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Abstract

Tuta absoluta and Drosophila suzukii are two agricultural pest insects that have both rapidly spread
worldwide from their original ecosystems. Both cause serious economic losses, with the South American
native T. absoluta targeting tomato agriculture and the Asian native D. suzukii targeting soft berry fruits.
To inform current management strategies and prevent further introduction of these species, it is
necessary to gain insights into current population structure and migration history of these species.
Additionally, as T. absoluta has yet to be detected in North America, effective molecular diagnostics are

needed to improve quarantine and monitoring efforts.

In chapter one, we sequenced whole genomes of hundreds of D. suzukii samples collected worldwide.
We identified two major population clusters in the United States and found that West coast D. suzukii
populations originated from a combination of migration events from Hawaii and Asia. We saw no strong
loss in genetic diversity in invasive populations relative to Asian populations, suggesting ongoing
migration is alleviating any bottleneck effects. In chapter two, we sequenced dozens of whole genomes
of T. absoluta across Latin America and Spain and found three populations in Latin America. Using
population simulation approaches, we found that these populations diverged prior to human agriculture
of tomatoes. Additionally, we detected signals of selective sweeps near genes relevant to insecticide
resistance and metabolism. In chapter three, we developed two molecular diagnostics to distinguish T.
absoluta from two morphologically similar species already present in the United States. The probe-
based quantitative PCR diagnostic can differentiate between T. absoluta, Phthorimaea operculella, and
Keiferia lycopersicella using a thermocycler, while the RPA-Cas12a diagnostic can identity presence of T.
absoluta in an isothermal reaction with minimal lab equipment requirements. We expect that these
analyses and genomic resources will be of use to the agricultural research community in developing new

strategies for controlling T. absoluta and D. suzukii.
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Introduction

Globalization of human trade has led to great economic advances but has also resulted in serious
environmental and economic threats in the form of the transport of organisms across large geographic
distances. When a transported species ends up flourishing in its new home to the detriment of the pre-
existing ecosystem or to our economic interests, we term this species “invasive”. In the world of
entomology, invasion biology is often associated with many serious problems, including vectoring
animal and plant diseases, agricultural crop losses, and competition with native species. Focusing on
plant pests, the most significant factors in the spread of invasive pests are the international trade
networks of live plants, forestry products, and seeds (Chapman et al. 2017). Thus, in the modern era of
global shipping and trade, the cost of preventing and controlling invasive pests has only grown higher,
with the cost of management and damage growing threefold every decade since 1970 (Diagne et al.

2021).

An important aspect of invasion biology studies is the understanding of population history and structure.
Knowledge of where an invasive species originated can allow government agencies to set up quarantine
and shipping policies to prevent further introduction of the species, and prevent repeated re-
introductions that increase transfer of genetic diversity to the invaded region, boosting the invasive
species’ chance of success (Estoup and Guillemaud 2010). Additionally, understanding whether distinct
populations exist in an invaded area, or whether migrations are occurring between populations, can
allow management efforts to customize tailored approaches to controlling each population (Fitzpatrick
et al. 2012). Historically, molecular markers such as microsatellites, amplified fragment length
polymorphisms, or mitochondrial sequences were used to differentiate populations and reconstruct
population or species history (Bashasab et al. 2006; Darling and Blum 2007). However, cost reduction of

whole-genome sequencing technologies have enabled relatively cheap access to hundreds of thousands



of single nucleotide polymorphism (SNP) markers. Non-coding SNPs distributed across the genome are
ideal for accurately representing population history, as they are assumed to be unaffected by selective
pressures (Trask et al. 2011). As long as individuals sequenced are sampled randomly across the regions
of interest, using a large number of genomic SNPs from a relatively small number of individuals can be
sufficient for assessing population relationships with one another (Willing et al. 2012). Thus, the large
increase in number of markers that can be interrogated is driving the ability to recognize increasingly

complex invasion patterns (Garnas et al. 2016).

In my first chapter, | perform a population analysis of Drosophila suzukii, an invasive vinegar fly originally
from Asia (Peng 1937). D. suzukii was detected in Spain and California in 2008 (Hauser et al. 2009;
Calabria et al. 2012), and within a few years rapidly spread worldwide. This pest is a particular problem
to soft-flesh berries such as blueberries and raspberries, due to the serrated ovipositor of the female
that allows it to lay eggs under the skin of fresh fruit (Walton et al. 2016). | used whole genome
sequencing of hundreds of individual Drosophila suzukii flies to identify population structure and found
evidence of two major populations in the United States, composed of an Eastern and Western group,
but no evidence of North to South differentiation. We followed up this discovery with a migration
analysis and found evidence that the Western U.S. populations originated from an Asian migration event
with subsequent migrations from Hawaii. We additionally found evidence of back-migration from the
Western U.S. to Asia, indicating that Drosophila suzukii is being exchanged in both directions, likely by
agricultural shipping. Significantly, invasive populations in the U.S. or Europe showed no loss in genetic
diversity relative to Asian ancestors, suggesting migrating populations are not undergoing bottlenecks or
that migrations are ongoing, continually supplying genetic diversity to invaded regions (Lewald et al.

2021).

In my second chapter, | perform a similar analysis of population structure on Tuta absoluta, a moth

responsible for massive tomato crop losses worldwide. T. absoluta was an agricultural pest in South
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America throughout the late 20" century before it was detected in Spain in 2006 (EPPO 2008) before
subsequently spreading across Europe, Africa, and Asia . For this analysis | focused on understanding the
population structure of T. absoluta in Latin America. | first assembled and annotated a new genome
using long-read technology to improve gene annotation and variant calling. Using whole genome
sequencing of individuals collected across Latin America, | found evidence for three major clusters, with
the Chilean populations identified the source of the initial European invasion in 2006. Selection statistics
and diversity levels show several genomic regions have experienced recent selective sweeps. Using the
new genome annotations, | found these regions contain genes important to insecticide resistance,

immunity, and metabolism.

In addition to understanding population-level dynamics of invasive species, genomic data can also be
used to develop molecular diagnostics, either for the purpose of identifying the species or identifying
the geographic source of an individual (Venette and Hutchison 2021). Having access to highly reliable
detection methods of an invasive species is key to any eradication events, both in detecting its presence,
but also in detecting its absence so that prevention efforts can be efficiently used elsewhere (Tobin et al.
2014). While identification by morphology is typically used for insects, this strategy can become
challenging if the insect is extremely small or is morphologically similar to other species already present
in the surveilled area. Molecular diagnostics have the advantage of not requiring expert knowledge of
the species’ traits, and can often be faster, cheaper, and more accurate (Stouthamer et al. 1999; Gariepy

et al. 2007).

In my third chapter, | used available genomic data to develop a molecular diagnostic to identify T.
absoluta. Unlike D. suzukii, T. absoluta has not yet been detected in the United States. Monitoring farms
and greenhouses for the appearance of T. absoluta is a critical step in preventing the establishment of
this pest, but identification is hampered by morphologically identical species already in the U.S. that

inhabit the same ecological niche. Thus, | develop two types of molecular diagnostics that enable

3



detection of T. absoluta from DNA samples. The first relies on quantitative probe-based PCR, while the
second diagnostic uses a newly developed CRISPR-Cas12a system, which enables rapid detection with

simpler equipment than quantitative real-time PCR.

In summary, my thesis provides genomic resources and a knowledge of migration history and patterns
for these two agricultural pests with significant economic implications. This information, combined with
our new molecular diagnostics, should enable agricultural agencies to make better decisions for shipping
and quarantine policy, and allow for rapid effective responses to future invasion events.
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Abstract

Drosophila suzukii, or spotted-wing drosophila, is now an established pest in many parts of the world,
causing significant damage to numerous fruit crop industries. Native to East Asia, D. suzukii infestations
started in the United States (U.S.) a decade ago, occupying a wide range of climates. To better
understand invasion ecology of this pest, knowledge of past migration events, population structure, and
genetic diversity is needed. In this study, we sequenced whole genomes of 237 individual flies collected
across the continental U.S., as well as several sites in Europe, Brazil, and Asia, to identify and analyze
hundreds of thousands of genetic markers. We observed strong population structure between Western
and Eastern U.S. populations, but no evidence of any population structure between different latitudes
within the continental U.S., suggesting there is no broad-scale adaptations occurring in response to
differences in winter climates. We detect admixture from Hawaii to the Western U.S. and from the
Eastern U.S. to Europe, in agreement with previously identified introduction routes inferred from
microsatellite analysis (Fraimout et al. 2017). We also detect potential signals of admixture from the
Western U.S. back to Asia, which could have important implications for shipping and quarantine policies
for exported agriculture. We anticipate this large genomic dataset will spur future research into the
genomic adaptations underlying D. suzukii pest activity and development of novel control methods for

this agricultural pest.

Key Words: Drosophila suzukii, spotted-wing drosophila, invasion genomics, population structure,

genetic diversity
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Introduction
Over the past decade, Drosophila suzukii (Matsumura), also known as the spotted-wing drosophila or

the Asian vinegar fly, has become an incredibly invasive pest species and a threat to soft-skinned fruit
agricultural production worldwide (dos Santos et al. 2017). Unlike the large majority of Drosophilidae
(Diptera), which preferentially breed in decaying plant material, female D. suzukii possess a serrated
ovipositor, enabling them to lay eggs in fresh ripening soft-skinned fruits (Walsh et al. 2011; Walton et
al. 2016). First described in Japan as an agricultural pest of cherries, D. suzukii was primarily distributed
across East Asia until researchers found wild specimens in Hawaii in 1980 (Peng 1937; Kanzawa 1939;
Kaneshiro 1983). In 2008, D. suzukii was detected in California, and by 2009 was widespread across the
Western U.S. coast (Hauser et al. 2009; Bolda et al. 2010). In the Eastern U.S., D. suzukii first appeared in
Florida in 2009 (Steck et al. 2009), before again rapidly spreading across the entire east coast within a
few years. Meanwhile in Europe, D. suzukii was first detected in Spain and Italy in 2008 and rapidly
spread across Europe, appearing in France, Switzerland, Austria, Germany, and Belgium by 2012.
Subsequently, D. suzukii arrived in South America when it was detected in Brazil in 2013 (Depra et al.
2014), Argentina in 2014 (Cichon et al. 2015), and Chile in 2015 (Medina-Mufoz et al. 2015). Its rapid
spread across continents suggests that human transportation is likely a major factor, as eggs laid in fresh
fruit are difficult to detect before shipment. Once established in a new continent, D. suzukii rapidly
disperse to neighboring regions, aided by its ability to adapt to a wide range of climates through
phenotypic plasticity (Shearer et al. 2016). In the Western U.S. coastal states alone, estimated economic
losses were as high as 511 million dollars per year, assuming a 20% average yield loss (Bolda et al. 2010).
Thus, there is much interest in understanding the patterns of migration and origin of these invasive
populations, as these data can be used to inform shipping and quarantine policies and to identify routes

of entry.
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Previous research on the population genomics of D. suzukii was performed using a relatively small
number of molecular markers. Adrion et al. (2014) used six X-linked gene fragments from flies collected
across the world, and detected signals of differentiation between European, Asian, and U.S. populations.
However, they found no evidence of differentiation within the 12 U.S. populations sampled, possibly
due to the limited power provided from a small number of markers. A follow-up study using 25
microsatellite loci of samples collected between 2013-2015 greatly improved estimations of migration
patterns worldwide; the authors found evidence for multiple invasion events from Asia into Europe and
the U.S. as well as an East-West differentiation in the 7 populations sampled in the continental U.S.
(Fraimout et al. 2017). However, using microsatellites alone may miss more subtle signals of population
structure compared to genome-wide datasets, as increasing the number of independent loci genotyped
increases accuracy of population parameter estimates, even when the number of biological samples is
low (Trask et al. 2011; Willing et al. 2012; Rasi¢ et al. 2014). With the advent of affordable whole-
genome sequencing (WGS), it has become feasible to sequence hundreds of individuals to study
population genomics, enabling improved inference of population structure using hundreds of thousands
to millions of single nucleotide polymorphism (SNP) markers (Soria-Carrasco et al. 2014; Wu et al. 2019;
Lee et al. 2019). A study of D. suzukii in Hawaii used double digest restriction-site associated DNA
sequencing to identify several thousand SNPs and observed population structure between islands (Koch
et al. 2020). However, a comprehensive survey of D. suzukii in the continental U.S. using a large number

of SNPs enabled by WGS has not been conducted.

In this study, we leverage the power of WGS to individually sequence hundreds of D. suzukii samples to
determine whether U.S. populations are stratified along a north-south cline corresponding to varying
winter climates, as well as to detect whether migration is freely occuring between the Eastern and
Western U.S. In addition, we include several populations from Asia, Europe, and Brazil to determine

frequency and source of international migrations and compare genetic diversity between invasive and
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native populations. We expect these analyses and the large sequencing dataset will be of value in

developing policies and furthering research into mitigating the harmful effects of D. suzukii worldwide.

Methods

Sample collection and genomic DNA extraction
We received either flash-frozen or ethanol-preserved samples of D. suzukii for genomic analysis.

Japanese samples were obtained from the Ehime Japanese Stock Center (strain #E-15003; MTY3;
originally collected in Ehime, Japan). Hawaiian samples were taken from a small lab population
maintained in vials that was established in 2009 from wild-caught samples in Oahu, Hawaii. All other
samples were field-collected. Ethanol-preserved samples were re-hydrated in 100ul water prior to DNA
extraction. Flies were individually disrupted using a 3mm diameter steel bead in a TissuelLyser (Qiagen,
Germantown, MD) for 30 seconds at 30Hz in 100uL of 2mg/mL Proteinase K in PK buffer (MagMAX™,
Thermofisher Scientific, Pleasanton, CA) before being spun down in a centrifuge for 1 minute at
10,000rpm and incubated for 2 hours at 56°C. 100uL of MagMAX DNA lysis buffer was added to each
sample, followed by a 10 minute incubation, before proceeding to DNA purification using a BioSprint
DNA Blood Kit on a BioSprint 96 Workstation (Qiagen), using protocol “BS96 DNA Tissue” as per

manufacturer’s instructions.

Library preparation and sequencing
Illumina WGS libraries were prepared with either the Kappa HyperPlus Kit (Roche, South San Francisco,

CA) (lanes 2-4) or Qiaseq FX DNA Library Kit (Qiagen) (lanes 5-8) using 50 ng of input DNA following the
manufacturer’s instructions with few exceptions. With the Kappa HyperPlus Kit, DNA was fragmented at
30°C for 20 minutes and incubated with adapters for 1 hour. A 0.6X and 0.7X size selection with AmPure
XP beads (Beckman Coulter Life Sciences, Indianapolis, IN) was added after 5 cycles of PCR amplification
with an Eppendorf Master Cycler Pro (ThermoFisher Scientific). With the Qiagen FX kit, DNA was

fragmented at 30°C for 15 minutes and amplified with 7 cycles of PCR. In both cases, DNA library
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concentration and fragment size were quantified on a Qubit 2.0 fluorometer with the Qubit dsDNA HS
assay kit (ThermoFisher Scientific) and a Bioanalyzer High-Sensitivity DNA chip (Agilent, Santa Clara, CA).
Paired-end 150 base-pair sequencing was performed by Novogene, Inc. (Sacramento, CA) on the

[lumina HiSeq 4000 platform.

Genome alignment
Raw lllumina reads were inspected for quality using fastqc version 0.11.5 (Babraham Institute,

Cambridge, UK), and trimmed for low quality bases and adapter sequences using Trimmomatic version
0.35 (Bolger et al. 2014), using the following parameters: Leading gscore threshold = 10, trail score
threshold = 10, minimum read length = 36, and illuminaclip=2:30:10. Reads were then aligned to the D.
suzukii reference genome obtained from Dr. Benjamin Prud'homme (now available at GenBank
accession GCA_013340165.1) (Paris et al. 2020) using bwa-mem version 0.7.9a (Li 2013), sorted by
samtools-sort version 1.3.1 (Wellcome Trust Sanger Institute, London, UK), de-duplicated with
picardtools-MarkDuplicates version 2.7.1 (Broad Institute, Cambridge, MA), and indexed with samtools-
index version 1.3.1. Samtools-stats was used to obtain summary statistics of BAM files. Based on
consistently low mapping rates for all samples (<70%), the Dandong, China population and one of two

Watsonville, California, U.S. collections were excluded from analysis.

COX2 sequence analysis to confirm species identification
The D. suzukii mitogenome sequence and ten D. pulchrella COX2 sequences were downloaded from

NCBI. The Drosophila subpulchrella mitogenome was identified by running BLAST with the D. suzukii
mitogenome against the D. subpulchrella genome assembly (GCA_014743375.2), and annotated using
MITOS2 (Bernt et al. 2013). COX2 sequences from all our D. suzukii samples were identified by aligning
raw reads to the D. suzukii mitogenome (GenBank accession KU588141.1), filtering out any read pairs
where one of the reads was unmapped (samtools view —f 2 —F 4). Variants were called with Freebayes

version 1.1.0 in haploid mode (Garrison and Marth 2012), and fasta sequences were extracted with
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bcftools-consensus version 1.10.2 (Wellcome Trust Sanger Institute). Publicly available COX2 sequences
of D. pulchrella, D. suzukii, D. biarmipes, D. lutescens, D. mimetica, and D. melanogaster were

downloaded from GenBank.

All COX2 sequences were aligned with the ClustalOmega web portal (Madeira et al. 2019) resulting in a
720 base pair alignment. Forty-seven haplotypes were identified using DNASP version 6.12.03 (Rozas et
al. 2017). MEGA version 10.1.8 was used to identify the best nucleotide substitution model based on the
Bayesian Inference Criterion score (Kumar et al. 2018). While the best scoring model was the Tamura 3-
parameter model (T92) + invariant sites (+1) + gamma distributed rates (+G), we decided to use the
second best scoring model T92+G, as combining +l and +G may be problematic due to correlated
parameters (Jia et al. 2014). Using MEGA, initial trees for the heuristic search were obtained
automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the Tamura 3 parameter model and then selecting the topology with superior log
likelihood value. Bootstrap percentages were generated from 500 replicate runs. Five categories were
used in the discrete Gamma distribution to model evolutionary rate differences among sites (+G,

parameter = 0.1066).

Principal component and admixture proportions analysis
Genotype likelihoods (GLs) were estimated from aligned reads with ANGSD version 0.935 (Korneliussen

et al. 2014) using the samtools model with the following parameters: minimum mapping quality = 20,
minimum base quality = 20, uniquely mapping reads only, excessive mismatch adjustment coefficient =
50. Using a p-value cutoff of 1E-6 and a minimum minor allele frequency = 0.05, ANGSD identified
4,955,596 SNPs. Linkage disequilibrium was estimated from the GLs and SNP list using ngsLD version
1.1.1 (Fox et al. 2019) to a maximum SNP pairwise distance of 100kb, and a 1% subsample was used to
estimate and plot LD decay using the accompanying Rscript “fit_LDdecay.R” with the following

parameters: bin size = 100bp, bootstraps = 100, fit level = 10, and a recombination rate = 2.3cM, based

15



on the average rate in D. melanogaster (Fiston-Lavier et al. 2010; Comeron et al. 2012). Based on these

plots, GLs were pruned to one SNP per 1kb or 5kb, leaving 209,243 and 49,127 SNPs, respectively.

Principal component analysis was performed using PCAngsd version 1.0 (Meisner and Albrechtsen
2018). PCAngsd also reports the optimal number of clusters that describes the population structure (k),
based on a minimum average partial (MAP) test. For each region, PCangsd was run 5 times with a
random starting seed value and the soft upper search bound of alpha = 500; the run with the highest log
likelihood was kept. Admixture proportions were then estimated using NGSadmix version 32 (Skotte et
al. 2013). For each sample set, the run with the highest log likelihood from 5 independent runs was kept.
Analysis of each region used k based on the number of optimal PCs + 1 reported from PCangsd. Analysis
of all samples combined as well as 4 subsampled datasets were performed with k ranging from 3 to 10.
As there was no notable difference in results using the 1kb or 5kb pruned dataset, only the 1kb pruned

results are reported here.

Treemix admixture graphs and F3/F4 statistics
Based on admixture proportion estimates and PCA, samples were grouped into the following clusters:

Eastern U.S., Western U.S., Hawaii, Brazil, Ireland, Italy, South Korea, and Japan. One Eastern U.S.
population from Alma Research Farm, Georgia (AR) was excluded as it unexpectedly clustered with the
Western U.S. populations. To root the population trees, two sister species of D. suzukii were
downloaded and aligned to the D. suzukii genome; D. biarmipes (SRA accession SRX097584) and D.
subpulchrella (SRA accession SRX8970519). GLs and SNPs were called with ANGSD as described above
and pruned by only keeping SNPs found originally in the 1kb pruned dataset used for PCA and admixture
analysis. As X-linked and autosomal SNPs may have different phylogenetic signals, X-linked SNPs were
excluded. As Treemix requires genotypes to be called, PCAngsd was used to call genotypes from the GLs
with a 95% posterior probability cutoff using estimated inbreeding coefficients as a prior. When looking

at the distribution of fraction of missing genotypes per site, we observed a peak at 10%, and decided to
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exclude any sites with greater than 20% missing data across samples, consistent with cutoffs in other
studies (Brandenburg et al. 2017; Zecca et al. 2019). We also excluded sites for which data are

completely missing within any one cluster as required by Treemix, leaving 29,145 SNPs for analysis.

Treemix version 1.13 (Pickrell and Pritchard 2012) was used to generate population admixture graphs
with inferred migrations. Between 0 to 10 migrations were tested, each with 100 bootstraps calculated
using a resampling block size of 500 SNPs, with global tree rearrangements and standard error
estimation of migration weights enabled. The bootstrap run with maximum likelihood for each
migration tested was used for plotting. To estimate support for migration edges, Treemix was also used
to calculate F3 and F4 statistics using a resampling block size of 500 SNPs to estimate standard error and
Z-scores. The F3 statistic tests if population A’s allele frequencies are a result of mixture of allele
frequencies from populations B and C. A significantly negative value of F3(A;B,C) supports admixture of
B or Cinto A. The F4 statistic measures correlations in allele frequencies between populations A and B
versus populations C and D. F4(A,B;C,D) is expected to be zero under no admixture. Assuming the tree
((A,B),(C,D)) exists, a significantly positive value suggests gene flow between A and C or B and D, while a
significantly negative value suggests gene flow between B and C or A and D. By setting one of these
populations to be an outgroup where no admixture is expected, it is possible to infer which population
pair experienced admixture. We used a Z score cutoff of 2 or -2 to determine if a value was significantly

positive or negative.

Estimation of Fst, nucleotide diversity, and Tajima’s D
Site allele frequencies were estimated for each cluster from the largest 20 contigs of the genome

assembly with ANGSD version 0.933 using the samtools GL model, filtering for a minimum mapping
quality = 20 and minimum base quality = 20. The subprogram realSFS from ANGSD was used to estimate
a two-dimensional folded SFS for all pairs of clusters and to calculate the global weighted Fst for each

cluster pair. RealSFS was also used to estimate one-dimensional folded SFS for each cluster in order to
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calculate nucleotide diversity and Tajima’s D per site. The command ANGSD/thetaStat do_stat was used

to bin these summary statistics in 20kb windows across the genome.

Data Availability
Raw lllumina reads have been deposited to the NCBI Sequence Read Archive (SRA) and can be found

under BioProject accession number PRINA705744. Scripts used to run all analyses can be found at

www.qgithub.com/ClockLabX/Dsuz-popgen.

Results

Population structure exists between continents as well as within the U.S. and

Europe
To determine if population structure exists in D. suzukii living in recently invaded locations, we

sequenced wild caught individual D. suzukii flies collected from the continental U.S., Brazil, Ireland, Italy,
South Korea, and China, as well as a laboratory strain from Hawaii and Japan (Figure 1). After aligning

sequences to the reference genome, we found that average read coverage was low for some individuals
and populations, with mean coverage per cluster ranging from 5-11X. As low coverage can cause biases

in genotype calling, we used methods that implemented genotype likelihoods wherever possible.

We first used PCA and admixture proportion estimates to search for signs of population structure. When
examining our Asian samples, we were surprised to discover that all the Namwon, South Korea samples
as well as one Sancheong, South Korea sample clustered tightly with the Kunming, China population,
rather than with the rest of the Sancheong samples (Figure S2C, Figure S3D). As several sister species to
D. suzukii with similar morphological appearances occupy the same geographic ranges (Takamori et al.
2006), we performed a phylogenetic analysis using the mitochondrial COX2 gene sequence to evaluate
species identity (Figure S4). Based on phylogenetic inference, we determined that the Namwon, South
Korea samples; Kunming, China samples; and one Sancheong, South Korea sample may actually be D.

pulchrella. For this reason, these samples were excluded from further analyses.
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As sampling was heavily concentrated in the U.S., we first conducted PCA and admixture proportion
estimation on each broad geographic region separately before analyzing all populations together (Figure
S2, Figure S3). Among the Eastern U.S. samples, PCA did not separate samples by state or latitude, and
no distinct populations emerged in admixture plotting at multiple clustering values (k). Among the
Western U.S. samples, both the first principal component and varying values of k for admixture
proportions separates Hawaii from the other sample sites; however, higher values of k and principal
components do not further partition the remaining Western U.S. samples. Thus, it appears there is likely
no strong population structure in a north to south cline in the U.S. Using a similar approach, we see that
in the European samples, collections from Ireland and Italy partition as separate clusters in the first PC
and when k=2 in admixture plotting. We also observe that samples from Asia partition into Japan and

South Korea, which is unsurprising as the Japanese samples originate from a lab population.

We then used PCA to analyze all samples together to examine how differentiated invasive populations
were from each other and from the ancestral Asian samples (Figure 2A). As subtler signals can be
obscured by unequal population sampling (McVean 2009; Toyama et al. 2020), we also analyzed a
reduced dataset by subsampling 5 individuals from each region (Figure 2B-C). When using all samples,
the first principal component separates Eastern and Western U.S. populations, with Asian and European
samples in-between. Samples from Pelotas, Rio Grande do Sul, Brazil, appear more related to Eastern
U.S. samples, although one individual clusters more with the Western U.S. flies. We also noticed that all
samples collected from the Alma Research Farm (AR), Georgia clustered with the Western rather than
Eastern U.S. samples, despite two other Georgia sites nearby that followed the expected pattern. The
second principal component then separates the European samples. When the data is subsampled to 5
individuals per cluster, the first and second components strongly separate Hawaii and Japan,

respectively (Figure 2B); this signal was likely obscured by the large number of U.S. samples when all
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samples are analyzed together but is expected as these two populations were lab strains and have likely

experienced significant genetic drift relative to wild relatives.

The observations made from PCA are largely recapitulated when using subsampled data to estimate
admixture at varying levels of k (Figure 2C). At k=3, we observe Japanese and Hawaiian samples form
their own clusters, while all the wild collections form a third cluster. As k is increased up to 7, we see the
appearance of Europe, Brazil, Eastern U.S., and South Korea samples as their own clusters, before
samples from Europe are split into Ireland and Italy at k=8. We notice increased variability in cluster
assignment in the U.S. populations, particularly when subsampling, which likely reflects the large sample
size and high within-population diversity (Figure S5). However, analysis using all individuals still clearly
support Eastern and Western U.S. samples as distinct genetic populations (Figure S6). In addition, we
also see that the AR Georgia population again cluster with the Western U.S. As we were unsure if this
could be the result of a very recent migration or mislabeled samples, we decided to exclude this

population from further analyses.

To further quantify the amount of differentiation present between regions, we estimated Fst values
between regions using the 20 largest contigs, spanning all 4 chromosomes and covering 54% (145Mb) of
the reference genome (Figure 3A). Three general levels of differentiation were apparent based on this
analysis. As expected, Fst between Hawaii or Japan to any wild population was high (>0.30). Irish and
Italian populations had intermediate levels of differentiation with the other wild populations and with
each other (0.15-0.30), while Fst values between Brazil, South Korea, and both U.S. clusters were lower
(0.05-0.10). These groupings broadly match those observed from PCA (Figure 2A-B).

Repeat migrations to and from the U.S. have occurred over large geographic

distances
While PCA and admixture proportion estimates were able to identify population clusters, they are

unable to provide more detailed depictions of population history or migration events. To estimate the
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population history of these invasive populations, we used Treemix to generate a population admixture
graph with inferred migration events based on co-variance of allele frequencies between clusters,
testing models allowing between 0 to 10 migrations (m) (Figure S7). We found that the model using six
migrations captured the most variance of the data (99.6%) (Figure 4). Residuals of the model at m=6 are
within +/- 5 standard errors between populations, suggesting the model fits the data well, despite the
variance of Hawaii with itself appearing less well modeled (Figure S8). The strongest signal of admixture
was found in the Western U.S., with an estimated Hawaiian admixture proportion of 41.0% (SE = 6.9%, p
< 0.05), and was also observed in most models (m = 4-8,10). To formally test for admixture, we used the
F3 admixture statistic in the form F3(Western U.S.; Hawaii, popX) where popX represents any third
population, and found significantly negative values for all populations (Z score < -2), strongly supporting
admixture of Hawaii into the Western U.S. We also used the F4 statistic, using the form F4(A, B; C,
outgroup) such that a negative value supports “B” and “C” admixture, while a positive value supports
“A” and “C” admixture, assuming no migration occurred between the outgroup and either A or B. Using
either D. biarmipes or D. subpulchrella as the outgroup, the tests F4(Western U.S., Brazil; Hawaii,
outgroup) and F4(Western U.S., Eastern U.S.; Hawaii, outgroup) were significantly positive ( Z score > 2),
again supporting this admixture. Thus, the Western U.S. population sampled is composed of nearly
equal ancestry from a Hawaiian ancestor and the common ancestor of the U.S./Brazil populations. As
Treemix assigns the edge with smaller weight to be the “migrant” edge by default, it may be
unidentifiable whether the Hawaiian ancestor or the U.S./Brazil common ancestor should be called the

migration source.

We also observed two countries with U.S. admixture in the m=6 model. Ireland had an Eastern U.S.
admixture of 25.3% (SE = 2.7%, p < 0.05), although at varying values of “m” the source of this admixture
fluctuates between the Eastern U.S., Brazil, or the Eastern U.S./Brazil ancestor. However, in all cases the

admixture strength and significance remain consistent. While no F3 statistic support was found, the F4
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statistics (Western U.S., Brazil; Ireland, outgroup) and (Western U.S., Eastern U.S.; Ireland, outgroup)
were significantly negative, supporting Ireland’s Eastern U.S./Brazilian and European ancestry. As the
U.S./Brazilian admixture weight is much less than the European admixture weight, this was likely due to

a migration event from the Americas into Irish populations.

The other out-of-U.S. admixture event, from the Western U.S. to South Korea (admixture 23.1%, SE =
3.6%, p < 0.05), was seen when m=6, 8, and 10. F3 statistics (South Korea; Western U.S.,
Italy/Ireland/Japan) all have significantly negative values, and the F4 statistics (Western U.S., Eastern
U.S.; South Korea, outgroup) and (Western U.S., Brazil; South Korea, outgroup) are significantly positive,
supporting a Western U.S./South Korea admixture. However, using 9 migration edges Treemix reported
the reverse direction; as F3 and F4 statistics cannot easily infer directionality, more heavily sampling of
the Asian populations or alternate methods may be needed to determine whether flow is occuring in

both directions.

Invasive populations have experienced little loss in genetic diversity
To determine if invasive populations have experienced loss in genetic diversity, we used the software

ANGSD to estimate average pairwise nucleotide diversity in 20 kb increments across the 20 largest
contigs of genome for each population. Invasive populations can sometimes exhibit reduced levels of
diversity early on in their history due to a founder effect (Nei et al. 1975), while ancestral populations
tend to have the greatest amount of diversity as they have had many generations to accumulate
mutations. A Welch one-way test (F=1590.9, p < 0.05) found a significant difference in mean pairwise
nucleotide diversity between clusters. We then used pairwise Games-Howell tests and found each
cluster to be significantly different (p < 0.05), except for the Eastern U.S., Brazil, and Italy when
compared to each other. As Asia is the ancestral home of D. suzukii, it is no surprise that South Korean
wild populations exhibit the highest diversity levels (Figure 3B). Similarly, the lab populations from Japan

and Hawaii have half as much pairwise diversity as the wild South Korean population, consistent with a

22



small lab population size. The invasive populations display an intermediate level between these

extremes.

To assess whether invasive populations may have experienced a bottleneck or population shrinkage, we
also estimated Tajima’s D in the same genomic intervals. Extremely positive values (>2) can indicate a
loss of rare alleles, which can occur during a population shrinkage, while extremely negative values (<-2)
can indicate a recent bottleneck followed by rapid expansion (Tajima 1989). A Welch one way test again
indicated significant differences in mean Tajima’s D between clusters (F=45598, p-value < 0.05), and
pairwise Games-Howell tests found all clusters to be statistically different (p < 0.05) except for Western
U.S. against Brazilian flies. Strains from Hawaii and Japan both had high genome-wide levels of Tajima’s
D, indicative of a loss of rare alleles that can occur during a population shrinkage (Figure 3C). The
remaining populations had neutral values of D, except for Ireland’s relatively high value. Based on this,
we conclude there are no strong signals for a recent bottleneck, although the high genome-wide D value
for Ireland suggests a recent population shrinkage. As our Irish samples were collected in 2016 only one
year after its discovery in Ireland, we could be observing the founder’s effect in action (Gaffney 2017).
Discussion

Based on population allele frequencies, we have shown that D. suzukii exhibit population structure
based on region and invasion history. In the New World populations, we find that Eastern and Western
U.S. samples appear to be distinct populations. While this could be the result of continuous population
variation from East through Central to the West coast, it is more likely the case that the two populations
experience little gene flow due to strong geographic barriers such as the Sierra Nevada or Rocky
Mountain ranges, and the fact that key target fruit crops such as cherries, raspberries, blueberries, and
strawberries are primarily grown in states that we sampled (“Noncitrus Fruits and Nuts 2019 Summary”
2020). Any genetic exchange between these regions would likely be the result of human activity, such as

could be the case with samples collected from Alma Research Farm, Bacon County, Georgia (AR)
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clustering with the Western U.S. populations. As other nearby collections (AL, BD) failed to share this
signal, the Alma research population could represent a recent and isolated migration event. Otherwise,
we see little evidence of migration events or admixture between the Eastern and Western U.S., which is
somewhat surprising as the country’s supply of fresh blueberries, cherries and caneberries are
concentrated in a few states (Pacific Northwest, Michigan, Maine) and shipped across the country
(“Noncitrus Fruits and Nuts 2019 Summary” 2020). However, recent changes to cultural management
such as more frequent harvesting and post-harvest chilling may be responsible for disrupting the D.

suzukii lifecycle and limiting cross-country transport (Schoneberg et al. 2021).

While we were able to detect population structure between eastern and western locations in the U.S.,
we were surprised to discover a lack of structure on a finer scale, either based on latitude or simple
geographic distance, given the large number of loci analyzed. In a similar study using 3,484 SNPs in 246
Hawaiian D. suzukii samples, researchers were able to identify three distinct populations roughly
seperated by islands (Koch et al. 2020). The fact that D. suzukii has been present in Hawaii since 1980, in
addition to the isolation by island, are likely the strongest factors in providing enough genetic drift to
create such differentiation. As the continental U.S. D. suzukii have only been present since 2008, it may
be too early for finer structure to have developed. Alternatively, continual dispersion and transportation

of D. suzukii around the U.S. may be hindering the development of more local structure.

Several studies have reported a low probability of D. suzukii surviving when exposed to freezing
temperatures, based on cold survival assays of wild-caught specimens (Dalton et al. 2011; Stephens et
al. 2015), suggesting that flies collected in cold-winter regions such as Washington, Michigan, Maine,
and New York could be annual migrants to the area from nearby warmer locations. The lack of north-
south population structure supports the hypothesis that flies are regularly re-migrating into colder
climates after the harsh winters have ended. Alternatively, flies could be tolerating winters by surviving

inside human structures (Stockton et al. 2019), or by having evolved resistance to freezing temperatures
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(Stockton et al. 2020). Studies using D. suzukii collected from different locations have reported different
levels of rapid cold-hardening response, suggesting there could be regional selection present (Jakobs et
al. 2015; Everman et al. 2018; Stockton et al. 2020). If populations in northern regions undergo strong
seasonal fluctuations in allele frequencies, such as has been demonstrated in wild D. melanogaster
populations collected in Pennsylvania (Bergland et al. 2014), by only sampling sites in the summer we
may be missing signals of population differentiation between the north and south. Likely, some
combination of these factors is responsible for the success of D. suzukii in these regions, and further
studies will be needed to identify the causes. North-south clines in specific traits such as diapause and
circadian rhythms have been previously identified in drosophilids and could be at play here as well
(Schmidt et al. 2005; Tyukmaeva et al. 2011). Further analyses using methods such as those recently
used to detect SNPs correlated with invasive success (Olazcuaga et al. 2020) could be applied to this

dataset to find signals of selection.

Fst values between populations from the U.S., Brazil, and South Korea were low and agree with
previously published Fst estimates based on Pool-Seq data; Olazcuaga et al. 2020 observed that Fst
between U.S., European, Asian, and Brazilian populations varied between 8.86% to 9.02%. However, we
were surprised to see that our Italian and Irish samples had much higher values of Fst compared to the
other populations, and even to each other. This discrepancy could be due to the small sample sizes we
had from Europe; in this scenario, pooling larger number of samples can improve power to estimate Fst,
and we instead rely on comparing the relative Fst values between populations for our analysis. High Fst
values between our Japanese and Hawaiian populations were expected, however, as these have likely

experienced strong drift during their time in captivity.

In general, we find that our treemix and migration results largely coincide with the proposed invasion
pathway inferred from microsatellites (Fraimout et al. 2017), as well as a recent pre-print that re-

analyzed invasion pathways with pooled sequencing data (Gautier et al. 2021). We see that European
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and U.S./Brazilian populations form two distinct clades, emphasizing these regions were invaded by two
independent migrations from Asia. Hawaii is the first population to diverge in the Americas, followed by
the Western U.S., then the Eastern U.S. and Brazil. Additionally, in the Western U.S., we detected a
strong signal of admixture from Hawaii, which could be due to multiple or ongoing migration events. We
also detected signals of admixture from the Eastern U.S./Brazil to Ireland, which matches the predicted
initial invasion pathway and suggests multiple migration events. Unique to our analysis, we recover
support for admixture of Western U.S. samples in Asia, suggesting that migrations could be ongoing in
both directions. Invasive species transport is strongly associated with international trade of live plants
and plant products (Chapman et al. 2017), and indeed agricultural export data supports the possibility of
this migration as Japan receives almost 15% of all U.S. blueberry exports, and Oregon recently became
the first state to begin shipping blueberries to South Korea in 2012 (Evans and Ballen 2014). It should be
noted that while Treemix infers direction of migration, the model can occasionally infer the incorrect
direction, particularly when populations are closely related without an available outgroup (Pickrell and
Pritchard 2012). More sampling of Asian populations are likely needed to confirm the direction of this

admixture.

In conjunction with evidence of this widespread ongoing migration, we observed nucleotide diversity
levels of all invasive populations (excluding lab populations) to be only moderately below that of the
wild South Korean population, a trend also observed in Fraimout et al. (2017). Typically, recent invasion
events are characterized by reduced diversity relative to the ancestral populations due to founder or
bottleneck effects (Dlugosch and Parker 2008). However, successive invasion events can provide relief
from any initial bottlenecks by providing increased genetic diversity. This has been observed to occur in
multiple animal studies (Johnson and Starks 2004; Kolbe et al. 2004), and could lead to increased ability
to adapt and evolve to new climates. Correspondingly, in our analysis we did not find populations with

broadly low values of Tajima’s D, suggesting little bottleneck effect. As measures to reduce impacts of
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invasive species are often hindered by repeated migrations (Garnas et al. 2016), it will be important to
enforce that fruits being exported and imported internationally are free of live D. suzukii as required by

the U.S. Department of Agriculture, even though this species is already internationally established.

We anticipate that the genomic data provided here will prove useful in many fields of biology beyond
the scope of this study. Knowledge of genetic variation and alternate alleles present within a species can
be informative for the design of probes and micro RNAs (miRNAs), such as for the purpose of creating
gene drives to control invasive species. Gene drive mechanisms to eliminate D. suzukii have been
experimentally tested on multiple lines to ensure the miRNAs are broadly effective (Buchman et al.
2018), but a large dataset of wild population sequencing allow researchers to more confidently select
target sites that are non-variable and thus susceptible to Cas9 targeting (Schmidt et al. 2020). Drury et
al., (2017) demonstrated that minor natural polymorphisms in target sites reduce gene drive
effectiveness in flour beetles, and tools have been developed to help researchers design gRNAs
accounting for population variation (Chen et al. 2020). Similarly, with the recent development of a
CRISPR-Cas9 editing and RNAi knockdown protocols for D. suzukii (Murphy et al. 2016; Li and Scott 2016;
Taning et al. 2016; Ahmed et al. 2020), prior knowledge of allelic variation will allow researchers to
design targeting oligonucleotides more precisely to avoid loci with variability. Most recently, our dataset
has been used to study sensory receptor evolution in D. suzukii, giving insights into its evolution toward
becoming a major agricultural pest (Durkin et al. 2021). Other future uses of this trove of genomic data
could involve insecticide resistance studies or the development of diagnostic assays for rapid detection

in the field.
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Figures
Figure 1: Sampling sites of D. suzukii populations. Sampling sites from the U.S., Europe, Brazil, and Asia.

Labels indicate population code; colors and symbols depict population clusters as determined using
PCangsd and NGSadmix. Note site AR has been labeled as “West US” based on clustering results.

Between 5-10 flies per site were collected for WGS.
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Figure 2: Population structure of D. suzukii populations. (A) First 2 principal components plotted of all

samples based on 154,271 SNPs. Note several “Eastern US” samples representing Alma Research Farm,

Georgia, as well as one Brazilian sample, clustering with the Western US. Percent variation of the data

captured by each component indicated in axis labels. (B) First 2 principal components of sub-sampled

dataset, using 5 individuals per cluster. (C) Posterior probability of cluster identity using NGSadmix

calculated from 152,876 SNPs, using between 3 to 8 clusters. Samples labeled by name and cluster.
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Figure 3: Population summary statistics of sampled D. suzukii populations. (A) Pairwise weighted Fst
calculated from the largest 20 contigs of the reference genome between populations. (B) Pairwise
nucleotide diversity distribution and (C) Tajima’s D distribution, calculated in 20 kb intervals across the
largest 20 contigs of the reference genome (7237-7238 blocks). Boxplots depict median, 15t and 3™

quartiles. Average values labeled along the x-axis.
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Figure 4: Maximum likelihood admixture graph. Graph is based on allele frequencies and allowed up to 5
migrations. The 3 strongest migrations are shown, colored by admixture proportion; Hawaii to Western
U.S. (0.410, SE=0.069, p=1.10E-9), Eastern U.S. to Ireland (0.253, SE=0.027, p=0.0), and Western U.S. to
S. Korea (0.231, SE=0.036, p=5.4E=11). Nodes labeled with jackknife bootstrap confidence percentages

obtained from 100 replicates.
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Supplemental Figures
Figure S1: Linkage disequilibrium decay in longest contig for all samples. Linkage disequilibrium

measured by r> measured pairwise for each SNP within 100kb of each other (0-30kb shown in plot). 95%
confidence shaded intervals displayed based on 100 bootstrap replicates. A 1% subsample of the r2

values was used to fit the model of decay.
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Figure S2: Admixture proportions estimated for each region individually. Samples are labeled by location
code, followed by U.S. state abbreviation or country. Brazil not plotted as only one location was
sampled. (A) Eastern U.S. samples, 182,786 sites used. (B) Western U.S. samples (including Hawaii),

136,929 sites used. (C) Asian samples, 97,134 sites used. (D) European samples, 77,645 sites used.
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Figure S3: PCA calculated for each region individually. Percent variance captured by each principal
component indicated in axis labels. (A) Eastern U.S. samples, 183,243 sites used. (B) Western U.S.
samples, (including Hawaii), 139,075 sites used. (C) European samples, 90,624 sites used. (D) Asian

samples, 103,312 sites used.
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Figure S4: Phylogenetic tree using COX2 gene haplotypes. Maximum likelihood tree of COX2 rooted on
D. melanogaster (Dmel01) using the Tamura 3-parameter model + G, with bootstrap fractions greater
than 0.5 from 500 replicate runs displayed next to branch points. Branch lengths measure number of
substitutions per site. 70 variable sites were analyzed from a total of 720 positions in the alignment. The
following abbreviations were used for species name. Dsuz = D. suzukii; Dpul = D. pulchrella; Dsub = D.
subpulchrella; Dbia = D. biarmipes; Dlut = D. lutescens; Dmim = D. mimetica; Dmel = D. melanogaster.
Note that haplotypes Dsuz01 (Genbank HQ631606.1), Dsuz03 (pop NW), Dsuz04 (pop KM), and

Dsuz05(pop NW) are likely not actually D. suzukii.
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Figure S5: Admixture proportions estimated from subsampled clusters. (A-C) 5 random individuals were
sampled from each population cluster for each analysis. Samples labeled by name, followed by

population cluster. For the fourth subsample, see Figure 2C. 144,661-152,424 sites used.
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Figure S6:Admixture proportions estimated from all samples combined. Up to 10 clusters (k) were used.

Samples are labeled by state if applicable, followed by population cluster. 206,093 sites used.
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Figure S7: Trees inferred by treemix with 0 to 10 migrations. Migration edges have not been plotted for
readability. Bootstrap replicate values label each branch from 100 bootstrapped runs. X-axis measures
genetic drift. Fraction variance of the data captured by the model is indicated in bottom right of each

plot. Labels “D.sub” and “D.bia” stand for D.subpulchrella and D. biarmipes, respectively.
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Figure S8: Plots of standard error of residuals between populations based on models generated by
treemix from 0 to 10 migration edges. High residuals indicate the model underestimates the data’s co-
variance, which could be a sigh more migrations are needed. Low residuals may indicate the two

populations are too close in the graph due to unmodeled migration elsewhere.
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Abstract

Tuta absoluta is one of the largest threats to tomato agriculture worldwide. Native to South America, it
has rapidly spread throughout Europe, Africa, and Asia over the past two decades. To understand how
Tuta absoluta has been so successful and to improve containment strategies, high quality genomic
resources and an understanding of population history is critical. Here, we describe a highly contiguous
annotated genome assembly, as well as a genome-wide population analysis of samples collected across
Latin America. The new genome assembly has an L50 of 17 with only 132 contigs. Based on hundreds of
thousands of SNPs, we detect three major population clusters in Latin America with some evidence of
admixture along the Andes Mountain range. Based on coalescent simulations, we find these clusters
diverged from each other tens of thousands of generations ago prior to domestication of tomatoes. We
further identify several genomic loci under selection related to insecticide resistance, immunity, and
metabolism. This data will further future research toward genetic control strategies and inform future

containment policies.
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Introduction
Tuta absoluta (also known as Phthorimaea absoluta (Chang and Metz 2021)) is a worldwide economic

pest of tomatoes and other solanaceous crops. A member of the gelechiid family, this moth lays eggs on
the above-ground portion of the plant, where the hatched larvae will spend their lives creating "mines"
throughout the plant tissue before pupating and emerging as adults (Godfrey et al. 2018). At a
reproduction rate of up to 10 generations per year, untreated infestations will eventually result in
complete death of the plant, leading to up to 100% agricultural loss. Although a large effort has been
made to develop and implement integrated pest management (IPM) programs across different world
regions (Desneux et al. 2022), typical treatments have included heavy use of a variety of insecticides
(Siqueira et al. 2000), leading to the rapid appearance of insecticide resistance. As tomatoes represent a
massive economic industry, with an estimated 252 million metric tons of tomatoes harvested in 2020
(FAOSTAT 2020), there is a serious need to understand the invasive biology of this insect and to develop

tools for detection and prevention.

Tuta absoluta was originally detected in Peru in 1917 (Meyrick 1917) but was not recorded as an
agricultural pest until the 1960s and 70s when it was discovered in tomato fields in Chile, Argentina, and
Venezuela; by the 1990s it was widespread across South America. In 2006, Tuta absoluta appeared in
Spain (EPPO 2008); since then it has rapidly colonized Europe, Asia, and Africa. It is generally believed
that the Peruvian highlands is the ancestral home of T. absoluta, and that the rapid colonization to the
rest of Latin America was due to the introduction of Tuta absoluta by human transport of contaminated
fruit, although few studies have confirmed this (Desneux et al. 2011). Previous research using
mitochondrial and microsatellite DNA markers found some evidence of population structure, as well as
evidence that the European invasion originated from a single population in central Chile (Cifuentes et al.
2011; Guillemaud et al. 2015). However, determination of higher-resolution population structure,

migration events, divergence times, and population size can benefit from using a larger number of
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markers, such as what is produced from genome-wide sequencing studies (Trask et al. 2011; Willing et
al. 2012; Rasi¢ et al. 2014; Koch et al. 2020). Additionally, few genetic studies have been conducted to
understand how Tuta absoluta has performed so successfully as an agricultural pest beyond targeted
examinations of known insecticide resistance alleles. One reason for this has been the lack of a highly
contiguous genome with annotated genes. A short-read based assembly has been previously published
for the purpose of developing molecular diagnostics (Tabuloc et al. 2019); however, it is highly

fragmented and duplicated.

In this study, we addressed these issues by using long-read sequencing technology to produce a highly
contiguous genome assembly for Tuta absoluta. We then use short-read technology to sequence
genomes of individuals collected across Latin America, as well as a Spanish population, to identify single
nucleotide polymorphisms (SNPs) in an unbiased manner. We use these SNPs to detect population
structure and estimate population history parameters to understand how and when Tuta absoluta
spread across Latin America. Finally, we use genome scanning statistics to identify genes putatively
under selection that may explain Tuta absoluta's success as an agricultural pest. We expect the genome

assembly and population data will be an asset toward developing new strategies to manage this pest.

Methods
High Molecular Weight DNA extraction

For genome assembly, a single Tuta absoluta larva was collected from a colony originally sourced from
the Institute of Agrifood Research and Technology (IRTA), Cabrils, Spain and held in the Contained
Research Facility in UC Davis and frozen on dry ice. The larva was pulverized in liquid nitrogen with a
pestle in a 2 mL microcentrifuge tube using 740 mL of lysis buffer (80 mM EDTA pH 8, 324 mM NaCl,
0.68% SDS, 8 mM Tris-HCI pH 8, 80ug/mL RNase A (NEB, Ipswich, MA), 135 ug/mL Prot K(NEB)). After a
37°C overnight incubation step, 240 pL of 5M NaCl was added and gently mixed in by rocking before

centrifuging at 10,000 RCF, 4°C, for 15 minutes. Supernatant was transferred using a wide-bore pipette
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to a 2 mL DNA low-bind tube (Eppendorf, Enfield CT), precipitated with 1 mL of 100% ethanol, and
centrifuged at 10,000 RCF, 4°C, for 5 minutes. The DNA pellet was washed with 500 pL of ice-cold 70%
ethanol twice before air-drying for 5 minutes. Dry pellet was resuspended in DEPC-treated water and
allowed to dissolve for 1 hour at room temperature before being stored at 4°C for no more than 2
weeks. Absorbance ratios were measured with a Nanodrop Lite (ThermoFisher Scientific, Waltham, MA),
DNA concentration was measured with a Qubit 4 Fluorometer using a dsDNA High-Sensitivity Assay
(ThermoFisher Scientific), and DNA fragment size was measured with a Tapestation genomic DNA
ScreenTape (Agilent, Santa Clara, CA). Approximately 700 ng of DNA was sent to QB3-Berkeley for library

preparation and PacBio HiFi sequencing with 1 SMRTcell.

Genome Assembly and Assessment
Raw subreads were collapsed into Circular Consensus Sequence (CCS) reads using ccs version 6.0.0

(PacBio, Menlo Park, CA). K-mer histograms were made with jellyfish version 2.2.6 (Marcais and
Kingsford 2011) using 31-mers, then visualized with GenomeScope version 2.0 (Ranallo-Benavidez et al.
2020). GC content vs k-mer frequency was calculated from the jellyfish histograms using kat version
2.4.2 (Mapleson et al. 2016) and visualized with R. CCS reads were initially assembled using hifiasm
version 0.14 or HiCanu version 2.11 (Nurk et al. 2020; Cheng et al. 2021) with default parameters.
HiCanu assembly was separated into a primary and alternate haplotig set using purge-dups version 1.2.5
4 (Guan). The primary hifiasm assembly was purged with purge_dups; alternate haplotigs from this
purge were purged with the alternate hifiasm assembly, and re-purged with purge_dups to discard
repeats, high-coverage, or nested haplotigs. Merqury version 1.1 (Rhie et al. 2020) was used to assess
genome assembly quality and completeness between the two assemblers and between pre- and post-
purging. K-mer size of 20 was used for building the Meryl database from the raw CCS reads. Copy
number k-mer plots were generated using Merqury’s provided R scripts. BUSCO version 5.1.2 (Manni et

al. 2021) was also used in genome mode to assess genome ortholog completeness using the
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Lepidoptera OrthoDB-10 database (Kriventseva et al. 2019). To detect contigs that were contaminant
DNA and not of Tuta absoluta origin, blastn version 2.12.0 (Camacho et al. 2009) was used with the “nt”
database (downloaded August 3™, 2021) under the following parameters: word size=20, max target
sequences = 10. Taxonomic information was downloaded for each subject match from the NCBI
Taxonomy database using the “rentrez” package in R. To corroborate blast results, Phyloligo version 1.0
(Mallet et al. 2017) was used to generate a Euclidian distance matrix between contigs based on k-mer
distribution with k-mer length 4. The R packages “ape” version 5.6-1 (Paradis and Schliep 2019) and
“ggtree” version 2.2.4 (Yu et al. 2017) were used to generate and visualize the contig tree using the

BIONIJ algorithm.

Repeat masking
The decontaminated hifiasm primary genome assembly was supplied as a database to RepeatModeler

version 2.0.2a (Flynn et al. 2020) to produce a custom repeat library, with the long terminal repeat
module enabled. RepeatMasker version 4.1.2 (Smit et al. 2021) was used to produce GFF annotation
files of repeat coordinates. The Dfam transposable element database provided with RepeatMasker was
merged with the RepBase RepeatMasker Edition database version 20181026 (Bao et al. 2015) to mask
the genome once, and the custom RepeatModeler library was used to mask the genome separately. The
resulting GFF files were merged and sorted with bedtools version 2.30 sort (Quinlan and Hall 2010), then

used to soft-mask the assembly with bedtools maskfasta.

Gene model annotation
Six RNAseq datasets produced by Camargo et al. 2015 covering all life stages of Tuta absoluta (egg, four

larval instars, adult) were downloaded from Bioproject PRINA291932 for gene model annotation. Reads
were checked for quality with FastQC version 0.11.9 (“FastQC” 2019), trimmed with Trimmomatic
version 0.39 (Bolger et al. 2014), and aligned to our primary assembly using STAR version 2.7.9a (Dobin

et al. 2013) with default parameters. In addition, protein databases were downloaded from Lepbase
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(Challi et al. 2016) and OrthoDB-arthropoda (Kriventseva et al. 2019). The soft-masked genome was
annotated twice with BRAKER2 version 2.1.5 (Brlina et al. 2021), once with the aligned RNA data, and
again with the merged protein data. The two resulting GTF gene model files, as well as the GFF gene
model hints files, were supplied to TSEBRA version 1.0.2 (Gabriel et al. 2021) to be merged into a single
GTF output. Gffread version 0.12.6 (Pertea and Pertea 2020) was used to remove mRNAs with missing

start or stop codons, in-frame stop codons, or that were redundant.

Functional gene annotation
Entap version 0.10.7 (Hart et al. 2020) was used to annotate gene models with names and predicted

functions. Entap was configured to perform frame selection and filtering. The Lepbase, Refseq-
Invertebrate, UniprotKB/Swiss-Prot, and UniprotKB/TrEMBL (O’Leary et al. 2016; Challi et al. 2016; The
UniProt Consortium 2021) protein databases were used for gene identity search and the EggNOG
database (Huerta-Cepas et al. 2019) for gene ontology, protein domain, and pathway annotation. As
EnTAP was designed for transcriptome annotation, gene model coordinates were not referenced to the
genome assembly. To correct this, the output GFF gene model annotation was converted to a GTF using

III

gffreads, then converted to an alignment-GFF format using the script “gtf_to_alignment_gff3.pl” from

Transdecoder (Brian and Papanicolaou), and finally mapped back to the genome assembly coordinates

III

using the Transdecoder script “cdna_alignment_orf _to_genome_orf.p

Population sample DNA extraction and alignment
We used the same DNA extracted from Tuta absoluta collected from South America, Costa Rica, and

Spain by Tabuloc et al. 2019. DNA libraries were made using the KAPA Hyperplus Kit (Roche, Basel,
Switzerland). 150 basepair paired-end sequencing was performed by Novogene on the lllumina HiSeq
4000. Raw reads were trimmed of adapter sequences using scythe version 0.991 (Buffalo 2014) and
were quality-filtered using sickle version 1.33 (Joshi and Fass 2011) using default settings. FastQC was

used to inspect read quality before and after filtering. Reads were mapped to the genome assembly
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using bwa mem version 0.7.17 (Li 2013), and duplicates were marked with samtools markdup version

1.14 (Danecek et al. 2021).

Population structure analysis
Angsd version 0.935 (Korneliussen et al. 2014) was used to estimate genotype likelihoods from the 78

contigs longer than 100kb, using a single nucleotide polymorphism (SNP) filter threshold of p < 10°®, a
minimum minor allele frequency of 0.05, and a minimum map and base quality of Q=20. SNPs were then
pruned to every 500 base pairs. PCA and admixture analysis were performed using PCAngsd version 1.0
(Meisner and Albrechtsen 2018) and NGSadmix version 32 (Skotte et al. 2013) as described in Lewald et

al. 2021. PCAngsd was also used to output inbreeding coefficients for each sample.

Treemix
We called genotypes from the genotype likelihoods calculated for population structure analysis using

PCAngsd, with a 95% confidence threshold and with inbreeding values estimated from PCAngsd as
priors. We removed loci that were missing data in more than 20% of samples, or loci with missing data
in all individuals within a single sampling location. A custom R script was used to convert PCAngsd-
format genotypes into a Treemix-formatted allele counts table. Treemix version 1.13 (Pickrell and
Pritchard 2012) was run with 100 bootstraps, a window block size of 500 SNPs, 0 to 5 migration edges,
and rooted on the CR (Costa Rica) population. The “global rearrangements” and “standard error
calculation” options were also enabled. Treemix’s “threepop” subprogram was used to calculate F3

statistics between populations, using a 500 SNP window block size for standard error estimation.

Population summary statistics and Population Branch Statistic
Summary statistics were calculated with Angsd on the largest 78 contigs. The site allele frequencies

(SAF) were calculated for each region (North, Andes, Central, and Spain) with the -doMaf 1 option and
using individual inbreeding coefficients as priors, and no minor allele frequency or SNP filtering was

used. To estimate nucleotide diversity and Tajima’s D, the global folded 1-dimensional site frequency

58



spectrum (1D-SFS) was calculated using Angsd realSFS for each population using the SAF in 100Mb
pieces of the genome with a maximum of 400 iterations in the EM cycle. The 1D-SFS was summed across
the genome for each population and realSFS saf2theta was used to estimate thetas per site. Angsd
thetaStat do_stat was then used to calculate theta and Tajima’s D in 20kb windows, with a step of either

20kb or 5kb.

To estimate Fst between regions, realSFS was used to calculate the global folded 2-dimensional site
frequency spectrum (2D-SFS) between each pair of regions in 100Mb pieces of the genome with 400 EM
cycle iterations. 2D-SFS was summed across the genome, and realSFS Fst index was then used to
estimate per-site Fst, and realSFS fst stats was used to estimate the global Fst values between regions.
To estimate the Population Branch Statistic (PBS), the Andes, Central, and North regions were supplied
at once to realSFS Fst index and realSFS fst stats2, to produce PBS values for each region in sliding S5kb
windows with a 500bp step across the genome. Windows with less than 4kb of sequence data were
excluded from the analysis. To compare allele frequencies of key SNPs between populations, we

repeated site allele frequency estimation, but forced the reference allele to be the “major” allele.

Population Modeling
The 2D-SFS was estimated between North, Andes, and Central regions using the same procedure as for

summary statistics but excluded all genic regions (gene model boundaries plus an additional 1kb on
flanking sides). Additionally, the Villa Alegre, Chile (VA) population samples were excluded from the
analysis. Output 2D-SFS was converted to the Fastsimcoal version 2708 (Excoffier et al. 2013) format

using a custom R script.

Fastsimcoal was used to estimate model parameters from the 2D-SFS data under several possible
models. In the simplest model, an ancestral population is allowed to split two times, each with its own
population size (5 total parameters). The exponential growth model adds a growth event to each

population with unique exponential growth rates (9 total parameters). Finally, the resized population
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model replaces the exponential growth with an instantaneous change in population size (11 total
parameters). For each model, parameter estimation was run 100 independent times, using 1 million

simulations and 100 EM loops per run. SFS categories with less than 10 counts were excluded.

To compare models to each other and the data, 1Mb of DNA was simulated 100 times under each model
using Fastsimcoal with a mutation rate of 2.9x10°° basepairs/generation (Keightley et al. 2015) and a
recombination rate of 2.97x10® cM/Mb (Yamamoto et al. 2008), based on estimates from Heliconius
melpomene and Bombyx mori, respectively. The resulting genotypes were used to estimate the r?-
measure of linkage disequilibrium (LD) between SNPs less than 10kb away using ngsLD version 1.1.1 (Fox
et al. 2019). To estimate LD from the sequencing data, the same minor allele frequency files used for
Fastsimcoal parameter estimation were used to call genotype likelihoods in each region on the largest
29 contigs. NgsLD was run on a 10% subset of these genotype likelihoods to a max distance of 10kb.
Estimates of LD decay rates, maximum, and minimum LD were calculated from a 1% subset of r? values
from simulations and a 10% subset of r? values from data using the provided fit_LDdecay.R script with

the following parameters: fit_bin_size = 100, recombination rate = 2.97, fit_boot = 100, fit_level = 10.

Results

New Pacbio Tuta absoluta genome assembly improves gene annotation and
contiguity
Before performing any population analyses, we decided to produce a high-quality reference genome

based on long-read technology. New protocols for PacBio HiFi sequencing allow for low DNA input,
which was critical in our case as Lepidopterans are notoriously heterozygous and using DNA pooled from
many individuals would make genome assembly challenging. We sequenced a single moth originating
from a laboratory colony at the Institute of Agrifood Research and Technology (IRTA), Cabrils, Spain,
and obtained 16.2Gbp of sequence after collapsing circular consensus reads. Based on k-mer analysis

with GenomeScope, the genome is 2.9% heterozygous and has 38.8% repeat content. GC vs k-mer plots
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show that there is likely no mass contamination from other species or microbes (Figure S9). The k-mer
based haploid length estimate is 524 Mbp, which is close to the 564 Mbp estimate based on flow

cytometry (Paladino et al. 2016).

To assemble reads, we used the HiFi assembler hifiasm and compared quality and contiguity metrics
using Merqury. The accurate long reads allow for the ability to separately assemble maternal and
paternal haplotypes at heterozygous regions. While hifiasm attempts to separate assembled contigs into
primary and alternate haplotypes, we found that the primary assembly still had high haplotype
retention based on its 990 Mbp length and the large peak of raw read k-mers that appear twice in the
assembly (Figure S2A). We decided to further remove haplotigs using purge_dups, which shrunk the
primary assembly size to 650.6 Mbp and eliminated the 2x raw read k-mer peak (Figure S2B).
Additionally, BUSCO analysis using the OrthoDB Lepidoptera gene set found the percent of complete,
duplicated BUSCOs dropped from 48.5% in the unpurged assembly to 6.2% in the purged assembly
(Figure S10C). This means that improperly retained alternate haplotypes have been removed from the
primary assembly. When we examine the raw read k-mer multiplicity in the primary assembly, we see a
peak of k-mers that map only to the primary or alternate assembly at k=13, which corresponds to the
heterozygous portions of the genome (Figure 5B). We also see a peak at k=26 in k-mers that are shared
between the primary and alternate assemblies, which matches the expectation of a diploid genome with
double the read coverage in any homozygous regions of the genome. The frequencies of k-mers missing

from either assembly are low, and represent k-mers from sequencing read errors.

To identify which contigs came from contaminant DNA, we used the BLAST nt database, as well as a k-
mer distance tree (Figure 5A) and found multiple contaminants. We identified a Wolbachia genome
contig, several tomato contigs, and many microsporidian contigs, primarily from the Nosema genus (a
common insect fungal parasite), all of which were expected. We also identified multiple contigs that

matched to both Nosema and Lepidopteran queries in BLAST. Based on the distance tree’s clustering of
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these contigs with other Nosema-only contigs, as well as the GC content (Figure S11A), we decided to
exclude these from the assembly. We also noticed four contigs that matched only to Lepidopteran
contigs but clustered with Nosema sequences in k-mer content. One of these, ptg000311, matched to
Lepidopteran mitochondrial sequences and likely represents the T. absoluta mitogenome. The
remaining three matched to the same Papilo xuthus genome assembly (PRJINA291600) and is likely the
result of inaccurate annotation in the BLAST database, as no decontamination steps were taken during
its assembly (Nishikawa et al. 2015). In addition, these contigs’ GC and repeat content profiles were
distinct from all other Lepidopteran contigs (Figure S11), so we excluded them from the assembly.
Finally, one contig matched to a mouse-eared bat (Myosis) mitochondrial genome; this was possibly

contamination from the sequencing facility and was excluded as well.

After removing these contigs, our primary assembly contained 132 contigs all longer than 10 kb with a
final length of 635.9 Mbp. 70% of the genome was captured in the 30 longest contigs (L70); as Tuta
absoluta has 29 chromosomes, this suggests our assembly is approaching chromosome-level contigs
(Figure 5C). This represents a significant improvement from the previously published Tuta absoluta

genome which consists of 81,653 contigs and a length of 906 Mbp (Tabuloc et al. 2019).

To generate gene models and functionally annotate genes, we used RepeatModeler and RepeatMasker
to soft-mask the genome for repeats using both known Lepidopteran repeat sequences, as well as de
novo sequences identified from our assembly. We followed with BRAKER?2 to identify gene models, and
functionally annotated models with EnTAP, based on multiple protein databases (RefSeq Invertebrate,
UniProt SwissProt and TrEMBL, Lepbase, and EggNOG) and published Tuta absoluta RNAseq datasets. Of
the 19,570 gene models identified by BRAKER2, 17,183 were identified as complete by gffread and

EnTAP, with 14,019 transcript models matching to a gene name or functional annotation.
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Three distinct Tuta absoluta populations exist in Latin America
We analyzed whole-genome sequencing data from individuals previously collected from field and

greenhouse sites across South America and Costa Rica, as well as a lab colony from Spain (Tabuloc et al.
2019) (Figure 6A). Mapping rates to the new genome assembly ranged between 70%-90%, although
sequencing depth per individual was low (between 1X to 17X) (Figure S12). One population from
Argentina (MP, Mar del Plata, Buenos Aires State) had extremely low mapping rates and read depth, so
we excluded it from further analysis. Wherever possible, we used methods based on genotype

likelihoods, rather than genotype calls, to account for uncertainty that results from the low read depth.

To investigate population structure in our samples, we used Principal Component Analysis (PCA) and
admixture estimation based on allele frequencies from over 900,000 SNPs. The first two PCs captured
18.7% and 16.3% of the total variance in the data, with the remaining PCs each capturing less than 5% of
the total data variance (Figure 6C). Samples primarily cluster together based on collection site but also
formed three distinct regional groups (Figure 6B). Samples from Chile, Peru, and Ecuador form an
“Andes” cluster west of the Andes Mountains; samples from Brazil, Uruguay, Paraguay, and Argentina
form a “Central” cluster, east of the Andes Mountains; and samples from Columbia and Costa Rica form
a “North” cluster. Spanish samples grouped tightly with the Andes cluster, particularly the VA (Villa

Alegre, Chile) site.

When three clusters were allowed in admixture estimation, samples group into the same three clusters
as in PCA, while at four clusters, the Spanish samples become their own group, with VA samples sharing
a large proportion of admixture. Compared to other Andes populations, the VA samples are more
differentiated from Central and North sites as well, with little signal of admixture at all levels of k tested.
The other Andes populations (AR, LC, LJ, and RI) all had low admixture proportions from Central at k=2,
although at k=3 we see that all Rl (Riobamba, Ecuador) samples exhibited admixture from the North

populations. This suggests that the non-VA Andes populations are more closely related to Central
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populations than VA, and that VA could represent an admixture between the population that gave rise
to the Spanish lineage and the other Andes populations. Additionally, we see that Rl represents an
intermediate population between the Andes and North, which makes sense given its geographic location

between the two clusters.

To further quantify population structure between these clusters, we calculated nucleotide diversity,
Tajima’s D, and Fst using genotype likelihoods (Figure S13). For all clusters, nucleotide diversity was
approximately 2%, which is fairly high compared to most Lepidopterans (Mackintosh et al. 2019). If we
look at the weighted Fst, we see differentiation between clusters is high, particularly between North and
all other clusters. The combination of high diversity levels and high Fst could mean these regions
diverged from each other a long time ago, prior to the detection of Tuta absoluta by growers across
Latin America in the 1960s to 1980s. If divergence had occurred recently, we might expect reduced

diversity levels in invasive populations relative to the ancestral population.

Treemix confirms clustering and detects migration events to Ecuador and Chile
To detect potential migration events between populations, we used Treemix to build a maximum

likelihood (ML) tree based on allele frequencies, as well as predict migration edges and calculate F3
statistics. As Treemix was designed to take allele count data per population, we called genotypes using
PCAngsd using a 95% accuracy cutoff and counted alleles within each sampling location. After filtering
out loci with missing data, 47,535 SNPs were available for use. In general, the tree topography aligns
with results from PCA and admixture analyses. We see sampled sites cluster into the same three
clusters, North, Andes, and Central, with the Spanish samples sister to the VA (Chile) site (Figure 7). In
agreement with Fst estimates, North populations have experienced more genetic drift from the Andes

and Central populations, compared to the Andes and Central populations with each other.

Interestingly, the RI (Ecuador) site does not form a clade with other Central populations but descends

from the common ancestor of the Central/Andes group. Based on admixture analysis that showed low
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levels of admixture in Rl from the North, the position of Rl in the tree could be further evidence that
Ecuador represents an intermediate mixing zone between populations north and south of it. To
investigate further, we re-ran Treemix allowing between one to five migration events (m=0to 5) and
calculated the F3 statistic between all combinations of three populations to see if admixture was
supported. At m=2,4 and 5, Treemix reported a strong migration (between 11%-25%) from the Spain or
Spain/VA branch to RI, while at m=3 and 5, Treemix reported a weak migration event (2%-7%) from the
North to RI. F3 statistics F3(RI; CH,SP) and F3(RI; CR,SP) were significantly negative (Table 2), indicating
that a simple bifurcating tree does not explain Rl’s relationship with CH, CR, and SP. While Treemix infers
a migration from the Spanish branch to the Rl branch, it is important to remember that this migration is
inferred to have occurred somewhere along the branch between the current day Spanish population
and the most recent common ancestor of Spain and VA (Chile). This migration could have occurred early
in the branch, when the population was still in Chile, or late in the branch, when the population moved
to Spain. Based on fresh tomato trade between the two countries, in 2006 Chile shipped over 29,000 kg
of fresh tomatoes to Spain while importing none back (Spain Vegetables: tomatoes, fresh or chilled
imports from Chile in 2006 2006). This makes admixture from Spain back to Rl unlikely and suggests that

RI contains admixture from North and Chilean populations.

In addition to admixture in RI, Treemix and F3 statistics also detected admixture in AR (Chile) from the
Spanish population. At m=1,2,3, and 4, Treemix detected a migration edge from the Spanish branch to
AR with migration weight varying between 9% to 17%. F3 statistics of AR and Spain with any population
from North or Central resulted in a significantly negative value, providing strong evidence of a migration
event from a Spanish ancestor like the signal detected with RI. This suggests that the admixture signal
we see in AR is from the same Chilean population that gave rise to the Spanish invasion and R

admixture.
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Divergence of Tuta absoluta predates modern tomato agriculture
Based on the high levels of nucleotide diversity and Fst between the Andes, Central, and North clusters,

we hypothesized that the three regions may have diverged many generations ago, before the
appearance and detection of Tuta absoluta in agricultural crops throughout South America in the mid-
20 century. This would suggest a model in which Tuta absoluta may have adapted from local, wild host
plants to nearby tomato fields independently, rather than a single population that became adapted to
tomatoes and was spread through human activity. To investigate this, we calculated the folded two-
dimension site frequency spectrum (2D-SFS) between populations and estimated parameter values
under various population models using maximum likelihood coalescent methods (Figure S14, Table S1).
We excluded the VA samples from the Andes cluster to avoid potential modeling issues due to VA
appearing to originate from a distinct ancestor than other Andes populations. The simplest model allows
for two population splits with constant population sizes, while the exponential growth model adds an
exponential growth rate to each population. As exponential growth may not be appropriate if
divergence times are long, we also tested a model with a simple resizing event for each population at
some point in time. We used a post-hoc comparison of simulated linkage disequilibrium decay rates
between models to test model fit. We found that while all three models simulated decay rates within
the 95% confidence interval of the Andes population data, none simulated decay rates that overlapped
with Central and North decay rate estimates, although the resizing population model was closest.
(Figure S15). The lack of fit suggests there are additional complex historical events not well captured in
these models. Under the resizing population model, divergence of the North occurred 252,383
generations ago (95% Cl: 243,535-326,583), followed by a Central population divergence 187,034
generations ago (95% Cl: 181,668-235,424). Reports of Tuta absoluta generation times can be as high as
6 to 12 or more generations per year (“Tuta absoluta” 2005; Mansour et al. 2018; de Campos et al.

2021), dating these divergence events to tens of thousands of years ago. This suggests that Tuta
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absoluta was already present across Latin America prior to the 1960s, and as tomato agriculture surged,

adapted locally to the new host plant.

Population Branch Statistic Screening identifies several peaks under selection
The Population Branch Statistic (PBS) is an Fst-based statistic that uses Fst data between 3 populations

to calculate the population-specific allele frequency changes. Regions of the genome with abnormally
high PBS may be under strong selective forces, causing the loci allele frequencies to change faster than
expected by drift. We calculated PBS across the genome for all three populations and found several
peaks in contigs 2, 9, 15, and 22 that were exceptionally high and broad, particularly in the North cluster
(Figure 9A). The peak in contig 9 contained the gene paralytic (para, T. absoluta gene g15590), a
neuronal sodium channel protein that is the active target of pyrethroid insecticides (Dong et al. 2014).
While PBS peaks in the North population between 13.1 and 13.2Mb on contig009, we note that the
allelic diversity was low in the Andes and Central clusters relative to the North (Figure 9B). We
calculated allele frequencies of known resistance-inducing mutations in each cluster (Dong et al. 2014),
and found one mutation, an alanine to leucine substitution at position 1014, was fixed in the Central and
Andes, while at 41% frequency in the North (Figure 9C). In addition, we found low to intermediate

frequencies of other resistance alleles, including M918T, T929I, V1016G, L925M, and 1254T.

A similar selective sweep signal was also seen in the PBS hotspot on contig 2 (8.54Mb-8.58Mb), with
high PBS and diversity levels in the North, and a large region of low allelic diversity in the Andes and
Central (Figure S16A). Several genes were captured in this interval, including NADH:Ubiquinone
oxidoreductase subunit A8 (ndufa8); mucin-5AC-like, a gene putatively related to human mucin-5AC, and
two hemomucin genes involved in hemocyte adhesion and innate immunity in insects. The PBS hotspot
on contig 15 contained cryptochrome-2 (cry2), encoding a key component of the circadian clock (Figure
S16B). Finally, the large hotspot on contig 22 contained 69 genes, including multiple copies of juvenile

hormone binding protein, ribosomal proteins, gustatory response genes, rhodopsins, and
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acetylcholinesterase (ache), a gene implicated in organophosphate insecticide resistance (Figure S16C).
Interestingly, based on alignment data it appears the Central and Andes populations may have two
copies of ache, while North populations only have one. We looked for known mutations conferring
organophosphate resistance and found moderate frequencies in all three clusters as well (Table S2).
Discussion

Using whole genome sequencing data, we found that Tuta absoluta samples collected from 11 locations
in Latin America clustered into three basic regions, comprised of a North, Andes, and Central group. In
addition, we see that Spanish populations likely originated from a Central Chilean source based on their
low level of Fst with the Andes and location on the ML tree. Previous analyses with mitochondrial
sequences were unable to differentiate populations (Cifuentes et al. 2011); however, analyses using
microsatellite data was able to identify these same three clusters and suggest a Central Chilean source
for the European migration as well (Guillemaud et al. 2015). In agreement with this conclusion, looking
at fresh tomato export data we see Chile is a worldwide exporter, shipping 12 tons of tomatoes an
average distance of 11,700 km in 2018, while most other countries in South America tend to export

within the continent (Worldwide Production of Tomatoes 2018).

The Andes Mountains represent an obvious geographic barrier that would separate the Central
population from the North and Andes populations. Population structure between Andes and North
populations may be due to factors related to the changing latitude, including temperature and
daylength. While PCA groups our Ecuador samples (RI) with Andes populations, admixture analysis and
Treemix both provided some evidence that Ecuador may represent an admixture zone between the two
regions. The weighted Fst between the North and Andes is also lower than between North and Central,
suggesting that North and Andes are indeed more closely related. This general Fst pattern was also

observed based on microsatellite analyses (Guillemaud et al. 2015). Sequencing of more samples from
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Peru and Ecuador might be needed to further elucidate the extent of an admixture zone between these

clusters.

While Tuta absoluta was first discovered in Peru in 1917, its native range is not well established. One
hypothesis is that Tuta absoluta migrated out of the Andes region and across South America through the
1960s-80s because of human transport by agricultural shipping. This aligns with the surge in domestic
tomato agriculture in South America at the same time (Minami 1980). However, based on the similar
nucleotide diversity levels between clusters, as well as high levels of Fst, we hypothesized it might be
more likely that this migration across South America may have happened prior to tomato
commercialization, with populations of Tuta absoluta later adapting to the appearance of commercial
tomato agriculture. Based on our simple 3 population model, it appears the ancestral population
diverged twice tens of thousands of years ago. Relative to the ancestral population size, the combined
effective population size is roughly three times larger, although this is heavily weighted toward a very
large Andes population, relative to the North and Central regions. The fact that the estimated Andes
population size is nearly 10 times larger than that of Central or North populations, ,as well as its slightly
higher level of genetic diversity, could suggest that the Andes cluster represents the ancestral
population range. Given that the wild ancestors of tomatoes and potatoes are also native to the Andes
region (Spooner et al. 2005; Peralta and Spooner 2006), the Andes region would be an ideal place to
search for native parasitoids for biocontrol. To date, biocontrol methods in South America have relied
on non-natives or generalist parasites, with only a handful of native specialists identified in the literature
and none that are commercially available (Salas Gervassio et al. 2019; Desneux et al. 2022). Thus,

knowledge of Tuta absoluta’s native range may help focus efforts to identify more natural parasitoids.

Using the PBS, we found multiple genomic windows under apparent selective forces. Not surprisingly,
one of the highest PBS windows contained the para gene, which encodes a sodium ion channel that is

targeted by pyrethroids. The extremely low allele diversity in the Andes and Central populations relative
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to the North suggest a hard selective sweep occurred here. Heavy pyrethroid use in Brazil led to the
appearance of resistant strains starting in the 1990s (Siqueira et al. 2000). We found that Central and
Andes populations were completely fixed for the L1014F mutation, one of the most common causes of
knock-down-resistance (kdr) to pyrethroids (Dong et al. 2014), while the North had an intermediate
frequency. A study looking at Brazilian populations found a similar pattern of fixed L1014 (Silva et al.
2015), while another study looking at multiple populations in South America also found the same
pattern of L1014F fixation in Central and Andes populations but not in the North (Haddi et al. 2012).
While both studies also found M918T and T929I at elevated frequencies in all populations, we
additionally detected the resistance allele V1016G in the North. We also found L925M in Central and
1254T in Andes. While these have not been characterized as resistance alleles, mutations at these same
positions have been shown to confer resistance in Drosophila melanogaster (1254N) and Bemisia tabaci
(L925I) (Pittendrigh et al. 1997; Morin et al. 2002). These new appearances indicate selection is ongoing

in all three clusters.

Other regions under selection were less obvious. We found one region in contig 2 containing Ndufa8
and several hemomucin/mucin genes with a similar low genetic diversity in the Central and Andes
populations and high PBS in North, indicating a hard selective sweep. Ndufa8 produces a nuclear-
encoded subunit of the NADH dehydrogenase complex |, part of the electron transport chain in the
mitochondria used to generate ATP. Mutations here are known to cause mitochondrial complex |
deficiency in humans (Yatsuka et al. 2020), although a few studies have found evidence of positive
selection occurring in other species, potentially related to metabolism (Kozell et al. 2020; Lee et al.
2020). The hemomucin genes are a component of the insect immune system that are involved in
endocytosis (Schmidt et al. 2010). Selection here could be in response to the increased use of
parasitoids and predators such as Trichogramma evanescens and Nesidiocoris tenuis as an biological

control alternative to insecticides (Han et al. 2019).
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The elevated PBS region in contig 22 was relatively large at approximately 1Mb in size, containing over
60 genes. Interestingly, we noticed two copies of ache contained within this window, which codes for
acetylcholinesterase, a gene which encodes a protein which degrades the neurotransmitter
acetylcholine (Mutero et al. 1994). As this enzyme is the main target of organophosphates and
carbamate insecticides, alleles in ache have been documented to confer resistance. Using the amino
acid numbering scheme based on T. california (Massoulié et al. 1992), the resistance allele A201S has
previously been reported to be present in European populations (Haddi et al. 2017), and we found this
allele to be at moderate to high frequency in all three regions. We also found moderate frequencies of
the mutation F290V and F290N. The F290V resistance allele has been documented in mosquitoes and
moths (Cassanelli et al. 2006; Alout et al. 2009; Carvalho et al. 2013), while other mutations such as
F290Y have been documented in Drosophila and M. domestica (Mutero et al. 1994; WALSH et al. 2001).
Interestingly, based on mapping read depth the North population only contained a single copy of ache.
As duplication of ache has been implicated in improved organophosphate resistance (Alout et al. 2009;
Sonoda et al. 2014), this large structural duplication may be the reason for elevated PBS levels across
such a large interval. Follow-up work with long-read methods or higher sequencing coverage will be

needed to confirm the presence of structural duplication at this locus.

We expect that addition of a new contiguous genome assembly with annotations will be of benefit to
the Tuta absoluta and Lepidopteran research community. Previous studies have worked to develop
potential RNA interference (RNAI) strategies to use as an alternative to traditional pesticides (Camargo
et al. 2015). Work is also being conducted to develop Cas9 gene-editing techniques for Tuta absoluta to
facilitate future genetics studies (Ji et al. 2022). These developments in combination with an accurate
assembly and gene annotations will allow for accelerated research towards understanding Tuta absoluta

biology and methods to contain its economic impacts and spread.

71



Figures
Figure 5: Genome assembly assessment. (A) K-mer based distance tree of contigs in the primary genome

assembly before de-contamination, labeled by NCBI BLAST matches in the “nt” database. Contig
ptg000311l matched to insect mitochondrial sequences. Contigs ptg000311Il, pg000280I, and ptg000281I
were contigs annotated as “Lepidoptera” by BLAST but clustered with microsporidian sequences in the
tree. (B) K-mer multiplicity plot of input CCS reads against the assembly. “Read only” indicates k-mers
that only appear the raw reads; “primary only” “alt only” indicate read k-mers that appear in only one of
the 2 haplotig sets; “shared” indicates k-mers that appear in both haplotig sets. (C) Cumulative length of
contigs in primary assembly, ordered from longest to shortest. L50 and L70 indicate smallest number of

contigs that contain 50% or 70% of the assembly length.
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Figure 6: Sampling sites and population structure of Tuta absoluta individuals. (A) Map of sampling
locations. Between 4 to 8 individuals were sequenced per location. Legend indicates grouping as
determined from PCA and admixture analyses. (B) PCA plot of the first two principal components (PCs),
based on genotype likelihoods from 933,060 sites. (C) Percent variance captured by PCs in descending
order. (D) Admixture analysis for 2 to 4 clusters. Colored bars indicate the posterior probability of an
individual belonging to a given cluster. Location codes: AR=Arica, Chile; CH=Chia, Columbia; CN=Campo
Nove, Paraguay; CR=Costa Rica; LC=La Curva, Peru; LJ=La Joia, Peru; OV=0uro Verde, Brazil; Rl =
Riobamba, Ecuador; RO=Rocha, Uruguay; SE = Santiago del Estero, Argentina; SP = Barcelona, Spain; VA

= Villa Alegre, Chile.

A B
£ @)’J&
h '.9_-&3.91\: 02
e ,
CR S
0 500 1,000km| ¢ 0.1
oCH [ ) %
RI 9 o0
=X
< »”
- -0.1
AR 02
CN '
)
e
03
VA RO 0.2 -0.1 0.0 0.1 0.2
PC1:18.7% variance
0 500 1,000km C
[0]
[ — 9 015
e ® 0.10
3 - 5 0.05
‘ w > 0.00
¢ Andes ®m Central ® North A Spain 0 20 PC 40 60

I Cluster1 I Cluster2 I Cluster3 I Cluster4




Figure 7: Maximum likelihood tree from Treemix with no migration edges called rooted on the Costa
Rica (CR) samples, based on 47,535 SNPs. Confidence values were based on 100 jackknife bootstraps

with 500 SNP bins. X-axis represents genetic drift distance between populations.
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Figure 8: Coalescent simulations used to estimate model parameters. (A) Model for a three-population
split with population resizing events for each population. (B) Maximum likelihood estimates of each
parameter in the model indicated by a red dot. Violin plot depicts distribution of parameter values from
100 parametric bootstraps, with upper and lower boundary lines indicating the 95% interval. All point

estimates were within the 95% bootstrap intervals except N.ancestral, N.final.Andes, N.final.Central, and
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Figure 9: Selection signals in Tuta absoluta. (A) PBS values in each region calculated across the largest 29
contigs in 5kb intervals with 500bp steps. Red points indicate the highest 0.1% PBS values. (B) Plot of
PBS and genetic diversity (pi) at contig009. Red vertical lines border the PARA gene model. (C) Map of
sampling locations with allele frequencies of known amino acid substitutions that confer pyrethroid
resistance within each cluster. Note the L1014F allele, which was found in all Central and Andes

samples, while at 41% in North samples.

76



_ Andes __ Central __ North

3-

2_

1=

0_

-

&"-.r ot o oy o M mgundgifde

3_

e em s S el e e W AR AW

dllju.

2=
'1_
0-

Sdd

-1 -

3_

2-

I PR ST R

1_

0-

-1

620Bnuoo
8¢0Bijuoo
220Bhuoo
9z0Bnuoo
GzoBhuoo
tzobhuoo
£g0Biuoo
Zzobnuoo
L 2oBnuoo

0zobBnuod
61L0Bnuoo
gl.oBnuoo
2106nuoo
9l0Bnuoo
glLoBnuoo
#10Bnuoo
£1.0B)uoo
Z1oBnuoo
| LoBluoo
0l0Bnuoo
60061u00
8006)uoo
200B)uoo
900B)uUoo
go0Bnuoo
#0061uoo

£00Bnuoo

Z00B)uoo

L0oBnuo

23%
6%
78%

L1014F 1ee%

4 T929I 54%
L1014F 41%
1 V1e16G 26%

Andes _ _

Central _ _

I—>H

{

> WK |

131

m
B

sdd

132 133 134 13.5

contig009 (Mb)

13.0

e

50%
48%

L1e14F 100%

MO18T
T9291

0.01 0.02 0.03

Nucleotide diversity

77



Tables

Table 1: Migration events with predicted weights from Treemix between populations, under different
models allowing between 1 to 5 migration events (m). * indicates the migration significantly improved
model fit (p < 0.05) based on the Wald statistic using jackknife estimates. Inferred migrations originate
somewhere between the “start-node” and the start-node’s most previous branchpoint, and terminate
somewhere between the end-node and the end-node’s most previous branchpoint. As an example, a
migration starting from “SP” occurs somewhere on the branch between “SP” and the most recent

common ancestor of “SP” and “VA”.

m Weight (%) start-node end-node
1 8.8* SP AR

2 11.2%* SP AR

2 15.1* VA,SP RI

3 17.7* SP AR

3 17.3* SP LC

3 2.0* CR,CH RI

4 10.6* SP AR

4 25.4%* VA,SP RI

4 2.2% ov RI

4 13.6 SP L

5 21.3* SP LC,AR
5 11.0* SP RI

5 24.2%* SP LJ

5 6.7* CR RI

5 2.9* LC,AR ov
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Table 2: Significant F3 statistics. Population comparisons for which F3 statistics were significant (Z score

<-3) are reported.

Pop(A;B,C) F3 SE Z score

AR;CH,SP -0.00165 | 0.000171 | -9.63768
AR;CR,SP -0.00178 | 0.000171 | -10.4413
AR;CN,SP -0.00078 | 0.00015 | -5.15567
AR;OV,SP -0.00082 | 0.000145 | -5.63104
AR;RO,SP -0.00076 | 0.000151 | -5.05319
AR;SE,SP -0.00077 | 0.00014 | -5.47246
LC;CH,SP -0.00146 | 0.000193 | -7.56011
LC;CR,SP -0.00154 | 0.000211 | -7.31075
LC;0V,SP -0.00054 | 0.00018 | -3.00356
RI;CH,SP -0.00285 | 0.000948 | -3.00128
RI;CR,SP -0.00296 | 0.000965 | -3.06668
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Supplemental Figures
Figure S9: (A) GenomeScope profile of Pacbio CCS reads. (B) GC percent vs k-mer frequency plot of CCS

reads, excluding k-mers with frequency less than or equal to 5 (to ignore unique k-mers due to

sequencing errors).
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Figure S10: K-mer multiplicity plots by Merqury of the hifiasm primary assembly (A) before and (B) after
purging retained haplotigs. (C) Table of Lepidopteran BUSCO scores of the purged and unpurged hifiasm

primary assembly, compared to the previously published Tuta absoluta assembly.
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Figure S11: Decontamination results of the primary assembly. (A) Blobplot of primary contigs showing
best BLAST matches vs GC % and mean read depth. The three “Lepidopteran” contigs at the 30% GC
position were contigs ptg000311I, pg000280I, and ptg000281Il, which appear to be microsporidian
contamination that has been mislabeled as Lepidopteran. B) Repeat content of each contig in the

primary assembly. Note contigs ptg000213, ptg000280, and ptg000281 have abnormally low repeat

content.
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Figure S12: (A) Mapping rates and (B) median read coverage for Illumina reads from population

sampling. Median read coverage was calculated at GC=39%, as this is the average GC content of the

genome.
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Figure S13: Summary statistics for the 4 key populations. (A) Pairwise nucleotide diversity and (B)
Tajima’s D for each cluster, averaged across the genome in 20kb windows. N represents the number of
windows included. Pairwise t-tests with a Holm’s correction method were used to compare means. ****
indicates p-value < 0.0001. (C) Unweighted Fst and (D) weighted Fst calculated by Angsd. Weighted Fst is
typically considered more accurate as it is less biased when using many rare, population-specific SNPSs

(as is the case when genotyping by whole-genome sequencing) (Bhatia et al. 2013).
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Figure S14: Three population models used to estimate parameter values. (A) M1: Model with two
population splits and constant population size. (B) M2: Model with exponential growth. (C) M3: Model

with population resizing events instead of exponential growth.
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Figure S15: Linkage disequilibrium decay rates, minimums, and maximums over a 10kb interval

calculated from genotype likelihoods or from 100 independent simulations under three different

population history models. Values estimated from the data are shown by the red points with 95%

confidence intervals. Pairwise t-tests with a Holm’s correction method were used to compare means.

**** indicates p-value < 0.0001.
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Figure S16: PBS and nucleotide diversity at three other PBS hotspots, with values averaged over 5kb

intervals in 500bp steps.
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Supplemental Tables

Table S1: Maximum likelihood parameter estimates under the three population history models tested.

See Figure S14 for model details.

parameter | unit M1 M2 M3

NANC effective pop size 3324287 3943689 3433648
NOSTART effective pop size - 187146 16394
N1START effective pop size - 121328 84783
NOEND effective pop size - 2282860 1237043
N1END effective pop size - 2659059 857884
N2END effective pop size - 9698709 8346208
T0 generations ago 523870 159990 187034
Tl generations ago 1028654 239766 252383
T2 generations ago - 1082411 1134632
TOEXPAND | generations ago - - 184870
T1EXPAND | generations ago - - 230046
RO exponential growth rate - | -1.56E-05 -
R1 exponential growth rate - | -1.29E-05 -
R2 exponential growth rate -| -8.31E-07 -
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Table S2: Allele frequency of mutations in either copy of ACHE1

reported to confer organophosphate resistance

. Both A201S and F290V have been

g8300 g9292
mutation | North | Central Andes North | Central Andes
A201S 53% 0% 7% - 51% 71%
F290V 38% 0% 7% - 44% 20%
F290N 0% 27% 5% - 0% 0%
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Abstract

The tomato pest Tuta absoluta Meyrick is highly invasive but has not yet invaded North America.
However, several morphologically similar species are already present, making detection of T. absoluta
presence and invasion challenging. We designed a quantitative PCR molecular diagnostic to differentiate
T. absoluta, Phthorimaea operculella (Zeller), or Keiferia lycopersicella (Walsingham) (Lepidoptera:
Gelechiidae) DNA. Additionally, we developed an RPA-Cas12a molecular diagnostic that allows for the
isothermal detection of T. absoluta DNA, eliminating the need for a thermocycler. These results can be
visualized simply using a UV light source and cell phone camera. We expect these diagnostics to improve

guarantine and prevention measures against this serious agricultural threat.
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Introduction
The tomato plant (Solanum lycopersicum L.) represents a massive economic industry worldwide, with an

estimated 252 million metric tons of tomatoes harvested in 2020 (FAOSTAT 2020). This production is
concentrated in a few major producing countries, with 70% of the world’s production currently
accounted for by China, the European Union, India, the USA, and Turkey (Costa and Heuvelink 2007).
However, this industry is quickly becoming threatened by the invasive gelechiid moth Tuta absoluta
Meyrick, commonly known as the tomato leafminer. T. absoluta (also known as Phthorimaea absoluta
(Chang and Metz 2021)) is an agricultural pest of the nightshade family, including peppers, eggplants,
and potatoes, but primarily represents a serious threat to tomatoes. Left untreated, the larvae will
consume leaf tissue, bore into flower buds, or burrow into fruit with infestations causing crop losses as

high as 80 to 100% (Desneux et al. 2010; Biondi et al. 2018).

While T. absoluta was first identified in Peru in 1917 (Meyrick 1917), it was not considered an
agricultural pest until the 1960s when T. absoluta was detected in farms in Argentina, causing significant
crop loss (Bahamondes and Mallea 1969). From there it rapidly spread throughout South America,
causing severe agricultural losses everywhere it was found. In 2006, T. absoluta was identified in a
greenhouse in Spain, marking the first intercontinental migration of the pest, likely due to
anthropological transportation (EPPO 2008). From Spain, it rapidly spread throughout Europe, Sub-
Saharan Africa, the Middle East, and most recently into Asia (Bloem and Spaltenstein 2011; Sridhar et al.
2014; Hossain et al. 2016; Zhang et al. 2020). Without rapid identification and quarantine strategies, T.

absoluta will likely continue to spread to North America.

Preventing initial establishment of an invasive species in a risk ecosystem can be an effective strategy
but requires vigilant monitoring of imported products as well as an ability to rapidly detect the presence
of the target (Tobin et al. 2014). In the United States, policies such as federal orders issued by the

Animal and Plant Health Inspection Service have been used to prevent accidental introduction of T.
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absoluta by regulating import of tomato fruit or propagation material from infested countries (Osama
El-Lissy 2019). Correctly detecting and identifying the insect, however, remains challenging due to the
presence of other gelechiid moths such as P. operculella (Zeller) and Keiferia lycopersicella (Walsingham)
in the United States, which look nearly identical to T. absoluta and are also commonly found on tomato
and potato crops (Gilboa and Podoler 1995). Distinguishing these species morphologically requires
dissection of adult male genitalia, which requires entomological expertise and increases waiting times
for identification. Molecular diagnostics, on the other hand, would allow for accurate and rapid
identification without entomological expertise. To date, several molecular diagnostics have been
developed, all using Polymerase Chain Reaction (PCR) to amplify target DNA presence before detecting
signal either by fluorescence, gel electrophoresis, or mass spectrometry (Sint et al. 2016; Tabuloc et al.
2019; Zink et al. 2020). A potential limitation of these PCR-based diagnostics is the requirement for a
thermocycler, as well as specialized equipment to visualize results. For field detection, a system that

requires minimal specialized equipment would be ideal.

The CRISPR-Cas (Clustered Regularly-Interspaced Short Palindromic Repeats and CRISPR-ASociated
proteins) system has recently become an attractive option for molecular diagnostics (Chen et al. 2018;
Aman et al. 2020). CRISPR-Cas originated as a bacterial immunity system, in which the Cas protein
complexes with a CRISPR RNA (crRNA) that is complementary to a target DNA sequence (Zetsche et al.
2015). When the Cas-crRNA complex binds to its target it cleaves it, causing a double-strand break in the
DNA. While Cas9 is the most commonly used Cas protein for its genomic editing capabilities, the Cas12a
enzyme was discovered to exhibit indiscriminate single-stranded DNA nuclease (ssDNAse) activity upon
binding to its target DNA (Chen et al. 2018). If a single-strand oligonucleotide probe modified with a
fluorophore and quencher is present when Cas12a-crRNA binds its DNA target, Cas12a will proceed to
also cleave the single-strand probe, separating the fluorophore from the quencher and allowing a

fluorescent signal to be measured. As ssDNAse activity is proportional to the number of target DNA
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molecules and can occur isothermally between 15°C to 50°C, using an isothermal DNA amplification
method such as Recombinase Polymerase Amplification (RPA) to amplify target DNA allows for sensitive
detection with Cas12a at constant temperature, eliminating the need for an expensive thermocycler.
Additionally, detection of probe cleavage is flexible as several methods have been published on
alternative visualization methods, including using flow strip assays, gold-conjugated DNA probes, and

naked-eye fluorescence detection (Li et al. 2019; Wang et al. 2020; Yuan et al. 2020).

In this study, we leveraged prior sequencing data (Tabuloc et al. 2019) to develop two molecular
diagnostic assays. We created a multiplexed probe-based quantitative PCR (qPCR) assay able to identify
whether a sample contains T. absoluta, K. lycopersicella, or P. operculella DNA based on single-
nucleotide polymorphisms (SNPs) between species. In addition, we created RPA-Cas12a assays to detect
the presence of T. absoluta DNA, using either a fluorescent reader or a simple UV illuminator paired

with a cell phone camera. This will allow for more rapid field detection of T. absoluta.

Methods

Sample collection
T. absoluta, K. lycopersicella, and P. operculella DNA samples were obtained from Tabuloc et al. 2019.

Briefly, DNA was extracted from laboratory-reared T. absoluta adults and larvae collected in 95%
ethanol. DNA was extracted from K. lycopersicella adults and larvae that were collected on dry ice and
stored in -80°C from colonies maintained at the UC Davis Contained Research Facility that were
originally from a Florida colony. DNA was extracted from P. operculella adults and larvae collected on
dry ice and stored in -80°C from colonies maintained at the UC Davis Contained Research Facility that
were originally collected from Kern County, California. Environmental DNA (eDNA) samples containing
either local Florida bycatch spiked with T. absoluta DNA, as well as mock community environmental DNA
(eDNA) samples were provided as a gift from Craig Bateman (Florida Museum of Natural History). DNA

extractions from individual insects were performed as described in Tabuloc et al. 2019.
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Quantitative PCR assay design
We assessed 21 single nucleotide polymorphism (SNP) markers differentiating T. absoluta, K.

lycopersicella and P. operculella identified in Tabuloc et al. 2019 for gPCR genotyping potential using
RealTimeDesign software (LGC Biosearch Technologies). Our analysis resulted in seven potential gPCR
assays, each containing a set of universal amplifying primers and two distinguishing fluorescent
oligonucleotide probes. We used a serial dilution qPCR (from 1 to 1/525 dilution) on all seven sets of
amplifying primers on all three species to assess primer efficiency. Reactions were performed with
300nM of forward and reverse primers with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad,
Hercules, CA) on a CFX96 real time PCR machine (Bio-Rad). We checked for off-target products when
multiplexing pairs of assay primers using melt curve analysis as well as gel electrophoresis. From the
seven loci tested, we selected two to develop assays and ordered single-strand BHQplus probes (LGC
Biosearch Technologies, Middlesex, UK) unique to each of the four alleles (two alleles per locus). Each
probe was tagged with a distinct 5' fluorophore and 3’ quencher. Assay 1 distinguishes T. absoluta from
K. lycopersicella and P. operculella, while assay 2 distinguishes P. operculella from K. lycopersicella and T.

absoluta.

Quantitative PCR assay
All subsequent multiplexed gPCR genotyping assays were conducted on the CFX96 in technical triplicate

using gPCRBIO Probe Mix No-ROX (PCR Biosystems; Wayne, PA), 200nM of each probe, 400nM forward
and reverse primers and 1 uL of extracted DNA in a final volume of 20uL in the following PCR conditions;
2 minutes at 95°C, followed by 40 cycles of 95°C for 5 seconds and 63°C for 30 seconds. Relative
fluorescent units (RFU) for FAM, CAL Gold 540, CAL Red 610, and Quasar 670 channels were recorded
after each cycle for all samples using the CFX Maestro software (Bio-Rad), and end-point RFU was used
to make SNP calls. DNA concentrations for the purpose of dilution testing were quantified with a

Nanodrop Lite (Thermo Fisher Scientific, Pleasanton, CA, USA).
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Lb-Casl12a protein purification
The plasmid pMBP-LbCas12a was a gift from Jennifer Doudna (Addgene plasmid # 113431 ;

http://n2t.net/addgene:113431 ; RRID:Addgene_113431) (Chen et al. 2018). We chemically
transformed pMBP-LbCas12a into BL21 E. coli cells and cultured them in Lysogeny Broth with 125 pg/mL
ampicillin in a 30°C 225 RPM shaker to an OD600 of 0.7 before adding 0.2mM IPTG and shaking at 16°C
overnight to induce protein expression. Resulting bacterial culture was pelleted for 30 minutes at 2600
rcfin a 4°C centrifuge, resuspended in lysis buffer (50mM Tris-HCI ph 7.5, 500mM NaCl, 1ImM DTT,
0.5mM PMSF, 5% glycerol), lysed with a Sonic Dismembrator sonicator (Thermo Fisher), and passed
through a 0.45um filter. We applied the histidine-tagged Cas12a to a nickel column on an NGC
chromatography system (Bio-Rad; Hercules, CA), washed with a wash buffer (lysis buffer + 20mM
imidazole) and eluted with elution buffer (lysis buffer + 250mM imidazole). We inspected fractions on an
SDS-PAGE 12% gel, then pooled and incubated fractions overnight at 4°C with TEV protease (1mg TEV to
10mg Cas12a) to cleave off the histidine and maltose binding protein tag. Cas12a was buffer-exchanged
back into wash buffer using a desalting column on the NGC and re-eluted through a nickel column to
remove impurities non-specifically binding to the column. Resulting fractions were inspected by SDS-
PAGE, pooled, quantified with a Nanodrop Lite (ThermoFisher Scientific; Waltham, MA), flash frozen in
liquid nitrogen, and stored at -80°C. Cas12a enzyme was tested for activity using a crispr RNA directed

against M13 bacteriophage DNA as described in Chen et al. 2018.

RPA-Casl12a assay design

To identify loci distinguishing T. absoluta from K. lycopersicella and P. operculella for a Cas12a-based
diagnostic, we used a custom python script to search a genome alignment file between all three species
(obtained from Tabuloc et al. 2019) for loci with a “TTTV” PAM site in the T. absoluta sequence and at
least 2 mismatches in the first three bases following the PAM site between T. absoluta and the other
two species (Script S1). We used BLAST (Camacho et al. 2009) with the “nt” database to exclude any

sequences that might be contaminants, such as Wolbachia DNA. We selected 10 loci to design crispr
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RNAs (crRNAs) as well as flanking sets of forward and reverse amplification primers designed to produce
an approximately 200bp product. We used the TwistAmp Basic Liquid kit (TwistDx, Maidenhead, UK) to
perform isothermal amplification, following manufacturer’s recommendations but in 25 pL (not 50ul)
reactions. We used a final concentration of 1.8mM dNTPs and 1.8mM of the forward and reverse
primers, respectively. Reactions were incubated at 37°C for 20 minutes before being quenched with a
DNA loading dye containing EDTA to quench the reaction prior to gel electrophoresis. To select the best
amplification primers for each locus, we tested one forward primer with three possible reverse primers
and checked the amplification products on an agarose gel. We then used the reverse primer from the
best reaction to test against three possible forward primers, and again used an agarose gel to determine

the optimal forward and reverse primer.

RPA-Casl2a assay
To perform the RPA-Cas12a assay, we performed RPA as described above using 1 uL of DNA per sample.

Importantly, we add all reagents into the bottom of the PCR strip tubes except the magnesium acetate,
which is instead added to the strip tube caps. Once all samples are ready, we close the caps and gently
mix to incorporate the magnesium acetate to ensure amplification initiates simultaneously for all
samples. At all steps, we used sterilized filter pipette tips to avoid contamination from DNA or RNA

nucleases.

To perform the Cas12a detection, 2 uL of RPA product was added to a final volume of 20 pL containing
20 mM Tris-HCI (pH 7.5), 100 mM KCl, 5 mM MgCl,, 5% glycerol, 1 mM DTT, 300 nM Cas12a enzyme, 300
nM of crRNA 200 nM of oligonucleotide reporter. As the exact sequence of the oligonucleotide reporter
is not critical since Cas12a’s ssDNAse activity is non-specific, we used the Cal Red 610 probe previously
designed for our qPCR assay. We incubated the reactions at 37°C using a Bio-Rad CFX96 Real Time PCR

machine for 90 minutes and recorded fluorescence every minute. Final endpoint RFU was used to
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identify presence of T. absoluta. DNA concentrations for the purpose of dilution testing were quantified

with a Qubit fluorometer (Thermo Fisher Scientific).

For visual detection, samples were placed in PCR strip tubes after the 90-minute incubation and
illuminated in a gel imaging box using 302nm UV light. Photos were taken through the viewing window

using a Google Pixel 5A phone using default camera settings.

Results

Probe-based qPCR assay accurately differentiates T. absoluta, K. lycopersicella and

P. operculella
To develop an assay that can identify whether a sample contains DNA from T. absoluta, K. lycopersicella,

or P. operculella, we screened through previously identified SNPs (Tabuloc et al. 2019) that distinguish
the three species based on a whole genome alignment. We selected two loci and designed primers to
amplify each locus from all three species, as well as dual-labeled fluorophore-quencher oligonucleotide
probes specific to each allele at each locus (Figure 10A, Table S3). Assay 1 targets a SNP in the coding
region of eif-4a, a canonical translation initiation factor conserved across eukaryotes. A high FAM signal
indicates the T. absoluta variant, while a high CAL Gold 540 signal indicates the K. lycopersicella or P.
operculella variant. Assay 2 targets a SNP in the coding region of toll-6, a gene involved in neuron
development during embryogenesis. A high Quasar 670 signal indicates the P. operculella variant, while
a high CAL Red 610 signal indicates the K. lycopersicella or T. absoluta variant. Based on the presence or
absence of each fluorophore’s signal at the end of the qPCR amplification, it is possible to deduce the
species identity (Figure 10A). Both assays can be run multiplexed in a single reaction and takes

approximately three hours from DNA extraction to results, allowing for rapid diagnostics.

We tested both assays using DNA extracted from individuals obtained from lab-maintained colonies.
While the target gPCR loci were checked for conservation in eight individuals of each species in Tabuloc

et al. 2019, we additionally tested T. absoluta samples obtained from greenhouses and fields in Costa
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Rica, Brazil, Columbia, Ecuador, Paraguay, Argentina, Chile, and Peru, to ensure no genomic variations
existed in field populations. In assay 1, we see strong FAM signal and low Cal Gold 540 signal in all T.
absoluta samples, and the reverse in all other samples (Figure 10B). Similarly, in assay 2 we see strong
Quasar 670 signal and low Cal Red 610 signal in P. operculella samples, and the reverse in all other
samples except one P. operculella sample that was misidentified as K. lycopersicella in the assay (Figure
10C). We noticed some samples with lower signal overall in both channels of assay 2; these samples all
came from the same PCR plates, and likely represent an experimental batch artefact. By plotting the Cal
Gold 540 signal from assay 1 against the Cal Red 610 signal, it is possible to rapidly discriminate all three
species in one graph. To ease categorization, allelic discrimination software such as that included in CFX

Maestro (Bio-Rad) can be used to classify samples automatically.

Quantitative PCR assays are highly sensitive at low DNA concentrations
While the previous tests were conducted using DNA extracted from individual moths, it would be

advantageous for a diagnostic assay that could detect T. absoluta presence in pooled collections where
target DNA concentrations may be extremely low. To determine the lower bounds of starting genomic
DNA needed to positively identify T. absoluta, we tested our gPCR assays on a serial dilution of genomic
DNA extracted from a single sample of T. absoluta, K. lycopersicella, and P. operculella, and plotted
endpoint RFU for each fluorophore (Figure 11). For all fluorescent probes as little as 0.02 ng of DNA was

needed to identify the target DNA.

Often, samples collected from the field are not preserved well, and may be degraded and
morphologically indistinguishable from other samples, such as with a liquid-based traps. To determine
whether our gPCR assays would be suitable for detecting T. absoluta in this environmental DNA (eDNA)
collection, we tested the assays on several mock environmental samples meant to mimic collections
from bulk field collections. We tested both pooling DNA from multiple species into one sample, as well

as spiking DNA extracted from trap bycatch with T. absoluta DNA (Figure 12). As a negative control we

109



used a mixture of DNA of non-T. absoluta DNA, including P. operculella and K. lycopersicella. In assay 1,
all samples with T. absoluta DNA had higher FAM signal than the negative control, as expected (Figure
12A). The high Cal Gold 540 signal in the negative control indicates that the K. lycopersicella and P.
operculella DNA was detected. In assay 2, all samples containing T. absoluta DNA except one of the
bycatch samples showed the expected high Cal Red 610 levels (Figure 12B). The T. absoluta-negative
sample showed elevated signal in both Cal Red 610 and Quasar 670 resulting from the presence of K.
lycopersicella and P. operculella DNA, as expected. Based on this, our assay is generally sensitive to T.
absoluta DNA in the presence of contaminating samples, but the low concentrations of target DNA that
may be present in liquid trap collections may make detection challenging.

RPA-Casl12a assay detects Tuta absoluta without need for a thermocycler or

specialized detection equipment
While the qPCR assays are sensitive and accurate, they require a real-time PCR machine, which may be

cost-prohibitive. To avoid requiring specialized equipment, we used RPA to amplify target DNA and
Casl12a’s single-strand DNase activity to detect the target sequence. As both RPA and Cas12a can
operate at a constant temperature, this removes the need for a thermocycler (Figure 13A). As the
Cas12a complex can bind to targets with a few mismatches (Chen et al. 2018), we tested a dozen loci
with at least two mismatches immediately adjacent to the PAM site that would differentiate T. absoluta
from K. lycopersicella and P. operculella. After testing primers for RPA, we selected two nuclear markers
and one mitochondrial marker. Nuclear marker 1 targets the exon of an uncharacterized gene that is
predicted to be localized to the Golgi while nuclear marker 2 targets the intron of bcr, a predicted
GTPase-activating protein with unknown function. The mitochondrial marker was designed from
Cytochrome Oxidase | (CO1), a common gene used for species identification. We performed Cas12a-
based detection for each locus using a crRNA designed to only recognize the T. absoluta sequence
colony samples originally from Spain and found that while nuclear marker 1 and COIl marker properly

distinguished all T. absoluta samples, nuclear marker 2 failed to identify 7 of the 28 Spanish T. absoluta
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colony samples tested (Figure 13B-C). Based on gel electrophoresis and Sanger sequencing, 5 samples
failed to amplify while the other two contained a 9 base pair insertion at the crRNA binding site (data
not shown). We tested nuclear marker 1 and the COI marker with the same Latin American T. absoluta
samples tested in the qPCR assays and found a positive result for all samples. Importantly, we recorded

no false positives across all P. operculella and K. lycopersicella samples tested.

To assess the sensitivity of the RPA-Cas12a assays for nuclear marker 1 and the COI marker, we tested a
dilution series of T. absoluta DNA from 1 to 1x10° ng input, comparing it to a 1 ng input of K.
lycopersicella or P. operculella DNA. In both markers there was a significant difference in signal between
K. lycopersicella and the 1 and 0.1 ng of T. absoluta DNA, but not at lower concentrations or with P.
operculella (Figure 14A-B). While these RFU measurements were quantified using a real-time PCR
machine, we wanted to see at what concentrations detection could be achieved by eye. We placed the
same samples analyzed for the nuclear marker 1 dilution series under a gel imager box and using a cell
phone camera were able to positively identify the 1 ng and 0.1 ng T. absoluta samples, with no signal
from other dilutions or negative controls (Figure 14C).

Discussion

When considering which method is best suited for T. absoluta identification, a key consideration is
sensitivity. Based on our analyses, we find that our gPCR diagnostics can reliably identify species down
to 0.02 ng of input DNA, while our RPA-Cas12a assay was capable down to 0.1 ng input DNA. Assuming a
haploid genome size of 564Mb from flow cytometry estimates (Gandhi Gracy et al. 2019), this
represents approximately 35 copies of target DNA for qPCR detection and approximately 170 copies of
target DNA for RPA-Cas12a detection. Both should be sufficient for scenarios where DNA is extracted
from a single insect or small pool of insects. However, in situations where target DNA concentrations are
extremely low, such as the case would be with eDNA collections, the more sensitive gPCR method is

preferred.
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Between the two working markers for the RPA-Cas12a study, both the COIl and nuclear marker 1 were
equally sensitive. By eye, the COl marker appeared to detect T. absoluta signal at lower concentrations;
however, the increased variability at lower concentrations made the results significantly
indistinguishable from non-target samples. This noise may appear because RPA-Cas12a assays are more
sensitive to technical experimental variation, as both RPA and Cas12a reactions can occur at room
temperature. Slight changes in incubation time can cause fluctuations in RFU values between replicates,
highlighting the importance of having positive and negative controls. Additionally, as crRNA is sensitive
to ribonuclease degradation, greater care is needed to ensure its degradation, such as using filter

pipette tips, practicing proper lab hygiene, and using nuclease-free reagents.

A few methods have been published using multiplexed PCR, qPCR, and digital droplet PCR to detect T.
absoluta (Sint et al. 2016; Zink et al. 2020). We find our qPCR assay is equally sensitive as the previous
gPCR method, with the added advantage of being able to identity an additional two moth species which
are morphologically nearly identical to T. absoluta, occupy similar host crops, and are already
established in the United States. The digital droplet PCR remains the most sensitive assay so far but
requires specialized equipment that may not be widely adopted currently. An alternative method using
multiplexed PCR combined with mass spectrometry has also been previously developed, allowing the
simultaneous interrogation of 21 SNPs in a single reaction to differentiate T. absoluta, P. operculella, and
K. lycopersicella (Tabuloc et al. 2019). This assay has the advantage of being robust to possible

population variation at these loci but again requires specialized equipment and training to operate.

One of the main advantages of our RPA-Cas12a assay is its reduced need for specialized equipment.
Beyond freezers to store reagents, the main equipment needed is a temperature-controlled heat block
and a fluorescent imaging device equipped with a light or laser of appropriate wavelength. This could
include something as complex as a qPCR machine or plate reader, but we found that using a simple UV

illuminator in combination with a smartphone camera was equally effective for detecting a positive
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signal in the RPA-Cas12a assay as measuring fluorescence with a gPCR machine. Compared to the qPCR
diagnostic, the RPA-Cas12a diagnostic does require additional user time, as amplification and detection
occur in two distinct steps, although a one-pot reaction variant has been described (Wang et al. 2020).
While we used an oligonucleotide with a Cal Red 610 fluorophore paired with the appropriate quencher
as the substrate for Cas12a-mediated ssDNAse activity, the fluorophore/quencher molecules can easily
be swapped for other fluorophores that absorb and emit at different wavelengths, making this protocol
adaptable to the equipment available to the user. It is possible in the future to replace the fluorometric
detection method with a colorimetric detection by using biotin and FAM-labeled oligonucleotides
applied to a lateral flow assay. This flexibility has been implemented in other detection assays and lets
Casl2a-based detection systems stand out from qPCR methods, despite the slight reduction in

sensitivity (Soh et al. 2022).

While T. absoluta has not yet been detected in North America, demographic modeling suggests low to
moderate levels of invasion are possible in Mexico, the California Central Valley, and the southeastern
USA (Ponti et al. 2021). Rapid reliable detection of an invasive pest is one of the key components of a
successful eradication program, meaning it is crucial that molecular diagnostics are available (Tobin et
al. 2014). Even if eradication is not possible, molecular diagnostics reduce the need for expert
entomologists to hand identify specimens, allowing detection to be done faster, cheaper, and more
accurately (Stouthamer et al. 1999; Gariepy et al. 2007). This is especially relevant for T. absoluta testing
as tomato crops in the United States already contain the presence of P. operculella and K. lycopersicella,
which are both nearly identical morphologically. Once detected, agencies can decide between strategies
including eradication, quarantine, or continued monitoring (Venette et al. 2021). We expect that the
molecular diagnostics presented here will add to the toolkit available to institutions to rapidly monitor

for the appearance of T. absoluta.

113



Figures
Figure 10: A) Flowchart of the qPCR diagnostic assay, with a table detailing the species identification

based on signals from both assays. B-D) Endpoint relative fluorescence units from two multiplexed
assays. All samples run in technical duplicates. Assay 1 (B) uses a probe tagged with FAM to detect the T.
absoluta SNP and a probe tagged with Cal Gold 540 to detect the K. lycopersicella/P. operculella SNP.
Assay 2 (C) uses the Quasar 670-tagged probe to detect P. operculella and Cal Red 610-tagged probe to
detect T. absoluta/K. lycopersicella. By plotting the Cal Gold 540 and Cal Red 610 channels on 1 plot (D),

all three species can be differentiated quickly.
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Figure 11: Dilution series of gPCR assays. A-D) gPCR end RFU signal for each probe against species at
various dilutions from 20 ng to 2x103 ng total DNA. All samples were run in technical triplicate. Error

bars represent 1 SE. Black line indicates RFU in the no-template control (NTC).
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Figure 12: Species identification of mock environmental DNA samples using the qPCR assay 1 (A) and
assay 2 (B). Positive control was 1 ng of T. absoluta DNA. Negative control was a mixture of DNA from P.
operculella, and K. lycopersicella. The mock community sample consisted of DNA extracted from a single
adult of: T. absoluta, Plodia interpunctella, Anastrepha ludens, Diaphorina citri, and Tribolium confusum.
The bycatch samples were DNA extracted from local insect bycatch in Florida, with an artificially added
T. absoluta adult. Numbers labeling bycatch datapoints correspond to matched samples between assay

1 and assay 2.
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Figure 13: (A) Flowchart of the RPA-Cas12a diagnostic assay. (B) RPA-Cas12a assay results of two nuclear
loci (nuclear marker 1 and nuclear marker 2) and one mitochondrial locus (COI marker). Nuclear marker
2 was not tested on Latin American samples as it was not found to reliably identify T. absoluta initially
with Spanish colony samples. RFU values of each sample were normalized across plates by subtracting
the no-template control (NTC) RFU per plate. Mean RFU values were compared using pairwise 2-tailed

student t-tests with the holm’s correction. **** indicates corrected p-value < 1x10™.
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Figure 14: Dilution series of RPA-Cas12a assay for (A) mitochondrial COI assay and the (B) nuclear
marker 1 assay using 1 ng to 1x107° ng of T. absoluta DNA. 1 ng of K. lycopersicella and P. operculella
DNA was used as a negative control. All RFU values are normalized by subtracting the RFU from a no-
template control (NTC). RPA was performed in technical triplicate per sample. Error bars represent 1 SE.
* indicates significant difference (p<0.05) from K. lycopersicella sample. C) Cell phone images of the
same samples plotted in panel (B) in a UV illuminator using a 302nm wavelength. A representative for
each triplicate was used.
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Supplemental Figures
Figure S17: Cas12a enzyme purification. A) Coomassie-stained gel of eluted fractions #11-#23 collected

by liquid chromatography prior to TEV cleave of MBP and histone tag. Expected size of Cas12a+MBP tag
is 189kD. B) Coomassie-stained gel of eluted fractions #3-12 after TEV cleavage of MBP and histone tag.

Expected size of Cas12a is 147kD.
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Supplemental Tables
Table S3: Oligonucleotides and Probes used for gPCR and RPA-Cas12a assays. For crRNAs, the conserved

hairpin loop sequence is indicated in bold, and the recognition sequence indicated in plain face. For

gPCR probes, the differentiating SNP is indicated in bold and flanked with brackets.

absoluta probe

Assay Description Sequence (5'->3')

gPCR Assay 1 forward primer TGTGGCCAACCTCATCTAAGG

gPCR Assay 1 reverse primer CGGTACTGGAGTCGTCTCCTAA

gPCR Assay 1 T. absoluta probe FAM-ACGCTTTCCCG[A]TTTATA-BHQ1Plus

gPCR Assay 1 K. lycopersicella/P. CALGold540-CGCTTTCCCG[G]TTTATA-
operculella probe BHQ1Plus

gPCR Assay 2 forward primer GTTTCTTTCACCCCACACTATCAC

gPCR Assay 2 reverse primer GCCATAAATATCGATCCGGACCTA

gPCR Assay 2 P. operculella probe Quasar670-CACGTTTTCAG[T]AACACTT-

BHQ2Plus
gPCR Assay 2 K. lycopersicella/T. CALRed610-ACGTTTTCAG[C]JAACACTTT-

BHQ2Plus

RPA/Casl12a Nuclear
Marker 1

forward RPA primer

GCTTTAACTGTTTAATCTGTTCATCCATTG

RPA/Cas12a Nuclear
Marker 1

reverse RPA primer

CTGAAAATGTTGATGATGCCTTAAAGAACG

RPA/Casl12a Nuclear
Marker 1

crRNA probe

UAAUUUCUACUAAGUGUAGAUUAUAGUUC
ACAGAGUCUUGA

RPA/Cas12a Nuclear
Marker 2

forward RPA primer

TGTGCCAAATTGTTTGTCCCTGAACAAACATA

RPA/Casl12a Nuclear
Marker 2

reverse RPA primer

GATGACCTTCAGGCTTTTAATACACTAGATTG

RPA/Cas12a Nuclear
Marker 2

crRNA probe

UAAUUUCUACUAAGUGUAGAUUACUAUUU
CUAGUAUUGAAA

Mitochondrial Marker

RPA/Casl12a forward RPA primer CATTTAGCTGGTATTTCATCGATTTTAGGAGCT
Mitochondrial Marker AT

RPA/Casl12a reverse RPA primer CCTGGTAAAATTAAAATATAAACTTCAGGATG
Mitochondrial Marker TCC

RPA/Cas12a crRNA probe UAAUUUCUACUAAGUGUAGAUCUcCCUUCU

UUUAUCAUUGCC
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Supplemental Scripts
Script S1: Python script used to extract potential crRNA targets from a mauve alignment file between T.

absoluta, K. lycopersicella, and P. operculella.

VWoONOUVTEA WNPRE

30.

31.
32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.

43.
44,
45.

46.
47.

from Bio import AlignIO
import sys
import re

##parameters
#distance to right and left to capture from probe binding region
binsize = 100

#create a new file to write output to.

. sys.stdout = open("PAM_search_100bp_flanking.txt", "w")

. # open alignment file

. xmfa = AlignIO.parse("Klyc-Pope-Tuta.xmfa", "mauve")

. # loop to identify potential crRNA binding regions (TTTN, with 2@bp following).
. loopindex = ©

. for alignment in xmfa: # goes through each alignment in xmfa file

loopindex = loopindex + 1
if len(alignment) == 3: # makes sure all 3 species are aligned
tutaseq = str(alignment[2].seq)
for PAM in re.finditer("TTT[ACG][ACGT-]{20}", tutaseq):
# goes through each possible PAM binding site in the sequence
# grab klyc and pope seq at same positions as in tuta
probestart = PAM.start()+4
probeend = PAM.end()
klycseq = str(alignment[0].seq)
popeseq = str(alignment[1].seq)
# count mismatches in the first 3 bases of the probe binding site

klycmismatch = sum(cl != c2 for cl, c2 in
zip(tutaseq[probestart:probestart+3], klycseq[probestart:probestart+3]))
popemismatch = sum(cl != c2 for cl, c2 in

zip(tutaseq[probestart:probestart+3], popeseq[probestart:probestart+3]))
#count total mismatches in sequences compared to Tuta
TotKlycMismatch = sum(cl != c2 for cl, c2 in zip(tutaseq, klycseq))
TotPopeMismatch = sum(cl != c2 for cl, c2 in zip(tutaseq, popeseq))

#only look at regions with more than 1 mismatches to Tuta.
if klycmismatch > 1 and popemismatch > 1:
# grab region before and after binding site. Skip if not at least
"binsize" distance flanking probesite. regionstart = probestart -
binsize
regionend = probeend + binsize
if regionstart < © or regionend > len(tutaseq):
continue
# skip if there is 10+ N's in a row
if "NNNNNNNNNN" in tutaseq[regionstart:regionend] or "NNNNNNNNNN" in
popeseq[regionstart:regionend] or "NNNNNNNNNN" in klycseq[regionstart:regionend]:

continue
# skip if there are 10+ blank spots in a row anywhere
if Meemmmeeee- " in tutaseq[regionstart:regionend] or "---------- " in
popeseq[regionstart:regionend] or "---------- " in klycseq[regionstart:regionend]:
continue

#skip if there are ANY Ns in corresponding Klyc and Pope probe sequence
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48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

if "N" in popeseq[probestart:probeend] or "N" in

klycseq[probestart:probeend]:
continue

#count total mismatches in binsize region flanking probe, compared to
Tuta

TotKlycMismatch = sum(cl != c2 for cl, c2 in
zip(tutaseq[regionstart:regionend], klycseq[regionstart:regionend]))

TotPopeMismatch = sum(cl != c2 for cl, c2 in
zip(tutaseq[regionstart:regionend], popeseq[regionstart:regionend]))

# print output file

print("> ", alignment[@].id.replace("/", ":"), "+", alignment[@].name,
",probe.region:", probestart + 1, "-", probeend + 1, ",(",TotKlycMismatch,")", sep="")

print(klycseq[regionstart:probestart], "*",
klycseq[probestart:regionend], sep="")

print("> ", alignment[1].id.replace("/", ":"), "+", alignment[1].name,
",probe.region:", probestart + 1, "-", probeend + 1, ",(",TotPopeMismatch,")", sep="")

print(popeseq[regionstart:probestart], "*",
popeseq[probestart:regionend], sep="")

print("> ", alignment[2].id.replace("/", ":"), "+", alignment[2].name,
",probe.region:", probestart + 1, "-", probeend + 1, ",(0)",sep="")

print(tutaseq[regionstart:probestart], "*",
tutaseq[probestart:regionend], sep="")

print("=alignment ", loopindex, sep="")
sys.stdout.close()
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