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Abstract:

Herbivores have a defined range of hostplants that they can feed on, which is mediated by
underlying detoxification and sensory repertoires. Insects that feed on Brassicaceae represent one
of the striking examples of co-evolutionary arms race. Insects specialized on Brassicaceae have
evolved specific mechanisms to detoxify mustard oils (glucosinolates), while generalist species
use detoxification enzymes that act on a variety of substrates. Understanding the gene evolution
of detoxification and sensory repertoire in specialist and generalist Brassicaceae feeders will
shed light on the processes involved in mediating hostplant ranges in herbivores. We use a
comparative phylogenomic approach in 12 lepidopterans that feed on Brassicaceae, ranging from
specialist to pests in their host range to examine the gene family expansion of detoxification and
sensory gene families. We found that gene family expansions and contractions were larger in
generalist herbivores compared to specialist herbivores. Gene evolutionary rate of detoxification
genes reflected hostplant range where generalists had a higher evolutionary rate of detoxification
genes that act on wide substrates while specialists had a higher evolutionary rate in genes that
conjugate toxic compounds to hydrophilic byproducts. Our analysis on the nitrile specifier gene,
a key innovation for feeding on Brassicaceae, indicated pervasive purifying selection with
lineage specific differences in selection. Our results add to the growing body of work addressing
gene family evolution and its role in hostplant range and specialization in insects.
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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 11 detoxification enzymes which include
Glutathione-S-Transferases (GSTs), UDP-glucosyltransferase (UDPGTs or UGTSs) 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).
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Finally, enzymes in phase 111 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 11 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). 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, 1977, 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
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81  was a key innovation in the diversification of the genus as well as their ability to utilize
82  Brassicaceae (Edger et al., 2015; Pomes et al., 1998; Wheat et al., 2007).
83 Apart from the above-mentioned specialist Lepidoptera, several species in the family
84  Noctuidae (Lepidoptera) are known to feed on Brassicaceae in addition to feeding on a large
85  range of hostplants. Several of these species are also well-known pest species including
86  Helicoverpa armigera, Spodoptera exigua and Trichoplusia ni (Cho et al., 2008). Although they
87  do not possess specialized enzymes mentioned above, they are able to feed on a diverse set of
88  hostplant families including Brassicaceae through differential expression and regulation of the
89  general detoxification machinery.
90 In addition to detoxification, sensory perception plays a crucial role in the hostplant range
91 of insect herbivores. Sensory receptors are usually fine-tuned to the secondary metabolites
92  present in the hostplant (Engsontia et al., 2014). For example, ovipositing females can
93 differentiate between hosts and non-hosts as well as assess the nutritional quality of the hostplant
94  using gustatory and olfactory receptors (Ozaki et al., 2011; Ryuda et al., 2013). In fact, the
95 diversity of sensory receptors is positively correlated with hostplant range in insects (Engsontia
96 etal., 2014). Sensory receptors consist of three classes: The first class of receptors are olfactory
97  receptors that aid in recognition of hostplants and conspecifics (Brand et al., 2018; Missbach et
98 al., 2014). Gustatory receptors are involved in taste perception and consists of various subclasses
99 that can identify sweet, bitter, and salt compounds (Nei et al., 2008; Sanchez-Gracia et al., 2009).
100  The final class of sensory receptors are ionotropic receptors that are ligand gated channels that
101  are crucial in the perception of secondary metabolites (Rytz et al., 2013).
102 Understanding the causal processes of hostplant specialization and the mechanisms

103  through which generalist and specialist herbivores interact with well-defended plant toxins can
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104  shed light on the evolution and maintenance of detoxification machinery, which has important
105  practical implications in agricultural management of pest species. Dynamic changes in gene
106  family sizes, neofunctionalization and gene duplications in detoxification genes are hypothesized
107  to be among the causal mechanism for the evolution of hostplant range in herbivorous insects
108  (Dermauw et al., 2020; Dermauw & Van Leeuwen, 2014; Halon et al., 2015; Suzuki et al.,

109  2018). Therefore, understanding the evolution of gene family size and selection on specialized
110 detoxification genes can help shed light on the mechanisms through which polyphagous and
111  specialist herbivores feed on well defended plant toxins.

112 We here use a comparative phylogenetic approach by using high quality genomes of
113  lepidopteran insects that are both specialist and generalist feeders to test: a) if generalist

114  herbivores have larger gene family changes in detoxification and sensory gene families

115  compared to specialists; b) if detoxification and sensory gene families in generalist species

116  evolve faster than specialists and c) if Nitrile Specifier Protein (NSP) was under purifying or
117  diversifying selection.

118  Methods:

119  Data collection and quality assessment

120 We downloaded genomes of Lepidoptera which feed on Brassicaceae (table S1) from
121  NCBI (Sayers et al., 2021) and Ensemble LepBase (Challi et al., 2016). The final list of species,
122 the corresponding accession numbers and date accesses are provided in the supplementary table
123 S1. We designated a species as a specialist herbivore if it only fed on Brassicaceae family and as
124  ageneralist herbivore if it fed on other plant families in addition to Brassicaceae. We assessed

125  genome quality based on BUSCO scores with the Lepidoptera gene set consisting of 5218
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126 BUSCO in BUSCO v. 4 (Siméo et al., 2015). Genomes that showed a high percentage of

127  fragmented or missing BUSCOs were excluded from downstream analysis.

128  Structural and functional annotation

129 We softmasked the repeats in our genomes using redmask (Girgis, 2015). Softmasked
130  genomes were run through the BRAKER2 (Briina et al., 2021) annotation pipeline with

131  AUGUSTUS for gene predictions, with the Arthropoda gene set from OrthoDB (Kriventseva et
132 al., 2019) serving as the reference proteins. We used gffread from the cufflinks pipeline

133 (Trapnell et al., 2012) to extract protein and CDS sequences following gene prediction by

134 BRAKER2. We retained only one isoform per gene when genes were represented by multiple
135  isoforms using agat_sp_keep_longest_isoform_pl function in AGAT (Dainat et al., 2020). The
136  final protein set was cleaned of illegal characters such as "*" and "." and used for functional
137  annotation with EggNOG (Cantalapiedra et al., 2021) and InterProScan (Jones et al., 2014). We
138  used the Arthropoda dataset for functional annotation and realigned all the terms to their

139  respective protein families using the Pfam (Mistry et al., 2021) databse for EggNOG annotation.
140  For InterProScan, we used the -appl Pfam -goterms to get information about protein family

141  annotations. We ran BUSCO again on the final protein set using the lepidopteran gene set to
142 assess completeness of the proteome.

143  Orthologs inference and phylogenetic tree inference

144 We used OrthoFinder (Emms & Kelly, 2019) to predict orthologous protein groups

145  (OGs). An orthogroup is a set of genes that have descended from a single gene from the last
146 common ancestor (LCA) in a clade of species. The filtered protein set was used as input for

147  Orthofinder and was run with default settings to predict OGs.
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148 We additionally used Orthofinder for constructing our species and gene phylogenetic
149  tree. We used the -M msa option in Orthofinder for multiple sequence alignment using MAFFT
150 (Katoh & Standley, 2013). We used the aligned single copy orthologs for building our species
151  phylogenetic tree and the aligned sequences for each OG to construct the respective gene trees
152 using IQTree (Nguyen et al., 2015). We used the default setting under IQTree for inferring

153  species and gene trees. The root of the species tree was time calibrated to 87 Myr to reflect the
154  divergence of the three families used in the analysis (Espeland et al., 2018).

155  Gene family evolution

156 CAFE v. 5.0 (Mendes et al., 2020) was used to analyze gene family evolution under a
157  phylogenetic framework. We used the phylogenetic hierarchical orthogroups from OrthoFinder
158  analysis to retrieve gene counts per species as input for CAFE. We first filtered OGs whose gene
159  counts were greater than 100 in any single species as recommend by the developers. We

160  additionally filtered OGs that showed high variance across species as they can lead to biases in
161  gene family evolution estimation as well as preventing convergence among replicates in the
162  analysis.

163 Once our test analysis using the base parameters showed convergence, we calculated the
164  error in gene assembly and annotation in our dataset using the -e option in CAFE. We

165  subsequently used the estimated error in our subsequent analysis to account for genome

166  annotation errors. We used 4 different data sets for our gene family evolution analysis. Our first
167  dataset included OGs comprised of all gene families after filtering of high variance and high
168  copy numbers as indicated above, hereby referred to as "all genes". Second, we generated a

169 filtered dataset consisting of eight gene families involved in detoxification of plant compounds

170  (p450 and COesterase in Step I, UGT, GST and ST in Step Il, ABC transporter in Step 111 and
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171  insect cuticle protein and trypsin related to general digestive process), hereby referred to as
172 “detoxification genes". Our third dataset included a filtered dataset consisting of three gene
173  families involved in sensory recognition in Lepidoptera (gustatory, ionotropic, and olfactory
174  genes), hereby referred to as "sensory genes". Our final filtered data set consisted of individual
175  gene families involved in detoxification process and sensory recognition referred to as “single
176  gene family".

177 We ran CAFE in two different modes. Our first run consisted of estimating a single rate
178  of change (L) for each of the 4 datasets to calculate a "baseline" A for the entire tree. In our

179  second run, we estimated A separately for specialists, generalists and Plutella xylostella. We
180 calculated a separate A for P. xylostella for 2 reasons: a) Plutella xylostella was indicated as an
181  outgroup in our tree, and therefore, including it with the rest of the specialists would bias our A
182  estimates for specialists and b) P. xylostella belongs to a different family compared to all the
183  other specialist feeders (Pieris sps., Pieridae) and generalist feeders (Noctuidae) in our dataset.
184  We ran CAFE multiple times on all our datasets to ensure convergence among runs and used
185  those estimates for determining A for gene family evolution.

186  Signatures of selection on NSP gene

187 We used the HyPhy suite (Pond et al., 2005) on the webserver Datamonkey (Weaver et
188 al., 2018) to test signatures of selection on the NSP gene. We first used the multiple aligned
189  sequence of the OG corresponding to NSP from the OrthoFinder analysis and converted it to
190 aligned CDS sequences using Pal2Nal (Suyama et al., 2006) to use as input in HyPhy. We used
191  FEL (fixed effects likelihood) to investigate whether individual sites in the NSP gene were
192  subjected to pervasive selection. FEL uses a ML method to infer nonsynonymous (dN) and

193  synonymous (dS) substitution rate for each site. We ran FEL with 1000 parametric replicates and
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194  used an asymptotic chi-squared test to assess significance. To test if selection on the NSP gene in
195 the Pieris spp. (specialist and butterfly) clade was different compared to the rest (generalists
196  and/or moths) of the phylogeny, we used contrast-FEL with branches corresponding to Pieris
197  spp. as foreground selection and the rest of the branches as background selection. We assessed
198  significant differences in dN/dS based on a g-value threshold of <0.2. Finally, we used MEME
199  (Mixed Effects Model of Evolution) to test if sites in the NSP gene were subjected to episodic
200  selection.

201 Results:

202  Genome quality, gene family statistics and phylogeny

203 Our analysis of twelve Lepidoptera genomes included 4 specialist Brassicaceae

204  herbivores from the butterfly family Pieridae (Pieris brassicae, P. macdunnoughii, P. napi and
205  P.rapae), one specialist herbivore, Plutella xylostella from Plutellidae and seven generalist

206  herbivores from the Noctuidae (Helicoverpa armigera, Helicoverpa zea, Mamestra configurata,
207  Noctua pronuba, Trichoplusia ni, Spodoptera exigua and Phlogophora meticulosa). BUSCO
208  analysis of proteomes indicated that all the species had > 87.5% completeness with an average of
209  90.9% completeness, <5% average duplication, <1.5% average fragmentation and < 3.5%

210  average missingness. The number of annotated protein coding genes ranged from 16733 in P.
211  napi to 28532 proteins in P. meticulosa (figure. 1; mean: 20730 proteins). The number of

212 annotated proteins was higher in moths (families Noctuidae and Plutellidae; median: 20557)
213 compared to butterflies (family Pieridae: 17053 proteins). The number of functionally annotated
214  proteins ranged from 12840 to 17850 (mean: 14650 annotations).

215 OrthoFinder analysis identified 21785 orthogroups. The gene counts corresponding to

216  these orthogroups were used as input for CAFE analysis. Our filtered OG count after removing
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217  high variance OGs among species and >100 genes in any single species included 20897 OGs in
218 the "all genes™ dataset. The "detoxification genes™ dataset consisted of 690 OGs and the "sensory
219  genes" dataset consisted of 69 OGs. The "single gene family" dataset consisted of the following
220  number of OGs for each family: ABCs: 57, COesterases: 77, Insect cuticle proteins: 123, GSTs:
221 33, Gustatory genes: 6, lonotropic genes: 14, Olfactory genes: 49, p450s: 101, Sulfotransferases:
222 28, Trypsins: 237 and finally, UGTs: 34.

223 Our species level phylogenetic tree was constructed based on 3575 complete single copy
224  orthologs. Our phylogeny placed Plutella xylostella as the outgroup and Pieridae and Noctuidae
225  as sister groups which is consistent with other published phylogenies (figure. 1).

226  Gene family expansions and contractions

227 Our analysis suggested that across the entire phylogeny, Mamestra configurata had the
228  highest gene family expansions for the "all genes™ dataset (n=1873) and Trichoplusia ni had the
229  highest gene family contractions (n=1269) (figure. 2). Among butterflies, Pieris napi had the
230  highest gene family expansions (n=894) and gene family contractions (n=995) for the "all genes"
231  dataset. Among the detoxification and sensory gene families, M. configurata had the highest

232 gene family expansions for both families and the node leading to the Pieris sps. clade had the
233 largest gene family contraction for detoxification genes and P. napi for the sensory gene families
234 (figure. 2).

235  Gene family evolution:

236 Our analysis of gene family evolution for the "all genes™ dataset resulted in an overall
237  change, A, of 0.00274 (-logL: 114663; figure. 3). Separate A estimations for "all genes" showed
238 that gene family evolution in P. xylostella (A= 0.00058) was lower than the baseline change,

239 while both specialists (A=0.0027) and generalists (A=0.0036) had a higher rate of evolution than


https://doi.org/10.1101/2023.06.09.544424
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.09.544424; this version posted June 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

240  Dbaseline, with generalists having the highest rate of gene evolution. For "detoxification genes",
241  generalist herbivores had higher rate of gene evolution (A= 0.0071) compared to specialist

242 herbivores (A= 0.0062) and for "sensory genes", specialist herbivores had higher gene evolution
243 rate (A= 0.0059) than generalist herbivores.

244 In our "single gene family" dataset, P. xylostella had the lowest rate of evolution across
245  all detoxification enzymes. In genes that constitute the first step in detoxification of plant

246  compounds, generalist herbivores had the highest rate of change in p450 genes (A=0.011) and in
247  COesterase gene family (A=0.0087). In the genes that facilitate conversion of plant toxic

248  compounds to hydrophilic compounds, specialist herbivores had the highest rate of evolution in
249  UGT (A=0.0123), GST (A=0.0087) and ST (A=0.004). Generalist herbivores had higher rate of
250  evolution for ABC (A=0.0028) (which is involved in excreting toxic compounds), for trypsin
251  (2=0.007) and cuticle protein (A=0.0058) (both involved in increasing digestive efficiency).

252 Our analysis of "single gene family" olfactory gene families indicated that gustatory gene
253  evolution was highest in P. xylostella (A=0.0043) and lowest in specialist herbivores (A=0.0013)
254  (Pieris spp.) while ionotropic and olfactory gene families evolved at a faster rate in specialist
255  herbivores compared generalist feeders or P. xylostella (figure. 3).

256  Signatures of selection on NSP gene

257 We found evidence for pervasive purifying selection in the NSP gene (fig.4.4). 41% of
258  the codons were under purifying selection (95/227 codons). Our analysis of dN/dS showed that
259  the NSP gene was characterized predominantly by synonymous substitutions. Almost all of the
260  codons under purifying selection were present in the conserved domain of the NSP gene.

261  However, we did not identify any sites that were under pervasive diversifying/positive selection.

262  We used Contrast-FEL to test if the NSP gene in the Pieris genus had different substitution rates
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263  compared to the rest of the phylogeny. We identified 2 sites (blue arrow in fig. 4.4) that showed
264  different substitution rates in the Pieris spp. clade compared to the rest of the phylogeny.

265  Additionally, we identified six sites in the conserved domain that were under episodic

266  positive/diversifying selection (black arrow in fig. 4.4).

267  Discussion:

268 We evaluated the role of detoxification and sensory gene family expansions in specialist
269  and generalist herbivores feeding on Brassicaceae. We additionally examined selection on the
270 nitrile specifier protein gene, a novel protein involved in glucosinolate detoxification in

271  Lepidoptera. We found that generalist herbivores had the largest gene family changes in all gene
272  families, detoxification related families as well as sensory gene families. Generalist herbivores
273  also had faster evolution of all genes and detoxification gene families, while specialists had

274  faster gene evolution in sensory gene families. Additionally, we found that the nitrile specifier
275  protein gene is highly conserved among generalist and specialist lepidopterans. Although NSP is
276  highly conserved, we identified signatures of episodic and positive selection on the gene.

277  Gene family expansion/contraction in Lepidoptera

278 We examined gene family expansions/contractions in 12 species of Lepidoptera from 3
279  distinct families that feed on Brassicaceae. Although many other Lepidoptera and insects are
280  known to feed on Brassicaceae, the 12 species included in our analysis are known to cause

281  serious damage to Brassicaceae. In fact, species in the Noctuidae family constitute some of the
282  most damaging pests in the world (Cho et al., 2008). Genera such as Spodoptera, Trichoplusia
283  and Helicoverpa are some of the insects with the widest range of recorded hostplants (Robinson

284  etal., 2010). All species in the Noctuidae family in our analysis are polyphagous and also feed
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285  on Brassicaceae, while Pieridae and Plutellidae family in our analysis consists of specialist

286  herbivores on Brassicaceae.

287 We found that Noctuidae family and the species represented within showed the largest
288  gene family expansions and contractions, followed by Plutella xylostella (figure. 2). Pieris sps.
289  had the lowest gene family expansion. Our results, therefore, suggest that polyphagy is

290  associated with greater gene family expansions and contractions. This is in line with other

291  studies that have found that species with larger hostplant ranges have large gene families

292  compared to those that fed on few or a single plant family (Breeschoten et al., 2022; Suzuki et
293  al., 2018).

294 Polyphagous herbivores use the general detoxification processes (phase | -111) to detoxify
295  plant compounds and thus, larger copy numbers of these genes will result in higher gene

296  expression to process plant toxins efficiently (Breeschoten et al., 2022; Dermauw & Van

297  Leeuwen, 2014; Ranson et al., 2002). Polyphagy is also associated with a dynamic gene family
298  expansion/contraction, especially if the hostplant range of the herbivore is labile. For example, in
299 the Nymphalidae, hostplant range oscillates from ancestral specialists that experience range

300 extension giving rise to generalist feeders that adapt to local hostplant communities and in turn
301 diversify and specialize (Hardy & Otto, 2014; Janz et al., 2006; Janz & Nylin, 2008; Nylin et al.,
302  2014). This results in rapid changes in gene family expansions/contractions. If hostplant

303  specialization is selected in the future, this can result in fewer gene family

304  expansion/contractions. In fact, that is what we see in specialist Brassicaceae feeders. Pieris spp.
305 and P. xylostella on the other hand are specialist herbivores that possess fine-tuned detoxification
306  processes to counteract glucosinolate toxicity. Therefore, generalized detoxification genes

307  families are relatively stable and under strong selection.
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308 Gene evolution in Lepidoptera

309 Our CAFE analysis estimated an overall change of 0.00274 (gains/losses/Myr) for all
310  genes. Our estimate of A is consistent with what is seen in other insects such as Drosophila, A=
311  0.0012; (Hahn et al., 2007), Lepidoptera A= 0.0023; (Breeschoten et al., 2022), and Anopheles A=
312  0.0031 (Neafsey et al., 2015). When estimating separate change for specialists, generalists, and
313  P. xylostella, we found a higher rate of change for generalists, which fits with the largest gene
314  family expansion/contraction in generalist species (Breeschoten et al., 2022; Suzuki et al., 2018).
315  Higher gene family evolution rates could be due to underlying gene duplication, neo-

316  functionalization and/or genome rearrangements, all of which are implicated in polyphagous
317 feeding (Murad et al., 2021; Seppey et al., 2019).

318 Our estimation of gene evolution for detoxification gene families showed that generalists
319 had the highest rate of change. When we examined individual detoxification gene families,

320 generalists had higher gene evolution for phase I, phase 111 and digestion related genes (cuticle
321  and trypsin). p450 genes have been extensively studied for their role in hostplant use in

322  Lepidoptera. p450 genes can metabolize a wide range of plant compounds including xanthoxin
323  (Mao et al., 2006), furanocumarins (Lindroth, 1989), alkaloids (Wang et al., 2018) and even

324  insecticide resistance (Pan et al., 2018). Since polyphagous herbivores feed on a wide range of
325 chemicals, faster evolution in genes of phase | detoxification can help them adapt to new hosts
326  and overcome insecticide resistance. Gene families in phase Il had a higher evolutionary rate in
327  specialist herbivores compared to generalists. Phase 11 detoxification genes are specialized genes
328 that add specific compounds which increase solubility and excretion efficiency (Nallu et al.,

329 2018; You et al., 2015). Specialist herbivores have alternate pathways to detoxify toxic

330 compounds, for example, the use of NSP to form nitriles instead of isothiocyanates in specialist
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331 Brassicaceae feeders (Edger et al., 2015; Okamura, Sato, Tsuzuki, Sawada, et al., 2019; Ratzka
332 etal., 2002). These modified products are processed by phase Il genes and specialist herbivores
333  have evolved modified phase Il enzymes to efficiently process these by products. In fact, GSTs
334  are upregulated in the larvae of Pieris spp. and Plutella xylostella when feeding on Brassicaceae
335 (Youetal., 2015). UDPGTs are also enriched in the transcriptome of Danus plexippus larvae
336  which feed on plants from the family Apocynaceae which contain cardiac glycosides (Ranz et
337 al., 2021). Generalist herbivores had higher evolution in phase 111 as well trypsin and insect

338 cuticle proteins, all of which are positively correlated with polyphagy in many insect species
339 including Lepidoptera (Kelkenberg et al., 2015; Muhlia-Almazan et al., 2008; Rawlings &

340 Barrett, 1995).

341 Our estimation of gene evolution in sensory receptors highlighted that overall, specialist
342  herbivores had faster evolution compared to generalists. Our single gene family analysis,

343  however showed faster evolution of gustatory receptors in P. xylostella compared to generalists
344  or specialists. This is in agreement with what has been published for lepidopteran gustatory

345  receptors. Plutella xylostella is an outlier and possess greater diversity of gustatory receptors and
346 is known to have higher gene evolution compared to other lepidopteran species (Engsontia et al.,
347  2014). The gene evolution of gustatory gene families is positively correlated with host plant

348  range. For example, in a transcriptomic analysis of gustatory gene evolution in Nymphalidae, the
349 lineage leading to Vanessa cardui, a generalist herbivore known to feed on over 400 hostplants
350 had the highest gene evolution rate compared to other specialists (Suzuki et al., 2018). Our

351 analysis of ionotropic and olfactory gene evolution suggested higher rate of evolution in

352  specialist herbivores compared to generalist herbivores. Specialist herbivores feeding on

353  Brassicaceae have fine-tuned olfactory receptors to identify glucosinolates that have evolved
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354  through gene duplication and neofunctionalization and therefore expected to have higher

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

356  Selection on NSP gene

357 Our analysis of selection on the NSP gene in Brassicaceae-feeding Lepidopteran insects
358 revealed strong purifying selection. Our dN/dS estimates indicated a lack of non-synonymous
359  substitutions, suggesting the absence of pervasive diversifying selection on NSP. Our contrast-
360 FEL analysis showed that the lineage leading to Pieris spp. had 2 sites in the conserved domain
361 that had different substitution rates compared to the other species. This could indicate selection
362  specific to Pieris spp. on the NSP gene. Our results are in agreement with what has been shown
363  for positive selection on NSP gene in a subgroup of Pieris spp. (Okamura, Sato, Tsuzuki,

364  Murakami, et al., 2019). The neofunctionalization and cooption of the insect allergen protein in
365  Pieris spp. to the extant NSP gene is a key innovation that allowed Pieris spp. to colonize

366  Brassicaceae and diversify on them. The two codons that we identified could represent the

367  differential selection pressures experienced by Pieris spp compared to the rest of the phylogeny.
368  Finally, our test for episodic selection identified 6 sites that were subjected to diversifying

369  selection. Although our analysis does not shed light on the functional role of the sites under
370  selection, it does highlight the likely genetic targets that are crucial for adaptation and feeding on
371  Brassicaceae. These sites could serve as the targets for manipulative CRISPR experiments to
372 understand the mechanisms through which specialist herbivores detoxify glucosinolates in

373  Brassicaceae.

374  Genome quality and Lepidopteran phylogenetic framework

375 Our interpretations of gene family evolution and selection on the NSP gene is critically

376  dependent on the accuracy of genome annotations as well as species phylogeny. The availability
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377  of genomes for non-model organisms has increased considerably with the advent of affordable
378  sequencing and development of assembly and annotation pipelines. However, the quality of

379  assembly and annotation varies considerably due to differences in sequencing methods as well as
380 differences in analytical methods among various research groups (Ellis et al., 2021). To control
381 for variation among different genomes, we employed several strict quality checks and additional
382 analysis: 1) We checked the quality of the genome using BUSCO and used only those genomes
383 that had a BUSCO complete, single copy score >80%. 2.) We used BRAKER 2 for gene

384  prediction and EggNOG for functional annotation instead of using the default proteome files
385 available with the genomes. The annotated proteomes were assessed for quality using BUSCO
386 and only those that had a BUSCO complete single copy score >85% were retained. This ensured
387 that all proteomes were of comparable quality for downstream analysis. 3) We retained only the
388 longest isoform per gene and removed isoform duplications that could bias gene family evolution
389  estimates. 4) We assigned a separate lambda for Plutella xylostella since it was the outgroup in
390  our analysis as well as a specialist Lepidoptera belonging to a different family from the other
391  species. 5) We calculated the error in CAFE analysis and applied that to our analysis to account
392  for genome annotation and assembly errors.

393 Our phylogenetic reconstruction using single copy orthologs placed P. xylostella as the
394  outgroup with Noctuidae and Pieridae as sister genera which is consistent with published reports
395  (Espeland et al., 2018). We used 87 MY A as the root calibration, the age of diversification of P.
396  xylostella. This placed the age of node split of P. napi and P. macdunnoughii about 4-6 MYA,
397  which is consistent with what the Holarctic expansion and diversification of P. napi (Geiger &
398  Shapiro, 1992).

399 Conclusion:
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400 We used whole genome comparative analysis to examine the role of detoxification gene
401 families, sensory gene families and the specialized NSP gene on Lepidopteran herbivory on
402  Brassicaceae. We found positive correlations with general detoxification gene expansions and
403  polyphagy and identified specific steps in the detoxification pathway where gene family

404  expansions were correlated with host specialization. We additionally identified signatures of
405  pervasive purifying selection on the NSP gene as well as identified sites that were subjected to
406  different selection pressures in the lineage leading to Pieris spp. Our results add to the growing
407  body of work on understanding gene family evolution and its role in hostplant range and

408  specialization in insects.
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702  Figure legends:

703  Figure 1: Maximum Likelihood tree based on single copy orthologs from 12 Lepidopteran
704  species. Host range legend reflects herbivore specialist/generalist status. BUSCO score

705  represents protein completeness.

706  Figure 2: Maximum Likelihood tree showing gene family expansion (indicated as +) and
707  contraction (indicated as -) for 12 species. Gene family color legend reflects

708  expansion/contractions for the corresponding gene family.

709  Figure 3: Gene family evolution rates calculated from CAFE. Rates reflect change/gene/Myr.
710  Figure 4: Molecular evolution of NSP gene. Episodic selection and differential selection

711 highlighted in black and blue arrows respectively.
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