGACTCAGATAAAGTGGCTACTGTGGCGTTCGGCCCTCGACATGGTTCGAGACT
CGCACAGGCTATTCGTCAGGCTCATCATGTATCTCGTGACGGCGATATTGATATCCACCCCG
TTCGTGGGGACGACTGTCAGCCAGGAAGGCATCCAGAACGTCCAGGGTCTGAGCTACTCCGT
CATCACGGAGACAGTGTTCTCCCACGCGTACGCABGATGCATACCTTCCCCTCCGAAATCC
CCATACTCCTGAGGGAGGTCAGCAATGGGGTGTACAAACCCGCCCCGTACTACCTCTCCAAA
GTCCTCTTCCAGATTCCGAGGACAATCATCGAGACAATTCTATTCTGCTTAGTGATATACGTG
ATAGCTGGAAAAGGCTTAGAAGTGAATTTCTTCTACTTCTGTATTCCAGTGGTCGTCGTGGC
AGTAGCTTCCACAGCCTACGGCTACTGCATTTCGGCCATGTTGAGAGTATCAGTACAGCGT
CCTTGTTGTCTGTGCCTGTAGATTTCATCTCCTACACGTTCAGTGGGATTTTTCTTCAGCTCAG
CACGGTTCCTCTCTACCTCTCCTGGGTGAAGT

>Ofasst, scarlet, mMRNA, partial cds [Genbank:0Q151808.1]
GGAGGAATGTTAGTTGATGGTGATGTAAGACTTAATGGAAAGAAAATGGATTCATCTATGTG
CAAAATGTCTGGACTTATGAGGCAAGAAGATCTTTTTATCGGCGACCTCACAGTGAAGGAAC
ATCTCATGTTTATGGCAAGGCTCAAATTAGACAGAAGATTCAATTCTGTTGAAAGAGAAAAT
CGAGTATGTTCCTTGATAAAGAATCTTGGACTGAGCAAGTGTGCTCATCGAAAAATTGAAGG
CAGCACTTTTGGCAATGTCACAGCATTGTCTGGTGGAGAAAAAAAACGTCTATCATTTGCTA
CTGCATGTCTCCCAGATCCTCCTCTACTCTTCTGTGATGAACCAACAACAGGTCTTGATTCAT
TAAATGCAATAAGAATTGTCCGAATGATGGCATCTTGGAATGCGACAATTTTGTGCACCATT
CATCAGCCAAGCCCTGAAATTTTGAAGTATTTTTCTTCTGTTATTTTAGTTGCTGATGGTAGC
CTTGTATTTTCGGGIACAGTTGAGAATGCTGTCGATTTTTTAAAAAGTGCTGGTTATGAACAA
AATGAACACAAAAGTGCTGGAGAATTTCTTGTGACATGTTTAGCTCCAACCCCTGGGTCTGA
ACAGTCCACTAAAATCGCTGTGAGAAGACTAGCACATCAGTTTGCTCTTTCAGAGTACGCAA
AAACCAGTGAAATGCACATACAATTGCACAAACAAACTGAAAGGAAGACAAAAAATCGCG
ATCTTCATGATCATAAATCTTCATTTTGGATGTGCAAATTTTTCTGGCTTCTAATTAGAGGAA
TAATAGAAATTCTTCGAAACCCACAAATACAATGGGTAAAAATAGGACAAAAAGTTGTAGT
AGCCCTGATGGCAGGCCTGTGTTTTGTTGGAGCTGTGAACAGAGATCAAGAAGGTCTGCAAG
CTGTTCAGGGTGCCCTGTTTATTCTTGTAGCTGAGAACACTTTTTCTCCCATGTATTCAGCAC
TTGCACTCCTTCCCAAAGAATTTCCACTTAOCCTCCGGGAACTCCGAGATGGAGATTACCATC
CATCAGCATTGTACCTTGCTAAAATAATATCATATATTCCAGGACTTGCATTTGAGGCTGTGC
TGTTTACTGCTATTGTATATTGGCTAGCTAATTTAAGGGATACCGTGTTTGCATTTTCCATGG
TACTGTTATGTAATATTTTATGTGTATTGGTTTCATCAGCTTGTGGTATGATGTTTGCTAGTAT
TTTTGACAATTATGAGCTGGCAAATATTTATTT GATTCCATTTGATAATGCTATGATGATTTT
GTCTGGGGTATATAT

>0Ofasxdhl, xanthine dehydrogenase 1, mRNA, partial cds [Genbank:0Q151809.1]
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AGGGCATAGGGAGTTTTGCTGATAAACTTCATCCTGTCCAAGAGAGGATCGCCAAGGCACAT
GGTTCGCAATGTGGCTTCTGCACTCCTGGCATCGTTATGTCCATGTACGCACTCCTCAGGTCT
CTCGACAGGAAACCTACAATGGATGACATTCAGACTGCTTTCCAAGGGAACTTGTGTCGCTG
CACAGGATATAGACCAATTCTTGATGGCTACAGGACGTTCACCGGTCCGCCTCTGGAGTACA
AAGGCAATTCCTCTTGTTCAATGGGAAACAAATGCTGTAAAGTCAATGGCCATATTGATAAA
AGCATTGATGATAGGGGAAATAACAGTGTAGAATCTGAGGTCCCGGTCATTCTCTTCAACGG
GGAAAAGCTGAGCAAATATGATCCAACTCAAGAAATAATATTTCCACCTGAACTTGCTATTT
CAGACAAATACGACAAGGAGTCCTTACACATCAAAGGACCAAGGATAGCTTGTTATAGACC
TGTAACACTCAGAGAGGTTCTTGAATTGAAGGCTTTACATCAAGATTCAGTTATTATCAATG
GAAACACTGAAGTTGGAATTGAAATAAAATTTAAGAACATTCTCTATTCTCATGTGATAGTG
GCAAATATGGTCTCTGAGCTATCACAAATATCCTTGGAAGAGGGTGGTGTAAAGATTGGTGC
AGCTGCAACTATTAATGAAATTGAAGAATTTTTGATAGAAACACTAGCTTTGAAAGAAGAA
GCTGCTTGCAGAATATTTATATCTATGCTTTCTATGATCAAATATTTTGCTGGAAAACAAATA
AGAAATGTTGCTGCAATTGGAGGGAATATAATGACTGGTAGCCCTATTTCTGATCTGAATCC
TATTTTTATGGCTGCTGGAGCTGAACTAGAATTTCAAACTACTGGAGGTTCGCGTAAGTTGA
TAATGGATAACAACTTCTGGATTGGTTATCGAAAAAATATTGTACAAAAGAATGAAGTACTG
ACCTCCATAGTTCTACCTTTCACTTCTAAGAACCAATATTTTAAGGCATACAAGCAATCCAG
GAGGAGAGATGACGATATTGCAATTGTAAATGCAGCATTCTTTTTGGACCTTGAAAGAAATA
CAATTAAAAATATTCATATGGCTTTTGGTGGAATGGGACCAACTACTCTTATGGCCATCAGA
ACTGAAAAAATGTTAATTGGGAAGAAATGGAATGAATCAACATTGAATGAAGCAATGTCCT
CATTGACAGTCGAGCTTTCATTACCTTCTGAAGCCCCAGGGGAATGGTGCAGTTCAGGAAA
TCTCTTACCCTCAGCTTTTTCTTCAAATTCTACCTTTATGTTGCCAATGAAATGGAAAAAATG
GGCTTAAATTATTCTGTAGACAATGAACTTAAAAGTGCCATTGATGAAATGCATATTTTAAG
CCCCACTAGTTCACAATTTTTTTCTATTAATCCTGCAAAGGAGGAGTACAGCACTGTTGGCCA
ACCCATAGTGCATCAATCAGCATTCAAACATGCTACTGGGGAAGCTAITTATTGTGATGATA
TGCCCAAACTTGAAAATGAAGCCTACTTAGCTCTTGTACTAAGTAGCAAACCCCATGCTAAG
ATTCTCAGCATTGATAGTTCAGAAGCTCTGAAATTGGAAGGAGTG

>0Ofasxdh2, xanthine dehydrogenase 2, mRNA, partial cds [Genbank:0Q151810.1]
AAAGGAGTCCAAGTATAGTGCTCTTGCACTTCCTGTTGCTGTTGCTGCTTCAAAACTAAATCG
TCCTGTAAGAGCTATGCTGGACCGAGATGAAGATATGATGATAACTGGACATAGACACCCTT
TCTTAGGGAAATACAAAGTTGCTGTTACAAAAGAAGGGAAAATGATAGCTTGTGAAGTTAA
AATTTATTGTAATGCAGGGTTTACATTGGATCTTTCTTGTTCTGTTATGGATAGGGCAATTTT
CCACTTTTCAAATGCCTTCTTTATTCCAAATGTAGTAGTCTATGGTTATTGCTGTAAGACCAA
TATCCCTTCAAATACTGCTTTCCGAGGATTTGGAGGGCCTCAGGGTATGTTCATAGGCGAGA
CTATGGTCACTCATATTGCCGAAACTCTCAGCCTAGACTCTCAGCAGGTTAGAGAAATAAAC
TTCTACAAAGAAGGATATATCACCCACTATAACCAAGAATTATCATATTGCACCTTAGATCG
CTGTTGGAATGAGTGTATTTCTAAATCAGATTACCACTCCAGAGTCAAGCT

>0Ofasv, vermilion, genotype wild type, exon 2 [Genbank:0Q151811.1]
TAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGAAGG
AAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGATTTTCTTTCAAATGTAAATGTACGTG
TTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGAAATGTGGAGAGCAAAGTGGAATGCTGTA
TGGGGATTACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAATCCAAC
AACGCCACTGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTCAACTC
CACTCAAGAAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGGTTACT
GTTTGTATAAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACCCATTG
ATAAACATTGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCTATGTT
GATTAACC
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>0Ofasv, vermilion, genotype v1, nonfunctional, exon 2 [Genbank:0Q151812.1]
CTATAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGA
AGGAAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGATTTTCTTTCAAATGTAAATGTAC
GTGTTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGAAGATGTGGAGAGCAAAGTGGAATGC
TGTATGGGGATTACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAATCC
AACAACGCCACTGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTCAA
CTCCACTCAAGAAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGGTT
ACTGTTTGTATAAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACCCA
TTGATAAACATTGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCTAT
GTTGATTAAC

>0Ofasv, vermilion, genotype v3, nonfunctional, exon 2 [Genbank:0Q151813.1]
TATAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGAA
GGAAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGAGTTTCTTTCAAATGTAAATGTACG
TGTTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGAGCAAAGTGGAATGCTGTATGGGGATT
ACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAATCCAACAACGCCAC
TGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTCAACTCCACTCAAG
AAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGGTTACTGTTTGTAT
AAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACCCATTGATAAACAT
TGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCTATGTTGATTAAC

>0Ofasv, vermilion, genotype v4, nonfunctional, exon 2 [Genbank:0Q151814.1]
TAGTCGTAGCGCTACCATAAGTAAGACTTAAATACTACTTGCTCGAGGAAGAGGCTTGAAGG
AAATCCATCGGGAAGGGAGATCGCATGAAAGCTTGATTTTCTTTCAAATGTAAATGTACGTG
TTCTGTTTCAGTTGCAGATCTTCCGAGATCCAGATCTCCTAATGTGGAGAGCAAAGTGGAAT
GCTGTATGGGGATTACCTCCAACTTGACAAAATACTGAAGGCCCAAAGATTGCTGAGCGAAT
CCAACAACGCCACTGTAATGGACGAACATTTATTTATCGTCACACATCAAGGTAATAAACTC
AACTCCACTCAAGAAATTTACTTCTAAAATCAATATGCTGAAAATAATTGATCAAATGCAGG
TTACTGTTTGTATAAGCAGCTGAAAAGGCACCTCTTTTGCATTCGGTCGGTTTGCTATTTACC
CATTGATAAACATTGCATCCTTTGGCAGAAACATCTTGGTTTATACAACTAACTATAAATTCT
ATGTTGATTAAC
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Appendix D. Gene models @xpressed witlie75Aand predicted to
encode transcription factors

Mean(tpm)
Mean(tpm) | at 24
at 24 36hAEL > | Probe
Gene model | Annotation 36hAEL 5 Made | InSitu | ExpressionPattern
Two domains of
H6-like- expression in the head
OFAS000035 homeobox 7 1 1 1 | lobes
OFAS000127 17 1 0 0
OFAS000198 0 0 0
OFAS000199 0 0 0
OFAS000200 0 0 0
OFAS000234 41 1 1 1 | No clear pattern
OFAS000348 26 1 1 1 | Midline in germbands
OFAS000892 749 No clear pattern
OFAS001030 45
OFAS001134 48
OFAS001135 437 No clear pattern
OFAS001285 69
Zinc Finger 271
OFAS001633| like / CTCFlike 14 1 0 0
No stain in blastoderms
staining appears
neurogenic in
OFAS001679 230 1 1 1 | germbands
OFAS001818 1,163 1 1 1 | No clear pattern
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Singlestripe in
blastoderm, around
invagination pore at
gastrulation, single
stripe in early
germbands, and single
dot in each head lobe ir|

OFAS002344| Knirps2 19 1 1 1 | 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
Junrelated
OFAS002923| antigen 17 1 1 1 | No clear pattern
OFAS003156 29 1 0 0
OFAS003564 0 0 0
OFAS003685 1 0 0
OFAS003686 75 1 0 0
OFAS003792 0 0 0 0
OFAS003956 116 1 1 1 | Noclear 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
Zinc finger
OFAS005686| protein 271like 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
Zinc finger
OFASO007760| protein 271like 7 1 0 0
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In blastoderm, appears
~ubiquitous but
concentrated in anteriof
1/3; in germbands,
along midline and in
retained-part 2 of triangular regions of T-1
OFAS008063| 2 1,349 1 1 1|T3
Ubiquitous [?] in
blastoderm; broadly in
anterior SAZ, then
appears neuronal in
OFAS008078| SoxN 49 1 1 1 | segmented germband
In and around SAZ,
appears very dynamic,
possibly alternating
OFAS008150| blimp-1 16 segments
OFAS008415 2 0 0 0
OFAS008429 sloppy paired 117 1 0 0
OFAS008654| pipsqueak 36 No clear pattern
OFAS008657 4
OFAS008658 0 No clear pattern
OFAS008868 24
OFAS009067| twin of eyeless 0 0 0 0
Stain at site of
cubitus interruptug invagination; segmenta
OFAS009156| -partial 234 1 1 1 | in later germbands
mothers against
OFAS009414| dpp 2 89 1 0 0
mothers against
OFAS009415| 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
Zinc finger
OFAS010185| protein 271like 3 0 1 0
OFAS010201 55 1 0 0
OFAS010413 22 1 0 0
OFAS011499 36 1 0 0
Anterior 1/3 in pre
gastrulation
blastoderms, recedes tc
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
OFAS012059 644 1 1 1 | 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
OFAS013206 0 0 0
Stripes but overstained,
OFAS013440| ovo 215 1 1 0 | need to repeat
No clear pattern in
Zinc finger germbands, yolk nuclei
OFAS013445| protein 271like 566 1 1 1 | stained
Zinc finger
OFAS013451| protein 271like 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
Zinc finger
OFAS014411)] protein 271like 99 1 1 0
OFAS014417 29 1 0 0
OFAS014620 7 1 0 0
OFAS014682 32 1 0 0
paired/gsb/gsin-
OFAS015111] like A -partl 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
Zinc Finger 271
OFAS016090| like / CTCFlike 21 1 0 0
hepatocyte
OFAS016187| nuclear factor 4b 31 1 1 1 | No clear pattern
OFAS016229 2
Zinc finger
protein 271like-
OFAS016401] RA 1 0 1 1 | No clear pattern
Zinc finger
protein 271like-
OFAS016401| RB 1 0 0 0
OFAS016524 19 1 0 0
OFAS016760 1 1 1 | No clear pattern
OFAS016821 0 0 0
OFAS016822 0 0 0
OFAS016990| forkhead 30 No clear pattern
OFAS017289 6
retained-part 1 of
OFAS017365| 2 3 0
OFAS017402 36 0 0
Zinc finger
OFAS018237| protein 271like 6 1 1 1 | No clear pattern
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OFAS018348

hunchback

45

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

OFAS018531

Dichaete

54

Broadly in the posterior
in blastoderms; in
germbands, in posterior
SAZ, then neuronally
(?) in segmented
germband

OFAS018941

34

OFAS018942

181

No clear pattern

OFAS019070

OFAS019071

No clear pattern

OFAS019125

OFAS019593

RN (o [k

o |O O |O [k

O O [k |O [k

O O [k |O [k

OFAS025019

extramacrochaetal

1,922

Semtubiquitous in
SAZ, segmented
germband, no stain
lateral sides SAZ

OFAS025035

giantRA

In blastoderm, two
broad stripes, and
domain at posterior. In
germbands, in stripes ir]
early germbands, later
disappearing. Later
expression in head.

OFAS025035

giantRB

OFAS025036

Ecdysoneinduced
protein 75-part 1

and 3 of 3

1,385
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Zinc finger
OFAS025047| protein 271like 186
In blastoderms,
diffusely at posterior of
germband invagination;
caudal-part 1 of 2 in germbands in
OFAS025096| -partial 36 posterior SAZ
dissatisfaction,
OFAS025102| partial 1
Zinc finger
OFAS025111] protein 271like 147
In blastoderm, along
ventral sides. In
germbands, along
OFAS025116| singleminded 210 midline
hormone receptor
OFAS025149| 38-part 2 of 2 4
Segmental in
blastoderms and in
anterior SAZ; see
OFAS025156| oddskipped 13 publication
Zinc finger
protein 271like -
OFAS025161| partial 139
Zinc finger
OFAS025167| protein 271like 7
OFAS025181] tailup -part 2 of 2 15 Spots in head lobes
OFAS025203| Brachyury 43 Posterior SAZ
hormone receptor
38-part 1 of 2-
OFAS025222| partial 170
Zinc finger
OFAS025230| protein 271like 275 No clear pattern
caudal-part 2 of 2
OFAS025232| -partial 3
Zinc Finger 271
OFAS025252| like / CTCFlike 2
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pangolin-part 2 of

OFAS025262| 3 14
Hormone

OFAS025290| receptotlike in 4 1
hormone recepter

OFAS025318| like 3 20
longevity

OFAS027089| assurance factor 18
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Appendix E.Primer sequences used to amplify probe temgfatan
situ hybridization screen

Primer name

ofas00815eF
ofasO0815eRT7
ofas013944
ofas013944RT7
ofas000035~
0fasO0003RT7
ofas012059%
ofas01205RT7
ofas025184F
ofas025184RT7
ofas025116~
ofas02511RT7
ofas025203F
ofas02520RT7
ofas003956~

ofas00395RT7
ofas000234
ofas000234RT7
ofas00034&
ofas00034&RT7
ofas00089ZF
ofasO0089RT7
ofas001135
ofas00113RT7
ofas001679%F
ofas00167RT7
ofas00181&
ofas00181&RT7
ofas002344--2
ofas00234RT7
ofas00280+F
ofas002807RT7
ofas002923
0ofas00292RT7

Primer Sequence

GCAGTGTATCTAGTACTGGACC
taatacgactcactatagggagaGTAGTCGGAGTATGCAGGAG
GCACCAATGAAGAATCAGGACTTCCAAAGATG
taatacgactcactatagggagaCTTCTGATGACCAAGCACTGTTTCCATCTT!
GCTTGATTAACCTGTTGCAGAAGCAGGGTC
taatacgactcactatagggagaCGTGATGCCCTTCGTGGTAGAGGATCG
CTAGAAGCCCTCTTCGCCAAGAC
taatacgactcactatagggagaGTACTGGTATTCAGGATACGATCCCGAGG
GGGACTAAGTGTGAGAAGTGCAGTTTAAGC
taatacgactcactatagggagaGAGTGCGAAGTCTGTGAGAGCCTTCC
GAAGGAGAAGTCGAAGAATGC
taatacgactcactatagggagaGTGCAACTTGATCTCGGTG
GAGTTGGAAGAACGTGATCTCTGGAGAAG
taatacgactcactatagggagaCCAACCAGCCACTTTCATATTGCTGTTG

GATGAAGAAGGAATCAGACGGAACCTCC
taatacgactcactatagggagaGAGGTGCTTCAGAACCACTATAGGACTTAT
AC

CTAGTTCTGATAGTAGTGCAGGTTCTGTGTCATC
taatacgactcactatagggagaCTGGAGACCAGCAGGAAGTCCC
GATTAGCCATGACGAAAGTGCCGTCCTTC
taatacgactcactatagggagaGCCCTTCACTCCTCTCCTCGTTGC
GTTATAGAGCCATCCAAGGAACCTAC
taatacgactcactatagggagaCAGATGCTGTTCCAAGGCATTG
GAGTGGTTTTAGGACATTTGAATC
taatacgactcactatagggagaCCATTTTCAAACTTGCAACAAC
GCCATCGATAATAAAATTGAGCAGGC
taatacgactcactatagggagaCAA GTG GAA GGG TAT GCT ACG C
CTGGTCCTAAATGTGTTGTGTTGG
taatacgactcactatagggagaCTGTCCACAATTAGTGGCAAGAATTAC
GAGCCAGCGGCAGGATTTCAC
taatacgactcactatagggagaCCTGTGGTTGAAGTTGTCGTCGTAGCAG
GTGACCATAGAAGAAAATGGGATACAGAAG
taatacgactcactatagggagaCTTTCATCCTCTGTTCCAAGTCATAGTCTC
GTCCGTAATTCTAGTGTGCCTAAGATGGAGC
taatacgactcactatagggagaCCACTTTTGGCATGTTCCATTACTTGCTG
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ofas004066F
ofasO04066RT7
ofas00487&

ofas004876RT7
ofas005794F
ofas005794RT7
ofas008063
ofas00806RT7
ofas00807&
ofas00807&RT7
ofas008654
ofas008654RT7
ofas008658
ofas00865&RT7
ofas009156~
ofas00915RT7
ofas0094 15
ofas00941RT7
ofas009817#F
ofas009817RT7
ofas010084
ofas010084RT7
ofas010374

ofas01037RT7
ofas01131&
ofas01131&RT7
ofas012523
ofas01252RT7
ofas013445-

ofas01344RT7
ofas015219%F
ofas01521RT7
ofas01618+

ofas01618MRT7
ofas016404F
ofas016404RT7

GCAGATGACTGGGGTGGATG
taatacgactcactatagggagaCAGAGTCACAACTCTCACGTCG

GACTCCTGTTCGACGTAAACGAAGGGAAAC
taatacgactcactatagggagaGGTAACCATTGTCTTCTTCAGAGGACCACA
G

GGATTTCCAACCAGAAGAGGTGACGGTAAC
taatacgactcactatagggagaGACAACCATAGCTGCTTCCACGAGG
GAAATACTTGTACCCCTACGAATGTG
taatacgactcactatagggagaCATTATCTGGGTAATGTCTCTTAGGTG
GTACCATCGCCGGCAGCCAAG
taatacgactcactatagggagaGCGTGTGGATGCCCTGCG
CAGCACTACTGTTTACGTTGG
taatacgactcactatagggagaGATGATCCATGTCCATCGC
GAGATTGGAGCCAAGGTGTTATAAGACG
taatacgactcactatagggagaCCTTTGAGCTAAGTCTAACGGGGC
GACTAGCAAGCCCTAGACCTC
taatacgactcactatagggagaCTCCTCCATCTTCTGAGCCAC
GACAGCAGAGGCACCTAAATCTG
taatacgactcactatagggagaCCATCCACAATAACTGAATGAGCC
GAATTCTGGAGCAAATTCGAGGAG
taatacgactcactatagggagaCTGAGTTCTTCAAATGCGTTCC
GCATATGAGGATAAGACACAGTGATG
taatacgactcactatagggagaCGAACTAATCTGTGCTAACTTATCTGC

CAGACCAATCATCTTGTACTGTAGGAATATGGGCTG
taatacgactcactatagggagaCAGGTGGTTCATTTCCATACCAAAATTGTC
CTCC

GTGCAAGTGCCTAAAGACTGCCCAATATC
taatacgactcactatagggagaGCGACACTCCAAGAGAACACTCGACC
CGAATTATAGCGGCAGAGTTGC
taatacgactcactatagggagaGAGAAGCTCAGTTGGATTGTTCAC

CTCTTCTGTGATTACAGTGCTCCTTATGCAAGTAAC
taatacgactcactatagggagaGCAAGACTCAACTGTACTGTATTCGCAATG
G

GACCTGCATCAAGATAGAGGAGC
taatacgactcactatagggagaGTCTGAATTATGGGCTGCTGAAC

GTAAATAACACTGTAGATCCCCTGGCTTCAG
taatacgactcactatagggagaCTATAAGAGTTTCACTCAATGGGCGAATGA
TC

GACTCAGTCAGGTGCTCGTCCTAATATTTGG
taatacgactcactatagggagaCCAGAGAGGAGAGATTCGGTAACTGGC
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ofas01676€F
ofas016766RT7
ofas01699¢F
0ofas01699€RT7
ofas018237

ofas018237RT7
ofas01834&
0fas01834&RT7
ofas018534F
ofas018534RT7
ofas018942
ofas01894RT7
ofas019074F

ofas019074RT7
ofas025035
ofas02503RT7
ofas025019
ofas02501RT7
ofas025096~
ofas025096RT7
ofas025236F
ofas02523eRT7

GGAAATTTAGAGACATTGATGTGGACACCTAACCAC
taatacgactcactatagggagaGCCCACCATACTTCTTCCAATAACACCAAC
CGAAACAGTGACTTCGGCG
taatacgactcactatagggagaGAGGTCCGATCCGCTCTG

CAGAGGACGAGTTTGGTGACAGTG
taatacgactcactatagggagaCGGTATGCTTAGACATAATGTGTCTCTTCA
C

CCAGCATGACGGGAGGGGTG
taatacgactcactatagggagaCGCCGCTGTCTTCAACCATAGG
GTCAGGTTACAGTTTCCCCATG
taatacgactcactatagggagaGTCTTCTTAGGCTGTCCATGTC
GAAGCGAAAGCACAGGAGTAGATC
taatacgactcactatagggagaGGAGGCTTGATAGTTCCATCGTC

CCACCCTTCAAGGCAGAAATGC
taatacgactcactatagggagaGAAGTCCTTGGCAAATAAATAGGTTCAGTA
G

GCAGGAGTACTGGACCTAC
taatacgactcactatagggagaCGTAGAACATTCGCCTCATGTG
GAAAGTGTCAAATGTTTGTGGTTCCTC
taatacgactcactatagggagaCAAGAGACGGGTGGTACGATG
CCTCTGAGAGTATGTACTATCCTCAG
taatacgactcactatagggagaCTTGTCGTTCTGACAATCCAAG
CCTGTGAAAGAAGAGACACCTTTG
taatacgactcactatagggagaGTATGTTTGGCGAGTATGTGTCTATTC
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Appendix F.Of- andDm-Blimplprimer sequences

Primer name

Primer Sequence

Notes

Of-Blimp-gDNAsegF1 GCAATACAATGCAATAG | Used for sequencing
GCTTG

Of-Blimp-gDNAsegR2 GCAAATCTCACACTGAT
GAGG

Of-Blimp-exon10R GTTGGCTGATACTCATA
GTAGTATTGAG

Of-Blimp-exon8F GTTCCAGTAAGCCCTGA | Used for sequencing and
TTCAAC screening

Cas9mRNA-F-T7

taatacgactcactatagggagaG(
GGGAGGTCTATATAAGC
AG

Cas9ImRNA-R

GCTGATCAGCGGGTTTA
AACTC

To amplify template foCas9
MRNA

Of-Blimp-gRNA-A

ttaatacgactcactataggTCAAC
GATGGATGGTTGCTGqatttt
agagctagaaatag

Used with gRNArev to amplify
template folOf-Blimp1gRNA-
A

Of-Blimp-gRNA-B

ttaatacgactcactataggTAAG(

Used with gRNArev to amplify

CGGGTGAACTTCqgtggttgtg
atgtccatgcaGTTTTAGAGCI

AGAAATAGCAAG

GTAGTCGGAGTATGCqtttt| template forOf-BlimplgRNA-
agagctagaaatag B
gRNArev AAAAGCACCGACTCGGT | Used to amplify templates for
GCC gRNA synthesis
Of-Blimp-screeningF1 CAGTTCTCGTAAGCCCA | Used for screening
GAGCC
Of-Blimp-screeningR1 ATCTCAGTAGGACTACT
CGGCGG
Of-Blimp-screeningR2 CCGAGATCCTGTAGGTG
AGAGTG
DmelBlimp-gRNA-F TATATAGGAAAGATATC | Used to construct gRNA

expression plasmid
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DmelBlimp-gRNA-R

ATTTTAACTTGCTATTTC
TAGCTCTAAAACTtctacgtgc
attcgatgatcGACGTTAAATT]
GAAAATAGGTC

DmelBlimp-5-HDR-F

cgacggccagtgaattcgagctcgg
cccGTGGGTCAGTAGTAG
GAACTCTC

DmelBlimp-5-HDR-R

gctcgaattaaccatGGCGACT/
TAGCTAGATTGTTGCTC
AG

To amplify 56
for DmelBlimp1HDR template

Dmel-Blimp-3-HDR-F

catcaatgtatcttaAAGGTACA
TGGTACATGGTATATGG
AG

DmelBlimp-3-HDR-R

atgcctgcaggtcgactctagagga
ccCGCTAGGCGATACTAGT
TCAACAGATG

To amplify 360
for DmelBlimp1lHDR template

DmelBlimp-HDR-insert
F

ctagctatagtcgccATGGTTAA
TTCGAGCTCGCC

DmelBlimp-HDR-insert

tgtaccatgtaccttTAAGATAC

To amplify SXP3>EGFP>SV4(Q
transgene from plasmid

R ATTGATGAGTTTGGACA
AAC
ofas00815F GCAGTGTATCTAGTACT | To amplify Of-Blimp1
GGACC (OFAS008150probe template
ofasO0815eRT7 taatacgactcactatagggagaGT
GTCGGAGTATGCAGGAG
ofas00815eFT7 taatacgactcactatagggagaG( Used withofasO08156RT7 to

GTGTATCTAGTACTGGA | amplify Of-Blimp1dsRNA #1
CC template
OfE75AF_New tcaagagggactccatacac To amplify Of-E75Aprobe

OfE75ART7_New

taatacgactcactatagggagaTG
ACCAGGACTCTTGCTCT

template

Of-slp F2

CTTACAGCTACAACGCC
CTC

To amplify Of-slp probe
template
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Of-slpSUTRR1T7

taatacgactcactatagggagaTG

GGAATGTGACGACTTTA
GG
Of-enRT7 taatacgactcactatagggagaT{ To amplify Of-inv probe
CTTCCTTGCTCTTGTCT | template (primers were named
before gene identified asv;,
Of-enF aatcggatgtagtgaggatg forward primer is found closes
toinvin genome, reverse prim
is not specific to either gene)
Of-Ubx-F GGATTCTACGGTTCACA | To amplify Of-Ubx probe
TCACC template
Of-Ubx-RT7 taatacgactcactatagggagaG/
TGGCAGGCTGTTGATGG
Of-lab-F GTGAGCAGGAGAACTAC | To amplify Of-lab probe
TGCCAG template
Of-lab-RT7 taatacgactcactatagggagaGA
GTGCTGGAGTGTGAGAG
Of-AbdB-F GACCGAGCGGCAGGTG | To amplify OtAbdB probe
AAG template
Of-AbdB-RT7 taatacgactcactatagggagaGTl
GAATGAGGCGCTGCGG
DmelBlimp1l-F GAGCTAATGGTTTGGTA | To amplify DmeiBlimpl probe
CTGCAAG template
DmelBlimpl-RT7 taatacgactcactatagggagaCl
ATTCTTGTCCGTTTCGCA
AATGG

Of-Blimp1-dsRNA2FT7

taatacgactcactatagggagaG(
GCAGCATGTGGCTAGGA
AATG

Of-Blimp1-dsRNA2RT7

taatacgactcactatagggagaAd
AAGAGGAACTTCAGTTG
GCTG

To amplify OfBlimpl dsRNA
#2 template

turbo GFP 1R_T7_2

ttaatacgactcactataggCTCG(
TGTTGCTGTGATCCTC

T7-tGFRF

taatacgactcactatagggagaAT

To amplifytGFP control
dsRNA
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GAGAGCGACGAGAGC

Of-Blimpl-upstrear? GTCATGGTAATTTAGAG
TGAAGATCATAGAAG

Of-Blimpl-downstreanr2 | CAGTCGATTTGATTGGT
AGCAG

To amplify more complete
Blimpl cDNA
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Appendix G. Sequences from Chapter 4

>Of-Blimp1_cDNA, wild type genotype, full length cds
GTCATGGTAATTTAGAGTGAAGATCATAGAAGATTTGAAAATGAAGTACCCCGATA
AAATGAGACAGGAGGATGTGTTGGAGGAGGAGGAGTGGGATCCAAGCACCACTCG
AGAGGAGGAGTTTGAAAAGCATGCAGTGTATCTAGTACTGGACCAAACCGCCCCTG
CTGGAGCTCCTAATCGTGCCGAAGCCTCCCTCCCAAGAAACCTTGTACTCAGGCCAA
GCCAGGCCCTTTCTGATGTAATGGGTGTCTGABGTACCAGTTACATTCCAAGGGGCA
CAAGGTTTGGTCCACTTGTTGGAGAAGTGTATGCCAAAAATGAAGTTCCGTCCACAG
CTAATCGCAAATACTTCTGGAGGGTGTACAAACAGAATCAGTTGTTTTATTACATTG
ATGGTTATGATGTCTCAAAGTCCAATTGGATGCGATACGTTAATCCTGCCTATTCTTC
AGAGTCCCAAAACCTCATTGCTTGCCAGTACAAGATGTCTATTTACTTTTATACTATT
CGACCAATCTTGCCTAATCAAGAACTTCTGGTCTGGTACTGTCGGGAGTTTGCTGAA
AGGCTCAACTATCCACTCACTGGTGAACTTATGCTTCAAAGGATAAGGCAACAAGTC
CAGCAAACTGGAACAAAACCAGAATCAAGTCCTACACCAGAAGTTAGTTCGACTGA
AAAACCTAATTATACTGATATTATTAATAATAATTACCAAAGAGGCCGATCATCATC
TCCTGAGCTTTCTGAAGTCAAAGAAGAAGGAGGTGAAAAAGAAGCAAGTGGGTCTG
TGAGATCTGACGAAGGCTATCACAGCCATGGCTATCATGATGAGGTCCTTACTCCCC
CAAGCCATGCTTCTGATAGTGATGACCCTGACAATAATTATGTCTTAGATTTCAGTA
GTAAGAAGGCTGGGGAAGTGGGTGATGAGCCCATGGATACAACAGTCCCTGAAGAG
CGAGAAGTGATACCCCCTACAGTTCTCGTAAGCCCAGAGCCTGGCTTAGGCGAAGA
GTTGGCCCGTAATGAGTACCGGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTG
TGGGGAGGGAAGAAGGACGAGGGGATGAGTTACCCCCTCAGCAACCATCCATCCTT
GAGAACATTCTCCTTAGAAACAGAGAGGAGAAGGAGTCCCCGCCGAGTAGTCCTAC
TGAGATGGCCTATAGCTATAAGAAGTCTGCAAGATACGGTAATGTTCCAGTAAGCCC
TGATTCAACAGGGGTTGCACACTACTCCCCACCTCTGCATACTCCGACTACCCTTA
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
TGATATTTGCCGAGCTTTCGCACATCATGTGATGGCTTCTTCAAGGCTGAAAAGAG
AATGAGAGTTGTAAAAGAGAGATTTAAAAATCCAGGTGGTATGGATTATGGTATTA
TAAGAGCAATCGCTCAACTAGAAATTGTTGTAAAACGTATTTTTCAGCTATTGCCCG
GCTGTAATAGTGCAAAGGATGCTTGATCTCATTTACTTACTAGAATAAGAATTAGGA
TCCACTACTCTGCTAACCCAAAATTTCAGATACTCTAAATAAGGGAAAGAGAGAGA
AATAGAAATGCTTTTTTAAATTC AAAGAATCTCATAATATTTAAAAATGCTGACAGA
CAGACTTTTCTTTTTTGACTGATAGCTTGAATTTCCTTGCATGTATCAAAATTAACCT
AAAATATTTGTATGCTGACAGAAGATAAAATGAAAAATTGAAAATAATATACGTGT
AGAGGTCAGCAGACCTACCCGGAAAGTAGGAGACTCGGGTTCGATAGTAAGTTCCC
GGCTGAGGTAGTAAGATTTTTTTCTGGTTCCCTTGCATTTCTTGTTGAAAARATATA
TTTTGAAGAACAGTCTTCTGTAAACTCTTTTTTATTCACCATATTTCTCCCTGCTACCA
ATCAAATCGACT

>0OfasBlimpl_gDNA, partial genomic DNA, wild type genotype
GCAATACAATGCAATAGGCTTGAAATATAGTTTTAAAAATCTCATCTCCTGAATTAA
AAAATTAACTTTTGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTC
AATAAACTAAATTGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTT
GAAGTTTTTTTAAATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATC
ATATAAAGTACATTAATTAATATTTTAT TTCAATAGAATAATAATTTATTTTGCTTCT
TTGTATCCAGGTAATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCC
CCACCTCCTGCATACTCCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCT
CCCCCTAGCAGCAGCATGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCA
CCTACAGGATCTCGGGGGTACAGGTCAGCTTTCTTTAGAGTCATACTTCAACAGAT
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
GGCCGTTCAAGTGTAATGTTTGCACCAAGAGCTTCACTCAACTTGCCCATTGCAGA
AGCATCACCTTGTCCACACAGGTAAGAGTATAGTGTTTTTTAAGCAGAAATTACAAT
TAATTTAAACTTATAATACTATTTTATATTTTTTITGTATAGTTTATAGTATTTTAACTA
TAGAATATATAAAAAGTAAAAAATATAGTTATATCCTATAATGGATAACTTAGGTGT
CAGCCATAAATAGTATATATTTTATATATACTTTTTTCATTATTATTTTTATTTATTAC
ATTTTCTTTAATCATAA AATTAACGCAGAGTTACAATATCTAGTTTTATACGCTTATA
TGTGATAATATAATTTTATATATATATATATATATTATAATTTTGTTACCTTTTATAA
AAAGATTTTTAATTATTTTTTGTTAATTTTCTAGGAGAAAAACCTCATCAGTGTGAGA
TTTGC

>0OfasBlimpl, genomic DNA genotype 2212, nonfunctional, genomic DNA
CAGTTCTCGTAAGCCCAGAGCCTGGCTTAGGCGAAGAGTTGGCCCGTAATGAGTACC
GGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACG
AGGGGATGAGTTACCCCCTCAGCAACCATCCATCCTTGAGAACATTCTCCTTAGAAA
CAGAGAGGAGAAGGAGTCCCCGCCGAGTAGTCCTACTGAGATGGCCTATAGCTATA
AGAAGTCTGCAAGATACGGTAAGTTAAAAGA AAATTATCTATTGTATTTATTTGCAA
TACAATGCAATAGGCTTGAAATATAGTTTTAAAAATCTCATCTCCTGAATTAAAAAA
TTAACTTTTGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATAA
ACTAAATTGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAAC TGCTCTTGAAGTT
TTTTTTAAATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATATAA
AGTACATTAATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTGTATC
CAGGTAATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCACCTC
CAACCGGCCAACTACTCTCCCCCTAGCAGCAGCATGTGGCTAGGAAATGGTTCTCCA
GAGGAGTTTCCACTCTCACCTACAGGATCTCGG

>0OfasBlimpl, genomic DNA,genotype 468, nonfunctional, genomic DNA
CAGTTCTCGTAAGCCCAGAGCCTGGCTTAGGCGAAGAGTTGGCCCGTAATGAGTACC
GGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACG
AGGGGATGAGTTACCCCCATTCTCCTTAGAAACAGAGAGGAGAAGGAGTCCCCGCC
GAGTAGTCCTACTGAGATGGCCTATAGCTATAAGAAGTCTGCAAGATACGGTAAGTT
AAAAGAAAATTATCTATTGTATTTATTT GCAATACAATGCAATAGGCTTGAAATATA
GTTTTAAAAATCTCATCTCCTGAATTAAAAAATTAACTTTTGAAGAAACAATAAAAC
ACTTACACTTTTTTTATAAATTAGTTTCAATAAACTAAATTGAAAAACTTTTTAAAAA
AATTTCTATTCCTTAGAAACTGCTCTTGAAGTTTTTTTTAAATTGAAAACAACTATAA
AATTATAATTAATATGATTTTTGAATCATATAAAGTACATTAATTAATATTTTA TTTC
AATAGAATAATAATTTATTTTGCTTCTTTGTATCCAGGTAATGTTCCAGTAAGCCCTG
ATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCATACTCCGACTACCCTTACT
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ACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCAGCATGTGGCTAGGAAAT
GGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTCGG

>0OfasBlimpl, genomic DNA genotype 4L, nonfunctional, genomic DNA
AAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACGAGG
GGATGAGTTACCCCCTCAGGATGGAACCATCCATCCTTGAGAACATTCTCCTTAGAA
ACAGAGAGGAGAAGGAGTCCCCGCCGAGTAGTCCTACTGAGATGGCCTATAGCTAT
AAGAAGTCTGCAAGATACGGTAAGTTAAAAGAAAATTATCTATTGTATTTATTTGCA
ATACAATGCAATAGGCTTGAAATATAGTTTT AAAAATCTCATCTCCTGAATTAAAAA
ATTAACTTTTGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATA
AACTAAATTGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTTGAAG
TTTTTTTTAAATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATAT
AAAGTACATTAATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTG T
ATCCAGGTAATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCAC
CTCCTGCATACTCCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCTCCCC
CTAGCAGCAGCATGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCACCTA
CAGGATCTCGG

>0OfasBlimpl, genomic DNA,genotype 5211, nonfunctional, genomic DNA
AAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAAGAAGGACGAGG
GGATGAGTTACCCCCAACCATCCATCCTTGAGAACATTCTCCTTAGAAACAGAGAGG
AGAAGGAGTCCCCGCCGAGTAGTCCTACTGAGATGGCCTATAGCTATAAGAAGTCT
GCAAGATACGGTAAGTTAAAAGAAAATTATCTATTGTATTTATTTGCAATACAATGC
AATAGGCTTGAAATATAGTTTTAAAAATC TCATCTCCTGAATTAAAAAATTAACTTT
TGAAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATAAACTAAAT
TGAAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTTGAAGTTTTTTTTA
AATTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATATAAAGTACA
TTAATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTGTATCCAG GTA
ATGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCAT
ACTCCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCA
GCATGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTC
GG

>0OfasBlimpl, genomic DNA genotype 5910, nonfunctional, genomic DNA
ATGAGTACCGGAAAGTGAAGATCAAGATGTCAAAGGCATATCCTGTGGGGAGGGAA
GAAGGACGAGGGAAGACATCCTAAGGAGAACATTCTCCTTAGAAACAGAGAGGAG
AAGGAGTCCCCGCCGAGTAGTCCTACTGAGANGGCCTATAGCTATAAGAAGTCTGC
AAGATACGGTAAGTTAAAAGAAAATTATCTATTGTATTTATTTGCAATACAATGCAA
TAGGCTTGAAATATAGTTTTAAAAATCTCA TCTCCTGAATTAAAAAATTAACTTTTG
AAGAAACAATAAAACACTTACACTTTTTTTATAAATTAGTTTCAATAAACTAAATTG
AAAAACTTTTTAAAAAAATTTCTATTCCTTAGAAACTGCTCTTGAAGTTTTTTTTAAA
TTGAAAACAACTATAAAATTATAATTAATATGATTTTTGAATCATATAAAGTACATT
AATTAATATTTTATTTCAATAGAATAATAATTTATTTTGCTTCTTTGTATCCAGGTA A
TGTTCCAGTAAGCCCTGATTCAACAGGGGTTGCACACTACTCCCCACCTCCTGCACT
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CCGACTACCCTTACTACCAGTACCAACCGGCCAACTACTCTCCCCCTAGCAGCAGCA
TGTGGCTAGGAAATGGTTCTCCAGAGGAGTTTCCACTCTCACCTACAGGATCTCGG

>DmelBlimpl,genomic DNAgenot ype Bl i mpl(3XP3>EGFP), 50
AACACTGTGAAAATTCTGAGGAGCTTTTCCAGGGCGAGGGAGTGCAGGGGTTGCAG
GTGTAGAGGATGATAGGCGCCTCTATTTATAGCGCCAAATTATGACTATTTTTAAAA
CGTATTTTCCCATCCTTTGTGCCATTCCAGATCAAGTAAAACTTCAACCACAAACAA
CTAGCAGAATAAGCAGCAACCACTGAAACCCCTATATATATAAAATCAGCACATAT
ATACACAGTGTTAGCTGAGCAACAATCTAGCTATAGTCGCCATGGTTAATTCGAGCT
CGCCCGGGGATCTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGA
TCCAAGCTTATCGATTTCGAACCCTCGACCGCCGGAGTATAAATAGAGGCGCTTCGT
CTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACACGTCGCTAAGCGAAAG
CTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCGGGGTACCGCTAGAG
TCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGA
GGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG
GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
AC

>DmelBlimpl,genomic DNA,genot ype Bl i mpl(3XP3>EGFP), 36
CTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACA
TGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGT
ACAAGTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGG
TTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGA
ATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAA
TAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTG
TCCAAACTCATCAATGTATCTTAAAGGTACATGGTACATGGTATATGGAGCAGCTGC
AGACCAGACCAGGAAGTGATGTAATCCAAGTGCAATAAAGTTAAATAGAGTTAAGC
GACAGACAGGCAGACAGACAGACGATACCCCTTAAAACAAAAAAAAAATCGAAAA
GGATAACAAAAATGCAGCACAA
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AppendixH. Primers used i€hapter 5

Primer name

Primer sequence

Nvit-Blimpl-FT7

taatacgactcactatagggagaGAGTCTGT
ATATACGAGAGGCG

Nvit-Blimpl1l-RT7

taatacgactcactatagggagaCAGGATG]
GCTGTAGCGGTG

To amplify Nvit-Blimp1
dsRNA template

Mhis-Blimp1-F

CCCTGCATATTCTTCTGAATCTC

Used with MhisBlimp1-
RT71 to clone partial cDNA
of Mhis-Blimp1

Mhis-Blimp1-RT7-
1

taatacgactcactatagggagaGTCACAT(
GTATGGCTTCTG

Mhis-Blimp1-FT7-

taatacgactcactatagggagaGATATGG(

To amplify Mhis-Blimp1
dsRNA-1 template

2 ATGTACCTGTGAGCC
Mhis-Blimp1l-RT7- | taatacgactcactatagggagaCTGTACT({ To amplify Mhis-Blimp1
2 TTCCTATCTCTGTATTC dsRNA-2 template
Mhis-Blimpl-FT7 | taatacgactcactatagggagaCCCTGCA
TTCTTCTGAATCTC
TdomBIlimpl-FT7 | taatacgactcactatagggagaCCTCTCAQ To amplify partial possible
CCGAACAGCCAGGC TdomBlimp1cDNA, dsRNA
TdomBIlimp1-RT7 | taatacgactcactatagggagaCCTTAATQ template
ACTGGCGCTTATGTAC
Blimp-degenF- CGSAARTACTTYTGGAGGGT Degenerate inse&@limpl
inner primer, designed to anneal
within PR/SET domain
encoding region
Blimp-degenR- CARCTHGTHGTYTTCCARTGHG | Degenerate inse@&limpl
outer primer, designed to anneal

around zinc fingerencoding
region

JhaeBIlimp-CDSF

AATCAGTTGTTCTACTATATTGAT
GGC

To amplify partialdJhae
Blimplsequence

JhaeBlimp-CDSR | TTCGTAAACCTGAAGCTGAG

prd-deglF GGNGGNGTNTTYATHAAYGG Degenerate primers to

prd-deglR RTTNSWRAACCANACYTG amplify paired; designed by
Yong Lu

prd-deg2F MARATHGTNGARATGGC

pra-deglR RTANACRTCNGGRTAYTG

Jhaeprd-F2 GAT TGT TGA GAT GGC TGC To amplify partialdhaeprd

Jhaeprd-R2 GGTGAACCAGACCTGTATCC sequence

Mhis-Blimp1-FT7

taatacgactcactatagggagaCCCTGCAT
TTCTTCTGAATCTC

To amplify Mhis-Blimp1l
dsRNA-1 template
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Mhis-Blimp1-RT7-

taatacgactcactatagggagaCTGTACT(

2 TTCCTATCTCTGTATTC
Mhis-Blimpl1-FT7- | taatacgactcactatagggagaGATATGG( To amplify Mhis-Blimp1
2 ATGTACCTGTGAGCC dsRNA2 template

Mhis-Blimp1-RT7-
1

taatacgactcactatagggagaGTCACAT(
GTATGGCTTCTG

Ldecblimpl-FT7

taatacgactcactatagggagaCAGGTGTT

To to amplifyLdecBlimpl

CCGCATTCCAAAGG dsRNA template
LdecBlimpl-RT7 | taatacgactcactatagggagaCAGGTAC]
AATCATCCATTCTTGAGTC
Mhis-Blimp1-F CCCTGCATATTCTTCTGAATCTC | Used with MhisBlimp1-RT7-
2
to amplify Mhis-Blimp1probe
template
AsteBlimpl1 AGTCCAACTGGATGCGGTAC To

AsteBlimp12T7

taatacgactcactatagggagaGTCGGTT(
GCCTCGTAGTA

amplify AsteBlimplprobe
template; designed by Alys
Cheatle Jarvela

turbo GFP ttaatacgactcactataggCTCGGTGTTG( To amplifytGFP dsRNA
1R T7 2 TGTGATCCTC template
T7-tGFRF taatacgactcactatagggagaATGGAGA(
CGACGAGAGC
Tc-Blimp-F TACCCCCTGAAGAAGAAGGAC Used withTc-Blimp-RT7 to
amplify TcasBIlimp1probe
template
Tc-Blimp-FT7 taatacgactcactatagggagaTACCCCC1 To amplify TcasBlimpl
AAGAAGAAGGAC dsRNA template
Tc-Blimp-RT7 taatacgactcactatagggagaACAACTCC

CGTCTTCCAATG

JhaeBlimpl-FT7

taatacgactcactatagggagaGATCTGAT

To amplify JhaeBlimpl

AAGGTTATCACAGCC dsRNA-1 template
JhaeBlimpl-RT7 | taatacgactcactatagggagaGAAGCAG
CATTACACTCATAGTGC
JhaeBlimp- taatacgactcactatagggagaGCAAAGT( To amplify JhaeBlimpl
dsRNAZ2FT7 AATTGGATGCGATATG dsRNA2 template
JhaeBlimp- taatacgactcactatagggagaGGAAGAG
dsRNA2RT7 AACGGTCTCTTTG
Jhaeprd-F-1 CGTCCTTGCGTAATCTCCAGACA | To amplify Jhaeprd probe
G template
Jhaeprd-RT7-1 taatacgactcactatagggagaCGAGACC]
CGCTGTTTCCTC
Vcar-Blimpl-F CCATCATTACTGCCATTACCAC Used withVcar-Blimp1l-RT7

to amplify Vcar-Blimp1probe
template
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Vcar-Blimpl-FT7

taatacgactcactatagggagaCCATCATT]

To amplify Vcar-Blimp1l

CTGCCATTACCAC dsRNA-1 template
Vcar-Blimpl-RT7 | taatacgactcactatagggagaGTGAATTT

TGCATACATAAGTCGC
Vcar-Blimp1- taatacgactcactatagggagaGCACACG]| To amplify Vcar-Blimp1l
dsRNA2FT7 CACCAAATAAGCC dsRNA2 template
Vcar-Blimp1- taatacgactcactatagggagaCATCGTTA
dsRNA2RT7 GCGTAAGTTGATGGTC
Vcar-wg-F GGCGAACCAAACAACCTATCAC | To amplify Vcar-wg probe
Vcar-wg-RT7 taatacgactcactatagggagaGCAGCCT( template

TCCAGCAAGTC
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Appendixl. Sequenceisolated in Chapter 5

>TdompossibleBlimpl-partial [sequenced PCR product]
CCTCTCAGTCCGAACAGCCAGGCGAGAGGGTATCGGTCGCTGCCCTATCCGCTCAAG
AAGAAAGATGGGAAGATGCATTATGAGTGCAATGTGTGTTTTAAGACTTTTGGCCAG
CTTTCTAATTTAAAGGTGCATCTGAGGACTCATTCTGGCGAAAGACCTTTCAAATGT
AATGTGTGTACGAAGAGTTTCACGCAATTAGCTCATCTCCAGAAACATCATCTAGTC
CATACAGGGGAGAAGCCACACCAGTGTARACATCTGCAAGAAGCGATTCAGCAGCAC
CTCCAACTTGAAGACGCATTTGAGGTTGCATTCGGGTCAGAAGCCCTACGCATGTGA
CCTGTGTCCGGCTAAATTCACGCAGTTTGTTCATCTCAAACTTCACAAGCGATTGCA
CACAAACGAACGCCCATATACCTGTCAAGGTTGCAACAAAAAGTACATAAGCGCCA
GTGGATTAAGG

>Mhis-partialBlimpl-isoformX1 [inserted into pGEM -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-partialBlimpl-isoformX2 [inserted into pGEM -Easy, colony 12]
CCCTGCATATTCTTCTGAATCTCAGAACTTAATTGCTTGCCAATATAAGATGTCTATT
TACTTTTATACTATCAGGCCTATCTTGCCTAACCAAGAACTTCTTGTTTGGTACTGTC
GAGAATTCGCAGAGAGATTAAATTATCCACTTACAGGAGAACTAATGCTCCAGAGA
ATACGTCAACAAGTTCAGCAGAGTGGACCTGCTGTGAAACCTGAATCAACTAATGT
ACCTGAAGTGGTGAGTTCGACTGAAAACCCTGCTTATACCGACATCATGAACAATA
ATTATCAACGGGGACGGTCTTCTTCTCCAGAGCTCTCTGAAGTCAAAGAAGAAGGA

244



GGAGAGAAAGAAGCTGCTGGCTCTGTTAGATCTGATGAAGGTTATCATAGCCATGG
TTATCATGATGAGGTTTTAACTCCACCTGGCCACTCTTCAGACAGCGATGATCCAGA
TAATAATTATGTTCTTGATTTTAGCAGCAAGAAAACTGGTGAAGAAGCAATGGAGGT
TACGACTGTTGAAGAAGTGGATACTGTTGTTGTGGGATCAGCTCCTGCGACACAGAC
ATCTGTAGTTGTTGGACCTGGTGTTCCACCCCCGTCACTGGAGGCGGGGAAGAATA
CAGAGATAGGAATGAGTACAGAAAGGTGAAGATTAAAATGTCAAAAGCTTACCCAG
TGACCCCAGGCCTGAAAGAAGACATCAAAGAACCAGCACCACAACCGTCCATTTTA
GAAAATATACTGTTAAGGAATAAAGAAGAGAAGGAGTCACCTCCAAGCAGTCCAAC
TGAGATGGCTTATAGTTACAAAAAATCTGCAAGATATGGGAATGTACCTGTGAGCCC
TGATTCAACAGGAGTTGCTCATTACTCACCTCCACCGAATTACCCTGAATATCCCTA
CTACAACTACCAACCGCAGAACTACTCTCCACCAAGCAGTTCAGCGTGGTTTGGCCA
AAATGGAAATGATGAATTCCCGCTTTCACCAACAGGATCTCGGGGGTACAGGTCACT
TCCTTATCCGCTGAAGAAGAAGGATGGAAAAATGCACTATGAATGCAATGTCTGCTT
CAAAACATTTGGCCAGCTCTCTAATTTGAAAGTGCACTTACGCACTCACAGTGGTGA
GCGCCCTTTCAAGTGCAATGTTTGCACCAAGAATTTCACCCAATTAGCTCACTTACA
GAAACATCATCTCGTTCACACTGGTGAAAAACCTTATCAGTGTGAAATATGCAAGAA
AAGGTTTAGTTCAACTTCCAACCTTAAAACTCACCTTCGACTACATTCAGGCCAGAA
GCCATACGCATGTGACTCTCCCTATAGTGAGTCGTATTA

>JhaepartialBlimpl-product [inserted into pPGEM-Easy, colony 8]
AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA
TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA
TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG
GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT
TCAGAGAATAAGGCAACAAGTACAAC AAACTGGGGTAAAACCAGAAACAAGTGCT
CCTGAAGTTAGCTCGACTGAAAAGCCTGCCTATAGTGATATTATGAATAACAATTAC
CAAAGAGACCGTTCCTCTTCCCCTGAACTATCAGAAGTAAAGGAAGAGGGGGCTGA
AAAAGAAGCTAGTGGATCTGTTAGATCTGATGAAGGTTATCACAGCCATGGCTACC
ATGATGAAGTTCTTACTCCTCCTGGCCATTCCTCAGACAGCGATGATCCTGATAACA
ACTATGTCCTCGACTTTAGCAGTAAGAAATCTGGAGCTGAGCCAATGGATACTATCG
TAGTTGATGAGCCAGAACCTGCTGTGGTTGTATCAGGGTTGCTCTAAGAAGTACATC
TCAGCTTCAGGTTTACGAA

>JhaepartialBlimpl-product [inserted into pPGEM-Easy, colony 9]
AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA
TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA
TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG
GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT
TCAGAGAATAAGGCAACAAGTACAAC AAACTGGGGTAAAACCAGAAACAAGTGCT
CCTGAAGTTAGCTCGACTGAAAAGCCTACCATGATGAATTTCTTACTCCTCCTGGCC
ATTCCTCACACATCCATGATCCTGATAACAACTATGTCCTCGACTTTAGCAGTAAGA
AATCTGGAGCTGAGCCAATGGATACTATCGTAGTTGATGAGCCAGAACCTGCTGTGG
TTGTATCAGGGACGGGAACTCCGACTGCTGTTGTCGTGGCTCCAAGTGTCCATATT
CTGGGGATGAGTACAGAGATAGGAATGAATACCGCAAGGTCAAGATAAAAATGTCC
AAAGCATACCCAGGTATGCCTCTGAGAGAAGATGGAAAGGAGGAACTCAAGGAGC
CTATCACCATTTCACAGCCGTCCATACTCGAAAATATCCTCTTGAGGAGCAGGGAAG
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AGAAGGAGTCTCCTCCAAGTAGCCCTACGGAGATGGCTTATAGCTACAAGAAGTCT
GCAAGATATGGTAATGTTCCTGTAAGTCCTGATTCAACTGGAGTTGCTCACTATTCTC
CACCACCTAACTACCCTGACTACCCATACTACAATTACCAGCACCAGAACTATTCAC
CACCCAGCAGTTCTGCATGGTTCAATGGAAATTCCAGTGATGAATTCCCACTGTCTC
CAACAGGATCTCGGGGGTACAGGTCACTCCTTATCCATTGAAGAAGAAGGATGGG
AAAATGCACTATGAGTGTAATGTCTGCTTCAAAACATTTGGGCAGCTCTCCAATCTA
AAAGTTCACCTTAGGACACACAGCGGGGAAAGACCATTTAAATGCAACGTATGCAC
AAAGAGTTTTACACAGCTTGCCCATTTACAAAAACACCACCTTGTGCATACAGGAGA
AAAGCCCCACCAATGTGAAATATGTAAGAAACGATTTAGTTCAACTTCTAACTTAAA
AACTCACCTTCGACTACATTCGGGCCAAAAGCCGTATGCTTGTGACCTCTGCCCAGC
CAAGTTCACACAGTTTGTCCACCTGAAGCTTCATAAGAGGCTACACACCAATGAAAG
ACCTTACACATGCCAGGGTTGCTCTAAGAAGTACATCTCAGCTTCAGGTTTACGAA

>JhaepartialBlimp1l [inserted into pGEM-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

>JhaepartialBlimp1l [inserted into pGEM -Easy, colony 11]
AATCAGTTGTTCTACTATATTGATGGCTATGATATTGCAAAGTCAAATTGGATGCGA
TATGTGAATCCTGCCTATTCTTCTGAATCACAAAACCTTATTGCTTGCCAATATAAGA
TGTCTATTTACTTTTATACTATTCGACCTATTTTACCTAACCAAGAGCTACTTGTCTG
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GTACTGCCGGGAGTTTGCAGAAAGACTCAACTACCCACTGACTGGTGAACTAATGCT
TCAGAGAATAAGGCAACAAGTACAACAAACTGGGGTAAAACCAGAAACAAGTGCT
CCTGAAGTTAGCTCGACTGAAAAGCCTGCCTATAGTGATATTATGAATAACAATTAC
CAAAGAGACCGTTCCTCTTCCCCTGAACTATCAGAAGTAAAGGAAGAGGGGGCTGA
AAAAGAAGCTAGTGGATCTGTTAGATCTGATGAAGGTTATCACAGCCATGGCTACC
ATGATGAAGTTCTTACTCCTCCTGGCCATTCCTCAGACAGCGATGATCCTGATAACA
ACTATGTCCTCGACTTTAGCAGTAAGAAATCTGGAGCTGAGCCAATGGATACTATCG
TAGTTGATGAGCCAGAACCTGCTGTGGTTGTATCAGGGACGGGAACTCCGACTGCTG
TTGTCGTGGCTCCAAGTGTCCATATTCCTGGGGATGAGTACAGAGATAGGAATGAAT
ACCGCAAGGTCAAGATAAAAATGTCCAAAGCATACCCAGGTATGCCTCTGAGAGAA
GATGGAAAGGAGGAACTCAAGGAGCCTATCACCATTTCACAGCCGTCCATACTCGA
AAATATCCTCTTGAGGAGCAGGGAAGAGAAGGAGTCTCCTCCAAGTAGCCCTACGG
AGATGGCTTATAGCTACAAGAAGTCTGCAAGATATGGTAATGTTCCTGTAAGTCCTG
ATTCAACTGGAGTTGCTCACTATTCTCCACCACTAACTACCCTGACTACCCATACTA
CAATTACCAGCACCAGAACTATTCACCACCCAGCAGTTCTGCATGGTTCAATGGAAA
TTCCAGTGATGAATTCCCACTGTCTCCAACAGGATCTCGGGGGTACAGGTCACTTCC
TTATCCATTGAAGAAGAAGGATGGGAAAATGCACTATGAGTGTAATGTCTGCTTCAA
AACATTTGGGCAGCTCTCCAATCTAAAAGTTCACCTTAGGACACACAGCGGGGAAA
GACCATTTAAATGCAACGTATGCACAAAGAGTTTTACACAGCTTGCCCATTTACAAA
AACACCACCTTGTGCATACAGGAGAAAAGCCCCACCAATGTGAAATATGTAAGAAA
CGATTTAGTTCAACTTCTAACTTAAAAACTCACCTTCGACTACATTCGGGCCAAAAG
CCGTATGCTTGTGACCTCTGCCCAGCCAAGTTCACACAGTTTGTCCACCTGAAGCTT
CATAAGAGGCTACACACCAATGAAAGACCTTACACATGCCAGGGTTGCTCTAAGAA
GTACATCTCAGCTTCAGGTTTACGAA

>Jhaepartiatprd-isoformX1 [inserted into pGEM -Easy, colony 9]
GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGTAATCTCCAGACAGCTGAG
GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGAGCA
TCAGGCCAGGAGTGATCGGAGGCAGCAAGCCCAGGGTTGCCACTCCCGACGTCGAG
AGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTTTCTCCTGGGAGATAAG
AGACAGCTCTGAGAAGAAATACGGATCTTGGATTGAAGGGATAGAAGAGGGATCAT
CGCAGTCACTCATCAAAAACCGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAAT
GCACCTTCAGTGAGTGCCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGG
GGAGAAGAAGCTCCATGAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAAC
CGGGGATCCCACTTAAGAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAG
CAGCTGGACGAGTTGGAAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACAC
CAGAGAGGAGCTGGCGCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGGT
TCACC

>Jhaepartialprd-isoformX1 inserted into pPGEM -Easy, colony 11]
GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGCAATCTCCAGACAGCTGAG
GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGAGCA
TCAGGCCAGGAGTGATCGGAGGCAGCAAGCCCAGGGTTGCCACTCCCGACGTCGAG
AGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTTTCTCCTGGGAGATAAG
AGACAGCTCTGAGAAGAAATACGGATCTTGGATTGAAGGGATAGAAGAGGGATCAT
CGCAGTCACTCATCAAAAACCGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAAT
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GCACCTTCAGTGAGTGCCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGG
GGAGAAGAAGCTCCATGAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAAC
CGGGGATCCCACTTAAGAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAG
CAGCTGGACGAGTTGGAAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACAC
CAGAGAGGAGCTGNNNCAGAGGACCAAGCTCAAGAGGCTAGGATACAGGTCTGG
TTCACC

>Jhaepartialprd-isoformX2 [inserted into pGEM -Easy, colony 12]
GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGTAATCTCCAGACAGCTGAG
GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGAGCA
TCAGGCCAGGAGTGATCGGAGGCAGCAAGCCCAGGGTTGCCACTCCCGACGTCGAG
AGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTTTCTCCTGGGAGATAAG
AGACAGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAATGCACCTTCAGTGAGTG
CCATCTCCAGACTGCTTCGGGGCAACGACGGAGAGGACGGGGAGAAGAAGCTCCAT
GAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAACCGGGGATCCCACTTAA
GAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAGCAGCTGGACGAGTTGG
AAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACACCAGAGAGGAGCTGGC
GCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGGTTCACC

>Jhaepartialprd-product [inserted into pPGEM-Easy, colony 10]
GATTGTTGAGATGGCTGCAGCAGGAGTCCGTCCTTGCGTAATCTCCAGACAGCTGAG
GGTGAGCCACGGCTGCGTTTCCAAGATTCTCAACAGGTACCAAGAGACAGGGTTGC
CACTCCCGACGTCGAGAGAAGGATAGAGGAGTACAAGGGAGAGAACCCGGGCATTT
TCTCCTGGGAGATAAGAGACAGACTGATAAAAGAAGGTCTCTGTGACCGAGGTAAT
GCACCTTCAGTGAGTGCCATCTCCAGACTGTTCGGGGCAACGACGGAGAGGACGG
GGAGAAGAAGCTCCATGAAGGTAAAGGATCAGAAGGGTCGGATTGTGACTCCGAAC
CGGGGATCCCACTTAAGAGGAAACAGCGGAGGTCTCGTACTACCTTCACAGCCCAG
CAGCTGGACGAGTTGGAAAGAGCCTTCGAGAGGACACAGTACCCAGACATATACAC
CAGAGAGGAGCTGGCGCAGAGGACCAAGCTCACAGAGGCTAGGATACAGGTCTGGT
TCACC
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AppendixJ. Mutation ofOf-paired

Overview and rationale

To make a lossf-function mutation inOf-paired (prd) | originally planned to replac®f-prd

exon 1 with a potentially dominant marker (as this marker has never been Gsembpeltuswe
cannot be sure it would dominant), following the methods us€@lhgatle Jarvelat al.2020)to
mutate Anopheles stephensi goosebertyintended to assemble a homoledjyected repair
template with the sequences flanki@gprd exon 1 instead flanking the 3XP3>EGFP marker.
However, there are many gaps in the genome assembly in the region surrddpoiidgxon 1
(Figure JA). | 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 | opted not to provide a

homologydirected repair template.

Injection

Embryos from thef-vermilion multi-allelic stock (Chapter 3) were injected with 40 ng/uL each

of Of-prd gRNAs A and B, 300 ng/uL Cag9LS protein (PNA Bio), and 500 ng/uL of a donor
vector which contained®f-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 nmehomologous end joining pathway. A totdl2)276 embryos were injected,

of which 1,114 (49%) hatched. 113 adult GOs 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 primepsd@treening- and Ofprd-
screeningR. A product of 884 bp was expected to be amplified from the wild type allele, and a
464 bp product from the deletion allele (&igJ-1B). In total, 124 G1s were screened by PCR,
yielding 7 heterozygotes from four GO lines. Hetegmys G1s were outcrossed, and only two of
these yielded viable offspring (Z8and 235). As these two individuals are from the same GO,

and after sequencing found to have the same mutation, only iBeva3 keptOf-prd?>3 has 416

bp deletion which removesf-prd exon 1 (Figire J-1C).

Figure J-1. Mutation of Of-prd

A) gRNA sites (arrowheads) target noading regions flankin@f-prd exon 1. Below are the
expected PCR products from a mutant with exon 1 deleted (464 bp) and a wild type alle
bp). B) PCR screening for heterozygotes yields either a wild type bafi¥ (@5d 3681) or a
smaller band amplified from the mutant alle28-29). NTC = no template control. C)
Alignment between wild type (WT) allele and ®&prd?>3 allele, in which exon 1 is delete:
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