ABSTRACT

XUAN, JING LI. Phylogenomi®Analysesyield New Insights into théhylogeny andevolution
of Leafmining Flies (Under the directiof Dr. Brian M. Wiegmanin

Leafmining flies(Diptera:Agromyzidag are a diverse clade of phytophagous Diptera
known largely for their economic impact as leaf stemminers on vegetable and horticultural
crops.Higherlevel phylogenetic relationships of Agromyzidaeve remained uncertain because
of challenges in samiplg of both taxa and characters for morphology and-B&s&d, Sanger
era, molecular systematiddere,to provide a comprehensive phylogenomic treatment of the
family Agromyzidae, hundreds of loci obtained fronthoredhybrid enrichment (AHE)are
used teelucidate phylogenetic relationships among-teaiing flies.Phylogenetidreesare
highly congruent andrell-supportegdexcept fora fewdeepnodes whenusing different
molecular data types, partitioning schen@ghylogenetianethods. Based on divergence
dating using a relaxed clock and the meloleted historical biogeographic analysis,
Agromyzidae is found to have originated in the Nearctic Region in the early Paleocene
approximately 64.47 million years ago. Diversificatiotesain Agromyzidae rapidly increased
during the Miocene, and this may be attributable to vicariance events associated with the
disjunction of North American and Eurasian plates, and with numerous host plant shifts and
species radiations shown to have opedmwithin multiple agromyzid lineages.

In the large genukiriomyzg host plants fed on by closely relatadomyzaspecies, are
phylogenetically distant across host plant phylogeny. There is no generalizable phylogenetic
component explaining their usé host plant families/orders. Based on historical biogeography
analysis, the origin dfiriomyzadiversityis in the Nearctic Region, and both dispersal and

vicariant events have played a role in the geographic distribution of the group.



Theleafminer sster specied,iriomyza trifolii (Burgess) andliriomyza sativae
Blanchard (Dipter: Agromyzidagdre noxious polyphagous pests of vegetable crops and
ornamental flowers throughout the world. Population phylogenomics associated with host plant
use and geagphy for these two polyphagous leafminer species, were investigatdd. For
trifolii , the results suggest that pepper and tomatillo populations together form a separate genetic
cluster,confirmed by phylogenetic and principal component analyses, wbithin significant
sharedancestryassessed by genetic admixture analysis. Genetic variance amonrgsslaciated
or geographassociated populations are significantly smaller than those within populations. For
L. sativagthreedistinctmonophyleticcladeswere identified includindrazil, Americanwest,
and Worldvide on the phylogeny, and these groupscareordant withthe results of principal
component analysis (PCA) of single nucleotide polymorphisms (SNPRa)eis little genetic
differentiationfoundbetween geographjmopulationsexcept forsamples fronBrazil when
compared with all other&\nalysis of molecular Variance (AMOVAJemonstrated that 36/%
geneticvariarts are attribugbleto samplecomparedvithin populatiors, while only 3.53% is
found among populations.

Phylogenomic study of Agromyzidageovides a new framework phylogerfpr
understandingnacroevolutiorin this fly lineage. In particular, phylogenetic analyses reveal a
revised understanding ofein biogeographic history, the pattern and rate of lineage
diversification, and the evolutionary history of host plant use inrteaing flies. Oumew
phylogeretic estimate for genusriomyzaalso offersa framework fofurtherstudyof ther
morphologcal and ecologicavolution.The studies of pest speciestrifolii andL. sativaenot
only providesadditionalinsightinto thepossiblepresence of cryptic specjdsit also informs

new interpretations of the evolutionary dynamics of invasive pestgtams.
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CHAPTER 1. Phylogeny, divergence times, and diversification patterns in leahining flies
(Diptera: Agromyzidae) from anchored phylogenomics
INTRODUCTION
Species richness and diverse lifaistory traits

Leafmining flies(Diptera: Agromyzidage)sometimes known as serpentine minars,a
diverse groumf schizophoran fliegith approximately3,163 valid species across approximately
26 recognized genemistributedworldwide (Eiseman, 209; Von Tschirnhaus, 2021All leaf-
mining larvaeare phytophagousside plant tissuedamaging more than 140antfamilies
across liverwortdferns, horsetails, gymnospermasid angiospermiacluding monocots and
eudicots(Spencer, 1990; Scheffer et al., 20Beman, 209). Many agromyzid species are
consideredo bemonophagous arligophagous where larval feeding is restricted tngle host
plant ormultiple closely relateglants (generallyeferedt o a s &3 whdeadladvely s t
few speciexan feed on a wide variety of host plants across distantly related plant families,
referred t o(Speercerfl§9lonsdala RG2Undoudbtedly some species are
consider ed 0 miydur omeomueteolisenatioms pf the true host range
Nevertheless, knowledge of the evolutionary connection between host plant use and agromyzid
diversification will become more complete as new collecting and rearing record acconsulat
(Scheffer etl., 2021; Eiseman et al., 2019, 2D2

Despite limited observations, the available biological data indicates that larval feeding
habits of agromyzids areery diverse The majority of species feed internally on leaves, as
leafminers while @out 25% of kown species feed diower head, seedsor seed pods, stems
or twigs, rootsor the cambium of woody plants (Spencer, 1%f#ncer, 199 Eiseman, 2019;

Lonsdale, 20211 Most leafminers generate specific types of mimedyuding lineamines,



blotchminesas well as lineablotchmines (Hering, 2013 Eiseman, 2019; Lonsdale, 2021
Leafmining larvae can pupate inside or outside the larval feeding location of the host plant
(Spencer, 199@ivelek, 2003; Dempewolf, 200&jseman et al., 209). A few species can
switch the mining part of host plant, for example, spedjgisiomyia phaseoliTryon)is able to
shift from leaf to stem minin@.onsdale, 202l Members of the genihytobiafeed on young
pl ant xylem causings@opitid fIL e &Sikscehastmants aket&d gl | a
described and recorded for many species, host use alone is an unreliable guide to species identity
making an integrated taxonomic system especially important for understanding Agromyzidae
biodiversity (Lorsdale 2021). Such a system ideally combines adult morphology and molecular
phylogenetic data and DNA barcoding along with feeding biology characterizations like host
plant taxonomy, mine shape and feeding location, and even frass patterns in the mine
(Nowakowski 1962;Scheffer et al., 2007;onsdale& Scheffer2011 Lonsdale, 2021).
Classification of leaf-mining flies

Family Agromyzidaehas beetraditionallydivided into two subfamilies, Agromyzinae
and Phytomyziaewhi ch f ol |l ows the system containing 0.
originally devised by Fagh (1823a, 1823b). This system of classification in Agromyzidae has
been examinedsing phylogenies built witmorphology(Dempewolf, 20012005 and
moleculargene markerg¢Scheffer et al., 2007). Definitions of the two subfamilies are based on
larval mouthpart morphology: Agromyzinae is defined by two strong arms, while Phytomyzinae
is characterized bgnereduced lower arm of the cephalopharyngeal skeléfmA (pine et al,
1987;Dempewolf, 2001 Apart from these, othememajor difference betweerthetwo
subfamilies are found in wing venat®of adults Specifically, forthe subfamily Agromyzinag

the subcosta joins vein R1 distallgnd the apicgbortionof R1 is almost always expanded and



sinuate converselythe subfamily Phytomyzinae hake subcostal veiaither incomplete
distaly or reaching the costa as a thin fold but remaining separate frq@pRficer, 1973
Spencer & Steyskal, 198Bpnsdale, 2081). Considering agromyzid classificatioon
Tschirnhaus (1971) speculdtidat themainlineages of family Agromyzidae should not be
forced into two halvesince there are clear inconsistencies among characters when dividing the
family into just thesewto distinct subfamiliesSpencer (1990) developed an alternative system of
classification in family Agromyzidae, which encompasses four digjirmetps includinga
Penetagromyzgroup(equivalent tahe subfamilyAgromyzinag, and theNapomyza Phytobig
andPhytoliriomyzagenusgrougs, all threeof thesecomprisingthe subfamily Phytomyzinae.
Phylogeny and host usamong agromyzids

Agromyzinae has been divided into three distinct clades based on morphological
characters (Lonsdale, 2014). ThesfiOphiomyiagroupencompassete generadDphiomyia
MelanagromyzaEuhexomyzaandthe Old-World Tropicomyia(Lonsdale, 2014)Spencer
(1966) considered thielanagromyzavas placed as sister groupamonophyleticHexomyza
plusOphiomyiabased on motmlogical features and life history traidelanagromyzancludes
many species that feed on woody plants, leading him to hypothesize an origin for the group from
use of a woody ancestor and continuing with species that feed inside the stems of their host
plants (Spencer, 1966; Spencer, 1973). Apart from this, {dackbed halteres are frequently
used as a character state to ideriglanagromyzgMcAlpine et al., 1981)Ophiomyiaincludes
many stem miners, and many of these have specialized in mowrtetoal feeding outside the
stems of herbaceous plan&péncer, 1973 Larvae of various species ldexomyzdeed on both
leaves and stems of their host plants (Spencer, 1966). Nearly all of the genera in Agromyzinae

also include some gaihducing species, such ashtelanagromyzaOphiomyig Hexomyza



AgromyzaandJapanagromyzgDempewolf, 2005)andsome spdes ofPhytoliriomyzaand
PhytomyzgPhytomyzinae) can also produce galls. The second and third agromyzinae clades
each exclusively contain a single gendgromyzaandJapanagromyzaespectively. However,
these two genera also share some features,dtamice, species from both genera have
prescutellar acrostichal setae (Lonsdale, 2013) and some spelagsimragrmyzandAgromyza
harbor an innedistal comb of setae on the hind tibia (von Tschirnhaus, 198ganagromyza

is distributed globally and mre diverse in male genitalic characters, suggestinghibgenus

may be normonophyletic (Lonsdale, 2013).

The sibfamily Phytomyzinae is a relatively heterogenous grougrphologicallywhen
compared with Agromyzinae (Lonsdale, 2021). Spencer (199@)edithis subfamily into three
groups including th&lapomyzaPhytobig andPhytoliriomyzagroups. Within thd&Napomyza
group, Winkler et al. (2009) advanced the classificatiaimn@®fjenusPhytomyzdased on a
molecular phylogeny generated from multiplegenarkers. Ithat study,Napomyzand
Ptochomyzavere recognizeds subgenera &thytomyzaandChromatomyiavas
resynonymised witfPhytomyzal.onsdale & Eiseman (202&)soprovided morphological
evidence in support of the synonymy of the genus, howegwearTschirnhaus (2021) proposed
some alternative arguments about this synonymy. An additional three gégeradphytomyza
AulagromyzaandPseudonapomyzan theNapomyzaroup are relatively little known,
especially in the New World (Zlobin, 2002, 2007; Lonsdale, 2021).

There Iis no strong mor phol ogi cRhytolrmmyda mol ec
groupdé (Scheffer et al ., 2 0 Odiverse leainmrsnd geheea, 2021
Six genera consisting &@alycomyzaHaplopeodesLiriomyzg MetopomyzaPhytoliriomyza

andSelachopsmay be grouped by their shared tubetitle setae on the posterodistal margin of



the epandrium and surstylus (Lonsdale 0 This possibly monophyletic clade has been
verified in a molecular phylogeny of Agromyzidae (Scheffer et al., 2007), but not supported in a
large morphological phylogeny (Dempewolf, 2001; 2005). Specifically, a sister gootguning
AmauromyzandCerodonthais nested in these six genera in morpholbgged phylogeny
(Dempewolf, 2001; 2005 he genusSelachopss a small Palearctic group of three species in
this group (Zlobin, 1984yon Tschirnhaus, 20, unpublished ligt

Regarding théhytobiagroup, Phytobiahas been considered to be a plesiomorphic group
of Agromyzidae separated as an early diverging lineage based on morphological features and
larval feeding habits (Nowakowski, 1962pencer & Steyskal, 986; Spencer, 2012; Lonsdale,
2021).Phytobialarvaeare cambium borers (tnreefeeder$ in twigs or trunks forming tunnels
inside the plant, and these tunnels can be visible within the annual rings ¢vdrees
Tschirnhaus, 1971; Spencer, 1977; Spencer & Steys#@6; Nyman et al., 2002\ ost
Phytobiaspecies are moraor oligophagous (Spencer, 1973; Spencer & Steyskal, 1986),
however, there is no strict @peciation betweeRhytobiaspecies and their hosts in a broad
scale (Nyman et al., 2002).
Objectives in the present study

Althoughphylogenies of leamining flies have been inferred from morphological
characters and molecular gene markers, the relationships among most groups are still uncertain
or not weltresolved Dempewolf, 20012005;Scheffer et al., 20077 robust phylogeneti
framework requires broad sampling and more informative molecular datagéts present
study, weemployed anchored hybrid enrichment (AHE), an approach that targets hundreds, or
even thousands, of orthologossgle copy nuclear genassing probe designed based on the

genomes and transcriptomes across dlipfera Our goals in the study are tb.reconstruct
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the phylogeny among major lineagede#fmining flies using phylogenomic data; 2) estimate
the diversification rate dynamics of leaining flies through the time; and, 3) infer the origin
and evolution regarding the contexts of biogeography aneghast use through time, as well as
the evolution of larval feeding habits and pupation locations ofnteaing flies.

MATERALS AND METHODS
Taxon sampling

We sampled a total of 139 fly specimens including 136 Agromyzidae and 3
representatives frotie closely relatethmilies Fergusoninidaand Odiniidae as outgroupdur
ingroup sampling represents about 76% of the currently described gendel$3 including
at least 124 species distributed across the world (FiguFedgusoninidaand Odiniidae were
chosen as outgroups as they have been found to be closely related to Agromyzidae in a recent
phylogenomic study among the families of schizman DipteraBayless et al2021)
Specimens were field collected using malaise traps or hand nets, or reared from host plants
brought into the labMore information for the specimens used in this study is provided in Table
1. All specimens were preserved in 95% ethanol and storeeBid &C freezer prior to DNA
extractions.
Species identificationsdased on morphology

Most specimensvere provided anatlentified byour collaboratas and coauthors
Male specimenwerepreferentiallyselectedand usedor downstream DNA extraction &llow
speciesdentification (ID) by male genitaé characters, especially faranyspeciesn which
externalcharacteref aduls are homogeneousemale samples weusedonly when adultmales
wereunavailableandwe were confidenin thespecies I3 according to expert Ebr associated

rearing recordsGenuslevel IDs and some speciédentifications in this familywerebased on
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externaland internamorphological characters using taxoriokeys Spencer & Steyskal, 1986;
McAlpine et al., 1987; Lonsdale, 2011; Eiseman,301
Whole-genomic DNAextraction

We extractd whole-genomic DNAfor specimensisinga nondestructive method in the
molecularaboratory, at the Department of Entomology &waht Pathology, North Carolina
State University (NCSUWU)r at the Systematic Entomology Lab, USDA (Beltsville, MID)e
procedurs of DNA extraction were followd bya dightly modified DNeasyblood & tissue kit
extraction protocol provided by QIAGENDanufactureQIAGEN, Germany)DNA
concentration for each sample was quantified using dsDNA High Sensitivity Assay Kit with a
Qubit® 2.0fluorometer (Invitrogen by life tectologies)after DNA extractionGenomicDNAS
werestoredat-20°C until they were utilized in the downstrelibrary preparationsSpecimen
after DNA extractios weredepositedbackwith 95% ethanohs vouchers and storedthe-
20°C freezer
Anchored hybrid enrichment lab work processing

As some genera in Agromyzidae possess the small body size&if@myza[1-3 mm]),
they yielded low concentrations of total genomic DNA after extraction. To obtain sufficient
material for anchored hybricthechmentwhenstartingDNA concentratios wereless thant
ng/ul, we amplified the genomidNA extraction using the REPig Mini Kit (QIAGEN Inc.)
for whole genomic amplification. DNA concentrations for each sample weyeantifiedusing
a Qubif 2.0fluorometer with Qubit dsDNA High Sensitivity Assay Kit (Invitrogen by life
technologies) after amplificatioel electrophoresi€0.8% agaroseyas run taasses®NA
integrity and toassess bulk fragmesizerecovery To prepare genomic template for targe

enrichment we sheared the DNAs whaosasgs ranged from70 to 1,000 nanograms in 51



microlitersvolume,to a target fragmnt size of about 300 base pairs (bpsonicaion ona
Covaris S220/E220 Focusettrasonicatoin Covaris microtubgfor 30 seonds.

ShearedNA was used as input for library preparation. Bé&r Gingle-end) raw reads
collection, weusedthe protocol publisheldy Lemmon et al. (2012), while, f&E (paired-end)
raw readscollection,library preparation was conducted following the protocol with NEBRlext
Ultra™ 11 DNA Library Prep Kit for lllumina NEB7103 with sample purification beads (NEW
ENGLAND BioLabs’inc.). We employed dual index primers (Set 1 and Set 2) supplied in the
NEBNextMultiplex Oligos Kit for Illumina NEW ENGLAND BioLab&nc.).

Indexeswereaddedonto eachsample followinga protocolof Meyer & Kircher (2010)
Indexed samples were subsequently pooletbimalizedquantitiesnto Lo-bind 1.7 ml tubes,
andtargetenrichment vasperformed on each pool using the Diptera APitebegYoung et al.,
2016) with the Aligent Custom SureSelect kit (Aligent Technolog#sigr enrichment, DNA
concentration in each pool was detected uaiqubif 2.0 fluorometer with dsDNA High
Sensitivity Assay Kit (Invitrogen by life technologies). Multiple enrichment libraries were
pooled in normalized quantities with those of other-Agnomyzidae projectbased on the
DNA concentration of each libnar

Most of specimens in this study were sequenceliiunina NovaSeq 6008equencing
System for PEpair-end)raw reads collection (2 150 bp; 144 samples per langhile a small
fraction of samples was sequencedtmillumina HiSeq 2500 platform fazollectionSE
(singleend)raw read€150 bp; 48 samples per Ignéligh-throughput sequencing was
conductecdht the Genomic Science Laboratory (G8ttps://research.ncsu.edu/gsMCSU. All
laboratory procedurdsr AHE were done ithe WiegmannLaboratory ofthe Department of

Entomology and Plant Pathology, NCSU
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We used the AHE Diptera probe kits described in Yoetrgy.(2016).In brief, more tha
500target lociwere first selectedsprobe constructiaithroughthe comparisos of protein
coding genes from 13 insect species (Niehuis e2@1.2).Probes covering &ast 150 bp were
tiled uniformly across each of the probe regions within 1.#lg density Lemmon et al.,
2012; Young et al., 2016; Buenaventura et al., 20R8jether with nucleotide alignments of
proteincoding genes, the exon boundaries were used to identify and target candidatemegions
anchored phylogenomic approach (Leamet al., 2012)The potential target loci weselected
satisfying the requirements the following: 1) each locus containo exon boundaries and no
indels, 2) each locus at least 150 bp in length (Young et al., 2016).

To assure the efficiency ohanrichment kit designed for Diptera, we mapped these
target genes to singmpy orthologs iDrosophila melanogastévleigen.Then, we selected loci
with strong match in the majority of compared fly taxa across seven Diptera genomes and
fourteen transcptomes provided by the 1 KITEK Insect Transcriptome Evolutipn
consortium (Young et al., 2016), and kept low numbers of gamsiliiple sequencelignments
(MSAS).

Processingraw reads with bioinformatic tools

Raw reads from lllumina sequeng (Hiseq 2500 for SE reads; NovaSeq 6000 for PE
reads)were demultiplexetby indicesfor each sample using CASSAVA v. 1.§@SL, NCSU.
We checked qualitgf raw reads using FastQC version 0.11.8 in Galaxps://usgalaxy.org),
to provideageneraimpression of raw reaguality. Subsequentlyadaptors and lowguality raw
readswere removed using TRIMMOMATIC v.0.36 (Bolger et al., 20ad)l FASTP Chenet

al., 2018) Parameter settings to trim raw reads were idahtar these two trimming programs.
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De novoassemblywasconductedising the trimmed readsithout reference genorae
implemented inTrinity v.2.2 (Grabherr et al., 2011) on the Stat§&C and Henry2 clusters, at
NCSU.We also use®PAdessoftware Bankevichet al., 2012) to condude novoassembly for
several taxa with very large numbers of reads.

To identify orthologs within the assembleointigs capturedsing ourprobedesignswe
carried out ortholog prediction usinga graphbasedreciprocaBLAST approachusinghidden
Markov modelpredictiors (pHMMs) implemented ithe OrthoGraph version 0.6.1 (Petersen et
al., 2017). Orthologous genes were identified based on an ortholog referente 6 Mecopt er i
databaseyhich contains ortholgousgeneclusters [single copy proteicoding genes, also
calledasorthologousgroups (OGs)identified fromfive reference specieBombyx mori
Linnaeus (Lepidoptera: Bombycida®anaus plexippuéLinnaeus) (Lepidoptera:

Nymphalidae) Aedes aegypfLinnaeus) (Diptera: Culicidaeprosophila melanogaster
(Diptera: Drosophilidae) an@lossina morsitangVestwood (Diptera: Glossinidae)
(Buenaventura et al., 20).

In order to identify protektodingregions and translate them into amino acid sequences
for ortholog assessmentewised a series of programs (EEXONERATE, HMMER, MAFFT,

BLAST+) andPerl Programming Language to carry out these. Specifically, EXONERATE
performs pairwise sequence compains Slater & Birney, 200b Software MAFFT version 7

was used to align multiple contig sequences with reference genomes using an accurate-option (L
INS-i) algorithm (Katoh & Standley, 2013). HMMER 3.3 hmmbuild progr&uddy, 1992 can

read a multiple segunce alignment filalignfile belonging to an alignment format abdild a

new profile hmm of each sing®py gene included in the orthologue referencerseidition

to savng the hmm in hmmfile. The HMMER 3.3 hmmsearch prog(&ahdy, 1992 was used to
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search a sequence database with a profile hmm, and to read an hmm from hmmfile, as well as to
search sedfile for significantly similar sequence matches. The tool makeblastdb was from the
NCBI 6s BLAST (Basic Local Al i gommasitotcreaBear ch To
BLAST format sequences using software BLASMairam & Herbordt, 2015 For the blast
threshold, we set the expect value less tha®5lehe blastnaximum hits as 100, and the blast
score threshold as 10.

Candidate orthologequences were confirmed with a reciprocal blast search against the
protein sequences of the full proteome from reference species and were successfully kept based
on the best reciprocal hit criterion [minimal transcript lengB0 amino acids, substitutewith
0 X éxtendorf (open reading frame) = 1, esverlapminimum = 0.5]. We also removed
terminal stop codons and replaced putative 1in
and at the nucleotide level witN6to avoid problems in downstien analyses. The tasks were

achieved with custorred PERL scriptdased on the publicatidiisof et al., 2014).

After ortholog predictionwe conducted a cleaning step (remlaf nonfly genes) in an
exhaustive locuby-locus checkWe used genome anghscriptome databases of Diptera
species available from GenBank (National Center for Biotechnology Information; NCBI,
Bethesda, MD, U.S.A), and verified all orthologous gene sequences we obtained using the
program BLAST Altschul et al., 199pDas top hitdor dipteran genes. We carried out the
cleaning processes usi ng d&S&tadiodearm,@09@fr 6 i n RSt u
orthologs were not matchéa Diptera databasess top hitstheywereremovedfrom processing
in downstreanpipeline steps fophylogenetic analyis. After contaminarg removal, orthologous
geneset wereprocessed according to th&ite Insect Transcriptome Evolution (1 KITE)

pipelineinstalled on the BRC Cluster at NCSU
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FASTA formattedsequencdiles, including amino acisland nucleotidg were created
for dipteran orthologous genéale aligned orthologous amino acid sequences usMigFFT
v7.481(Katoh & Standley, 2013)ith L-INS-i algorithm(--localpair,--addfragments, and
maxiterate 1000 flagsYo assess the qualitf MSAs, we followed the procedwef Misof et
al. (2014) todefine outlier sequences aremovethemfrom both amino acidandnucleotide
alignmentgEvangelisteet al.,2019).Next, we removed referengaxonsequencefom all
amino acid ortholog/ISAs, as well as all gagnly or X-only data columns in each MSAn
addition,we generated correspondimmltiple nucleotidesequence alignments based on the
refined MSAs ofamino acids as a guide using a softwak& PNAL version14 (Suyama et al.,
2006; Misofet al., 2014).

To reduce the effects sandom ambiguousor erroneous alignment regions at the amino
acid level, we checked MSAs of each orthologous gene setthgiAd ISCOREV.2.2 (Misof &
Misof, 2009; Kicket al., 2010Misof et al.,2014,Buenaventurateal., 2@®0). Ambiguouslyor
erroneously aligned regions sections were removed from alignment sequences at the amino
acids and corresponding nucleotglesing ALICUT and customized Perl script (Misof & Misof,
2009;Kick et al.,2010). After the processes, these refined nucleotide sequences were realigned
usingthe amino acid alignmesas blueprint in RL2NAL (Suyameet al.,2006; Misofet al.,
2014).Trai ling end of indels were filled with 06Xt
respectively. Finally, we separately concatenated the multiple sequigmsreits for amino
acids and nucleotides generated after a series of steps aboxeantespondinghylogenetic
supermatrix usingfASCONCAT-G program(Kiick & Longo, 2014)Finally, we obtained
nucleotide and amino acsipematrices. The general workflooutlined above, from sample

collection to phylogenetic analysis, is summarized in Figure 2.
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Phylogenetic analysis
Maximum Likelihood (ML) trees were inferred from amino acid (TAA) and nucleotide
datasetsvithin (NT123) or without (NT12) the third positiomstainedusinglQ-TREE (version
1.6.1Q Nguyen et al., 20)=itherimplemented on XSEDE of the CIPRES (Cybemastructure
for Phylogenetic Research) Science Gateway v3.3 (CSG) (Miller et al., @d®Yhe Henry2
computing cluster at NCSWe conductedL analyss within theém TESTNEWboption that
allows each locus to have its own evolutioyrate andwithin any specifiegartitionscheme |
spp). A modekelectionrmethodwasimplemented in NDDELFINDER (Kalyaanamoorthy et al.,
2017 to select the beditting substitution model for each lochased oBayesian Information
Criterion(BIC) scoreusing the rclustealgorithm(Lanfear et al., 2014)Ve usedUltrafast
bootstrapppproximatiorapproach (UFBootMinh et al., 2013; Hoang et al., 2018ndspecified
1000replicateq-bb 1000, as well asetthebnni parameter to reduce overestimating support (
bnni). Forindividual branchsupportswe conducted th&himodairaHasegawdike approximate
LikelihoodRatio Test SH-aLRT; Shimodaira& Hasegawa, 1999andalso performed 000
replicatesu s i n galrttl00@ @& o m kEBootland SHaLRT supportsvere assigedwithin
a single run.
TheBayesiarphylogenetic tree was constructed frooncatenateducleotide

alignmens undetthe GeneralTime-Reversible (GTR) model of nucleotidebstitution (Tavare,
1986) withfour independent runs and four coupled chains starting from parsimonyM@&4C
samplinggenerationsvereset as 4 10 for each chain implemented in EXABAYES v.1.5
(Abereret al., 2014) remotelgun on Henry?2 cluster at NCSUEXABAYES was set to draw a
samp e from every cold chain every 1000 generat

employed theverage standard deviation of split frequencies (asagf)plement the



14

diagnostics for topological congruenc@ster all thegenerations run, thesdsfwas mamitored
below 0.@. The initial20% of all sampled treesere discardeds burnrin. A consensus tree was
constructed usingthe pggtr ocessi ng t ool 0 EXABAYES paakdage fromc | u d e ¢
four independent runs, and a parameter file was generated using the postprocessing tool
Opost ProcParamé t o c hecdsamgiedwouwsettings. Wehassespea r a me t
the Effective Sample Size (ESS) value for each parametehammbtential scale reduction factor
(PSRF)for statistical congruence between multiple runs. High ESS value indicates that the chain
has explored the paratee sufficiently.

Multispecies coalescent (MSC) anaspwasperformed usinghegene tree summg
basednethodimplemented iPASTRAL-III version5.6.3 (Zhang et al., 2018)ndividual gene
trees were generated from partitioned orthologous loci, forteete included or excluded third
position sites, using ML under GTR model implementel@+TREE (Nguyen etal., 2015).
Likelihood mapping analysis

To assess phylogenetic information content of using NT123 and TAA datasets, we
performed likelihood mappingnalyses (Strimmer & von Haeseler, 1997) implemented-in 1Q
TREE (Nguyen et al., 2015)his approaclevaluates support for all possible nodal quartets and
di splays them in a triangular graph. -MM sequen
t e sotmidand option. Thedstfitting modek choserfor nucleotide alignments waTR + F +
| + G4; and for amino acid alignmentsT TDCMut+ F + | + G4 according to Bayesian
Information Criterion(BIC) score, respectivelyhe subsequent tree search was skipped during
the likelihood mapping analysis. Two nexus files were defined containing the taxon clusters to
test specific sets of relationships. The first one was to define four clusters in the following:

cluster 1 Japanagromyza(containing 1 taxon); cluster 2Agromyzgconsisting of 17 taxa);
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cluster 3 = 0O0TMG6 TeobieowuhyggHé¢xomyzaOphidmyiaand ge ner a
Melanagromyzacontaining 23 taxa), cluster 4 = Phytomyzinae (including 95 taxa). The second
nexus fie was defined the clusters as follows: cluster 1 = Agromyzinae (41 taxa); cluster 2 =
OPNPO6 c | ad &se(donapupyzéilemorimygaPhytobig 8 t axa); cluster
clade (consisting cdAulagromyzandPhytomyza 32 t axa) ; c l(corgaineg 4 = 0O (
CerodonthaAmauromyzaCalycomyzaPhytoliriomyza SelachopsMetopomyzaand
Liriomyzg 55 taxa)Outgroupscomprising 3 taxavere ignored in the likelihoochapping
analysis
Divergence time estimation

The ML tree inferred from dataset NT123 was used to estimate divergence times of leaf
mining fly clades using thapproximate likelihoo@alculationmethodimplemented in
MCMCTREE of thePAML packager. 4.10(Reis & Yang, 2011 Divergence times were
estimated in the following steps. First, Gradient (G) and Hessian (H) matrices of branch lengths
for each data partition are estimated on the ML tree in MCMCTREE and BAS&Nbkstitution
model HKY85was usedand alpha was set to 0.5 for gamma rates at skesn8, we
conducted Markov Chain Monte Carlo (MCMC) sampling from the posterior. We adopted an
independentatesmodel(clock = 2) where the rate of evolution in each lineage on the tree is
assumed fully independent (Drummond et al., 2006; Rannala & 2807, Paradis, 2013).
Three fossil calibrations containiddelanagromyza tephriaglelander (age: 37.833.9 million
years ago [Ma])Agromyza praecursdvlielander(age:37.8- 33.9Ma), Phytomyzaretusta
Theobaldlage:33.9- 28.5Ma) according to the EDNA Fossil Insect Database
(https://fossilinsectdatabase.co.uk/search.plpre used in this study. The minimum

calibrations of both monophyletidelanagromyzandAgromyzeclades were respectively
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constrained with 38 Ma, arlthytomyzalade with 34 Ma. The root age was constrained to be
less than 65 Ma, the date estimated for the Agromyziddéegmann et al(2011) The birth
deathprocess parameters are sedas sp =4,} = 0.1. We calculated the likelihood under the
HKY85 substitution model and set alpha = 0.5 for gamma rates at sites. The-Ganumat
prior was set on the mean substitution rate for partitions and for the rate variance parameter
(Reis et al., 2014 Specifically, we set the prior on the mean rate as Gamma (2, 40), which has
mean 0.05 substitutions per 100 Ma. The concentration parameter is set to 1 for a symmetric
Dirichlet distribution that is used to spread the rate prior across partifiarsmiovg 2019). We
discarded the first 402,000 iterations as the urf10% burn in) and printed the parameter
values every 200 iterations. The sample option was set to 20,000. Thus, the total MCMC chain
run for 20,000 + 20,000200 = 4,020,000 iterations.

Next, we assessed convergence on multiple MCMC runs. Here, we ran six independent
MCMC analyses simultaneously, and plotted the posterior distributions of mean age and
corresponding 95%lighest Posterior Dengif{HPD) confidence intervals on each node gsin
multiple packages dplyr, reshape, ggplot2, and HDInternal in Rstudio. The six independent
MCMCTree runs converged on a single posterior distributtagufe 7. Therefore, we
combined the six memc files using MCMCtree summarizer (Flouri, 2018) intoaonkircation
file, then mapped the summarized results in the combination file on the tree using MCMCTree
program. Additionally, w alsocalculatel the effective sample size (ESS) for all parameters
implemented infracer v1.7 Rambautkt al., 2018 which wa used taonfirm if an MCMC

chain has been sufficiently run.
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Episodic diversification rate estimation

We pruned the outgroups on the tiroalibrated phylogeny prior to estimating episodic
diversification rates usinjreeGraph2 (Stéver & Muller, 201® pisodicdiversification rate
estimation was carried out using the pruned toakbrated phylogeny and implemented in
RevBayegCarvalho et al., 2010; Stadler, 2011; H6hna, 2015; Magee et al., 3p2@jfically,
we estimated logransformed speciatiom() and extinction rates (¢g)
episodic birthdeath model within a Horseshoe Markov Random Field (HSMRF) prior
distribution using Bayesian Markov Chain Monte Carlo (MCMC) sampling approach. The basic
idea behind the episodic diversifimmn rate model is that speciation and extinction rates are
constant in each time interval, but can be distinct among different time intervals. In this study,
we divided the divergence times into 15 eegsiakd time intervals.

We employed a uniform distnition between10 and 10 due to lack of prior knowledge
on the diversification rate and applied efficient sliding moves to each parameter. In order to
make MCMC possible for HSMRF model, a roentered parameterization was used. The log
scale changes inteabetween time intervals were specified and assembled into the vector of rates
by adding them together and then exponentiated. In the present study, for unclear or unknown
species, we assumed them as different species. Regarding the assumptions, thedvi(pMQ
parameter was assigned as a constant node within the 136/3163 in the diversification analysis in
that we have sampled 4.3% Agromyzidae species (136 out of 3,163 total described species in
Agromyzidae; Von Tschirnhaus, 2021). Finally, we sampled two independent runs of
MCMC chains and 1,000,000 generations. After MCMC runs completed, the initial 25% MCMC

samples were discarded as burnWe plotted and visualized the diversification rates including
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speciation rate, extinction rate, fdversfication rate, and relative extinction rate, using the R
package RevGadgets in Rstudio
Branch-specificspeciationrate estimation

We estimatedbranchspecificspeciatiorrates under the lineaggpecific birthdeathshift
model within the reversiblpimp MCMC sampling analysis implemented in RevBayé8hha
et al., 2019, and specified six diversificatierate categories (K = 6). As for episodic rate
estimation, we set the number of total described species in Agromyzidae asv@di63 (
Tschirnhaus, 2091All of the parameters were defined under the full bresperific birthdeath
model, and the stochastic nodes representing on the time tree were initialized. For the MCMC
sampling analysis, we set up a vector of monitors to record the states of Maakov c
Particularly, weused the mnModel function to initialize the model monitor, which created a new
monitor variable and output the states for all model parameters when passed into a MCMC
function. We ran 1,000,000 generations for MCMC sampling withitgependent runs. After
the MCMC sampling analysis completed, we combined the results from two different runs, and
discarded 25% initials of MCMC generations as biacriThe branckspecific speciation rates
mapped on the tree were plotted and visualizétyube R package RevGadgets in Rstudio.
Historical biogeography analysis

Historical biogeograpi analysiswas carried out under the DIVALIKE (ML
interpretations of the Dispers¥licariance Analysis) biogeographic modRlohquist, 199yas
this model wasdentified to be the best fitting for our dataset based on the highest AICc_wt
(Akaike Information Criteriorweight) value when compared to DEC (Dispe#szdinction
Cladogenesidkee &Smith, 2003 and BayArea (BAYAREALIKE;Landis et al.2013

biogeograpic models in the R packag@oGeoBEARS(v1.1.1, Matzke, 2013; 2014; R Core
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Team, 2017Table 4S) as implementedReconstruct Ancestral State in Phylogenies (RASP v4;
Yu et al., 2020)Model testing was undertaken using these three biogeographic models without
the founder event jump dispersal (FEJD) parametgrigh is considered inappropriate if applied
without biologically realistic constraints appli@dee & Sanmartin, 20)18The tme-calibrated
ML phylogenetic tree was used as an input for biogeography analysis. Outgroups and ingroup
species with unknown geographic locations were pruned on the dated phylogeny implemented in
RASP prior to conducting the historical biogeography aisl\DIVALIKE analysis was
provided two maximum unit regions as ancestral ranges and all region combinations with equal
probabilities to dispersal events among all defined biogeography regions within unconstraint
dispersal time conditions. The terminaldassampled on the tree were assigned to six distribution
ranges: A) Neotropical; (B) Nearctic; (C) Palearctic; (D) Afrotropic; (E) Oriental; (F) Australian
(Figure 7). The movement dynamics of tectonic plates among the continents are shown on
paleogeograph maps using tectonic plate datafile produced by Hay et al. (1999) based on the
specified plate tectonic reconstruction agéhe Cenozoic eranplemented in ODSN Plate
Tectonic Reconstruction Service (2011).
Evolution of host-plant use

Phylogenetic patrns of host plant associations feaf-mining flies weretraced and
evaluated using the Bayesian Binary MCNEBM) analysis implemented in RASPAVAli et
al., 2012;Xu et al., 2020Ronquist & Huelsenbeck, 20P3Veselected 92 taxa acro$g genera
in Agromyzidaewithin known host records from previous publications (Tablet@8pnduct the
BBM analysis.Thetime-calibratedViL phylogenywasprunedusing RASP program prior to
BBM analysisMCMC chains were run for 1,000,000 generations undefixed JC model

within the default parameters using the pruned time tree. Host plants were assigned to twelve
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groups in the following:A): Asterales|B): Dipsacales(C): Lamiales;(D): other astads
including Ericales and Boraginalpé): Fabales(F): Rosales; (G): other rosid®ntaining
Fagales, Brassicales, Gentianales, and Malpighiales; (H): Ranunculales; (I): other eudicots
consisting ofCaryophyllales and Cornaled): Poales; (K): other monocatsmprising
Asparagales and Alismatajdgt): Pdypodiales. Plant group (e.g., asterids and rosids) divisions
were based on the plant phyloge®ynipson, 2019
Ancestral state reconstruction oflarval feeding mode and pupal location
We scored attributes of agromygigeding biology for each genus sampled in our tree
because these traits are somewhat variable within gaferaollapsed the specivel ML
topology to genugevel relationshipsisingTreeGraphZStover & Miller, 201). Larval feeding
modes angbupal bcationswere obtainedrom the literaturgdetails inTable 3S)Larval feeding
mode for each genus was scotedfatebdanhgf éstihah
including flower head, seed pod, twig, stem, cambium, or root. A genus was codeltistate
if species from this genus were recorded as feeding on leaves and any other typleaf par
of the plant. Genera exhibitingldothor haxamp lec
species from genudsriomyzainclude leaf and seddeders, and so we coded this genus as state
0 8 1 dikewise, we coded pupal locationswithtwoh ar act er states: i nterr
external ( st a tTle andesti@l)state recernstpueticontamalyses wgs .conductedr
an unordered transient polymorphic character model within the ftatysing the function

fitpolyMK in phytools (Revell, 2012) implemented in Rstudio
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RESULTS
AHE locus capture results

The complete data set supermatrix includesm@eotideoci (329,685 nucleotide sites;
170,639 parsimoninformative characters) for 139 terminals with 51% average missing data
across all MSAs included in the datasdte mean nucleotide locus length is 622 lpases (bp),
ranging from 101 to 2,786 bp, and% of loci are greater than 400 bp in length.
Phylogenetic results

Tree topologies generated from different categories of data (NT123; NT12; and TAA)
and distinct phylogenetic methods (ML; Bl; and ASTRAL) are highly congruent in almost all
speciedevel nales in both bootstrap support and phylogenetic relationships, however, Bl and
ASTRAL analyses show only weak or moderate support for some deeper hodes among
agromyzid generaHgure 3;Appendix A: FigurelS; 2S; 3S, 4S, 5S). In nearly all analysks,
suldfamily Agromyzinae is found to be paraphyletic due to new positions of the §gnoimyza
while the subfamily Phytomyzinae is consistently monophyletic with strong node support in ML
analyses for all data typésigure 3;Appendix A: FigurelS; 2S). Both subfamilies received low
posterior probabilities (PP) in Bayesian analyses (Figutgpendix A: Figure3S), and they are
also not supported in most of the coalesdEsed species tre@Eigure 3;Appendix A: Figure
4S; 35). Only in coalescent species tree built using the NT12 dataset, the two subfamilies are
reciprocally monophyletic: Phytomyzinae is wsllpported, but Agromyzinae with a low
posterior probability (PP = 0.48ppendix A:Figure 5S).

In Agromyzinae, all gnera represented by at least two spediesp{comyia Ophiomyia
MelanagromyzaandAgromyza have been found to be monophyletic, excepHexomyza

across all datasets and methods-&HRT / UFBoot = 100/100; PP = 1; Figure 3) Haxomyza
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the two sanpled species form a sister group with full supposing NT123 dataset regardless of
phylogenetic approaches (SHLRT / UFBoot = 100/100; PP = but are paraphyletic in
analyses of NT12 and TAA datasefgpendix A:Figure 1S; 2S). A grouping ¢iiegerera
Tropicomyig HexomyzaOphiomyig andMelanagromyzais robustly supported by all datasets
and phylogenetic approachedjichis markedas6 TM6 on t he phyl ogeny (Fi

Agromyzas found to be sister group to Phytomyzinae with full support48RT /
UFBoot = 100/100) in ML analysis of the TAdatasetAppendix A:Figure 2S). The major
difference among relationships found in Agromyzinae here are the alternative placenteats of
genusJapanagromyza ML analyses of different molecular datasets. Specifically, genus
Japanagromyzés placed as sister thgromyzawith strong support on the ML tree generated
using NT123 dataset, whileiits pl aced as si st e rTAQdatasatpinMLo t he
analyses with full supporppendix A:Figure 2S). Almost all shallow nodes in this part of the
tree are consistently and robustly supported by across datasets and phylogenetic methods (Figure
3; Appendix A: FigurelsS; 2S; 3S; 4S; 5S).

In Phytomyzinaegenera sampled for least two species confirm generic monophyly with
full support (SHaLRT / UFBoot = 100/100; PP = 1). Oridhytoliriomyzais found to be
paraphyletic or polyphyletic (Figure Bppendix A: FigurelS; 2S; 3S; 4S; 5S). Tammarize
the phylogenetic clades found for deeper nodes in Phytomyzinae, we divided the group into four
|l arge clades: O6PNPO6, OAP6, 6CLO6, and 6CALO (F
PseudonapomyzélemorimyzaandPhytobig and is fully supported asanophyletic in ML
analyses of NT123 (Figure 3). In this claBsgudonapomyza atra placed sister tthegenus
Nemorimyzawith strong support on ML trees generated using NT123 and TAA datasets (Figure

3). Nevertheless, the sister grogpnveakly or modetely supported by Bayesi@BPP = 055;
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Appendix A:Figure 3S) and coalescent species tree produced from gene trees with the third
positions remove@@BPP = 075; Appendix A:Figure 5S), and is not supported by coalescent
species tree generated from indival gene trees with all nucleotide sites (Figur&ghendix A:
Figure4S).

The O0AP6 cl ade, cont aAulaggomyzaraPhytomyzpantig | et i c
stronglysupportedacross all data and analysis types (Figughiendix A: FigurelS; 2S; 3S;
4S; 5S). For the diverse gerBBytomyzan this cladethe subgenus€hromatomyidas non
monophyletic and is split into three independent lineages in all phylogenetic analgses @i
PhytomyzgChromatomyiamimuliis sister to all the remainifghytomyzaampled with strong
support in all phylogenetic analyses (Figure 3). SpecigseaubgenudNapomyzare also
separated into two subclades nested withirPtmgomyzaladewith strong supporthereby
renderingthe subgenu®hytomyzaolyphyletic(Figure 3).Another subclade dhe subgenus
Napomyzalisplays a second more basally placed clade of the remaining species of genus
Phytomyzawith strong bootstrap and nodal suppatues in all analyses (Figure Sppendix A:
Figure3S;4S)The O6APO6 cl ade is sister to t RERTOPNPO
UFBoot = 99.9/99) in ML analysis of the NT123 dataset, but is not recovered by ML analysis
with amino acids andtber phylogenetic methods (Bl and ASTRAL,; Figure 3). On the contrary,
the O0AP6 clade is placed sister to the 6CLOG
datasetAppendix A: Figure2S; SHaLRT / UFBoot = 99.4/98).
The O0CLO c | adecomprisesRelggneraemodanihaddmauromyza

CalycomyzaPhytoliriomyza SelachopsMetopomyzaandLirimyzaand forms a monophyletic
group wih full suppots by ML and coalescent analyg&s+aLRT / UFBoot= 100/100; PP =;1

Figure 3) In Cerodonthawe included samples frosevensubgenera, includinigteromyza,
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CerodonthaXenophytomyz@&utomomyzgDizygomyzaPhytagromyzaandPoemyzaThe
subgenudizygomyzas found to beparaphyletic, and these placements break up the monophyly
of ButomomyzandPhytagromyaas well. The sibgenusCerodonthas also paraphyletic, while
thesubgener&enophytomyzandPoemyzaach formmonophyletic group in our analyses.
Amauromyzas sister groupté@ C AL 6 withimademte support from NT1ZBigure 3) and
NT12 (Appendix A: FigurelS), but this grouping is not recovered in Bl and coalescent species
trees (Figure 3Appendix A: Figure3S; 4S). A monophyleti€alycomyzas sister group with a
clade comprising geneRhytoliriomyza SelachopsMetopomyzaandLiriomyza with strong
support in ML and coalescent analyses, and with moderate support in Bayesian tree (Figure 3).
The generaPhytoliriomyza SelachopsMetopomyzaandLiriomyza form a monophyletic clade
with robust support in all ML angses of nucleotides and amino acids (Figurd B genus
Selatopsis grouped witiMetopomyzan ML and BI trees, but with weak or moderate support
(Figure 3). In the large genugiomyzg speciedevel relationships are strongly supported in
nearly allphylogenetic analyses of the various datasets (Figure 3).
Likelihood mapping

Two major differences are found in our phylogenetic reconstruction of Hig\ner
relationshipsone is the placement tife genuslapanagromyzaand other is thposition of the
0 AP 06 Eidu 4.d0 ejaluate the phylogenetic information content of our nucleotide and
amino acid alignments on these discordant relationships, we conducted likelihood mapping
analysis. We found that tlypiartetgoroduced from bothancatenated nucleotide (NT123) and
amino acid (TAA)alignmentsare relatively decisive since o very fewquartets provide
ambiguous information, in other words, thareno, or few, pointsfalling into the center or

middleedges of the triangl@iagram suggesting that both moleculiata setgontain decisive
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phylogeneticsignab. Of the quartets sample®l.9% support the genukapanagromyz#ogether
with genusAgromyzawhile 10% support the genuapangaromyzavith the subfamily
Phytomyzinagwhennucleotide alignmentare analyzedHigure @&). In contrast, for amino
acids, we find that 97.8% of quartets support gdapsnagromyza s si st er t o the 0
whereas only 1.4% support a sister relationship betdapanagromyzandAgromyzaFigure
5b).

For the pl adaderd2.4¥ of qudrtetmdappgedwith NT123 support a sister
group bet ween 6 APFdure&)nahd thisRyMddping icdlsasdrengly sGpported
in the ML tree (SHaLRT/UFBoot = 99.9/99; Figure 3). Conversely, 36.4Pfuartets analyzed
with the amino acids data set Fgirdd®)butthmipport t
not reflected in the ML tree analysis, as éAdclade is sister tthe CL6clade with strong
support (SHaLRT/UFBoot = 99.4/98Appendix A: FiguredS). Only 31.4% of quartets support
the sister group betwe@APbanddCL6clades Figure ). Nucleotidesare more decisive in this
area of the tree than are amino acids, with tlierldata sets showing greater uncertainty in
guartets involving the resol UiguredendBd)f t he O6APO
Divergence time estimation

Six independent MCMCTree runs yielded the highly congrpesterior distributios of
clade ags(Figure 7. Mean node age and 95% HPD intervals are provided on each node of the
dated phylogenyThefamily Agromyzidae is estimated to have originated at approximately
64.47 Ma, and subsequently, with the earliest split among extant groups occeatilyg n
contemporaneously [mean node age: 64.03 Ma; 95% HPD:-62.68; Table 3]. Sampled
ccown group members of the 6TM6 clade diversif

early in the diversification of the group (60.56 Ma) and with an eariyatmpproximately 57
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Ma (95% HPD54.1359.7) and continued divergence into th
and 6 AR N9.35dnd 48.06 Ma, respectivellgigure 6 Table2). The splits between
OPNPG6 and O0APO c | ad e.Shespltsofithe laigeggendrahretheéamityl v Eo c e
PhytomyzandLiriomyza are dated to 43.16 Ma (95% HPEY..5548.60) and 30.3 Ma (95%
HPD: 2640-35.05), respectivelyThe genusCerodonthaoriginated in the middle Eocene (mean
node age: 46.98 Ma; 95% HPER.1951.73 Table 2), andCalycomyzat approximately 21.35
Ma (Figure §.
Dynamicsof diversification rate through time

In Agromyzidaeboth speciation rate and paiversification ratevere found to have
increased at arouriB Ma with another increase approxmately 13 Ma (Miocene;Figure &,;
8c). In contrast, extinction rates remain level, and relagixnction rate exhibits a subtle
declining trend from the period of about 16 tM& during the MioceneHigure &; 8d). We
have also found that speciation ratémytomyzahows a clear increasing trend since the late
Oligocenenferredfrom the branckspecific speciation rate analysidure 9. Speciation rates
in Liriomyza Calycomyza AgromyzaMelanagromyzaandOphiomyzaalso show increasing
trends in specific branches on the tigaibrated phylogeny during the Neogene and Quaternary
of the late Cenozoic Er&igure 9.
Biogeographic history

Forty-one global dispersal and 3Rariant events were identified beginning in the
Cenozoic in our DIVALIKE biogeographic analysis. Furthermore, 58% of dispersal events are
placed in the tree with 90% probability, while 85% vicariant events are placed with 90% or
higher probability. Nearl$0% vicariant events are occurred during the Mioceive.dfoups

are found to have simultaneously undergone dispersal and vicariant events, which are marked
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from 1 to 5 on the internal nodes in Figd@ Probabilities of these were below 60%, however,
except for the node 3 (88%). Apart from dispersal and vicariance events, some groups also
experienced #situ diversification in a single region, suchRts/tomyzaAmauromyzaand
CalycomyzaThe ancestral geographic distributions of most of the deepgst®o (e. g. , O TM
OPNPG6, O6APOG, 0 CHevel golipags érelidin@phidmyig Agnomyza
Phytobig PhytomyzaCerodonthaCalycomyzaandLiriomyzg are also estimated to have
originated in the Nearctic region with high probabilities (FigLOe
Evolution of host-plant use

The most recent common anaesfMRCA) of hostplant fed on byleaf-mining flies
were rosids (Prob. €4.55 according to our ancestral state reconstruction (Figglrdn
Melanagromyzaspecies radiations included multiplest shifts among different eudicot groups,
particularly between rosids and asterids. Speci€pbiomyiaswitched from eudicots to
monocots (Figurél). Agromyzaspecies show multiple shifts among Fabales, Rosales,
Asteralesand Poales angiosperms

Species from the OPNPO& cl ade al so experien
Ancestral host plants ¢thytomyzaareinferredto be asteridd?hytomyzapecies predominantly
radiatedon Asterales, with subsequent shifts onto Fabales and Ranascilae MRCA host
plant of O0CL6 cl ade speci eGerodosthahveraifledan ( Pr ob .
Poaleswhile species from gen@alycomyzaise diverse lineages Akteralesbased on our
sampling.Phytoliriomyzaexhibit a broad range of host plants across angiosperms and ferns, and
the clade includindg’hytoliriomyza SelachopsMetgpomyza andLiriomyzg moved from

Polypodialederns (Prob. = 96.16), and then shifted onto angiosperm plants including eudicots
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andmonocots (Figurdl). Liriomyzaspecies feed on a great diversity of host plants across
monocots and eudicots.

Larval feeding mode and pupélocation

The ancestral state reconstruction of larval feeding mode and pupal location are
summarized in Figusel2 and13, respectively. Larvae from multiple genera including
Liriomyza Phytoliriomyza CerodonthaPhytomyzaAulagromyzaAgromyzaandOphiomyia
can feed on both leaf and ntaf parts such as flowerheads, seeds, stems, cambium, twigs, or
roots.Phylogenetic assignment of feeding mode shows that leaf feeding for agromyzid larvae is
a convergently evolving state with multiple origins and subsequent modifications across the tree.
Nevertheless, leaf feedingtiseinferred ancestral state for the family (Figd&. Pupation
within the plant (internal) vs. dropping from the plant and pupating in soil (external) are also
gained and lost multiple times independently in separate lineages-afitgaf flies. Internal
pupation is supported as the most probable ancestral state in Agromyzidae IBjiglihere
also appear to be separate origins of internal pupatibteianagromyzaTropicomyia
Ophiomyia andHexomyzan Subfamily Agromyzinae, and pupation location agdhe genera
in subfamilyPhytomyzinae is also diverse and species specific (Fifdii®ppendix A: Table
3S).
DISCUSSION
Phylogenetic relationships of leaimining flies

Our phylogenomic study of leahining flies provides new evidence on the earliest
divergences among lineages of thigirely phytophagous family. Most significantly, our data do
not support the division of the family into just two reciprocally monophykibfamilies that are

seen in previous classificatiorfsalén 1823a 18231 and later upheld in morphological
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(Dempewolf, 2001; 2005) andolecular studieéScheffer et al., 2007 he unprecedented size
and scope of phylogenomic analysesrevising phylogenetic classifications for many groups
(Buenaventura et al., 2020; 2021; Yan et al., 2021a; 2021b), especially in those where rapid
radiationshavegenerated consideralppdylogenetic uncertainty (Bayless et al. 2021). Our
strongly supported trees lemson hundreds of orthologous loci identify support for three major
agromyzid clades. Based on these data, we support reclassification of the family to include three
subfamilies. Thus, we propose a new subfaiilanagromyzinaéor the earliest splitting
|l ineage in the tree cor r eldgaoagrdmyzaldexomgza our 0T MO
OphiomyiaandTropicomyia redefining Agromyzinae for the large genus Agromyza and
Japanagromyzaand Phytomyzinae for all remaining genera in the family (Figulgendix
A: Table 13. Our analyses find strong support for nearly all geansl specietevel
phylogenetic relationships in Agromyzidae, recovering relationships within the major clades and
supporting monophyly for most of the previously recognized genegar@=3;Appendix A:
FigurelS, 2S; 3S; 4S; 5S). Bayesian and coaledoastd analyses reveal some discordant
signal for deep relationships in our data and these methods fail to strongly support deep
relationships, unlike those shown in our strongesirgg from maximum likelihood (Figure 3;
AppendixA: Figure3S; 4S). However, these methods may be particularly sensitive to
contradictory signal contributed by individual loci or to uneven sampling of genes or taxa
(Simionet al.2020; Young & Gillung 202D Further sampling and exploration of the differential
cortribution of phylogenetic information content in these data will be critical to identify and
resolve remaining uncertainty.

The three distinct clades supported by phylogenomic data comprising our new agromyzid

classification are also supported by morpha@abcharacters (Lonsdale, 2022).
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Mel anagromyzinae (060TM Ophiantyieagénus grobpa si nb emeonr pchaol | | oeg
assessments, includitige generaOphiomyia MelanagromyzaEuhexomyzéorphanspecies of
genusHexomyzg plus Tropicomyia(Eisenman, 2019; Lonsdale, 2@ In our tree, we find
strong support for a grouping dfopicomyia HexomyzaOphiomyig andMelanagromyzas
monophyletic (Figure 3).

Agromyzinae, now comprised aigromyzaandJapanagromyzaoften sharsthe feature
of prescutellar acrostichal setaedthe mesophallubeingbasal to the distiphallu&éonsdale,
2021).1t is placed as a sister group to Phytomyziwih strong suppolin ML analysisusing
nucleotidebased dataset (Figure 3). A stridulatory file is foumdgromyzaadults (Von
Tschirnhaus, 1971; Lonsdale, 2021), which is a convergently derived feature with that in
Liriomyza Agromyzgpresents a distinct salike stridulatory file orthelateral margin of tergite
2 in males and females, whileLiriomyza the anterolateral stridulatory organlocated on the
membranenly for somemale aduls (Lonsdale, 2021)The genusJapanagromyzaas been
treated asnintermediate between tl@phiomyiaandAgromyzadue to its sharing of a
combination of morphologicaharacteristics of the twe@dn Tschirnhausl991;, Sasakawa
2010. In our study, we found alternative placements of this genus for the different types of
datasets we analyzed (Figure 3; 4) and so the exact placement of this group remains uncertain,
but the group is consistently placed as sister grodgtomyzan nudeotidebased analyses
(Figure 3). Lonsdale (2013) postulated thapanagromyzaay not be monophyletic because of
their diverse morphological characters, especially in male gexfeakiures. However, here, we
were only able to sample the most commonefican species of the group,viridula
(Coquillett), and sdurther investigationsvill require a more detailed revisionary and

phylogenetic study afapanagromyzan future work



31

All remaining Agromyzidae, comprise the monophyletibfamily Phytomyzing, a
much more diverse and heterogeus set of lineages (Lonsdale, 2021). We found support for
three main |lineages within Phytomapndna€lLHhat
clades. Mosgenera have been found to bevamophyly includingNemaimyza Phytobig
AulagromyzaPhytomyzaCerodonthaAmauromyzaCalycomyzaMetopomyzaandLiriomyza
with full bootstrap and nodal support (Figure 3). These findings confirm previous studies
(Dempewolf, 2005; Scheffer et al., 2007), but also provided mositions of some genera, such
asOphiomyiaandAulagromyza

Within Phytomyzi coaespondapproximateyN B 6 Phigteba d e
g r o egg@nized by Spencer (1990) famauromyzaNemorimyzandPhytobig as our trees
do not support placement Alauromyzan this cladehoweversupport for the exact position
of Amauromyzas weak in nearly all analyses (FigureAfipendix A:1S; 2S; 3S; 4S; 5S).
Previous authors considertte Phytobiagroupto be the ediest diverging lineage of all
Agromyzidae since they share larger body sizes and seemingly plesiomorphic feeding modes,
e.g., stem and cambium feeding (Nowakowski 1964; Spencer, 1990). Molecular data have not
supported this placement awe find strong sipport for Scheffer et al. (2007) recovery of this
group within the Phytomyzinae

Spencer (1990) also recognizedNapomyzaggr oup 6, corresponding ap
monophyl etic 6APO6 cl ade. AulagamyzaaRhgtomyza gr oupi ng
NapomyzaChromatomia, GymnophytomyzandPseudonapomyzalapomyzand
Chromatomia are now recognized as subgenera of the diverse ghnyismyzdased on
findings of a large multigene phylogenetic stuirtkler et al, 2009. von Tschirnhas (2021)

argued against theynonymof Chromatomyiabut further morphological investigation was
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given in support o€hromatomyiawithin the broader concept &hytomyzgLonsdale and
Eiseman 2021). Here, sampled membeBloftomyzgdChromatomyiawere phced in three
well separated lineages with strong support in all analyses, and thus further supporting the
synorym and reclassification of the subgenus. SpecidthgtomyzgNapomyzaare distributed
into two separate placements on our phylogeny, suggestat future work within the group
will require detailed reevaluation of specielevel phylogeny and subgeneric membership of
Phytomyzdineages (Figure 3Appendix A:1S; 2S; 3S; 4S; 5S). We were unable to obtain
representatives of the small geragmnophytomyz@wo described speciegon Tschirnhaus
2021, unpublished list) for the present study. The geAsttagromyzaandPseudonapomyzare
variable in characters @fing venation (Lonsdale, 2021), and the separatiéthese groupare
consistently found in our resultsulagromyzas a monophyletic sister group Rhvytomyza
supported by high bootstrap values and posterior probabilities (Figbigue 4.
Pseudoapomyzas placed as sister grouphemorimyzai n PNRKe @r oup (Figure 3

All remaining genera iPhytomyzinadorm a monophyletic lineagaelong tathe

Phytoliriomyzagroup here | abel edPhytblisomfg&ends godpreclddes. Thi s
Cerodmtha, Calycanyza,PhytoliriomyzaMetopomyzaSelachop, Liriomyzg Haplopeodes
XeniomyzaandPseudoliriomyzaThe phylogenetic positioand relationships aferodontha
have not been convincingly resolved in previous studies (Spencer, 1990; Dempewolf, 2001;
2005; Scheffer et al., 2007). Here, we sample@@tdonthaspecies across 7 subgenera and
find strong support fo€erodonthanonophyly and the group is placed sigteall remaining
members of t he O0TChLed Icatatdeer (gFriogwpr ei s3)l.abel ed he
includesCalycanyza,PhytoliriomyzaMetopomyzaSelachop, Liriomyzg andHaplopeodesA

synapomorphy for this group is the shared presentiéefclelike setae on the posterodistal
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margin of the epandrium and surstylus (Lonsdale, 2021), although this feature is not present in
Haplopeodesind we were unable to obtain specieblaplopeodesor sequencingAmong the
genera sampled here oriytoliriomyzawas found to be paraphyletic or polyphyletic on our
trees. Sampled species were split iiotar independent lineages on the phylogdfigire 3,
reinforcing the diverse interrelationships of this group also found in previous studies
(Dempewolf, 2001; 2005; Scheffer et al., 200Zpnsdale (2021) also suggested that
Phytoliriomyzashould be divided into at least two groups to maintain the monophyly of
MetopomyzandLiriomyzawhich show affinities for differerPhytoliriomyza taxaOur
samplng in this area of the phylogeny also included the enigmatic Palearctic speleielsops
flavocinctusand places it within the CAL clad@ur results suppog close relationship for
SelachopsindMetopomyzaa grouping thalbas been foungreviously bymorphology
(Dempewolf, 2001; 2005Pur placement ofletopomyzandS. flavocinctuswith species
Phytoliriomyza is also supported by the reduced number of tubercles on epandrium and surstylus
found in these groups (Lonsdale, 2021).

Macroevolution and trophic history of Agromyzidae

Our new phylogenetic hypothesis for Agromyzidae provadesntextual framework for
investigating the history of their diversification. Many factors, both biotic and abiotic, have
influenced the history of plafibsect interactins with potentially traceable effects on gadtern
and rate of speciafiversification (Strong, 1979; Tahvanainen & Niemela, 1987; Meijer et al.,
2015; Kergoat et al .1).AgboMywidae oriBieatedin tBRaeleoeenee t a |
about 69Via, and all of the main lineages of the family were established before or within the
early Eocene, between 60 and 50 Ma. Our relaxed clock divergence times estimates based on the

loci we obtained by anchored hybrid enrichment suppges for most extant genera within-30
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50 Ma(Figure 6) Biogeographic analysis using our best estimate of the phylogenetic tree places
the origin of most lineages in the Northern Hemisphere, but our sampling is admittedly heavily
biased by having been almantirely sampled from the Nearctic and Palearctic (FigQye
Diversification rates of leamining fliesare elevated in the MiocenEigure8). Vicariant events
placed on our trees may correspond i disjunction betweetme North America Plate ad
EurasiarPlateat this time andwith subsequendispersal events, coinciding withe uplift ofthe
Indian Plate merging with EurasiaPlate during the Miocene (Figud®).

Diversification rate analyseshowan increase in branepecific speciation ratend a
rapid radiaibn of host planin Phytomyzaluring the MioceneKRigure8; 9; 11), whichis
consistent with theostshift pattern found byVinkler et al. (2009)Moreover,the
diversification of this larg groupcontributessignificantly to the overalfliversificationof the
family. Besideslineages ofjeneraDphiomyia MelanagromyzaAgromyzaandLiriomyzaalso
exhibit the increasing speciation rate the branches (Figure, ®yhich also contribute to
diversification rate increase after the Mioce®er placemergof host shifts correspond with
major radiations within genera of Agromyzidae mirroring the findingg@fious studies that
show that thaliversification of leaimining fliesis, in many casesassociated with host shifts
and dietary specialization (Spencer, 1990; Scheffer & Wiegmann, 2000; Lonsdalte, 2011
Winkler 2009

Larval feeding habits shoboth phylogenetic conservatiamd multiple independent
origins throughout the tree reflecting inheritance of behavioral traits and selection for traits
associated with feeding life historflyor examplePhytomyzandLiriomyzashowthe highest
diversity of larval feeding habits includy leaf, stem, flower heaar seed, and rodeeding; and

they makdinear, lineafblotch, and blotcimines and can pupateitherwithin the minein many
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specier exit from the mines to drop the grour@péncer & Steyskal, 1986; Parrella, 1987
Lonsdde & Scheffer, 2011)Many speciesn AgromyzaMelanagomyzaandOphiomyiaare gall
inducers and twig/stem miners (Eiseman, 2@$hendixA: Table 3S)Likelihoodbased
optimization oflarval feeding habiten our treesuggest transitions from the ancakttatdeaf
mining to stemandcambium mining (Figurd?2), a findingconsistent wittthose ofDempewolf
(2005) and Scheffer et al. (2007). Léaédingevolved independently five times the
Agromyzidae phylogeny (FigurE2). Lonsdale (2014) also reped larval feedingnodege.g.,
leaf mining, stem mining/boring, and gall forming) evolved independently multiple times
throughout the entire family. Apart from larval feeding habitsstv@vthatpupation inleaf
mining fliesconsistently changdsom internal to externahroughout their evolutionary history,
an attribute that may reflect selection éscape from parasitoidsspecially apocritan
Hymenopterathat are well known to attack many species as larvae or pupae while within the
mine,
CONCLUSION

Our phylogenomistudyof the family Agromyzidae represents a significant increase in
the genomic evidence ftie evolutionary relationships of these flies. Anchored hybrid
enrichment provides access to many hundreds of loci from across theggéradrare shown to
be useful for reconstructing relationships from subfamily to species level. Despite their small
body size, our gene capture success was significant using probes designed to recover conserved
dipteran genes. Our phylogenetic tree forfdraily confirms established phylogenetic
relationships among leanining flies, but also provides new insights on the deepest splits and a
revised classification, including a new subfamily Melanagromyzinae. Muaadd analysis of

divergence times and divsification rates identifiethrge increasein therateof new lineage
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formation startingn the Miocene Finally, this new framework phylogeny for leadining flies
provides a context to evaluate patterns of evolution and diversification linketioggography

hostplant uselarval feeding, and pupal location.
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Figure 1. Geographic locationf specimens sampled across the world

Eachbrown dot represents one collection site in United States or a caumting world map.
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Figure 2. Flowchart showing laboratory and computational procedure followed from sample

collection to phylogenetic analysis.
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Figure 3. Maximum likelihood tree oAgromyzidae based on 496 concatenated orthologs

scored as nucleotides (NT123) and analyzed +TREE.

Boxes on nodes indicate support values obtained from different phylogenetic methods and
dataset scorings as follows, from left to right: the first twrds represent SELRT
(ShimodairaHasegawdike approximate Likelihood Ratio Tgsand Ultrafast bootstrap
approximationfUFBoot) values generated by ML analysis within NT123; the third and fourth
boxes indicate the SHLRT and UFBoot from ML analysis witamino acid data (TAA); the

last two boxes represent the posterior probability obtained by Bayesian inference with the
NT123 dataset and ASTRAL coalescéased tree summary of individual gene trees generated

in IQ-TREE. Color coding of boxes refers tothe distinct support level categories shown in

the bottom | eft corner. A single filled green
in all analyses. A white box indicates that the node is not recovered using the type of dataset or
from other plglogenetic approach. Monophyletic clades are colored to indicate their
representation in Agromyzidae classificati®ubgenera in the gendPaytomyzand

Cerodonthaare shown in the corresponding parenthe&bbreviations used to denote deep

level monophyletic clades are: TMTropicomyia+ Hexomyza+ Ophiomyia+

MelanagromyzaPNP =PseudonapomyzaNemorimyza+ Phytobig AP =Aulagromyzat+
PhytomyzaCL = Cerodonthar Amauromyza Calycomyzatr Phytoliriomyzat Selachops
+Metopomyzat Liriomyzg CAL = Calycomyza+ Phytoliriomyzat+ Selachops Metopomyza

+ Liriomyza.
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Figure 4. Summary trees collapsed to show major differences in tree topology between
maximum likelihood results dfifferent data sets.

Tree topology is depicted for results from nucleotide alignments with all the pooegan

position sites retained (NT123; 1), nucleotide alignments with the third prodeion position

sites removed (NT12; Il), and amino acid alignment (TAA,; Ill), respely. Incongruent
placements of clades are highlighted by branch colors. The relationships within larger clades

(6PNP6, OAPOG, 6CLO6, and OCALOG) are the same
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Figure 5. Likelihood mappinglotsfrom IQ-TREE

The distribution of quartetshows (a) a sister relationship between thepanagromyzand
Agromyzgproduced from the analysis of the concatenated nucleotide sequence aligmithents
NT123 data; (b) a sister group betweapanagromyzand ™ clade supported by TAA

dataset; (c) a sister group between AP clade and PNP clade tested using NT123 data; (d) a
sister group between AP and CL clades tested using TAA dataset. Quartets falling into the
three corners on the triangle diagrams are infau@awvhile those in three rectangles are partly
informative and those in the center of the triangle diagram are uninformative. Informative data
is indicated by a high number of informative quartets and low number of uninformative

quartets.
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Figure 6. Divergence time estimates inferredm MCMCTree progranand theML tree
topology obtainedwith NT123 data fromQ-TREE.

Values on the internal node is the mean divergence time in million years (Ma), arudihe
bars represer®t5% HPD (Highest Posterior Densitgf theagesfound in the sample of ages
from the MCMC analysisThe xaxisis the geologic time scale million years.Vertical gray
bars on the time tree represent the middles of Paleocene, Eocene, Oligocene, Miocene,
Pliocene Geologic time scale abbreviatioasthe bottom box indicates as follavidei. =

Pleistocene; Ho. = Holocene; Quat. = Quaternary.
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Each color represengsd independemtn of the MCMC chainBoth X- and Y-axis represent

100 Ma time scale. Solidnles indicate thedistributions ofmean node ageandthe dashed

lines are the distributions of 95% HPD calculated from all the MCMC runs. All the solid lines

fall inside these dotted lines in our divergence time estimations.
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Figure 9. Branchspecific speciationateestimaes undethe birthdeathshift processnodel

from MCMC analysis in RevBayes.

Lambda is the speciation rate. Brarsgecific speciation rates are indicatednaseasing from

blue to green according to the color gradient at the left top corner. Genera with increasing
speciation rates through the time are marked using the bar strips to the right of terminals on the
phylogeny. Vertical gray bars in the tree repreéshe early Eocene, Oligocene, Miocene, and
Pliocene. Abbreviations on the geological time scale boxes indicate the following: P. =

Pliocene; Q. = Quaternary.
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Figure 10. Ancestral biogeographic regions inferred by DIVALIKE analysis in

BioGeoBEARS using the timealibrated phylogeny implemented in RASP using the tree

topology obtained in ML analysis of NT123 data.

Biogeographic regions are coded according to their samipldagions shown on the colorful

world map in the following: A = Neotropical; B = Nearctic; C al€arctic; D= Afrotropic; E

= Oriental; F= Australian The pie charts on internal nodes indicate the probability of each
alternative ancestral geographicioeg Dispersal and vicariant events are separately marked

by blue and green circles outside the pie chart of ancestral region probability on the nodes. The
legend on the right shows the assigned geographical regions and combined regions are inferred
from historical biogeography analysS.| ades 6TM6, OPNPO6, OAPO6, and
represent the same groups with those in Figure 3. The value inside the pie chart indicates the
node number. &eogeographic ma@se shown at right to indicate the land masstpms

throughout the period covered in the tree figiday et al, 1999) The line marked by red on
theplate tectonic mapshows the connection and disjunction between North America Plate

(NAP; including Canada and United States continents) and Enfaksite (EUP; containing

Europe, Russia, and Asia continents) through the time, and blue lines on the paleogeographic
maps present the uplift of India Plate (INP) that finally emerges with Eurasian plate through

the time. The vertical gray bars in the trepresent early Eocene, Oligocene, Miocene, and

late Miocene.
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Figure 11. Hostuse evolutiorof leatmining fliesmapped onto agromyzid phylogeimy

Bayesian Binary MCMC analysis (BBM) using a pruned tcagébrated ML phylogeny

generated from NT123 dataset implemented in RASP.

Capital letters near the terminal tips represent host plant groups described as follows: A =
Asterales; B= Dipsacales; G Lamiales;D = other asteridecluding EricalesandBoraginales

in our samplesE = Fabales; = Rosales; G= other rosidcomprising ofFagalesBrassicales
GentianalesandMalpighiales H = Ranunculales; ¥ other eudicotsonsisting of

Caryophyllals andCornalesJ = Poales; K= other monocotsontainingAsparagaleand

Alismatales L = Polypodialeqferns).The strip bars on the legend from top to bottom orderly
represent eudicots, monocots, and ferns. The proportions on the pie chart indicate the posterior
probability of ancestral host plant. TM clade in BBM analysis includes the genera
MelanagromyzaHexomya, andOphiomyia Vertical gray bars in the tree represent early and

|l ate Miocene from left to right. The cl ades

represent the same relationships depicted in Figure 3.
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Figure 12. Ancestral state reconstructianalysisfor larval feeding halbstamongagromyzid

genea using the function fitpolyMK under the transient model with flat prior implemented in

R packagehytools

The green and purple circles at the tips represerdllaf and noteaf feeding (including

flower, seed, stem, twig, root, cambium on the plant/tree fed byrigahg flies), respectively.

If species from one genus can feed on at least ondeabpart of the plant except for leaf, we
codedthisgenusa 6 bot hé shown by blue circle on the
state reconstruction analys@olorsin eachpie chart shovwthe probability of ancestral larval

feedinghabits.
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Figure 13. Ancestral state reconstructianalysisfor pupal locationginternal & external)
amongagromyzidgenera the function fitpolyMK under the transient model with flat prior
implemented in R packagsytools
The pink and orange circles at the tips corresgondternal and external pupation,
respectively. If species can pupate both internally and externally in the same genus, we coded

the genus as Obothdé (marked by blue circle).



Table 1. Collection information of sapies used in this study and raw reads obtained from sequencer
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Sample  Species ID Collection locality Raw reads Latitud Longitud

ID e e

AG0578 Agromyza albipennic U.S.A: Maryland: Prince George's County: Patux pair 39.03 -76.80
Research Refuge

AG2001 Ag ambigua United Kingdom: Oxfordshire County: River Thames pair 51.77 -1.36

AG1592 Ag ambrosivora U.S.A: Maryland: Upper Marlboro: Candy Hill single 38.71 -76.74

AG2100 Ag. bispinata U.S.A: Maryland: Howard County: Middle Patuxe pair 39.21 -76.91
Environmental Area, Trotter Rd.

Celtis1 Ag. deserta - pair - -

AGO0738 Ag. facilis U.S.A: Maryland: Columbia: Howard County: Robins pair 39.19 -76.89
Nature Center, forest

AG2441 Ag. frontella U.S.A: Minnesota: Carlos AverWildlife Management pair 45.38 -93.01
Area

Mtu432  Ag. hardyi U.S.A: Utah: Utah County: American Fork Canyon pair 40.43 -111.64
Timpooneke Trail Meadow below Giant Staircase sit

AG1962 Ag. nigripes United Kingdom: Merthyr Tydfil CountyPontsticill, pair 51.79 -3.37
Brecon Beacons National Park

AG2507 Ag. pseudoreptans U.S.A: Minnesota: Ramsey County: Snail La pair 45.07 -93.12
Shoreview

AG0148 Agromyza sp.l U.S.A: West Virginia: 1987 Crane Road Renick pair 38.01 -80.37

AG1670 Agromyza sp.2 U.S.A: Maryland: Howard County: University ¢ pair 38.99 -76.94
Maryland

AG1331 Agromyza sp.3 U.S.A: Maryland: Howard County: Middle Patuxe pair 39.21 -76.91
Environmental Area, Trotter Rd.

AG2296 Agromyza sp.4 Kenya: Gembe Hills pair -0.49 34.21

AG2294  Agromyza sp.5 Kenya: Gembe Hills pair -0.49 34.21

AG2305 Agromyza sp.6 Kenya: Gembe Hills pair -0.49 34.21

AG1628 Agromyza sp.7 U.S.A: Maryland: Calvert Co Hunting town pair 38.64 -76.61
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AG0516 Amauromyza flavifrons U.S.A: Kentucky: Powell County: Natural Bridge Ste¢ pair  37.78 -83.69
Resort Park

AG1679 Am karli U.S.A: Maryland: Howard County: University ¢ pair 38.99 -76.94
Maryland

Mtu252  Aulagromyza coloradensis U.S.A: Utah: Utah County: Mount Timpanogo pair 40.43 -111.64
Timpooneke Guard Station

AG1935 Au. discrepens United Kingdom: Kent County: Folkstone pair  51.08 1.17

AG1596 Au. luteoscutellata U.S.A: NewYork singl 40.78 -74.00

e

AG2412  Au. orbitalis U.S.A: NorthCarolina: Swain County: Big Cove Rd. pair 35.51 -83.30

Mtu324  Aulagromyza sp. U.S.A: Utah: Utah County: Mount Timpanog pair  40.43 -111.64
Timpooneke Guard Station

AG1195 Calycomyza humeralis U.S.A: Minnesota pair  36.35 -78.56

AG1252 Ca majuscula U.S.A: West Virginia: Preston County: 1049 Feather pair 39.54 -79.50
Terra Alta

AG1193 Ca. platyptera U.S.A: Maryland: Prince George's County: Upj pair 38.71 -76.74
Marlboro: Candy Hill Road

AG1198 Ca. promissa U.S.A: Maryland: Prince George's County: Clinto pair 38.76 -76.92
Piscataway Road

AG1201 Ca. solidaginis U.S.A: New York: Albany County: Edmund Nile pair 42.52 -74.14
Huyck Preserve

AG2081 Ca. sonchi U.S.A: New Mexico:Sandoval County: Valles Cald¢ pair  35.83 -106.49
NationalPreserve

AG1615 Ce (Icteromyza) U.S.A: Kentucky pair  37.53 -84.96

longipennis
AG1970 Ce (Butomomyza' United Kingdom: Merthyr Tydfil County: Pontsticil pair 51.79 -3.37
angulata Brecon Beacons National Park
AG2175 Ce (Butomomyza' Israel: Gilat Research Station pair  31.33 34.65

impercepta
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AG2445 Ce (Dizygomyza) fasciata U.S.A: Minnesota: Carlos Avery Wildlife Manageme pair 45.38 -93.01
Area
AG1722 Ce (Dizygomyza) iraeos U.S.A:Virginia pair 37.80 -78.06
AG1966 Ce (Dizygomyza) luctuose United Kingdom: Merthyr Tydfil County: Pontsticil pair 51.79 -3.37
Brecon Beacons National Park
Mtu4dl4  Ce (Dizygomyza) U.S.A: Utah: Utah County: American Fork Canyon pair 40.43 -111.64
magnicornis Timpooneke Trail Meadow below Giant Staircase site
AG1999 Ce (Dizygomyza) morosa United Kingdom: Berkshire County: Silwood Park pair 51.41 -0.64
AG1247 Ce. (Phytagromyza, U.S.A: West Virginia: Cranesville Swaniatural Area pair 39.54 -79.49
flavocingulata
AG1972 Ce (Phytagromyza, United Kingdom: Merthyr Tydfil County: Pontsticil pair 51.79 -3.37
frankensis Brecon Beacons National Park
AG1310 Ce (Poemyza) malaisei U.S.A: Idaho: Boise County: Boise National Fore pair 44.13 -115.56
Cottonwood Guard Station
AG2204 Ce (Poemyza) muscina New Zealand: Whanganui pair -39.93 175.03
Uth26 Ce (Poemyza) pygmaea U.S.A: Utah: Garfield County: Grand StaircdSgcalante pair 37.83 -111.42
National Monument: Lower Calf Creek
AG1964 Ce (Xenophytomyza United Kingdom: Merthyr Tydfil County: Pontsticil pair 51.79 -3.37
biseta Brecon Beacons National Park
AG1285 Ce (Xenophytomyza U.S.A: Idaho: Boise County: Boise National Fore pair 44.13 -115.56
venturii Cottonwood Guard Station
AUS9 Ce. (Cerodonthayatra Australia: Queensland: Josephine Falls pair -17.43 145.86
AG1273 Ce. (Cerodontha) U.S.A:West Virginia: Preston County: 1049 Feather | pair 39.54 -79.50
denticornis Terra Alta
AG1283 Ce. (Cerodonthadorsalis U.S.A: Idaho: Boise County: Boise National Fore pair 44.13 -115.56

Cottonwood Guard Station
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AG1992 Ce (Cerodonthafulvipes United Kingdom: Berkshire County: Silwood Park pair 5141 -0.64

Uth25 Ce (Cerodontha)milleri U.S.A: Utah: Garfield County: Grand Staircas pair 37.83 -111.42
Escalante National Monument: Lower Calf Creek

AG1968 Ce (Cerodonthapiliseta  United Kingdom: Merthyr Tydfil County: Pontsticil pair 51.79  -3.37
Brecon Beacons National Park

AG1967 Ce (Xenophyt.) atronitens United Kingdom: Merthyr Tydfil County: Pontsticill ~ pair 51.79  -3.37

AG2164 Hexomyza croposmae New Zealand: Banks Peninsula: Robinsons Bay pair -43.75 173.00

Hxsh3 H. schineri U.S.A: Utah: Utah County: Provo pair 40.24 -111.66

AGO0275 Japanagromyza viridula U.S.A: Maryland: Prince George's County: Patux pair 39.06 -76.78
Wildlife Refuge

AG1635 Liriomyza baptisiae U.S.A: New Hampshire pair 4436 -71.72

AG2162 L. chenopodii New Zealand: AK, Waitakere City, 9%stley Avenue, pair -36.92 174.68
New Lynn

AG2160 L. citrifermorata New Zealand: Prices Valley Reserve pair -43.79 172.70

AG0689 L.congesta India: Jaipur Rajasthan pair 27.11  75.70

AG1961 L. flaveola United Kingdom: Gwynedd CountZoedy-Brenin Park pair 52.82 -3.90

AG2022 L. lupini U.S.A: California: Calaveras County pair 38.60 -120.87

AG1931 L. mattyii U.S.A: Maryland: Howard County: Middle Patuxe pair 39.21 -76.91
Environmental Area, Trotter Rd.

Agak5 L. ptarmicae U.S.A: Alaska: Fairbanks North Star Borough pair 66.44  -146.87

AG1468 L. sativae U.S.A: California: Imperial pair 32.88 -115.57

AG1437 L. septentrionalis U.S.A: California: San Mateo County pair 37.73 -122.32

AG1160 L.temperata U.S.A: Utah: Utah County: Mount Timpanogos pair 40.43 -111.64
Timpooneke Guard Station

AG1624 L. trifoliearum U.S.A: NewYork: Albany St. pair 40.71 -74.02

AG1551 L. trifolii U.S.A: California: Monterey pair 36.64 -121.91

AG2156 L. urticae New Zealand: Pricegalley Reserve pair -43.79 172.70
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AG2002 Melanagromyza United Kingdom: Oxfordshire County: Rive pair 51.77 -1.36
aeneoventris Thames

Ger2 Mel. albocilia Germany pair 51.22 10.37

AG2034 Mel. cleomae Sri Lanka pair 7.66 80.64

AG2168 Me. minimoides Bolivia pair -16.60 -65.04

AG2079 Médl. nr. Chaptaliae U.S.A: New Mexico: Sandoval County: Jem pair 35.39 -106.55
Canyon

AG0169 Médl. ruelliae pair

AG0714 Melanagromyza sp.1 U.S.A: Maryland: Columbia: Howard Count pair 39.21 -76.91
Middle Patuxent Enviromental Area, Trotter Rd

AG1640 Melanagromyza sp.2 pair

MTU426 Mél. urticella U.S.A: Utah: Utah County: American Fol pair 40.43 -111.64
Canyon nr Timpooneke Trail Meadow below Git
Staircase site 5

AG1319 Madl. verbesinae U.S.A: Maryland: Patuxent Wildlife Refuge pair 39.05 -76.82

Mevi Mel. virens U.S.A: Maryland: Prince George's County: Crot pair 38.75 -76.76

AGO0580 Médl. virginiensis U.S.A: Maryland: Prince George's Coun pair 39.03 -76.80
PatuxenResearch Refuge

AG1975 Metopomyza flavonotata United Kingdom: Gwynedd County: Cogd pair 52.82 -3.90
Brenin Park

AG0243 Met scutellata U.S.A: Maryland: Prince George's Coun pair 39.05 -76.78
Patuxent Wildlife Refuge

AG1593 Nemorimyza maculosa  U.S.A: Maryland single 39.65 -76.93

AG1601 Ne posticata U.S.A: NewYork single 40.78 -74.00

AG1208 Ophiomyia camerae - pair - -

AGO0869 O. kwansonis U.S.A: Maryland: Columbia: Howard Count pair 39.21 -76.91
Middle Patuxent Enviromental Are@rotter Rd.

AG2047 O.lantanae Sri Lanka: Gannoruna pair 7.28 80.59
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AG2095 O. maura U.S.A: Maryland: Howard County: University « pair 38.99 -76.94
Maryland

AG2096 O. nasuta U.S.A: Maryland: Howard CountyJniversity of pair 38.99 -76.94
Maryland

AG1981 O.ranunculicaulis United Kingdom: Berkshire County: Silwood Pz pair 51.41 -0.64

AG1620 Ophiomyia sp. U.S.A: NewYork: Albany Co Huyck Preserve  pair 42.52 -74.14

AG2031 Phytobia betulae Finland pair 62.22 26.85

AG1256 Phyta betulivora U.S.A: West Virginia: Preston County: 10: pair 39.54 -79.50
Feather Rd, Terra Alta

AG2213 Phyta confessa U.S.A: Utah: Utah County: Wheeler Sawm pair 39.96 -111.27
Caonyon

AG2531 Phytobia sp. U.S.A: Maryland: Calvert: Double Oak Roa pair 38.55 -76.53
Prince Frederick: American Chestnut Land Tru:

Mtu447 Phyta vanduzeei U.S.A: Utah: Utah County: American Fol pair 40.43 -111.64
Canyon nr Timpooneke Trail Meadow below Git
Staircase site 5

AG2458 Phytoliriomyza conspicua U.S.A: Minnesota: Cedar Creek Ecosyst pair 45.40 -93.20
Science Reserve

AG1244  Phytolirio. felti U.S.A: Tennessee pair 35.98 -79.24

AG2154  Phytolirio. flavopleura New Zealand: Akaroa: Hinewai Reserve pair -43.81 173.03

Mtu454 Phytolirio. leechi U.S.A: Utah: Utah County: American Fol pair 37.07 -111.89
Canyon nr Timpooneke Trail Meadow below Gic
Staircase site 5

AG1982 Phytolirio. melampyga United Kingdom: Berkshire County: Silwood Pz pair 51.41 -0.64

Swil Phytolirio. ornata Europe: Slovakia or Germany pair

Mtul84 Phytolirio. pallida U.S.A: Utah: Utah County: American Fol pair 40.45 -111.66
Canyon Hwy 92 South Fork Ranger Station

AUS3 Phytolirio. tricolor Australia: New South WaleJ:allaganda Nationa pair -35.73 149.47

Park
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AG1291 Phytomyza (Chr9 fricki U.S.A: Idaho: Boise County: Boise Nation pair 44.13 -115.56
Forest, Cottonwood Guard Station

Mtu271 P. (Chro.) fuscula U.S.A: Utah: Utah CountyMount Timpanogos pair 40.43 -111.64
Timpooneke Guard Station

AG0638 P.(Chro.) horticola U.S.A: Maryland: Prince George's Coun pair 38.76 -76.92
Clinton: Piscataway Road

AG1613 P.(Chro.) lactuca U.S.A: Maryland: Piscataway single 38.73 -76.98

AG2065 P.(Chro.) mimuli U.S.A: New Mexico: Rio Arriba County pair 36.50 -106.12

AG1290 P.(Chro.) periclymeni U.S.A: Idaho: Boise County: Boise Nation pair 44.13 -115.56
Forest, Cottonwood Guard Station

AG2049 P.(Chro.) syngenesiae Norway: Kvithammer pair 63.49 10.87

AG0651 P.(Napo.) albipennis Philippines: Atok: Benguet pair 16.67 120.67

AG1185 P.(Napo.) evanescens U.S.A: North Carolina: Raleigh: Wake County pair 36.13 -78.64

AG2220 P.(Napo.) lateralis U.S.A: Utah: Utah County: Wheeler Sawm pair 39.96 -111.27
Caonyon

AG1313 P.(Napo.) lyalli U.S.A: Maryland: Patuxent Wildlife Refuge pair 39.05 -76.82

AG1451 P.(Napo.) pallens U.S.A: California: San Benito County: San Je pair 36.84 -121.54
Bautista

AG1595 P.(Napo.) schusteri - pair - -

AG1943 P. (Phyto.)agromyzina United Kingdom: Berkshire County: Silwood Pz pair 51.41 -0.64

AG1580 P. (Phyto.)alaskana U.S.A: Florida? pair

AG1581 P. (Phyto.)aquilegiana U.S.A: North Carolina: Carolina Beach State P pair 34.05 -77.91
Venus Flytrap Trail

AG1356 P. (Phyto.)aquilegivora U.S.A: Colorado: Irwin pair 38.88 -107.11

AG1945 P. (Phyto.) asterophaga  United Kingdom: Berkshire County: Silwodthrk pair 51.41 -0.64

AG1940 P.(Phyto.)erigerophila United Kingdom: Kent County: Folkstone pair 51.08 1.17
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AG1629 P. (Phyto.)fallaciosa - pair - -

AG2152 P. (Phyto.)ilicicola New Zealand: Canterbury: Arthur's Pd¢ational pair -42.94 171.73
Park

AG2136 P. (Phyto.)leslieae U.S.A: Utah: Utah County: American Fol pair 40.43 -111.74
Canyon

AG2103 P. (Phyto.)lupini U.S.YA: Utah: Utah County: Highway 92 pair 40.44 -111.82

AG1609 P. (Phyto.)nepetae U.S.A:Minnesota: Shoreview Snail Lake fall 19! pair 45.07 -93.12

AG0542 P. (Phyto.)osmorhizae U.S.A: Maryland: Prince George's County: Upj} pair 38.71 -76.74
Marlboro: Candy Hill Road

AG1348 P.(Phyto.)urbana U.S.A: Alaska: Parks Highway pair 61.58 -149.46

AGO0157 P. (Phyto.) vomitoriae - single

AG1995 Pseudonapomyza atra United Kingdom: Berkshire County: Silwood Pz pair 51.41 -0.64

SEF1 Selachops flavocinctus ~ Germany: Bielefeld pair 52.22 8.60

AG2184  Tropicomyia polyphyta Australia: Fingal Bay pair -32.75 152.17

AG2035 T.theae Sri Lanka: Talawakale pair 6.94 80.66

Odin Odiniidaesp. - pair - -

AG0161 Fergusonina sp.1l - single - -

AGO0164 Fergusonina sp.2 - single - -

Notes:pair = pairend raw reads from NovaSeq 6000; single = stegle raw reads from HiSeq 250hro= ChromatomyiaNapo.

= NapomyzaPhyto.= Phytomyza
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Table 2. Mean node age and 95% Highest Posterior Density (HPD) obtained/f@MCTree

analyses for major genera and clades

Genus/clade Mean node age (Ma) 95% HPD (Ma)

Tropicomyia 8.26 4.1513.04
Ophiomyia 25.50 19.9631.17
Melanagromyza 37.35 34.8739.11
Agromyza 42.15 37.8847.06
Nemorimyza 13.13 6.9319.88
Phytobia 31.78 23.7139.15
Aulagromyza 38.72 31.1246.26
Phytomyza 43.16 37.5548.60
Cerodontha 46.98 42.1951.73
Amauromyza 32.18 22.5541.07
Calycomyza 21.35 16.0727.17
Metopomyza 11.73 6.9516.91
Liriomyza 30.57 26.4035.05
™ 47.49 42.4652.75
PNP 49.35 44.0654.18

AP 48.06 42.8352.78

CL 53.91 50.5257.07
Phytomyzinae 57.08 54.1359.77
Agromyzidae 64.03 62.6964.98

Notes:HPD = Highest Posterior Densitytya = million yearsagoC| ades o6 TM6, O6PNP6O

and @maudéthe same groups with those in Figure 3.
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CHAPTER 2. A genomewide phylogenyand the diversification of genusLiriomyza
(Diptera: Agromyzidae) inferred from anchored phylogenomics
INTRODUCTION

LiriomyzaMik (Diptera: Agromyzidae), erected in 1894, is one of the ktrgenera in the
family Agromyzidae (Spencer &teyskal, 1986 Currently there are approximately 437 described
species distributed globally (von Tschirnhaus, 20@@ublished list Of theg, aboutl57 species
are found in North Americaorth of Mexico(Lonsdale, 202j1 where most are described from
California (Lonsdale, 2011).iriomyzalarvae feed internally, mostly in the upper or lower leaf
mesophyll tissue as leaf mingiSpencer & Steskal, 1986;Parrella 1987),with a few species
feeding in seed heads, potato tubers (e.dniformataBecker), and stems (e.j.,pseudopygmina
(Hering), Spencer & Steyskal, 1986pnsdale, 201}l Moreover,Liriomyzaspecies can pupate
insideor outsideof the larval feeding locatiowithin the host plant§pencer & Steyskal, 1986;
Parrella 1987. Damage by leaf minersanreduce photosynthesis and promote early leaf drop
which affects the aesthetic value of ornamaéptants and diminishes yield in agricultural crops
(Johnson et al., 1983; Parrella, 1987). At times, even entire crops may be lost due to heavy
Liriomyzainfestations (Weintraub et al. 2017)

Most Liriomyza species use dicots as hodisit someare knownfrom monocotsor
horsetails (Benaverorai et al.,, 2005; Spencer, 2012). Most species are host specialists
(monophagous or oligophagous) that feed in a single or a few closely related host plant species,
whereas a feuiriomyzaspecies are host generaigpolyphagousheeding on a broad range of
host plant genera or families that are not closely ref@pdncer, 199Q;onsdale, 2011 Several
of these polyphagous species are economically important pests of agricultural crops and

ornamental plants, inalling the invasive NewVorld specied.. sativaeBlanchard L. trifolii
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(Burgess) and L. huidobrensig¢Blanchard) as well as theOld-World speciesL. bryoniae
(Kaltenbach) and. strigata(Meigen)(Spencer, 1973; Parrella, 1987).

Species identification is always challengind-inomyzadue to their small body siznd
morphological homogeneiffoudman et al., 1995; Morgan et al., 2000; Scheffer et al., 280d)
many species are badistinguishedy slight differences in the stctures of male terminaliaa
dissection.DNA barcoding plays an important and particularly useful subsidiary approach to help
differentiateLiriomyzaspecies Kox et al., 2005Scheffer, 2000; Scheffer & Lewis, 2005, 2006;
Scheffer et al., 2006; Nakanauet al., 2013; Ferreira et al., 201¥)oreover, DNA barcoding
facilitates identificatiorof any life history stage of thepecimer(e.g., larva, pupa, or adult). Early
identification is critical to finding appropriate and effective managemsteategiesor Liriomyza
pests as insecticides resistance often evolves rapidly and can differ between pest species (Mason
et al., 1987; Weintraub & Horowitz, 1995; Ferguson, 2004; Tokumaru et al., 2005; Weintraub et
al. 2017). DNA barcoding for some polyphagdiisomyzaspecies, such ds sativag(Scheffer
& Lewis, 2009, L. huidobrensigScheffer & Lewis, 200} L. trifolii (Scheffer & Lewis, 200/
and L. cicerina (Rondani) Carapelli et al.,, 2008 has revealed cryptic diversity, suggesting
potential forgeographic or host race formation. Data from nuclear genes and a more robust
phylogenetic understanding of tgeoup should improve species identification and facilitate the
organization of ecological or agricultural data from pest andpastlLiriomyzain a phylogenetic
context.

Molecular phylogenetics is a valuable tool to investigate evolutionary relationships and
species boundaries in phytophagous groups (Perring et al., 1993; Clements et al., 2000; Scheffer,
2000; Scheffer & Wiegmann, 2000). Phylogetgo provides the necessary context for tests that

track the history of ecological and morphological trait evolution (Avise, 2012). Previous
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phylogenetic studies focused on the commldriomyza leafminers using one or several
mitochondrial and nuclear genmakers. For instanceScheffer (2000) used mitochondrial
cytochrome oxidase genes to differentiatéuidobrensigrom its previously synonymized sister
specied.. langei Subsequently, the same genes were tsewestigate the possibility afryptic
species within bothL. sativaeand L.trifolii (Scheffer & Lewis, 2005; 2006) Higherlevel
phylogenies of Agromyzidae (Scheffer et al., 2007; Chapter 1, herein) have suggested the
monophyly ofLiriomyzabased on theisomewhat limitedsampling, but intera phylogenetic
relationships amond.iriomyza species are incompletely investigatdehtterns of adaptive
radiation and diversification associated with host plant and biogeographic distributions therefore
remain largely unexplored.

In the present study, we investigate phylogenetic relationships abviomgyzaspecies
examine their diversification associated with host, @&l infer their biogeographic history.
Specifically, the goals of our study are to: 1) reconsthephylogery of a diverse sampling of
species irLiriomyzg 2) compare phylogenetic trees generated by distinct phylogenetic methods
using differing subsets of the data; 3) define morphological species groups and clades on the
molecular phylogeny; 4) explore whetlobosely related.iriomyzaspecies feed on closely related
host plants; and 5) examine the biogeographic histokyrioimyzaspecies.

MATERIALS AND METHODS
Taxonsampling and DNA extraction

We included 104specimens for sequencing (1DRiomyzaand 2Metopomyza Species
from Metopomyzavere included to root trees as they are considered close relativie®hoyza
based ormour currentAgromyzidae phylogeny (Chaptg)y. AmongLiriomyzasamples, there were

47 described species and 6 unknowrundeterminedspecies Specimens were field collected
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using Malaise traps or hand nets, or reared from host plants brought into the lab. Specimens were
either adult flies or larvae. Morphological and mtéfaked identifiations were confirmed by our
coauthors. Collection information of specimens used in this sisdigted in Table 3 and
collection sites of specimerase also shown on the world map implemented in QGIS version
3.20.3software(QGIS Development Tean2021 Figurel14).

Adult flies, with genitalia removed and vouchered for males, and a few larvae were used
to extract genomic DNA using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, U.S.A)
following a slightly modi f iesodic DNAnqudnttycwaa r er 6 s
measured with a Qubit 2.0 fluorometer using dsDNA (double strand DNA) High Sensitivity Assay
Kit (Invitrogen by life technologies). In order to increase Dbi#ncentrations for samples with
low DNA vyields that cannot satisfy the mimim threshold of DNA demand for downstream
library preparation, we amplified whole genomic DNA using REgIMini Kit (QIAGEN Inc.,
CA, USA)andfollowingthema nuf act ur.er 6s protocol
Anchored hybrid enrichment library preparation and reads processing

Detailsof library preparation, sequencing, and fdata cleaning follow Buenaventura et
al. (2019) and are detailed here in the Materials and Methods sectidrapfe€ 1.In addition,
most ofthe samples in this study were collected withinrgaid raw reads frorfilumina Nova
Seq6000 sequencing platform, while a few of them were conducted within-eimdjiaw reads
from Hiseq250@latform The details for each specimen about raw reads data collaotgimown
in Table3.
Phylogenetic analyss

We conducted phylogenetic analyses using the three concatenated supermatrices: (I): a

concatenated nucleotide supermatrix with 104 taxa including multiple specimens for some
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Liriomyzaspecies; (ll) a concatenated nucleotide supermatrix with 55 taxauwvitalicates for
ingroup species; and, (Ill) a concatenated amino acid supermttni®s5 taxawithout replicates
for ingroup specied o avoid uneven tan sampling bias and to reduce the computational burden,
we selected onspecimermper species withhie highest number of loci based on supermatrix | to
generate concatenated supermatrices Il anépécimensampled for multiple individuals per
species arboldedaccording to the loci numbar Table 3 To assess consistency and robustness
of branch spport on the phylogenetic trees, we applied three phylogenetic methods and a range
of datasets (Tabl#) to construct phylogenetic trees.

Maximum likelihood tres werebuilt separately using three concatenated supermatrices (|,
II, and Ill) partitioned by locus with beft model selection carried out iModelFinder
(Kalyaanamoorthy et al., 20L7under the Bayesian Information Criterion (BIC) using the
command A TESTmériEed/on IQTRER 2.22 Nguyen et al., 20)5To assess nodal
support with ML tree inference, we performed 1000 ultrafast bootstrap replickBsdt; Minh
et al.,, 2013 , and wused -btnhnei 6c otnomameaedufice overesti mat.
conductedhe ShimodairdHasegawdike approximate likelihood ratio test (S#LRT) with 1000
replicate Guindon et al., 20)o evaluate support for individual branches on the phylogenetic
tree. Compared with the conservative standard bootstrap strategy, thetldbpBport value has
shown to be relatively unbiased since it is robust against moderate model violation (Minh et al.,
2013), while SHaLRT is considered as conservative as the standard bootSuwapon et al.,
2010). Both support methods were preformechidtaneouslywithin one single ruron online
CIPRES clusterNilleret al., 2010; Nguyen et al., 2015

To confirm whether poorly aligned sites in our multiple sequence alignments (MSAS)

affect our phylogenetic results, we used supermatrix Il as an examphvestigate sequence
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outlier pruning. We detected and removed individual highly diverse sites from supermatrix Il
alignments using a useéefined cutoff threshold conducted in SPRUCEUP software that relies on
computing distance metrics in a customieatliding window along multiple sequence alignment
(Borowiec, 2019). In this study, weilizedthe ML treegeneratedrom untrimmed supermatrix
as a guide treand adopted thencorrecteg-distancemethod to compute the distance metrics for
each sample across a 50 bp sliding windavithin overlapping 25 bpize. Alognormal distribution
criterion wasfit to the distancanetricsfor each sampleand cutoffthresholds were separately
specified as 0.75 and 0.65 of observations above which sequence regions are flagged as outliers.
An example of how this tool trims the concatenated alignments is presented in Figure 3S
(Appendix B) The trimmed concatenated supetrices (dataset 3 and dataset #able 4 were
used to separately reconstruct the ML phylogenetic treieg the same partitioning schemes and
parameter settings used in untrimmed analysis, and evaluated for topology and bootstrap support
under the sae conditions that were used to assess untrimmed supermatrix {TIREZ (Nguyen
et al., 2015

We split concatenated nucleotide supermatrix Il into 1351 loci using ANB&®Bo(viec,
2016. To reduce computational burden, we selected 524 out of 135hédavere recovered at
least 60% of sampled taxa (dataset Fable 4, to perform Bayesian inference using all three
nucleotide positions (* 2 + 3) under the General TirAReversible (GTR) model of nucleotide
substitution (Tavaré, 1986). Bayesian runsenearried out with four independent ruanrsd four
coupled chaingmplemented in KABAYESv1.5 (Aberer et al., 2014) on the Hifferformance
Computing Cluster (Henry2) at NC State Universitie ran 4x 1 MCMC sampling generations
for each chain, andrew a sample from every cold chain every 1000 generationghgiaption

60 s amp !l i Thegikitial@)dof all sampled trees were discarded asinufkverage standard
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deviation of split frequencies (asdsflas usedio implement the diagnostics for topological
congruencesConsensus treevereconstructed usingthe pestr ocessing t ool &écon:
in the EXABAYES package from four independent runs, and a parameter file was generated using
the postprocessingto | O0post ProcParamé to check how well
settings.

To reduce the impact of loci with low informati@oentent on the accuracy of individual
gene tree analyses, we selected 1015 out of 1351 nucleotidectmeding to locusehgth by
selecting loci greater than 500 bp in length (dataset Taivle 4 to build gene trees using
maximum likelihood under the GTR model carried out iIRTIREE (Nguyen et al., 20150
examinewhethertaxa with highly divergent regions and short same lengths for individual
selected loci abovare adverselaffecing the accuracy of gene trgeve detected and removed
these taxaper locus usingClAlign (Tumescheitet al, 2021) a tool that performs user
customzablefunctions to clean MSALIAlign identifies taxa for removal when they show lower
than 60% positional identity and their length is below 500 bp. Other parameters, such as sequence
ends and gaps, as well as insertions are also specified following th& defangs for removal.
A locus showing MSAs before and after cleaning with CIAlign is presented in Figure 8S. After
cleaning, we built gene trees using the cleaned loci (datasé@a®la 4 with the same model and
parameters as those used for uncledoeidconducted in IQTREE. Gene trees generated using
uncleaned and cleaned loci were summarized UBBRHRAL-III version 5.6.3(Zhang et al.,
2018) respectively.
Tree comparison and congruence

To compare the tree topologies among phylogenetic treessteacted using different

datasets and phylogenetic methodspesormed phylogenetic tree similarity anasith rooted
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phylogenetic trees as ingun Visual TreeCMP tittps://eti.pg.edu.pl/TreeCmp/WEBoluch et
al., 2020. Threemetricsincluding riplesdistance (TT)Critchlow et al., 1996), Robinseffoulds
(RF) based on clusters (Robinson & Foulds, 1981), matthing pair (MP) (Bogdanowicz &
Giaro, 2017)wereused to evaluate the congruence oflpbggnetic trees. To make interpretations
of the similarity of phylogenetic treemore directly comparable across analyses, we normalized
the tree metrics usintpe Yuleanduniform modes$ (Harding, 1971Goluch et al., 2020
Cophylogeny betweerlLiriomyza species and host plants

Host plantecords foliriomyzaspeciesvere collected from the literatyreom the Global
Biodiversity Information Facility (GBIFJlatabaseandfrom field collection of live specimens. In
our study,41 Liriomyza speces have known host plant associations acr@ser@ersand 76
families. Hostplant records of each species and the corresponding citations are |iStddeB.
Evolutionary relationship@mong plant families that are used by our sampled species were
obtaned bysimply pruning a published phylogenetic estimate of the angiospermvteggl{on
et al., 201% andmodified by adding some neangiosperm groups according to published plant
phylogeniegZhanget a., 2003Altman et al., 2006Frohlich & Chase, 2007; Wurdack & Dauvis,
2009; PPG I, 201¥ using TreeGraph v.2.14.Gtover & Miuller, 201). We constructed a €o
phylogenetic tree betwedririomyzaspecies and their host plants using the functiophylo
within phytools in Rstudio, and colored the host associations using the R package randomcoloR.
Historical biogeography analysis

To evaluate historical biogeographic patterns among diveisemyza species,we
gathered biogeographical range distribution data fronlitdw@ture or from our field collection

records Table 3 Table8). We included six traditional biogeography regions including Neotropical
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(or South America, A), Nearctic (or North America, B), Palearctic (C), Afrotropic (or Ethiopian,
D), Oriental (E), ad Australian (F) Figure14).

Historical biogeography analysisvas conductedising the R package BioGeoBEARS
v1.1.1 Matzke, 2013a, 2013b, 2014; Massana et al., 2015; R Core Tean),iidplémented in
the programRASP v4.2 (RASP: ReconstructAncestral State in Phylogenjegu et al., 2@Q0).
BioGeoBEARS includes multiple modbhsed analytical tools, includirigispersalExtinction-
Cladogenesis (DE(Ree & Smith, 2008), Dispers#licariance Analysis (DIVALIKE; Ronquist,
1997), and Bayesian infemce for discrete AredBAYAREALIKE; Landis et al., 2013 but also
allows for model testing prior to analysis. We tested three biogeography models (DEC,
DIVALIKE, and BAYAREALIKE) without the jump dispersal parameter (j) which is considered
inappropriatef applied without biologically realistic constraints appli®eé & Sanmartin, 2018
The Akaike Information Criterionwith a correction (AICc) and AIC weight (AIC_wt) were
calculated during the analysis of model t&trbham& Anderson2002. DIVALIKE model was
considered as a best fit to our data based on the largest AIC_wt Aalpenflix B: Table 13.
After model testing, we performed the biogeographic analysis using the consensus maximum
likelihood tree under the DIVALIKE model with no dispersahstraints inRASPv.4.2 (Yu et
al., 2(0).
RESULTS
Phylogeny and morphology

Despite the small body size of leaining flies, wecapturel hundreds othousands of loci
containinga large amount of informativeucleotide or amino acid sitdsy anchored hybrid

enrichment (AHE) with the NCSWiegmann Diptera probe sets. For example, our nucleotide
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supermatrix Il include4,142,925 sitexf them,359,225sites argparsimonyinformative (Table
4).

Phylogenetic rel@onships amond.iriomyza species sampled in this study are nearly
consistently recovered for all data types (nucleotides and amino &alis;4, and phylogenetic
approachesHigurel5). Only two speciesl]. velutaSpenceandL. commelinag¢Fros)] have been
found in conflicting positions on the trees built by different phylogenetic methods (Higure
Moreover, nearly all of the internodes in our tree estimates are strongly supported by bootstrap
values regardless of sample siEég(re 15; Appendix B Figure1S). Compared with the tree
topologies and bootstrapping supports on ML trees built using trimmed and untrimmed
concatenation alignments, there is only one minor difference for the placementveluta
(Appendix B:Figure 2S; 4S; 5S), suggesting that our supermatrix Il is composed edjunadjty
alignments. Tree topologies of the coalesdmded species trees using gene trees generated with
uncleaned and cleaned loci, are identical, but the posterior possilfiitiesome nodes are
improved using cleaned lod\ppendix B:Figure 9S). Nevertheless, the placemerit.afelutaon
the ML trees produced from trimmed concatenation alignments are the same with those trees
reconstructed using Bayesian and coalescent metlddch are strongly supported by bootstrap
support values and posterior probabilitiépgendix B:Figure 4S; 5S; 7S; 9S). Additionallyhd
distance similarity metrics generated from phylogenetic topology similarity analysis also indicate
thattree topdogies on all the lpylogenetic trees built are highly congruéhableb).

Within the phylogeny, there are nine morphological species groups and twelve clades,
herein newly definetbgether with ceauthor Lonsdale for the species sampled in this studyt Mos
of defined morphological groups and clades marked on the tree are fully supported by data and

analysis types (Figurgs). However,the hieracii groupis undermined due tthe placement df.
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taraxacionthe treeMorphological features shared by each species group and clade are listed in
Table6 and Table7, respectively.

Informative nuclear loci screen

Given thatonly few conserved nuclear gene markbesve beerreported forLiriomyza
species (Scheffer & Lewis,0B1; Carapelli et al., 2018)ve havescreened 14 informativend
conserveduclear genefom thehundreds of orthologous loaie sequenced in this study, which
might be used as candidate gene markers for diagnostic and phylogenetic aclikigs gere
are covere®8% of sampledspeciesand morethan 700 bp in lengtilhe tree topologies among
ML gene trees produced from thelbgi on IQ- TREE are highly congruent, arldese genetree
topologies aralsonearly identical with thosecluded inthe coalscent species tree summarized
from hundreds of gene trees (Figut@). Each locus harborkigh quality of alignmentsas
identified by CIlAlign Six nucleargene alignmentare visualized aan example Appendix B:
Figure 12S)For each of selected loci, vaso performed putative gene identity using BLAST
searches on the NCBI (National Center for Biotechnology Information;
https://www.ncbi.nim.nih.goy/and FlyMine databasdLyne € al., 2007. Informationfor each
locus €.g.,parsimonyinformative sites, frequency of each base, predicted géreare listedn
Table 25AppendixB).
Cophylogeny between sampletliriomyza species and their hosplants

Of the Liriomyza species stiied here,77% (41 out of53) have recorded host plant
information available, with the remaining lacking host plant recordblé 8). Most Liriomyza
species feed on angiosperms, while a few species feewdophytes (e.gL,. equisetiMeijere
and gymnosperms [e.d., schmidit (Aldrich)]. Host plants fed on by our samplégdiomyza

species arealistributed across 33 ordeasid 76 families(Table 8). The families Fabaceae and


https://www.ncbi.nlm.nih.gov/
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Asteraceae are particularly predominant as host plants arehenesed by more than 36%f
Liriomyza species.The Solanaceae is thmext most frequently utilized host family, fed on by
greater than 21%f the sampled.iromyzaspecies. More than half of all host plant families are
fed on by only 2% oLiriomyzaspeciegFigurel6).

A cophylogenetic tree linked with the sampliediomyza species and their host plants
shows that host plants fed on by strongly polyphagous spéciesagsicaelL. trifolii, L. sativag
L. huidobrensisL. langej L. bryoniag andL. schmdti), are widely distributed acros$ie plant
phylogeny. In contrastnore tham8% of theliriomyzaspecies we sampled are monophagous or
oligophagousthoughsome closely relatediriomyza species feed on phylogenetically distant
plant families/ordergFigurel7; AppendixB: Figurel0S).
Historical biogeography analysis

The genusLiriomyzais likely to haveoriginatedin the Nearctic Region (posterior prob. =
0.56) based on biogeographic analysis, and then spread throughout theviaosiadbsequent
dispersal or vicariancevents Based on our analysis and samplings, we have detgbtgidbal
dispersals and 8 global vicarianeeents Figure18), most of whicharesupported by greater than
0.5 posterior probability. AlImost all dispersal events originated in the Nearctic Regliotal Af
49 speciation events are detected in these sampliligis, #he Nearctic,3 in the Australian,2
separately irthe Neotropical and Palearctic, and 1 reciprocallythie Afrotropic and Oriental
Regions, respectively. Dispersal events fritva Neardic to the Palearctic Regions have been
detected amongiriomyzaspecies (e.g., hodeg7, node 8; Figure18). Some species alsuose

from in-situ speciation andiversifiedin Nearctic and Australian Regio(Bigure 18).
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DISCUSSION

Our anchored hybrid enrichment (AHE) gene harvest provides loci that camabeed
both as nucleotide and amino acid alignmentshe present study, we foutttese loci to provide
a strong phylogenetic signal among species that are largely congrubntentative species
groupings based on morphologihere are some minor discrepancies observed among the tree
topologies recovered based on varied analytical methods, however, that may originate from data
set specific sources of error, such as model ra@Bpation among the large number of genes,
unaccountedor mutational bias, codon usage heterogeneity, differing amounts of missing data
for some loci (Viens, 2003Jnagaki et al.2004; Inagaki& Roger, 2006Wiens & Morrill, 2011;
RotaStabelli et al. 2013; Cox et aJ.2014 Roch & Warnow, 2015Xi et al., 2016. In our
phylogenomic data, wieavediscovered that the ASTRAbased phylogenetic trees summarized
from gene trees using both filtered and unfiltered nuclear loci were identical in tree tqQ@widgy
posterior probabilities were slightly improved with gene trees produced from filtered loci (Figure
9S). These findings suggest that uneven sequence lengths or some variabilities in alignments may
not be a major effect in our case, and thereforejmhtalarger numbers of shorter gene fragments
typical in Next Generation Sequencing (NGS) (Jeffroy et al., 2006; Wagner et al., 2013), should
provide robust phylogenetic estimates lfmomyzaand othermagromyzids as well as acalyptrate
fly lineages.

Host plant interactions are considerbne ofthe critical factors driving the speciation
and diversification of phytophagous insects (Jaenike, 128t & Nylin, 2008 Hardy & Otto,
2014). Some hypotheses on patterns and mechanissaspeciation between herbivorous insects
and their host plants have been tested in recent years using butterflies as a model system. These

include testing of the oscillation hypothesis where speciation is drivéimebgscapandradiate
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hypothesis that njar host plant shifts can facilitate a burst of diversification driven by their arrival
to a new adaptative zone (Ehrlich & Raven, 196drdyce 2010; Kaczvinsky & Hardy, 2020
musical chairs hypothesis where speciation is driven by-giast switchingwithout major
changes in niche breadth (Schluter, 2000; Hardy & Otto, 2014 hastglant generalists giving
ri se to specialist daughter species (Hardy &
discovered an appropriate method and model to tegidtierns of speciation between host plants
andLiriomyzaspecies due to the existence of extremely polyphagous species atisaapling
limitation, and the absence of host records.

Apart from host plantgeographic distribution may also contributetie patterns of
speciation and diversification of leafminer flies. In the current stadstorical biogeography
analysissuggests thdtiriomyzaoriginated in the Nearctic, then diversifiadd spreathroughout
the world Becaus@ur samplings biasedoy inclusion of mostly Nearctic taxa atroevolutionary
tess based on thessubsampledirees are best seen as provisioidlus,increasing taxonomic
sampling outside the Nearctic would be an important next step to improvayzad s dev el opi r
macroevdutionary framework. To better delimit boundary and species groupssafenusit will
be alsogood to sample thebasal lineages and outgroupsch asGaliomyza Xeniomyza
Haplomyza Pseudoliriomyzaand themissingLiriomyzaspecies groups such egreifemorata
congestaandequisetj etc, as well agnorespeciedrom thehieracia, trifolii, pusilla, brassicae
andt he undefi ned nkgurp B). Efsuringeadequate @aresarBplisgnore
challengingsincemuch of the diversity of the genugiomyzaremains unknownmoreovernew
Liriomyza species and host recordse still being found in all regions (Eiseman et al., 2021,

Carapelli et al.,, 2018)owever, itwill be betterto add moreLiriomyza species reared from
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damaged host plants to improve the cophylogeny betWigemyzaspecies and their host plants
in the future.
CONCLUSION

In summary, we used anchored hybrid enrichment to capture thousands of loci for
phylogenomic analyses afriomyzaleafminers. Phylogenetic relationshipsLaiomyzaspecies
are wellsupported by distinct types of phylogenomic data and alternative phylogenetic methods.
Most ofthemorphological groups and clades/nodes defined are highly congruent with the
lineages on the tree and are fully supported by the tree estimates. A small nulribemyiza
species are polyphagous utilizing a wide range of host plants that are phylogerditicadly
And there are no phylogenetic components explaining the hostysiamifLiriomyzaspecies.
Liriomyzagrouplikely originates in the Nearctic Region, diversifidue to dispersal and
vicariance events, and then spread across the world. This study not only provides a robust, well
supported phylogenetic framework but atsongs basic insights into the evolution of host

repertoire and geographic history.
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Table 3. Collection and sequencing information for 104 specimens used

DNA code Species ID Collection locality Raw reads No. of loci
Mtu223 L. arnaudi U.S.A: Utah pair 246
AG1610 L. asclepiadisl U.S.A: Maryland pair 78
CSE5502 L. asclepiadis2 U.S.A: Minnesota: Fillmor€o.: Rushford: Magelssen Bluff Park  pair 434
JL14 L. baccharidisl USA: California: SarLuis Obispo Co. Montana de O8tate Park  pair 768
AG2016 L. baccharidis2 U.S.A: California: new Lake Alpine pair 334
AG1635 L. baptisiael U.S.A: New Hampshire pair 858
AG1636 L. baptisiae?2 NA pair 81
AG1637 L. baptisiae3 NA pair 78
CSE6562 L. blechil U.S.A: Massachusetts: Hampshi®. Florence: Mill River pair 162
AG1921 L. blechi2 U.S.A: Maryland: Howard County pair 130
CSz4971 L. blechi3 U.S.A: Michigan: Washtenaw: Ann Arbor: 2200 Centennial Ln  pair 83
D0010 L. blechi4 U.S.A: Maryland pair 54
JLO2 L. brassicael  U.S.A: North Carolina pair 724
JLO3 L. brassicae2  U.S.A: North Carolina pair 724
IL16 L brassicae3 USA:. Michigan: MSU Student Organic Farm and Organic Farme pair 737
Training Program
LA2 L. brassicae4  U.S.A: North CarolinaRaleigh: King village garden pair 861
AGO174 L brassicaes U.S.A: Maryland: Prince George's County: Patuxent Wildlife Refi pair 43
Central Tract Impoundment Area
AG0234 L. bryoniael Germany pair 31
AG2171 L. bryoniae2 Israel: Kibbutz Sa'ad pair 520
CSE5810 L. carphephorl U.S.A: Massachusetts: Frankl@o.. Barton Cove Gill pair 130
CSE4926 L. carphephor? U.S.A: NorthCarolina: WakeCo.: Morrisville: Lake Crabtree pair 46

County Park
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U.S.A: Utah: American Fork Canyon nr Timpooneke

Mtuao4 L. charada Trail Meadow below Giant Staircase site pair 253
AG2162 L. chenopodii New Zealand: Birdlings Flat, Banks Peninsula pair 858
AG2183 L. chinensis Indonesia: Brebes Central Java pair 73
AG2160 L. citrifermorata New Zealand: Auckland: 97 Astley Avenue New Lyn pair 791
AG0168 L. clianthi New Zealand pair 326
CSE6010 L. commelinae U.S.A: Florida: Lake Worth Palm Beach pair 146
AG0689 L. congesta India: Jaipur Rajasthan pair 905
AG1284 L. cordillerana U.S.A: Idaho: Boise National Forest Boise County  pair 600
AG1168 L. edmontonensis U.S.A: Utah: Mt. Timpanogas Guard Station pair 457
AG1591 L. eupatoriellal U.S.A: Minnesota: University of Minnnesota pair 78
AG2518 L. eupatoriella2 NA pair 844
D0001 L. eupatoriil USA: Maryland: Calvert County pair 404
C2431 L. eupatoriilO NA pair 353
C2432 L. eupatoriill NA pair 521
C2433 L. eupatoriil2 NA pair 275
C2434 L. eupatoriil3 NA pair 427
C3060 L. eupatoriil4 NA pair 386
AG1920 L. eupatorii2 U.S.A: Maryland: Howard County pair 205
D0020 L. eupatorii3 USA: Maryland: Howard County: Middle Patuxent pair 392
Enviroment Area Meadow
JL01 L. eupatorii USA: No_rth Carolina: Raleigh: NC State University: pair 807
Centenniatampus
CSES410 L. eupatoriis U.S.A: Michigan: Marquette: Powell: Ives Lake pair 129
CSE5457 L. eupatorii6 U.S.A: Michigan: Marquette: Powell: Huron Mountair pair 118
C2280 L. eupatorii7 NA pair 669
C2321 L. eupatorii8 NA pair 568
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AG1961 L. flaveola United Kingdom: Gwenedd County: CogeBrenin Forest Park pair 625
AG1590 L. fricki U.S.A: Minnesota: Grass Lake pair 76
CSE5495 L. galiivora U.SA: Wisconsin: BuffaldCo.. Alma: S1287 WA88 (O'Connor farm) pair 202
AG1162 L. graminaceae U.S.A: Utah: Mt. Timpanogas pair 328
AG2389 L. huidobrensis1 Peru: Junin: Huancayo pair 170
AG1632 L. huidobrensis2 South Africa pair 46
AG1445 L. langeil U.S.A: California: San Mateo County: Highway 1, Halfmoon Bay pair 271
AG1633 L. langei2 U.S.A: California pair 108
CSE6298B L. limopsis U.S.A: Massachusetts: Hampshire: Pelham: 88 Arnold Rd. pair 648
AG1352 L. lupinellal U.S.A: California: Bodega Bay: Bodega Bay Marine Station pair 522
JLO7 L. lupinella2 USA: California: Los Osos: Camp Keep pair 513
JL20 L. lupinella3 USA: California: Los Osos, Camp Keep pair 879
AG2015 L. lupinil U.S.A: California: Lake Alpine pair 24
AG2022 L. lupini2 U.S.A: California: Calaveras County pair 771
AG1638 L. mattyil U.S.A: Maryland pair 45
D0016 L. mattyi2 U.S.A: Maryland pair 91
AG1931 L. mattyi3 U.S.A: Maryland: Howard County: Middle Patuxent Enviroment Ai pair 634
Trotter Rd., meadow
D0021 L. mattyi4 USA: Maryland: Howard County: Middle Patuxent Envirea Meadow pair 555
D0025 L. mattyi5 USA: Maryland: Howard County: Middle Patuxent Envir. Area Meadc pair 364
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MTU222 L. minor U.S.A: Utah: Utah County pair 525
AGO0353 Lirlomyza n.sp. Ecual Ecuador pair 252
AG1634 '(';golr;'yza n.sp. Ecuaz o ador pair 895
AG2040 Liriomyza n.sp. Ecua3 Ecuador: Carchi pair 200
AG2158 Lirlomyza n.sp. NZ (sp. 2) New Zealand: Auckland: Waitakere City pair 911
AG2123 Liriomyza nr. flavonigra U.S.A: Utah County pair 416
S U.S.A: North Carolina: Wak€o.: Morrisville: Lake .
CSE6385 L. orilliensis Crabtree County Park pair 602
LPH1 L. philadelphivoral CanadaOttawa: Central Experimental Farm pair 93
AG1212 L. philadelphivora2 U.S.A: New York pair 707
: : U.S.A: North Carolina: Wake County: Morrisville: .
CSE4935 L. philadelphivora3 Lake Crabtree County Park pair 611
CSE6040 L. pilicornis U.§.A: Wisconsin: Buffalo: Alma: S1287 \AB8 pair 719
(O'Connor farm)
: U.S.A: Maryland: Howard Countyiddle Patuxent .
AGO724 L. ptarmicael Environmental Area, Trotter Rd. pair 28
Agak5 L. ptarmicae?2 U.S.A: Alaska: Fairbanks North Star Borough pair 880
AG2038 L. guadrata Ecuador: Carchi pair 58
AG1468 L. sativael U.S.A: California: Imperial pair 791
PH1390 L. sativae2 Philippines: Ifugao pair 807
CS75914 L schmidti U.S.A: North_ Carpllna: Scotland: Laurinburg: St. pair 462
Andrews University
AG1437 L. septentrionalisl U.S.A: California: San Mateo County pair 822
C2710 L. septentrionalis2 NA pair 451
JL21 L. septentrionalis3 USA: LA county, Monrovia pair 478
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Table 3(continued)

U.S.A: Utah: Utah County: Mount Timpanogos:

Mtu320 L. septentrionalis4 Timpooneke Guard Station pair 33
CSE6351A Liriomyzasp.3 U.S.A: North Carolina: Durham: PelhaRoad pair 379
JLO8 Lirlomyzasp.4 USA: California:Los Osos, Camp Keep. pair 430
JL10s Liriomyzasp.5 USA: California: San luis Obispo Co.Estero Bluffs S.P. pair 131
IL13 Liriomyzasp.6 USA:California:San luis Obispo Co. Los Osos Oaks Ste pair 542
Reserve
AG0261 L. subasclepiadisl U.S.A: Maryland: Howard County pair 510
AG1611 L. subasclepiadis2 U.S.A: Maryland: Woodnote Lane Columbia pair 76
U.S.A: Utah: Utah County: Mouritimpanogos: :
AG1160 L. temperata Timpooneke Guard Statign panog pair 544
AG1621 L. trifoliearum1 U.S.A: NewYork: Suffolk St. pair 71
AG1624 L. trifoliearum2 U.S.A: NewYork: Albany St. pair 820
D0013 L. trifoliearum3 U.S.A: Maryland pair 182
AG1504 L. trifoliil U.S.A: California: Ventura pair 817
LNY2 L. trifolii2 U.S.A: NewYork pair 815
AG1551 L. trifolii3 U.S.A: California: Monterey pair 858
AG2156 L. urticae New Zealand: Banks Peninsula pair 835
MTU368 L. veluta U.S.A: Utah: Utah County pair 320
AG1604 L. violivora NA pair 79
AG1959 Metopomyzdlavonotata United Kingdom: Cwydyr Forest, nr Betvwscoed pair 550
AG0243 Metopomyzacutellata  U.S.A: Maryland: Patuxent Wildlife Refuge North Tract pair 557

Notes:No. of loci: number of nucleotide lodNT: Specimensnarked bybold fontshavethe highest loci numbexf all other

specimens from the same specagjwereused for downstream phylogenetic analysis. NA: not available for collection information.
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No. of

: Data No.of Taxa(%) LPL No.of Trimmed or
Supermatrix Dataset type CSL (bp) }(c))é?l loci used perlocus (bp) taxa filtered? PM
| 1 nt 767,703 1,025 523 039% 13>O 104 No ML
2 nt  1,142.925 1351 956 O 4509 13>o 55  No ML
) S Yes, trimmed with
3 nt 1,142,925 1,351 956 O 45079 55 0.75 cutoff ML
130
threshold
) S Yes, trimmed with
4 nt 1,142,925 1,351 956 O 4509 55 0.65 cutoff ML
130
I threshold
5 nt 1,142,925 1,351 524 O 600 30>0 55 No 2]
6 nt 1,142,925 1,351 1015 5(% 55 No ASTRAL
o Yes, remove the
7 nt 1,142,925 1,351 932 55 taxa with less than ASTRAL
500 .
500 bp in each locu:
11 8 aa 1,006,333 2,972 1,683 >58% >44 55 No ML

Notes:CSL: concatenated sequence length; LPL: length per partitioned locus; PM: phylogenetic methadeotide; aa: amino

acid; ML: maximum likelihood analysis; Bl: Bayesian inferenceot limited.
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Table 5. Topological comparisons of phylogenies using three rooted metrics and their corresponding nosmalerdg metrics

TT to  TT_ to_ RE RF_ to. RF_to_ MC MC to_ MC_to_

Treel Tree2 TT Yule Unif Yule Unif Yule Unif

NTML  AAML 59 0.0034 0.0034 2 0.0379  0.0378 32 0.0801 0.0574
NTML Bayes 62 0.0085 0.0(6 2 0.0879  0.0378 33 0.0826  0.0692
NTML  ASTR 24 0.0014 0.0014 4 0.0758  0.0757 20 0.0501 0.0359
AAML Bayes 5 0.0003 0.0@03 2 0.0879  0.0378 5 0.0125 0.0090
AAML ASTR 83 0.0047 0.0048 6 0.1137 0.1135 52 0.1302 0.0933
Bayes ASTR 78 0.045 0.045 4 00758 0.0757 47 0.1177 0.0844

Notes:NTML and AAML mean that phylogenetic trees were built with concatenated maximum likelihood tree using untrimmed
nucleotide and amino acid alignments, respectively. Bayes: phylogenetic tree was reconstructed using Bayesian infecence metho
ASTR: coalescent spies tree was summarized using ASTRIL TT: Triplesmetric;TT_to Yule and TT_to_Unif: average

normalizel Triplesmetric valuesiccording to the Yule and Uniform models, respectively. RF: RobiRsatds metric based on
clustersRF_to_Yule and RF_to_Unif: averagenormalizel RF metric valuesccording to the Yule and Uniform models,

respectivelyM C: MatchingCluster metricMC _to_Yule and MC_to_Unif: averagenormalizel MC metric valuedased on the

Yule and Uniform models, separateyhen theaverage normalized similarity metrics are close tsuggesting thgtairs of

phylogenetic trees are more congruent and consisténtree topologies



Table 6. Morphological features shared by each species group defined bgauthor

Morphological species group

Feature

blechigroup

flaveolagroup

galiivora NEW group

1) Pale colourationscutumstriped,;

2) Modification of spines on surstylus and epandrium;

3) Hypophallus with twestackedayers of sclerotization;

4) Distiphallus tubules partially fusesdtout, broad apically with
numerous minute internal spinules;

5) Ejaculatory apodeme very large, rounded pale, with sides of
sclerite on sperm pumyery dark and prominent

1) Abdominal dorsal stripe narrowed medially;

2) Lossof spineon epandrium

3) Surstylus spine paler, more séilee, sometimes absent;

4) Surstylus reduced, weakly sclerotized, uncommonly absent (i
absent as postulated by Zlobin);

5) Phallapodeme curved;

6) Hairs of hypandrium long, floating on membranoudace (not
attached to a common sclerite);

7) Mesophallus with extension to base of hypandrial hairs;

8) Ejaculatory ductvith swollen section sinuate;

9) Basiphallus strongly produced distally along both sides with
margins irregular;

10) Distiphalluspipe-shapedincorporatingweakly differentiated
mesophallus;

11) Tubules of distiphallugenclosed in apical cumarrow with
broad base

1) Surstylus with 3 spines, one of which is shifted posteroventra
2) Basiphallusabbreviated;

3) Mesophallus narrow;

4) Distiphallus bulbous

85



Table 6 (continued)
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hieracii group

1) First flagellomere sometimes with long hairs (more analysis
needed for this character);

2) Surstylus darker, often widest apically;

3) Dark sclerotizedbar with at least one spine present on inner
surface of epandrium;

4) Epandrium longer ventrally, subtriangular in profile;

5) Hypophallus withhairs on hypophallus humerous and more
extensively distributehot few and terming|

6) Basiphallis with distal extensions of relatively long and broad;
7) Mesophallus narrow, dark, long;

8) Distiphallus short, narrowing to base (ventral view) and with
short fAstemo (lateral view)

morio group

clianthi/urticae group

1) Scutellum entirely dark;

2) Hypophallus witHateral sclerotized sheets on anterior surface
3) Swollen apical section of ejaculatory duct constricted at end
(converged upon elsewhere);

*Note: The name of this group is only tentatively applied here.
While L. moriodoes agree with the above descriptivhich
includes a number of uncommon characters, more species in tt
group need to be studied to provide more confidence in its limit:

1) Mesophallus and distiphallus fuseaiddistiphallus an upturne
chamber (convergent with lineage including asclepiadi$
2) Distiphallus (ventral view) with chamber abruptly widened at t
and narrowing apically;
3) Basiphallus narrow, either wrapping from left to right side, or v
apex &ruptly widened (poor character?)




Table 6 (continued)

strigatagroup

1) Long membranous space present between basiphallus and
mesophallus;

2) Distiphallus short, bifid;

3)Di sti phall us wi t possiblipdevided betwben
separatéubules;

4) Ejaculatory apodeme relatively smaltlerite on sperm pump
broad, bowdshaped (poor character?)

pusilla/trifolii group

brassicaggroup

1) Surstylus with only one spine;

Note: The application of gro

cannot be applied with much confidence at the moment as the

characters defining the groups putatively outlined here are too f
and simple. The species on Node 8 are also particularly nusner«
and diverse, likely necessitating heavier sampling. Additionally,
maj or | ineage, the fAUndefine

characters, and includéstaraxaci which is heavily supported as
belonging to the hieracii group based on morphologcaience.

1) Mesophallus and distiphallus fused,;

2) Distiphallus darker, subcylindrical (secondarily swollen);

3) Distiphallus with distal margin reinforced by one pair of small
narrow Gshaped sclerites (reduced to absent in lineagéaining
L. lupini andL. lupinella);

4) Lateral margin o$clerite on sperm punthickened and straight
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Table 7. Morphological features shared by each node defined by our coauthor on the phylogeny in this study

Node Inclusion Feature
Node 1 All ingroup species covered The ejaculatory duct with distally swollen and pigmented
Node 2 ExclusivelvL. violivora () Loss of a spine on the surstyl@® paraphallus fused ventromediall
Yt to mesophallus
. : (i) Left distal margin obasiphallus elongated; (ii) hypophallus with
Node 3 {legli';% arlz)ﬁpe;rﬁstﬁrrggzs :z:(iceespt for narrow sclerite bearing hairs apically; (iii) distiphallus with a basal
undefinedgb species roups Abowl 06 encl osing base of tubul
ysp group continues alonghe mesophallus
Node 4 L. philadelphivoraspecies anflaveola (i) A narrowdorsalabdominal stripg(ii) basiphallus withdistal margins
species group greatly extended
Node 5 Ié.rct)lif)stlsm&spemes antlieracii species Paraphallus small, narrowitgated ventromedially on distiphallus
Node 6 hieracii species group e>_<(_:lusmg a siste Paraphallus absent
groupL. limopsisandL. pilicornis
Node 7 Strlgaf[agroup,pusnla/trlfoln groun Paraphallughairshaped
brassicaggroup, and an undefined grou
usillatrifolii aroun. brassicaeirou (i) Mesophallus (lateral view) with ilefined venter(ii) distiphallus
Node8 gnd an undefignedp’rou egroup. simple, cupshaped, usually enclosing small tubules that may e ill
group defined to absent
Node 9 Q‘Spl;?gﬁgl?;d group except far Surstylus withspines shifted medially to basally
Node 10 brassicaegroup without... baccharidis Distiphallus with apical chamber short and swollen

andL. brassicae
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A sister grouping ok. lupinellaandL.

Node 11 e
lupini

Distiphalluswith apicalchamber greatly swollen

Node 12 L. subasclepiadisister toL. asclepiadis Distiphalluswith very shallow apical chamber
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Scientific Author (s) & Host plant (Order: Family) Distribution Reference
species Year
L. arnaudi Spencer, 1981 unknown Nearctic: USA Lonsdale, O., 2011

L. asclepiadis

L. baccharidis

L. baptisiae

L. blechi

L. brassicae

Spencer, 198¢ Gentianales: Apocynaceae

Spencer, 196¢ Asterales: Asteraceae

(Frost, 1931) Fabales: Fabaceae

Spencer, 197Z Boraginales: Boraginaceae;

(Riley, 1885)

Gentianales: Loganiaceae; Lamiales

Acanthaceae, Phrymaceae,

Plantaginaceae, VerbenaceBeales:

Poaceae

Nearctic: USA; CA

Nearctic: USA, CA;
Neotropical:
Colombia, Venezuele
Nearctic: USA, CA

Nearctic; Neotropical

Polyphagous; Asterales: Asteraceae Cosmopolitan

Apiales: Apiaceae; Brassicales:

Brassicaceadapparaceae,

Resedaceae, Tropaeolaceae;
Caryophyllales: Caryophyllaceae;
Fabales: Fabaceae; Ranunculales:

Ranunculaceae; Lamiales:

Verbenaceae; Zygophyllales:

Zygophyllaceae

Spencer, K.A., 1990;
Lonsdale, O., 2017; GBIF
database

Spencer, K.A., 1990;
Lonsdale, O., 2017; GBIF
database

Eiseman, C., 2019; Lonsdal
0., 2011

Spencer, K.A., 1990;
Lonsdale, O., 2017;
Eiseman, C., 2019; Eisemat
et al., 2021; GBIF database

Spencer, K.A., 1990;
Lonsdale, O., 2011;
Lonsdale, O., 2017; GBIF
datbbase
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Table 8(continued)

L. bryoniae (Kaltenbach, 1858) Polyphagous; Apiales: Palearctic Spencer, K.A., 1990;
Apiaceae; Brassicales: GBIF database
Brassicaceae, Capparacea
Caryophyllales:

Amaranthaceae,
Caryophyllaceae; Cornales
Loasaceae; Cucurbitales:
Cucurbitaceae; Ericales:
Polemoniaceae; Fabales:
Fabaceae; Gentianales:
Gentianaceae; Lamiales:
Lamiaceae,
Scrophulariaceae,
Verbenaceae; Malpighiales
Euphorbiaceae; Solanales:

Solanaceae

L. carphephori Eiseman, Lonsdale & Asterales: Asteraceae Nearctic: USA Eiseman et al., 2019.

Feldman, P19

L. charada Lonsdale, 2017 Dipsacales: Adoxaceae Nearctic: CA Lonsdale, O., 2017

L. chenopodii* (Watt, 1924) Caryophyllales: Australian: New Zealand Thorpe, S., 2020; GBIF
Amaranthaceae, database; Field
Caryophyllaceae collection

L. chinensis* (Kato, 1949) Dioscoreales: Alliaceae Oriental: Indonesia (Fielc Spencer, K.A., 1990;

collection) GBIF database
L. citrifermorata* - Unknown Australian: New Zealand Field collection
L. clianthi* (Watt, 1923) Fabales: Fabaceae, Galege Australian: New Zealand Spencer, K.A., 1990;

GBIF database
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L. commelinae (Frost, 1931) Commelinales (monocots): Nearctic: USA Eiseman C., 2019
Commelinaceae
L. congesta* (Becker, 1903) Fabales: Fabaceae Afrotropical: India (Field Spencer, K.A., 1990;
collection) GBIF database
L. cordillerana Sehgal, 1968 Poales: Poaceae Nearctic: USA, CA, Eiseman, C., 2019;
Mexico Lonsdale, O., 2017;
GBIF database
L. edmontonensis* Spencer, 1969 Unknown Nearctic: USA (Field GBIF database
collection)
L. eupatoriella Spencer, 1986 Asterales: Asteraceae Nearctic: USA Eiseman, C., 2019
L. eupatorii (Kaltenbach, 1874) Asterales: Asteraceae; Nearctic; Palearctic Spencer, K.A., 1990;
GentianalesApocynaceae; Lonsdale, O., 2011;
Lamiales: Lamiaceae Eiseman et al., 2021,
GBIF database
L. flaveola (Fallen, 1823) Poales: Poaceae Nearctic; Palearctic Spencer, K.A., 1990;
Lonsdale, O., 2017;
GBIF database
L. fricki Spencer, 1965 Fabales: Fabaceae Nearctic: USA, CA Spencer, K.A., 1990;
Lonsdale, O., 2011,
Eiseman & Lonsdale,
2018; GBIF database
L. galiivora (Spencer, 1969) Gentianales: Rubiaceae Nearctic: USA, CA; Lonsdale, O., 2017;
Palearctic: Germany Lonsdale, O., 2021
L. graminacea Spencer, 1981 Unknown; likely Poaceae Nearctic: USA Lonsdale, O., 2011
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L. huidobrensis Blanchard, 1926

Polyphagous; Apiales: Apiaceae;
Asparagales: Iridaceae; Asterales:
Asteraceae, Campanulaceae,
Goodeniaceae; Boraginales:
Boraginaceae; Brassicales:
Brassicaceae, Tropaeolaceae;
Caryophyllales: Amaranthaceae,
Aizoaceae, Basellaceae,
Caryophyllaceae, Plumbaginaceae;
Cucurbitales: Cucurbitaceae;
Dipsacales: Valerianaceaejdales:
Balsaminaceae, Polemoniaceae,
Primulaceae; Fabales: Fabaceae;
Geraniales: Geraniaceae; Lamiales:
Acanthaceae, Lamiaceae,
Scrophulariaceae, Verbenaceae;
Liliales: Liliaceae; Malpighiales:
Euphorbiaceae, Violaceae; Malvales:
Malvaceae; Oxalidales: @kdaceae;
Poales: Poaceae; Ranunculales:
Ranunculaceae, Papaveraceae;
Solanales: Convolvulaceae, Solanace

Cosmopolitan

Eiseman, C., 2019;
Lonsdale, O., 2011;
GBIF database
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L. langei Frick, 1951 Polyphagous; Apialeg\piaceae; Asterales:
Asteraceae; Boraginales: Boraginaceae;
Brassicales: Brassicaceae; Caryophyllales
Amaranthaceae, Caryophyllaceae;
Cucurbitales: Cucurbitaceae; Dipsacales:
Valerianaceae; Ericales: Primulaceae;
Fabales: Fabaceae; Liliales: Liliaceae;
Malpighiales: Linaceae, Violaceae,
Turneraceae; Solanales: Convolvulaceae,
Solanaceae

Nearctic

: USA

Eiseman, C., 2019;
Lonsdale, O., 2011; GBIF
database

L. limopsis Lonsdale, 2017 Asterales: Asteraceae

L. lupinella Spencer, 1981 Fabales: Fabaceae

L. lupini Spencer, 1981 Fabales: Fabaceae

L. mattyi* - Unknown
L. minor Spencer, 1981 Asterales: Asteraceae

Nearctic

Nearctic:

Nearctic:

Nearctic
Nearctic

: USA, CA

USA

USA

: USA
: USA, CA

Lonsdale, O., 2017;
Eiseman &_.onsdale., 2019
Spencer, K.A., 1990;
Lonsdale, O., 2011; GBIF
database

Spencer, K.A., 1990;
Lonsdale, O., 2011; GBIF
database

Field collection

Lonsdale, O., 2017
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Liriomyza nr. - Unknown Nearctic: USA Field collection
flavonigra*
L. orilliensis Spencer, 1969 Asterales: Asteraceae Nearctic: CA Lonsdale, O., 2017; Eiseman et

L. philadelphivora

L. pilicornis
L. ptarmicae

L. quadrata*

Spencer, 1969

Lonsdale, 2017
Meijere, 1925

Malloch, 1934

Cornales: Hydrangeaceae

Santalales: Santalaceae
Asterales: Asteraceae

Solanales: Solanaceae

Nearctic: USA, CA

Nearctic: USA, CA
Nearctic: USA, CA;
Palearctic: Europe

Neotropical: Ecuador
(Field collection)

al., 2021

Spencer, K.A., 1990; Lonsdale,
0., 2017; Eiseman, C., 2019
Lonsdale, O., 2017

Spencer, K.A., 1990; Benavent
Corai et al., 2005; Lonsdale, O.,
2011; Eiseman & Lonsdale 201¢
https://agromyzidae.linnaeus.na
ralis.nl/linnaeus_ng/app/views/s|
ecies/nsr_taxon.php?id=57053&
pi=55
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L. sativae

Blanchard, 1938

Polyphagous: Apiales: Apiaceae; Asterales: Cosmopolitan
Asteraceae; Brassicales: Brassicaceae,
Capparaceae, Moringaae, Tropaeolaceae;
Caryophyllales: Amaranthaceae,
Caryophyllaceae, Polygonaceae; Cucurbital
Cucurbitaceae, Datiscaceae; Dioscoreales:
Dioscoreaceae; Dipsacales: Dipsacaceae;
Ericales: Polemoniaceae; Fabales: Fabacee
Lamiales: Bignoniaceae,Lamiaceae,
Olacaceae, Plantaginaceae, Scrophulariace
Verbenaceae; Liliales: Liliaceae; Malpighiale
Euphorbiaceae, Passifloraceae; Malvales:
Malvaceae; Myrtales: Onagraceae; Poales:
Poaceae; Ranunculales: Ranunculaceae;
Sapindales: Sapindaceae; Solanales:
Convolwlaceae, Solanaceae; Zygophyllales
Zygophyllaceae

Spencer, K.A.,
1973; Spencer,
K.A., 1990;
Lonsdale, O., 2011;
GBIF database

L. schmidti

(Aldrich, 1929)

Polyphagous; Alismatales: Alismataceae;  Nearctic: USA
Apiales: AraliaceaeCaryophyllales:

Nyctaginaceae; Cycadales: Zamiaceae;

Ericales: Sapotaceae; Fabales: Fabaceae;

Gentianales: Apocynaceae, Gelsemiaceae,

Rubiaceae; Liliales: Smilacaceae;

Magnoliales: Annonaceae; Malpighiales:

Euphorbiaceae, Passifloraceae; Piperales:
Aristolochiaceae; Rosales: Rhamnaceae;

Sapindales: Anacardiaceae; Vitales: Vitacee

Eiseman et al.,
2019; GBIF
database; ITIS
database
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L. Sehgal, 1968 Poales: Poaceae Nearctic: Spencer, K.A., 1990
septentrionalis USA, CA Lonsdale, O., 2011;
GBIF database
Liriomyza sp.1* - Solanales: Solanaceae Neotropical: Field collection
Ecuador
L. Spencer, 198t Fabales: Fabaceae; Gentianales: Apocynaceae Nearctic: Spencer, K.A., 1990
subasclepiadis USA GBIF database
L. temperata Spencer, 198t Unknown Nearctic: Lonsdale, O., 2021;
USA, CA GBIF database

L. trifoliearum

L. trifolii

Spencer, 197:

Burgess, 188(

Brassicales: Cleomaceae; Fabales: Fabaceae; Lami
Lamiaceae; Malvales: Malvaceae; Solanales:
Solanaceae

Polyphagous: Apiales: Apiaceae; Asparagales:
Iridaceae; Asterales: Asteraceae, Campanulaceae,
Goodeniaceae; Brassicales: Brassicaceae, Cappara
Tropaeolaceae; Caryophyllales: Amaranthaceae,
Basellaceae, Caryophyllaceae, Polygonaceae,
Portulacaceae; Cucurbitales: Cucurbitaceae; Dipsac
Valerianaceae; Ericales: Balsaminaceae,
Polemoniaceae, Primulaceae; Fabales: Fabaceae;
Gentianales: ApocynaceaLamiales: Lamiaceae,
Plantaginaceae, Scrophulariaceae, Verbenaceae,
Acanthaceae; Liliales: Liliaceae; Malpighiales:
Euphorbiaceae, Passifloraceae, Turneraceae; Malve
Malvaceae; Piperales: Piperaceae; Poales: Poaceae
Typhaceae; Ranunculales: Ranulaceae; Rosales:
Rosaceae; Sapindales: Anacardiaceae; Sapindales:
Sapindaceae; Solanales: Convolvulaceae, Solanace
Zygophyllales: Zygophyllaceae

Nearctic:
USA, CA

Cosmopolitan

Lonsdale, O., 2011;
Eiseman &
Lonsdale, 2018;
GBIF database
Spencer, K.A.,1990;
Lonsdale, O., 2011;
GBIF database
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L. urticae* (Watt, 1924) Rosales: Urticaceae Australian: New Zealand Field collection

L. veluta Spencer, 1969 Unknown Nearctic: CA Lonsdale, O., 2017;
GBIF database

L. violivora (Spencer,1986) Malpighiales: Violaceae Nearctic: USA, CA Lonsdale, O., 2017

Liriomyza_sp.2* - Solanales: Solanaceae Australian: New Zealand Field collection

Liriomyza_sp.3* - Asterales: Asteraceae Nearctic: USA Field collection

Liriomyza_sp.4* - Unknown Nearctic: USA Field collection

Liriomyza_sp.5* - Unknown Nearctic: USA Field collection

Liriomyza_sp.6* - Unknown Nearctic: USA Field collection

Notes:theseliriomyzaspecies above are covered in this study, and corresponding host plant records are gathered from the
publications and website database as well as field colleetibast plant records are not applicablelfsromyzaspecies; Species
marked in * means #t the distribution ranges for these species are based on the field collection information; Species marked by #
indicate outgroups (nehiriomyzaspecies); The distribution ranges for remaining species without * and # gathered from the

publications and wedite databases listed in the column of references.
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Figure 14. Distribution of collectiorsitesfor 104 specimensboveon theworld mapcreated

using QGIS

Each green dain the mapepresers specimen collection from one country or one State in

U.S.A.
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Figure 15. Maximum likelihood cladogram dfiriomyzaspecies.

Tree topologies in ML analysis were generated using concatenated nucleotide alignments
(Dataset 2). All the support values produced from different datasets and distinct phylogenetic
methods equab or greater than 0.95 were shown one filled green squmtieeonodes. The

colors on the squares represent the different support levels. The white square represents no
support from the corresponding phylogenetic analysis. Bootstrap support values in the first two
squares represent SHRT and UFBoot generated B9-TREE using concatenated nucleotide
alignments, and the values in the middle two squares also indicea&SHand UFBoot

produced from concatenated amino acid sequences. The last two squares represent posterior
probabilities separately generated by Bage inference using partitioned nucleotide loci and by
coalescent summatyased approach using a set of gene trees produced fraiRER program

with filtered nucleotide loci.
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Figure 16. Hostplant familyfed by tre percentage of samplediomyzaspecies in this study.
X-axis represents the percentagéiofbomyzaspecies feeding on the corresponding host plant
family. Y-axis indicates the host plant family. Each bar represents one host plant family fed by
thecorresponding percentageldfiomyzaspecies. Plant families within the same color bar are

belonging to the same host plant order.
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Figure 17. Cophylogeny betweehiriomyzaspecies (left) and host plant (right)

Colorful solid lines show the connections betwegromyzaleafminers and their host plants.
Each terminal tipn theLiriomyzaphylogeny represents species levdlimomyza and each
tip on the hosplant phylognyindicates the hogtlant family and ordeliriomyzaspecies
marked by red rectangles have been recordéeiag trulypolyphagusbased on the
publications (Spencer, 1990; Lonsdale, 20M@rphological species groups were marked on
the phylogeny otiriomyzausingnumerical romamumbers as followd: flaveolaspecies
group; Il: hieracii specieggroup; lll: galiivora speciegyroup; 1V: morio speciegroup; V:
clianthi/urticaespeciegroup; VI:strigataspeciegroup; VII: pusilla/trifolii speciegroup;

VIII : brassicaespeciegroup.General and broad angiosperm plant clades based on
angiosperm phylogeny websiteatt{p://www.mobot.org/MOBOT/research/APwgbhere

shown using theapitalalphabetidetterson hostplant phylogenyThe details are irhe
following: A: Asterids;B: Rosids;C: monocotsD: magnoliids;E: eudicots F: angiosperm.
Additionally, aLiriomyzaleafminer species is considered monogmhesif it has been recorded
from only a single host plant familg this study, regarded as abdighagous if it has been
recorded from more than one closely related host plant families, and other cases are considered
as polyphagous. In order to distinguish highly polyphadaiusmyzaspecies, we depict the

leafminer species that feed on fewer thame fphylogenetically distant host plant families as

slight polyphagy.
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Figure 18. Historical biogeography analysis usitigg DIVALIKE model implemented in
programRASP.

Coloredbarsillustrated on the legend refer to the most likely ancestral biogeagnaggon.
Color proportions of the pie chart on each node indicate the propaibibachancestrategion
recovered by RASP. Six biogeographic regions were divagieidshown on thevorld map A
pink circle surroundinghe pie chart indicates dispersal event th@tossibly occurred, while

green circle suggestsvicariance event occumevith a certain probability.
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Figure 19. Densitregproduced from 14 most informative nuclear gefoesthe left)on

Densitree PrograrfBouckaert, 2010and coalescent species tree (on the rigintymarized
from hundreds of gene trees using ASTRILprogram
Each colored rectangular box represents deciacluding the same species between Densitree

and coalescent species trB&ie on the Densitree indicates the consensus tree
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CHAPTER 3. Population phylogenomics and hosassociatedgeneticdifferentiation in the
polyphagous leaf miner Liriomyza trifolii (Burgess) (Diptera: Agromyzidae)
INTRODUCTION

There are a variety of factors contributing to genetic variation among natural populations
such as geographical isolation, ecological divergence, environnfigettais,and climate
change. Ecologicalspecializatiorhas been consideredmajorfactorthat can shapgenetic
differentiationin natural populationéRundle & Nosil, 2005). In recendiecades, research on
ecological pecializationof herbivorous insectsasshownthat host plantsanplay a significant
role in the process of genetic differentiation and diversification (Ehrlich & R4@&4;
Berlocher & Feder, 2002; Dres & Mallet, 20@ethenod et al., 2005). Divergent selection on
different host plants may result in adaptative traits that are responsible for reproductive isolation
among hosassociated populations (Feder et al., 1993; Nosil & Crespi, 2006). If reproductive
isolation B maintained, this procesan drivethe formation of genetically distinct hest
associated lineages or host raagseven sibling speci€biehl & Bush 1984; Bernays 1991;
Carroll & Boyd 1992; Pappers et al. 2001; Dres & Mallet 20023uch casegeneically
distinct lineages woulte found on different hogtlant specieas the result of selection and
local adaptation to hostBobler & Farrell, 1999; Mopper,1996; Martel et al., 2003; Miller et al.,
2003; Stireman et al., 2005; Peccoud et al., 200&gyiBser et al., 2009; Funk, 2010). This
phenomenowf divergence within alantfeeding insectesult fromadapéationto different host
plants is now commonly referred tas hostassociated genetic differentiation (HAD) (Bush
1969; Abrahamson et al., 20(Mledina et al., 2012; Antwi et al., 2015; Forbes et al., 2017).

Recently there is an increasing interest in HAD in agricultural systems, and some studies

have tested HAD cases in polyphagous inkedbivoreqGuttman et al., 1981; Carroll & Boyd,
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1992;Nason et al., 2002; Dopman et al. 2002; Sword et al. 2005; Stireman et al., 2005; Ohshima,
2008; Dorchin et al., 2009; Antwi et al., 2015). HAkayfacilitate the remarkable genetic
diversity of polyphagous insects at both macroevolutionary and micrdevaty scales, and
implicated in the process etological speciation, evem the context onthropogenic
disturbanceselated to commerce, climate change, urbanization or agric@\tiael1991;
Abrahamson et gl2001; Dres & Mallet2002; RuizMontoya et al., 2003; Alvarez et al., 2007).
For agriculturdly important pests, genetically distinct lineages on different plasitt species
may differ in their susceptibility teariouscontrol methodsthus the degree of host associated
divergence can bsignificantfor predicting or explaining pest outbreakart fromHAD in
insect herbivores and their host plamfsographical isolation may also play a significant role in
genetic differentiation, genetic structure, and evolutionary dynamics (Via, Re#%;&

Trumble, 2002; Sword et al., 2005; Toju, 2009; Barman et al.,;20489 et al., 201)7

The leafmining fly Liriomyza trifolii (Burgess) (Diptera: Agromyzidaahe American
serpentine leafmineprovides a good model systeémexploreHAD. Liriomyzatrifolii is a
highly polyphagous pespeciesand has been recorded frateast 12Most plant species
acrosamore thare5 distinct plantfamilies of bothvegetablecrops and ornamental plants
(Spencer, 1973Minkenberg & Lenteren, 198&ABI, 2021). This species wafirst reportedasa
major pest orsypsophilaandchrysanthemurandsubsequently found on vegetablasd has
since this time become an important pest of tomato, lettuce, bell pepjuer, @and celery
(Spencer, 1973linkenberg & Lenteren, 1986). Additionally, it is also an invasive and
guarantine pest which has spread from native Americas to the rest of the world over the past few
decadesissociated with increased global trade of vedgles and floweréSpencer, 1973;

Minkenberg & Lenteren, 1986
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Although described from the eastern US, the extent of the original distribution of
trifolii in the Americas is unclear (Spencer, 19@kenberg 1988). Currently distributed from
most of countries in the world, although even some populations within the Americas may be the
result of introductions from other portions of the Ameriddse geographic dispersaf¥ L. trifolii
is thought to have begun chrysanthemunsuttings exportedrém Florida to Colombia
probably in 1968, to the Netherlands in 1975, to California around 1975, and to Kenya in 1976 or
1977 Minkenberg 1988). In 1977¢hrysanthemunguttings infested bi.. trifolii were exported
to some European countries including Udenmark, and the Netherlands (Lindhard & Esbjerg,
1981). In 1978thisinvasivespecieswas first reported in Israel dderberathat originated from
seedings from the Netherlands. The first infestation ¢fifolii in Sweden was reportexsh
rearedchrysanthemuntuttings imported from South Afrida 198Q Liriomyza trifolii was first
recordedrom China in 2005in Guangdong provincigom where it subsequently expanded to
central and northern parts of China (Gao et al., 2017).

Previous studies have fodithatL. trifolii may contaircryptic specieshat could be due
to host plant specializatiqi$cheffer & Lewis, 2006; Pérexlquicira et al., 2012 However,
these previous studies have largely been confined to themgimghondrial cytochrome oxidase
| (COI) to investigate the evolutionary geneticd oftrifolii (Scheffer & Lewis, 2006; Pérez
Alquicira et al., 2019Chen et al., 200)9and thus limiting a deeper understanding of genetic
diversity and demographic history. Here, we usarechored hybrid enrichment (AHE)
phylogenomic data to further confirm anderealuate the patterns of genetic variation associated
with geography and host plant use in this invasive species.

With the AHEgenerated data, we examine phylogenetic relatipesiimong populations

to simultaneously test for population structure, ancestral population origin, pairwise



112
differentiation, and genetic variation associated with host plant and geography. We identified
Single Nucleotide Polymorphisms (SNPalled from adraft genome ok. trifolii (Vicoso &
Bachtrog 2015. These data are used to address the following questiowhdt can our
phylogenomic dateeveal about th&éne-scale phylogenetic relationships among populations of
L. trifolii with global sampling, 2) Doespopulation structuref L. trifolii correlate withpossible
sources of invasive populatiochs8) How muchgenetic diversityexists acrospopulations
sampled from different countries and host plamM$ Does this species exhibit significant Rost
associated differentiation (HAD)?

MATERIAL SAND METHODS
Taxon sampling and DNA extraction

We sampled 17Liriomyza trifolii individuals from at least 23 host plants across 10 plant
families and from at least 47 collection sites across 12 countries throughout the world (Table 1;
Figure 1). These samples were collected via sweep net or Malaise traps in the field, or reared
from damaged planti® the laboratory; many of these samples were accumulated doyticor,
SJS as research specimens sent to the USDA for identification and study. Aslspeibodis
has similar external morphological characters with other closely ralatethyzaspecies, we
also confirmed species identity using th&COI DNA barcode $imon et al.1994 Scheffer&
Lewis, 2006). This is especially useful for larvae and pupae used in this study. COI sequences
were either collected by PCR amplification bétmtCOI barcode fragment from Sanger
sequencing or identified within assembtamhtigsa v a i | a bd at calsd o6ibry t he anch
enrichment data harvest from each specinvitachondrial sequences were compared to an

existing data base of barcodeghe laboratory of SJS and on the Barcode of Life database
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(Ratnasinghamd. Hebert 2007) and comparagsingsequencing analysis and alignments tools in
Geneioug2021versionGeneious Team, 2021)

Specimens were preserved in 95% ethanol and stor2ddn freezer before extraction
of genomic DNA. The whole genomic DNA was extracted using a slightly modified version of
the QIAGEN manufactureis protocolwith the QIAGEN DNEasy Ki{fQIAGEN, Hilden,
Germany).Genomic DNAs were amplified usif@EPLIFg Mini Kits (QIAGEN Inc., CA, USA)
for some samples if their DNéoncentratios were below! ng/ul.
Phylogenomicdata collectionand raw data processing

The proceduressedfor library preparation for anchored hybrid enrichment (AH&E)d
raw datgprocessing steps for phylogenetic analgsesas reporteih MATERIALS AND
METHODS section o€Chapter 1All samples were sequenced by paisgdl sequencing on the
lllumina Nova Seq6008at the Genome Sciences Laboratory (GSGSU
Single Nucleotide Polymorphism (SNP) extraction

The quality of anchored hybrid enrichment raw reads was assessed using FastQC version
0.11.8 in Galaxy (https://usegalaxy.org/), which provides a report on per sequence quality scores,
GC content, N content, sequence length distion and several other measures. Subsequently,
raw reads were trimmed with default trimming parameters using FASTP (Chen et al., 2018).
Trimmed reads were individually mapped into dtaftrifolii reference genome downloaded
from NCBI (assembly ASM10148%1) using the BWA (BurrowsVheeler Aligner) program (Li
& Durbin, 2009). Output SAM (Sequence alignment/map) format files were converted into BAM
(Binary alignment/ map) usi n-BS opteom and then sogedv i e wb

using the BAM filewi t h 6samt ool s sorté command such tha
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genomic order (Li et al., 2009). The quality control of alignment mapping was evaluated using
program QUALIMAP (GarcidAlcalde et al., 2012).

DNA variants were identified and genotgpfgom nextgeneration sequencing (NGS)
data for each individual sample using Genome Analysis Toolkit (GATK) within the
HaplotypeCaller and SelectVariants options, generating one variant calling format (vcf) file per
sample (Poplin et al., 2018; Brouardaét 2019; Van der Auwera & O'Connor, 2020). Each
individual vcf file within at least 91,000 SNP&gpendix C:Table 1S) was used in the
downstream cleaning process. Al individual v
command (Lietal.,, 2009). Meged vcf f il e wwmasgmidsingl0B8EmMiQbd--wi t h t
mi nDP 36 flags i mplemented in V@admissmg0s80 ( Danec
means that variants have been successfully genotyped in more than 80% of indithira(® 5
filtering flag means a minimum quality score of 5; and flaginDP 3 is that genotypes have
less than 3 reads. Filtered SNPs were used to conduct population genetic analysis. The general
processing pipeline of data is shown in Figlire
Phylogenetic analyseswith anchoredalignments

Two distinct phylogenetic methoagere utilizedto evaluate evolutionary relationships of
L. trifolii populations associated with biogeography and host planFiisg.we conducted
separate phylogenetic reconstructions using Maximum Likelihood (ML) data from all 171
sampled individuals (169 ingroups + 2 outgroups); and compared this to 128 individuals (126
ingroups + 2 outgroups) selectaccording tahe number bloci. Maximum likelihood tree
werebuilt separately using these two concatenated supermatrices partitioned by locus with best
fit model selection carried out ModelFinder(Kalyaanamoorthy et al., 201énder the

Bayesian Information Criterion BIC)usng t he command ATEST-NEWO i mp
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TREE 2.12 Nguyen et al., 200)5Support values were obtained by 1000 replicates of Ultrafast
bootstrap approximatiotMinh et al., 2013 Second, a coalescent summbased method
(ASTRAL-III; Zhang et al., 200)8vas used to estimate trees for the 128 exemplars data set.
Specifically, we produced 311 individual gene trees HTREE under the GTR modeising
nucleotide loci over 400 bp in length. Several specimens of the closely related dpecies,
sativae wereused as outgroups to root the phylogeny. Collection locality, host plant taxonomy,
field collection method, and mitochondrial clades, were mapped on the phylogeny using the
Interactive Tree Of Life (iTOL) v4Letunic& Bork., 2019 ontline mapping tool.
Population geneticsanalyses

Principal Components AnalysiPCA) was performed to identify population genetic
structure using PLINK 1.9Rurcelet al., 2007) implemented on the Henry2 HPC Computing
Cluster at North Carolina State University (NCSU). To do this, we generated files in plink
format. including BED, fam and bim files using a filtered SNP vcf file from LLQ@ifolii
individuals. Inpuf or pl i nk was <€mnakebedd ocommandhopheoad.
out puts were used as input to g-@rcearbatce mamagqan o
Plink. To better explain the contribution of each component to genetic variations, we
transformed each principal component into the percentage of total genetic variances, and all
percentages of genetic variances were summed to 100%. Principal components were evaluated
for their contributions to genetic variances. We plotted bar chartefoeptage genetic variance
and scatterplots of the first two principal components (PC1 and PC2) using R pdukagese
and ggplot2 in RStudidRStudio Team, 2020).

It is often difficult to interpret population structure in terms of ancestry using PCA

(Novembre& Stephens 2008; McVeaR009; Francois et alk010. Regarding this drawback,
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we conductedestimats ofindividual admixturéancestrycoefficiens within a genotyge matrix
using the R function snmf in package LEAichot & Francois, 20)5erformed in RStudio
This functionprovidesa leastsquares estimate of ancestral proportiongach individualvhen
assuming K ancestral populations (Frichot et al., 204/4) performed the initial range of
potential genotype cluster (K) from 1 to 10 untter admixed modeln order to avoid
stochastic effects from a single analysis, we conducted 10 iterations at each value of K. To
compare the admixture plots at different K values (K-6p we integrated and displayed them
in one image using multiple pPackages (ggplot2, forcats, ggthemes, and patchwork) in RStudio.

ParameteFs (fixation index) was used to measure pairwise genetic differentiation
between populations based on Weir & Cockerham (WC; Wélo&kerham, 1984). These were
calculated using a neoverlapping 500bp sliding window size across the genome and
implemented in VCFtoold)anecek et al., 20)1To estimate the genetic differentiation between
host plant populations, we conducted the pis#ociated pairwise differeation analysis from
61 L. trifolii individuals that were reared from 9 host plant populations with 3,994 SNPs.
Besides, geograpkgssociated pairwise genetic differentiations were also analyzed for three
populations including USA, China, and PhilippineairRiseFsican be reliably estimated from a
small sample size, even as low as two individuals in a population, as long as they are covered by
a large number of sampled SNPs (O 1FKGaies Wi | | i
range from 0 td, where a value of zero indicates no genetic divergence between two
populations, while of one implies that populations are completely isolated and differentiated.
Specifically, the degree of genetic differentiation between populations was divided evil s} |
(Mohammadi & Prasanna, 2003): little differentiatiéisfO 0. 05) ; moder ate di ff

(005<F¢O 0. 15); strong F4d0O fOf.ex5)n,t iaand owme r( yOFs€elx5t r<e m
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> 0.25). We adopted the evaluation criterion of gertitferentiation in our case. Lastly, we
conducted the Analysis of Molecular Variance (AMOVA,; Excoffier et al., 1992) within and
among populations associated with host plant and geography using Arlequin v.3.5.2.2 (Excoffier
& Lischer, 2010). Arlequin inpuiles were translated from the vcf SNP file conducted in
PGDSpider version 2.1.1.5 (Lischer & Excoffier., 200 appliedstandard AMOVA
computations with 1000 permutatiomsd computed pairwidest within 100 permutationt
assess the significanaéthe level of 0.05
RESULTS
Phylogeny

We generated two concatenated sequence supermatrices separately i28RB0§
nucleotide positions from 390 orthologous sirgbgpy nuclear genes in 171 individual
specimens, an#69, 448 nucleotide characters as428 nuclear orthologs in 128 individuals.
The tree topologies and patterns of host plant use we recovered are highly congruent for both
sample sizes and between phylogenetic methods used in thisEigahe 22; Appendix C:
FigurelS;2S). Onthese trees, we recovered a wselpported monophyletic clade that includes
pepperandtomatillo populationsas well as few individualswept from onion and celery
collected from the Americas including samples from USA, Mexico, and Hondtitas€22;
Appendix C: FigurdlS;2S) . Thi sscd Arderdi da pl aWed!| avi ¢ hade @
comprising diverse populations sampled broadly from many locations and host plants. Many
sympatric samples collected from the same host plant or a collection areea|l&eparated on
the phylogenetic tregsuch as host plant bean population collected from Gansu, China; cabbage

population sampled from Jiangsu, Ch{RRggure22; Appendix C: FigurdlS; 2S). Mitochondrial
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clades previously i dféen&Lewis, 20@b) aeealso@dnixedaayetherd6 Wo
on the phylogenyHigure22).

Population genetic structure and admixture analyses

A total of 3,336polymorphicSNPs were obtained for 109 individuals from 8 collection
regions (USAMexico; Puerto RicpHondura; Israel; South Africa; Philippines, and ChHimad
at least 17 host plant populations (bean; cabbage; cantaloupe; carrot; celery; hemp; lettuce;
melon; onion; pea; pepper; potato; tomatillo; tomatweopsis marigold and weeds).
According to the prinipal component analysis, genetic variation can be divided into 20 principal
components, which are transformed into percentages of genetic variation they contain. The range
of percentage genetic variance explained is from 3.1 to ER)Qr€23A). Nevertheatss,
principal component 1 (PC1), regarded as the largest one among all the components, accounts for
22.0% contributions to explain genetic variances, while the secondary principal component
(PC2) accounts for 8.4%. We also find that there are distinsteckuAmericasand World) on
the PCA plot generated with PC1 and PE®re23B), which are consistent with the lineages
found on the phylogeny estimates from AHE loci. In addition, individuals from sympatric
collecting localities are not clustered tdgst on the PCA plotd-{gure23B). Some individuals
from Florida and California do form distinguishable clades within the USA sampled populations
(Appendix C: Figure 3S), and these are also consistent with the results of the PCA analysis
(Figure 23B). FoChinese and Philippines populations, genetic clusters are not associated with
geographic areas (Appendix C: Figure 3S).

In admixtureanaly®s, genetic clustesf K = 2 is considered as the optimal value to
interpret the ancestral origins when comparing against K = 3, 4, 5, 6 from admixture bar plots

(Figure24), and in combination with the clades found on the phylogeny (Figure 22), and genetic
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clusters from PCA analis(Figure 23). When K = 2, individuals from pepper, tomatillo and
sweptcelery populations collected in the Americas (including parts of USA, Honduras, and
Mexico), shared the same most ancestry and formed a distinct cluster that was also supported in
theother admixture plots (K =36; Figure 24). These results suggest that these populations may
be derived from a common origiklany individuals from sampled regions aksxhibitthe
admixtureof ancestral origins with some fractions of proporti(figure 24).

Pairwise genetic differentiation and genetic variance

We obtained 3,994 SNPs for &1trifolii individuals reared from 9 distinct host plants,
which are used to estimate genetic differentiations between plant populations. Generally, there
little genetic differentiation between plant populatjeseptas foundfor pepper and tomatillo
populations Fst< 0.05;Table10). For pepper population, there is moderate genetic
differentiationwhen compared tbean population(Fst= 0.141), while therare strong pairwise
differenceswith cabbage, cantaloupe, hemp, onion, ped marigoldopulations (0.15 €stO
0.265). However, there isignificantlylittle genetic differentiatioletween pepper aridmatillo
populatiors (Fst= 0.012;P < 0.05;Talde 10). For tomatillo, there are significantly moderate
genetic differentiations with other plant populations including bean, cabbage, cantaloupe, hemp,
pea, while strong genetic differentiations with onion aratigoldpopulations, but not
significantly different withmarigoldpopulation Table10). In addition, here is significantly
moderate genetic differentiation betwewarigoldand cabbage populatiorsst= 0.066 P <
0.05.

We found3,652variable SNPs from3,649,141 sitesafter filtering for the three
representative geographic regions (USA, China, and Philippines) for which we had larger sample

sizes. We used these data to perform pairwise genetic differentiation and molecular variance
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analysis associated witleggraphic distribution. We find that there are few genetic differences
between any two geographic populations among USA, China, and Philippiole{1). From
the aspect of molecular variance analysis, we have found that most of the genetic variation
within L. trifolii are, to a high degree, distributed somewhat unpredictably within a population
with little or no direct correlation with host plant or geographghle12). Specifically, a small
fraction of genetic variation is related to host pld8t56%) while rather little of the genetic
variation is associated with geographic redibri 7%)

DISCUSSION

The American @éafmining fly, L. trifolii, is one of severahighly polyphagous pests of
vegetable and horticulture crops (Spencer, 12032. In the past few decades, this species has
invaded and spread from native Americas to the rest of the wdrttkénberg, 1988 In the
present studywe did not detectsignificant genetic structure associated with geographic
distribution (Figure22; 23). Individuals from drawn from widely distributedgeographic
populatiors cluster inpolyphyletic lineagesegardless of native or invasive regioiMoreover,
sampledrom Florida andCalifornia arequiterandomly distributed on the phylogenetic tréao
of these join the trediverging early and separately from all other sampled individ&asire22),
implying thatthesepopulationsare more diverse than others, consistent witthisterical process
suggesting these as areas of origin for many of the internationally introduced populatidfiosi
is consideredo be endemic in Floridaanddeveloped resistance to insecticidiesre(Spencer,
1965 Minkenberg, 1988 Later, thes flies spread to California (Spencer, 1981; Parrella, 1982;
Zehnder & Trumble, 1984¥%urprisingly, we have recovered litdenetic differentiation between
native America samplesndthose fromintroduced regiong=st< 0.05; Tablell). This suggests

that L. trifolii populations have had too little time after demographic bottlenecks with
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introductions, to adapt to novel habitats and environments or to naturally colonize and become
insolated in the introduced regions.

Humanmediatedacivity due tointernational trade and global transportatmiplant
materialhascontribute tothe invasion andlispersalprocesssfor L. trifolii (Minkenberg, 19883
Hulme, 2009. Beside these humanediated factors, the success in dispersal and establiglof
this species and thus its lack of detectable genetic structure may also be due to its own unique
biological and ecological characteristics, such as its higbllyphagous nature (Parella, 1987
toleranceof temperaturevariability (Leibee, D84; Minkenberg, 1988short life cycle inwarm
environmers (Capinera, 200\ high fecundity Parrella et al., 1993and its ability to rapidly
develop resistance to insecticideSpéncer, 1965 Minkenberg, 1989. The spread and
establishment of this pemay also be facilitated bits difficult speciesidentification and
challenging riskassessment due to morphological homogeneity aldkely relatedLiriomyza
species All of these issues can lead to considerable delays in the applicatroanaigement
strategies or quarantiti8pencer, 1965

Compared to geographic distributidrgst plant contributes tosdightly larger proportion
to thegenetic divergencere found inL. trifolii (Table10). This finding is unsurprising as food
sources affct herbivorous insects through both physical and chemical defenses (Wang et al.,
2008). We have also found that individuals re
clade (Figure2?2) and these flies are genetically distinct from samples takemd broad range of
other plants. However, not surprisingly, samples from tomatillo are clustered together with pepper
populations, a grouping also found BgrezAlquicira et al. (2019) based on a mitochondrial gene
marker. This may be a single instaréehost associated differentiation (HAD) detectable in our

data, reflecting the tomatillo and pepper relationship of these hosts as Solanaceae and their similar
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chemical and/or nutritional profiles. Pepper and tomatillo are also native to Americas,rigdicat
thatL. trifolii may have shifted to pepper and tomatillo earlier than their more recent colonization
of ornamental plants, even before the development of modern agriculture in Americas. Previous
studies have also found that pepfeding flies ofL. trifolii are behaviorally distinct from those
feeding on other host plants, postulating that flies may have shifted to pepper and adapted to it
very recently forgan et al. 2000; Reit& Trumble 2002. Chemical compounds isolated from
sweet peppeapsiam annuumhave been shown to inhibit ovipositionrain-pepper.. trifolii
(Kashiwagi et al., 2005; Dekebo et al., 2Q@fpviding further evidence of the distinct nature of
the peppegroup flies. Increasedampling, fromnative andintroduced populatins of these
groups from across the glgheill be valuable for further documenting the extent of HAD in this
species.

SUMMARY

We appliedanchored phylogenomiatato investigate phylogenetic relationships and
population genetic structure Bew-World specied.. trifolii. We provide genomic evidence to
examine genetic diversity and population structure connected with geographic distribution and
host plant usePhylogeographic structuris not associated with collection locality, and regional
samples show significant admixtukéariation in host plantise contributes slightly more to
genetic variation than geographic distribution, although genetic variation is sagtlifitarger
within populations compared to among populatiensfoundthatindividualsrearedfrom
pepper are clustered together with those from tomatidgether, these show significant levels
of genetic differentiation frorpopulatiors from other hosplants Little geneticvariation was
found between flies attacking other populations, suggesting thaa$smtiated isolation is rare

or too recent to detect for the other plant species sampled in our study. Previously defined
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mitochondrial clades A ahW are not supported on phylogenetic trees basediiogenomic
data. The current project provides basic insights into the genetic variation found in this
worldwide agricultural pest species and lead to a more accurate understanding of the biology of
thisfly and its host associations that are necessary for the design of effective management

measures and quarantine procedures.
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Figure 22. Maximum likelihood phylogeny dfiriomyza trifolii estimated from anchored
enrichment alignments for 128 individual samples conducted-ihREE.

Bootstrap support on the clade representdtirafast Bootstrapping (UFBoot) value. UFBoot
values above 80% are indicated by green dots on nodes in the phylogenetic tree. Colorful branch
lines represent populations from pepper (pink), onion (light blue), celery (blue), and tomatillo
(yellow), respetively. Tips on the tree are shown the province or State or City or Country based
on available collection records. Each color on the inner ring near the tips represents the
geographic locality at the country level. The second and third rings indicateldratsand field
collection method, respectively. Mitochondrial clades (A orStheffer & Lewis, 2006are

shown outermost ring. Abbreviations are marked inside the bar boxes in each circle bar as
follows. USA: United States of America; Phi: Philippine&i:China; Ita: Italy; Saf: South

Africa; Isr: Israel; Pue: Puerto Rico; Col: Colombia; Hon: Honduras; Mex: Mexico. For host
plant, the abbreviations are following: mato: tomato; zuc: zucchinicooeopsisbea: bean;

oni: onion; cab: cabbage; Iuf: laff pot: potato; bro: broccoli; chrhysanthemumhel:

heliotrope; can: cantaloupe; let: lettuce; hem: hemp;czestorbean; cel: celery; mamarigold

pep: pepper; tom: tomatillo; NA: not available in host plant information. For collection (coll.)

method, the abbreviations are as follows: swe: swept; rea: reared; tra: Malaise trap.
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Figure 23. Genetic variance in SNPS sampled fotrifolii .
(A) Fraction of observed genetic variance contained in each principal component; (B) scatterplot
of the first two major principal components on the right from principal component analysis
(PCA) using 3,336 SNPs in1@9trifolii individuals. Shape symbols irdite geographic
populations from distinct countries, and color indicates-ptasitpopulationon the PCA plot.
The top cluster marked in pink representsAheericasclade, while bottom cluster circled in

orange is a world clade on the phylogeny.
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Figure 24. Admixture plot of ancestry proportion estimates when K-%62

X axis represents 8 geographic populations, while Y axis indicates the ancestry proportion. Each
narrow vertical bar represents one individual. The alistiens in geographic regions are as

follows: CH = China; PH = Philippines; USA = United States of America; IS = Israel; PU =

Puerto Rico; HO = Honduras; ME = Mexico; SA = South Afridastplant populations were

marked below the bar at K = 2 within thbbreviations. The representatives of the abbreviations

are: bea = bean; cab = cabbage; car = carrot; oni = onion; mato = tomato; can = cantaloupe; cel =
celery; cor =coreopsishem = hemp; let = lettuce; pep = pepper; tag = marigold; tom =

tomatillo; wee= weeds.
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Sample Species Collection locality Host plant Plant family Collection Life stage Mito.
code ID method clade
AGO0609 L. trifolii  U.S.A:Maryland: Patuxent Researc NA NA malaise Adult W
Refuge North Tract 264
AGO0634 L. trifolii  U.S.A: Maryland: Aldis Clinton green onion  Amaryllidaceae reared Adult W
AGO0635 L. trifolii  U.S.A: Maryland: Aldis Clinton green onion  Amaryllidaceae reared Adult wW
AGO0673 L. trifolii  Philippines bitter gourd  Cucurbitaceae NA Female W
AG1453 L. trifolii  U.S.A: California: San Luis Obispo tomato Solanaceae swept Adult A
Co.
AG1483 L. trifolii  U.S.A: California: Ventura tomato Solanaceae swept Adult A
AG1487 L. trifolii  U.S.A: California: Ventura tomato Solanaceae swept Adult A
AG1489 L. trifolii  U.S.A: California: Ventura broccoli Brassicaceae  swept Adult A
AG1491 L. trifolii  U.S.A: California: Ventura celery Apiaceae swept Adult wW
AG1492 L. trifolii  U.S.A: California: Ventura celery Apiaceae swept Adult wW
AG1498 L. trifolii  U.S.A: California: Ventura green onion  Amaryllidaceae swept Adult A
AG1500 L. trifolii  U.S.A: California: Ventura green onion  Amaryllidaceae swept Adult wW
AG1502 L. trifolii  U.S.A: California: Ventura bell pepper Solanaceae swept Adult wW
AG1503 L. trifolii  U.S.A: California: Ventura bell pepper Solanaceae swept Adult w
AG1504 L. trifolii  U.S.A: California: Ventura bell pepper Solanaceae swept Adult wW
AG1506 L. trifolii  U.S.A: California: Ventura tomato Solanaceae swept Adult A
AG1510 L. trifolii  U.S.A: California: Fresno lettuce Asteraceae swept Adult A
AG1513 L. trifolii  U.S.A: California: Fresno lettuce Asteraceae NA NA A
AG1518 L. trifolii  U.S.A: California: Fresno broccoli Brassicaceae  swept Adult A
AG1529 L. trifolii  U.S.A: California: Fresno lettuce Asteraceae swept Adult A
AG1532 L. trifolii  U.S.A: California: Fresno lettuce Asteraceae swept Adult A
AG1540 L. trifolii  U.S.A: California: Fresno tomato Solanaceae swept Adult A
AG1551 L. trifolii  U.S.A: California: Monterey lettuce Asteraceae swept Adult A
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AG1553 L. trifolii  U.S.A: Florida: Immokalee tomato Solanaceae swept Adult W
AG1554 L. trifolii  U.S.A: Florida: Homestead: Miam bean Fabaceae NA NA W
Dade Co.
AG1560 L. trifolii  U.S.A: Florida: Immokalee weeds NA swept Adult W
AG1562 L. trifolii U.S.A: Florida: Immokalee weeds NA swept Adult W
AG1565 L. trifolii  U.S.A: Florida: Bradenton tomato Solanaceae NA NA W
AG1586 L. trifolii U.S.A: Florida: Orange County:  marigold Asteraceae reared Female NA
Lake Buena Vista
AG1587 L. trifolii  U.S.A: Florida: Orange County:  marigold Asteraceae reared Female NA
Lake Buena Vista
AG1631 L. trifolii U.S.A: Florida: Immokolee Pepper Solanaceae reared Adult NA
AG2172 L. trifolii Israel: Kibbutz carrot Apiaceae NA NA W
FF2000 L. trifolii  U.S.A: Florida: Epcot NA NA reared NA W
FF7100 L.trifolii Israel: Gilat celery Apiaceae NA NA W
FF9000 L. trifolii Israel: Gilat lettuce Asteraceae NA NA w
GSLtrl L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Male NA
GSLtr10 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Female NA
GSLtr2 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Male NA
GSLtr3 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Male NA
GSLtr4 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Male NA
GSLtr5 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Male NA
GSLtr6 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Female w
GSLtr7 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Female w
GSLtr8 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Female w




Table 9 (continued)

133

GSLtr9 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Female W
HNLtrl L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Male NA
HNLtr10 L. trifoli  China: Hainan: Bailian Co. pea Fabaceae reared Female NA
HNLtr3 L. trifoli  China: Hainan: Bailian Co. pea Fabaceae reared Male wW
HNLtr4 L. trifoli  China: Hainan: Bailian Co. pea Fabaceae reared Male NA
HNLtr5 L. trifoli  China: Hainan: Bailian Co. pea Fabaceae reared Male NA
HNLtr6 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Female NA
HNLtr7 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Female NA
HNLtr8 L. trifolii  China: HainanBailian Co. pea Fabaceae reared Female NA
HNLtr9 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Female NA
HSC28 L.trifoli Tur key: Ant al ya tomato Solanaceae reared Adult NA
HSC29 L.trifoli Tur key: Ant al ya tomato Solanaceae reared Adult NA
JL15s L. trifolii  U.S.A: North Carolina: Beaufort hemp Cannabaceae reared Adult wW
JL17 L. trifolii  U.S.A: University of Geogia heliotrope Boraginaceae reared Adult W
JL18 L. trifolii ~ U.S.A: University of Geogia castorbean Euphorbiaceae reared Adult wW
JL19 L. trifolii ~ U.S.A: North Carolina: Raleigh luffa Cucurbitaceae reared Adult W
JL23 L. trifolii ~ U.S.A: North Carolina: Wayne cantaloupe Cucurbitaceae reared Adult wW
county
JL24 L. trifolii ~ U.S.A: NorthCarolina: Wayne cantaloupe Cucurbitaceae reared Adult wW
county
JL25 L. trifolii ~ U.S.A: California: University of tomatillo Solanaceae reared Male wW

California Davis West Village:

Hutchison PI, Davis
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JL26 L. trifolii ~ U.S.A: California: University of tomatillo Solanaceae reared Male W
California Davis West Village:
Hutchison PI, Davis
JL28 L. trifolii ~ U.S.A: California: University of tomatillo Solanaceae reared Male W
California Davis West Village:
Hutchison PI, Davis
JL29 L. trifolii ~ U.S.A: California: University of tomatillo Solanaceae reared Male W
California Davis West Village:
Hutchison PI, Davis
JL31 L. trifolii ~ U.S.A: Carolina: Beaufort: hemp Cannabaceae reared Adult W
Belhaven: 3264 Beech Ridge Rd,
C.Rouse
JL32 L. trifolii  U.S.A: Carolina: Beaufort: hemp Cannabaceae reared Male W
Belhaven: 3264 Beech Ridge Rd,
C.Rouse
JL33 L. trifolii  U.S.A: Georgia: Universisty of casbr bean Euphorbiaceae reared Adult w
Georgia
JL34 L. trifolii ~ U.S.A: North Carolina: Seven cantaloupe Cucurbitaceae reared Adult W
Springs
JL35 L. trifolii ~ U.S.A: North Carolina: Seven cantaloupe Cucurbitaceae reared Adult W
Springs
JSLtr10 L. trifolii  China: Jiangsu: Zhenjiang City =~ cabbage Brassicaceae reared Female NA
JSLtr2 L. trifolii  China: Jiangsu: Zhenjiang City ~ cabbage Brassicaceae reared Male NA
JSLtr3 L. trifolii  China: Jiangsu: Zhenjiang City =~ cabbage Brassicaceae reared Male NA
JSLtr4 L. trifolii  China: JiangsuZhenjiang City cabbage Brassicaceae reared Male NA
JSLtr5 L. trifolii  China: Jiangsu: Zhenjiang City cabbage Brassicaceae reared Male NA
JSLtr6 L. trifolii  China: Jiangsu: Zhenjiang City =~ cabbage Brassicaceae reared Female NA
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JSLtr7 L. trifolii  China: Jiangsu: Zhenjiang City ~ cabbage Brassicaceae reared Female NA
JSLtr8 L. trifolii  China: Jiangsu: Zhenjiang City ~ cabbage Brassicaceae reared Female NA
JSLtr9 L. trifolii  China: Jiangsu: Zhenjiang City ~ cabbage Brassicaceae reared Female wW
LFL2 L. trifolii  U.S.A: Florida: Alachua County:  zucchini Cucurbitaceae reared Larva NA
Farmer Brown's field Rt. 301,
Orange Heights
LFL7 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA
LFL9 L. trifolii ~ U.S.A: Florida: Homestead bean Fabaceae reared Larva NA
Lmx3 L. trifolii  Mexico: Tamaulipas St..Tampico pepper Solanaceae reared Adult NA
Valley
Lmx4 L. trifolii  Mexico: Tamaulipas St..Tampico pepper Solanaceae reared Adult NA
Valley
LNY2 L. trifolii ~ U.S.A: New York: Elba Muck Bays onion Amaryllidaceae reared Larva NA
bag
LNY6 L. trifolii ~ U.S.A: New York: Newark onion Amaryllidaceae reared Larva NA
LPPQ67 L. trifolii  Colombia chrysanthemun Asteraceae reared Larva NA
LPPQ71 L.trifoli Dominican Republic pepper Solanaceae NA Pupa NA
Lsal5 L. trifolii Honduras: EI Zamorano pepper Solanaceae reared Larva NA
Lsal6é L. trifolii Honduras: EI Zamorano pepper Solanaceae reared Larva NA
Ltrl05 L. trifolii  South Africa: Wester@ape Pro..  potato Solanaceae NA NA NA
Lamberts Bay
Ltril L. trifolii ~ South Africa colony NA NA NA NA
Ltri12 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA
Ltr113 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA
Ltri14 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA
Ltr115 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA
Ltrl16 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA
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Ltr117 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA

Ltr118 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA

Ltr119 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA

Ltr12 L. trifolii  Israel carrot Apiaceae NA NA NA

Ltri21 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltri22 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltri23 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltri24 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltr125 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltr126 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltri27 L. trifolii  Mexico: Tamaulipas: Tampico pepper Solanaceae reared Pupa NA
Valley

Ltr128 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared Larva NA

Ltr129 L. trifoli  Honduras: El Zamorano pepper Solanaceae reared Larva NA

Ltrl3 L. trifolii ~ U.S.A: California: Davis bean Fabaceae NA NA NA

Ltrd30 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared larva NA

Ltrd31 L. trifoli  Honduras: El Zamorano pepper Solanaceae reared larva NA

Ltrd32 L. trifoli  Honduras: El Zamorano pepper Solanaceae NA larva NA

Ltrl5 L. trifolii  U.S.A: California: Trumble colony, pepper Solanaceae reared Adult NA
north pop

Ltrl7 L. trifolii  Italy NA NA reared Adult NA

Ltr18 L. trifolii  Italy NA NA reared Adult NA

Ltr20 L. trifolii  Puerto Rico onion Amaryllidaceae NA NA NA
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Ltr22 L. trifolii ~ U.S.A: Arizona: Yuma melon Cucurbitaceae trap Adult NA

Ltr27 L. trifolii ~ South Africa: Western Cape Pro.: potato Solanaceae NA NA NA
Lamberts Bay

Ltr28 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared Larva NA

Ltr29 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared larva NA

Ltr30 L. trifolii ~ U.S.A: North Carolina coreopsis Asteraceae reared Adult NA

Ltr34 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae NA NA NA

Ltr35 L. trifolii  U.S.A: Florida: Immokolee tomato Solanaceae swept Adult NA

Ltr36 L. trifolii ~ U.S.A:Florida: Immokolee weeds NA swept Adult NA

Ltr37 L. trifolii  U.S.A: Florida tomato Solanaceae swept Adult NA

Ltr44 L. trifolii  U.S.A: California: Trumble colony: pepper Solanaceae reared Adult NA
north pop

Ltr50 L. trifolii ~ U.S.A: California: Davis bean Fabaceae NA NA NA

Ltr51 L. trifolii  Puerto Rico onion Amaryllidaceae NA NA NA

Ltr52 L. trifolii  Puerto Rico onion Amaryllidaceae NA NA NA

Ltr55 L. trifolii ~ South Africa: Western Cape Pro.: potato Solanaceae NA NA NA
Lamberts Bay

Ltr57 L. trifolii ~ Philippines: Nueva Ecija Pro.:San onion Amaryllidaceae reared Adult NA
Jose City

Ltr58 L. trifolii ~ Philippines: Nueva Ecija Pro.:San onion Amaryllidaceae reared Adult NA
Jose City

Ltr59 L. trifolii ~ Philippines: Nueva Ecij®ro.:San  onion Amaryllidaceae reared Adult NA
Jose City

Ltr62 L. trifolii ~ U.S.A: Arizona: Yuma melon Cucurbitaceae trap Adult NA

Ltr63 L. trifolii  U.S.A: Arizona: Yuma melon Cucurbitaceae trap Adult NA

Ltr64 L. trifolii  U.S.A: North Carolina coreopsis Asteraceae NA NA NA

Ltr65 L. trifolii  U.S.A: North Carolina coreopsis Asteraceae NA NA NA

Ltr69 L. trifolii  U.S.A: California: Davis bean Fabaceae NA NA NA
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PH1080 L. trifolii  Philippines:Pangasinan pro: tomato Solanaceae reared NA W
Urdaneta City: cabuloan
PH1230 L. trifolii  Philippines: Parafiaque City: bean Fabaceae reared NA NA
Thomas street
PH1580 L. trifolii  Philippines: Nueva carrot Apiaceae NA NA W
PH5400 L. trifolii  Philippines tomato Solanaceae NA NA NA
RJ119 L. trifolii  Philippines: Nueva Ecija Pro.:San bean Fabaceae NA NA NA
Jose City
RJ120 L. trifolii  Philippines: Nueva Ecija Pro.:San bean Fabaceae NA NA NA
Jose City
RJ142 L. trifolii  Philippines: Ifugao Pro. pechay Brassicaceae @ NA NA NA
RJ143 L. trifolii  Philippines: Ifugao Pro. pechay Brassicaceae @ NA NA NA
RJ146 L. trifolii  Philippines: Ifugao Pro. bean Fabaceae NA NA NA
RJ147 L. trifolii  Philippines: Ifugao Pro. bean Fabaceae NA NA NA
RJ192 L. trifolii  Philippines: Nueva Vizcaya Pro. bean Fabaceae NA NA NA
RJ193 L. trifolii  Philippines: Nueva Vizcaya Pro. bean Fabaceae NA NA NA
RJ203 L. trifolii  Philippines: Pangainan Pro. bean Fabaceae NA NA NA
RJ205 L. trifolii  Philippines: Pangainan Pro. bean Fabaceae NA NA NA
RJ218 L. trifolii  Philippines: Mountain Pro. tomato Solanaceae NA NA NA
RJ219 L. trifolii  Philippines: Mountain Pro. tomato Solanaceae NA NA NA
RJ25 L. trifolii ~ Philippines: Benguet Pro. bean Fabaceae NA NA NA
RJ280 L. trifolii  Philippines: Nueva Ecija Pro. cabbage Brassicaceae @ NA NA NA
RJ281 L. trifolii  Philippines: Nueva Ecija Pro. cabbage Brassicaceae @ NA NA NA
RJ5 L. trifolii ~ Philippines: Abra Pro. tomato Solanaceae NA NA NA
RJ53 L. trifolii ~ Philippines: Nueva Ecija Pro. bean Fabaceae NA NA NA
RJ61 L. trifolii ~ Philippines: Nueva Ecija Pro. carrot Apiaceae NA NA NA
RJ63 L. trifolii ~ Philippines: Nueva Ecija Pro. bean Fabaceae NA NA NA
RJ64 L. trifolii ~ Philippines: Nuevé&cija Pro. bean Fabaceae NA NA NA
RJ73 L. trifolii ~ Philippines: Benguet Pro. tomato Solanaceae NA NA NA
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RJ74 L. trifolii Philippines: Benguet Pro. tomato Solanaceae NA NA NA
RJ89 L. trifolii Philippines: Benguet Pro. pea Fabaceae NA NA NA
RJ90 L. trifolii Philippines: Benguet Pro. pea Fabaceae NA NA NA
AG1477 L.sativae U.S.A: California: Imperial lettuce outgroup NA NA NA
HSC26 L. sativae Turkey: Artvin: HS Civelek: aguatic plants outgroup NA NA NA

Karalake Natural Park
Notes:samplelDs bolded are used as outgroups in this study. The meanings of abbreviations on the table above: Pro.: Province; Co.:

County; NA not available fothe corresponding information.
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Table 10. Pairwisegeneticdifferentiationbetweerhostplant populations

Population bean cabbage cantaloupe hemp onion pea pepper Tagetes  tomatillo
bean (11) - 0.006 0.026 0.023 0.014*  0.004 0.141* 0.033 0.070*
cabbage (6) 0.006 - 0.035 0.037* 0.033*  0.015 0.192* 0.066* 0.109*
cantaloupe (4) 0.026 0.035 - -0.014 0.016 0.033 0.220* 0.034 0.107*
hemp (3) 0.023 0.037* -0.014 - 0.023*  0.032 0.233* 0.059 0.135*
onion (3) 0.014 0.033* 0.016 0.023* - 0.029*  0.247* 0.034 0.159*
pea (5) 0.004 0.015 0.033 0.032 0.029* - 0.202* 0.057 0.110*
pepper (23) 0.141* 0.192* 0.220* 0.233* 0.247*  0.202* - 0.265* 0.012*
Marigold(2)  0.033 0.066* 0.034 0.059 0.034 0.057 0.265* - 0.239

tomatillo (4) 0.070* 0.109* 0.107* 0.135* 0.159* 0.110* 0.012* 0.239 -

Notes:* indicates a significant difference Rt< 0.05 The value in the parentheses represents the sample size irpéahbst

population.

Table 11. Pairwise differentiation among geographic populations

Geographigopulation USA Philippine China

USA (51) - 0.0272* 0.0322*
Philippine (18) 0.0272* - 0.0257*
China (20) 0.02*  0.057* -

Notes:asterisk * indicates a significancethelevel of P < 0.05 The number in the parentheses represents the sample size in a

geographic population.
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Table 12. Analysis of molecular varianddMOVA) associated with host plaahd geography

Source of variation  df Sum of squares Variance components Percentage variation P value
Host plant

Amongpop. 8 390.11 0.97118a 2.56 <0.001
Within pop. 113 4180.74 36.99768b 97.44

Geography

Among pop. 2 174.49 0.65a 1.18 <0.001
Within pop. 175 9435.68 53.92b 98.82

Notes:letters a and b in variance components suggest genetic variances are significantly different for individuals from among and

within populations at the significant level of 0.05. pspopulation.
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CHAPTER 4. Geography and hostassociated genetic diversitin the pest species
Liriomyza sativagDiptera: Agromyzidae) from phylogenomic data
INTRODUCTION

Genetic variationn natural populationsan benfluenced bymany factorsncluding
geography @nkins et al., 2010ecology Shafer & Wolf, 2013 andglobal climate change
(Hewitt, 2000. Geographical isolation may play a significant role in genetic divergence between
populationssince it can ultimately result in speciation, due to spatial mating barriers to gene flow
among populations éhkins ¢ al., 2010Liu et al., 2018; Pyron & Burbrink, 2010; Ye et al.,
2013).Phylogeographic analysis within speciespecially for invasive species,a powerful
approach to investigafghylogenetiand biogeographic histies togetheras it can delineate
cryptic species that show little or no morphological differences and detect the possible causes of
genetic divergence among populatigAsise, 2000) For invasive species, this approach not
only provides a framework to trace the geographic origins okimggopulations, but also
provides evidence on possible routes of geographic dispStadke& Moritz, 1998 Scheffer&
Grissell 2003.

Herbivorous insects agewellstudied source of information on the dynamicgerfetic
diversity and population stcture associated withothhost plant feedingcologyandchanging
geographic distributios In generalbothgeographic isolation and host plaptcializationare
considered ttefacilitators ofpopulation structurand diversificationn phytophagoumsects
(Ehrlich & Raven, 1964Pashley, 19864u et al., 2015Du et al., 2016)However polyphagous
herbivorous specigbat feed on many different host plaptesent a special challenigewhich

diet breadth canbscurepatterns of genetic structuaed lead to compkities of interpretation
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(Pashley1986; Barman et al., 2012ntwi ET AL., 2015; Elfekih et al., 2018; de Moya et al.,
2019.

Theleatmining fly speciesLiriomyza sativadlanchard Agromyzidae: Diptera)s a
highly polyphagous andignificantquarantine pest throughout the woaldddamage a wide
variety of agricultural crops and ornamental plaifitis speciesau®s significaniyearlyyield
losses andanseverelyreducethe aesthetic value of horticultural plants (Spent@r3;1990.
This pest predominantly prefers plants infdamilies Cucurbitacea&abaceaend Solanaceae,
although it has been recorded to feed on at least 32 host plant faByleasc€r1973; 2012
Lonsdale, 201}l Liriomyza sativadnas been considered one of the most devastatingWesid
native specieslt wasoriginally found in Argentina in 193&ndsubsequentigiscovered in
vegetable crops itheUnited States around the same year (Spet&&83; Parrella, 1982 he
early presence df. sativaeon both American continents, prior to extensive trade, indicates a
widespread native rang€his speciesias beernadvertently introduced to regions outside of its
native Americas due to frequenbfhl trade and because, as a leafminergattenhidden
within or on the damaged plant, particulanytheegg, larvaandpupd stagegSpencerl973;
Parrella 1982 1987; Rauf et al2000;Andersen et al2002. To date L. sativaehasspreado
more than 34 countried Africa, Asia, andOceaniaand not found in Europe countries except
for RussiaCABI, 2021;EPPO, 2021t.onsdale, 20211

Currently,L. sativaehas been found to consist of four strains/lineages includling
sativaeL§ d_. sativaeA 0d.. sativaeWq andd.. sativaeB dased on phylogenetic sequence
analysis ofa portion ofthe mitochondrial cytochrome oxidase suburaind I (COI, COIl) gene
(Scheffer& Lewis, 2005 Parish et a).2017). Thefirst three strains were found by Scheffer and

Lewis (2005), and the lastasdetectedby Parish etal. (2017).n d et a i L. sativadhA®

cl ade
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occurs in United States (Fl orida) Lasatidaelcéent r al
wasexclusie | y found i n CollosatwakWq iUnidleab &ltlay edi; s tor
world, moreoverd_. sativaeL6anddNo6form a sister groupScheffer& Lewis, 2005. The
strlasatvaeB6, 1 s a unique | Panshet@g/20l2ndemi c i n Br a

In this study, we used a phylogenomic approach, anchored hybrid enrichment (AHE)
using probes designed to bind to a diverse set of conserved nuclear genes within the genome, to
obtainSingleNucleotide Polymorphisms (SNPs) compared against a publialiabie draft
genome from its sister speciés trifolii (Burgess)Vicoso & Bachtrog2015). In the present
study, weuse phylogenomic data:tth) explore phylogenetic relationships among populations of
L. sativag 2) examine whether populatigenetic structure is correlated with geography and
host plant use; 3) estimate ancestral population origin and potential gene flow; and, 4) document
the degree of genetic differentiation and variation found within and among populations.
MATERIALS AND METHO DS
Taxon sampling

We sampled @1 L. sativaeindividuals from more than 35 vegetable crops and
ornamental plants in at least 7 families and across 16 countries in Americas aNdm@d
regions, specifically, including north America (United States), central America (Guatemala,
Honduras), south Ameara (Venezuela, Colombia, Brazil), Egypt, western Asia (Turkey, Israel),
eastern Asia (China), southern Asia (India, Sri Lan@)theastern Asia (Indonesia,

Philippines, Vietham, Malaysia), which were shown on the woidg(Figure25) created using
QGIS3.22. Samples were collected via hand nellalaise trap in the field, or reared from
damaged plants that were brought from the field in the laboratory. Details of each sample used in

this studyare given infablel13.
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DNA extraction, library preparation , and raw data processing

The proceduregsedfor DNA extraction/ibrary preparation for anchored hybrid
enrichment (AHE)and raw dat@rocessing steps for phylogenetic analyaess depictedh
MATERIALS AND METHODS section ofChapter 1All samples vere sequenced by paired
end sequencing on thiéumina Nova Seq600at GSL,NCSU.
Single nucleotide polymorphism (SNPyariants

SNPswere obtainedy mapping thérimmedpair-endreads into the draft genomelaf
trifolii (Vicoso & Bachtrog2015) a sister td.. sativag(phylogeny of genukiriomyzaon
Chapter 2 Thepipelinestepsof reads mapping, SNP variants callingm genomeand SNP
filtering are identical with those in speciestrifolii, which aredepictedn MMATERIALS
AND METHODS sedion of Chapter 3.
Phylogeneticanalyses

Two distinct phylogenetic methoegere appliedo evaluate evolutionary relationships of
L. sativaepopulations associated with geogriptiistributionand host plant us&/e conducted
separate phylogenetic recansttions using Maximum Likelihood (ML) data from all 208
sampled individuals201ingroups +7 outgroups); and compared this @2individuals (B85
ingroups +7 outgroupskelected to represent the set of highest yielding loci coverage and AHE
datarecovery after sequenciniglaximum likelihood tres werebuilt separately using these two
concatenated supermatrices partitioned by locus withfivesbdel selection carried out in
ModelFinder(Kalyaanamoorthy et al., 201dnder the Bayesian Informati@riterion (BIC)
using the command #TESTREE2M2  Nguyampetad.,@@)at ed i n
Bootstrapping spport values weracquiredoy 1000 replicates of Ultrafast approximatidnirgh

et al., 2013 In addition,a coalescent summabased method (ABRAL-III; Zhang et al., 2018
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wasadoptedo estimate trees for th®2exemplars data set. Specifically, selected 205 out of
312 nuclear loci with over 400 bp in length to generate the ML geneuneles the GTR model
in IQ-TREE.AIl the gene trees arsummarized as a coalescent species tree using ASTRIALL
(Zhang et al., 2008 Outgroupd.. trifolii andL. brassicagwere used to root the phylogeofyl.
sativae Collection locality, host plant family, and mitochondrial clackremapped on the
phylogeny using thinteractive Tree Of Life (iTOL) ¥ (Letunic& Bork., 2019, anon-line
mapping tool.

Population geneticanalyseswith SNPs

We examined genetmopulationstructure using Principal Components Analysis (PCA)
implemented irPlink 1.9 (Purcel et al., 2007and performed admixture analysis using the
function snmf in the R package LERrichot & Francois, 2015onducted in RStudio. The
details on these were describedMATERIALS AND METHODS sectionof Chapter 3

To explore lhe pairwise differentiation between geograjaisgociated populations and to
test if genetic variance associated with geogragisitibutions, we used 114 individuals
representing six geographic populations comprising of Brazil, Colombia, Guatemala, USA,
China, and Philippines. We chose 31 individuals reared from five host plants including bean,
cucumber, luffa, tomato, armthrysanthemunto analyze hosassociated getie differentiation
and genetic variance. The degree of pairwise genetic differentiation between populations was
measured using fixation index paramdist, which was calculated based \bfeir &
Cockerhamd s a p pPMein&aGondkeram1984). Pairwise difi@ntiation and Aalysis of
MolecularVariance (AMOVA; Excoffier et al., 1992yere simultaneously performed on the

programArlequin v3.5.2.2 Excoffier & Lischer, 201D
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RESULTS
Phylogeny

We separatelybtainedwo concatenated superatrices, one with54,722 bp
concatenated sitésom 302 orthologoushucleotide loci in 208 individual specimens, and the
seconccomprisingl65,606 bp concatenatsiesfor 192 individualsdrom 312 loci in 192
individuals. Tree topologies and lineages are identical oitipagd ML trees generated from
both concatenated supermatrices, however, the ultrafast bootstraps are improved using the
supermatrix containing the 192 high data recovery individladgi(e26; Appendix D: Figure
19). A coalescenbased species tree walso reconstructed for the 192 exemplar data set. The
tree topologies and deep splits are nearly identical between inferred ML phylogenetic trees
(Figure 26 Appendix D: Figure 1S; 2S), while some lineages are not strongly supported by
coalescenbased pasrior probabilities, especially for shallow splits on the species tree
(Appendi x D: Figure 2S). We find three major
owestern Unit eAderiSahvae setsd cd laaddeed coampor ipasaig of Coc
California (mperialandSan Dieg{, and a larger monophyletic clade (here, referred to as the
oworl d cl aded) tveAnmdedchsyUSA:iFrida, Ndithetn €aifornisdaryland
Arizona; Colombia; Guatemala; Honduras) and the\®ltld regions containing Egypt, Israel,
Turkey, India, Sri Lanka, Vietnam, China, Philippine. Furthermore, these three monophyletic
clades are strongly supported by ultrafast bootstrap value of 100 and local posterior probability
of 1 on the phylogenetic treeSigure26; Appendix D: FigurelS; 23.

Int h RBrazibcladd all samples were collected from Mossor6 City, Brazil, reared from
mel ons (Tabl e 1), andAmericeens es tf owithimstkangsultrafaste r g r o

bootstrap support (Figure 26; Agpdix D: Figure 1S) and local posterior probability is 0.79 on
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coal escent species treeAmerkgnpestdi x|l dde &) gspeci2
swept from different host plants including lettuce, red cabbage, and lughewestern United
St ates, including Califor nWar,| dCodloadaadd, sSmac iUm
mainly sampled across the Americas and Asia from a wide range of host plant families, including
Cucurbitaceae, Solanaceae, Fabaceae, Malvaceae, Brassicaceaeedestand Pedaliaceae.
Individuals collected sympatrically from the same general collection region, are not found to be
particularly closely related to each other. For example, flies from China, California, and
Philippines populations do not form distimegional clades. Individual samples from Jiangsu,
China, on luffa, were grouped in different places on the phylogenetic trees, one of which forms
an early branching cladeom geographically disparate members of th&rld cladé@with
strong support (Fige 26; Appendix D:1S). Samplefrom all relatively recentlyintroduced
regionswhereL. sativaeis invasive are clusteradto the6é \Wrld cladé which is alsdound to
bewidespread withithe United Statesncluding samplefrom California, Florida, Maryland
and Aizona(Figure26; Appendix D: FigurdS;2S).Addi t i onal | y ,Ameaieanf i nd t |
west cladedé is concordant with dpsatvaeliGous |l y i de
whereas mitochondridl.. sativaeA6anddNb6are not supported and found to be polyphyletic in
the current studyScheffer & Lewis, 2005) (Figure 26; Appendix D: Figure 1S; 2S).
Population component analysis
A total 15,152 SNPs for 126.. sativaendividuals were obtained after filteringhese
were used to examine and infer genetic population structure and ancestral population origin
using Principal Component Analysis (PCA) and admixture analysis. From PCA, we found that
the primary principal component 1 (PC1) and secondary principal cenpa (PC2) separately

explainedl8.2%% and 7.45% of genetic variatiorespectivelyBased on PCA plot, theeze
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three geneticlusters, one associated with samples fronAtiericanwest,anotherone globally
distributed(which also has individuals found in tAenericanwes), and a third cluster of
samples from Brazil (Figur2?7). These three genetic clusters fre@A are consistent with the
monophyletic clades on the phylogenetic trees built usiechoredalignmentgFigure ;
Appendix D: FigurelS; 2S)However, the Brazil cluster is more genetically similar to
populations across the world than to samples in the American west group based on PCA.
Furthermore, thémerican west cluster exhibits a greater genetic divem@mong samples
thantheother two, particularlywvhen compared to samples in therld clusterwhich are
significantlyaggregatedh the PCA analysig(Figure27).

Admixture analysis

Admixture plots were constructed to evaluate population structure undkgslen
scenarios of kK= 2 to 6, with K= 2 selected as the best fitting structural organization of the
genetic data (Figure 4). When3<2, individualsfrom the Americanwest (Colorado, Utgh
California, in partform a distinct genetic cluster, whichakso supported in the other admixture
plots at K= 3-4 (Figure 28). However, two individuals from Utah and California shared different
admixture ancestries with about 50% ancestry proporfions western United States and the
World, suggesting that higlevels of gene flow may have occurred or are ongoing and leaving
detectable variation in the admixture plot atR (Figure 28). Individuals frorthe Americas
(Guatemala, Honduras, Colombia, Brazil) and introduced regions (Turkey, Israel, Egypt, India,
Sri Lanka China, Vietnam, and Philippines) share the greatest ancestry with samples in the
0 \Wtld cladé and a small ancestry component with parts from American Wesertheless,
individualsfrom theBrazil populationshare a relatively high ancestry componeith American

westgroup populationsompared to othegeographiaegions (Figur&8). Individuals from USA
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harbor a larger genetic diversity, especitigwestern United States, indicating that the spread
of L. stativaewaslikely to have originatein the USA. Individuals from introduced regions
provide relatively low genetic variation (Figure 28), suggesting that a possible demographic
bottleneck has been experienced during the time of introduction or ationibf population
growth after colonization has occurred in invasive regions.

Pairwise geneticdifferentiation and molecular variance

A total of 14,559SNP markersvasretained for 114.. sativaeindividuals from six
geographic population8(azil; Ching Colombig GuatemalaPhilippines andU.S.A) to
perform pairwise genetic differentiation and molecular variance analyses. In pairwise genetic
differentiation analysis, we found that there is little genetic differentiation between geographic
populationsexcept between the Brazil population and all others. Contrarily, there is moderate
genetic differentiations between Brazil and Guatemala populations, while significantly strong
differentiations between Brazil and any other population from China, Coloar@aRhilippines,
Little differentiation was found between Brazil and USAlfle14). Nevertheless, genetic
variation is mostly found within regional population components, rather than among them.
Specifically, 3.53% of genetic variation is identified asoaggeographical regions, in contrast,
96.47% genetic variances are within populations based on AMO¥BI€15).

To investigate host associated differentiat@8)711 SNP markers were retained after
filtering for 31L. sativaeindividuals reared from five host plant populations including bean,
cucumber, luffa, tomato, arahrysanthemumwith these data, we found little or no genetic
differences between plant populatsp@nd genetic variation is not associated with host plant
used (Appendix D: Table 2S; 3%).addition, there is significantly little genetic differentiation

observedetweent h Brazibcladé&anddAmericanwest cladé(Fst= 0.04196P = 0.009),
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while ggnificantly extremely strong genetic difference betwégmazil cladé&and6 \Wirld cladé
(Fst=0.35711;P < 0.00). A significantly moderatéevel of genetic differentiationvas
obtained in comparisorzetweent h Americanwest cladéanddNorld cladé(Fst=0.14636;P
< 0.0001;Appendix D:Table 4S).

DISCUSSION

The leafmining flyLiriomyza sativadnas beemlivided into four strains based on the
mitochondrial gene fragmenf COI, particularly ford.. sativaeA§ d.. sativaeL§ 4.. sativae
W@ andd.. sativaeB @Scheffer & Lewis, 2005; Parish et al., 201h)our study, we found that
d_. sativaeLd6forms a monophyletic group belonging to a lar§erericanwestpopulation,
while 4_. sativaeA Gandd.. sativaeW bare admixed togethé¢with sanpleslabeledhere as the
ONVor | d cncoagiuend population genetic structure between mitochondrial and nuclear
genes has bedaundin manystudies (Bergamo et al., 2015; Egger et al., 2007; Wang et al.,
2017),andmayoftenbe attributed talifferenes in coalescefitme andmaternal inheritancef
mitochondrial genesand that can be complicated $sgmple size bias, high mutation sater
patterns ofjenetic introgression (Ballard & WhitlocRD04). Some previous studialsohave
reported highlgenetic variationn mitochondrial markersut unexpectedly high conservation in
nuclear genes, implying that population history may be complitgtedmixtureand multiple
coalescent historig®Vei etal., 2015; Cao et al., 2016).

Our sample ofridividualsfrom Brazil formamonophyletic group wekupportedy
bootstrappndposterior probabilieson thephylogenetic trees (Figure 26; Appendix D: Figure
1S; 2S) However, our Brazil samples were notlected from the same collection sites with
those included i n a pr e\WisativaeB 6Parjshcetyal., 207aAMe def i n

also found that COI sequence similarities ranged from 99.6% to 100% between our Brazil
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samples and.. sativaeB @f Parish et al. (2017), while there are lower COI similarities (92.26
92.66/) between Brazil samples add sativaeW 6of Scheffer & Lewis (2005) (Table 5S).
These results suggest that samples within Brazil have a low genetic diversity, and acalfyeneti
distinct from flies found in othekmericanandOIld-World regions.

It is possible that the three madadeswe found for Brazil Americanwest (Western
United States), and@ \Wirld cladé&may in fact represent cryptic specieghin L. sativae
However, population genetic analyses of variation do not strongly support clear demarcation of
these groups as species. More comprehensive sampling of regional faunas, esp&adatly in
Americg from whichwe were only able to include three individuals frBmazil, is necessaryo
draw major conclusions abooweralldiversityin L. sativaepopulationsThe early records df.
sativaein Argentina and in California indicate that this species was likely wrdasl throughout
much of the Americas, likely providing plenty of opportunities for divergerMese extensive
collections from additional hosts and locationSouth Americawill be requiredto further
explore possible geographic isolation of Brazilgecies and other regions.

Samples from newer invasive regions (Philippines and China as representatives) did not
form well supported clusters associated with geography or host plant use based on the
phylogenetic and principal component analyses (Fig@réppendix D: Figure3; 3S). This
finding suggests that a short pastasion bottleneck may homogenize variation while their
polyphagous host use provides resources and escape from parasitism and competition that allows
successful establishment and spré&gencer, 1973 hat we foundittle or only moderate
genetic differentiation betwedlies from native and invaded regions (Talil4), suggests recent
introductionandspread of closely related fligslies frompopulationdn theé \arld cladéshow

commonancestryin estimates of admixtur@igure 4) reflecting that the spread bf sativae
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across the world is probably attributed to anthropogenetic influence (or huetiated plant
movement) such as an increasing global trade in infested vegetabl@snamental plants
(Parrella, 1987; Rauf et al., 2000, Andersen et al., 2002, Chen et al., 2003) or natural processes
(e.g. ocean current, and wind current) (White et al., 2@48) can overridegeographic barrier
Moreover,genetic divergence df. sativaeamong individuals within populatisns greater than
that foundamong populations, which magflect theirhigh reproductive rateelatively short life
cycle, and potentially large population sizes in agricultural setijRgsitt & Wietlisbach, 994;

Araujo et al., 2013).
SUMMARY

In summary, phylogenomic analysislafiomyza sativagopulations reveals three
distinct lineages associated with geographic distributtonsistent with population structure
analysis suggesting that this pest harbdistinct genetic diversity that may include cryptic
species.US westerrineageshare the most ancestmgxcept for two individualfrom the lineage
shaing with two ancestries with nearly equal proporsandicating thathe population is
probably notused as the source to introdust otherinvasiveregions based on admixture
analysisPairwise genetic differentiatigrofL. sativaeamong geographic populations are less
moderate, anchost of gnetic varianceesulted fromwithin populations rathehtan among
populationsOut study provides insights into the genetic divergence associated with geography
and host plants, which would contribute to the control and management strategy of the invasive

pest speciek. sativae
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Figure 25. Collection distributions oLiriomyzasativaeshown on the world map created in

QGIS.

Each purple filled circle dot represents one collection location on the map.
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Figure 26. Maximum likelihood treef L. sativaein 192 individual specimens estimated in

IQ-Tree.

Tips represent collection areas if they are available. NA: not applicable for collection areas of
the samplesBarsoutside the phylogenetic treepresengeographic regionséuntrylevels,
feedingplantfamily, and mitochondrial clade from inside to sidie respectively.

Mitochondrial cladd., A and Ware defined in this study according to the publicatiob. of
sativae(Scheffer & Lewis, 2005). Each color represents each corresponding categbey

bar. The abbreviatiowas markean the bawhen the category is firstly occurred on the

according barThe legends ajeographic regigrplantfamily, and mitochondrial elde, as well

as Ultrafast bootstrap values are placed in the center of the circl€éhteerpresentations of
theabbreviation®n each bar are as follows.deographic region®ra: Brazil; USA: United

States of America; Chi: China; Phi: Philippinesjdnindonesia; Vie: Vietham; Egy: Egypt;

Tur: Turkey; Gua: Guatemala; Col: Colombia; Hon: Honduras; Sri: Sri Lanka; Mal: Malaysia;

Isr: Israel; Indi: Indialn plant family column, CurCucurbitaceaerab:FabaceageAst:
AsteraceageBras:Brassicacegesol SolanacegeMal: MalvaceaePed: Pedaliacegeand A, L

and W represent the corresponding mitochondrial clades. Nodes within greater than 80%
Ultrafast bootstrap supports were marked by green circles, and support values less than 80% on
the nodes were tiden on the phylogenetic tree. The colorful clusters separately represent
6Brazil cladedéd by red, 6American west <cl adebd

phylogeny.The green circle size represents the level of bootstrap support for the clade.
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