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ABSTRACT
Adaptation has been used as the framework to understand the power of
natural selection in structuring biodiversity and driving biological interactions.
However, recent examples have indicated that many organisms are maladapted
to their local conditions. Maladaptation can result from various causes including
rapid environmental change, novel environments, interplay of evolutionary forces

(viz: gene flow-selection balance) and anthropogenic disturbance.

To dissect the genetic mechanisms underlying maladaptation, | used the
interaction between Pieris macdunnoughii (Remington) (Lepidoptera: Pieridae)
which lays eggs on an invasive mustard Thlaspi arvense (L.) (Brassicaceae),

which is lethal to the larvae.

First, local adaptation to avoid laying eggs on or adapt to feed on T.
arvense could be dampened by maladaptive gene flow. To evaluate this, | used a
population genomics approach to identify population structure, quantify gene
flow, and identify signatures of local adaptation. | found signatures of local
adaptation in the face of rampant gene flow highlighting the potential of

adaptation to occur in a fine-grained landscape.

Second, maladaptation in this system could arise due to underlying
genetic differences in females preferring T. arvense to the native plant and

differences in the larvae that fed on the toxic plant. Using a transcriptomic

vii



approach, | elucidated that the females preferring T. arvense and the native host
plant had similar gene expression profiles. However, gene expression differences
between the larvae reflected host-plant specific changes suggesting signs of
impaired feeding on T. arvense. Thus, | was able to identify that selection would
likely act on larval ability to feed on T. arvense rather than females' ability to

differentiate the hostplants.

Finally, the rate of adaptation and hostplant range could be related to the
underlying rate of evolution and size of gene families related to detoxification
enzymes along with those underlying gustatory and olfactory genes. | used a
comparative phylogenomic approach to quantify gene family evolution of genes
involved in plant compound detoxification and sensory genes between specialist
and generalist brassicaceous feeders to address the causes of hostplant range
and specialization. | found that gustatory and olfactory genes had a higher rate of
gene evolution compared to other genes and genes related to detoxification
evolved faster in generalist feeders compared to specialist feeders thus
indicating that generalist feeders are more likely to incorporate new host plants in

their diet compared to specialist feeders.
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PREFACE

Local adaptation occurs when organisms respond adaptively in the
presence of strong spatial heterogenous selection. It is known to produce
phenotypes that have higher fitness in their native environment compared to any
other phenotypes in the same environment. Although one would expect local
adaptation to be ubiquitous, many organisms are (mal)adapted to their native
environments. Of the many factors that can lead to maladaptation, rapid
environmental change can lead to drastic decline in population mean fitness.
Rapid environmental change can cause locally adaptive traits/ responses to falil,
especially if the rate of adaptation lags or if populations do not possess the
underlying genetic variation to adapt to their new environment. My dissertation
aims to understand the mechanisms underlying maladaptation and its

consequences in specialized species interactions.

| begin my dissertation by providing an overview of the literature on
maladaptation. The first chapter is a literature review on understand the causes
for persistent maladaptation. Although research on maladaptation has received
interest in the last decade, the factors that cause persistent maladaptation, the
underlying mechanisms that prevent organisms from escaping maladaptation
and the outcome of persistent maladaptation is poorly understood. In the review,

| explain the causes for persistent maladaptation with a special focus on



maladaptation in species interactions. | follow this up by providing examples of
persistent maladaptation in species interactions and the role of evolutionary
forces in shaping persistent maladaptation. | end this chapter by providing an
account on studying maladaptation in species interactions and the role of
genomics and comparative phylogenetics in helping us understand and predict
the outcome of persistent maladaptation in species interactions. The rest of the
chapters in my dissertation deal with understanding the persistent maladaptation

between a native herbivore and its interaction with a lethal invasive plant.

In the second chapter, | discuss the role of interplay between evolutionary
forces in maintaining a persistent ecological trap. | use the system of a native
specialist herbivore (Pieris macdunnoughii) that lays eggs on a lethal invasive
plant (Thlaspi arvense) which causes 100% mortality of the offspring. | use a
whole genome sequencing approach to understand the role of population
structure, gene flow, genetic variation, and selection in shaping persistent
maladaptation. | found signatures of putative selection in the presence of high
gene flow and low genetic variation in areas where T. arvense was present. This
work prompted the next question on understanding the underlying mechanisms
that prevented P. macdunnoughii from escaping the evolutionary trap and to
dissect mechanisms in ovipositing adults as well as larvae to understand if
preference-performance mismatches were leading to the maintenance of this

ecological trap.

In the third chapter, | use transcriptomic approaches to test preference-

performance mismatches, a phenomenon in which the oviposition preference of



the females is negatively correlated larval performance in maintaining the
persistent maladaptation. | found no differential transcriptional activity in the
females that chose one plant over the other, whereas | found host-plant specific
signatures in gene expression of the larvae. Larvae that fed on the toxic plant
showed upregulated transcriptional activity in genes related to immune system
response to bacteria and those underlying lipid catabolism and ageing,
suggesting plant toxin related changes in larval gut microbiome and impaired
feeding. Larvae that fed on the native plant had genes related to metabolism,
development and immune proliferation upregulated suggesting herbivore
success. This work suggests that the signatures of selection | identified in
chapter two is likely acting on larval ability to feed on the plant rather than
females' ability to differentiate between the two plants based on transcriptomic
differences in our study. This work also highlights the role of detoxification
enzymes in the larvae in adapting to novel resources. Following this, | then
investigated the evolution of detoxification and sensory genes in Lepidopteran
insects feeding on Brassicaceae to understand the underlying mechanisms of

hostplant adaptation.

In the final chapter, | use a comparative phylogenomic approach to
understand the differences in detoxification and sensory gene evolution between
specialist and generalist herbivores that feed on Brassicaceae. | found that
generalists had large gene family expansions and contractions in detoxification
and sensory genes compared to specialist herbivores. Additionally, | found that

generalist herbivores had higher gene evolution rate in genes underlying general

Xi



detoxification processes while specialists had higher gene evolution in genes
involved in detoxifying specific toxins. Finally, | found that nitrile specifier protein
(NSP), a key innovation in Lepidoptera that enabled feeding on Brassicaceae
was under pervasive purifying selection with few sites showing lineage specific
selection. This work identifies the differences through which generalist and
specialist herbivores process toxic compounds as well as providing an
explanation to the constraints of evolution in specialized herbivores in adapting to

new hostplants.
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CHAPTER 1

UNDERSTANDING PERSISTENT MALADAPTATION!?

! Ravikanthachari N, Boggs CL. To be submitted to Biological Reviews.



Introduction:

Generations of ecologists and evolutionary biologists have employed the
framework of adaptation to understand the power of natural selection in
structuring biodiversity, and the interactions that shape our natural world (Boag &
Grant, 1981; Colautti & Lau, 2015; Darwin, 1859; Grant & Grant, 2002, 2014;
Hereford, 2009; Pelletier et al., 2009; Schluter et al., 2010; Vermeij & Vermeij,
1974; Watt et al., 2003; Williams, 1966). Although adaptation is expected to
produce organisms residing near the peaks of their fithess landscape, several
studies have demonstrated that organisms are at least one standard deviation
away from their fitness peaks. (Austen et al., 2017; Barton & Partridge, 2000;
Haller & Hendry, 2014). Most studies use the same adaptation framework to
address the causes of these deviations, viewing them as an apparent "lack of
adaptation”. The number of studies that use the framework of maladaptation to
understand the effects of natural selection on fitness are miniscule (Brady,
Bolnick, Angert, et al., 2019; Brady, Bolnick, Barrett, et al., 2019). Recent reviews
have therefore highlighted the need for focused attention on maladaptation to
understand the causes of deviations from fithess peaks (Brady, Bolnick, Angert,
et al., 2019; Diamond & Martin, 2020). Including a maladaptation framework to
understand the underlying forces causing suboptimal organismal fithess will
provide a comprehensive and nuanced understanding of the ecological and
evolutionary processes that shape the diversity of life on earth (Brady, Bolnick,

Angert, et al., 2019; Brady, Bolnick, Barrett, et al., 2019; Derry et al., 2019).



What constitutes maladaptation? As stated above, dismissing
maladaptation as the converse of adaptation or simply the lack of adaptation
hinders our ability to identify and elucidate the complex interplay between
selection on, and the magnitude and direction of responses by, organismal
fithess. Conceptually, defining maladaptation has been a challenge and hence
there has been no consensus on what constitutes maladaptation. This,
compounded with the lack of attention to maladaptation, has led to chaotic
interpretations and confusion in understanding maladaptation. For example,
definitions that consider that all life is maladapted to some degree (as a result of
organisms residing away from their fithess peaks) introduces the same bias as
using an adaptation framework to study fitness (Brady, Bolnick, Angert, et al.,
2019; Crespi, 2000). Additionally, considering that the presence of selection is an
indication of maladaptation (as a corollary to the presence of selection as an
indication of adaptation) leads to a similar pitfall (Barton & Partridge, 2000;

Brady, Bolnick, Angert, et al., 2019).

The definition of maladaptation can also vary depending on the scale at
which it is addressed as well as the scope of the study. Brady et al., (2019) while
recognizing the importance of these distinctions in addressing specific contexts
of maladaptation, highlighted the need for a unification of relative and absolute
maladaptation perspectives to address the gaps in our understanding of
maladaptation. Relative maladaptation is often used by evolutionary biologists to
define populations that have lower mean fitness compared to the mean fitness of

other populations. Mean fithess in evolutionary terms focuses on changes in



genotype frequencies or traits while ignoring population sizes (Brady, Bolnick,
Barrett, et al., 2019; Fisher, 1930; Haldane, 1924, 1932; D. Reznick, 2016). In
contrast, absolute maladaptation is often used by ecologists to define declines in
population sizes or extinctions without emphasis on the underlying genotypic
frequencies or traits (Brady, Bolnick, Barrett, et al., 2019; MacArthur, 1984;

Senner et al., 2017; Swift et al., 2017; Urban & Skelly, 2006).

Although there has been recent interest in maladaptation, most studies
are limited to examining maladaptation only in response to climate change or
across short time scales. Long term studies or those that investigate
maladaptation in species interactions are scarce (Nakajima, 2014; Singer &
Parmesan, 2019a; Steward & Boggs, 2020). Studying maladaptation in species
interactions and incorporating long term monitoring will broaden our knowledge
of the complex nature of maladaptation and helps us distinguish maladaptation
from adaptation or transient maladaptation. Our focus in this review is to provide
an overview on the causes of maladaptation in species interactions, highlight the
need for studying persistent maladaptation and for approaches that could help
researchers study persistent maladaptation in species interactions. To
understand what constitutes as maladaptation, we build on Brady et al (year) and
use the operational definition that maladaptation is reduced fitness of a trait,
resulting in declines in population size of organisms in their native habitat

compared to foreign habitats.

What causes of maladaptation?




Several recent reviews have provided detailed accounts on the
mechanisms that cause maladaptation (Brady, Bolnick, Angert, et al., 2019;
Capblancq et al., 2020; Cotto et al., 2019; Crespi, 2000; Diamond & Martin,
2020; Gougherty et al., 2021; Hansen et al., 2006; Magnan et al., 2016;
Robertson & Blumstein, 2019; Thompson et al., 2002). We briefly mention the

common causes and mechanisms that can lead to maladaptation.

Evolutionary processes as a cause of maladaptation:

Evolutionary processes including mutation, gene flow and balancing
selection that lead to adaptation can also lead to maladaptation (Alleaume-
Benharira et al., 2006; Crespi, 2000; Lenormand, 2002). Mutations, which can
increase genetic variance and thus potential for adaptation, are maladaptive
when they are deleterious or when they increase genetic load (Crow, 1970;
Haldane, 1937). Mutations are more often deleterious than advantageous and
thus cause maladaptation via mutational load (Jiang et al., 2011; Loewe & Hill,
2010; North et al., 2011; Sprouffske et al., 2018). An example is the case of
Mueller's ratchet when deleterious mutations accumulate over time leading to
maladaptation. This is often seen when recombination is low (Muller, 1950;

Sprouffske et al., 2018).

Gene flow, while aiding the potential for adaptation by increasing standing
genetic variation (Bossart & Scriber, 1995; Morrissey & De Kerckhove, 2009;
Savolainen et al., 2007), can also dampen adaptation through outbreeding

depression (Bolnick et al., 2008; Farkas et al., 2016; R. B. King & Lawson, 1995;



Savolainen et al., 2007). In the stick insect Timema cristinae, increased gene
flow between populations in heterogeneous habitats was associated with
increased maladaptation as it decreased the frequency of cryptic color morphs in

the native site (Farkas et al., 2016; Montejo-Kovacevich et al., 2020).

While balancing selection leads to the persistence of phenotypic/genetic
polymorphs and can be adaptive, it can also decrease the population mean
fithess by increasing the frequency of phenotypes/alleles which are suboptimal.
In common buzzards (Buteo buteo), the light and dark plumage color has lower
fithess compared to the heterozygote intermediate morphs. However, the light
and dark plumages are maintained in the population due to assortative mating,

thus leading to maladaptation (Krtger et al., 2001).

Environmental perturbation as a cause for maladaptation:

Environmental changes can cause maladaptation in populations that are
locally adapted. For example, increased anthropogenic perturbations of the
environment have caused local and global population declines and extinctions
(Ceballos & Ehrlich, 2002; Roman-Palacios & Wiens, 2020; Valiente-Banuet et
al., 2015; Winfree et al., 2009). The mean fitness of a population can decrease
with fluctuating environmental conditions. If populations possess sufficient
genetic variance to adapt to fluctuating conditions, local adaptation might occur
(Bossart & Scriber, 1995; Fitzpatrick & Reid, 2019; Savolainen et al., 2007).
However, if there is a lag in the response to environmental fluctuation or if

populations do not possess genetic variation, maladaptation will occur (Brady,



Bolnick, Angert, et al., 2019). The strength of maladaptation is positively
correlated with increasing unpredictability of the environmental variation as well
as the increasing rates of environmental fluctuations (Nakajima et al., 2013;
Robertson & Blumstein, 2019; Senner et al., 2017). In the migratory bird
Hudsonian Godwit (Limosa haemastica), asynchrony due to climate change in
certain populations delays the breeding of the birds by a week compared to the
insect peak abundance, thus resulting in higher mortality of early chicks and

declining bird population (Senner et al., 2017; Swift et al., 2017).

Rapidly fluctuating environmental conditions can result in a phenomenon
of evolutionary traps, a type of maladaptation where organisms prefer low quality
or lethal resources over higher quality resources due to mismatches in cue-
preference (Brady, Bolnick, Angert, et al., 2019; Brady, Bolnick, Barrett, et al.,
2019; Hendry & Gonzalez, 2008; Schlaepfer et al., 2002; Steward & Boggs,
2020). Populations can escape evolutionary traps if they have sufficient standing
genetic variation that can lead adaptive cue responses (Hermisson & Pennings,
2005; Lande, 1975). However, the rate of adaptive responses to changes in the
environment are often lagging. Thus, many populations are expected to be
persistently maladapted leading to persistent evolutionary traps. Examples of
evolutionary traps include aquatic insects that use polarization of the surface of
water as ovipositional cues laying eggs on bright colored inanimate surfaces that
produce increased polarized light (Black & Robertson, 2020; Lao et al., 2020),
animals mistaking artificial sources of light as stars/moon for navigation cues

(Hopkins et al., 2018; Robertson & Horvéath, 2019; Szaz et al., 2015;



Witherington & Bjorndal, 1991) and insects ovipositing on exotic plants mistaking
them for higher quality host plants (Nakajima et al., 2013; Steward et al., 2019b;
Steward & Boggs, 2020). Environmental change in the form of degraded habitats
can also lead to maladaptation. Organisms experiencing stabilizing selection in
degraded habitats have a narrow fitness landscape, thus increasing the
frequency of maladapted individuals in the population. Classic examples include
declining populations of birds and mammals due to deforestation (Pimm &
Askins, 1995; Semper-Pascual et al., 2019), declining species abundance in
habitat sinks (Pulliam, 1988) and in range edges (Jump & Woodward, 2003; Vila-

Cabrera et al., 2019; Willi et al., 2018).

Maladaptation in species interactions:

The preceding examples illustrate the causes of maladaptation of species
In response to changes in their abiotic environment or maladaptation due to
changes in traits of the species. The following examples deal with the causes of
maladaptation in species interactions. Maladaptation in species interactions is
complex, as maladaptation in one of the partners in the interaction can have
significant effects on the life history, ecology and evolution of the other species in
the interaction (Castledine et al., 2020; Farkas et al., 2015; Thompson et al.,
2002). Maladaptation in species interactions can arise due to the above-
mentioned causes for single species, although the processes involved are often
complex and dependent on the nature of the interactions (Nuismer et al., 2000;

Thompson et al., 2002).



One of the major causes of maladaptation in species interactions is time
lags created between the species involved in the interaction in the local
community. Time lags can arise due to differences in relative rates of gene flow
in the species involved (Adiba et al., 2010; Kaltz et al., 1999). In a host-parasite
system, higher gene flow in the hosts causes maladaptation in the parasites and
vice versa (Gandon et al., 1996). This is often due to a lag in adaptation of the
species with reduced gene flow (Gandon et al., 1996; Gandon & Nuismer, 2009).
In the interaction between the Canarian lizard (Gallotia galloti) and its blood
parasite, the parasite has higher fithess and infection rates on non-native lizard
hosts compared to native hosts. The lizards have higher rates of gene flow
compared to the blood parasite, thus increasing genetic variation of the lizards in
the native population which creates a lag in the adaptation of the blood parasite

(Oppliger et al., 1999).

Maladaptation can also arise from varying selective pressures in
antagonistic interactions. In host-parasite systems, the common host phenotype
Is often maladapted to the parasite compared to the rarer host phenotype as a
result of frequency dependent selection (Forde et al., 2004; Siemens & Roy,
2005; Svensson & Connallon, 2019; Thompson et al., 2002). Density dependent
selection can also influence the intensity of antagonistic interactions. For
example, rapidly fluctuating hostplant densities can cause maladaptation in
herbivores (Gering et al., 2019). In the butterfly Pieris macdunnoughii, increasing
abundance of the exotic plant Thlaspi arvense can increase the magnitude of

maladaptation as females have higher probability of laying eggs on the plant that



do not support larval growth (Nakajima et al., 2013; Steward et al., 2019b;

Steward & Boggs, 2020).

Along with demographic factors and patterns, maladaptation also depends
on the underlying genetic architecture of the species involved in the species
interaction. In antagonistic interactions, higher genetic variance, ploidy, or high
rates of recombination in one species can create time lags that cause
maladaptation in the interacting partner. For example, plant species that are
polyploid are often resistant to infestation and hence cause maladaptation in the
parasites. Parasites whose underlying virulence is controlled by genes of major
effect compared to genes of additive effects are better at adapting to hosts (K. C.

King et al., 2012; Nuismer & Thompson, 2001; Oswald & Nuismer, 2007).

How does maladaptation vary in space and time in species interactions?

Heterogeneity in the landscape and temporal variation can influence the
dynamics and trajectory of maladaptation in species interactions. Spatial
heterogeneity can structure populations wherein subpopulations can experience
varying levels of selection (Forde et al., 2004; Nuismer et al., 2000; Thompson,
1999a, 1999b). Each subpopulation can thus be adapted to the local conditions
experienced. According to the geographic mosaic theory of coevolution, species
interactions in space result in interaction-mediated mosaics of local

maladaptation and adaptation (Nuismer et al., 2000; Thompson, 1999a).

Heterogeneity in the habitat can also influence patterns of gene flow and

the strength of selection between/within metapopulations (Forde et al., 2007;
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Garant et al., 2007). In a host-parasite system, maladaptation due to gene flow
can occur in either the parasite or the host depending on relative local selection.
For example, if the parasite is under selection in response to its host, gene flow
in parasites can dampen local adaptation if the strength of the selection on the
parasite is weak and local adaptation of hosts to their parasites can dampen if
gene flow among host populations is high (Hoeksema & Forde, 2008). Gene flow
between spatially heterogeneous habitats can also create lags between the
interacting partners thus causing maladaptation in either some of the species in
the interaction (in antagonistic interactions) or all the partners involved (in
mutualisms) (Alleaume-Benharira et al., 2006; Forde et al., 2007; Gandon &

Nuismer, 2009; Urban, 2006, 2011).

The strength of maladaptation due to spatial heterogeneity also depends
on the type of species interactions. Specialized interactions are more sensitive to
the dampening effects of gene flow from spatially varying habitats while
generalist interactions are more buffered from the effects of gene flow. However,
a study measuring the effects of spatial heterogeneity in a generalist mutualist
system found that adaptation was influenced by spatial variation and previous
selection regimes and populations that had experienced strong directional
selection had higher fitness while populations that experienced less selection
were generally maladapted. In specialized interactions, spatial heterogeneity can
create varying degrees of maladaptation among the interacting partners. In the
interactions between Greya politella and its host plants, in some populations the

interactions were entirely antagonistic while in other populations they were

11



entirely mutualistic, and depended on the presence other pollinators in the
habitats (Thompson, 1999b). Theoretical modelling of the interaction has shown
that maladaptation was highest at the interface between mutualistic and
antagonistic habitats, whereas adaptation was highest in habitats where

mutualism was favored (Thompson et al., 2002).

Spatial heterogeneity can also create source-sink dynamics, thus leading
to maladaptation and population declines (Delibes et al., 2001; Holt, 1996;
Pulliam, 1988). The outcome of source-sink dynamics depends on the relative
attractiveness of the habitat. If organisms have high preference for source
habitats, population declines occur only if a threshold limit is crossed in the sink
habitat (Delibes et al., 2001). If there is no preference for either the source or the
sink, population decline is linear. If organisms prefer sink habitats compared to
the source, then the population decline is steep (Delibes et al., 2001; Pulliam,

1988).

Temporal fluctuations can also cause maladaptation in species
interactions. Maladaptation due to temporal variation can be transient or lasting.
Unpredictable temporal fluctuations can cause time lags in species interactions
leading to either maladaptation in all the species involved in the interactions (in
mutualist systems), or a proportion of the species involved (in antagonistic
systems) (Senner et al., 2017; Singer & Parmesan, 2010, 2019a; Swift et al.,
2017). In mutualist systems, early snowmelt due to climate change causes
asynchrony where plant growth and flowering precedes the emergence of

pollinators, thus causing mismatches and maladaptation (Kudo & Cooper, 2019;
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Kudo & Ida, 2013). In Hudsonian godwits, asynchrony in the breeding of the
migratory birds and peak insect abundance causes higher mortality in the chicks
(Senner et al., 2017; Swift et al., 2017). Temporal maladaptation can also occur
at different time points during development. Organisms can be maladapted only
during a particular life-stage (Cotto et al., 2019). For example, newly hatched
turtles often mistake artificial lights as the light from moon and move towards the
land instead moving towards the ocean thus causing higher mortality as a result
of evolutionary traps (Witherington & Bjorndal, 1991). In some cases, even
though organisms appear to be maladapted, it may represent natural cyclic
variations of population contractions and expansions (Carlson & Quinn, 2007,
Siepielski et al., 2017; Wissinger & Whiteman, 1992) and to infer maladaptation,

long term studies are necessary.

How can organisms escape from maladaptation?

As described in the earlier sections, forces that can lead to maladaptation
can also lead to adaptation and are hence, context dependent. Organisms can
escape maladaptation through several routes. While gene flow in temporally
stable habitats or from habitats with different selection mosaics can lead to
maladaptation in the recipient population (Blanquart et al., 2013a), theoretical
models have indicated that gene flow in temporally fluctuating environments
increases standing genetic variation and thus adaptation and alleviates
maladaptation (Blanquart et al., 2013a). Gene flow from populations that are pre-
adapted to the recipient population's local conditions decreases maladaptation in

the recipient population (Aitken & Whitlock, 2013; Caprio & Tabashnik, 1992;
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Kelly & Phillips, 2016). For example, the populations of Tasmanian devils
(Sarcophilus harrisii) are declining rapidly due to the contagious cancer, the
Tasmanian devil facial tumor disease (DFTD). However certain populations in the
northern part of the range of the Tasmanian devils are disease free as they are
genetically resistant. Gene flow from these populations into regions where DFTD
Is prevalent can lead to adaptation and prevent population declines (Hollings et
al., 2014; M. E. Jones et al., 2007). Maladaptation can also be alleviated if there
is strong directional selection in response to local conditions (D. N. Reznick &
Ghalambor, 2001; Shimada et al., 2011) (Nielson 2009, Shimada 2010, Reznick
2001). In a study investigating the prevalence of genes under directional
selection in the Three-spined Stickleback (Gasterosteus aculeatus),
physiologically important genes that have significant functions in adaptation to
environmental heterogeneity were found to have a high incidence of directional
selection compared to other genes (Shimada et al., 2011). In fact, when
organisms experience strong directional selection, there is an initial population
decline which may resemble maladaptation and is followed by population
expansion when populations adapt to a new adaptive optimum (Bell, 2017; Bell &
Gonzalez, 2011; Carlson et al., 2014). In small populations, if adaptive alleles
arise in the population, genetic drift can spread the alleles through the population
conferring adaptation. Apart from genetic drift, theoretical models have
suggested that adaptive alleles spread faster in rapidly changing environments if
they are expressed in heterozygotes (heterozygote advantage) (Haldane, 1924;

Sellis et al., 2011). Maladaptation can also be alleviated through "rescues".

14



Populations can be rescued without adaptative genetic changes through
demographic rescue (Hufbauer et al., 2015; Kanarek et al., 2014; Martin et al.,
2000). In a simulation study using an eco-evolutionary model to understand the
effect of immigration of pre-adapted populations in response to fishing vs
immigration from unexploited population sources (sources with natural genetic
variation unexposed to fishing) in preventing population declines in an Atlantic
cod (Gadus morhua), immigration from unexploited population sources enhanced
faster recovery compared to immigration from pre-adapted sources (Kuparinen &
Uusi-Heikkild, 2020). Individuals from surrounding sources immigrating into sinks
can prevent absolute maladaptation (population extinction). Demographic rescue
can also increase genetic variation or introduce new alleles to sweep through the

population that are adaptive.

Another type of rescue, known as evolutionary rescue (Darwinian rescue)
Is a process that involves rapid adaptation through natural selection after an
initial period of population decline due to maladaptation (Bell, 2017; Bell &
Gonzalez, 2011). Using a laboratory yeast model and its response to salt stress
to test the mechanisms underlying rapid evolution in a deteriorating environment,
the frequency of evolutionary rescue was maximum when metapopulations of
yeast experienced an initial gradual deterioration along with local dispersal (Bell

& Gonzalez, 2011).

What causes persistent maladaptation?
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Although much is known about the causes of maladaptation and routes by
which organisms can overcome maladaptation, very little is known about what
causes persistent maladaptation (Brady, Bolnick, Angert, et al., 2019; Brady,
Bolnick, Barrett, et al., 2019; Derry et al., 2019). Several processes can lead to
persistent maladaptation in species interactions. Broadly, persistent
maladaptation can occur when adaptive evolutionary responses are insufficient
to compensate for the negative effects of maladaptation (Bradshaw & McNeilly,
1991; Radchuk et al., 2019; Sinervo et al., 2010). This can arise when there is a
lag in the rate of adaptation via natural selection in the underlying trait (Sinervo et
al., 2010). Using historical resampling of 48 Mexican lizard from 200 sites,
Sinervo et al. found that 12% of the populations had gone extinct and incidence
of extinction was positively correlated with the rate of environmental change.
Modeling of physiological and thermal preference responses were insufficient to
adapt to changing temperatures and the threshold for response to climate
change had been crossed and thus will lead to further extinctions of lizard
species (Sinervo et al., 2010). Environmental perturbations, both abiotic as well
as biotic may be faster compared to the rate of adaptation and thus lead to
persistent maladaptation. Evolutionary responses might also be insufficient when
there is low genetic diversity/variation in the focal population (Blanquart et al.,
2013a). Without genetic variation for directional selection to act on, responses to
selection may be insufficient. Trade-offs between traits or among correlation in
traits can also result in insufficient responses to selection (Diamond & Martin,

2020). For example, adaptation to heat stress in ectotherms might have trade-
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offs with fecundity or body size, thus constraining evolutionary responses to

selection (Winchell et al., 2016).

Persistent maladaptation can also result from evolutionary processes. The
interplay between gene flow and selection can either lead to local adaptation or
transient or persistent maladaptation (Tufto, 2001). When directional selection is
stronger compared to gene flow, local adaptation occurs. If gene flow is stronger,
maladaptation might occur. However, if gene flow balances selection or if gene
flow and selection are both weak, populations can experience persistent
maladaptation. Mildly deleterious or weakly beneficial alleles can also result in
persistent maladaptation by increasing the frequency suboptimal traits and thus
decreasing the mean fitness of the population (Brady, Bolnick, Angert, et al.,
2019). Since selection against mildly deleterious alleles or selection for beneficial
alleles is weak, it can result in persistence of these traits and thus maladaptation.
Frequency dependent selection can also lead to persistent maladaptation by
increasing trait variance thus reducing fitness (Krtiger et al., 2007). In
antagonistic species interactions, trait mismatches arising from evolutionary
constraints can lead to persistent maladaptation. In many species of Lepidoptera,
female oviposition preference for a host plant and larval performance on the plant
are often not correlated and females often make mistakes while laying eggs
(Nylin & Janz, 1993). This can lead to persistent evolutionary traps when exotic
species are introduced into the landscape. Females might have retained
ancestral preference for plants that are similar to native plants and recognize the

exotic host plants as potential host plants (Singer, 2021; Singer & Parmesan,
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2010, 2019a; Steward et al., 2019b; Steward & Boggs, 2020). Unless selection to
either adapt to the new plant or avoid the new plant evolves, maladaptation might

continue to persist.

Maladaptation that might seem persistent might actually represent a
trajectory of the population leading to extinction. When environmental change is
rapid, pervasive and long lasting (Gomulkiewicz & Holt, 1995), maladaptation
might represent a scenario of delayed extinction (Kuussaari et al., 2009). Many
populations of ectotherms are experiencing maladaptation and steep population
declines while some have gone extinct due to rising global temperatures.
Maladaptation in such scenarios might represent inevitable extinction (Sinervo et

al., 2010).

How does one study maladaptation?

Although studies that address maladaptation are minuscule compared to
those that address adaptation, the insight gained from studying adaptation can
be applied to studying maladaptation. Studying maladaptation is a two-step

process.

The first step in the process is to identify and differentiate maladaptation
from adaptation. The classical method to measure local adaptation is through
reciprocal transplant experiments (Savolainen et al., 2007, 2013). In reciprocal
transplant experiments, the focal population is locally adapted if the mean fithness
of the focal population is higher in its native habitat compared to other population

in the habitat. In a meta-analysis of studies of reciprocal transplant experiments ,
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local adaptation was only present 70% of the time and undetected 30% of the
time (Hereford, 2009). Undetected adaptation could represent maladaptation,
which were ignored in those studies. Thus, employing multiple hypothesis testing
in experimental design can be a straightforward way to identify maladaptation

even in studies that specifically test adaptation.

Another important distinction is to define what constitutes adaptation and
maladaptation. The null hypothesis when testing adaptation or maladaptation is
that the performance of a phenotype on fitness is neutral. Adaptation occurs
when the performance of a phenotype increases fithess and maladaptation
occurs when the performance of a phenotype reduces fitness (Blanquart et al.,
2013a). From an evolutionary perspective, the presence of balancing selection
can be considered as evidence for maladaptation since natural selection
combined with genetic drift leads to selective sweeps that in turn removes
polymorphisms in the population (Charlesworth, 2006). This is also reflected at
the genome level where regions that are under balancing selection or regions
with high nucleotide diversity or excess polymorphisms are signatures of
maladaptation as positive selection (and resultant adaptation) results in

decreased nucleotide diversity and low polymorphisms.

The next step in studying maladaptation involves identifying the underlying
causes of maladaptation. These are covered in the previous sections under
causes for maladaptation. Along with identifying the proximal causes for
maladaptation, distinctions between transient and persistent maladaptation while

incorporating spatial heterogeneity are crucial to accurately understand the
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magnitude and consequences of maladaptation. Using systems whose natural
history is well known and systems that have been studied long-term are
particularly useful to understand temporal and spatial variation of maladaptation.
The methods used to elucidate the underlying mechanism and quantifying
adaptation can be used to study maladaptation as well (Blanquatrt et al., 2013a;
Capblancq et al., 2020) (Hoban et al., 2016; Stapley et al., 2010). The methods
used to study maladaptation can be classified into theoretical models, ecological

experiments, and genomic approaches.

Several theoretical modeling approaches such as genetic models
including genetic additive models, models incorporating rate of gene flow and
individual based models have been developed to study adaptation. Genetic
models are most useful to understand relative maladaptation. Genetic models
incorporating additive effects and effects of major genes are crucial in
understanding the role of genetic drift and selection in adaptation (Lenormand,
2002). For example, models incorporating additive genetic effects of parasite
adaptation to new hosts help us understand underlying general mechanisms that
are likely to lead to adaptation on new hosts. Using this, one can also model the
mechanisms that are likely to lead to maladaptation. For example, selection on?
genes of major effect are likely to lead to adaptation while genes of additive
effect often have suboptimal fithess (Lenormand, 2002; Yeaman & Otto, 2011;
Yeaman & Whitlock, 2011). Understanding the models that incorporate
constraints on gene evolution and genomic architecture can then provide clues

as to the mechanisms that lead to maladaptation.
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Models of gene flow have been used to understand adaptation as well as
maladaptation. Gandon et al. (1996) developed a metapopulation model that
examined the role of gene-for-gene co-evolution in local adaptation. They found
that parasites were more likely to be adapted to their local hosts if they had
higher migration rates compared to the hosts and postulated that the inverse
should occur when hosts had higher migration rates. This model provides a basis
for understanding how gene flow leads to maladaptation. The species with lower
gene flow should be maladapted as reduced genetic variation might prevent it
either from adapted to the local host (for parasites) or resist local parasites (for

hosts).

Individual based models are crucial to understand maladaptation.
Individual based models can provide clues on the mechanisms underlying
absolute maladaptation. The butterfly Pieris macdunnoughii is maladapted to the
exotic host plant Thlaspi arvense and the plant resembles an evolutionary trap.
Individual based modeling describing movement of the butterfly inside the
landscape of the evolutionary trap based on field data found that increasing
patch shape, distance to the nearest native and the exotic plant and plant
distribution caused declines in the population of the butterfly (Nakajima et al.,
2013). Theoretical models which incorporate environmental heterogeneity have
found that adaptation occurs when the change in the environment is along a
steady gradient and organisms are unable to adapt when the environmental

change is steep or near range edges (Bridle et al., 2019).
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Ecological methods have been extensively used to study adaptation.
Classical approaches including reciprocal transplant experiments, comparative
analysis of trait fitness under different ecological conditions and phylogenetic
comparative methods have been used extensively to understand adaptation.
Several other reviews provide extensive information on using ecological
experimental methods. Employing methods to understand absolute
maladaptation can be accomplished by designing experiments to include multiple

hypothesis testing.

Genomic methods including Fst based approaches, genotype-phenotype-
environment approaches, selective sweep approaches, genetic mapping
approaches and rates of non-synonymous substitutions in codons are used
extensively to identify regions of the genome that are under selection (Garud et
al., 2021; Gautier, 2015; Gunther & Coop, 2013; Thornton et al., 2007). These
methods are based on identifying underlying differences in allele frequencies
between populations or contrasting phenotypes. These differences produce
characteristic patterns of allele frequencies that can provide insight on adaptive
and maladaptive processes. Adaptive processes that lead to fixation show
presence of selective sweeps that include reduced nucleotide diversity, low rate
of recombination, low levels of polymorphisms in the functional regions of traits
that confer adaptation. Alternatively, functional regions of the genome that show
signatures of balancing selection with increased polymorphism should be
investigated as maladapted since adaptive selection is known to purge

polymorphisms. GWAS approaches are specifically powerful in identifying
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maladaptation as they can correlate underlying allele polymorphisms with
phenotypes. Another recent approach known as natural co-GWAS can be
specifically useful in understanding maladaptation in antagonistic species
interactions (MacPherson et al., 2018). Natural Co-GWAS is a relatively new
method that determines the statistical differences between each pair of host and
parasite alleles and provides a graphical representation of the significant SNP
associations in both hosts and parasites. Significant SNP correlations can
provide evidence for regions that under co-evolution in both hosts and the
parasites. However, reciprocal SNP correlations (selective sweep in one while
balancing selection in the other) can provide clues on the interacting partner that
is maladapted and hence can be a powerful tool to study maladaptation in
species interactions. However, this method has only been tested in limited study
systems (Markle et al., 2021). Further development of natural co-GWAS can help
us understand maladaptation in mutualistic interactions as well. co-GWAS
coupled with long-term data can also shed light on understanding the trajectory
of arms-race or trench warfare in co-evolution as well as understanding temporal

variations in maladaptation.

How to study persistent maladaptation?

Long term demographic monitoring of populations can identify consistent
declines that can warrant further investigation for persistent maladaptation. Long
term monitoring is crucial in separating actual persistent maladaptation from
transient or cyclic maladaptation. This provides critical information on factors and

mechanisms underlying maladaptation which can be further tested using
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transplant experiments or the genetic basis underlying maladaptation. A long-
term study that extensively documented the interactions between Euphydryas
editha and its introduced host plant Plantago lanceolata showed that organisms
can become extinct when they adapt entirely to human-introduced resources and
thus lose the potential to feed on native plants (Singer & Parmesan, 2019a).
Since human introduced resources are unreliable both spatially and temporally,
the populations are at a higher risk of maladaptation and extinction when the
landscape changes with human activities (Nakajima et al., 2013; Singer &
Parmesan, 2019a). Long term monitoring thus provides the first step in

understanding if maladaptation is persistent.

Along with long term monitoring, theoretical models coupled with empirical
studies and genomic studies help us understand the underlying mechanisms of

persistent maladaptation.

Specific regions in the genome are hotspots for adaptation/selection while some
are cold spots (Gomulkiewicz et al., 2007; Nuismer et al., 2000, 2003;
Thompson, 1999a). Methods that incorporate spatial and temporal variation
along with a population genomic approach (Vermeer et al., 2011) can identify
and quantify these regions. Genomic sampling at periodic intervals can shed light
into the extent of persistent maladaptation. Changes in allele frequency spectra
can reflect changes in demographic history and changes in regions under
selection. Persistent signatures of increased allele polymorphisms and increased
nucleotide diversity in regions of the genomes underlying the corresponding trait

can provide evidence for persistent maladaptation. Ultimately, understanding the
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underlying gene-phenotype-environment effects of maladaptive genomic regions
can facilitate understanding the causes for persistent maladaptation and to
predict future maladaptation for the traits under investigation. Genetic methods
that identify and quantify adaptation based on evolutionary processes including
gene flow and selection can be used to understand persistent maladaptation. For
example, Fst based methods such as BayPass (Gautier, 2015), BayEnv
(Gunther & Coop, 2013), EEMS (Al-Asadi et al., 2018), migrate-n (Beerli &
Felsenstein, 2001) that can estimate gene flow and selection to test migration-
selection balance can be used to understand how persistent maladaptation
occurs in heterogeneous landscapes with varying selection mosaics.
Furthermore, comparative genomic analysis between populations/individuals that
vary in the degree of maladaptation and occupy different selection mosaics
coupled with environmental data can help us identify environmental conditions
and the underlying genetic mechanisms that are more likely to cause
maladaptation. For example, as a result of climate change, many populations of
species at lower elevations are maladapted to varying degree. Studying the
mechanistic and genetic causes underlying maladaptation in lower elevation
populations can help us predict the propensity of maladaptation in mid-elevation
or higher elevation populations in the event of ongoing climate change. Genetic
approaches that can incorporate evolutionary history along with allowing
methods to predict maladaptation using sister species can help us understand if
persistent maladaptation is predictable in species interactions especially in

instances of evolutionary constraints, convergent evolution, or frequency
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dependent selection. For example, in specialized herbivore-plant interactions,
studying maladaptive hostplant use that occurs in one species can help us
predict the risk of maladaptation in the sister species as host plant use is often
conserved within clades. If maladaptive hostplant use has genetic underlying
causes in the focal species, studying the spatial and temporal variation of the
maladaptive hostplant in combination with evolution of the genes/genetic regions
involved can help us identify molecular and functional differences/similarities in
the sister species and in turn can be used to predict the risk of maladaptation in
the sister species in the event of similar environmental conditions in the sister

species.

Conclusion:

Given that maladaptation is ubiquitous, it has not been given the attention
that adaptation has received. However, the recent influx of studies addressing
the importance of maladaptation and its role in shaping the biotic world have
increased the focus on studying maladaptation (Brady, Bolnick, Angert, et al.,
2019; Brady, Bolnick, Barrett, et al., 2019; Cotto et al., 2019; Derry et al., 2019;
Fitzpatrick & Reid, 2019). Recent studies, while acknowledging the importance of
maladaptation, are concentrated on climate change-induced maladaptation
(Capblancq et al., 2020). It is hence necessary to study maladaptation as a force
by itself and not just through the lens of climate change. Studies which address
several facets of maladaptation including maladaptation in species interactions
and persistent maladaptation are crucial, as these help us understand ecological

and evolutionary processes structuring communities and species’ demographics
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in nature. It is especially important to incorporate how maladaptation varies in
heterogeneous habitats and temporally to better understand the effects and
consequences of human-induced habitat change. A shift in experimental
approach to include multiple hypothesis testing while designing adaptation

studies can uncover underlying maladaptation in nature.

Several theoretical models as well as empirical approaches exist that are
useful to understand maladaptation. These models can be further developed
using long term ecological studies of maladaptation to build a framework to
understand persistent maladaptation. Several genomic methods that are useful in
understanding adaptation can also provide insights on maladaptation when
combined with phenotypic fithess. Newer methods such as co-GWAS can
revolutionize identifying and understanding the effects of maladaptation in
species interactions when multiple hypothesis framework is included in such
experiments. Comparative genomics and phylogenomic methods are extremely
useful in helping us understand the role of habitat heterogeneity and temporal
variation in shaping maladaptation in species interactions as well as persistent
maladaptation. Finally, studying persistent maladaptation and/or maladaptation in
species interactions is critical for identifying populations/species that are at a risk
of population declines or extinctions. Understanding maladaptation in species
interactions and maladaptation that is persistent can help us predict
populations/species at risk due to anthropogenic introductions of non-native
species and/or environmental change. Studying conditions that lead to persistent

maladaptation can especially serve useful in evolutionary rescues in areas of
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conservation and agriculture to prevent extinctions of endangered and at-risk

species as well economic loss to due to extinctions of pollinators or crop plants.
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CHAPTER 2

LOCAL ADAPTATION OF A NATIVE HERBIVORE TO A LETHAL

INVASIVE PLANT?

2 Ravikanthachari, N, Steward RA, Boggs CL. To be submitted to Molecular Ecology.
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Introduction:

Strong spatially heterogenous selection can lead to locally adapted
populations. Local adaptation is maintained though an interplay of evolutionary
forces, viz strong selection, and low gene flow between divergently adapted
populations (Blanquart et al., 2013b; Hereford, 2009; Savolainen et al., 2013; Whitlock,
2015). The interplay between gene flow and selection can lead to a geographic
mosaic with varying levels of adapted and maladapted sub-populations
(Gomulkiewicz et al., 2000; Thompson, 1999a, 2005). The ability of the
populations to adapt to local conditions depends on substantial genetic variation,
larger effective population sizes and the predictability of seasonal and temporal
changes in its native habitat (Franch-Gras et al., 2018; Hedrick, 2011; Lande,

1976; Lenormand, 2002; Perrier et al., 2020; Simons, 2011).

Novel environments can derail adaptative evolution by decreasing the
fithess of individuals that are adapted to current local conditions (Brady, Bolnick,
Angert, et al., 2019; Reed et al., 2003; Robertson & Hutto, 2006; Schlaepfer et
al., 2002, 2005). Species experiencing novel environments in a part of their
range can be locally maladapted, even though they may not experience any
fitness loss in other parts of their ranges (Brady, Bolnick, Barrett, et al., 2019;
Bridle et al., 2019). The outcome Jinteractions between native populations and
novel environments depends strongly on population connectivity among
divergently adapted populations as well as the adaptive potential to novel
conditions in the population (Bolnick & Nosil, 2007; Farkas et al., 2015, 2016; Nosil et

al., 2019). Identifying and understanding these interactions are critical to
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understand species responses to novel environments, especially in the face of

anthropogenic disturbance and climate change.

Herbivorous insects have a narrow range of hostplants that support
development, and those insects form tightly co-evolved interactions with their
hosts (Ehrlich & Raven, 1964; Hardy & Otto, 2014; Jaenike, 1990; Joshi & Thompson,
1995; Thompson, 1999b). Non-native or invasive species can breakdown long-
standing interactions and lead to maladaptation in either or both of the interacting
partners, either by outcompeting native species or through eco-evolutionary traps
(LaForgia et al., 2020; Richard et al., 2019; Saul & Jeschke, 2015; Schlaepfer et
al., 2005; Schweiger et al., 2010). Eco-evolutionary traps arise when previously
adaptive traits become maladaptive in the face of novel resources or
environments, such that the organisms prefer the low fithess-value novel
resource instead of the high fitness-value native resources (Robertson et al.,
2013; Robertson & Chalfoun, 2016; Robertson & Hutto, 2006; Schlaepfer et al.,

2002).

Eco-evolutionary traps resulting from maladaptive oviposition choice have
been documented in many insects (Horvath et al., 2007, 2010; Singer &
Parmesan, 2018). Lepidoptera, specifically butterflies, are susceptible to laying
eggs on low quality novel hosts plants (Nakajima & Boggs, 2015; Singer &
Parmesan, 2010, 2019a; Steward et al., 2022; Steward & Boggs, 2020). Most
butterflies are specialists in their hostplant choice and have co-evolved with their
native hosts. These interactions break down when novel resources are

introduced leading to maladaptation in the butterflies. Hence, they serve as an
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ideal system to test the impacts of novel resources on local adaptation in species
interactions. We here use a landscape genetics approach to identify genomic
signatures of local adaptation in the specialist herbivore Pieris macdunnoughii
Remington, 1954 (Pieridae; formerly P. napi macdunnoughii) (Chew & Watt,
2006) in the presence of the toxic invasive plant Thlaspi arvense (Brassicaceae).
Pieris macdunnoughii females recognize T. arvense as a potential host plant due
to chemical cue similarity with the native brassicaceous hosts and lay eggs on it
(Chew, 1977b, 1977a, 1980; Nakajima, 2014; Steward et al., 2019b, 2022). However,
larvae from eggs laid on T. arvense eventually die due to the toxicity of the plant.
We sampled P. macdunnoughii in the East River Valley, Gunnison County,

Colorado, where the butterfly oviposits on both native host plants and T. arvense.

Using genome-wide data from whole genome resequencing of individuals
from areas where both the plants occur and from areas where T. arvense is
absent, we identified candidate single nucleotide polymorphisms (SNPs) that are
under selection in relation to the presence of T. arvense in the habitat. We
specifically quantify: i) population structure of P. macdunnoughii in the East River
Valley, ii) gene flow patterns of P. macdunnoughii between areas with and
without T. arvense and iii) underlying signatures of selection in P. macdunnoughii
in response to the presence of P. macdunnoughii in the landscape. Our work
builds on decades of existing research on this system to address the genetic

basis underlying maladaptive behavior in the face of novel resources.

Materials and methods:
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Study organisms

Pieris macdunnoughii is a montane butterfly distributed across the
southern Rocky Mountains in North America. Pieris macdunnoughii is a specialist
herbivore, and females oviposit on and the larvae feed on several native
Brassicaceae (mustard) plants including Boechera spp., Cardamine cordifolia,
Draba aurea and Descurainia incana (Chew, 1977b, 1977a, 1980). Pierini larvae
have evolved resistance to the toxicity of glucosinolates (secondary metabolites)
found in the Brassicaceae by modifying the glucosinolate hydrolysis pathway to
form thiocyanates and epithionitrilies that are less toxic, instead of forming
isothiocyanates (Edger et al., 2015; Wheat et al., 2007). Although Pierini
butterflies are resistant to glucosinolate toxicity, they are susceptible to species
whose glucosinolate concentration or composition differs from the ones with

which they have co-evolved locally.

Thlaspi arvense (L.) (Brassicaceae) is native to Eurasia and was
introduced to Gunnison basin, Colorado in 1880s (Chew, 1977b). It is an early
successional plant and is found in heavily disturbed areas. It has colonized
elevations up to 2900m (Best & Mcintyre, 1975; Warwick et al., 2011). Pieris
macdunnoughii females recognize T. arvense as a potential host plant in areas
where they both co-occur due to cue similarity and lays eggs on it. However,
none of the larvae reared on T. arvense survive, thus leading to an evolutionary
trap (Nakajima, 2014; Steward & Boggs, 2020). Previous research has indicated that
the chemical profile of T. arvense is comprised mostly of the aliphatic

glucosinolate sinigrin, compared to native mustards (e.g., C. cordifolia) that
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contain both aliphatic and aromatic glucosinolates (Rodman & Chew, 1980).
Additionally, recent research has indicated that sinigrin acts as a pre-ingestive
deterrent and larvae exhibit delayed feeding on T. arvense compared to C.

cordifolia (Steward et al., 2019b).

Population sampling and study area

The study area is situated in the East River Valley (ERV), Gunnison
County, Colorado spanning an altitude from ca. 2800 to 3400m a.s.l. (fig. 2.1).
We sampled 100 female adult butterflies during June - August 2016 from 5
locations and 235 adult butterflies of both sexes during June - August 2019 from
7 locations. Our final sample size consisted of 335 individuals from 11 locations.
The distance between sampling sites ranged from 1km to 28km. All butterflies
were caught using an aerial net. We collected whole body specimens of females
and stored them in 98% ethanol in 2016. In 2019, 2mm x 2mm square of
hindwings and a pair of midlegs were clipped and stored in 98% ethanol, after
which the butterflies were marked and released. We also surveyed the
presence/absence of T. arvense in all our sampling locations. We recorded T.
arvense as present in 2 sites in 2016 (of 5 sites sampled) and 2019 (of 7 sites
sampled). Our final sampling list consisted of 3 sites where T. arvense was

present (of 11 sites sampled).
DNA extraction and WGS library preparation
We extracted genomic DNA from thorax (2016 samples) and from wing

clips and a pair of midlegs (2019 samples) using the DNeasy Blood & Tissue Kit
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(Qiagen, USA). We followed the manufacturer's protocol, with the following
modifications: We increased the Proteinase K incubation step to 16 hours, used
ice-cold ethanol to precipitate DNA, and heated the elution buffer to 57 °C before
DNA elution. We quantified the DNA concentration using a NanoDrop ™
2000/2000c. We used an in-house Tn5 tagmentation protocol following
(Andolfatto et al., 2011) for our library preparation. 2-10ng/ul of genomic DNA
was tagmented with 1:4 diluted Tn5 transposase and 40uM pre-annealed
oligonucleotides. The tagmentation was carried out in a final volume of 20uL
containing 4uL of 5x TAPS buffer. Samples were incubated at 55 °C for 7
minutes followed by rapidly lowering the holding temperature to 10 °C. The Tn5
transposase was deactivated using 2.5uL 0.2% SDS at 55 °C for 7 minutes with
a heated lid. PCR-based barcoding and enrichment was carried out in a reaction
mixture of 20uL consisting of 2 uL of the tagmentation reaction product, 10uL of
2x OneTaq Hot Start DNA polymerase, 4uL of nuclease free water and 2uL
(10uM) each of i7 and i5 Illlumina primer. The thermocycling conditions included
initial denaturation at 72°C for 3 minutes followed by denaturation at 94°C,
followed by 10 cycles with 10s at 94°C, 15s at 62°C, 30s at 68°C and final
extension for 5min at 68°C. We constructed 5 replicate libraries for each sample,
then pooled all the replicates and samples (1920 libraries). Size selection of 300-
500 bp was carried out using 0.8x volume and 0.6x volume AmpureXP beads. All
the libraries were sequenced at MedGenome on an lllumina Novaseq S4

platform, generating 150bp paired end reads.

SNP (Single nucleotide polymorphisms) calling
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Demultiplexed raw lllumina reads and adapter sequences were trimmed
using fastp (Chen et al., 2018) and mapped against the reference genome
(Steward et al., 2021) using bwa mem with default parameters (Li, 2013). The
resulting sam files were converted to bam format, sorted and indexed using
samtools (Li et al., 2009b). Duplicates were marked and identifier groups were
added using PICARD TOOLS with default parameters (“Picard Toolkit,” 2019).
Single nucleotide polymorphisms (SNPs) were called across all samples using
GATK HaplotypeCaller to generate individual intermediate gVCF files that were
then imported using GATK GenomicsDBImport and were finally genotyped using
GATK GenotypeGVCFs. We used GATK VariantFilteration to further hard filter
SNPs and Indels separately using the best recommended workflow practices
(Van der Auwera et al., 2013), and finally used GATK SelectVariants to include
only those variants that met the criteria: QD > 2, base quality > 30, SOR < 3.0,
FS <60, MQ > 40, MQ Rank Sum > 12.5, Read Pos Rank Sum > 8.0 . We then
used VCFtools to retain only high quality bi-allelic variants using the following
parameters: minimum allele count = 4, max missing = 0.20, min g= 30, min-mean
DP =6, max mean DP = 60, minDP =6, max DP = 60. We further used PLINK
(Purcell et al., 2007) to prune those loci that were at LD with the following
parameters: r>>0.2 in a window of 50bp. Our final sample size consisted of 335

individuals and 768,339 SNPs.

Population structure

We used a subset of 735,000 putatively neutral SNPs that were obtained

after removing outlier loci (see below) to discern the population structure.
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Principal Component Analysis (PCA) clustering was carried out using PLINK
(Purcell et al., 2007). We complemented our PCA analysis with archetypal
analysis following (Gimbernat-Mayol et al., 2022), to test biases due to irregular
sample sizes with PCA analysis and to identify latent factors. We removed multi-
allelic SNPs prior to running archetypal analysis and performed the analysis with
k ranging from 2 to 4. We picked the one whose PC1 and PC2 axes best
accounted for the variance. We additionally used ADMIXTURE to corroborate the
results from PC and archetypal analysis and to assess population structure and
ancestry (Alexander et al., 2009). We performed ADMIXTURE analysis for
ancestral clusters K ranging from 1 to 6 and selected the K value with the lowest

cross-entropy as the best estimate of population admixture.

Nucleotide summary statistics

We used geoVar (Biddanda et al., 2020) to estimate allele frequency
distribution (site frequency spectrum) in a) all 11 sites in the East River Valley
and b) in areas with and without T. arvense. We used the allele frequency
distribution in geoVar in place of widely used SFS (Site Frequency Spectrum)
methods (Gutenkunst et al., 2009), since geoVar permits simultaneous
comparisons of SFS for more than 2 populations. Furthermore, geoVar allows us
to classify minor allele frequencies into common (>5% frequency among all
samples), low (1 - 5% frequency), rare (<1% frequency) and unobserved (allele
not present). This approach helps us to decipher patterns of genetic variation

within and among populations that are not possible by other methods.
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We first removed all multi-allelic sites in our VCF and converted it into a
frequency table using geoVar and calculated the cumulative fraction of variants
that contributed to the allele frequency pool for each site/habitat. Using VCFtools
(Danecek et al., 2011), we calculated expected and observed heterozygosity of
butterflies for sites where T. arvense is present and sites where T. arvense is
absent. We used pixy (Korunes & Samuk, 2021) to estimate genome-wide
nucleotide (1) diversity. For the input for pixy, we used both the invariant and
variant sites in our input VCF file as recommended by the authors to prevent bias
in our estimates. We used a 10kb sliding window with a 50bp step to calculate 1
estimates. We used VCFtools to calculate pairwise Fst for all combinations of
sites in the East River Valley. We used a sliding window approach with an

interval window of 1kb with a 50bp step for estimating pairwise Fst.

Migration surface/gene flow

We used divMigrate from the diveRsity package (Keenan et al., 2013) in R
(R Core Team, 2020) to estimate directional relative migration rates among
sampling sites and PGDSpider (Lischer & Excoffier, 2012) to process the input
for divMigrate. The relative migration network was scaled to the largest estimated
magnitude based on Nm as a measure of genetic distance. We assessed the

significance of the migration network by running 1000 bootstrap iterations.

We used EEMS (Petkova et al., 2015) to examine spatial variation in
migration among populations (demes) and genetic diversity within populations.

EEMS estimates genetic differentiation using an isolation-by-distance model of
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geo-referenced samples to visualize patterns of potential barriers and corridors of
gene flow. We used PLINK to convert the VCF file to BED files and calculated a
genetic dissimilarity matrix using bed2diff in EEMS. We ran EEMS using 400 and
800 demes and a MCMC run with 1.5 million burn-in iterations followed by 15
million sampling iterations. We ran multiple iterations and adjusted the proposal
variance rates after each run till our runs converged (Fig S2.1). The parameters
used for the final run are provided in the supplementary file (Table S2.1). We
then combined the final output of all the demes to produce a composite migration
and diversity landscape. Migration and diversity rates were illustrated on a log10
scale relative to the overall migration and diversity across the entire landscape,
such that a rate of one indicated tenfold higher migration and diversity rates

relative to the average.

Genotype-environment association (GEA) analysis

Genome-wide scans for outlier loci were carried out in BayPass (Gautier,
2015). We first used the standard covariate model with the Importance Sampling
(IS) approximation (-covis) in BayPass to obtain the following parameters: a) the
population scaled covariance matrix and b) the XTX (SNP-specific Fst that
corrects for observed population covariance) score of overall differentiation
among sites. We then used the auxiliary covariate model using the MCMC
approximation along with the Bayesian auxiliary variable to identify loci that were
associated with the presence/absence of T. arvense. We additionally simulated
100,000 loci using the BayPass sim to calibrate the top 1% significance threshold

for XTX. For environmental association, we used the Bayes Factor (BF) metric in
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deciban units (dB) as a measure of support for association with T. arvense. We
used a cut-off of db>20 (decisive evidence) in favor of association based on
Jefferey's rule (Jeffreys, 1961). Loci associated with T. arvense as well as those
under adaptive differentiation were used as input in SNPEff (Cingolani et al.,
2012) and BlastX (Altschul et al., 1990) to identify the underlying genes as well

as their effects on protein structure.

Results:

Population structure and admixture

Our Principal Component Analysis (PCA) and archetypal analysis using
neutral loci failed to separate individuals into distinct clusters and hence did not
reveal any population structure among all sites in the East River Valley (PCA:
PC1=6.56% and PC2=5.65%; fig. 2.2a; archetypal analysis: PC1=52.92%,
PC2=47.08%; fig. 2.2b). Our ADMIXTURE analysis corroborated the results of
the PCA and archetypal analysis. The lowest Cross Validation (CV) indicated K
=1 (supplementary table 1), thus indicating that sites with P. macdunnoughii

across the ERV comprise a single population.

Genetic variation and differentiation

The allele frequency distribution for P. macdunnoughii in habitats with and
without T. arvense were mostly low frequency alleles that were localized to each
habitat (fig. 2.3a; 26% of cumulative fraction of variants), followed by 22% of
shared and common alleles. The rest of the variants were either rare or low

frequency alleles that were localized to each habitat (fig. 2.3a). In contrast to the
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habitat-based allele frequency distribution, pairwise comparison of allele
frequencies among sites consisted of alleles that were shared amongst all the

sites (fig. 2.3b).

We found higher genetic variation among P. macdunnoughii in areas
without T. arvense compared to areas with T. arvense (fig. 2.4a; Bartlett's
K2=6.95; df=1; p=0.008). The observed heterozygosity was less than expected in
areas without T. arvense (fig. 2.4a; Bartlett's K2=39.63; df=1; p<0.001) and the
observed vs expected heterozygosity was similar in areas with T. arvense. Our
genome-wide average estimates of 1 (nucleotide) diversity indicated a significant
increase in nucleotide diversity in areas without T. arvense compared to areas

with T. arvense (fig. 2.4b; Bartlett's K=9.611; df=1; p=0.001).

Our genome-wide mean pairwise Fst among all combination of sites was
less then <0.001 (Fig S2.2), thus suggesting low genetic differentiation and high
relatedness among sites. Our correlation map based on the population co-
variance matrix indicated that all sites were weakly positively correlated. Finally,

the Mantel test did not reveal any signs of isolation by distance (p=0.14, r=0.05).

Migration

We observed significant variation in the magnitude and direction of relative
migration of P. macdunnoughii among all sites (fig. 2.5). The estimated relative
migration rates ranged from 0 to 1 with an average of 0.56. We observed
unidirectional and bidirectional migration from areas with T. arvense to areas

without T. arvense and vice versa (fig. 2.5). The highest rates of gene flow
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(Nm>0.85) were observed from Gothic Townsite to Elko Park (Nm=0.89) and
vice versa (Nm=1), and from Quigley Creek to Gothic Townsite (Nm=0.96).
Additionally, we observed high rates of relative gene flow to and from Gothic

Townsite compared to other sites (fig. 2.5).

Estimated effective migration surface (EEMS) contours revealed the low
relative effective gene flow of P. macdunnoughii in the East River Valley (fig.
2.6a). Most of the potential barriers also showed high posterior probabilities in the
Bayesian estimation of migration parameters (Fig S2.3). Confidence intervals of
migration parameters for sites in the Upper ERV (Copper Creek, Copper Creek
1st Crossing, Gothic Townsite, Rustler's Gulch, Quigley Creek, and Elko Park)
were higher (>0.95) compared to the sites in the Lower ERV (Lower and Upper
Brush Creek and Lower and Upper Cement Creek) had lower confidence <.90.
We also estimated relative effective genetic diversity of P. macdunnoughii in the
ERV. Our analysis highlighted low relative effective genetic diversity of P.
macdunnoughii in all sampled sites (fig. 2.6b). All sites showed a posterior

probability of >.90 (Fig S2.4).

Genotype-environment association (GEA) analysis

The BayPass core model (-covis) allowed us to estimate the scaled
covariance matrix of population allele frequencies that quantify genetic
relationship among pairs of sites. The results of Q estimates were in agreement

with our Fst estimates indicating that all sites are genetically similar (Fig S2.2).
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For the identification of outlier loci, the XtX (SNP specific Fst) estimates
were calibrated by analyzing a POD (pseudo-observed data set) of 100,000
SNPs. At the 1% threshold (XtX >26) for POD, we identified 8600 outlier SNPs
(Fig S2.5). Our analysis that included presence/absence of T. arvense (as the
environmental covariate) under the auxiliary covariate model identified 1008
SNPs that were associated with the presence of T. arvense (BF >20) (Fig S2.6).
Overall, we identified nine SNPs that were shared by both the XtX outlier loci
analysis and environmental association analysis (fig. 2.7). Our SNPeff analysis
indicated that the nine SNPs caused 25 functional effects in protein coding
genes. Of these 25 effects, one was classified as low impact (unlikely to change
protein behavior) and 24 were classified as modifiers (effects on non-coding
regions). The BlastX analysis of these regions revealed that genes underlying
larval development and metabolism were under selection and associated with

presence of T. arvense (Table 2.1).

Genic environment of outlier loci

The nine outlier SNPs were distributed across five chromosomes and one
unplaced scaffold (Table 2.1), including one on the sex chromosome. The SNPs
had 25 effects on their surrounding genic environment. The location of the 25
effects were as follows: downstream of a gene= 8, exonic region=1, intergenic

region=4, intronic region=5, transcript=5 and upstream of a gene=2.

Discussion
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Pieris macdunnoughii in the East River Valley comprise a single admixed
population. Allele frequency differences between habitats classes
(presence/absence of Thlaspi arvense) were largely driven by localized alleles,
whereas pairwise allele frequency differences among sites were driven by
geographically widespread alleles. Additionally, heterozygosity of butterflies was
lower in areas where T. arvense occurred compared to areas where the plant
was absent. Examining relative and effective gene flow patterns revealed
bidirectional, asymmetric relative gene flow and low effective gene flow across
the ERV. Finally, we identified signatures of selection in P. macdunnoughii in
response to T. arvense. That selection likely occurred in larval ability to feed on
T. arvense rather than the females' ability to differentiate between potential hosts.
In sum, we identified ontogenic-specific genetic signatures of local adaptation in
a native herbivore in response to a novel toxic hostplant at a fine geographic
scale in the absence of strong population structure and genetic differentiation.
Our work also expands the existing literature on herbivore responses to novel
resources by combining landscape genomic and functional gene annotation
approaches to dissect specific ontological stages where local adaptation was

more likely to occur.

Evidence for a single population among sites.

Our results did not separate individuals into distinct clusters (fig. 2.1a, b)
and indicated that all sites comprise a single population. Our results are in line
with previous mark-recapture estimates of P. macdunnoughii in the 1970s and

early 2000s (Nakajima, 2014). P. macdunnoughii occurs across elevations up to to
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4500m.a.s.| and disperses along large elevational gradients (Nakajima, 2014).
Several species of Pieris are known to undergo seasonal migration thus
increasing gene flow and blurring population boundaries (Kitahara, 2016; Spieth

& Cordes, 2012; Takami et al., 2004).

Distinct allele frequency distribution patterns between habitats and among

sites.

Recent research has highlighted the utility of AFS/SFS to identify outlier
loci, understand population structure, infer demographic changes as well as
identify signatures of positive selection. In our study, AFS differences of P.
macdunnoughii between areas with and without T. arvense was largely driven by
alleles that were localized to each habitat even in the absence of strong
population structure. However, overall differences among sites were largely due
to differences in shared, common alleles. This is in contrast with theoretical and
empirical work in other systems, which showed that differences between
populations were driven mostly by localized low/rare frequency alleles and
pairwise differences among sites were driven by shared, common alleles
(Biddanda et al., 2020; Gutenkunst et al., 2009). For instance, analysis of large-
scale human genomic data from the 1000 Genomes Project (1KGP) showed that
allele differences between populations were due to localized and rare alleles and
differences between individuals regardless of population origin were due to
common variants found globally (Biddanda et al., 2020). Allele frequency
differences between populations can result due to local adaptation and/or new

mutations specific to the population (Guinther & Coop, 2013). In our case, the
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abundance of localized, low frequency alleles between the habitats could be due

to the selection imposed by T. arvense leading to putative adaptive alleles.

Mechanism underlying local adaptation with high gene flow and low

genetic variation.

Our results highlight important mechanisms that underly local adaptation.
Population genetics theory suggests that local adaptation occurs in the absence
of gene flow and that high gene flow often leads to maladaptation (Bachmann et
al., 2020; Farkas et al., 2016; Gandon et al., 1996; Garant et al., 2007; Kirkpatrick &
Barton, 1997; Lenormand, 2002). However, recent studies showed that local
adaptation occurs in the presence of strong gene flow in certain scenarios
(Fitzpatrick et al., 2015; Tigano & Friesen, 2016). For example, in spatially and
temporally varying habitats, gene flow augments standing genetic variation and
thus increases local adaptation (Blanquart et al., 2012, 2013b). Local adaptation
can also occur in the presence of gene flow through adaptive introgression and
strong selection against the immigrant alleles (Griffiths et al., 2021; Leroy et al.,
2020; Renddn-Anaya et al., 2021). Our results indicated that all sites in the East
River Valley were panmictic, with high gene flow, low genetic differentiation, and
low genetic variation within the population. Nonetheless, we were able to identify
strong signatures of local adaptation in P. macdunnoughii where T. arvense
occurred. Eggs laid on T. arvense eventually die and thus there is strong
selection against immigrant individuals that prefer T. arvense (Nakajima, 2014;
Nakajima & Boggs, 2015). Similarly, local adaptation in lava flow lizards (melanism)

occurred in the presence of strong gene flow and low genetic variation (Krohn et
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al., 2019). This is in line with recent theoretical and empirical work that suggests
that environmentally driven local adaptation does not lead to genome wide
differences or require substantial standing genetic variation unless the underlying
traits are linked to reproduction (Feder et al., 2012; Krohn et al., 2019; Shafer &

Wolf, 2013).

Selection on oviposition vs larval performance.

Targets of selection in herbivorous insects’ response to novel hostplants is
likely polygenic, as it involves genes underlying oviposition, larval feeding, larval
metabolism, and detoxification, as seen in several studies that have identified the
genetic basis of oviposition or larval performance in insects (Egan et al., 2015;
Gompert et al., 2022; Vertacnik & Linnen, 2017). We identified 9 loci distributed
across five chromosomes, causing 25 variant effects. Identification using SNPeff
and BlastX revealed that the majority of the genes were involved in larval
development and metabolism and most of the variant changes affected non-
coding regions. Non-coding regions in the genome contain regulatory elements
that play a critical role in protein assembly, gene expression and regulation and
are under purifying selection (Andolfatto, 2005; Bird et al., 2006; Loehlin et al.,
2010). Therefore, these variant changes might have significant effects in larval
feeding and detoxification. We did not identify any sensory (olfactory, gustatory,
or visual) genes under selection that underlie female oviposition choice (de
Fouchier et al., 2017; Engsontia et al., 2014; Ramaswamy et al., 1987; Yang et
al., 2020). Lepidopteran females use a combination of sensory receptors to

identify a potential hostplant (Haverkamp et al., 2018; Renwick & Chew, 1994;

47



Thompson & Pellmyr, 1991). Females use olfaction and visual cues for long
range detection of hostplants and the final decision is made after gustatory tactile
contact with the hostplant using the first pair of foretarsi in their legs (Ozaki et al.,
2011; Ryuda et al., 2013). Differences in oviposition choice in females are driven
by underlying differences in their chemosensory repertoire. Thus, our failure to
identify chemosensory genes in our outlier analysis suggests that selection might
be acting on larvae instead of the females. Existing evidence suggests that error
prone oviposition in Lepidoptera females is the fuel driving hostplant range
expansions and adaptation to new hosts, since repeated oviposition on less
suitable/non hostplants imposes selection on the larvae to evolve to feed on the
plant (Janz et al., 1994; Nylin et al., 2000; Nylin & Janz, 2009; Stefanescu et al.,

2012).

Evolutionary constraints on oviposition preference and larval performance

Pieris macdunnoughii and its sister taxa in North America are derived from
the Eurasian P. napi during the last Holarctic speciation event (Chew & Watt,
2006). Pieris napi larvae can develop successfully on T. arvense and other
invasive Eurasian mustards in the Eastern US including Alliaria petiolata
(Forsberg, 1987; Friberg & Wiklund, 2019; Prasai & Karlsson, 2011). Pieris
oleracea, another species in the Pieris species complex is unable to use A.
petiolata due to its toxicity to the larvae, in a case similar to that of P.
macdunnoughii and T. arvense (Chew, 1977b; Haribal et al., 2001, 2001; Haribal &
Renwick, 1998; Huang et al., 1994; Keeler & Chew, 2008). Thus, the North American

Peiris larvae have lost the ability to develop on introduced mustards from Eurasia
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while females have retained the ancestral preference for hostplants. This
mismatch in preference-performance is the underlying cause for maladaptation in
the larvae. Our results suggest that any adaptation by the butterfly to be able to
use the plant will likely involve evolution of larval ability to develop on T. arvense
and not of the females' avoidance of oviposition on T. arvense. Adaptation in
response to T. arvense in the larvae would involve longer survival on T. arvense.
Indeed, recent research has shown that after decades of maladaptation of P.
oleracea on A. petiolata, the larvae are now able to develop on the plant during
its bolting stage but not the rosette stage (Keeler & Chew, 2008). This highlights
the importance of understanding the interactions between plant phenology, plant
chemical composition and larval performance. Our results suggest that a similar
outcome in P. macdunnoughii in the event of rapid evolution due to selection.
Future research quantifying fine scale spatial and temporal patterns of larval
performance coupled with quantifying T. arvense distribution and variation in
plant chemical profiles might provide insights on the escape from or persistence

of the evolutionary traps.

Conclusions:

Instances of interactions between native and non-native species are
projected to increase across the globe due to range shifts, competition from
invasive species and climate change. Understanding the effects of these
interactions requires careful dissection of the ecological and molecular processes
that mediate these interactions. Our results build upon decades of research

aimed at understanding the causes and maintenance of evolutionary traps, to
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elucidate the molecular responses and potential adaptation to novel resources.
As insects are currently experiencing a global decline due to various factors
including the ones mentioned above (Hallmann et al., 2017; Nakajima & Boggs,
2015; Wagner et al., 2021), the Pieris macdunnoughii - Thlaspi arvense system
can serve as a model to understand and predict the outcomes of these
interactions in insects even at a fine geographical scale. Our work adds to the
growing literature aimed at understanding the impacts of novel resources on
native species interactions and thus predicting the outcome of these interactions
(Brady, Bolnick, Angert, et al., 2019; Farkas et al., 2015; Gilroy & Sutherland, 2007;
Robertson et al., 2013; Schlaepfer et al., 2002). This work builds upon decades of
work on the Pieris-Thlaspi maladaptation system and identifies the molecular
mechanisms that underlies the evolutionary trap, thus pioneering it as a model
system to understand maladaptation and evolutionary traps in the face of climate
change (Chew, 1977b; Nakajima, 2014; Steward et al., 2019b, 2021, 2022; Steward &
Boggs, 2020). Our work also highlights the potential of adaptation to occur in a

fine-grained landscape in the absence of genetic variation and high gene flow.
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Table 2.1: Annotation of outlier loci identified by BayPass XtX and BF (dB).

Chromosome | Position Position | Codon BlastX identification
start end

1 153581 153583 STOP cilia- and flagella-associated protein
410 isofrom

7 3428853 3428855 | STOP uncharacterized protein

9 11545167 | 11545169 | START ARFRP 1

9 4592359 4592361 | START homeobox protein Hox-A3-like

9 4597927 4597929 | START retinal homeobox protein Rax-like

9 4595024 4595026 | STOP homeobox protein Hox-A3-like

9 4599618 4599620 | STOP retinal homeobox protein Rax-like

14 11697968 | 11697970 | START DOCK 4

14 5730927 5730929 | START mediator of RNA polymerase |
transcription subunit 15

14 11701979 | 11701981 | STOP inx3

14 5742219 5742221 | STOP tripartite motif-containing protein 45

xfSc0000009 573908 573910 START uncharacterized protein

xfSc0000009 261794 261796 STOP protein ALP1-like

xfSc0000009 263610 263612 STOP Transposase
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Figure 2.1: Map of the sites used in this study. Sites in red represent areas
where Thlaspi arvense does not occur and sites in brown represent areas where
T. arvense is present. The size of the circle represents the magnitude of sample

sizes from each location.
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clusters. b) Archetypal analysis (axes 1 and axes 2) with k=3 indicating a mixed

population without distinct site-specific clusters.
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Figure 2.3: a) The relative abundance of genomic allele frequency variants of P.
macdunnoughii in areas with T. arvense and areas without T. arvense. The
codes depicted in the figure represents the frequency of the minor allele in the
habitat. U-undetected: No alleles present, R-rare: <1% minor allele frequency
(MAF), L-low frequency: 1%-5% MAF, C-common: >5% MAF. The percentages
and their corresponding numbers indicate the number of variants in each class.
Grey rows represent alleles whose contribution was non-significant to the
differences between comparisons. b) Relative abundance of variants of P.
macdunnoughii in our study area. Ucc: Upper Cement Creek, Ubc: Upper Brush
Creek, Cc: Copper Creek, 1c: 1st Crossing, 401: 401 site, Rg: Rustler's Gulch,
Qc: Quigley Creek, Ep: Elko Park, Lcc: Lower Cement Creek, Lbc: Lower Brush

Creek, Gt: Gothic townsite.
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Figure 2.4:. a) Genome wide variance in expected and observed heterozygosity
of P. macdunnoughii in the ERV. ***P<0.001, **P<0.01, n.s.=not significant.
Bartlett's test comparing expected and observed heterozygosity in areas without
T. arvense (Bartlett's K?=39.63, df=1, p<0.001), in areas without T. arvense
(Bartlett's K? =1.2707, df=1, p=n. s) and observed heterozygosity between areas
with and without T. arvense (Bartlett's K? =6.95, df=1, p<0.01). b) Genome-wide
variance in nucleotide (1) diversity of P. macdunnoughii in areas without and with

T. arvense (Bartlett's K?= 9.6144, df=1, p=0.001).
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Figure 2.5: Relative migration rates of P. macdunnoughii among the 11 sites in
the East River Valley estimated using divMigrate based on Nm (number of
migrants/generations). The colors indicate migration levels, and the arrows
indicate direction of migration. Solid lines represent unidirectional migration and
dashed lines represent bi-directional migration. Migration routes are only shown
for Nm > 0.55 and migration routes from areas with T. arvense to areas without

T. arvense and vice-versa.
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Figure 2.6: a) Estimated Effective Migration Surfaces and b) Estimated Effective
Diversity Surfaces for P. macdunnoughii in the East River Valley. The migration
and diversity rates, log(m) and log(q) represent gene flow/genetic diversity
barriers and corridors in the habitat respectively. Each value corresponds to a
10-fold increase (blue) or decrease (orange/brown) in migration/genetic diversity

compared to the null hypothesis of isolation by distance (white).
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Figure 2.7: Pairwise comparison of median SNP XtX and BFmc values from 3
independent runs for adaptive differentiation associated with T. arvense
presence in the habitat. The vertical dashed line represents the 1% POD
(Pseudo Observed Dataset) significance threshold (XtX=26), and the horizontal
dashed line represents the 20-dB threshold for BFmc. Blue dots represent the 9

loci of interest (outliers for both XtX and BFmc).
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CHAPTER 3

DIFFERENTIAL GENE EXPRESSION UNDERLYING A NATIVE
HERBIVORE'S OVIPOSITION PREFERENCE AND LARVAL

PERFORMANCE ON A TOXIC INVASIVE PLANT.?

3 Ravikanthachari N, Boggs CL. To be submitted to the Proceedings of the Royal Society B
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Introduction:

Herbivorous insects and the plants they feed on are a classic example of
co-evolution (Ehrlich & Raven, 1964; Thompson, 1999a, 1999b). Herbivorous
insects have evolved to feed on a narrow range of hostplants by adapting to
circumvent specialized plant defenses (Hardy & Otto, 2014; Jaenike, 1990; Joshi
& Thompson, 1995). In holometabolous insects such as Lepidoptera, where the
larval stages are relatively immobile, the success of the herbivore depends on
the female choosing a suitable host that maximizes the survival of the resulting
offspring (Berdegué et al., 1998; Bossart & Scriber, 1999; Ladner & Altizer,
2005). This results in strong selection for female oviposition preference. This
idea, known as preference-performance hypothesis, postulates that the
preference of a hostplant by the female is positively correlated with performance
of the larvae on that hostplant (Jaenike, 1978; Valladares & Lawton, 1991).
Female host choice is dependent on a multitude of factors including availability of
suitable hosts, hostplant specialization, hostplant density and presence of natural
enemies (Carrasco et al., 2015; Garcia-Robledo & Horvitz, 2012; Larsson &
Ekbom, 1995). Support for the preference-performance hypothesis ranges from
none to strong correlation in various insect groups (Menacer et al., 2021;
Rausher, 1979; Valladares & Lawton, 1991). A meta-analysis showed that
oligophagous insects had a stronger correlation compared to polyphagous
insects (Gripenberg et al., 2010). However, for specialized insects (those that
feed on a single hostplant family), the evidence is mixed. One underlying

hypothesis for this mixed evidence is that cue similarity between hosts and non-
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hosts often leads to error prone oviposition in females (Steward & Boggs, 2020;

Trowbridge & Todd, 2001).

The consequences of error prone oviposition can be outlined by the
following scenarios (Wiklund, 1975). Error prone oviposition can be adaptive if
the larvae can survive on the novel hostplant, thus leading to an increase in the
diet breadth of the herbivore and adaptation to new hostplants (Janz et al., 1994,
Stefanescu et al., 2012). In fact, error prone oviposition has often been cited as
the fuel driving hostplant range in Lepidoptera and has been documented in
many species (Janz et al., 1994; Nylin et al., 2000; Nylin & Janz, 1993, 2009).
The success of the larvae on the novel host depends on underlying variation in
detoxification enzymes, the degree of chemical similarity of the novel host to the
hosts that the larvae have co-evolved with and the evolutionary history of host
use in the insect species (Calla et al., 2017; Celorio-Mancera et al., 2016;

Erbilgin et al., 2014; Futuyma & Agrawal, 2009).

Alternatively, error prone oviposition can lead to high fitness costs if the
larvae do not possess behavioral or physiological mechanisms to incorporate the
novel host plant, thus leading to higher mortality and maladaptation (Casagrande
& Dacey, 2007; Keeler & Chew, 2008; Steward et al., 2019a; Steward & Boggs,
2020; Yoon & Read, 2016). Repeated error prone oviposition can potentially lead
to the larvae evolving the ability to feed on the plant provided that new mutations
or underlying standing genetic variation leads to evolution of key innovations in

detoxification machinery (Nylin & Janz, 1993; Wheat et al., 2007).
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In certain scenarios, known as evolutionary traps, abrupt or rapid
environmental change can lead to instances where evolved reliable cues fail,
resulting in repeated oviposition error (Keeler & Chew, 2008; Singer, 2021,
Singer & Parmesan, 2019b; Steward & Boggs, 2020; Yoon & Read, 2016). This
could occur either due to the female's inability to distinguish between hosts and
non-hosts to avoid costly mistakes or the failure of larvae to incorporate the novel
host due to behavior or physiological constraints (Casagrande & Dacey, 2007;
Chew, 1977b; Huang et al., 1994; Keeler & Chew, 2008; Singer & Parmesan,
2019b; Steward et al., 2019a). Identifying the underlying mechanisms that leads
to decoupling cue-response systems as well as preference-performance can

shed light on the constraints of evolution in species interactions.

Although evolutionary traps have been documented in many systems,
mechanistic processes underlying persistent evolutionary traps are not well
understood (Hale et al., 2016; Robertson et al., 2013; Robertson & Chalfoun,
2016; Robertson & Hutto, 2006). Here we use a system of a specialized native
herbivore that oviposits on a lethal, invasive plant and whose larvae have 100%
mortality to dissect the underlying genetic mechanisms affecting adult female
oviposition, and larval feeding on the plant. We employ a transcriptomic
approach to quantify differential gene expression in order to address the
hypotheses that a) females preferring the toxic lethal plant differ in their
expression repertoire of sensory genes compared to those preferring the native
plant and b) larvae that feed on the toxic plant exhibit transcriptomic signatures of

impaired feeding and toxicity (upregulation of stress responses) compared to
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those feeding on the native host plant. Our study adds to the extensive literature
on preference-performance studies by elucidating the underlying genetic

mechanisms that decouple female preference and larval performance.

Methods:

Study organisms

Pieris macdunnoughii Remington, 1954 (Pieridae; formerly P. napi
macdunnoughii) (Chew & Watt, 2006) is an univoltine montane butterfly
distributed in the Southern Rocky Mountains in North America. Pieris
macdunnoughii is a specialist herbivore: the females lay eggs and the larvae
feed on native Brassicaceae (Chew, 1977b, 1977a, 1980; Nakajima & Boggs,
2015). Pieris macdunnoughii, like other species in the Pieris species complex,
has evolved detoxification enzymes to overcome the toxicity of glucosinolates
(secondary metabolites) in Brassicaceae (Edger et al., 2015; Wheat et al., 2007).
However, they perform poorly on species of mustards whose glucosinolates differ

from those they have locally co-evolved with (Chew, 1977a).

Thlaspi arvense (L.) (Brassicaceae), a plant native to temperate Eurasia
and has been introduced to the North America in the 1800s (Chew, 1977D).
Thlaspi arvense was introduced to the Gunnison County between 1850s to
1970s and thus has been present for about 45 - 150 years (Chew, 1977b).
Thlaspi arvense is an early successional plant. It colonizes disturbed soil and is

known to occur up to 2900m (Best & Mcintyre, 1975; Warwick et al., 2011).
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The chemical profile of T. arvense is comprised mainly of the aliphatic
glucosinolate sinigrin, compared to native mustards that contain both aliphatic
and aromatic glucosinolates (Rodman & Chew, 1980). The glucosinolate sinigrin
acts as an oviposition attractant and hence females choose to lay eggs on T.
arvense as it contains higher sinigrin concentration compared to native plants
(Steward & Boggs, 2020). Pieris macdunnoughii larvae are able to metabolize
low concentrations of sinigrin present in the native plants but the higher
concentration present in T. arvense is toxic to the larvae, thus indicating that the
differences in sinigrin concentration drives the maladaptation (Steward et al.,
2019a). Thlaspi arvense is completely lethal to the butterfly and none of the
larvae survive past pupation in the lab or field (Chew, 1977b; Steward et al.,
2019a). Co-occurrence of T. arvense with other native mustards has been
estimated to cause a fitness loss to females of 3% due to larval survival, habitat
occupancy by the females and the distribution and abundance of T. arvense
compared to the native plants in the habitat (Nakajima et al., 2013; Nakajima &
Boggs, 2015). Therefore, there is strong selection on females of P.
macdunnoughii to avoid laying eggs on the plant and for escape from the

evolutionary trap.

Oviposition choice experiment

Gravid females for the oviposition choice experiment were collected in the
East River Valley, Gunnison County, Colorado (38° 57' 29.1096" N, 106° 59'
21.4404" W) in 2019 using an aerial net. In the lab, the females were fed twice a

day with 25% honey-water solution. Females were housed in plastic cages in an
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environmental chamber at 27°C during the day and at 18°C at night on an 18:6
L:D cycle. The females were provided with one whole plant each of T. arvense
and Cardamine cordifolia A. Gray (Brassicaceae), a primary native hostplant.
The larval host plants were matched by approximate leaf area and by plant
phenology (pre-flowering stage). The females were allowed to lay eggs on the
host plants and the eggs from each plant were counted every morning.
Preference for a hostplant was quantified as follows: preference for T. arvense if
>80% of eggs laid on T. arvense; preference for C. cordifolia If >80% of eggs laid
on C. cordifolia and equal preference if < 80% eggs laid on either plant. The
females were removed from the choice experiment once they had laid a total of

50 eggs and their forelegs, antennae and head were stored in RNAlater at -20°C.

Larval feeding assays

Eggs laid by the females in the oviposition choice trails were used for the
larval feeding assays. The larvae from hatched eggs were reared in an
environmental chamber under the same conditions used during female
oviposition experiment. Larvae were reared on young leaves of Raphanus
sativus L. (Brassicaceae) until they reached third instar. Five 3" instar larvae
from each female were provided either with a whole plant of C. cordifolia or T.
arvense after 12 hours of starvation. Larvae were allowed to feed for 24 hours.
After 24 hours, the larvae were visually examined to confirm that their midguts
were completely filled with plant material. The larvae were then dissected in PBS
solution, degutted, plant material removed, and their mouth parts and guts were

stored in RNAlater.
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RNA extraction and sequencing

Total RNA was extracted from 10 females (head, antennae, and forelegs)
each preferring T. arvense and C. cordifolia and from 10 third instar larvae (gut
and mouthparts) each fed on C. cordifolia and T. arvense using a QIAGEN
RNeasy kit following manufacturer's protocol. Total RNA from all samples were
sent to MedGenome for cDNA library preparation and RNA sequencing. cDNA
library preparation was carried out using Illumina TruSeq stranded mRNA kit

followed by 20M paired reads (40M total) sequencing on a Novaseq S4 platform.

Read mapping

Demultiplexed raw lllumina reads were checked for quality using FastQC
(Andrews, 2010). Reads were trimmed using Trimmomatic v. 0.39 (Bolger et al.,
2014) with the following options: Sliding window: 4:20, minimum length: 25, and
adapter sequences were cleaned using the option TruSeq3-PE in Trimmomatic.
Cleaned transcripts were assembled using genome guided STAR assembly
(Dobin et al., 2013; Dobin & Gingeras, 2015) using the P. macdunnoughii
genome (Steward et al., 2021). We first generated genome indices and the
genome directory, followed by mapping reads to the genome with default options.
94% of the reads were correctly mapped to the genome. The resulting BAM files
were sorted by genome coordinates using SAMtools (Li et al., 2009a) sort and
indexed using SAMtools index. Mapped reads were then quantified using
featureCounts (useMetaFeatures geneid) (Liao et al., 2014) and ran through

Rsubread (Liao et al., 2019) in the R statistical environment v. 4.0 (R
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Development Core Team, 2008). We ran featureCounts separately on adult

female and larval mapped reads to obtain their respective expression profiles.

Differential gene expression analysis

Differential gene expression (DGE) analyses for adult females and larvae
were carried out separately in edgeR (M. D. Robinson et al., 2010). We used
CPM-TMM log2 transformation for further filtering our dataset. The raw counts
were filtered based on abundance and then normalized using count-per-million
(CPM) to account for differences in library sizes among samples in edgeR and
trimmed mean of M values (TMM) for cross-sample normalization using the
option "calcNormFactors" in edgeR. Genes that were lowly expressed were
filtered using the HTSFilter followed by differential gene expression analysis
using the Fisher's exact test approach in edgeR. The differentially expressed
genes were further filtered using a false discovery rate of 1% using the BH
correction method. We set a cut-off of a minimal fold change (FC) of three
between treatments and an FDR of p-value <1e-3 for assessing significant
differential expression. The cut-off values for FC and FDR were set based on
prior studies to increase the signal: noise and to reduce non hostplant specific
patterns (Breeschoten et al., 2019; Breeschoten, Schranz, et al., 2022). We used
the hclust function in R package stats for hierarchical clustering of significantly
differentially expressed transcripts with a k value of 5 based on k-means
clustering. We additionally visualized differentially expressed genes using a

heatmap using the pheatmap package in R (Kolde & Kolde, 2018).

68



Gene set enrichment

We generated gene ontology (GO) annotation of the P. macdunnoughii
genome using eggNOG-Mapper (Huerta-Cepas et al., 2017) and aligned the
annotated genes to the Pfam database (Finn et al., 2014). The GO annotation
consisted of ~12000 genes that were used as input for topGO (Alexa &
Rahnenfiihrer, 2009) to quantify gene set enrichment in the differentially
expressed genes. We calculated gene set enrichment separately for each of the
5 distinct hierarchical gene clusters. We used a weighted two-tailed Fisher's test
to identify enriched GO terms based on molecular function (MF), biological
processes (BP), and cellular components (CC). The enriched GO terms were
then run through REVIGO (Supek et al., 2011) to cluster the terms and to reduce
redundancy by identifying similarity between the GO terms. The GO terms were
additionally grouped into clusters by assigning the terms to their parent molecular
function (MF) description based on Pfam annotation in order to classify MF that
were enriched in each treatment. We ran a paired t-test to assess significance in

gene expression between the treatments in the larvae.

Results:

Variation in female oviposition preference

We tested 56 wild caught female Pieris macdunnoughii collected from the
East River valley. 14 females preferred Cardamine cordifolia, and 10 females

preferred Thlaspi arvense. Nine females had equal preference for both plants
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and the preference of 25 females did meet the threshold of 50 eggs to quantify

preference.

No differential gene expression underlying female oviposition preference

Gene expression profiles of female P. macdunnoughii preferring T.
arvense and C. cordifolia were similar. We did not identify any genes that were
differentially expressed (DE) between them. Our analysis consisting of females
who laid 100% of their eggs on either of the plant (n=3/group, total 6 females)

also did not identify any DE genes.

Hostplant-specific changes in differential expression of genes underlying

larval feeding

We found differences between gene expression profiles of larvae that fed
on T. arvense and C. cordifolia. Hierarchical clustering of individuals showed that
replicates of larvae of each treatment were similar to each other compared to
those from the other treatments (fig. 3.1a). However, one of the larvae that fed on
C. cordifolia clustered separately from all other larvae and showed distinct
expression profile. The hierarchical clustering of transcripts revealed 196 genes
(FC >3, FDR <0.05) that were differentially expressed between larvae that fed on
C. cordifolia compared to T. arvense. These transcripts split into 5 distinct
clusters (fig. 3.1a). Clusters 1 (n=76 genes; table 3.1; paired t-test, p<0.001) and
2 (n=20 genes; table 3.1; paired t-test, p<0.001) were upregulated in larvae that
fed on C. cordifolia. Cluster 3 (n=33; table 3.1; paired t-test, p<0.001) had similar

expression patterns in all but one larva that fed on C. cordifolia, where all the
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genes were highly upregulated in that particular larvae. Clusters 4 (n=32; table
3.1; paired t-test, p<0.001) and 5 (n=35; table 3.1; paired t-test, p<0.001) were

upregulated in larvae that fed on T. arvense (fig. 3.1b).

Gene set enrichment analysis reveals host-plant specific effects on critical

larval traits

Cluster 1 had GO terms related to metabolic processes and cellular
transport overrepresented in the biological processes (BP) category in larvae
feeding on C. cordifolia. In the molecular function (MF) ontology category, cluster
1 had 19 GO terms primarily related to transporter activity overrepresented.
Cluster 2, which was upregulated in larvae feeding on C. cordifolia had GO terms
related to development and immune cell proliferation overrepresented in the BP
category and GO terms related to binding and transferase activity

overrepresented in the MF category (fig. 3.1b, table 3.1).

Cluster 3 showed GO term overrepresentation in only one larva in the C.
cordifolia treatment. GO:0042335 cuticle development and G0O:0019233 sensory

perception of pain was overrepresented in that larva (fig. 3.1b, table 3.1).

Transcripts in cluster 4 in larvae feeding on T. arvense had GO terms
related to immune responses and responses to stimuli overrepresented in the BP
category. Transcripts in cluster 5 which were also upregulated in the T. arvense
treatment larvae showed GO terms related to lipid metabolism, cell death and

ageing overrepresented in the BP category (fig 3.1b, table 3.1).
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Molecular functions underlying various processes differentially expressed

between diet treatments

We found significantly higher expression in catalytic activity (fig. 3.2; table
3.2; paired t-test, p=0.005), cellular component (fig. 3.2; table 3.2; paired t-test,
p=0.015), localization (fig. 3.2; table 3.2; paired t-test, p=0.02) and transporter
activity (fig. 3.2; table 3.2; paired t-test, p<0.001) in larvae feeding on C. cordifolia
(fig. 3.2, table 3.2) compared to T. arvense. Larvae feeding on T. arvense had
higher expression in processes related to ATP-dependent activity (fig. 3.2; table
3.2; paired t-test, p=0.02), metabolic process (fig. 3.2; table 3.2; paired t-test,
p=0.012), and response to stimulus (fig. 3.2; table 3.2; paired t-test, p=0.005)
compared to those feeding on C. cordifolia. Molecular functions involved in
antioxidant activity, binding, cellular processes and transport, molecular carrier
activity, oxidoreductase activity and structural molecular activity had similar

expression across the two treatments.

Discussion:

We compared gene expression patterns of adult females of Pieris
macdunnoughii when laying eggs and third instar larvae when feeding on the
toxic, invasive plant Thlaspi arvense with that of Cardamine cordifolia, a native
host plant. Although we saw variation in oviposition choice by the females in our
assays, we did not find any differential gene expression between the females
preferring different plant species. We however found 196 transcripts that were

differentially expressed in the larvae in the two treatments. We found host-plant
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specific gene expression patterns in the larvae and identified underlying gene
ontologies that were enriched when feeding on the native plant or on T. arvense.
Larvae feeding on C. cordifolia showed upregulation of metabolic processes,
development, and immune cell proliferation, suggesting favorable hostplant
feeding, whereas larvae feeding on T. arvense showed upregulation of immune
processes, responses to stimuli, ageing, fatty acid metabolism and cell death,
indicating signs of impaired feeding. Overall, our results dissect the underlying
mechanisms of the evolutionary trap and identify the mechanisms decoupling
preference-performance in P. macdunnoughii in the presence of the invasive
plant, T. arvense. Our work also provides new insights on herbivore responses to
novel resources by combining both adult and larval responses and identifying the

ontogenetic stage where adaptation was likely to occur.

Female responses to Thlaspi arvense.

Pieris macdunnoughii has been experiencing T. arvense for at least 45
generations (since the evolutionary trap was identified) and possibly for 150+
generations (since T. arvense was first introduced to the Gunnison Valley) (Best
& Mcintyre, 1975; Chew, 1977b). Given that fithess costs of laying eggs on T.
arvense is high, evolution of female preference to avoid laying on the plant would
be expected. Although Lepidoptera females use a combination of olfactory,
visual, and gustatory cues to lay eggs on suitable hostplants, the ultimate step
involves gustatory recognition (Pivnick et al., 1994; Steward & Boggs, 2020).
Gustatory receptors are localized in the forelegs of the females and olfactory and

visual receptors are located on the antennae and eyes respectively (Mclndoo,
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1929; Xu, 2020). Thus, any differences in perception should be identifiable in
these organs. However, we did not find any differences in gene expression in the
antennae, head, and forelegs of the females when choosing between the two
hostplants. This suggests that females are unable to differentiate between the
two hostplants and therefore, error-prone oviposition on T. arvense is the
underlying cause in the persistence of the evolutionary trap. Thlaspi arvense and
C. cordifolia both contain sinigrin, an aliphatic glucosinolate that is an oviposition
attractant (Rodman & Chew, 1980; Steward et al., 2019a). Sinigrin concentration
IS, however, magnitudes higher in T. arvense compared to the other native
hostplants and therefore acts as a stronger oviposition attractant compared to the
native plants (Steward et al., 2019a; Steward & Boggs, 2020). Although females
can differentiate between different oviposition attractants through differential
gene expression, the gustatory receptors might not be fine-tuned to differentiate
between different concentrations of the same compound (Orsucci et al., 2018;
Ozaki et al., 2011). Thus, sinigrin in T. arvense and the native plants might be
presenting as the same cue, albeit at a presumed higher fitness, thus driving

females to oviposit on T. arvense.

Larval responses to Thlaspi arvense.

We found 196 transcripts that were differentially expressed in larvae
between the two treatments. Hierarchical clustering revealed that larvae in the
same treatment were similar to each other compared to the other treatment in
their expression profiles, thus suggesting hostplant specific effects on larval gene

expression. Of the five distinct gene clusters, two showed upregulation in larvae
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feeding on C. cordifolia and two showed upregulation in larvae feeding on T.

arvense.

Transcripts in cluster 1 (table S3.1) showed upregulation in GO terms
related to metabolism including carbohydrate metabolism (GO:0005975;
G0:0005996; GO:0008643; GO:0034219), vitamin metabolism (GO:0006766;
G0:0009812; GO:0035461), organic acid metabolism (GO:0006082;
G0:0015882; G0O:0019852), uronic acid metabolism (GO:0006063) among
others. Cluster 1 also showed upregulation of several growth-related GO terms
including imaginal disc pattern formation (GO:0007447), wing disc pattern
formation (GO:0035222), neuron recognition (GO:0008038; GO:0035082),
respiratory tube (G0O:0030323), and lung development (GO:0030324), among
others. Several GO terms related to biosynthetic process were also upregulated
including folic acid biosynthesis (GO:0009396) and pteridine biosynthesis
(G0:0042559). GO terms related to adaptation, such as general adaptation
syndrome (G0:0051866), and adaptation syndrome to behavioral process
(G0:0051867) were also upregulated. Processes mentioned above are hallmarks
of adaptive larval performance and are correlated with higher larval survival and
pupation. Apart from these, GO terms related to lipid storage including negative
regulation of fatty acid metabolism and lipid export from cell, which are positive
indicators of high-quality resource were also upregulated (Boggs, 1981; Boggs &

Freeman, 2005; D. A. Hahn, 2005; Liu et al., 2009).

Transcripts in cluster 2 (table S3.2) showed upregulation in GO terms

related to development including pupation (GO:0035074; GO:0035209), positive
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regulation of epidermis development (GO:0045682; GO:0045684), intestinal
epithelial cell development (GO:0060575; GO:0060576), response to ecdysone
(G0O:0071390) and reproduction (GO:0000003; GO:0000909; GO:0048608;
G0:0048806; GO:0001893). GO terms related to immune cell proliferation
including T cell differentiation (GO:0033078; GO:0033082), Natural Killer T cell
differentiation (GO:0001779; GO:0001865; GO:0030101), cell proliferation
involved in imaginal disc-derived wing morphogenesis (G0O:0090256) and
negative regulation of leukocyte proliferation (GO:0070661) was also enriched.
Plant detoxification related GO terms were also enriched such as UDPG
metabolic process (GO:0006011), response to sterol (GO:0036314;
G0:0036315) and positive regulation of response to oxidative stress
(G0:1902884). Sex organ development (gonads and ovaries) usually develop
during the third instar in several Pieridae and can be visually seen in the dorsal
surface of the larvae. Sex organ development is positively correlated with
hostplant quality in several insects, including Lepidoptera (Awmack & Leather,
2002; Boggs, 1981, 2009; Clissold & Simpson, 2015; Ishihara & Ohgushi, 2006;
Landolt & Phillips, 1997). Immune cell proliferation is also known to be
upregulated in other phytophagous insects when feeding on suitable hostplants
(Diamond & Kingsolver, 2010; Klemola et al., 2007). Detoxification enzymes such
as UDPGT are involved in plant metabolite detoxification where UGT enzymes
mediate the transfer of glycosyl residues from nucleotide sugars to acceptor
molecules that are then converted to lipophilic substances which are excreted

from the body (Tephly & Burchell, 1990).
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Transcripts in cluster 3 (table S3.3) showed upregulation in only one larva
that fed on C. cordifolia. Based on the GO terms enriched, such as cuticle
development and sensory perception to pain, this individual is likely an outlier
and the expression profiles patterns are either due to injury prior to sample

processing or other unaccounted damage.

Cluster 4 (table S3.4) showed upregulation in larvae that fed on T.
arvense. GO terms related to immune response, toxin metabolic process and
cellular damage were upregulated. GO terms that indicated immune response
included regulation of immune response (G0:0002682; GO:0002684;
G0:0002697), antimicrobial humoral response (GO:0019730), response to
bacterium (G0O:0009607; GO:0009617; GO:0042742; GO:0050830;
G0:0002833; GO:0031349) and toll signaling pathway (GO:0008063;
G0:0008592; GO:0045752). The above immune responses indicate immune
responses to fungal and/or bacterial pathogens in the midgut. For example, Toll
signaling pathway is upregulated in Drosophila in response to bacterial infection
(Anderson, 2000). Plant defenses are known to interact with gut microbiome and
can alter the composition from mutualistic bacteria to pathogenic bacteria,
especially when larvae feed on low quality or non-host species by initiating leaky
guy syndrome (Hammer & Bowers, 2015; Mason et al., 2019). Coupled with
immune responses, GO terms related to toxin metabolism including toxin
catabolic process (G0O:0009407; GO:0009636) and xenobiotic catabolic process
were enriched. Additionally, GO terms related to cellular damage such as cell

killing (GO:0001906; G0O:0031341; GO:0031343) and cytolysis (GO:0019835;
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G0:0042268) were enriched. Overall, gene expression profile of cluster 4
indicates plant defense mediated pathogenic changes in microbiome that impair

feeding and growth on T. arvense.

Cluster 5 transcripts (table S3.5) showed upregulation in T. arvense feeding
larvae in GO terms broadly related to lipid metabolism, response to starvation,
aging and cell death. GO terms related to lipid metabolism that were enriched
included fatty acid biosynthesis pathway (GO:0006629; GO:0006633;
G0:0001676; GO:0006636; GO:0008610; GO:0016042; GO:0033559;
G0:1901571), phospholipid biosynthesis pathway (GO:0006644),
phosphatidylcholine catabolic process (G0:0034638; GO:0036151;
G0:0036152) and eicosanoid metabolic process (G0O:0046456). Increased lipid
metabolism coupled with GO terms related to response to starvation
(G0O:0042594) indicate that the larvae are unable to metabolize T. arvense and
thus starving to death. P. macdunnoughii larvae have been shown to initiate
feeding later on T. arvense and pre and post ingestive defenses are known to
deter feeding, thus increasing starvation and mortality (Steward et al., 2019a). In
holometabolous insects, adult lipid content is dependent on larval lipid storage as
most of the lipids are derived during larval development (Boggs, 1981; Boggs &
Freeman, 2005). Increased lipid catabolism in larval stages is known to impact
successful pupal eclosion, adult survival, reproduction, and various life history
traits (Boggs, 1981). Low lipid reserves in larvae is positively correlated with

higher mortality.
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Additionally, our results of Pfam function enrichment between the two
treatments indicated higher expression of transporter activity, localization, and
catalytic activity in larvae feeding on C. cardamine, further providing support that
larvae feeding on C. cardamine have higher success compared to those feeding
on T. arvense where functions related to response to stimulus (immune
response, xenobiotic compounds), metabolic process and ATP - dependent

activity were higher in their expression.

Overall, the larval gene expression profiles show stark contrasts among
the different clusters and molecular functions, where upregulation of transcripts in
clusters 1 and 2 is indicative of a high-quality host plant (C. cordifolia) and
upregulation of clusters 4 and 5 indicates a poor hostplant (T. arvense) that leads

to the death of the larvae.

Implications for preference-performance hypothesis and the outcome of

evolutionary trap.

Our results demonstrate that females' lack the ability to differentiate
between the host plants and larvae show impaired signs of feeding on T.
arvense. The fitness costs related with laying eggs on T. arvense is dependent
on the fine-grained structure of T. arvense in the habitat and its proximity to
native host plants (Nakajima et al., 2013; Nakajima & Boggs, 2015). Thlaspi
arvense is also expected to increase in abundance due to increased droughts,
warmer temperatures, and anthropogenic disturbances. This suggests that error-

prone oviposition on T. arvense by P. macdunnoughii will increase due to an
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increase in T. arvense abundance compared to the native host plants that prefer
wet soils and colder climates. Analysis of signatures of selection in P.
macdunnoughii in response to T. arvense indicated that local adaptation can
occur in the face of high gene flow and low genetic variation (Ravikanthachari et
al., unpublished). These results combined with the results from this study indicate
that selection would likely act on larval ability to feed on T. arvense rather than
females' ability to avoid laying eggs on the plant. Several cases where repeated
error-prone oviposition by females have resulted in larvae incorporating the novel
host plant has been documented, including in related species Pieris oleracea and
its interaction with the invasive mustard Alliaria petiolata (Haribal et al., 2001;
Huang et al., 1994). Larvae that can survive longer on T. arvense could
potentially move to native hostplants in the later instars, resulting in rescue from

the evolutionary trap.

Additionally, our analysis also highlighted gut microbiome changes in
response to T. arvense. The role of gut microbiome in adaptation to new hosts
has been elucidated in several species and might play a complementary role in
P. macdunnoughii larvae adapting to T. arvense in the future (Blankenchip et al.,

2018; Ge et al., 2021).

Conclusions:

Our results are among the few studies that have quantified both
preference and performance at the level of gene expression. Most existing

research has addressed only one component (either preference or performance)
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at the level of gene expression, thus making it difficult to draw broader
conclusions about the underlying mechanisms. Our results add to the decades of
ecological studies that have addressed preference-performance in phytophagous
insects by elucidating the genetic mechanisms underlying decoupling of
preference-performance mismatches. Our results also suggest a role for the gut
microbiome in response to novel hosts. This work provides a base for future work
on hostplant-insect interactions to test the role of larval gut microbiome changes
in mediating plant-insect interactions on novel hosts. This work combined with
the extensive research on the Pieris-Thlaspi evolutionary trap system serves as a
model to understand the continued effects and predict the outcomes of native

species interactions with novel resources.
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Table 3.1: Paired t-test comparing gene expression (log (CPM)) between C. cordifolia and T. arvense among

different clusters.

Gene cluster y (log) groupl group2 n (C. n (T. arvense) | statistic | df p p.adj
cordifolia)

1 CPM C. T. arvense | 340 340 -10.920 | 636.194 | <0.00 | <0.00
cordifolia 1 1

2 CPM C. T. arvense | 190 190 7.354 313.047 | <0.00 | <0.00
cordifolia 1 1

3 CPM C. T. arvense | 260 260 -0.118 459.432 | <0.00 | <0.00
cordifolia 1 1

4 CPM C. T. arvense | 670 670 13.936 1292.49 | <0.00 | <0.00
cordifolia 3 1 1

5 CPM C. T. arvense | 360 360 3.522 575.110 | <0.00 | <0.00
cordifolia 1 1
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Table 3.2: Paired t-test comparing gene expression (log (CPM)) between C. cordifolia and T. arvense among

different Pfam molecular functions.

Molecular function y (log) | groupl group?2 n (C. n (T. Statisti | df p p.adj
cordifolia) arvense) c
antioxidant activity CPM C. T. 10 10 1.473 10.516 | 0.17 0.238

cordifolia arvense

ATP-dependent activity CPM C. T. 10 10 -3.117 10.975 | 0.010 | 0.020

cordifolia arvense

binding CPM C. T. 330 330 0.351 645.55 | 0.726 | 0.726
cordifolia | arvense 4

catalytic activity CPM C. T. 440 440 3.360 860.75 | <0.00 | 0.005
cordifolia arvense 6 1

cellular anatomical comp. | CPM C. T. 10 10 3.280 14.301 | 0.005 | 0.015

cordifolia arvense

cellular process CPM C. T. 110 110 0.593 214.94 | 0.554 | 0.597
cordifolia arvense 3
cellular transport CPM C. T. 10 10 1.046 10.001 | 0.323 | 0.377

cordifolia arvense
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localization CPM C. T. 50 50 2.701 91.200 | 0.008 | 0.019
cordifolia arvense

metabolic process CPM C. T. 60 60 -2.971 108.49 | 0.004 | 0.013
cordifolia arvense 1

molecular carrier activity CPM C. T. 30 30 1.636 55.971 | 0.108 | 0.168
cordifolia arvense

oxidoreductase activity CPM C. T. 20 20 -2.171 34.065 | 0.037 | 0.065
cordifolia arvense

response to stimulus CPM C. T. 80 80 -3.332 158 0.001 | 0.005
cordifolia arvense

structural molecular CPM C. T. 30 30 -1.113 54.125 | 0.271 | 0.345

activity cordifolia arvense

transporter activity CPM C. T. 210 210 8.335 389.31 | <0.00 | <0.00
cordifolia arvense 0 1 1
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Figure 3.1. a) Heatmap showing log (FC) in larvae in response to feeding on C.
cordifolia (brown) and T. arvense (green). Individuals (columns) and transcripts
(rows) are arranged by hierarchical clustering of expression profiles. b) Individual
gene expression profile corresponding to each cluster of gene expression

represented in panel a.
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CHAPTER 4

GENE FAMILY EVOLUTION IN BRASSICACEOUS-FEEDING
INSECTS: IMPLICATIONS FOR ADAPTATION AND HOST PLANT

RANGE.4

4 Ravikanthachari N, Boggs CL. To be submitted to Genome Biology and Evolution
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Introduction:

Co-evolutionary interaction between plants and their herbivores is often
proposed as one of the major drivers of eukaryotic biodiversity on earth (Ehrlich
& Raven, 1964; Futuyma & Agrawal, 2009; Wiens et al., 2015). The co-
evolutionary arms race is a product of ongoing key adaptive innovations in
chemical and physical defense in plants and behavioral and chemical adaptation
to circumvent those defenses in herbivores (M. Berenbaum, 1983; M. R.
Berenbaum et al., 1986; Edger et al., 2015; Wheat et al., 2007). As a result,
many herbivores have evolved specific mechanisms to detoxify a narrow range
of hostplant chemicals and thus feed and develop on them (Hardy & Otto, 2014;
Jaenike, 1990; Joshi & Thompson, 1995). The hostplant range of an herbivore is
thus dependent on multiple factors including the degree similarity of chemical
defenses among host plants, evolutionary history of hostplant use, genetic
variation in detoxification enzymes and diversity of sensory repertoire in
herbivores (Awmack & Leather, 2002; Bernays & Graham, 1988; Gripenberg et

al., 2010).

Insect detoxification systems involve three distinct phases, which help in
converting toxic plant chemicals to inert substances that are then excreted
(Heidel-Fischer & Vogel, 2015; Kant et al., 2015; Rane et al., 2019). Phase |
detoxification consists of cytochrome p450 monooxygenases (P450s or CYPS)
and carboxylesterases (COesterase) which introduce reactive and polar groups
into plant toxic compounds by reduction or hydrolysis (Dermauw et al., 2020;

Feyereisen, 1999; Ranson et al., 2002). Phase Il detoxification enzymes which
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include Glutathione-S-Transferases (GSTs), UDP-glucosyltransferase (UDPGTs
or UGTs) and Sulfotransferases add either glutathione, glucosyl or sulfate groups
respectively to the byproducts from phase | or to toxic compounds themselves to
increase their hydrophilicity (Cermak, 2008). Finally, enzymes in phase Il such
as ABC (ATP-binding cassettes) transporters that export these bound toxins to

the extracellular matrix for excretion (Dermauw & Van Leeuwen, 2014).

Polyphagous herbivores (those that feed on a wide range of plant families
with diverse chemical composition) and specialist herbivores (those that are
specialized to feed on one plant family with a particular class of chemical profile)
have different mechanisms by which they detoxify plant compounds.
Polyphagous herbivores are known to have higher gene expression and
increased gene copies of phase | and phase Il general detoxification enzymes
whereas specialist herbivores have evolved specific detoxification enzymes in
addition to the general detoxification machinery (Calla et al., 2017; Edger et al.,

2015; Wheat et al., 2007).

The interaction between the plant family Brassicaceae (mustard family)
and its herbivores has been intensively studied in order to dissect the
mechanisms underlying detoxification of specialized toxic compounds (Edger et
al., 2015; Ratzka et al., 2002; Wheat et al., 2007). Brassicaceae have evolved
glucosinolates (GLS), a class of secondary compounds that are stored
separately from myrosinases (Wittstock & Halkier, 2002). Upon damage by
herbivores, glucosinolates and myrosinases interact, followed by the hydrolysis

of glucosinolates into highly toxic isothiocyanates (Halkier & Gershenzon, 2006).
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Brassicaceae are well defended as most herbivores are unable to process
isothiocyanates. However, specialized herbivores including some species of
Lepidoptera such as Pieris sps. (Pieridae) and Plutella xylostella (Plutellidae)
have evolved mechanisms to redirect the GLS-myrosinase reaction to instead
form nitriles that are less toxic (Heidel-Fischer & Vogel, 2015). Pieris sps. have
evolved nitrile specifier protein (NSP), which is expressed in the midgut to
detoxify GLS (Chew, 1977a, 1980; Kuchernig et al., 2012). NSPs belong to the
family of Insect allergen repeat, which is present in all insects and whose function
Is largely unknown. However, in Pieris spp., evolution of NSP was a key
innovation in the diversification of the genus as well as their ability to utilize

Brassicaceae (Edger et al., 2015; Pomés et al., 1998; Wheat et al., 2007).

Apart from the above-mentioned specialist Lepidoptera, several species in
the family Noctuidae (Lepidoptera) are known to feed on Brassicaceae in
addition to feeding on a large range of hostplants. Several of these species are
also well-known pest species including Helicoverpa armigera, Spodoptera exigua
and Trichoplusia ni (Cho et al., 2008). Although they do not possess specialized
enzymes mentioned above, they are able to feed on a diverse set of hostplant
families including Brassicaceae through differential expression and regulation of

the general detoxification machinery.

In addition to detoxification, sensory perception plays a crucial role in the
hostplant range of insect herbivores. Sensory receptors are usually fine-tuned to
the secondary metabolites present in the hostplant (Engsontia et al., 2014). For

example, ovipositing females can differentiate between hosts and non-hosts as
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well as assess the nutritional quality of the hostplant using gustatory and
olfactory receptors (Ozaki et al., 2011; Ryuda et al., 2013). In fact, the diversity of
sensory receptors is positively correlated with hostplant range in insects
(Engsontia et al., 2014). Sensory receptors consist of three classes: The first
class of receptors are olfactory receptors that aid in recognition of hostplants and
conspecifics (Brand et al., 2018; Missbach et al., 2014). Gustatory receptors are
involved in taste perception and consists of various subclasses that can identify
sweet, bitter, and salt compounds (Nei et al., 2008; Sanchez-Gracia et al., 2009).
The final class of sensory receptors are ionotropic receptors that are ligand gated
channels that are crucial in the perception of secondary metabolites (Rytz et al.,

2013).

Understanding the causal processes of hostplant specialization and the
mechanisms through which generalist and specialist herbivores interact with well-
defended plant toxins can shed light on the evolution and maintenance of
detoxification machinery, which has important practical implications in agricultural
management of pest species. Dynamic changes in gene family sizes,
neofunctionalization and gene duplications in detoxification genes are
hypothesized to be among the causal mechanism for the evolution of hostplant
range in herbivorous insects (Dermauw et al., 2020; Dermauw & Van Leeuwen,
2014; Halon et al., 2015; Suzuki et al., 2018). Therefore, understanding the
evolution of gene family size and selection on specialized detoxification genes
can help shed light on the mechanisms through which polyphagous and

specialist herbivores feed on well defended plant toxins.
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We here use a comparative phylogenetic approach by using high quality
genomes of lepidopteran insects that are both specialist and generalist feeders to
test: a) if generalist herbivores have larger gene family changes in detoxification
and sensory gene families compared to specialists; b) if detoxification and
sensory gene families in generalist species evolve faster than specialists and c) if

Nitrile Specifier Protein (NSP) was under purifying or diversifying selection.

Methods:

Data collection and quality assessment

We downloaded genomes of Lepidoptera which feed on Brassicaceae
(table S1) from NCBI (Sayers et al., 2021) and Ensemble LepBase (Challi et al.,
2016). The final list of species, the corresponding accession numbers and date
accesses are provided in the supplementary table S1. We designated a species
as a specialist herbivore if it only fed on Brassicaceae family and as a generalist
herbivore if it fed on other plant families in addition to Brassicaceae. We
assessed genome quality based on BUSCO scores with the Lepidoptera gene
set consisting of 5218 BUSCO in BUSCO v. 4 (Siméao et al., 2015). Genomes
that showed a high percentage of fragmented or missing BUSCOs were

excluded from downstream analysis.

Structural and functional annotation

We softmasked the repeats in our genomes using redmask (Girgis, 2015).
Softmasked genomes were run through the BRAKER?2 (Brlna et al., 2021)

annotation pipeline with AUGUSTUS for gene predictions, with the Arthropoda
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gene set from OrthoDB (Kriventseva et al., 2019) serving as the reference
proteins. We used gffread from the cufflinks pipeline (Trapnell et al., 2012) to
extract protein and CDS sequences following gene prediction by BRAKER2. We
retained only one isoform per gene when genes were represented by multiple
isoforms using agat_sp_keep_longest_isoform_pl function in AGAT (Dainat et
al., 2020). The final protein set was cleaned of illegal characters such as "*" and
"." and used for functional annotation with EggNOG (Cantalapiedra et al., 2021)
and InterProScan (P. Jones et al., 2014). We used the Arthropoda dataset for
functional annotation and realigned all the terms to their respective protein
families using the Pfam (Mistry et al., 2021) databse for EQgNOG annotation. For
InterProScan, we used the -appl Pfam -goterms to get information about protein

family annotations. We ran BUSCO again on the final protein set using the

lepidopteran gene set to assess completeness of the proteome.

Orthologs inference and phylogenetic tree inference

We used OrthoFinder (Emms & Kelly, 2019) to predict orthologous protein
groups (OGs). An orthogroup is a set of genes that have descended from a
single gene from the last common ancestor (LCA) in a clade of species. The
filtered protein set was used as input for Orthofinder and was run with default

settings to predict OGs.

We additionally used Orthofinder for constructing our species and gene
phylogenetic tree. We used the -M msa option in Orthofinder for multiple

sequence alignment using MAFFT (Katoh & Standley, 2013). We used the
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aligned single copy orthologs for building our species phylogenetic tree and the
aligned sequences for each OG to construct the respective gene trees using
IQTree (Nguyen et al., 2015). We used the default setting under 1IQTree for
inferring species and gene trees. The root of the species tree was time calibrated
to 87 Myr to reflect the divergence of the three families used in the analysis

(Espeland et al., 2018).

Gene family evolution

CAFE v. 5.0 (Mendes et al., 2020) was used to analyze gene family
evolution under a phylogenetic framework. We used the phylogenetic hierarchical
orthogroups from OrthoFinder analysis to retrieve gene counts per species as
input for CAFE. We first filtered OGs whose gene counts were greater than 100
in any single species as recommend by the developers. We additionally filtered
OGs that showed high variance across species as they can lead to biases in
gene family evolution estimation as well as preventing convergence among

replicates in the analysis.

Once our test analysis using the base parameters showed convergence,
we calculated the error in gene assembly and annotation in our dataset using the
-e option in CAFE. We subsequently used the estimated error in our subsequent
analysis to account for genome annotation errors. We used 4 different data sets
for our gene family evolution analysis. Our first dataset included OGs comprised
of all gene families after filtering of high variance and high copy numbers as

indicated above, hereby referred to as "all genes". Second, we generated a
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filtered dataset consisting of eight gene families involved in detoxification of plant
compounds (p450 and COesterase in Step |, UGT, GST and ST in Step Il, ABC
transporter in Step Il and insect cuticle protein and trypsin related to general
digestive process), hereby referred to as "detoxification genes". Our third dataset
included a filtered dataset consisting of three gene families involved in sensory
recognition in Lepidoptera (gustatory, ionotropic, and olfactory genes), hereby
referred to as "sensory genes". Our final filtered data set consisted of individual
gene families involved in detoxification process and sensory recognition referred

to as "single gene family".

We ran CAFE in two different modes. Our first run consisted of estimating
a single rate of change (A) for each of the 4 datasets to calculate a "baseline" A
for the entire tree. In our second run, we estimated A separately for specialists,
generalists and Plutella xylostella. We calculated a separate A for P. xylostella for
2 reasons: a) Plutella xylostella was indicated as an outgroup in our tree, and
therefore, including it with the rest of the specialists would bias our A estimates
for specialists and b) P. xylostella belongs to a different family compared to all
the other specialist feeders (Pieris sps., Pieridae) and generalist feeders
(Noctuidae) in our dataset. We ran CAFE multiple times on all our datasets to
ensure convergence among runs and used those estimates for determining A for

gene family evolution.

Signatures of selection on NSP gene
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We used the HyPhy suite (Pond et al., 2005) on the webserver
Datamonkey (Weaver et al., 2018) to test signatures of selection on the NSP
gene. We first used the multiple aligned sequence of the OG corresponding to
NSP from the OrthoFinder analysis and converted it to aligned CDS sequences
using Pal2Nal (Suyama et al., 2006) to use as input in HyPhy. We used FEL
(fixed effects likelihood) to investigate whether individual sites in the NSP gene
were subjected to pervasive selection. FEL uses a ML method to infer
nonsynonymous (dN) and synonymous (dS) substitution rate for each site. We
ran FEL with 1000 parametric replicates and used an asymptotic chi-squared test
to assess significance. To test if selection on the NSP gene in the Pieris spp.
(specialist and butterfly) clade was different compared to the rest (generalists
and/or moths) of the phylogeny, we used contrast-FEL with branches
corresponding to Pieris spp. as foreground selection and the rest of the branches
as background selection. We assessed significant differences in dN/dS based on
a g-value threshold of <0.2. Finally, we used MEME (Mixed Effects Model of

Evolution) to test if sites in the NSP gene were subjected to episodic selection.

Results:

Genome quality, gene family statistics and phylogeny

Our analysis of twelve Lepidoptera genomes included 4 specialist
Brassicaceae herbivores from the butterfly family Pieridae (Pieris brassicae, P.
macdunnoughii, P. napi and P. rapae), one specialist herbivore, Plutella

xylostella from Plutellidae and seven generalist herbivores from the Noctuidae
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(Helicoverpa armigera, Helicoverpa zea, Mamestra configurata, Noctua pronuba,
Trichoplusia ni, Spodoptera exigua and Phlogophora meticulosa). BUSCO
analysis of proteomes indicated that all the species had > 87.5% completeness
with an average of 90.9% completeness, <5% average duplication, <1.5%
average fragmentation and < 3.5% average missingness. The number of
annotated protein coding genes ranged from 16733 in P. napi to 28532 proteins
in P. meticulosa (fig. 4.1; mean: 20730 proteins). The number of annotated
proteins was higher in moths (families Noctuidae and Plutellidae; median: 20557)
compared to butterflies (family Pieridae: 17053 proteins). The number of
functionally annotated proteins ranged from 12840 to 17850 (mean: 14650

annotations).

OrthoFinder analysis identified 21785 orthogroups. The gene counts
corresponding to these orthogroups were used as input for CAFE analysis. Our
filtered OG count after removing high variance OGs among species and >100
genes in any single species included 20897 OGs in the "all genes" dataset. The
"detoxification genes" dataset consisted of 690 OGs and the "sensory genes"
dataset consisted of 69 OGs. The "single gene family" dataset consisted of the
following number of OGs for each family: ABCs: 57, COesterases: 77, Insect
cuticle proteins: 123, GSTs: 33, Gustatory genes: 6, lonotropic genes: 14,
Olfactory genes: 49, p450s: 101, Sulfotransferases: 28, Trypsins: 237 and finally,

UGTs: 34.

Our species level phylogenetic tree was constructed based on 3575

complete single copy orthologs. Our phylogeny placed Plutella xylostella as the
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outgroup and Pieridae and Noctuidae as sister groups which is consistent with

other published phylogenies (fig. 4.1).

Gene family expansions and contractions

Our analysis suggested that across the entire phylogeny, Mamestra
configurata had the highest gene family expansions for the "all genes" dataset
(n=1873) and Trichoplusia ni had the highest gene family contractions (n=1269)
(fig. 4.2). Among butterflies, Pieris napi had the highest gene family expansions
(n=894) and gene family contractions (n=995) for the "all genes" dataset. Among
the detoxification and sensory gene families, M. configurata had the highest gene
family expansions for both families and the node leading to the Pieris sps. clade
had the largest gene family contraction for detoxification genes and P. napi for

the sensory gene families (fig. 4.2).

Gene family evolution:

Our analysis of gene family evolution for the "all genes" dataset resulted in
an overall change, A, of 0.00274 (-logL: 114663; fig. 4.3). Separate A estimations
for "all genes" showed that gene family evolution in P. xylostella (A= 0.00058)
was lower than the baseline change, while both specialists (A=0.0027) and
generalists (A=0.0036) had a higher rate of evolution than baseline, with
generalists having the highest rate of gene evolution. For "detoxification genes”,
generalist herbivores had higher rate of gene evolution (A= 0.0071) compared to
specialist herbivores (A= 0.0062) and for "sensory genes", specialist herbivores

had higher gene evolution rate (A= 0.0059) than generalist herbivores.
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In our "single gene family" dataset, P. xylostella had the lowest rate of
evolution across all detoxification enzymes. In genes that constitute the first step
in detoxification of plant compounds, generalist herbivores had the highest rate of
change in p450 genes (A=0.011) and in COesterase gene family (A=0.0087). In
the genes that facilitate conversion of plant toxic compounds to hydrophilic
compounds, specialist herbivores had the highest rate of evolution in UGT
(A=0.0123), GST (A=0.0087) and ST (A=0.004). Generalist herbivores had higher
rate of evolution for ABC (A=0.0028) (which is involved in excreting toxic
compounds), for trypsin (A=0.007) and cuticle protein (A=0.0058) (both involved

in increasing digestive efficiency).

Our analysis of "single gene family" olfactory gene families indicated that
gustatory gene evolution was highest in P. xylostella (A=0.0043) and lowest in
specialist herbivores (A=0.0013) (Pieris spp.) while ionotropic and olfactory gene
families evolved at a faster rate in specialist herbivores compared generalist

feeders or P. xylostella (fig. 4.3).

Signatures of selection on NSP gene

We found evidence for pervasive purifying selection in the NSP gene
(fig.4.4). 41% of the codons were under purifying selection (95/227 codons). Our
analysis of dN/dS showed that the NSP gene was characterized predominantly
by synonymous substitutions. Almost all of the codons under purifying selection
were present in the conserved domain of the NSP gene. However, we did not

identify any sites that were under pervasive diversifying/positive selection. We
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used Contrast-FEL to test if the NSP gene in the Pieris genus had different
substitution rates compared to the rest of the phylogeny. We identified 2 sites
(blue arrow in fig. 4.4) that showed different substitution rates in the Pieris spp.
clade compared to the rest of the phylogeny. Additionally, we identified six sites
in the conserved domain that were under episodic positive/diversifying selection
(black arrow in fig. 4.4).

Discussion:

We evaluated the role of detoxification and sensory gene family
expansions in specialist and generalist herbivores feeding on Brassicaceae. We
additionally examined selection on the nitrile specifier protein gene, a novel
protein involved in glucosinolate detoxification in Lepidoptera. We found that
generalist herbivores had the largest gene family changes in all gene families,
detoxification related families as well as sensory gene families. Generalist
herbivores also had faster evolution of all genes and detoxification gene families,
while specialists had faster gene evolution in sensory gene families. Additionally,
we found that the nitrile specifier protein gene is highly conserved among
generalist and specialist lepidopterans. Although NSP is highly conserved, we

identified signatures of episodic and positive selection on the gene.

Gene family expansion/contraction in Lepidoptera

We examined gene family expansions/contractions in 12 species of
Lepidoptera from 3 distinct families that feed on Brassicaceae. Although many

other Lepidoptera and insects are known to feed on Brassicaceae, the 12
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species included in our analysis are known to cause serious damage to
Brassicaceae. In fact, species in the Noctuidae family constitute some of the
most damaging pests in the world (Cho et al., 2008). Genera such as
Spodoptera, Trichoplusia and Helicoverpa are some of the insects with the
widest range of recorded hostplants (G. S. Robinson et al., 2010). All species in
the Noctuidae family in our analysis are polyphagous and also feed on
Brassicaceae, while Pieridae and Plutellidae family in our analysis consists of

specialist herbivores on Brassicaceae.

We found that Noctuidae family and the species represented within
showed the largest gene family expansions and contractions, followed by Plutella
xylostella (fig. 4.2). Pieris sps. had the lowest gene family expansion. Our results,
therefore, suggest that polyphagy is associated with greater gene family
expansions and contractions. This is in line with other studies that have found
that species with larger hostplant ranges have large gene families compared to
those that fed on few or a single plant family (Breeschoten, van der Linden, et al.,

2022; Suzuki et al., 2018).

Polyphagous herbivores use the general detoxification processes (phase |
-1ll) to detoxify plant compounds and thus, larger copy numbers of these genes
will result in higher gene expression to process plant toxins efficiently
(Breeschoten, van der Linden, et al., 2022; Dermauw & Van Leeuwen, 2014;
Ranson et al., 2002). Polyphagy is also associated with a dynamic gene family
expansion/contraction, especially if the hostplant range of the herbivore is labile.

For example, in the Nymphalidae, hostplant range oscillates from ancestral
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specialists that experience range extension giving rise to generalist feeders that
adapt to local hostplant communities and in turn diversify and specialize (Hardy &
Otto, 2014; Janz et al., 2006; Janz & Nylin, 2008; Nylin et al., 2014). This results
in rapid changes in gene family expansions/contractions. If hostplant
specialization is selected in the future, this can result in fewer gene family
expansion/contractions. In fact, that is what we see in specialist Brassicaceae
feeders. Pieris spp. and P. xylostella on the other hand are specialist herbivores
that possess fine-tuned detoxification processes to counteract glucosinolate
toxicity. Therefore, generalized detoxification genes families are relatively stable

and under strong selection.

Gene evolution in Lepidoptera

Our CAFE analysis estimated an overall change of 0.00274
(gains/losses/Myr) for all genes. Our estimate of A is consistent with what is seen
in other insects such as Drosophila, A= 0.0012; (M. W. Hahn et al., 2007),
Lepidoptera A= 0.0023; (Breeschoten, van der Linden, et al., 2022), and
Anopheles A= 0.0031 (Neafsey et al., 2015). When estimating separate change
for specialists, generalists, and P. xylostella, we found a higher rate of change for
generalists, which fits with the largest gene family expansion/contraction in
generalist species (Breeschoten, van der Linden, et al., 2022; Suzuki et al.,
2018). Higher gene family evolution rates could be due to underlying gene
duplication, neo-functionalization and/or genome rearrangements, all of which

are implicated in polyphagous feeding (Murad et al., 2021; Seppey et al., 2019).
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Our estimation of gene evolution for detoxification gene families showed
that generalists had the highest rate of change. When we examined individual
detoxification gene families, generalists had higher gene evolution for phase |,
phase Il and digestion related genes (cuticle and trypsin). p450 genes have
been extensively studied for their role in hostplant use in Lepidoptera. p450
genes can metabolize a wide range of plant compounds including xanthoxin
(Mao et al., 2006), furanocumarins (Lindroth, 1989), alkaloids (Wang et al., 2018)
and even insecticide resistance (Pan et al., 2018). Since polyphagous herbivores
feed on a wide range of chemicals, faster evolution in genes of phase |
detoxification can help them adapt to new hosts and overcome insecticide
resistance. Gene families in phase Il had a higher evolutionary rate in specialist
herbivores compared to generalists. Phase Il detoxification genes are specialized
genes that add specific compounds which increase solubility and excretion
efficiency (Nallu et al., 2018; You et al., 2015). Specialist herbivores have
alternate pathways to detoxify toxic compounds, for example, the use of NSP to
form nitriles instead of isothiocyanates in specialist Brassicaceae feeders (Edger
et al., 2015; Okamura, Sato, Tsuzuki, Sawada, et al., 2019; Ratzka et al., 2002).
These modified products are processed by phase Il genes and specialist
herbivores have evolved modified phase Il enzymes to efficiently process these
by products. In fact, GSTs are upregulated in the larvae of Pieris spp. and
Plutella xylostella when feeding on Brassicaceae (You et al., 2015). UDPGTs are
also enriched in the transcriptome of Danus plexippus larvae which feed on

plants from the family Apocynaceae which contain cardiac glycosides (Ranz et
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al., 2021). Generalist herbivores had higher evolution in phase Il as well trypsin
and insect cuticle proteins, all of which are positively correlated with polyphagy in
many insect species including Lepidoptera (Kelkenberg et al., 2015; Muhlia-

Almazan et al., 2008; Rawlings & Barrett, 1995).

Our estimation of gene evolution in sensory receptors highlighted that
overall, specialist herbivores had faster evolution compared to generalists. Our
single gene family analysis, however showed faster evolution of gustatory
receptors in P. xylostella compared to generalists or specialists. This is in
agreement with what has been published for lepidopteran gustatory receptors.
Plutella xylostella is an outlier and possess greater diversity of gustatory
receptors and is known to have higher gene evolution compared to other
lepidopteran species (Engsontia et al., 2014). The gene evolution of gustatory
gene families is positively correlated with host plant range. For example, in a
transcriptomic analysis of gustatory gene evolution in Nymphalidae, the lineage
leading to Vanessa cardui, a generalist herbivore known to feed on over 400
hostplants had the highest gene evolution rate compared to other specialists
(Suzuki et al., 2018). Our analysis of ionotropic and olfactory gene evolution
suggested higher rate of evolution in specialist herbivores compared to generalist
herbivores. Specialist herbivores feeding on Brassicaceae have fine-tuned
olfactory receptors to identify glucosinolates that have evolved through gene
duplication and neofunctionalization and therefore expected to have higher

evolution compared to those in generalist herbivores (Matsunaga et al., 2022).

Selection on NSP gene
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Our analysis of selection on the NSP gene in Brassicaceae-feeding
Lepidopteran insects revealed strong purifying selection. Our dN/dS estimates
indicated a lack of non-synonymous substitutions, suggesting the absence of
pervasive diversifying selection on NSP. Our contrast-FEL analysis showed that
the lineage leading to Pieris spp. had 2 sites in the conserved domain that had
different substitution rates compared to the other species. This could indicate
selection specific to Pieris spp. on the NSP gene. Our results are in agreement
with what has been shown for positive selection on NSP gene in a subgroup of
Pieris spp. (Okamura, Sato, Tsuzuki, Murakami, et al., 2019). The
neofunctionalization and cooption of the insect allergen protein in Pieris spp. to
the extant NSP gene is a key innovation that allowed Pieris spp. to colonize
Brassicaceae and diversify on them. The two codons that we identified could
represent the differential selection pressures experienced by Pieris spp
compared to the rest of the phylogeny. Finally, our test for episodic selection
identified 6 sites that were subjected to diversifying selection. Although our
analysis does not shed light on the functional role of the sites under selection, it
does highlight the likely genetic targets that are crucial for adaptation and feeding
on Brassicaceae. These sites could serve as the targets for manipulative
CRISPR experiments to understand the mechanisms through which specialist

herbivores detoxify glucosinolates in Brassicaceae.

Genome quality and Lepidopteran phylogenetic framework

Our interpretations of gene family evolution and selection on the NSP

gene is critically dependent on the accuracy of genome annotations as well as
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species phylogeny. The availability of genomes for non-model organisms has
increased considerably with the advent of affordable sequencing and
development of assembly and annotation pipelines. However, the quality of
assembly and annotation varies considerably due to differences in sequencing
methods as well as differences in analytical methods among various research
groups (Ellis et al., 2021). To control for variation among different genomes, we
employed several strict quality checks and additional analysis: 1) We checked
the quality of the genome using BUSCO and used only those genomes that had
a BUSCO complete, single copy score >80%. 2.) We used BRAKER 2 for gene
prediction and EggNOG for functional annotation instead of using the default
proteome files available with the genomes. The annotated proteomes were
assessed for quality using BUSCO and only those that had a BUSCO complete
single copy score >85% were retained. This ensured that all proteomes were of
comparable quality for downstream analysis. 3) We retained only the longest
isoform per gene and removed isoform duplications that could bias gene family
evolution estimates. 4) We assigned a separate lambda for Plutella xylostella
since it was the outgroup in our analysis as well as a specialist Lepidoptera
belonging to a different family from the other species. 5) We calculated the error
in CAFE analysis and applied that to our analysis to account for genome

annotation and assembly errors.

Our phylogenetic reconstruction using single copy orthologs placed P.
xylostella as the outgroup with Noctuidae and Pieridae as sister genera which is

consistent with published reports (Espeland et al., 2018). We used 87 MYA as
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the root calibration, the age of diversification of P. xylostella. This placed the age
of node split of P. napi and P. macdunnoughii about 4-6 MYA, which is consistent
with what the Holarctic expansion and diversification of P. napi (Geiger &

Shapiro, 1992).

Conclusion:

We used whole genome comparative analysis to examine the role of
detoxification gene families, sensory gene families and the specialized NSP gene
on Lepidopteran herbivory on Brassicaceae. We found positive correlations with
general detoxification gene expansions and polyphagy and identified specific
steps in the detoxification pathway where gene family expansions were
correlated with host specialization. We additionally identified signatures of
pervasive purifying selection on the NSP gene as well as identified sites that
were subjected to different selection pressures in the lineage leading to Pieris
spp. Our results add to the growing body of work on understanding gene family

evolution and its role in hostplant range and specialization in insects.
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Figure 4.1: ML tree based on single copy orthologs from 12 Lepidopteran
species. Host range legend reflects herbivore specialist/generalist status.

BUSCO score represents protein completeness.
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Appendix A:

CHAPTER 2 SUPPLEMENTARY INFORMATION

A.1 Tables

Table A.1. Proposal variances used for EEMS runs.

Run Parameter 400 demes, run | 400 demes, run | 800 demes, run | 800 demes,
1 2 1 run 2
numMCMClter 15000000 15000000 15000000 15000000
numBurnlter 1500000 1500000 1500000 1500000
numThinlter 9999 9999 9999 9999
negBiSize 10 10 10 10
negBiProb 0.670000 0.670000 0.670000 0.670000
gVoronoiPr 0.250000 0.250000 0.250000 0.250000
mrateShape 0.000500 0.000500 0.000500 0.000500
grateShape 0.002000 0.002000 0.002000 0.002000
sigmaShape 0.001000 0.001000 0.001000 0.001000
grateScale 0.500000 0.500000 0.500000 0.500000
mrateScale 2.000000 2.000000 2.000000 2.000000
sigmaScale 1.000000 1.000000 1.000000 1.000000
mSeedsProposalS2 0.000290 0.000290 0.000250 0.000250
gSeedsProposalS2 0.002000 0.002000 0.002600 0.002600
mEffctProposalS2 0.520000 0.520000 0.515000 0.515000
gEffctProposalS2 0.007100 0.007100 0.010000 0.010000
mrateMuProposalS2 | 0.015000 0.015000 0.015000 0.015000
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A.2 Figures
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Figure A.1. Model convergence from EEMS runs.
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Figure A.3. Posterior migration rates.
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APPENDIX B

CHAPTER 3 SUPPLEMENTARY INFORMATION

B.1 Tables

Table B.1. GO terms enriched in Cluster 1

TermID Name

G0:0005975 carbohydrate metabolic process

G0:0006063 uronic acid metabolic process

G0:0006356 regulation of transcription by RNA polymerase |

GO0:0006575 cellular modified amino acid metabolic process

GO0:0006766 vitamin metabolic process

G0:0005996 monosaccharide metabolic process

G0:0006082 organic acid metabolic process

G0:0006811 monoatomic ion transport

G0:0055085 transmembrane transport

G0:0007205 protein kinase C-activating G protein-coupled receptor signaling pathway

GO0:0007447 imaginal disc pattern formation

G0:0035222 wing disc pattern formation

G0:0007567 parturition

G0:0007588 excretion

G0:0008038 neuron recognition

G0:0008643 carbohydrate transport

G0:0009256 10-formyltetrahydrofolate metabolic process

G0:0009636 response to toxic substance

G0:0009804 coumarin metabolic process

G0:0009698 phenylpropanoid metabolic process

G0:0009812 flavonoid metabolic process

G0:0010578 regulation of adenylate cyclase activity involved in G protein-coupled
receptor signaling pathway

G0:0007190 activation of adenylate cyclase activity

G0:0010677 negative regulation of cellular carbohydrate metabolic process

G0:0010817 regulation of hormone levels

G0:0014064 positive regulation of serotonin secretion
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G0:0002027 regulation of heart rate

G0:0010700 negative regulation of norepinephrine secretion

G0:0014061 regulation of norepinephrine secretion

G0:0014062 regulation of serotonin secretion

G0:0032277 negative regulation of gonadotropin secretion

G0:0043300 regulation of leukocyte degranulation

G0:0043302 positive regulation of leukocyte degranulation

G0:0061178 regulation of insulin secretion involved in cellular response to glucose
stimulus

G0:0061179 negative regulation of insulin secretion involved in cellular response to
glucose stimulus

G0:1903524 positive regulation of blood circulation

G0:2000293 negative regulation of defecation

GO0:0015711 organic anion transport

G0:0015851 nucleobase transport

G0:0015882 L-ascorbic acid transmembrane transport

G0:0034219 carbohydrate transmembrane transport

G0:0035461 vitamin transmembrane transport

G0:0070837 dehydroascorbic acid transport

G0:0019852 L-ascorbic acid metabolic process

G0:0021854 hypothalamus development

G0:0030324 lung development

G0:0030323 respiratory tube development

G0:0033008 positive regulation of mast cell activation involved in immune response

G0:0002888 positive regulation of myeloid leukocyte mediated immunity

G0:0033006 regulation of mast cell activation involved in immune response

G0:0035082 axoneme assembly

G0:0035482 gastric motility

G0:0035640 exploration behavior

G0:0035934 corticosterone secretion

G0:0001820 serotonin secretion

G0:0043303 mast cell degranulation

G0:0048243 norepinephrine secretion

G0:0050432 catecholamine secretion

G0:0051458 corticotropin secretion

G0:0140353 lipid export from cell

G0:0042560 pteridine-containing compound catabolic process

G0:0009396 folic acid-containing compound biosynthetic process

G0:0009397 folic acid-containing compound catabolic process

G0:0042559 pteridine-containing compound biosynthetic process
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G0:0043949 regulation of cCAMP-mediated signaling

G0:0043951 negative regulation of cCAMP-mediated signaling
G0:0043950 positive regulation of cAMP-mediated signaling
G0:0044281 small molecule metabolic process

G0:0045922 negative regulation of fatty acid metabolic process
G0:0045943 positive regulation of transcription by RNA polymerase |
G0:0048521 negative regulation of behavior

G0:0048630 skeletal muscle tissue growth

G0:0050919 negative chemotaxis

G0:0051167 xylulose 5-phosphate metabolic process

GO0:0042776 proton motive force-driven mitochondrial ATP synthesis
G0:1901159 xylulose 5-phosphate biosynthetic process
GO0:0051179 localization

G0:0051180 vitamin transport

G0:0051867 general adaptation syndrome, behavioral process
G0:0048266 behavioral response to pain

G0:0051866 general adaptation syndrome

G0:0070482 response to oxygen levels

G0:0070633 transepithelial transport

GO:0071376 cellular response to corticotropin-releasing hormone stimulus
G0:0043435 response to corticotropin-releasing hormone
G0:0097305 response to alcohol

G0:0090069 regulation of ribosome biogenesis

G0:0090070 positive regulation of ribosome biogenesis
G0:1904223 regulation of glucuronosyltransferase activity
G0:2000232 regulation of rRNA processing

G0:2000234 positive regulation of rRNA processing
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Table B.2. GO terms enriched in Cluster 2

TermID Name

G0:0000003 reproduction

G0:0000909 sporocarp development involved in sexual reproduction
G0:0048608 reproductive structure development

G0:0048806 genitalia development

G0:0075259 spore-bearing structure development

G0:0001890 placenta development

G0:0001893 maternal placenta development

G0:0001892 embryonic placenta development

G0:0060135 maternal process involved in female pregnancy
G0:0060706 cell differentiation involved in embryonic placenta development
G0:0002237 response to molecule of bacterial origin

G0:0003170 heart valve development

G0:0003205 cardiac chamber development

G0:0003279 cardiac septum development

G0:0007507 heart development

G0:0060976 coronary vasculature development

G0:0006011 UDP-glucose metabolic process

G0:0009225 nucleotide-sugar metabolic process

G0:0022611 dormancy process

G0:0031665 negative regulation of lipopolysaccharide-mediated signaling pathway
G0:0002832 negative regulation of response to biotic stimulus
G0:0031664 regulation of lipopolysaccharide-mediated signaling pathway
G0:0032102 negative regulation of response to external stimulus
G0:0033078 extrathymic T cell differentiation

GO0:0001779 natural killer cell differentiation

G0:0001865 NK T cell differentiation

G0:0030101 natural killer cell activation

G0:0042100 B cell proliferation

G0:0033082 regulation of extrathymic T cell differentiation
G0:0002683 negative regulation of immune system process
G0:0002695 negative regulation of leukocyte activation
G0:0002696 positive regulation of leukocyte activation

G0:0032814 regulation of natural killer cell activation

G0:0032823 regulation of natural killer cell differentiation
GO0:0045577 regulation of B cell differentiation

G0:0045579 positive regulation of B cell differentiation
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G0:0050865 regulation of cell activation

G0:0050866 negative regulation of cell activation

G0:0050867 positive regulation of cell activation

G0:0050869 negative regulation of B cell activation

G0:0051136 regulation of NK T cell differentiation

G0:1902107 positive regulation of leukocyte differentiation

G0:1903011 negative regulation of bone development

G0:1903708 positive regulation of hemopoiesis

G0:0035074 pupation

G0:0035152 regulation of tube architecture, open tracheal system

G0:0035209 pupal development

G0:0040011 locomotion

G0:0044706 multi-multicellular organism process

G0:0045682 regulation of epidermis development

G0:0045684 positive regulation of epidermis development

G0:0061050 regulation of cell growth involved in cardiac muscle cell development

G0:0061051 positive regulation of cell growth involved in cardiac muscle cell
development

G0:0045834 positive regulation of lipid metabolic process

G0:0046889 positive regulation of lipid biosynthetic process

G0:0051674 localization of cell

GO0:0060575 intestinal epithelial cell differentiation

G0:0060576 intestinal epithelial cell development

G0:0062013 positive regulation of small molecule metabolic process

G0:0071216 cellular response to biotic stimulus

G0:0071390 cellular response to ecdysone

G0:0006805 xenobiotic metabolic process

G0:0031663 lipopolysaccharide-mediated signaling pathway

G0:0035075 response to ecdysone

G0:0036314 response to sterol

G0:0036315 cellular response to sterol

G0:0071466 cellular response to xenobiotic stimulus

G0:0097306 cellular response to alcohol

G0:0090256 regulation of cell proliferation involved in imaginal disc-derived wing
morphogenesis

G0:0008285 negative regulation of cell population proliferation

G0:0070663 regulation of leukocyte proliferation

G0:0070664 negative regulation of leukocyte proliferation

G0:0097628 distal tip cell migration

G0:1902884 positive regulation of response to oxidative stress
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G0:1903355 negative regulation of distal tip cell migration
G0:0040013 negative regulation of locomotion

G0:1903354 regulation of distal tip cell migration

G0:2000146 negative regulation of cell motility

G0:1903624 regulation of DNA catabolic process

G0:1903625 negative regulation of DNA catabolic process
G0:1903627 regulation of dUTP diphosphatase activity

G0:0051340 regulation of ligase activity

G0:0051342 regulation of cyclic-nucleotide phosphodiesterase activity
G0:1903629 positive regulation of dUTP diphosphatase activity
G0:1904406 negative regulation of nitric oxide metabolic process
G0:1990654 sebum secreting cell proliferation

G0:0070661 leukocyte proliferation

G0:0090255 cell proliferation involved in imaginal disc-derived wing morphogenesis
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Table B.3. GO terms enriched in cluster 4

TermID Name
G0:0001906 | cell killing
G0:0002376 | immune system process
G0:0002682 | regulation of immune system process
G0:0002684 | positive regulation of immune system process
G0:0002697 | regulation of immune effector process
G0:0002804 | positive regulation of antifungal peptide production
(G0:0032815 | negative regulation of natural killer cell activation
regulation of natural Killer cell differentiation involved in immune
G0:0032826 | response
negative regulation of natural killer cell differentiation involved in
G0:0032827 | immune response
G0:0050776 | regulation of immune response
G0:0050778 | positive regulation of immune response
G0:0050866 | negative regulation of cell activation
G0:0002831 | regulation of response to biotic stimulus
G0:0048584 | positive regulation of response to stimulus
G0:0006952 | defense response
G0:0008063 | Toll signaling pathway
G0:0008592 | regulation of Toll signaling pathway
G0:0009404 | toxin metabolic process
G0:0009407 | toxin catabolic process
G0:0009410 | response to xenobiotic stimulus
G0:0009605 | response to external stimulus
G0:0009607 | response to biotic stimulus
G0:0009636 | response to toxic substance
G0:0016998 | cell wall macromolecule catabolic process
G0:0044036 | cell wall macromolecule metabolic process
G0:0019227 | neuronal action potential propagation
G0:0019730 | antimicrobial humoral response
G0:0002440 | production of molecular mediator of immune response
G0:0006955 | immune response
G0:0006959 | humoral immune response
G0:0009617 | response to bacterium
G0:0031640 | killing of cells of another organism
G0:0042742 | defense response to bacterium
G0:0043207 | response to external biotic stimulus
G0:0050830 | defense response to Gram-positive bacterium
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G0:0051701 | biological process involved in interaction with host
G0:0098543 | detection of other organism
G0:0019835 | cytolysis
G0:0030913 | paranodal junction assembly
G0:0031102 | neuron projection regeneration
G0:0031341 | regulation of cell killing
G0:0031343 | positive regulation of cell killing
G0:0032689 | negative regulation of type Il interferon production
G0:0033631 | cell-cell adhesion mediated by integrin
G0:0034113 | heterotypic cell-cell adhesion
G0:0035640 | exploration behavior
G0:0042181 | ketone biosynthetic process
G0:0042268 | regulation of cytolysis
G0:0042446 | hormone hiosynthetic process

biological process involved in interspecies interaction between
G0:0044419 | organisms
G0:0045161 | neuronal ion channel clustering
G0:0045752 | positive regulation of Toll signaling pathway
G0:0045919 | positive regulation of cytolysis
G0:0060536 | cartilage morphogenesis
G0:0003382 | epithelial cell morphogenesis
G0:0031424 | Kkeratinization
G0:0070268 | cornification
G0:0071205 | protein localization to juxtaparanode region of axon
G0:0002175 | protein localization to paranode region of axon
G0:0099612 | protein localization to axon
G0:0071466 | cellular response to xenobiotic stimulus
G0:0042178 | xenobiotic catabolic process
G0:0071542 | dopaminergic neuron differentiation
GO0:0071554 | cell wall organization or biogenesis
G0:1900150 | regulation of defense response to fungus
G0:0002833 | positive regulation of response to biotic stimulus
G0:0031349 | positive regulation of defense response
G0:0032103 | positive regulation of response to external stimulus
G0:1903859 | regulation of dendrite extension
G0:1904386 | response to L-phenylalanine derivative
G0:0097068 | response to thyroxine
G0:0097069 | cellular response to thyroxine stimulus
G0:1904387 | cellular response to L-phenylalanine derivative
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G0:1990089 | response to nerve growth factor

G0:0097066 | response to thyroid hormone

G0:0097067 | cellular response to thyroid hormone stimulus
G0:1990090 | cellular response to nerve growth factor stimulus
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Table B.4. GO terms enriched in cluster 5

TermID Name

G0:0001101 response to acid chemical

G0:0001816 cytokine production

G0:0001817 regulation of cytokine production
G0:0001819 positive regulation of cytokine production
G0:0006457 protein folding

GO:0006577 amino-acid betaine metabolic process
G0:0006578 amino-acid betaine biosynthetic process
G0:0006629 lipid metabolic process

G0:0006633 fatty acid biosynthetic process
G0:0001516 prostaglandin biosynthetic process
G0:0001676 long-chain fatty acid metabolic process
G0:0006082 organic acid metabolic process
G0:0006636 unsaturated fatty acid biosynthetic process
G0:0006644 phospholipid metabolic process
G0:0006690 icosanoid metabolic process

G0:0008610 lipid biosynthetic process

G0:0009395 phospholipid catabolic process
G0:0016042 lipid catabolic process

G0:0016053 organic acid biosynthetic process
G0:0019369 arachidonic acid metabolic process
G0:0033559 unsaturated fatty acid metabolic process
G0:0034638 phosphatidylcholine catabolic process
G0:0036151 phosphatidylcholine acyl-chain remodeling
G0:0036152 phosphatidylethanolamine acyl-chain remodeling
G0:0043651 linoleic acid metabolic process
G0:0044242 cellular lipid catabolic process
G0:0044255 cellular lipid metabolic process
G0:0044283 small molecule biosynthetic process
G0:0046337 phosphatidylethanolamine metabolic process
G0:0046338 phosphatidylethanolamine catabolic process
G0:0046394 carboxylic acid biosynthetic process
G0:0046456 icosanoid biosynthetic process
G0:0046457 prostanoid biosynthetic process
G0:0046470 phosphatidylcholine metabolic process
G0:0046475 glycerophospholipid catabolic process
G0:0046486 glycerolipid metabolic process
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G0:0046503 glycerolipid catabolic process

G0:0072330 monocarboxylic acid biosynthetic process

G0:1901568 fatty acid derivative metabolic process

G0:1901570 fatty acid derivative biosynthetic process

G0:0007021 tubulin complex assembly

G0:0007205 protein kinase C-activating G protein-coupled receptor signaling
pathway

GO0:0007516 hemocyte development

G0:0007568 aging

G0:0008219 cell death

G0:0008340 determination of adult lifespan

G0:0009605 response to external stimulus

G0:0010259 multicellular organism aging

G0:0010876 lipid localization

G0:0015849 organic acid transport

G0:0019637 organophosphate metabolic process

G0:0046434 organophosphate catabolic process

G0:0019748 secondary metabolic process

G0:0032309 icosanoid secretion

GO0:0071715 icosanoid transport

G0:1903963 arachidonate transport

G0:0033036 macromolecule localization

G0:0035233 germ cell repulsion

G0:0035234 ectopic germ cell programmed cell death

G0:0010623 programmed cell death involved in cell development

G0:0060561 apoptotic process involved in morphogenesis

G0:1902742 apoptotic process involved in development

G0:0038089 positive regulation of cell migration by vascular endothelial
growth factor signaling pathway

G0:0042594 response to starvation

G0:0042810 pheromone metabolic process

G0:0043281 regulation of cysteine-type endopeptidase activity involved in
apoptotic process

GO0:0046717 acid secretion

G0:0051354 negative regulation of oxidoreductase activity

G0:0060326 cell chemotaxis

G0:0006935 chemotaxis

G0:0070542 response to fatty acid

G0:0033993 response to lipid

G0:0071105 response to interleukin-11
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G0:0071348 cellular response to interleukin-11

GO0:0097164 ammonium ion metabolic process

G0:0120254 olefinic compound metabolic process

GO0:1901571 fatty acid derivative transport

G0:0006869 lipid transport

G0:0015908 fatty acid transport

G0:1901615 organic hydroxy compound metabolic process
G0:1902883 negative regulation of response to oxidative stress
G0:1905907 negative regulation of amyloid fibril formation
G0:1905906 regulation of amyloid fibril formation

G0:1990000 amyloid fibril formation

G0:2000027 regulation of animal organ morphogenesis
G0:2000378 negative regulation of reactive oxygen species metabolic process
G0:2001233 regulation of apoptotic signaling pathway

G0:0046668 regulation of retinal cell programmed cell death
G0:0046670 positive regulation of retinal cell programmed cell death
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