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Abstract

Sexually dimorphic female-limited Batesian mimicry is known to be present in butterflies
of the genus Papilio. The sex differentiation transcription factor doublsex (dsx) has been shown
to act as the mimetic switch in Papilio polytes, and aspects of its expression and function have
been studied. However, little is known about doublsex s function in the mimicry phenotype of a
related species, Papilio lowi. In this study, I investigate doublesex s role in Papilio lowi through
RNAI experiments on wing pattern development, antibody staining experiments on developing
wings to determine expression localization, and RN Aseq analysis of expression across early
pupal wing development. I find that an RNA1 knockout of doublesex in female wings yields
male-type scales in the regions where dsx expression is knocked down. The RNAseq data shows
that doublsex expression in development is quite different in Papilio lowi than it is in Papilio
polytes. Based on antibody staining, it is evident that doublesex is expressed in nuclei and that
this expression occurs in the regions where specific wing patterning manifests. The results of this
investigation are significant for understanding how the same gene can lead to similar phenotypes

in related species via molecular mechanisms which only share some similarities.

Introduction

Mimicry is a classic example of an adaptive trait across many organisms. There are three
main kinds of mimicry; Self-mimicry, Miillerian mimicry, and Batesian mimicry. Self-mimicry
is not characterized by a relationship between two species, instead it is when one body part
resembles another. Eye spots are an example of self-mimicry. Miillerian mimicry and Batesian
mimicry both involve multiple species; Miillerian mimicry involves multiple toxic species with

similar warning coloration/ patterning, such that all benefit from a predator’s encounter with any



one species (Miiller 1876). Batesian mimicry is mimicry of a toxic species by nontoxic ones, and
is considered to be a parasitic relationship (Bates 1861). The parasitic mimetic species is
afforded the benefits of appearing to be dangerous without actually being toxic at all. Batesian
mimicry is subject to frequency-dependent selection, as the more non-toxic mimics there are, the
more predators learn that individuals with that appearance are not always dangerous (Bates
1861). The concept of Batesian mimicry was developed through the study of mimicry in
Amazonian butterflies and is observed in many butterfly genera, including the swallowtail genus

Papilio (Bates 1861).

When considering wing color patterning in butterflies, it is important to understand
butterfly life cycle and developmental timing. Caterpillars hatch from fertilized eggs and grow.
There are five developmental stages caterpillars go through: first instar, second instar, third instar
(Figure 1A), fourth instar (Figure 1B), and fifth instar (Figure 1C). The transition between instar
stages is marked by molting. From fifth instars, caterpillars pupate and become pupae or
chrysalises (Figure 1E). At the start of pupation, they are considered pre-pupae (Figure 1D). The
day the pre-pupae turn into pupae is day 0 of pupation, the next day would be considered day 1
of pupation, and so on. How long a butterfly is in its chrysalis before it emerges as an adult

depends on the species.

Figure 1. Developmental Stages of papilio lowi.
A. Third instar caterpillar. B. Fourth instar caterpillar. C. Fifth instar caterpillar. D. Pre-pupae E. Pupa



Wing imaginal discs develop from epidermal cells in caterpillars. When pupation occurs,
the imaginal discs expand into a monolayer of cells making up pupal wings (Nijhout 1991). This
early monolayer is not fully organized (Nijhout 1991). Patterned cell division occurs producing
scale cells (butterfly wings are made up of scales), socket cells, and cells that are pre
programmed for death (Nijhout 1991). These divisions are governed by Notch signaling, and
lead to organized rows of scale and socket cells (Iwata et al. 2014). F-actin has been shown to
help elongate the scale cells into scales in early stages of wing development and then to help
organize chitin secretion to generate ridges in the scales during later wing development
(Dinwiddie et al. 2014). Organization of wings into rows of scales is usually present by day 2 of

pupation in Papilio lowi (Doellman et al in prep).

In addition to the organization of the cells there is also color patterning that occurs in
pupal wing development. WntA and Optix are key genes in butterfly wing patterning. WntA is a
signaling ligand in the Wnt family. It has been shown to act early in wing development to define
color pattern boundaries, instead of actively depositing pigment or acting as a melanic activator
(Mazo-Vargas et al 2017). WntA is known to have this role across many genera of butterflies, and
the patterns it outlines vary by species. For example, it has a role in making stripe-like patterns in
Vanessa butterflies (Mazo-Vargas et al 2017). Melanin pathway genes like black, tan, ebony, etc
are known to deposit pigment in wings and the body in late stages of pupal development, and
black melanin is the last to be deposited (Kuwalekar et al 2020). There is evidence that the peak
in melanin pathway gene expression comes earlier in females than it does in males (Kuwalekar et
al 2020). Optix expression is suspected to complement and fill in WntA’s boundary making, as it
has complementary expression to WntA but at later stages, as seen in studies with Heliconius

butterflies (Martin et al 2012). Optix is a transcription factor and has been shown through



CRISPR/Cas9 experiments to be the activator of wing color which is required for pigmented
coloration in butterfly wings (Zhang et al 2017). It is also responsible for structural color
(iridescent blue) in some species, such as Junonia coenia (Zhang et al 2017). Most of these
coloring genes act as trans-regulatory elements, such that genes they act on are on separate

chromosomes from where they are encoded (Zhang et al 2017).

Within the genus of swallowtail butterflies Papilio, sexually dimorphic Batesian mimicry
limited to females is present in many species. Sexual dimorphism is the existence of physical
differences between males and females within the same species. The degree of sexual
dimorphism depends on the species. In mimetic species of Papilio, males never exhibit a
mimetic wing pattern, which is a form of sexual dimorphism. Batesian mimicry is subject to
frequency-dependent selection, or selection where the fitness of a phenotype is governed by the
frequency of that phenotype within the population. Too high a proportion of non-toxic mimics
would teach predators to no longer avoid the mimetic patterning. The mimetic wing patterning
which some of the Asian Papilio females have resembles the toxic Pachliopta genus of
butterflies (Kunte et al 2014). Specifically, the mimetic wing pattern is mostly exhibited in the
hind wing of mimetic females (Figure 2A). Some females exhibit the mimetic coloring (Figure
2A) and some exhibit patterning similar to that of the males or patterning that differs from both
the males and the mimetic females (Figure 2B). The white male-type scales on the hindwings are
a scale-type mostly unique to males, and these scales possess UV reflectance. Females rarely

have these white, UV-reflectant scales (Figure 2 D,E).



&
Figure 2. Wing patterns in papilio lowi.
A, Mimetic female. B. Non-mimetic female. C. Male D. Close-up of male-type scales on a male
E. UV reflectance in close-up of male-type scales on a male

The genetic basis of this mimicry has been the focus of much scientific inquiry (Clarke
& Sheppard 1972, Black & Shuker 2019, Kunte et al 2014, Nishikawa et al 2015, Palmer &
Kronforst 2020). Initial crossing experiments demonstrated that the variation in wing patterning
in Papilio polytes is controlled by a single Mendelian autosomal locus (Clarke, Sheppard 1972).
It was determined that multiple alleles at this single locus existed in a dominance hierarchy
(Clarke, Sheppard 1972). Evidence that a single locus controlled the whole wing pattern led
researchers to characterize the mimicry in Papilio as likely being supergene mimicry (Clarke,
Sheppard 1960). A supergene is defined as a “cluster of physically linked genes inherited as a
single unit” (Black and Shuker 2019). Supergenes may evolve when the inheritance of two or
more genes together provides a fitness advantage, such that recombination is not favorable
(Black and Shuker 2019). It is thought that the single locus of the supergene may be formed by a
chromosomal inversion that prevents recombination thus connecting multiple adjacent genes into

a single locus (Joron et al 2011). This lack of recombination is thought to be positively



associated with maintaining polymorphisms in a population since each allele of the supergene is
separately maintained instead of being able to recombine with other alleles. Therefore, traits with
complex balanced polymorphisms are classic candidates for supergene inheritance patterns

(Black and Shuker 2019).

It was later found that the gene doublesex (dsx) acts as a supergene to control this
mimicry phenotype in Papilio polytes (Kunte et al 2014). Doublesex had previously been known
to be involved in sex determination and differentiation in insects (Shukla et al 2010, Kijimoto et
al 2012), such that it is plausible that this sexually-dimorphic mimicry patterning may have
evolved to co-opt this existing pathway (Kunte et al 2014). Doublesex pre-mRNA can be spliced
differently to encode female or male transcription factors, leading to sexual differentiation.
Between different insect species, doublsex is generally conserved as being downstream in the sex
differentiation cascade such that its differential splicing depends on upstream regulators (Shukla
et al 2010). These upstream regulators vary between insect species while doublesex is conserved
downstream, leading to the consideration that the evolution of this cascade took place in “reverse
order” (Shukla et al 2010). Previous studies show that doublesex has been co-opted for sexually
dimorphic phenotypes in other insects. For example, sexual differences in beetle horns are
impacted by dsx, as an RNAi knockdown of dsx reduced horn development in large males and

induced horn development in generally hornless females (Kijimoto et al 2012).

Doublesex was identified as being responsible as the mimicry switch in Papilio polytes
through multi-phase genetic mapping. Initially, bulk segregation analysis, screening, and
fine-mapping indicated a 300 kb genomic region containing 5 genes, one of which was dsx
(Kunte et al 2014). Dsx was then determined to be the main candidate gene since its roles in

sexual differentiation were known. Comprehensive association mapping comparing mimetic and



non-mimetic individuals showed strong associations in the dsx region, as did a separate

Genome-Wide Association Study (GWAS) (Kunte et al 2014).

In P. polytes mimicry wing pattern control, doublesex acts through classic Mendelian
inheritance with the mimetic haplotype dsx(H) being dominant to the non-mimetic one (dsx(h))
(Nishikawa et al 2015). A female would exhibit the mimetic phenotype if she had one or more
mimetic alleles of doublesex, but a male would never have the mimetic wing pattern, regardless
of his alleles, due to the sexual dimorphism of the mimicry. Using whole genome sequencing, an
autosomal inversion was identified as distinguishing mimetic and non-mimetic chromosomes
from each other (Nishikawa et al 2015). Linkage mapping demonstrated this inversion as being
associated with the specific mimicry locus of dsx within the chromosomes (Nishikawa et al
2015). The divergence between the mimetic and non-mimetic chromosomes is estimated to have
occurred 40 million years ago, and since recombination is suppressed due to supergene status,
the mimetic and non-mimetic alleles have diverged significantly as indels, other mutations, etc

accumulate over time (Nishikawa et al 2015).

It has also been shown that RNAi knockdowns of dsx through injection into a developing
wing of mimetic P. polytes female individuals yields the non mimetic wing pattern in mimetic
individuals in the region where the injection occurred. This indicates that the dominant dsx allele
governs the emergence of mimetic coloration where it is expressed in mimetic females
(Nishikawa et al 2015). qPCR results showed that the mimetic form of dsx is highly expressed in
mimetic polytes females during early stages of pupal development, which are key for wing
development. Additionally, RNA-seq results demonstrate that the dominant dsx allele, dsx(H), is

highly expressed in heterozygous polytes females and barely expressed in heterozygous polytes



males on day 2 of pupation (Nishikawa et al 2015). Taken together, these functional results link

dsx directly to the mimetic wing pattern observed in mimetic female Papilio polytes.

The phenomenon of female-limited polymorphic mimicry is present across Papilio
species, especially within the phylogeny of Southeast Asian Swallowtail Papilio. Subsequent
analysis suggests that although female-limited mimetic wing patterns differ between species in
the Papilio genus, all Southeast Asian Papilio species investigated thus far have their mimicry
phenotype controlled by dsx (Palmer & Kronforst 2020, Iijima et al 2018). [ijima et al. conclude
that in Papilio polytes and Papilio memnon, this is due to parallel evolution, and that in both
species dsx is associated with very similar chromosomal regions. Through qPCR they found that
in P. memnon females the mimetic allele is more strongly expressed than the non-mimetic allele,
similar to in p. polytes. However, they found that in P. memnon, dsx was not contained by
chromosomal inversion, which is part of what led them to believe that parallel evolution rather

than an ancestral polymorphism was at play.

Palmer and Kronforst (2020) offered an updated hypothesis. Their explanation resulted
from comparing genetic variation and its compatibility with hypotheses of ancestral
polymorphism, hybridization, and parallel evolution (Palmer & Kronforst 2020). Independent
parallel evolution would mean that the co-option of dsx for mimicry occurred independently in
various Papilio species. Hybridization would result in shared mimicry alleles between species
that had hybridized within the genus. Palmer and Kronforst considered ancestral polymorphism
through two avenues; a simple version where different ancestral polymorphisms are passed to
different species, or alternatively ancestral polymorphism with proximal allelic turnover resulting
in differing mimicry gene systems in different species. Genetic analyses such as GWAS and

linkage disequilibrium heat maps provided evidence for dsx as a mimicry supergene that
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resulted from co-option of the existing dsx pathway leading to ancestral polymorphism which

then experienced allelic turnover in different species.

This proposed evolution pattern suggests that between Papilio species there will be
similarities in the way dsx governs mimicry, but also differences which will make examining the
way it exhibits genetic control over the adaptive mimicry phenotype in related species fruitful.
Therefore, for my thesis research I investigated the role of dsx in female-limited polymorphic
mimicry in Papilio lowi in hopes to contribute to a deeper understanding of this evolutionarily

significant adaptive phenomenon.

Papilio lowi is quite closely related to Papilio memnon, so much so that in initial work on
the species, Clarke and Shepard considered P. lowi to be morphs of P. memnon that just had a
different geographical distribution (Clarke and Shepard 1972). However, they have since come to
be considered their own species. Papilio lowi have different wing patterns than P. memnon do.
GWAS data show that wing color patterning is strongly associated with the doublesex locus in
lowi, just as it is in P. polytes (Doellman et al. in prep). And, genetic analyses suggest that lowi

has different mimetic and non-mimetic doublesex alleles than P. memnon does (Doellman et al.

in prep).

In Papilio lowi, males, mimetic females, and non-mimetic females all have different
wing patterns (Figure 2), whereas in P. polytes males and non-mimetic females look the same.
This makes studying expression of dsx in P. lowi an interesting comparison to previously
published data on P. polytes. While there is no peak expression of dsx in non-mimetic females
nor in males of P. polytes (VanKuren et al. in prep), perhaps there would be in non-mimetic lowi

females, given their different patterning from males. Thus, I investigated the role of doublesex in
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the mimicry phenotype in Papilio lowi. I compared the timing of peak expression of doublsex in
the hindwings between mimetic females, non-mimetic females, and males across early pupal
development, and compared this expression profile with that of Papilio polytes. 1 focused on
hindwings specifically as this is the region where the mimetic pattern comes through on the
wings, and thus is likely to be where differential expression governs differential patterning. To
confirm that doublesex is needed for the mimetic patterning in lowi, I performed RNA
interference on the developing hindwings to knock out doublesex expression in that region. I also
studied the localization of doublesex expression by using antibody staining and fluorescence
microscopy. These experiments should provide useful insights into the functioning of doublesex

in which this gene has not yet been investigated.

Methods

The overall flow of my experiments was to dissect out hindwings from Papilio lowi
pupae of various genotypes at various stages of development (Figure 3). These hindwings were
then either stained and fixed for confocal microscopy (Figure 3C) or had their RNA extracted for
RNAseq analysis, making for two main experimental groups. Additionally, some individuals
were not dissected as pupae but instead injected with RNAI at the start of pupation and allowed

to emerge as butterflies.
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Figure 3. Dissections.
A Pupa with cuticle and wings removed B. Dissected out cuticle with hind wing C. Dissected out pupal forewing

Genotyping

I genotyped all dissected individuals regardless of their experimental group (RNAseq
versus antibody staining). Knowing the genotypes is critical for data to mean anything since I
was looking for variation in expression based on genotype. Genotyping was done by taking
tissue from inside the head of the developing pupae and using a quick-extraction protocol to
extract the DNA followed by performing a custom TagMan assay with allele-specific probes to
determine their dsx genotypes. I used custom fluorescent probes for the mimetic doublesex allele
and for the non mimetic allele, and these probes are amplified depending on the genotype of the
sample. When determining genotypes of butterflies that were full grown and alive, for example
ones that were to be used in crosses as parents, DNA was extracted from a single hind leg and

used in the custom TagMan assay, instead of using head tissue.
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RNAi Methods

In order to observe if RNA1 against doublesex had the same impact on mimetic wing
patterning in Papilio lowi as it does in Papilio polytes, 1 performed in vivo RNAI electroporation
experiments in lowi. These were performed on mimetic and non-mimetic female pupae on day 0
of their pupation. Following the procedure outlined in Fujiwara & Nishikawa (2016), the
forewing was pulled back so that the hindwing could be accessed and a 2.0 uL injection of 10
uM or 100 uM doublesex DsiRNA was made into the center of the left developing hindwing. The
DsiRNA targets base pairs 219-224 in exon 1 of dsx
(5'-AGGGTCACAAGCGCTACTGCAAGTAC-3"). There are no differences between the
mimetic and non-mimetic alleles in exon 1, so this injection targets all dsx expression (Doellman
et al. in prep). A 10V electric current was run through the wing to allow the injected RNA to
enter cells. The wings were then returned to their original positions and the pupa was left to
continue developing normally until it emerged as an adult butterfly. The RNA1 injection was

made with a microinjector and a microcapillary needle.

Antibody Staining Methods

To determine where physically in the wing dsx is expressed, I performed antibody
staining for dsx on wings dissected out of the developing pupae, mounted them on slides and
imaged them using the confocal microscope. We used day 5 wings here because preliminary data
shows that in P. polytes on day 5 the dsx expression occurs in the regions where the mimetic
patterning will occur, and P. polytes and P.lowi are known to have similar development times

(Van Kuren et al unpublished work). The wings were prepared for staining by being fixed using
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4% formaldehyde, then blocking them using PBST with 1% BSA. The staining was done using a
rabbit-anti-dsx custom primary polyclonal antibody raised against exons 1 and 2 of dsx in
Ppolytes at 1:1000 (VanKuren et al. in prep) and a goat anti-rabbit secondary antibody at
1:1000. Since exons 1 and 2 are present and translated in all isoforms of dsx, this stain should
tag any expressed dsx. I also stained for DNA using DAPI and actin using Phalloidin-Alexa
Fluor 555. A negative control wing was done with no primary antibody against doublesex. The
stained wings were stored in Vectashield, then mounted on slides and imaged on the UChicago
upright Zeiss Laser Scanning Microscopes (LSM) 710. To confirm that our antibody stain was
specifically staining dsx we treated one wing from some individuals with anti-dsx RNA1 to see if
there were patches where the stain did not show up corresponding to where the RNAI injection

was performed (data not shown).

RNAseq Methods

To provide individuals for experimentation, we reared three heterozygote by heterozygote
crosses (crosses where the males and females each have one mimetic and one non mimetic allele
of dsx) of Papilio lowi, or three biological replicates. Following these three initial crosses, we set
up additional mimetic by mimetic and non-mimetic by non-mimetic crosses to fill in missing
individuals given our goals for representation of all desired genotypes, sexes, and ages. The
crosses were set up by placing males and females of the desired parental genotypes in butterfly
cages made of netting in a greenhouse, with nectar as food for the adults and Meyer lemon plants
for eggs to be laid on such that the resulting caterpillars could feed on them. The goal was to

have representation in the resulting offspring of three replicates for each sex (male or female) by
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age (day 0- day 4) by genotype combination (homozygous nonmimetic, homozygous mimetic,
and heterozygote). Days 0 through 4 were selected because P. lowi has a similar pupation
timeline to P. polytes, and P. polytes shows a peak in expression of dsx in mimetic females on
day 2 of pupation. Ideally, the three biological replicates were to be from different crosses such

that they had the same sex, doublesex genotype, and age but different parents.

To analyze the timing of the expression of dsx during development, I dissected out the
developing wings of pupae, performed RNA extraction, and quantified and diluted these samples
for RNAseq. The dissection was performed by pinning pupae in gel petri dishes, pouring
Phosphate-buffered saline over them, and cutting them open around their wing cuticles (Figure
3A), then pulling the hind wing off of the forewing and cuticle with fine forceps (Figure 3B).
The hind wings were then stored in 500 mL of RNAlater at -80°C until the RNA extraction was
performed. The RNA was then extracted using a Trizol reagent RNA extraction protocol. RNA
pellets were then washed with 70% ethanol and resuspended in 50 mL RNAse-free water. The
quantification was done with a Nanodrop and Qubit, and the dilution to normalize all samples to
100 ng/ uL for RN Aseq library preparation was done using RNAse free water. This dissection
and RNA extraction was done on males and females of all genotypes (homozygous mimetic,
homozygous non-mimetic, and heterozygotes) across days 0 through 4 of the pupal development
process. How old the pupae were when they were dissected was randomized to get an even
distribution of individuals across days 0 through 4. Sometimes crosses would not have the right

genotype, or RNA yield would be poor, etc. such that the number of individuals represented in
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the RNAseq dataset was 58 (Table 1).

RNAseq Samples

Time point  F (M/M) F (M/n) F (n/n) M (M/M) M (M/n) M (n/n)
Day 0 0 2 0 2 2 0
Day 1 0 2 2 0 3 0
Day 2 3 3 3 3 3 2
Day 3 1 2 3 3 3 3
Day 4 2 2 3 1 2 3

Table 1. Number of representatives of each age/ sex/ genotype class used in the RNAseq dataset.

The RNAseq library preparation and sequencing were performed at the UChicago
Genomics Facility. After receiving my samples, the facility did Oligo-dT mRNA directional
library prep. Then, 100 base pair paired end sequencing was performed on an Illumina NovaSeq
S1 flow cell. This was done using about 30 million clusters per sample and about 60 million

paired end reads per sample.

To analyze the RNAseq data, I first used the Salmon 1.2.1 package on the UChicago
Gardner computing cluster to quantify gene reads in each sample (Patro 2017). This was done
using a transcriptome from a non-mimetic female P./owi to compare samples to. The
transcriptome was assembled using TrinityRNASeq 2.10.0 (Grabherr 2011) and then annotated
using Trinotate (Byrant 2017). Running the data through Salmon resulted in a quant file for each

individual. These files were then read into R Studio using tx import, and subsequently converted
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into a DEseq dataset. | used DESeq?2 to normalize the read counts and filter the number of genes
being considered to genes with at least 15 counts in at least 20 samples (Love 2014). I
transformed the remaining genes using VST (variance stabilizing transformation) to compress
variance in gene expression towards a common value in order to have better visualization. The
resulting dataset was used for principal component analysis (PCA) and expression profiles of
specific genes. For differential expression analysis, the normalized read counts were used and
the design of analysis was sex + genotyoe + genotype:sex. The reference factor for genotype was
set as non-mimetic and the reference factor for sex was set as male. These factors are considered

the baseline in their respective categories.

Results
RNAi Results

The RNAI experiments where injected individuals were left to emerge as butterflies
confirmed that a knockout of doublesex in developing wings of P. lowi females yields the male
pattern in the injected region (Figure 4). In the injected region indicated by the red box in figure
4E for the mimetic female, we see that the classic black, white and orange mimetic pattern (seen
on the opposite, non-injected wing) is gone and replaced by black scales interspersed with the
white male-type scales. These white male-type scales can be seen up close in the injected region
of the mimetic female in figures 4F and 4G. This is similar to RNAi results in P. polytes.
However, unlike P. polytes, non-mimetic P.lowi females have their own unique pattern that is not
identical to the male pattern. RNAi injected non-mimetic females show the male scale type and
patterning in their injected region too, as we see black and white male-type scales in the injected

region replacing the black, gray, and orange non-mimetic pattern seen on the opposite,
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non-injected wing (Figure 4A). These white male-type scales in the injected region can be seen
up close on the non-mimetic female in figures 4B and 4C, and in figure 4D we see that they have
the same UV reflectance characteristic of these scales on the males. This presence of male-type
scales in a region of dsx knockout on a non-mimetic female indicates that doublesex is not only
responsible for the female mimetic wing pattern, as it is in P. polytes, but that it is also involved
in the female-specific, non-mimetic wing patterning in P.lowi. In both the mimetic and
non-mimetic females that had RNA1 injections, specifically male-like scales (white and

UV-reflectant) and patterning can be seen in the injected region (Figure 4B,C,D,F,G).

Figure 4 . ENAI Results.

A MNon-mimetic female with dowblesex RNAI injection in left hind wing (region
indicated by red outling). B. Close-up of injected region of non-mimetic female.

C. Close up of male-like opal scales in ENAI injected region of non-mimetic female
D. Opal male-like scales in in RNAI injected region of non-mimetic female showing
UV reflectance E. Mimetic female with doublesex RNAG injection in left hind wing
(region indicated by red outline) F,.G. Close up of injected region of mimetic female,
showing opal male-like scales
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Antibody Staining Results

The antibody staining in a day 5 mimetic female showed that dsx is expressed in the
nucleus of the scale and socket cells (Figure 5, 5F). This can be seen as it fully overlapped with
the DNA stain in regularly arranged rows of cells. The region of the wing where this nuclear
expression occurred appears to be the region of the hindwing that is patterned white in a mimetic
female (Figure 5B,C,D). The same trends can be seen in a heterozygous female (Figure 6).
Additionally, it can be seen in both the mimetic and heterozygous females that the orange regions
in the mimetic patterning have dsx, while the black circle between the white and orange regions
(outlined by the red box, Figure 5C, E, Figure 6C,E) does not show dsx staining. In a
non-mimetic female (Figure 7), it is evident that dsx is expressed in the regions of the wing that
will develop a scale color other than black, as can be seen by comparing Figure 7B with Figure
7D. This is also the case in terms of the scale color fates of regions where dsx is expressed in
mimetic females, but the dsx stain outline varies depending on the mimetic and non-mimetic
patterns.

The staining results in both a heterozygous (Figure 8) and a mimetic male (Figure 9)
show that there is no dsx expression in the wing, and certainly not any in an organized pattern as
we see in the homozygous mimetic and the heterozygous females. The faint staining that is
visible is noise, not dsx. This is confirmed because when the stained sections of the male wing
are zoomed in on, the color does not show up in nuclei as with the female stains, but instead
shows up as flecks of color around the cells. Additional confirmation that the male staining is
noise, not dsx, comes from the fact that we performed RNAi against dsx on a mimetic male wing
prior to staining it (Figure 9 D,E,F). The injection was performed on the lower right quadrant of

the wing as displayed in Figure 9, and can be seen as a hole in the wing where the needle



punctured it. If the dsx stain were real, the staining should disappear around the injection site

where the RNAi knocked down expression, but this is not the case.

D

Figure 5. Mimetic Female
Antibody Staining

A. DAPI stain for DNA

B. DSX stain

C. DSX (magenta) overlay
on DAPI (gray), red box
indicates region shown in E
D. Mimetic female hind
wing pattern for comparison
to stains

E. Zoomed in region with
DSX stain in magenta

F. Zoomed in DSX stain in

nuclei
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Figure 6. Heterozygous Female Antibody Staining

A DAPI stain for DNA B, DSX stain

C. DSX (magenta) overlay on DAPI (gray), red box indicates region shown in E
D. Mimetic female hind wing pattern for comparison to stains

E. Zoomed in region with DSX stain in magenta

Figure 7. Non-mimetic Female Antibody Staining
A DAPI stain for DNA B, DSX stain C. DSX (magenta) overlay on DAPI (gray)
D. Non-mimetic female hindwing pattern for comparison to stains



Figure 8. Heterozygous Male Antibody Staining
A DAPI stain for DNA

B. DEX stain

C. DEX (magenta) overlay on DAPI (gray)

Figure 9. Mimetic Male Left
and Right Wings, dsx RNAI in
left wing

A B,C: non-injected wing:

A DAPI stain for DNA

B. D5X stain

C. DSX (magenta) overlay on
DAPI (gray)

D.EF: injected wing

D. DAPI stain for DNA

E. DSX stain

F. DSX (magenta) overlay on
DAPI (gray)

22




23

RNAseq Results

Several results came out of the RNAseq data set. When considering gene expression
overall, instead of expression of any specific genes, samples were ordered by day along PCI,
which accounted for 22% of the variation in gene expression across the whole data set (Figure
10). This evident grouping was not the case for grouping by sex by age or sex by genotype or
genotype, etc. Thus, in the PCA individuals are clustered by shape as denoting developmental
stage, but the colors representing sex by genotype (non- mimetic males (nM), non-mimetic
females (nF), heterozygous males (hM), heterozygous females (hF), mimetic males (MM), and

mimetic females (MF) show no clustering.
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Figure 10. PCA by Stage (indicated by shape), with sex and genotype indicated by color.
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When analyzing specifically doublsex expression, a peak in mimetic females was
expected on day 2, as that is the case for P. polytes (VanKuren et al. in prep). My data show that
the expression profile of doublesex is quite different in P. lowi than it has been shown to be in P,
polytes (Figure 11). The expression data were analyzed using genotype by sex groupings plotted
across days (Figure 11). The expression profile shows dsx transcript abundance (counts) versus
age of pupae for the sex by genotype classes. No specific class of individuals shows any trend
that is distinct in comparison to other groups, unlike in P. polytes where mimetic females had a
unique peak at over 2000 dsx transcripts (VanKuren et al. in prep). In my results, all counts of
dsx transcripts are between 100 and 300, with no significant increase in expression during a
particular time, or no expression peaks. For P. polytes, all other genotypes, sexes, and days
besides day 2 mimetic females had counts around 100. Thus, in my results, basically all counts

are slightly elevated, but none have extreme peaks.

500 - nM
hM

® MM

hF

400 1 ® MF

0 1 2 3 4
Days after pupation

Figure 11. dsx expression over development.
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Diftferential expression analyses showed the effects on females of being either
heterozygous or homozygous mimetic on gene expression as compared to the baseline of being
non-mimetic (Figure 12). Thus, we see that on day 2 there are many differentially expressed
upregulated genes for both mimetic and heterozygous females. Additionally, we see that
homozygous mimetic females have many differentially expressed genes on day 4. When
considering just the effect of being female, regardless of genotype (Figure 12C), we see that
there are many differentially expressed genes between the sexes on day 4. For days 2 and 4,
significantly differentially expressed genes between heterozygous or mimetic females and
non-mimetic females are shown graphically in volcano plots, with a p-value plotted on the y-axis
with a significance cut-off of p < 0.1, and fold change in expression on the x-axis (Figures
13-16). Red data points indicate significantly differentially expressed genes in that they meet our
p-value cut off of p < 0.1 and meet the default log fold change in expression, whereas black data
points do not meet both these standards. The higher a datapoint is on the y-axis the more
significant its p-value. The transcript IDs of these data points can be matched to the tables of
significantly expressed genes sorted by p-value (Tables S1-S3). Since in Figure 10 we see that at
day 3, females have no significant differentially expressed genes, thus there are no day 3 volcano

plots.
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Figure 16. Volcano plot for significantly differentially expressed genes in day 4 mimetic females.

There is overlap between specifically which genes are differentially expressed (p <0.1)
in homozygous mimetic females and heterozygous females on each day of development (Figure
17). On day 2, 26 genes were significantly differentially expressed in mimetic females, and all of
those 26 genes were also significantly differentially expressed in heterozygous females, which
also had 941 non-overlapping significantly differentially expressed genes (Figure 17A, Table S1,
S2). Day 4 mimetic and heterozygous females had 7 overlapping significantly expressed genes,
with mimetic females also having 30 non-overlapping significantly expressed genes, and
heterozygous females also having 33 non-overlapping significantly expressed genes (Figure 17C,
Table S3).

Some of the genes that were significantly differentially expressed in day 2 females of
both the mimetic and heterozygous genotypes are implicated in wing development processes.

The gene #/d is significantly upregulated on day 2 in both mimetic and heterozygous females.
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This gene is known in Drosophila to be involved in wing vein development as derived from
imaginal discs, in addition to being implicated in dorsal-ventral patterning (The UniProt
Consortium 2022, Anston 2022). In heterozygous day 2 females, unk or RING finger protein
unkempt is significantly upregulated, and this gene is known to be required for normal wing
development, as a knockout results in “unkempt” flies with incorrectly oriented wings (Mohler et
al 1992). Additionally, wapl or protein wings apart-like, is significantly downregulated, and is
known to suppress white and enhance brown position-effect variegation and is involved in
female meiotic chromosome segregation (Verni et al 2000). The genes brown and white are
involved in the transport of dark pigment precursor molecules into pigment cell granules (The
UniProt Consortium 2022, Verni et al 2000). Helicase domino or dom, which is required for wing
disc pattern formation, is also upregulated in day 2 heterozygous females (Gause et al 2006). By
day 4 of development, genes involved in coloration and melanization are significantly expressed
in females. The gene yellow-f2, related to yellow, is significantly expressed in day 4 females, and
is known to be involved in the melanization and melanin synthesis pathways (Han et al 2002,
The UniProt Consortium 2022). Knockdowns of this gene result in decreased melanin synthesis
(Han et al 2002, The UniProt Consortium 2022).

Interestingly, none of the significantly differentially expressed genes found in P. polytes
wing development RNAseq experiments are found to be differentially expressed in this Papilio
lowi dataset. In Papilio polytes, it was found that genes such as engrailed, invected, wnt 1, wnt 4,
wnt 6, wnt A, and groucho were significantly upregulated in developing hindwings, and were
specifically upregulated at the same time points as with doublesex (VanKuren et al unpublished

work). However, wingless is in the wnt pathway, and the gene sfl or Bifunctional heparan sulfate
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N-deacetylase/N-sulfotransferase is significantly upregulated in heterozygous day 2 lowi females

and is known to be required for the diffusion of wingless.

MimeticFemale HeterozygousFemale
( 0 2% | 941
A-Day 2 15135
MimelicFemale HeterozygousFemale
__/
( 30 7 33
.,
C- Day 4 16013
Discussion

MimeticFemale HeterozygousFemale

B- Day 3 16094

Figure 17. Venn Diagrams of Differentially
Expressed Genes

A.Day 2 mimetic and heterozygous females
B.Day 3 mimetic and heterozygous females
C.Day 4 mimetic and heterozygous females

Many of these results are significant for our understanding of doublesex s mechanisms of

governing mimicry in P. lowi. The RNAI1 results indicating that a knockdown of dsx, or

functionally an absence of doublesex, results in the male-type pattern and scales in both

phenotypes of female (mimetic and non-mimetic females) means that likely the male-type

pattern and scales are a base-line or default for wing patterning which the expression of

doublesex overrides. The fact that dsx is needed for the non-mimetic female phenotype as well

complicates our understanding of dsx as the “mimicry switch.” This broader implication for its

roles in the co-opted mimicry switch, on top of its ancestral role in sexual dimorphism (Shukla et
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al 2010), would not have been discoverable in a species like P. polytes which has no unique
non-mimetic female phenotype. This validates this work being done in P. lowi.

The antibody staining results complement and shed further light on this situation. Seeing
that in the mimetic and non-mimetic females dsx expression occurs in the shape of the lightly
colored regions of mimetic and non-mimetic patternings, respectively, indicates that the way that
doublesex overrides the male-type default patterning is directly through expression in the regions
which are destined to not exhibit male-type scales in the mimetic patterning. Since mimetic and
non-mimetic females end up with different coloration in the regions where we see the dsx stains,
it is likely that dsx activates different genes or functions differently molecularly in some way
such that the expression pattern does not manifest in the same color pattern. Doublesex is known
to be a transcription factor (Shukla et al 2010), and indeed in the staining we see that it is present
in the nucleus as would be expected of a transcription factor. The fact that we see no specific nor
patterned dsx staining in the male wings provides further evidence that the expression of dsx in
hindwings leads to mimetic patterning since in the males which never exhibit the mimetic
patterning there is no patterned dsx expression.

The RNAseq results provide a lot of insight. The PCA clustering by day of development
matches expectations since it is a comparison of expression of all genes, not specifically dsx. So,
for example, logically a day 2 individual would be expressing similar genes to other day 2
individuals, and be expressing less similar genes as compared to a day 4 individual. Thus, the
PCA serves as a bit of a sanity check, as the data points really should be clustering by day
considering what is known about developmental gene expression in general.

The RNAseq results illuminate an expression profile for dsx in P. lowi that is unique

compared to that of P. polytes in a number of ways. These results showing a lack of expression
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peak potentially are logical considering that P. lowi has non-mimetic females that are distinct
from males, and that their patterning is also governed by dsx (as shown in my RNAi
experiments). Therefore, perhaps dsx has a higher baseline across all classes because of its
involvement in all classes including the unique non-mimetic female patterning. This potentially
means that dsx is governing patterning in different ways in P. lowi than it does in P. polytes. The
lack of a peak in expression in any class of individuals from days 0-4 and the fact that none of
the co-expressed genes in P. lowi match any of these genes in P. polytes demonstrate that the
molecular mechanism differs, and suggests that the peak in dsx expression in mimetic females
may come later in development in P. lowi than it does in P. polytes. Since dsx is known to be a
transcription factor, and we do not see any of the co-upregulated genes from polytes being
significantly upregulated in P. lowi, perhaps in P. lowi dsx acts as a transcription factor on a
different set of genes.

The genes that are significantly upregulated in both mimetic and heterozygous females
can provide insights into which genes are required to make the mimetic phenotype since both of
these genotypes have the mimetic phenotype. There is the greatest number of genes overlapping
in significant expression between these genotypes on day 2 of development as seen in the venn
diagrams, which likely means day 2 of pupation is significant for mimetic patterning, even if
there isn’t a huge peak in dsx expression itself on that day. Having the greatest number of
overlapping significantly differentially expressed genes in day 2 is a similarity to P. polytes
(VanKuren et al. in prep).

The significant down-regulation of genes involved in making dark pigments— yellow-f2
and wapl (Han et al 2002, Verni et al 2000)—1in females, which will exhibit the mimetic

phenotype, is a very important result. The mimetic phenotype has far more white patches than
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the non-mimetic female phenotype and the male phenotype. Thus, the downregulation of genes
which deposit dark pigment makes a lot of sense. Since the antibody staining shows that dsx is
expressed in the white and light patches, it could be that dsx is responsible for down regulating

these dark pigment genes in the regions which will become white.

Conclusions

This research has illuminated key aspects of the role and functioning of the gene dsx in P,
lowi. 1t is clear that dsx is required for both the mimetic female hindwing patterning and the
non-mimetic female hindwing patterning, since the RNAi knockdown of it produced male-type
scales in both genotypes of female. It seems that dsx governs this patterning through expression
specifically in the regions of the hindwing where the mimetic and non-mimetic females develop
non-black scales, as demonstrated by the antibody staining results. Where the functioning of dsx
seems to differ in P. lowi as compared to P. polytes is in its expression profile across wing
development. Instead of having a peak at day 2 in mimetic females, as is the case in P. polytes,
here I find that the expression is consistent across all classes of individuals without any one
having an extreme peak of expression. This may be expected considering the significant role that
dsx also plays in non-mimetic females, as shown by the RNAi and antibody staining results.

There is room for further investigation into what other genes may be coexpressed, and/or
have their expression impacted by dsx. It would be especially interesting to investigate this
further with the genes yellow-f2 and wapl which are down-regulated dark pigment genes.
Additionally, getting more individuals as representatives of each timepoint for each genotype and
sex combination would be beneficial for an even larger dataset. And, considering the lack of a

distinct peak in expression in mimetic females it could be worth extending the stages that are
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included in the dataset to see if perhaps there is a peak, just later in development. Staining across
days of development would also be quite interesting to see if the expression of dsx is always in
the regions of the mimetic and non-mimetic non-black pattern or whether it is expressed in other
regions in earlier or later stages of development. Overall, this work has yielded key findings
surrounding doublesex s role in P. lowi’s mimicry, and how the timing of expression and
molecular function of this protein vary in P. lowi as compared to the previously investigated
species P. polytes. This shared role of the same gene accomplished through different avenues in

related species is evolutionarily significant.
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Table S1. Significantly Expressed Genes- Day 2 Mimetic Females
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Table S2. Significantly Expressed Genes- Day 2 Heterozygous Females

https://docs.google.com/spreadsheets/d/1s14Cp6Z8 XFIk7hY X1 TtEqzD992bXN vAO pl mbTlJ-

E/edit?usp=sharing

Table S3. Significantly Expressed Genes- Day 4 Females
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https://docs.google.com/spreadsheets/d/1sI4Cp6Z8XFIk7hYX1TtEqzD992bXN_vA0_pI_mbTJ-E/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1sI4Cp6Z8XFIk7hYX1TtEqzD992bXN_vA0_pI_mbTJ-E/edit?usp=sharing
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