
ABSTRACT 

XUAN, JING LI. Phylogenomic Analyses Yield New Insights into the Phylogeny and Evolution 

of Leaf-mining Flies (Under the direction of Dr. Brian M. Wiegmann). 

 

Leaf-mining flies (Diptera: Agromyzidae) are a diverse clade of phytophagous Diptera 

known largely for their economic impact as leaf- or stem-miners on vegetable and horticultural 

crops. Higher-level phylogenetic relationships of Agromyzidae have remained uncertain because 

of challenges in sampling of both taxa and characters for morphology and PCR-based, Sanger-

era, molecular systematics. Here, to provide a comprehensive phylogenomic treatment of the 

family Agromyzidae, hundreds of loci obtained from anchored hybrid enrichment (AHE) are 

used to elucidate phylogenetic relationships among leaf-mining flies. Phylogenetic trees are 

highly congruent and well-supported, except for a few deep nodes, when using different 

molecular data types, partitioning schemes, or phylogenetic methods. Based on divergence 

dating using a relaxed clock and the model-based historical biogeographic analysis, 

Agromyzidae is found to have originated in the Nearctic Region in the early Paleocene 

approximately 64.47 million years ago. Diversification rates in 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 occurred within multiple agromyzid lineages.  

In the large genus Liriomyza, host plants fed on by closely related Liriomyza species, are 

phylogenetically distant across host plant phylogeny. There is no generalizable phylogenetic 

component explaining their use of host plant families/orders. Based on historical biogeography 

analysis, the origin of Liriomyza diversity is in the Nearctic Region, and both dispersal and 

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



The leafminer sister species, Liriomyza trifolii (Burgess) and Liriomyza sativae 

Blanchard (Dipter: Agromyzidae), are noxious polyphagous pests of vegetable crops and 

ornamental flowers throughout the world. Population phylogenomics associated with host plant 

use and geography for these two polyphagous leafminer species, were investigated. For L. 

trifolii , the results suggest that pepper and tomatillo populations together form a separate genetic 

cluster, confirmed by phylogenetic and principal component analyses, which contain significant 

shared ancestry assessed by genetic admixture analysis. Genetic variance among plant-associated 

or geography-associated populations are significantly smaller than those within populations. For 

L. sativae, three distinct monophyletic clades were identified including Brazil, American West, 

and Worldwide on the phylogeny, and these groups are concordant with the results of principal 

component analysis (PCA) of single nucleotide polymorphisms (SNPs). There is little genetic 

differentiation found between geographic populations, except for samples from Brazil when 

compared with all others. Analysis of molecular Variance (AMOVA) demonstrated that 96.47% 

genetic variants are attributable to samples compared within populations, while only 3.53% is 

found among populations.  

Phylogenomic study of Agromyzidae provides a new framework phylogeny for 

understanding macroevolution in this fly lineage. In particular, phylogenetic analyses reveal a 

revised understanding of their biogeographic history, the pattern and rate of lineage 

diversification, and the evolutionary history of host plant use in leaf-mining flies. Our new 

phylogenetic estimate for genus Liriomyza also offers a framework for further study of their 

morphological and ecological evolution. The studies of pest species L. trifolii  and L. sativae not 

only provides additional insight into the possible presence of cryptic species, but also informs 

new interpretations of the evolutionary dynamics of invasive pest populations.   
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CHAPTER 1. Phylogeny, divergence times, and diversification patterns in leaf-mining flies 

(Diptera: Agromyzidae) from anchored phylogenomics 

INTRODUCTION  

Species richness and diverse life-history traits  

Leaf-mining flies (Diptera: Agromyzidae), sometimes known as serpentine miners, are a 

diverse group of schizophoran flies with approximately 3,163 valid species across approximately 

26 recognized genera distributed worldwide (Eiseman, 2019; Von Tschirnhaus, 2021). All leaf-

mining larvae are phytophagous inside plant tissue, damaging more than 140 plant families 

across liverworts, ferns, horsetails, gymnosperms, and angiosperms including monocots and 

eudicots (Spencer, 1990; Scheffer et al., 2007; Eiseman, 2019). Many agromyzid species are 

considered to be monophagous or oligophagous where larval feeding is restricted to a single host 

plant or multiple closely related plants (generally referred to as óspecialistsô), while relatively 

few species can feed on a wide variety of host plants across distantly related plant families, 

referred to be ógeneralistsô (Spencer, 1990; Lonsdale, 2021). Undoubtedly, some species are 

considered ómonophagousô simply due to incomplete observations of 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 accumulations 

(Scheffer et al., 2021; Eiseman et al., 2019, 2021). 

Despite limited observations, the available biological data indicates that larval feeding 

habits of agromyzids are very diverse. The majority of species feed internally on leaves, as 

leafminers, while about 25% of known species feed on flower heads, seeds, or seed pods, stems 

or twigs, roots, or the cambium of woody plants (Spencer, 1973; Spencer, 1990; Eiseman, 2019; 

Lonsdale, 2021). Most leafminers generate specific types of mines, including linear mines, 



2 

 

 

blotch mines as well as linear-blotch mines (Hering, 2013; Eiseman, 2019; Lonsdale, 2021). 

Leaf-mining larvae can pupate inside or outside the larval feeding location of the host plant 

(Spencer, 1990; Civelek, 2003; Dempewolf, 2005; Eiseman et al., 2019). A few species can 

switch the mining part of host plant, for example, species Ophiomyia phaseoli (Tryon) is able to 

shift from leaf to stem mining (Lonsdale, 2021). Members of the genus Phytobia feed on young 

plant xylem causing ópith flecksô or ómedullary spotsô (Lonsdale, 2021). Since host plants are not 

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 (Lonsdale 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; Lonsdale & Scheffer, 2011; Lonsdale, 2021). 

Classification of leaf-mining flies 

Family Agromyzidae has been traditionally divided into two subfamilies, Agromyzinae 

and Phytomyzinae, which follows the system containing óagromyzidesô and óphytomyzidesô 

originally devised by Fallén (1823a, 1823b). This system of classification in Agromyzidae has 

been examined using phylogenies built with morphology (Dempewolf, 2001; 2005) and 

molecular gene markers (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 by one reduced lower arm of the cephalopharyngeal skeleton (McAlpine et al., 

1987; Dempewolf, 2001). Apart from these, other one major differences between the two 

subfamilies are found in wing venations of adults. Specifically, for the subfamily Agromyzinae, 

the sub-costa joins vein R1 distally and the apical portion of R1 is almost always expanded and 
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sinuate; conversely, the subfamily Phytomyzinae has the subcostal vein either incomplete 

distally or reaching the costa as a thin fold but remaining separate from R1 (Spencer, 1973; 

Spencer & Steyskal, 1986; Lonsdale, 2021). Considering agromyzid classification, von 

Tschirnhaus (1971) speculated that the main lineages of family Agromyzidae should not be 

forced into two halves since there are clear inconsistencies among characters when dividing the 

family into just these two distinct subfamilies. Spencer (1990) developed an alternative system of 

classification in family Agromyzidae, which encompasses four distinct groups including a 

Penetagromyza group (equivalent to the subfamily Agromyzinae), and the Napomyza, Phytobia, 

and Phytoliriomyza genus groups, all three of these comprising the subfamily Phytomyzinae.  

Phylogeny and host use among agromyzids 

Agromyzinae has been divided into three distinct clades based on morphological 

characters (Lonsdale, 2014). The first Ophiomyia group encompasses the genera Ophiomyia, 

Melanagromyza, Euhexomyza, and the Old-World Tropicomyia (Lonsdale, 2014). Spencer 

(1966) considered that Melanagromyza was placed as sister group to a monophyletic Hexomyza 

plus Ophiomyia based on morphological features and life history traits. Melanagromyza includes 

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, black-knobbed halteres are frequently 

used as a character state to identify Melanagromyza (McAlpine et al., 1981). Ophiomyia includes 

many stem miners, and many of these have specialized in moving to external feeding outside the 

stems of herbaceous plants (Spencer, 1973). Larvae of various species of Hexomyza feed on both 

leaves and stems of their host plants (Spencer, 1966). Nearly all of the genera in Agromyzinae 

also include some gall-inducing species, such as in Melanagromyza, Ophiomyia, Hexomyza, 
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Agromyza, and Japanagromyza (Dempewolf, 2005), and some species of Phytoliriomyza and 

Phytomyza (Phytomyzinae) can also produce galls. The second and third agromyzinae clades 

each exclusively contain a single genus: Agromyza and Japanagromyza, respectively. However, 

these two genera also share some features, for instance, species from both genera have 

prescutellar acrostichal setae (Lonsdale, 2013) and some species in Japanagrmyza and Agromyza 

harbor an inner-distal comb of setae on the hind tibia (von Tschirnhaus, 1991). Japanagromyza 

is distributed globally and more diverse in male genitalic characters, suggesting that the genus 

may be non-monophyletic (Lonsdale, 2013). 

The subfamily Phytomyzinae is a relatively heterogenous group, morphologically, when 

compared with Agromyzinae (Lonsdale, 2021). Spencer (1990) divided this subfamily into three 

groups including the Napomyza, Phytobia, and Phytoliriomyza groups. Within the Napomyza 

group, Winkler et al. (2009) advanced the classification of the genus Phytomyza based on a 

molecular phylogeny generated from multiple gene markers. In that study, Napomyza and 

Ptochomyza were recognized as subgenera of Phytomyza, and Chromatomyia was 

resynonymised with Phytomyza. Lonsdale & Eiseman (2021) also provided morphological 

evidence in support of the synonymy of the genus, however, von Tschirnhaus (2021) proposed 

some alternative arguments about this synonymy. An additional three genera (Gymnophytomyza, 

Aulagromyza, and Pseudonapomyza) in the Napomyza group are relatively little known, 

especially in the New World (Zlobin, 2002, 2007; Lonsdale, 2021).  

There is no strong morphological and molecular evidence supporting the óPhytoliriomyza 

groupô (Scheffer et al., 2007; Lonsdale, 2021), which includes many diverse leaf-mining genera. 

Six genera consisting of Calycomyza, Haplopeodes, Liriomyza, Metopomyza, Phytoliriomyza, 

and Selachops, may be grouped by their shared tubercle-like setae on the posterodistal margin of 
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the epandrium and surstylus (Lonsdale, 2021). 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 group containing 

Amauromyza and Cerodontha is nested in these six genera in morphology-based phylogeny 

(Dempewolf, 2001; 2005). The genus Selachops is a small Palearctic group of three species in 

this group (Zlobin, 1984; von Tschirnhaus, 2021, unpublished list).  

Regarding the Phytobia group, Phytobia has been considered to be a plesiomorphic group 

of Agromyzidae separated as an early diverging lineage based on morphological features and 

larval feeding habits (Nowakowski, 1962; Spencer & Steyskal, 1986; Spencer, 2012; Lonsdale, 

2021). Phytobia larvae are cambium borers (or tree-feeders) in twigs or trunks forming tunnels 

inside the plant, and these tunnels can be visible within the annual rings of trees (von 

Tschirnhaus, 1971; Spencer, 1977; Spencer & Steyskal, 1986; Nyman et al., 2002). Most 

Phytobia species are mono- or oligophagous (Spencer, 1973; Spencer & Steyskal, 1986), 

however, there is no strict co-speciation between Phytobia species and their hosts in a broad 

scale (Nyman et al., 2002).  

Objectives in the present study 

Although phylogenies of leaf-mining flies have been inferred from morphological 

characters and molecular gene markers, the relationships among most groups are still uncertain 

or not well-resolved (Dempewolf, 2001; 2005; Scheffer et al., 2007). A robust phylogenetic 

framework requires broad sampling and more informative molecular datasets. In the present 

study, we employed anchored hybrid enrichment (AHE), an approach that targets hundreds, or 

even thousands, of orthologous, single-copy nuclear genes using probes designed based on the 

genomes and transcriptomes across all of Diptera. Our goals in the study are to: 1) reconstruct 
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the phylogeny among major lineages of leaf-mining flies using phylogenomic data; 2) estimate 

the diversification rate dynamics of leaf-mining flies through the time; and, 3) infer the origin 

and evolution regarding the contexts of biogeography and host-plant use through time, as well as 

the evolution of larval feeding habits and pupation locations of leaf-mining flies. 

MATERALS AND METHODS  

Taxon sampling 

We sampled a total of 139 fly specimens including 136 Agromyzidae and 3 

representatives from the closely related families Fergusoninidae and Odiniidae as outgroups. Our 

ingroup sampling represents about 76% of the currently described genera (Table 1S), including 

at least 124 species distributed across the world (Figure 1). Fergusoninidae and 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 schizophoran Diptera (Bayless et al., 2021). 

Specimens were field collected using malaise traps or hand nets, or reared from host plants 

brought into the lab. More information for the specimens used in this study is provided in Table 

1. All specimens were preserved in 95% ethanol and stored in a -80 °C freezer prior to DNA 

extractions.  

Species identifications based on morphology 

Most specimens were provided and identified by our collaborators and coauthors.  

Male specimens were preferentially selected and used for downstream DNA extraction to allow 

species identification (ID) by male genitalia characters, especially for many species in which 

external characters of adults are homogeneous. Female samples were used only when adult males 

were unavailable, and we were confident in the species IDs according to expert IDs or associated 

rearing records. Genus-level IDs and some species identifications in this family were based on 
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external and internal morphological characters using taxonomic keys (Spencer & Steyskal, 1986; 

McAlpine et al., 1987; Lonsdale, 2011; Eiseman, 2019).  

Whole-genomic DNA extraction 

We extracted whole-genomic DNA for specimens using a nondestructive method in the 

molecular laboratory, at the Department of Entomology and Plant Pathology, North Carolina 

State University (NCSU) or at the Systematic Entomology Lab, USDA (Beltsville, MD). The 

procedures of DNA extraction were followed by a slightly modified DNeasy blood & tissue kit 

extraction protocol provided by QIAGEND manufacture (QIAGEN, Germany). DNA 

concentration for each sample was quantified using dsDNA High Sensitivity Assay Kit with a 

Qubit® 2.0 fluorometer (Invitrogen by life technologies) after DNA extraction. Genomic DNAs 

were stored at -20°C until they were utilized in the downstream library preparations. Specimens 

after DNA extractions were deposited back with 95% ethanol as vouchers and stored in the -

20°C freezer. 

Anchored hybrid enrichment lab work processing 

As some genera in Agromyzidae possess the small body sizes (e.g., Liriomyza [1-3 mm]), 

they yielded low concentrations of total genomic DNA after extraction. To obtain sufficient 

material for anchored hybrid enrichment when starting DNA concentrations were less than 4 

ng/ul, we amplified the genomic DNA extraction using the REPLI-g Mini Kit (QIAGEN Inc.) 

for whole genomic amplification. DNA concentrations for each sample were re-quantified using 

a Qubit® 2.0 fluorometer with Qubit dsDNA High Sensitivity Assay Kit (Invitrogen by life 

technologies) after amplification. Gel electrophoresis (0.8% agarose) was run to assess DNA 

integrity and to assess bulk fragment size recovery. To prepare genomic template for target 

enrichment we sheared the DNAs whose masses ranged from 170 to 1,000 nanograms in 51 
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microliters volume, to a target fragment size of about 300 base pairs (bp) by sonication on a 

Covaris S220/E220 Focused-ultrasonicator in Covaris microtubes for 30 seconds. 

Sheared DNA was used as input for library preparation. For SE (single-end) raw reads 

collection, we used the protocol published by Lemmon et al. (2012), while, for PE (paired-end) 

raw reads collection, library preparation was conducted following the protocol with NEBNext® 

UltraTM II DNA Library Prep Kit for Illumina NEB7103 with sample purification beads (NEW 

ENGLAND BioLabs®Inc.). We employed dual index primers (Set 1 and Set 2) supplied in the 

NEBNext Multiplex Oligos Kit for Illumina (NEW ENGLAND BioLabs®Inc.).  

Indexes were added onto each sample following a protocol of Meyer & Kircher (2010). 

Indexed samples were subsequently pooled in normalized quantities into Lo-bind 1.7 ml tubes, 

and target enrichment was performed on each pool using the Diptera AHE Probes (Young et al., 

2016) with the Aligent Custom SureSelect kit (Aligent Technologies). After enrichment, DNA 

concentration in each pool was detected using a Qubit® 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 non-Agromyzidae projects based on the 

DNA concentration of each library.  

Most of specimens in this study were sequenced on Illumina NovaSeq 6000 sequencing 

System for PE (pair-end) raw reads collection (2 í 150 bp; 144 samples per lane), while a small 

fraction of samples was sequenced on the Illumina HiSeq 2500 platform for collection SE 

(single-end) raw reads (150 bp; 48 samples per lane). High-throughput sequencing was 

conducted at the Genomic Science Laboratory (GSL, https://research.ncsu.edu/gsl/), NCSU. All 

laboratory procedures for AHE were done in the Wiegmann Laboratory of the Department of 

Entomology and Plant Pathology, NCSU. 

https://research.ncsu.edu/gsl/
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We used the AHE Diptera probe kits described in Young et al. (2016). In brief, more than 

500 target loci were first selected as probe constructions through the comparisons of protein-

coding genes from 13 insect species (Niehuis et al., 2012). Probes covering at least 150 bp were 

tiled uniformly across each of the probe regions within 1.72 x tiling density (Lemmon et al., 

2012; Young et al., 2016; Buenaventura et al., 2020). Together with nucleotide alignments of 

protein-coding genes, the exon boundaries were used to identify and target candidate regions in 

anchored phylogenomic approach (Lemmon et al., 2012). The potential target loci were selected 

satisfying the requirements in the following: 1) each locus contains no exon boundaries and no 

indels, 2) each locus is at least 150 bp in length (Young et al., 2016).  

To assure the efficiency of an enrichment kit designed for Diptera, we mapped these 

target genes to single copy orthologs in Drosophila melanogaster Meigen. Then, we selected loci 

with strong match in the majority of compared fly taxa across seven Diptera genomes and 

fourteen transcriptomes provided by the 1 KITE (1K Insect Transcriptome Evolution) 

consortium (Young et al., 2016), and kept low numbers of gaps in multiple sequence alignments 

(MSAs).  

Processing raw reads with bioinformatic tools 

Raw reads from Illumina sequencing (Hiseq 2500 for SE reads; NovaSeq 6000 for PE 

reads) were demultiplexed by indices for each sample using CASSAVA v. 1.8.2 (GSL, NCSU). 

We checked quality of raw reads using FastQC version 0.11.8 in Galaxy (https://usegalaxy.org/), 

to provide a general impression of raw read quality. Subsequently, adaptors and low-quality raw 

reads were removed using TRIMMOMATIC v.0.36 (Bolger et al., 2014) and FASTP (Chen et 

al., 2018). Parameter settings to trim raw reads were identical for these two trimming programs.  

https://usegalaxy.org/
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De novo assembly was conducted using the trimmed reads without reference genomes 

implemented in Trinity v.2.2 (Grabherr et al., 2011) on the Statgen BRC and Henry2 clusters, at 

NCSU. We also used SPAdes software (Bankevich et al., 2012) to conduct de novo assembly for 

several taxa with very large numbers of reads.  

To identify orthologs within the assembled contigs captured using our probe designs, we 

carried out orthology prediction using a graph-based, reciprocal BLAST approach using hidden 

Markov model predictions (pHMMs) implemented in the OrthoGraph version 0.6.1 (Petersen et 

al., 2017). Orthologous genes were identified based on an ortholog reference set óMecopteridaô 

database, which contains orthologous gene clusters [single copy protein-coding genes, also 

called as orthologous groups (OGs)] identified from five reference species: Bombyx mori 

Linnaeus (Lepidoptera: Bombycidae), Danaus plexippus (Linnaeus) (Lepidoptera: 

Nymphalidae), Aedes aegypti (Linnaeus) (Diptera: Culicidae), Drosophila melanogaster 

(Diptera: Drosophilidae) and Glossina morsitans Westwood (Diptera: Glossinidae) 

(Buenaventura et al., 2020).  

In order to identify protein-coding regions and translate them into amino acid sequences 

for ortholog assessment, we used a series of programs (e.g., EXONERATE, HMMER, MAFFT, 

BLAST+) and Perl Programming Language to carry out these. Specifically, EXONERATE 

performs pairwise sequence comparisons (Slater & Birney, 2005). 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 program (Eddy, 1992) can 

read a multiple sequence alignment file alignfile belonging to an alignment format and build a 

new profile hmm of each single-copy gene included in the orthologue reference set, in addition 

to saving the hmm in hmmfile. The HMMER 3.3 hmmsearch program (Eddy, 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 seqfile for significantly similar sequence matches. The tool makeblastdb was from the 

NCBIôs BLAST (Basic Local Alignment Search Tool) suite, whose function was to create 

BLAST format sequences using software BLASTP (Mahram & Herbordt, 2015). For the blast 

threshold, we set the expect value less than 1e-05, the blast-maximum hits as 100, and the blast-

score threshold as 10.  

Candidate ortholog sequences 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 length = 30 amino acids, substitute-u-with 

óXô, extend-orf (open reading frame) = 1, orf-overlap-minimum = 0.5]. We also removed 

terminal stop codons and replaced putative internal stop codons at the amino acid level with óXô 

and at the nucleotide level with óNô to avoid problems in downstream analyses. The tasks were 

achieved with customized PERL scripts based on the publication (Misof et al., 2014).  

After ortholog prediction, we conducted a cleaning step (removal of non-fly genes) in an 

exhaustive locus-by-locus check. We used genome and transcriptome 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., 1990) as top hits for dipteran genes. We carried out the 

cleaning processes using ótaxonomizrô in RStudio version 1.2 (RStudio Team, 2020). If 

orthologs were not matched in Diptera databases as top hits, they were removed from processing 

in downstream pipeline steps for phylogenetic analysis. After contaminants removal, orthologous 

gene sets were processed according to the 1 Kite Insect Transcriptome Evolution (1 KITE) 

pipeline installed on the BRC Cluster at NCSU. 
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FASTA formatted sequence files, including amino acids and nucleotides, were created 

for dipteran orthologous genes. We aligned orthologous amino acid sequences using MAFFT 

v7.481 (Katoh & Standley, 2013) with L-INS-i algorithm (--localpair, --addfragments, and --

maxiterate 1000 flags). To assess the quality of MSAs, we followed the procedures of Misof et 

al. (2014) to define outlier sequences and remove them from both amino acid and nucleotides 

alignments (Evangelista et al., 2019). Next, we removed reference-taxon sequences from all 

amino acid ortholog MSAs, as well as all gap-only or X-only data columns in each MSAs. In 

addition, we generated corresponding multiple nucleotide sequence alignments based on the 

refined MSAs of amino acids as a guide using a software PAL2NAL version14 (Suyama et al., 

2006; Misof et al., 2014).  

To reduce the effects of random, ambiguous, or erroneous alignment regions at the amino 

acid level, we checked MSAs of each orthologous gene set using the ALISCORE v.2.2 (Misof & 

Misof, 2009; Kück et al., 2010; Misof et al., 2014, Buenaventura et al., 2020). Ambiguously or 

erroneously aligned regions or sections were removed from alignment sequences at the amino 

acids and corresponding nucleotides using ALICUT and customized Perl script (Misof & Misof, 

2009; Kück et al., 2010). After the processes, these refined nucleotide sequences were realigned 

using the amino acid alignments as blueprint in PAL2NAL (Suyama et al., 2006; Misof et al., 

2014). Trailing end of indels were filled with óXô in amino acids and with óNô in nucleotides, 

respectively. Finally, we separately concatenated the multiple sequence alignments for amino 

acids and nucleotides generated after a series of steps above into a corresponding phylogenetic 

supermatrix using FASCONCAT-G program (Kück & Longo, 2014). Finally, we obtained 

nucleotide and amino acid supermatrices. The general workflow outlined 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 

datasets within (NT123) or without (NT12) the third positions retained using IQ-TREE (version 

1.6.10; Nguyen et al., 2015) either implemented on XSEDE of the CIPRES (Cyberinfrastructure 

for Phylogenetic Research) Science Gateway v3.3 (CSG) (Miller et al., 2010) or on the Henry2 

computing cluster at NCSU. We conducted ML analysis within the ó-m TESTNEWô option that 

allows each locus to have its own evolutionary rate, and within any specified partition scheme (-

spp). A model-selection method was implemented in MODELFINDER (Kalyaanamoorthy et al., 

2017) to select the best-fit ting substitution model for each locus based on Bayesian Information 

Criterion (BIC) score using the rcluster algorithm (Lanfear et al., 2014). We used Ultrafast 

bootstrap approximation approach (UFBoot; Minh et al., 2013; Hoang et al., 2018), and specified 

1000 replicates (-bb 1000), as well as set the bnni parameter to reduce overestimating support (-

bnni). For individual branch supports, we conducted the Shimodaira-Hasegawa-like approximate 

Likelihood Ratio Test (SH-aLRT; Shimodaira & Hasegawa, 1999), and also performed 1000 

replicates using the ó-alrt 1000ô command. UFBoot and SH-aLRT supports were assigned within 

a single run.  

The Bayesian phylogenetic tree was constructed from concatenated nucleotide 

alignments under the General Time-Reversible (GTR) model of nucleotide substitution (Tavaré, 

1986) with four independent runs and four coupled chains starting from parsimony trees. MCMC 

sampling generations were set as 4 × 108 for each chain implemented in EXABAYES v.1.5 

(Aberer et al., 2014) remotely run on Henry2 cluster at NCSU. EXABAYES was set to draw a 

sample from every cold chain every 1000 generations via the option ósamplingFreqô. We 

employed the average standard deviation of split frequencies (asdsf) to implement the 
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diagnostics for topological congruences. After all the generations run, the asdsf was monitored 

below 0.01. The initial 20% of all sampled trees were discarded as burn-in. A consensus tree was 

constructed using the post-processing tool óconsenseô included in the EXABAYES package from 

four independent runs, and a parameter file was generated using the postprocessing tool 

ópostProcParamô to check how well the parameters were sampled in our settings. We assessed 

the Effective Sample Size (ESS) value for each parameter and the potential scale reduction factor 

(PSRF) for statistical congruence between multiple runs. High ESS value indicates that the chain 

has explored the parameter sufficiently.  

Multispecies coalescent (MSC) analysis was performed using the gene tree summary-

based method implemented in ASTRAL-III version 5.6.3 (Zhang et al., 2018). Individual gene 

trees were generated from partitioned orthologous loci, for sets those included or excluded third 

position sites, using ML under GTR model implemented in IQ-TREE (Nguyen et al., 2015).  

Likelihood mapping analysis 

To assess phylogenetic information content of using NT123 and TAA datasets, we 

performed likelihood mapping analyses (Strimmer & von Haeseler, 1997) implemented in IQ-

TREE (Nguyen et al., 2015). This approach evaluates support for all possible nodal quartets and 

displays them in a triangular graph. A sequence model is automatically selected using the ó-m 

testô command option. The best-fit ting models chosen for nucleotide alignments was GTR + F + 

I + G4; and for amino acid alignments, JTTDCMut + F + I + G4 according to Bayesian 

Information Criterion (BIC) score, respectively. The 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 2 = Agromyza (consisting of 17 taxa); 
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cluster 3 = óTMô clade (including genera Tropicomyia, Hexomyza, Ophiomyia, and 

Melanagromyza; containing 23 taxa), cluster 4 = Phytomyzinae (including 95 taxa). The second 

nexus file was defined the clusters as follows: cluster 1 = Agromyzinae (41 taxa); cluster 2 = 

óPNPô clade (comprising Pseudonapomyza, Nemorimyza, Phytobia; 8 taxa); cluster 3 = óAPô 

clade (consisting of Aulagromyza and Phytomyza; 32 taxa); cluster 4 = óCLô clade (containing 

Cerodontha, Amauromyza, Calycomyza, Phytoliriomyza, Selachops, Metopomyza, and 

Liriomyza; 55 taxa). Outgroups comprising 3 taxa were ignored in the likelihood mapping 

analysis. 

Divergence time estimation 

The ML tree inferred from dataset NT123 was used to estimate divergence times of leaf-

mining fly clades using the approximate likelihood calculation method implemented in 

MCMCTREE of the PAML package v. 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 BASEML. Substitution 

model HKY85 was used, and alpha was set to 0.5 for gamma rates at sites. Second, we 

conducted Markov Chain Monte Carlo (MCMC) sampling from the posterior. We adopted an 

independent-rates model (clock = 2) where the rate of evolution in each lineage on the tree is 

assumed fully independent (Drummond et al., 2006; Rannala & Yang, 2007; Paradis, 2013). 

Three fossil calibrations containing Melanagromyza tephrias Melander (age: 37.8 - 33.9 million 

years ago [Ma]), Agromyza praecursor Melander (age: 37.8 - 33.9 Ma), Phytomyza vetusta 

Theobald (age: 33.9 - 28.5 Ma) according to the EDNA Fossil Insect Database 

(https://fossilinsectdatabase.co.uk/search.php), were used in this study. The minimum 

calibrations of both monophyletic Melanagromyza and Agromyza clades were respectively 

https://fossilinsectdatabase.co.uk/search.php
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constrained with 38 Ma, and Phytomyza clade with 34 Ma. The root age was constrained to be 

less than 65 Ma, the date estimated for the Agromyzidae in Wiegmann et al. (2011). The birth-

death process parameters are set as ɚ = ɛBD = 1, ɟ = 0.1. We calculated the likelihood under the 

HKY85 substitution model and set alpha = 0.5 for gamma rates at sites. The gamma-Dirichlet 

prior was set on the mean substitution rate for partitions and for the rate variance parameter ů2 

(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 partitions (Anisimova, 2019). We 

discarded the first 402,000 iterations as the burn-in (10% 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 + 20,000í200 = 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% Highest Posterior Density (HPD) confidence intervals on each node using 

multiple packages dplyr, reshape, ggplot2, and HDInternal in Rstudio. The six independent 

MCMCTree runs converged on a single posterior distribution (Figure 7). Therefore, we 

combined the six mcmc files using MCMCtree summarizer (Flouri, 2018) into one combination 

file, then mapped the summarized results in the combination file on the tree using MCMCTree 

program. Additionally, we also calculated the effective sample size (ESS) for all parameters 

implemented in Tracer v.1.7 (Rambaut et al., 2018), which was used to confirm if an MCMC 

chain has been sufficiently run. 
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Episodic diversification rate estimation 

We pruned the outgroups on the time-calibrated phylogeny prior to estimating episodic 

diversification rates using TreeGraph2 (Stöver & Müller, 2010). Episodic diversification rate 

estimation was carried out using the pruned time-calibrated phylogeny and implemented in 

RevBayes (Carvalho et al., 2010; Stadler, 2011; Höhna, 2015; Magee et al., 2020). Specifically, 

we estimated log-transformed speciation (ɚ) and extinction rates (ɛ) through time under the 

episodic birth-death 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 diversification 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 equal-sized time intervals. 

We employed a uniform distribution between -10 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 non-centered parameterization was used. The log-

scale changes in rate between 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, the MCMC sampling 

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 with two independent runs of 

MCMC chains and 1,000,000 generations. After MCMC runs completed, the initial 25% MCMC 

samples were discarded as burn-in. We plotted and visualized the diversification rates including 
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speciation rate, extinction rate, net-diversification rate, and relative extinction rate, using the R 

package RevGadgets in Rstudio. 

Branch-specific speciation rate estimation 

We estimated branch-specific speciation rates under the lineage-specific birth-death-shift 

model within the reversible-jump MCMC sampling analysis implemented in RevBayes (Höhna 

et al., 2019), and specified six diversification-rate categories (K = 6). As for episodic rate 

estimation, we set the number of total described species in Agromyzidae as 3,163 (Von 

Tschirnhaus, 2021). All of the parameters were defined under the full branch-specific birth-death 

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 Markov chain. 

Particularly, we used 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 with two independent runs. After 

the MCMC sampling analysis completed, we combined the results from two different runs, and 

discarded 25% initials of MCMC generations as burn-in. The branch-specific speciation rates 

mapped on the tree were plotted and visualized using the R package RevGadgets in Rstudio.  

Historical biogeography analysis 

Historical biogeography analysis was carried out under the DIVALIKE (ML 

interpretations of the Dispersal-Vicariance Analysis) biogeographic model (Ronquist, 1997) as 

this model was identified to be the best fitting for our dataset based on the highest AICc_wt 

(Akaike Information Criterion weight) value when compared to DEC (Dispersal-Extinction-

Cladogenesis; Ree & Smith, 2008) and BayArea (BAYAREALIKE; Landis et al., 2013) 

biogeographic models in the R package BioGeoBEARS (v1.1.1; Matzke, 2013; 2014; R Core 



19 

 

 

Team, 2017; Table 4S) as implemented in Reconstruct 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) parameter j which is considered inappropriate if applied 

without biologically realistic constraints applied (Ree & Sanmartín, 2018). The time-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 analysis. 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 terminal taxa sampled 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 

paleogeographic maps using tectonic plate datafile produced by Hay et al. (1999) based on the 

specified plate tectonic reconstruction age in the Cenozoic era implemented in ODSN Plate 

Tectonic Reconstruction Service (2011).  

Evolution of host-plant use 

Phylogenetic patterns of host plant associations for leaf-mining flies were traced and 

evaluated using the Bayesian Binary MCMC (BBM) analysis implemented in RASP v.4 (Ali  et 

al., 2012; Xu et al., 2020; Ronquist & Huelsenbeck, 2003). We selected 92 taxa across 17 genera 

in Agromyzidae within known host records from previous publications (Table 2S) to conduct the 

BBM analysis. The time-calibrated ML phylogeny was pruned using RASP program prior to 

BBM analysis. MCMC chains were run for 1,000,000 generations under the fixed 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 asterids 

including Ericales and Boraginales; (E): Fabales; (F): Rosales; (G): other rosids containing 

Fagales, Brassicales, Gentianales, and Malpighiales; (H): Ranunculales; (I): other eudicots 

consisting of Caryophyllales and Cornales; (J): Poales; (K): other monocots comprising 

Asparagales and Alismatales; (L): Polypodiales. Plant group (e.g., asterids and rosids) divisions 

were based on the plant phylogeny (Simpson, 2019).  

Ancestral state reconstruction of larval feeding mode and pupal location 

  We scored attributes of agromyzids feeding biology for each genus sampled in our tree 

because these traits are somewhat variable within genera. We collapsed the species-level ML 

topology to genus-level relationships using TreeGraph2 (Stöver & Müller, 2010). Larval feeding 

modes and pupal locations were obtained from the literature (details in Table 3S). Larval feeding 

mode for each genus was scored as leaf feeding (state ó0ô) and non-leaf feeding (state ó1ô) 

including flower head, seed pod, twig, stem, cambium, or root. A genus was coded as multistate 

if species from this genus were recorded as feeding on leaves and any other type of non-leaf part 

of the plant. Genera exhibiting both character states were coded as state ó0 + 1ô. For example, 

species from genus Liriomyza include leaf and seed feeders, and so we coded this genus as state 

ó0 + 1ô. Likewise, we coded pupal locations with two-character states: internal (state ó0ô) and 

external (state ó1ô), respectively. The ancestral state reconstruction analysis was conducted under 

an unordered transient polymorphic character model within the flat prior using the function 

fitpolyMK in phytools (Revell, 2012) implemented in Rstudio. 
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RESULTS 

AHE locus capture results 

The complete data set supermatrix includes 496 nucleotide loci (329,685 nucleotide sites; 

170,639 parsimony-informative characters) for 139 terminals with 51% average missing data 

across all MSAs included in the dataset. The mean nucleotide locus length is 622 base pairs (bp), 

ranging from 101 to 2,786 bp, and 73% 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; BI; and ASTRAL) are highly congruent in almost all 

species-level nodes in both bootstrap support and phylogenetic relationships, however, BI and 

ASTRAL analyses show only weak or moderate support for some deeper nodes among 

agromyzid genera (Figure 3; Appendix A: Figure 1S; 2S; 3S, 4S, 5S). In nearly all analyses, the 

subfamily Agromyzinae is found to be paraphyletic due to new positions of the genus Agromyza, 

while the subfamily Phytomyzinae is consistently monophyletic with strong node support in ML 

analyses for all data types (Figure 3; Appendix A: Figure 1S; 2S). Both subfamilies received low 

posterior probabilities (PP) in Bayesian analyses (Figure 3; Appendix A: Figure 3S), and they are 

also not supported in most of the coalescent-based species trees (Figure 3; Appendix A: Figure 

4S; 5S). Only in coalescent species tree built using the NT12 dataset, the two subfamilies are 

reciprocally monophyletic: Phytomyzinae is well-supported, but Agromyzinae with a low 

posterior probability (PP = 0.46; Appendix A: Figure 5S).  

In Agromyzinae, all genera represented by at least two species (Tropicomyia, Ophiomyia, 

Melanagromyza, and Agromyza) have been found to be monophyletic, except for Hexomyza, 

across all datasets and methods (SH-aLRT / UFBoot = 100/100; PP = 1; Figure 3). In Hexomyza, 
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the two sampled species form a sister group with full supports using NT123 dataset regardless of 

phylogenetic approaches (SH-aLRT / UFBoot = 100/100; PP = 1) but are paraphyletic in 

analyses of NT12 and TAA datasets (Appendix A: Figure 1S; 2S). A grouping of the genera 

Tropicomyia, Hexomyza, Ophiomyia, and Melanagromyza, is robustly supported by all datasets 

and phylogenetic approaches, which is marked as óTMô on the phylogeny (Figure 3).  

Agromyza is found to be sister group to Phytomyzinae with full support (SH-aLRT / 

UFBoot = 100/100) in ML analysis of the TAA dataset (Appendix A: Figure 2S). The major 

difference among relationships found in Agromyzinae here are the alternative placements of the 

genus Japanagromyza in ML analyses of different molecular datasets. Specifically, genus 

Japanagromyza is placed as sister to Agromyza with strong support on the ML tree generated 

using NT123 dataset, while it is placed as sister group to the óTMô clade by TAA datasets in ML 

analyses with full support (Appendix 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: Figure 1S; 2S; 3S; 4S; 5S).  

In Phytomyzinae, genera sampled for least two species confirm generic monophyly with 

full support (SH-aLRT / UFBoot = 100/100; PP = 1). Only Phytoliriomyza is found to be 

paraphyletic or polyphyletic (Figure 3; Appendix A: Figure 1S; 2S; 3S; 4S; 5S). To summarize 

the phylogenetic clades found for deeper nodes in Phytomyzinae, we divided the group into four 

large clades: óPNPô, óAPô, óCLô, and óCALô (Figure 3). The óPNPô clade consists of 

Pseudonapomyza, Nemorimyza, and Phytobia, and is fully supported as monophyletic in ML 

analyses of NT123 (Figure 3). In this clade, Pseudonapomyza atra is placed sister to the genus 

Nemorimyza with strong support on ML trees generated using NT123 and TAA datasets (Figure 

3). Nevertheless, the sister group is weakly or moderately supported by Bayesian (BPP = 0.55; 
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Appendix A: Figure 3S) and coalescent species tree produced from gene trees with the third 

positions removed (BPP = 0.75; Appendix A: Figure 5S), and is not supported by coalescent 

species tree generated from individual gene trees with all nucleotide sites (Figure 3; Appendix A: 

Figure 4S).  

The óAPô clade, contains two monophyletic genera Aulagromyza and Phytomyza, and is 

strongly supported across all data and analysis types (Figure 3; Appendix A: Figure 1S; 2S; 3S; 

4S; 5S). For the diverse genus Phytomyza in this clade, the subgenus Chromatomyia is non-

monophyletic and is split into three independent lineages in all phylogenetic analyses (Figure 3). 

Phytomyza (Chromatomyia) mimuli is sister to all the remaining Phytomyza sampled with strong 

support in all phylogenetic analyses (Figure 3). Species of the subgenus Napomyza are also 

separated into two subclades nested within the Phytomyza clade with strong support, thereby 

rendering the subgenus Phytomyza polyphyletic (Figure 3). Another subclade of the subgenus 

Napomyza displays a second more basally placed clade of the remaining species of genus 

Phytomyza with strong bootstrap and nodal support values in all analyses (Figure 3; Appendix A: 

Figure 3S; 4S). The óAPô clade is sister to the óPNPô clade with strong node support (SH-aLRT / 

UFBoot = 99.9/99) in ML analysis of the NT123 dataset, but is not recovered by ML analysis 

with amino acids and other phylogenetic methods (BI and ASTRAL; Figure 3). On the contrary, 

the óAPô clade is placed sister to the óCLô clade with robust support in ML analyses of the TAA 

dataset (Appendix A: Figure 2S; SH-aLRT / UFBoot = 99.4/98). 

The óCLô clade in Phytomyzinae comprises the genera Cerodontha, Amauromyza, 

Calycomyza, Phytoliriomyza, Selachops, Metopomyza, and Lirimyza and forms a monophyletic 

group with full supports by ML and coalescent analyses (SH-aLRT / UFBoot = 100/100; PP = 1; 

Figure 3). In Cerodontha, we included samples from seven subgenera, including Icteromyza, 
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Cerodontha, Xenophytomyza, Butomomyza, Dizygomyza, Phytagromyza, and Poemyza. The 

subgenus Dizygomyza is found to be paraphyletic, and these placements break up the monophyly 

of Butomomyza and Phytagromyza as well. The subgenus Cerodontha is also paraphyletic, while 

the subgenera Xenophytomyza and Poemyza each form monophyletic groups in our analyses. 

Amauromyza is sister group to óCALô clade with moderate support from NT123 (Figure 3) and 

NT12 (Appendix A: Figure 1S), but this grouping is not recovered in BI and coalescent species 

trees (Figure 3; Appendix A: Figure 3S; 4S). A monophyletic Calycomyza is sister group with a 

clade comprising genera Phytoliriomyza, Selachops, Metopomyza, and Liriomyza, with strong 

support in ML and coalescent analyses, and with moderate support in Bayesian tree (Figure 3). 

The genera Phytoliriomyza, Selachops, Metopomyza, and Liriomyza, form a monophyletic clade 

with robust support in all ML analyses of nucleotides and amino acids (Figure 3). The genus 

Selachops is grouped with Metopomyza in ML and BI trees, but with weak or moderate support 

(Figure 3). In the large genus Liriomyza, species-level relationships are strongly supported in 

nearly all phylogenetic analyses of the various datasets (Figure 3). 

Likelihood mapping 

Two major differences are found in our phylogenetic reconstruction of higher-level 

relationships: one is the placement of the genus Japanagromyza, and other is the position of the 

óAPô clade (Figure 4). To evaluate the phylogenetic information content of our nucleotide and 

amino acid alignments on these discordant relationships, we conducted likelihood mapping 

analysis. We found that the quartets produced from both concatenated nucleotide (NT123) and 

amino acid (TAA) alignments are relatively decisive since no or very few quartets provide 

ambiguous information, in other words, there are no, or few, points falling into the center or 

middle edges of the triangle diagram, suggesting that both molecular data sets contain decisive 
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phylogenetic signals. Of the quartets sampled, 98.9% support the genus Japanagromyza together 

with genus Agromyza, while 1.0% support the genus Japangaromyza with the subfamily 

Phytomyzinae, when nucleotide alignments are analyzed (Figure 5a). In contrast, for amino 

acids, we find that 97.8% of quartets support genus Japanagromyza as sister to the óTMô clade, 

whereas only 1.4% support a sister relationship between Japanagromyza and Agromyza (Figure 

5b). 

For the placement of óAPô clade, 42.4% of quartets mapped with NT123 support a sister 

group between óAPô and óPNPô clades (Figure 5c), and this grouping is also strongly supported 

in the ML tree (SH-aLRT/UFBoot = 99.9/99; Figure 3). Conversely, 36.1% of quartets analyzed 

with the amino acids data set (TAA) support the óAPô + óPNPô grouping (Figure 5d), but this is 

not reflected in the ML tree analysis, as the óAPô clade is sister to the óCLô clade with strong 

support (SH-aLRT/UFBoot = 99.4/98; Appendix A: Figure 4S). Only 31.4% of quartets support 

the sister group between óAPô and óCLô clades (Figure 5d). Nucleotides are more decisive in this 

area of the tree than are amino acids, with the latter data sets showing greater uncertainty in 

quartets involving the resolution of the óAPô, óCLô, and óPNPô clades (Figure 5c; 4Bd).  

Divergence time estimation 

Six independent MCMCTree runs yielded the highly congruent posterior distributions of 

clade ages (Figure 7). Mean node age and 95% HPD intervals are provided on each node of the 

dated phylogeny. The family Agromyzidae is estimated to have originated at approximately 

64.47 Ma, and subsequently, with the earliest split among extant groups occurring nearly 

contemporaneously [mean node age: 64.03 Ma; 95% HPD: 62.69-64.98; Table 3]. Sampled 

crown group members of the óTMô clade diversified about 47 Ma. Phytomyzinae also originated 

early in the diversification of the group (60.56 Ma) and with an early split at approximately 57 
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Ma (95% HPD: 54.13-59.77) and continued divergence into the three large clades (óCLô, óPNPô, 

and óAPô) at 53.91, 49.35, and 48.06 Ma, respectively (Figure 6; Table 2). The splits between 

óPNPô and óAPô clades occur in the early Eocene. The splits of the large genera in the family, 

Phytomyza and Liriomyza, are dated to 43.16 Ma (95% HPD: 37.55-48.60) and 30.57 Ma (95% 

HPD: 26.40-35.05), respectively. The genus Cerodontha originated in the middle Eocene (mean 

node age: 46.98 Ma; 95% HPD: 42.19-51.73; Table 2), and Calycomyza at approximately 21.35 

Ma (Figure 6). 

Dynamics of diversification rate through time 

In Agromyzidae, both speciation rate and net-diversification rate were found to have 

increased at around 18 Ma with another increase at approximately 13 Ma (Miocene; Figure 8a; 

8c). In contrast, extinction rates remain level, and relative-extinction rate exhibits a subtle 

declining trend from the period of about 16 to 8 Ma during the Miocene (Figure 8b; 8d). We 

have also found that speciation rate in Phytomyza shows a clear increasing trend since the late 

Oligocene inferred from the branch-specific speciation rate analysis (Figure 9). Speciation rates 

in Liriomyza, Calycomyza, Agromyza, Melanagromyza, and Ophiomyza also show increasing 

trends in specific branches on the time-calibrated phylogeny during the Neogene and Quaternary 

of the late Cenozoic Era (Figure 9). 

Biogeographic history 

Forty-one global dispersal and 38 vicariant 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. Nearly 60% vicariant events are occurred during the Miocene. Five groups 

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 Figure 10. Probabilities of these were below 60%, however, 

except for the node 3 (88%). Apart from dispersal and vicariance events, some groups also 

experienced in-situ diversification in a single region, such as Phytomyza, Amauromyza, and 

Calycomyza. The ancestral geographic distributions of most of the deepest nodes (e.g., óTMô, 

óPNPô, óAPô, óCLô clades) and genus-level groupings (including Ophiomyia, Agromyza, 

Phytobia, Phytomyza, Cerodontha, Calycomyza, and Liriomyza) are also estimated to have 

originated in the Nearctic region with high probabilities (Figure 10). 

Evolution of host-plant use 

The most recent common ancestor (MRCA) of host plants fed on by leaf-mining flies 

were rosids (Prob. = 94.55) according to our ancestral state reconstruction (Figure 11). In 

Melanagromyza, species radiations included multiple host shifts among different eudicot groups, 

particularly between rosids and asterids. Species of Ophiomyia switched from eudicots to 

monocots (Figure 11). Agromyza species show multiple shifts among Fabales, Rosales, 

Asterales, and Poales in angiosperms. 

Species from the óPNPô clade also experienced multiple shifts among angiosperm plants. 

Ancestral host plants of Phytomyza are inferred to be asterids. Phytomyza species predominantly 

radiated on Asterales, with subsequent shifts onto Fabales and Ranunculales. The MRCA host 

plant of óCLô clade species is Poales (Prob. = 59.26). Species of Cerodontha diversified on 

Poales, while species from genus Calycomyza use diverse lineages of Asterales based on our 

sampling. Phytoliriomyza exhibit a broad range of host plants across angiosperms and ferns, and 

the clade including Phytoliriomyza, Selachops, Metopomyza, and Liriomyza, moved from 

Polypodiales ferns (Prob. = 96.16), and then shifted onto angiosperm plants including eudicots 
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and monocots (Figure 11). Liriomyza species feed on a great diversity of host plants across 

monocots and eudicots. 

Larval feeding mode and pupal location 

The ancestral state reconstruction of larval feeding mode and pupal location are 

summarized in Figures 12 and 13, respectively. Larvae from multiple genera including 

Liriomyza, Phytoliriomyza, Cerodontha, Phytomyza, Aulagromyza, Agromyza, and Ophiomyia, 

can feed on both leaf and non-leaf 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 feeding is the inferred ancestral state for the family (Figure 12). 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 of leaf-mining flies. Internal 

pupation is supported as the most probable ancestral state in Agromyzidae (Figure 13). There 

also appear to be separate origins of internal pupation in Melanagromyza, Tropicomyia, 

Ophiomyia, and Hexomyza in Subfamily Agromyzinae, and pupation location among the genera 

in subfamily Phytomyzinae is also diverse and species specific (Figure 13; Appendix A: Table 

3S). 

DISCUSSION 

Phylogenetic relationships of leaf-mining flies 

Our phylogenomic study of leaf-mining flies provides new evidence on the earliest 

divergences among lineages of this entirely phytophagous family. Most significantly, our data do 

not support the division of the family into just two reciprocally monophyletic subfamilies that are 

seen in previous classifications (Fallén, 1823a; 1823b) and later upheld in morphological 
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(Dempewolf, 2001; 2005) and molecular studies (Scheffer et al., 2007). The unprecedented size 

and scope of phylogenomic analyses are revising phylogenetic classifications for many groups 

(Buenaventura et al., 2020; 2021; Yan et al., 2021a; 2021b), especially in those where rapid 

radiations have generated considerable phylogenetic uncertainty (Bayless et al. 2021). Our 

strongly supported trees based on 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 subfamily Melanagromyzinae for the earliest splitting 

lineage in the tree corresponding to our óTMô clade including Melanagromyza, Hexomyza, 

Ophiomyia and Tropicomyia, redefining Agromyzinae for the large genus Agromyza and 

Japanagromyza, and Phytomyzinae for all remaining genera in the family (Figure 3; Appendix 

A: Table 1S). Our analyses find strong support for nearly all genus- and species-level 

phylogenetic relationships in Agromyzidae, recovering relationships within the major clades and 

supporting monophyly for most of the previously recognized genera (Figure 3; Appendix A: 

Figure 1S, 2S; 3S; 4S; 5S). Bayesian and coalescent-based 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 strongest findings from maximum likelihood (Figure 3; 

Appendix A: Figure 3S; 4S). However, these methods may be particularly sensitive to 

contradictory signal contributed by individual loci or to uneven sampling of genes or taxa 

(Simion et al. 2020; Young & Gillung 2020). Further sampling and exploration of the differential 

contribution 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 morphological characters (Lonsdale, 2022). 
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Melanagromyzinae (óTM cladeô), has been called the óOphiomyia genus groupô in morphological 

assessments, including the genera Ophiomyia, Melanagromyza, Euhexomyza (orphan species of 

genus Hexomyza), plus Tropicomyia (Eiseman, 2019; Lonsdale, 2021). In our tree, we find 

strong support for a grouping of Tropicomyia, Hexomyza, Ophiomyia, and Melanagromyza as 

monophyletic (Figure 3).   

Agromyzinae, now comprised of Agromyza and Japanagromyza, often shares the feature 

of prescutellar acrostichal setae and the mesophallus being basal to the distiphallus (Lonsdale, 

2021). It is placed as a sister group to Phytomyzinae with strong support in ML analysis using 

nucleotide-based dataset (Figure 3). A stridulatory file is found in Agromyza adults (Von 

Tschirnhaus, 1971; Lonsdale, 2021), which is a convergently derived feature with that in 

Liriomyza. Agromyza presents a distinct saw-like stridulatory file on the lateral margin of tergite 

2 in males and females, while in Liriomyza, the anterolateral stridulatory organ is located on the 

membrane only for some male adults (Lonsdale, 2021). The genus Japanagromyza has been 

treated as an intermediate between the Ophiomyia and Agromyza due to its sharing of a 

combination of morphological characteristics of the two (von Tschirnhaus, 1991; 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 group to Agromyza in nucleotide-based analyses 

(Figure 3). Lonsdale (2013) postulated that Japanagromyza may not be monophyletic because of 

their diverse morphological characters, especially in male genitalia features. However, here, we 

were only able to sample the most common American species of the group, J. viridula 

(Coquillett), and so further investigations will require a more detailed revisionary and 

phylogenetic study of Japanagromyza in future work. 
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All remaining Agromyzidae, comprise the monophyletic subfamily Phytomyzinae, a 

much more diverse and heterogeneous set of lineages (Lonsdale, 2021). We found support for 

three main lineages within Phytomyzinae that we refer to here as the óPNPô, óAPô, and óCLô 

clades. Most genera have been found to be as monophyly including Nemorimyza, Phytobia, 

Aulagromyza, Phytomyza, Cerodontha, Amauromyza, Calycomyza, Metopomyza, and Liriomyza, 

with full bootstrap and nodal support (Figure 3). These findings confirm previous studies 

(Dempewolf, 2005; Scheffer et al., 2007), but also provided new positions of some genera, such 

as Ophiomyia and Aulagromyza. 

Within Phytomyzinae, our óPNPô clade corresponds approximately to the óPhytobia 

groupô recognized by Spencer (1990) for Amauromyza, Nemorimyza and Phytobia, as our trees 

do not support placement of Amauromyza in this clade, however, support for the exact position 

of Amauromyza is weak in nearly all analyses (Figure 3; Appendix A: 1S; 2S; 3S; 4S; 5S). 

Previous authors considered the Phytobia group to be the earliest 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 and we find strong support for Scheffer et al. (2007) recovery of this 

group within the Phytomyzinae. 

Spencer (1990) also recognized a óNapomyza groupô, corresponding approximately to our 

monophyletic óAPô clade.  Spencerôs grouping consisted of Aulagromyza, Phytomyza, 

Napomyza, Chromatomyia, Gymnophytomyza, and Pseudonapomyza. Napomyza and 

Chromatomyia are now recognized as subgenera of the diverse genus Phytomyza based on 

findings of a large multigene phylogenetic study (Winkler et al., 2009). von Tschirnhaus (2021) 

argued against the synonym of Chromatomyia, but further morphological investigation was 
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given in support of Chromatomyia within the broader concept of Phytomyza (Lonsdale and 

Eiseman 2021). Here, sampled members of Phytomyza (Chromatomyia) were placed in three 

well separated lineages with strong support in all analyses, and thus further supporting the 

synonym and reclassification of the subgenus. Species of Phytomyza (Napomyza) are distributed 

into two separate placements on our phylogeny, suggesting that future work within the group 

will require detailed re-evaluation of species-level phylogeny and subgeneric membership of 

Phytomyza lineages (Figure 3; Appendix A: 1S; 2S; 3S; 4S; 5S). We were unable to obtain 

representatives of the small genus Gymnophytomyza (two described species; von Tschirnhaus, 

2021, unpublished list) for the present study. The genera Aulagromyza and Pseudonapomyza are 

variable in characters of wing venation (Lonsdale, 2021), and the separations of these groups are 

consistently found in our results. Aulagromyza is a monophyletic sister group to Phytomyza 

supported by high bootstrap values and posterior probabilities (Figure 3; Figure 4). 

Pseudonapomyza is placed as sister group to Nemorimyza in the óPNPô group (Figure 3). 

All remaining genera in Phytomyzinae form a monophyletic lineage belong to the 

Phytoliriomyza group, here labeled the óCLô clade. This Phytoliriomyza genus group includes 

Cerodontha, Calycomyza, Phytoliriomyza, Metopomyza, Selachops, Liriomyza, Haplopeodes, 

Xeniomyza, and Pseudoliriomyza. The phylogenetic position and relationships of Cerodontha 

have not been convincingly resolved in previous studies (Spencer, 1990; Dempewolf, 2001; 

2005; Scheffer et al., 2007). Here, we sampled 22 Cerodontha species across 7 subgenera and 

find strong support for Cerodontha monophyly and the group is placed sister to all remaining 

members of the óCLô clade (Figure 3). The latter group is labeled here as the óCALô clade and 

includes Calycomyza, Phytoliriomyza, Metopomyza, Selachops, Liriomyza, and Haplopeodes. A 

synapomorphy for this group is the shared presence of tubercle-like setae on the posterodistal 
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margin of the epandrium and surstylus (Lonsdale, 2021), although this feature is not present in 

Haplopeodes and we were unable to obtain species of Haplopeodes for sequencing. Among the 

genera sampled here only Phytoliriomyza was found to be paraphyletic or polyphyletic on our 

trees. Sampled species were split into four independent lineages on the phylogeny (Figure 3), 

reinforcing the diverse interrelationships of this group also found in previous studies 

(Dempewolf, 2001; 2005; Scheffer et al., 2007). Lonsdale (2021) also suggested that 

Phytoliriomyza should be divided into at least two groups to maintain the monophyly of 

Metopomyza and Liriomyza which show affinities for different Phytoliriomyza taxa. Our 

sampling in this area of the phylogeny also included the enigmatic Palearctic species Selachops 

flavocinctus and places it within the CAL clade. Our results support a close relationship for 

Selachops and Metopomyza, a grouping that has been found previously by morphology 

(Dempewolf, 2001; 2005). Our placement of Metopomyza and S. flavocinctus with 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 provides a contextual framework for 

investigating the history of their diversification. Many factors, both biotic and abiotic, have 

influenced the history of plant-insect interactions with potentially traceable effects on the pattern 

and rate of species diversification (Strong, 1979; Tahvanainen & Niemelä, 1987; Meijer et al., 

2015; Kergoat et al., 2017; Beza Beza et al., 2021). Agromyzidae originated in the Paleocene 

about 65 Ma, 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 supports ages 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 almost entirely sampled from the Nearctic and Palearctic (Figure 10). 

Diversification rates of leaf-mining flies are elevated in the Miocene (Figure 8). Vicariant events 

placed on our trees may correspond with the disjunction between the North American Plate and 

Eurasian Plate at this time, and with subsequent dispersal events, coinciding with the uplift of the 

Indian Plate merging with Eurasian Plate during the Miocene (Figure 10).  

Diversification rate analyses show an increase in branch-specific speciation rate and a 

rapid radiation of host plant in Phytomyza during the Miocene (Figure 8; 9; 11), which is 

consistent with the host-shift pattern found by Winkler et al. (2009). Moreover, the 

diversification of this large group contributes significantly to the overall diversification of the 

family. Besides, lineages of genera Ophiomyia, Melanagromyza, Agromyza, and Liriomyza also 

exhibit the increasing speciation rate on the branches (Figure 9), which also contribute to 

diversification rate increase after the Miocene. Our placements of host shifts correspond with 

major radiations within genera of Agromyzidae mirroring the findings of previous studies that 

show that the diversification of leaf-mining flies is, in many cases, associated with host shifts 

and dietary specialization (Spencer, 1990; Scheffer & Wiegmann, 2000; Lonsdale, 2011; 

Winkler 2009)  

Larval feeding habits show both phylogenetic conservation and multiple independent 

origins throughout the tree reflecting inheritance of behavioral traits and selection for traits 

associated with feeding life history. For example, Phytomyza and Liriomyza show the highest 

diversity of larval feeding habits including leaf, stem, flower heads or seed, and root feeding; and 

they make linear, linear-blotch, and blotch mines, and can pupate either within the mine in many 
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species or exit from the mines to drop the ground (Spencer & Steyskal, 1986; Parrella, 1987; 

Lonsdale & Scheffer, 2011). Many species in Agromyza, Melanagomyza, and Ophiomyia are gall 

inducers and twig/stem miners (Eiseman, 2019; Appendix A: Table 3S). Likelihood-based 

optimization of larval feeding habits on our tree suggest transitions from the ancestral state leaf 

mining to stem, and cambium mining (Figure 12), a finding consistent with those of Dempewolf 

(2005) and Scheffer et al. (2007). Leaf feeding evolved independently five times on the 

Agromyzidae phylogeny (Figure 12). Lonsdale (2014) also reported larval feeding modes (e.g., 

leaf mining, stem mining/boring, and gall forming) evolved independently multiple times 

throughout the entire family. Apart from larval feeding habits, we show that pupation in leaf-

mining flies consistently changes from internal to external throughout their evolutionary history, 

an attribute that may reflect selection for escape from parasitoids, especially apocritan 

Hymenoptera, that are well known to attack many species as larvae or pupae while within the 

mine. 

CONCLUSION 

Our phylogenomic study of the family Agromyzidae represents a significant increase in 

the genomic evidence for the evolutionary relationships of these flies. Anchored hybrid 

enrichment provides access to many hundreds of loci from across the genome that are 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 for the family confirms established phylogenetic 

relationships among leaf-mining flies, but also provides new insights on the deepest splits and a 

revised classification, including a new subfamily Melanagromyzinae. Model-based analysis of 

divergence times and diversification rates identified large increases in the rate of new lineage 
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formation starting in the Miocene. Finally, this new framework phylogeny for leaf-mining flies 

provides a context to evaluate patterns of evolution and diversification linked with biogeography, 

host-plant use, larval feeding, and pupal location. 
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Figure 1. Geographic location of specimens sampled across the world.  

Each brown dot represents one collection site in United States or a country on the world map. 

 

Figure 2. Flowchart showing laboratory and computational procedure followed from sample 

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

scored as nucleotides (NT123) and analyzed in IQ-TREE.  

Boxes on nodes indicate support values obtained from different phylogenetic methods and 

dataset scorings as follows, from left to right: the first two boxes represent SH-aLRT 

(Shimodaira-Hasegawa-like approximate Likelihood Ratio Test) and Ultrafast bootstrap 

approximation (UFBoot) values generated by ML analysis within NT123; the third and fourth 

boxes indicate the SH-aLRT and UFBoot from ML analysis with amino acid data (TAA); the 

last two boxes represent the posterior probability obtained by Bayesian inference with the 

NT123 dataset and ASTRAL coalescent-based tree summary of individual gene trees generated 

in IQ-TREE. Color coding of boxes refers to as the distinct support level categories shown in 

the bottom left corner. A single filled green box on the node indicates strong support (Ó 0.95) 

in all analyses. A white box indicates that the node is not recovered using the type of dataset or 

from other phylogenetic approach. Monophyletic clades are colored to indicate their 

representation in Agromyzidae classification. Subgenera in the genera Phytomyza and 

Cerodontha are shown in the corresponding parentheses. Abbreviations used to denote deep 

level monophyletic clades are: TM = Tropicomyia + Hexomyza + Ophiomyia + 

Melanagromyza; PNP = Pseudonapomyza + Nemorimyza + Phytobia; AP = Aulagromyza + 

Phytomyza; CL = Cerodontha + Amauromyza + Calycomyza + Phytoliriomyza + Selachops 

+Metopomyza + Liriomyza; CAL = Calycomyza + Phytoliriomyza + Selachops + Metopomyza 

+ Liriomyza. 

  



39 

 

 

  



40 

 

 

 

Figure 4. Summary trees collapsed to show major differences in tree topology between 

maximum likelihood results of different data sets.  

Tree topology is depicted for results from nucleotide alignments with all the protein-codon 

position sites retained (NT123; I), nucleotide alignments with the third protein-codon position 

sites removed (NT12; II), and amino acid alignment (TAA; III), respectively. Incongruent 

placements of clades are highlighted by branch colors. The relationships within larger clades 

(óPNPô, óAPô, óCLô, and óCALô) are the same as those depicted in Figure 3.  

  



41 

 

 

 

Figure 5. Likelihood mapping plots from IQ-TREE.  

The distribution of quartets shows: (a) a sister relationship between the Japanagromyza and 

Agromyza produced from the analysis of the concatenated nucleotide sequence alignments with 

NT123 data; (b) a sister group between Japanagromyza and TM 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 informative, while 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 inferred from MCMCTree program and the ML tree 

topology obtained with NT123 data from IQ-TREE.  

Values on the internal node is the mean divergence time in million years (Ma), and the node 

bars represent 95% HPD (Highest Posterior Density) of the ages found in the sample of ages 

from the MCMC analysis. The x-axis is the geologic time scale in million years. Vertical gray 

bars on the time tree represent the middles of Paleocene, Eocene, Oligocene, Miocene, 

Pliocene. Geologic time scale abbreviations at the bottom box indicates as follows: Plei. = 

Pleistocene; Ho. = Holocene; Quat. = Quaternary. 
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Figure 7. Comparison plots of multiple MCMC runs in divergence time estimates.  

Each color represents and independent run of the MCMC chain. Both X- and Y-axis represent 

100 Ma time scale. Solid lines indicate the distributions of mean node ages, and the 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 8. Episodic diversification rate estimates plotted against divergence time using 15-time 

intervals.  

Low letters at the left top corner represent: (a) speciation rate; (b) extinction rate; (c) net-

diversification rate; (d) relative-extinction rate, respectively. 
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Figure 9. Branch-specific speciation rate estimates under the birth-death-shift process model 

from MCMC analysis in RevBayes.  

Lambda is the speciation rate. Branch-specific speciation rates are indicated as increasing 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 represent the 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 time-calibrated phylogeny implemented in RASP using the tree 

topology obtained in ML analysis of NT123 data.  

Biogeographic regions are coded according to their sampling locations shown on the colorful 

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

= Oriental; F = Australian. The pie charts on internal nodes indicate the probability of each 

alternative ancestral geographic region. 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 analysis. Clades óTMô, óPNPô, óAPô, and óCLô, separately 

represent the same groups with those in Figure 3. The value inside the pie chart indicates the 

node number. Paleogeographic maps are shown at right to indicate the land mass positions 

throughout the period covered in the tree figure (Hay et al., 1999). The line marked by red on 

the plate tectonic maps shows the connection and disjunction between North America Plate 

(NAP; including Canada and United States continents) and Eurasian Plate (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 tree represent early Eocene, Oligocene, Miocene, and 

late Miocene. 
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Figure 11. Host-use evolution of leaf-mining flies mapped onto agromyzid phylogeny in 

Bayesian Binary MCMC analysis (BBM) using a pruned time-calibrated 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; C = Lamiales; D = other asterids including Ericales and Boraginales 

in our samples; E = Fabales; F = Rosales; G = other rosids comprising of Fagales, Brassicales, 

Gentianales, and Malpighiales; H = Ranunculales; I = other eudicots consisting of 

Caryophyllales and Cornales; J = Poales; K = other monocots containing Asparagales and 

Alismatales; L = Polypodiales (ferns). 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 

Melanagromyza, Hexomyza, and Ophiomyia. Vertical gray bars in the tree represent early and 

late Miocene from left to right. The clades of óPNPô, óAPô, and óCLô on the phylogeny above, 

represent the same relationships depicted in Figure 3.  
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Figure 12. Ancestral state reconstruction analysis for larval feeding habits among agromyzid 

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

R package phytools.  

The green and purple circles at the tips represent larval leaf and non-leaf feeding (including 

flower, seed, stem, twig, root, cambium on the plant/tree fed by leaf-mining flies), respectively. 

If species from one genus can feed on at least one non-leaf part of the plant except for leaf, we 

coded this genus as óbothô shown by blue circle on the pruned phylogeny from the ancestral 

state reconstruction analysis. Colors in each pie chart show the probability of ancestral larval 

feeding habits. 
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Figure 13. Ancestral state reconstruction analysis for pupal locations (internal & external) 

among agromyzid genera the function fitpolyMK under the transient model with flat prior 

implemented in R package phytools.  

The pink and orange circles at the tips correspond to internal and external pupation, 

respectively. If species can pupate both internally and externally in the same genus, we coded 

the genus as óbothô (marked by blue circle).  
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Table 1. Collection information of samples used in this study and raw reads obtained from sequencer 

Sample 

ID 

Species ID Collection locality Raw reads Latitud

e 

Longitud

e 

AG0578 Agromyza albipennis U.S.A: Maryland: Prince George's County: Patuxent 

Research Refuge 

pair 39.03 -76.80 

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 Patuxent 

Environmental Area, Trotter Rd. 

pair 39.21 -76.91 

Celtis1 Ag. deserta - pair - - 

AG0738 Ag. facilis U.S.A: Maryland: Columbia: Howard County: Robinson 

Nature Center, forest 

pair 39.19 -76.89 

AG2441 Ag. frontella U.S.A: Minnesota: Carlos Avery Wildlife Management 

Area 

pair 45.38 -93.01 

Mtu432 Ag. hardyi U.S.A: Utah: Utah County: American Fork Canyon nr 

Timpooneke Trail Meadow below Giant Staircase site 5 

pair 40.43 -111.64 

AG1962 Ag. nigripes United Kingdom: Merthyr Tydfil County: Pontsticill, 

Brecon Beacons National Park 

pair 51.79 -3.37 

AG2507 Ag. pseudoreptans U.S.A: Minnesota: Ramsey County: Snail Lake 

Shoreview 

pair 45.07 -93.12 

AG0148 Agromyza sp.1 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 of 

Maryland 

pair 38.99 -76.94 

AG1331 Agromyza sp.3 U.S.A: Maryland: Howard County: Middle Patuxent 

Environmental Area, Trotter Rd. 

pair 39.21 -76.91 

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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Table 1 (continued) 

AG0516 Amauromyza flavifrons U.S.A: Kentucky: Powell County: Natural Bridge State 

Resort Park 

pair 37.78 -83.69 

AG1679 Am. karli U.S.A: Maryland: Howard County: University of 

Maryland 

pair 38.99 -76.94 

Mtu252 Aulagromyza coloradensis U.S.A: Utah: Utah County: Mount Timpanogos 

Timpooneke Guard Station 

pair 40.43 -111.64 

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

AG1596 Au. luteoscutellata U.S.A: NewYork singl

e 

40.78 -74.00 

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

Mtu324 Aulagromyza sp. U.S.A: Utah: Utah County: Mount Timpanogos 

Timpooneke Guard Station 

pair 40.43 -111.64 

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

AG1252 Ca. majuscula U.S.A: West Virginia: Preston County: 1049 Feather Rd, 

Terra Alta 

pair 39.54 -79.50 

AG1193 Ca. platyptera U.S.A: Maryland: Prince George's County: Upper 

Marlboro: Candy Hill Road 

pair 38.71 -76.74 

AG1198 Ca. promissa U.S.A: Maryland: Prince George's County: Clinton: 

Piscataway Road 

pair 38.76 -76.92 

AG1201 Ca. solidaginis U.S.A: New York: Albany County: Edmund Niles 

Huyck Preserve 

pair 42.52 -74.14 

AG2081 Ca. sonchi U.S.A: New Mexico:Sandoval County: Valles Caldera 

National Preserve 

pair 35.83 -106.49 

AG1615 Ce. (Icteromyza) 

longipennis 

U.S.A: Kentucky pair 37.53 -84.96 

AG1970 Ce. (Butomomyza) 

angulata 

United Kingdom: Merthyr Tydfil County: Pontsticill, 

Brecon Beacons National Park 

pair 51.79 -3.37 

AG2175 Ce. (Butomomyza) 

impercepta 

Israel: Gilat Research Station pair 31.33 34.65 
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Table 1 (continued) 

AG2445 Ce. (Dizygomyza) fasciata U.S.A: Minnesota: Carlos Avery Wildlife Management 

Area 

pair 45.38 -93.01 

AG1722 Ce. (Dizygomyza) iraeos U.S.A: Virginia pair 37.80 -78.06 

AG1966 Ce. (Dizygomyza) luctuosa United Kingdom: Merthyr Tydfil County: Pontsticill, 

Brecon Beacons National Park 

pair 51.79 -3.37 

Mtu414 Ce. (Dizygomyza) 

magnicornis 

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

Timpooneke Trail Meadow below Giant Staircase site 5 

pair 40.43 -111.64 

AG1999 Ce. (Dizygomyza) morosa United Kingdom: Berkshire County: Silwood Park pair 51.41 -0.64 

AG1247 Ce. (Phytagromyza) 

flavocingulata 

U.S.A: West Virginia: Cranesville Swamp Natural Area pair 39.54 -79.49 

AG1972 Ce. (Phytagromyza) 

frankensis 

United Kingdom: Merthyr Tydfil County: Pontsticill, 

Brecon Beacons National Park 

pair 51.79 -3.37 

AG1310 Ce. (Poemyza) malaisei U.S.A: Idaho: Boise County: Boise National Forest, 

Cottonwood Guard Station 

pair 44.13 -115.56 

AG2204 Ce. (Poemyza) muscina New Zealand: Whanganui pair -39.93 175.03 

Uth26 Ce. (Poemyza) pygmaea U.S.A: Utah: Garfield County: Grand Staircase-Escalante 

National Monument: Lower Calf Creek  

pair 37.83 -111.42 

AG1964 Ce. (Xenophytomyza) 

biseta 

United Kingdom: Merthyr Tydfil County: Pontsticill, 

Brecon Beacons National Park 

pair 51.79 -3.37 

AG1285 Ce. (Xenophytomyza) 

venturii 

U.S.A: Idaho: Boise County: Boise National Forest, 

Cottonwood Guard Station 

pair 44.13 -115.56 

AUS9 Ce. (Cerodontha) atra Australia: Queensland: Josephine Falls pair -17.43 145.86 

AG1273 Ce. (Cerodontha) 

denticornis 

U.S.A: West Virginia: Preston County: 1049 Feather Rd, 

Terra Alta 

pair 39.54 -79.50 

AG1283 Ce. (Cerodontha) dorsalis U.S.A: Idaho: Boise County: Boise National Forest, 

Cottonwood Guard Station 

pair 44.13 -115.56 
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Table 1 (continued) 

AG1992 Ce. (Cerodontha) fulvipes United Kingdom: Berkshire County: Silwood Park pair 51.41 -0.64 

Uth25 Ce. (Cerodontha) milleri U.S.A: Utah: Garfield County: Grand Staircase-

Escalante National Monument: Lower Calf Creek  

pair 37.83 -111.42 

AG1968 Ce. (Cerodontha) piliseta United Kingdom: Merthyr Tydfil County: Pontsticill, 

Brecon Beacons National Park 

pair 51.79 -3.37 

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 

AG0275 Japanagromyza viridula U.S.A: Maryland: Prince George's County: Patuxent 

Wildlife Refuge 

pair 39.06 -76.78 

AG1635 Liriomyza baptisiae U.S.A: New Hampshire pair 44.36 -71.72 

AG2162 L. chenopodii New Zealand: AK, Waitakere City, 97 Astley Avenue, 

New Lynn 

pair -36.92 174.68 

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 County: Coed-y-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 Patuxent 

Environmental Area, Trotter Rd. 

pair 39.21 -76.91 

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: 

Timpooneke Guard Station 

pair 40.43 -111.64 

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: Prices Valley Reserve pair -43.79 172.70 
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Table 1 (continued) 

AG2002 Melanagromyza 

aeneoventris 

United Kingdom: Oxfordshire County: River 

Thames 

pair 51.77 -1.36 

Ger2 Mel. albocilia Germany pair 51.22 10.37 

AG2034 Mel. cleomae Sri Lanka pair 7.66 80.64 

AG2168 Mel. minimoides Bolivia pair -16.60 -65.04 

AG2079 Mel. nr. Chaptaliae U.S.A: New Mexico: Sandoval County: Jemez 

Canyon 

pair 35.39 -106.55 

AG0169 Mel. ruelliae  pair   

AG0714 Melanagromyza sp.1 U.S.A: Maryland: Columbia: Howard County: 

Middle Patuxent Enviromental Area, Trotter Rd. 

pair 39.21 -76.91 

AG1640 Melanagromyza sp.2  pair   

MTU426 Mel. urticella U.S.A: Utah: Utah County: American Fork 

Canyon nr Timpooneke Trail Meadow below Giant 

Staircase site 5 

pair 40.43 -111.64 

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

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

AG0580 Mel. virginiensis U.S.A: Maryland: Prince George's County: 

Patuxent Research Refuge 

pair 39.03 -76.80 

AG1975 Metopomyza flavonotata United Kingdom: Gwynedd County: Coed-y-

Brenin Park 

pair 52.82 -3.90 

AG0243 Met. scutellata U.S.A: Maryland: Prince George's County: 

Patuxent Wildlife Refuge 

pair 39.05 -76.78 

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 - - 

AG0869 O. kwansonis U.S.A: Maryland: Columbia: Howard County: 

Middle Patuxent Enviromental Area, Trotter Rd. 

pair 39.21 -76.91 

AG2047 O. lantanae Sri Lanka: Gannoruna pair 7.28 80.59 
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Table 1 (continued) 

AG2095 O. maura U.S.A: Maryland: Howard County: University of 

Maryland 

pair 38.99 -76.94 

AG2096 O. nasuta U.S.A: Maryland: Howard County: University of 

Maryland 

pair 38.99 -76.94 

AG1981 O. ranunculicaulis United Kingdom: Berkshire County: Silwood Park 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 Phyto. betulivora U.S.A: West Virginia: Preston County: 1049 

Feather Rd, Terra Alta 

pair 39.54 -79.50 

AG2213 Phyto. confessa U.S.A: Utah: Utah County: Wheeler Sawmill 

Caonyon 

pair 39.96 -111.27 

AG2531 Phytobia sp. U.S.A: Maryland: Calvert: Double Oak Road, 

Prince Frederick: American Chestnut Land Trust 

pair 38.55 -76.53 

Mtu447 Phyto. vanduzeei U.S.A: Utah: Utah County: American Fork 

Canyon nr Timpooneke Trail Meadow below Giant 

Staircase site 5 

pair 40.43 -111.64 

AG2458 Phytoliriomyza conspicua U.S.A: Minnesota: Cedar Creek Ecosystem 

Science Reserve 

pair 45.40 -93.20 

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 Fork 

Canyon nr Timpooneke Trail Meadow below Giant 

Staircase site 5 

pair 37.07 -111.89 

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

SWI1 Phytolirio. ornata Europe: Slovakia or Germany pair   

Mtu184 Phytolirio. pallida U.S.A: Utah: Utah County: American Fork 

Canyon Hwy 92 South Fork Ranger Station 

pair 40.45 -111.66 

AUS3 Phytolirio. tricolor Australia: New South Wales: Tallaganda National 

Park 

pair -35.73 149.47 

  



60 

 

 

Table 1 (continued) 

AG1291 Phytomyza (Chro.) fricki U.S.A: Idaho: Boise County: Boise National 

Forest, Cottonwood Guard Station 

pair 44.13 -115.56 

Mtu271 P. (Chro.) fuscula U.S.A: Utah: Utah County: Mount Timpanogos 

Timpooneke Guard Station 

pair 40.43 -111.64 

AG0638 P. (Chro.) horticola U.S.A: Maryland: Prince George's County: 

Clinton: Piscataway Road 

pair 38.76 -76.92 

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 National 

Forest, Cottonwood Guard Station 

pair 44.13 -115.56 

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 Sawmill 

Caonyon 

pair 39.96 -111.27 

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 Jaun 

Bautista 

pair 36.84 -121.54 

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

AG1943 P. (Phyto.) agromyzina United Kingdom: Berkshire County: Silwood Park 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 Park 

Venus Flytrap Trail 

pair 34.05 -77.91 

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

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

AG1940 P. (Phyto.) erigerophila United Kingdom: Kent County: Folkstone pair 51.08 1.17 
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Table 1 (continued) 

AG1629 P. (Phyto.) fallaciosa - pair - - 

AG2152 P. (Phyto.) ilicicola New Zealand: Canterbury: Arthur's Pass National 

Park 

pair -42.94 171.73 

AG2136 P. (Phyto.) leslieae U.S.A: Utah: Utah County: American Fork 

Canyon 

pair 40.43 -111.74 

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

AG1609 P. (Phyto.) nepetae U.S.A: Minnesota: Shoreview Snail Lake fall 1997 pair 45.07 -93.12 

AG0542 P. (Phyto.) osmorhizae U.S.A: Maryland: Prince George's County: Upper 

Marlboro: Candy Hill Road  

pair 38.71 -76.74 

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

AG0157 P. (Phyto.)  vomitoriae - single   

AG1995 Pseudonapomyza atra United Kingdom: Berkshire County: Silwood Park 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 Odiniidae sp. - pair - - 

AG0161 Fergusonina sp.1 - single - - 

AG0164 Fergusonina sp.2 - single - - 

Notes: pair = pair-end raw reads from NovaSeq 6000; single = single-end raw reads from HiSeq 2500. Chro.= Chromatomyia; Napo. 

= Napomyza; Phyto. = Phytomyza 
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Table 2. Mean node age and 95% Highest Posterior Density (HPD) obtained from MCMCTree 

analyses for major genera and clades 

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

Tropicomyia 8.26 4.15-13.04 

Ophiomyia 25.50 19.96-31.17 

Melanagromyza 37.35 34.87-39.11 

Agromyza 42.15 37.88-47.06 

Nemorimyza 13.13 6.93-19.88 

Phytobia 31.78 23.71-39.15 

Aulagromyza 38.72 31.12-46.26 

Phytomyza 43.16 37.55-48.60 

Cerodontha 46.98 42.19-51.73 

Amauromyza 32.18 22.55-41.07 

Calycomyza 21.35 16.07-27.17 

Metopomyza 11.73 6.95-16.91 

Liriomyza 30.57 26.40-35.05 

TM 47.49 42.46-52.75 

PNP 49.35 44.06-54.18 

AP 48.06 42.83-52.78 

CL 53.91 50.52-57.07 

Phytomyzinae 57.08 54.13-59.77 

Agromyzidae 64.03 62.69-64.98 

Notes: HPD = Highest Posterior Density; Mya = million years ago; Clades óTMô, óPNPô, óAPô, 

and óCLô, include the same groups with those in Figure 3. 
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CHAPTER 2. A genome-wide phylogeny and the diversification of genus Liriomyza 

(Diptera: Agromyzidae) inferred from anchored phylogenomics 

INTRODUCTION  

Liriomyza Mik (Diptera: Agromyzidae), erected in 1894, is one of the largest genera in the 

family Agromyzidae (Spencer & Steyskal, 1986). Currently there are approximately 437 described 

species distributed globally (von Tschirnhaus, 2020, unpublished list). Of these, about 157 species 

are found in North America north of Mexico (Lonsdale, 2021), where most are described from 

California (Lonsdale, 2011). Liriomyza larvae feed internally, mostly in the upper or lower leaf 

mesophyll tissue as leaf miners (Spencer & Steyskal, 1986; Parrella, 1987), with a few species 

feeding in seed heads, potato tubers (e.g., L. biformata Becker), and stems (e.g., L. pseudopygmina 

(Hering); Spencer & Steyskal, 1986; Lonsdale, 2011). Moreover, Liriomyza species can pupate 

inside or outside of the larval feeding location within the host plant (Spencer & Steyskal, 1986; 

Parrella, 1987). Damage by leaf miners can reduce photosynthesis and promote early leaf drop 

which affects the aesthetic value of ornamental plants and diminishes yield in agricultural crops 

(Johnson et al., 1983; Parrella, 1987). At times, even entire crops may be lost due to heavy 

Liriomyza infestations (Weintraub et al. 2017) 

Most Liriomyza species use dicots as hosts, but some are known from monocots or 

horsetails (Benavent-Corai 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 few Liriomyza species are host generalists (polyphagous) feeding on a broad range of 

host plant genera or families that are not closely related (Spencer, 1990; Lonsdale, 2011). Several 

of these polyphagous species are economically important pests of agricultural crops and 

ornamental plants, including the invasive New-World species L. sativae Blanchard, L. trifolii 
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(Burgess), and L. huidobrensis (Blanchard), as well as the Old-World species, L. bryoniae 

(Kaltenbach) and L. strigata (Meigen) (Spencer, 1973; Parrella, 1987). 

Species identification is always challenging in Liriomyza due to their small body size and 

morphological homogeneity (Oudman et al., 1995; Morgan et al., 2000; Scheffer et al., 2001), and 

many species are best distinguished by slight differences in the structures of male terminalia via 

dissection.  DNA barcoding plays an important and particularly useful subsidiary approach to help 

differentiate Liriomyza species (Kox et al., 2005; Scheffer, 2000; Scheffer & Lewis, 2005, 2006; 

Scheffer et al., 2006; Nakamura et al., 2013; Ferreira et al., 2017). Moreover, DNA barcoding 

facilitates identification of any life history stage of the specimen (e.g., larva, pupa, or adult). Early 

identification is critical to finding appropriate and effective management strategies for 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 polyphagous Liri omyza species, such as L. sativae (Scheffer 

& Lewis, 2005), L. huidobrensis (Scheffer & Lewis, 2001), L. trifolii (Scheffer & Lewis, 2006), 

and L. cicerina (Rondani) (Carapelli et al., 2018), has revealed cryptic diversity, suggesting 

potential for geographic or host race formation. Data from nuclear genes and a more robust 

phylogenetic understanding of the group should improve species identification and facilitate the 

organization of ecological or agricultural data from pest and non-pest Liriomyza in 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). Phylogeny also 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 common Liriomyza leafminers using one or several 

mitochondrial and nuclear gene markers. For instance, Scheffer (2000) used mitochondrial 

cytochrome oxidase genes to differentiate L. huidobrensis from its previously synonymized sister 

species L. langei. Subsequently, the same genes were used to investigate the possibility of cryptic 

species within both L. sativae and L.trifolii  (Scheffer & Lewis, 2005; 2006). Higher-level 

phylogenies of Agromyzidae (Scheffer et al., 2007; Chapter 1, herein) have suggested the 

monophyly of Liriomyza based on their somewhat limited sampling, but internal phylogenetic 

relationships among Liriomyza species are incompletely investigated. Patterns of adaptive 

radiation and diversification associated with host plant and biogeographic distributions therefore 

remain largely unexplored. 

In the present study, we investigate phylogenetic relationships among Liriomyza species, 

examine their diversification associated with host use, and infer their biogeographic history. 

Specifically, the goals of our study are to: 1) reconstruct the phylogeny of a diverse sampling of 

species in Liriomyza; 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 whether closely related Liriomyza species feed on closely related 

host plants; and 5) examine the biogeographic history of Liriomyza species. 

MATERIALS AND METHODS  

Taxon sampling and DNA extraction 

We included 104 specimens for sequencing (102 Liriomyza and 2 Metopomyza). Species 

from Metopomyza were included to root trees as they are considered close relatives to Liriomyza 

based on our current Agromyzidae phylogeny (Chapter 1). Among Liriomyza samples, there were 

47 described species and 6 unknown or undetermined species. 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 mtCOI-based identifications were confirmed by our 

coauthors. Collection information of specimens used in this study is listed in Table 3, and 

collection sites of specimens are also shown on the world map implemented in QGIS version 

3.20.3 software (QGIS Development Team, 2021; Figure 14).  

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 modified manufacturerôs protocol. Initial genomic DNA quantity was 

measured with a Qubit 2.0 fluorometer using dsDNA (double strand DNA) High Sensitivity Assay 

Kit (Invitrogen by life technologies). In order to increase DNA concentrations for samples with 

low DNA yields that cannot satisfy the minimum threshold of DNA demand for downstream 

library preparation, we amplified whole genomic DNA using REPLI-g Mini Kit (QIAGEN Inc., 

CA, USA) and following the manufacturerôs protocol. 

Anchored hybrid enrichment library preparation and reads processing 

Details of library preparation, sequencing, and raw-data cleaning follow Buenaventura et 

al. (2019) and are detailed here in the Materials and Methods section of Chapter 1. In addition, 

most of the samples in this study were collected within pair-end raw reads from Illumina Nova 

Seq6000 sequencing platform, while a few of them were conducted within single-end raw reads 

from Hiseq2500 platform. The details for each specimen about raw reads data collection are shown 

in Table 3. 

Phylogenetic analysis 

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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Liriomyza species; (II) a concatenated nucleotide supermatrix with 55 taxa without replicates for 

ingroup species; and, (III) a concatenated amino acid supermatrix with 55 taxa without replicates 

for ingroup species. To avoid uneven taxon sampling bias and to reduce the computational burden, 

we selected one specimen per species with the highest number of loci based on supermatrix I to 

generate concatenated supermatrices II and III. Specimens sampled for multiple individuals per 

species are bolded according to the loci number in Table 3. To assess consistency and robustness 

of branch support on the phylogenetic trees, we applied three phylogenetic methods and a range 

of datasets (Table 4) to construct phylogenetic trees.  

Maximum likelihood trees were built separately using three concatenated supermatrices (I, 

II, and III) partitioned by locus with best-fit model selection carried out in ModelFinder 

(Kalyaanamoorthy et al., 2017) under the Bayesian Information Criterion (BIC) using the 

command ñTESTNEWò implemented in IQ-TREE 2.12 (Nguyen et al., 2015). To assess nodal 

support with ML tree inference, we performed 1000 ultrafast bootstrap replicates (UFBoot; Minh 

et al., 2013), and used the command ñ-bnniò to reduce overestimation of support. We also 

conducted the Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-aLRT) with 1000 

replicates (Guindon et al., 2010) to evaluate support for individual branches on the phylogenetic 

tree. Compared with the conservative standard bootstrap strategy, the UFBoot support value has 

shown to be relatively unbiased since it is robust against moderate model violation (Minh et al., 

2013), while SH-aLRT is considered as conservative as the standard bootstrap (Guindon et al., 

2010). Both support methods were preformed simultaneously within one single run on online 

CIPRES cluster (Milleret 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 II as an example to investigate sequence 
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outlier pruning. We detected and removed individual highly diverse sites from supermatrix II 

alignments using a user-defined cutoff threshold conducted in SPRUCEUP software that relies on 

computing distance metrics in a customizable sliding window along multiple sequence alignment 

(Borowiec, 2019). In this study, we utilized the ML tree generated from untrimmed supermatrix II 

as a guide tree, and adopted the uncorrected p-distance method to compute the distance metrics for 

each sample across a 50 bp sliding window within overlapping 25 bp size. A lognormal distribution 

criterion was fit to the distance metrics for each sample, and cutoff thresholds 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 supermatrices (dataset 3 and dataset 4 in Table 4) were 

used to separately reconstruct the ML phylogenetic trees using the same partitioning schemes and 

parameter settings used in untrimmed analysis, and evaluated for topology and bootstrap support 

under the same conditions that were used to assess untrimmed supermatrix II in IQ-TREE (Nguyen 

et al., 2015). 

We split concatenated nucleotide supermatrix II into 1351 loci using AMAS (Borowiec, 

2016). To reduce computational burden, we selected 524 out of 1351 loci that were recovered at 

least 60% of sampled taxa (dataset 5 in Table 4), to perform Bayesian inference using all three 

nucleotide positions (1 + 2 + 3) under the General Time-Reversible (GTR) model of nucleotide 

substitution (Tavaré, 1986). Bayesian runs were carried out with four independent runs and four 

coupled chains implemented in EXABAYESv1.5 (Aberer et al., 2014) on the High-Performance 

Computing Cluster (Henry2) at NC State University. We ran 4 × 108 MCMC sampling generations 

for each chain, and drew a sample from every cold chain every 1000 generations via the option 

ósamplingFreqô. The initial 20% of all sampled trees were discarded as burn-in. Average standard 
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deviation of split frequencies (asdsf) was used to implement the diagnostics for topological 

congruences. Consensus trees were constructed using the post-processing tool óconsenseô included 

in the EXABAYES package from four independent runs, and a parameter file was generated using 

the postprocessing tool ópostProcParamô to check how well the parameters were sampled in our 

settings. 

To reduce the impact of loci with low information-content on the accuracy of individual 

gene tree analyses, we selected 1015 out of 1351 nucleotide loci according to locus length by 

selecting loci greater than 500 bp in length (dataset 7 in Table 4) to build gene trees using 

maximum likelihood under the GTR model carried out in IQ-TREE (Nguyen et al., 2015). To 

examine whether taxa with highly divergent regions and short sequence lengths for individual 

selected loci above are adversely affecting the accuracy of gene trees, we detected and removed 

these taxa per locus using CIAlign (Tumescheit et al., 2021), a tool that performs user-

customizable functions to clean MSAs. CIAlign 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 the default settings 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 (dataset 8 in Table 4) with the same model and 

parameters as those used for uncleaned loci conducted in IQ-TREE. Gene trees generated using 

uncleaned and cleaned loci were summarized using ASTRAL-III version 5.6.3 (Zhang et al., 

2018), respectively.  

Tree comparison and congruence 

To compare the tree topologies among phylogenetic trees reconstructed using different 

datasets and phylogenetic methods, we performed phylogenetic tree similarity analysis with rooted 
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phylogenetic trees as inputs in Visual TreeCMP (https://eti.pg.edu.pl/TreeCmp/WEB; Goluch et 

al., 2020). Three metrics including triples distance (TT) (Critchlow et al., 1996), Robinson-Foulds 

(RF) based on clusters (Robinson & Foulds, 1981), and matching pair (MP) (Bogdanowicz & 

Giaro, 2017) were used to evaluate the congruence of phylogenetic trees. To make interpretations 

of the similarity of phylogenetic trees more directly comparable across analyses, we normalized 

the tree metrics using the Yule and uniform models (Harding, 1971; Goluch et al., 2020). 

Cophylogeny between Liriomyza species and host plants 

Host plant records for Liriomyza species were collected from the literature, from the Global 

Biodiversity Information Facility (GBIF) database, and from field collection of live specimens. In 

our study, 41 Liriomyza species have known host plant associations across 33 orders and 76 

families. Host-plant records of each species and the corresponding citations are listed in Table 8. 

Evolutionary relationships among plant families that are used by our sampled species were 

obtained by simply pruning a published phylogenetic estimate of the angiosperm tree (Magallón 

et al., 2015) and modified by adding some non-angiosperm groups according to published plant 

phylogenies (Zhang et a., 2003; Altman et al., 2006; Frohlich & Chase, 2007; Wurdack & Davis, 

2009; PPG I, 2016) using TreeGraph v.2.14.0 (Stöver & Müller, 2010). We constructed a co-

phylogenetic tree between Liriomyza species and their host plants using the function cophylo 

within phytools in Rstudio, and colored the host associations using the R package randomcoloR.  

Historical biogeography analysis 

To evaluate historical biogeographic patterns among diverse Liriomyza species, we 

gathered biogeographical range distribution data from the literature or from our field collection 

records (Table 3; Table 8). We included six traditional biogeography regions including Neotropical 

https://eti.pg.edu.pl/TreeCmp/WEB
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(or South America, A), Nearctic (or North America, B), Palearctic (C), Afrotropic (or Ethiopian, 

D), Oriental (E), and Australian (F) (Figure 14).  

Historical biogeography analysis was conducted using the R package BioGeoBEARS 

v1.1.1 (Matzke, 2013a, 2013b, 2014; Massana et al., 2015; R Core Team, 2017) implemented in 

the program RASP v4.2 (RASP: Reconstruct Ancestral State in Phylogenies, Yu et al., 2020). 

BioGeoBEARS includes multiple model-based analytical tools, including Dispersal-Extinction-

Cladogenesis (DEC; Ree & Smith, 2008), Dispersal-Vicariance Analysis (DIVALIKE; Ronquist, 

1997), and Bayesian inference for discrete Areas (BAYAREALIKE; 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 

inappropriate if applied without biologically realistic constraints applied (Ree & Sanmartín, 2018). 

The Akaike Information Criterion with a correction (AICc) and AIC weight (AIC_wt) were 

calculated during the analysis of model test (Burnham & Anderson, 2002). DIVALIKE  model was 

considered as a best fit to our data based on the largest AIC_wt value (Appendix B: Table 1S). 

After model testing, we performed the biogeographic analysis using the consensus maximum 

likelihood tree under the DIVALIKE model with no dispersal constraints in RASP v.4.2 (Yu et 

al., 2020).  

RESULTS 

Phylogeny and morphology 

Despite the small body size of leaf-mining flies, we captured hundreds or thousands of loci 

containing a large amount of informative nucleotide or amino acid sites by anchored hybrid 

enrichment (AHE) with the NCSU-Wiegmann Diptera probe sets. For example, our nucleotide 



72 

 

 

supermatrix II includes 1,142,925 sites, of them, 359,225 sites are parsimony-informative (Table 

4). 

Phylogenetic relationships among Liriomyza species sampled in this study are nearly 

consistently recovered for all data types (nucleotides and amino acids; Table 4), and phylogenetic 

approaches (Figure 15). Only two species [L. veluta Spencer and L. commelinae (Frost)] have been 

found in conflicting positions on the trees built by different phylogenetic methods (Figure 15). 

Moreover, nearly all of the internodes in our tree estimates are strongly supported by bootstrap 

values regardless of sample size (Figure 15; Appendix B: Figure 1S). 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 placement of L. veluta 

(Appendix B: Figure 2S; 4S; 5S), suggesting that our supermatrix II is composed of high-quality 

alignments. Tree topologies of the coalescent-based species trees using gene trees generated with 

uncleaned and cleaned loci, are identical, but the posterior possibilities for some nodes are 

improved using cleaned loci (Appendix B: Figure 9S). Nevertheless, the placement of L. veluta on 

the ML trees produced from trimmed concatenation alignments are the same with those trees 

reconstructed using Bayesian and coalescent methods, which are strongly supported by bootstrap 

support values and posterior probabilities (Appendix B: Figure 4S; 5S; 7S; 9S). Additionally, the 

distance similarity metrics generated from phylogenetic topology similarity analysis also indicate 

that tree topologies on all the phylogenetic trees built are highly congruent (Table 5). 

Within the phylogeny, there are nine morphological species groups and twelve clades, 

herein newly defined together with co-author Lonsdale for the species sampled in this study. Most 

of defined morphological groups and clades marked on the tree are fully supported by data and 

analysis types (Figure 15). However, the hieracii group is undermined due to the placement of L. 
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taraxaci on the tree. Morphological features shared by each species group and clade are listed in 

Table 6 and Table 7, respectively.  

Informative nuclear loci screen 

Given that only few conserved nuclear gene markers have been reported for Liri omyza 

species (Scheffer & Lewis, 2001; Carapelli et al., 2018), we have screened 14 informative and 

conserved nuclear genes from the hundreds of orthologous loci we sequenced in this study, which 

might be used as candidate gene markers for diagnostic and phylogenetic activities. These genes 

are covered 98% of sampled species and more than 700 bp in length. The tree topologies among 

ML gene trees produced from the14 loci on IQ-TREE are highly congruent, and these gene tree 

topologies are also nearly identical with those included in the coalescent species tree summarized 

from hundreds of gene trees (Figure 19). Each locus harbors high quality of alignments as 

identified by CIAlign. Six nuclear gene alignments are visualized as an example (Appendix B: 

Figure 12S). For each of selected loci, we also performed putative gene identity using BLAST 

searches on the NCBI (National Center for Biotechnology Information; 

https://www.ncbi.nlm.nih.gov/) and FlyMine databases (Lyne et al., 2007). Information for each 

locus (e.g., parsimony-informative sites, frequency of each base, predicted gene, etc.) are listed in 

Table 2S (Appendix B). 

Cophylogeny between sampled Liriomyza species and their host plants 

Of the Liriomyza species studied here, 77% (41 out of 53) have recorded host plant 

information available, with the remaining lacking host plant records (Table 8). Most Liriomyza 

species feed on angiosperms, while a few species feed on pteridophytes (e.g., L. equiseti Meijere) 

and gymnosperms [e.g., L. schmidti (Aldrich)]. Host plants fed on by our sampled Liriomyza 

species are distributed across 33 orders and 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 and are each used by more than 36% of 

Liriomyza species. The Solanaceae is the next most frequently utilized host family, fed on by 

greater than 21% of the sampled Liromyza species. More than half of all host plant families are 

fed on by only 2% of Liriomyza species (Figure 16). 

A cophylogenetic tree linked with the sampled Liriomyza species and their host plants 

shows that host plants fed on by strongly polyphagous species (L. brassicae, L. trifolii , L. sativae, 

L. huidobrensis, L. langei, L. bryoniae, and L. schmidti), are widely distributed across the plant 

phylogeny. In contrast, more than 48% of the Liriomyza species we sampled are monophagous or 

oligophagous, though some closely related Liriomyza species feed on phylogenetically distant 

plant families/orders (Figure 17; Appendix B: Figure 10S).  

Historical biogeography analysis 

The genus Liriomyza is likely to have originated in the Nearctic Region (posterior prob. = 

0.56) based on biogeographic analysis, and then spread throughout the world via subsequent 

dispersal or vicariance events. Based on our analysis and samplings, we have detected 35 global 

dispersals and 8 global vicariance events (Figure 18), most of which are supported by greater than 

0.5 posterior probability. Almost all dispersal events originated in the Nearctic Region. A total of 

49 speciation events are detected in these samplings, 40 in the Nearctic, 3 in the Australian, 2 

separately in the Neotropical and Palearctic, and 1 reciprocally in the Afrotropic and Oriental 

Regions, respectively. Dispersal events from the Nearctic to the Palearctic Regions have been 

detected among Liriomyza species (e.g., node 57, node 89; Figure 18). Some species also arose 

from in-situ speciation and diversified in Nearctic and Australian Regions (Figure 18).  
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DISCUSSION 

Our anchored hybrid enrichment (AHE) gene harvest provides loci that can be analyzed 

both as nucleotide and amino acid alignments. In the present study, we found these loci to provide 

a strong phylogenetic signal among species that are largely congruent with tentative species 

groupings based on morphology. There 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 misspecification among the large number of genes, 

unaccounted-for mutational bias, codon usage heterogeneity, differing amounts of missing data 

for some loci (Wiens, 2003; Inagaki et al., 2004; Inagaki & Roger, 2006; Wiens & Morrill, 2011; 

Rota-Stabelli et al., 2013; Cox et al., 2014; Roch & Warnow, 2015; Xi et al., 2016). In our 

phylogenomic data, we have discovered that the ASTRAL-based phylogenetic trees summarized 

from gene trees using both filtered and unfiltered nuclear loci were identical in tree topology, and 

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 therefore, obtaining larger numbers of shorter gene fragments 

typical in Next Generation Sequencing (NGS) (Jeffroy et al., 2006; Wagner et al., 2013), should 

provide robust phylogenetic estimates for Liriomyza and other agromyzids as well as acalyptrate 

fly lineages.  

Host plant interactions are considered as one of the critical factors driving the speciation 

and diversification of phytophagous insects (Jaenike, 1990; Janz & Nylin, 2008; Hardy & Otto, 

2014). Some hypotheses on patterns and mechanisms of cospeciation 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 driven by the escape-and-radiate 
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hypothesis that major host plant shifts can facilitate a burst of diversification driven by their arrival 

to a new adaptative zone (Ehrlich & Raven, 1964; Fordyce, 2010; Kaczvinsky & Hardy, 2020), 

musical chairs hypothesis where speciation is driven by host-plant switching without major 

changes in niche breadth (Schluter, 2000; Hardy & Otto, 2014), and host-plant generalists giving 

rise to specialist daughter species (Hardy & Otto, 2014) . In the current study, we havenôt 

discovered an appropriate method and model to test the patterns of speciation between host plants 

and Liriomyza species due to the existence of extremely polyphagous species, the taxon sampling 

limitation, and the absence of host records.  

Apart from host plant, geographic distribution may also contribute to the patterns of 

speciation and diversification of leafminer flies. In the current study, historical biogeography 

analysis suggests that Liriomyza originated in the Nearctic, then diversified and spread throughout 

the world. Because our sampling is biased by inclusion of mostly Nearctic taxa, macroevolutionary 

tests based on these sub-sampled trees are best seen as provisional. Thus, increasing taxonomic 

sampling outside the Nearctic would be an important next step to improve Liriomyzaôs developing 

macroevolutionary framework. To better delimit boundary and species groups of this genus, it will 

be also good to sample the basal lineages and outgroups such as Galiomyza, Xeniomyza, 

Haplomyza, Pseudoliriomyza, and the missing Liriomyza species groups such as citreifemorata, 

congesta, and equiseti, etc., as well as more species from the hieracia, trifolii , pusilla, brassicae 

and the undefined groups (i.e. ñnode 8ò on Figure 15). Ensuring adequate taxon sampling is more 

challenging since much of the diversity of the genus Liriomyza remains unknown, moreover, new 

Liriomyza species and host records are still being found in all regions (Eiseman et al., 2021, 

Carapelli et al., 2018). However, it will be better to add more Liriomyza species reared from 
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damaged host plants to improve the cophylogeny between Liriomyza species and their host plants 

in the future. 

CONCLUSION 

In summary, we used anchored hybrid enrichment to capture thousands of loci for 

phylogenomic analyses of Liriomyza leafminers. Phylogenetic relationships of Liriomyza species 

are well-supported by distinct types of phylogenomic data and alternative phylogenetic methods. 

Most of the morphological groups and clades/nodes defined are highly congruent with the 

lineages on the tree and are fully supported by the tree estimates. A small number of Liriomyza 

species are polyphagous utilizing a wide range of host plants that are phylogenetically diverse. 

And there are no phylogenetic components explaining the host plant use of Liriomyza species. 

Liriomyza group likely originates in the Nearctic Region, diversified due to dispersal and 

vicariance events, and then spread across the world. This study not only provides a robust, well-

supported phylogenetic framework but also brings 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. asclepiadis1 U.S.A: Maryland pair 78 

CSE5502 L. asclepiadis2 U.S.A: Minnesota: Fillmore Co.: Rushford: Magelssen Bluff Park pair 434 

JL14 L. baccharidis1 USA: California: San Luis Obispo Co. Montana de Oro State Park pair 768 

AG2016 L. baccharidis2 U.S.A: California: new Lake Alpine pair 334 

AG1635 L. baptisiae1 U.S.A: New Hampshire pair 858 

AG1636 L. baptisiae2 NA pair 81 

AG1637 L. baptisiae3 NA pair 78 

CSE6562 L. blechi1 U.S.A: Massachusetts: Hampshire Co.: 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 

JL02 L. brassicae1 U.S.A: North Carolina pair 724 

JL03 L. brassicae2 U.S.A: North Carolina pair 724 

JL16 L. brassicae3 
USA: Michigan: MSU Student Organic Farm and Organic Farmer 

Training Program 
pair 737 

LA2 L. brassicae4 U.S.A: North Carolina: Raleigh: King village garden pair 861 

AG0174 L. brassicae5 
U.S.A: Maryland: Prince George's County: Patuxent Wildlife Refuge 

Central Tract Impoundment Area 
pair 43 

AG0234 L. bryoniae1 Germany pair 31 

AG2171 L. bryoniae2 Israel: Kibbutz Sa'ad pair 520 

CSE5810 L. carphephori1 U.S.A: Massachusetts: Franklin Co.: Barton Cove Gill pair 130 

CSE4926 L. carphephori2 
U.S.A: North Carolina: Wake Co.: Morrisville: Lake Crabtree 

County Park 
pair                        46 
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Table 3 (continued) 

Mtu464 L. charada 
U.S.A: Utah: American Fork Canyon nr Timpooneke 

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 Lynn 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. eupatoriella1 U.S.A: Minnesota: University of Minnnesota pair 78 

AG2518 L. eupatoriella2 NA pair 844 

D0001 L. eupatorii1 USA: Maryland: Calvert County pair 404 

C2431 L. eupatorii10 NA pair 353 

C2432 L. eupatorii11 NA pair 521 

C2433 L. eupatorii12 NA pair 275 

C2434 L. eupatorii13 NA pair 427 

C3060 L. eupatorii14 NA pair 386 

AG1920 L. eupatorii2 U.S.A: Maryland: Howard County pair 205 

D0020 L. eupatorii3 
USA: Maryland: Howard County: Middle Patuxent 

Enviroment Area Meadow 
pair 322 

JL01 L. eupatorii4 
USA: North Carolina: Raleigh: NC State University: 

Centennial campus 
pair 807 

CSE5410 L. eupatorii5 U.S.A: Michigan: Marquette: Powell: Ives Lake pair 129 

CSE5457 L. eupatorii6 U.S.A: Michigan: Marquette: Powell: Huron Mountain pair 118 

C2280 L. eupatorii7 NA pair 669 

C2321 L. eupatorii8 NA pair 568 
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Table 3 (continued) 

AG1961 L. flaveola United Kingdom: Gwenedd County: Coed-y-Brenin Forest Park pair 625 

AG1590 L. fricki U.S.A: Minnesota: Grass Lake pair 76 

CSE5495 L. galiivora U.SA: Wisconsin: Buffalo Co.: Alma: S1287 WI-88 (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. langei1 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. lupinella1 U.S.A: California: Bodega Bay: Bodega Bay Marine Station pair 522 

JL07 L. lupinella2 USA: California: Los Osos: Camp Keep pair 513 

JL20 L. lupinella3 USA: California: Los Osos, Camp Keep pair 879 

AG2015 L. lupini1 U.S.A: California: Lake Alpine pair 24 

AG2022 L. lupini2 U.S.A: California: Calaveras County pair 771 

AG1638 L. mattyi1 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 Area, 

Trotter Rd., meadow 
pair 634 

D0021 L. mattyi4 USA: Maryland: Howard County: Middle Patuxent Envir. Area Meadow pair 555 

D0025 L. mattyi5 USA: Maryland: Howard County: Middle Patuxent Envir. Area Meadow pair 364 
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Table 3 (continued) 

MTU222 L. minor U.S.A: Utah: Utah County pair 525 

AG0353 Liriomyza n.sp. Ecua1 Ecuador pair 252 

AG1634 
Liriomyza n.sp. Ecua2 

(sp.1) 
Ecuador pair 895 

AG2040 Liriomyza n.sp. Ecua3 Ecuador: Carchi pair 200 

AG2158 Liriomyza n.sp. NZ (sp. 2) New Zealand: Auckland: Waitakere City pair 911 

AG2123 Liriomyza nr. flavonigra U.S.A: Utah County pair 416 

CSE6385 L. orilliensis 
U.S.A: North Carolina: Wake Co.: Morrisville: Lake 

Crabtree County Park 
pair 602 

LPH1 L. philadelphivora1 Canada: Ottawa: Central Experimental Farm pair 93 

AG1212 L. philadelphivora2 U.S.A: New York pair 707 

CSE4935 L. philadelphivora3 
U.S.A: North Carolina: Wake County: Morrisville: 

Lake Crabtree County Park 
pair 611 

CSE6040 L. pilicornis 
U.S.A: Wisconsin: Buffalo: Alma: S1287 WI-88 

(O'Connor farm) 
pair 719 

AG0724 L. ptarmicae1 
U.S.A: Maryland: Howard County: Middle Patuxent 

Environmental Area, Trotter Rd. 
pair 28 

Agak5 L. ptarmicae2 U.S.A: Alaska: Fairbanks North Star Borough pair 880 

AG2038 L. quadrata Ecuador: Carchi pair 58 

AG1468 L. sativae1 U.S.A: California: Imperial pair 791 

PH1390 L. sativae2 Philippines: Ifugao pair 807 

CSZ5914 L. schmidti 
U.S.A: North Carolina: Scotland: Laurinburg: St. 

Andrews University 
pair 462 

AG1437 L. septentrionalis1 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) 

Mtu320 L. septentrionalis4 
U.S.A: Utah: Utah County: Mount Timpanogos: 

Timpooneke Guard Station 
pair 33 

CSE6351A Liriomyza sp.3 U.S.A: North Carolina: Durham: Pelham Road pair 379 

JL08 Liriomyza sp.4 USA: California: Los Osos, Camp Keep. pair 430 

JL10s Liriomyza sp.5 USA: California: San luis Obispo Co.Estero Bluffs S.P.  pair 131 

JL13 Liriomyza sp.6 
USA:California: San luis Obispo Co. Los Osos Oaks State 

Reserve 
pair 542 

AG0261 L. subasclepiadis1 U.S.A: Maryland: Howard County pair 510 

AG1611 L. subasclepiadis2 U.S.A: Maryland: Woodnote Lane Columbia pair 76 

AG1160 L. temperata 
U.S.A: Utah: Utah County: Mount Timpanogos: 

Timpooneke Guard Station 
pair 544 

AG1621 L. trifoliearum1 U.S.A: New York: Suffolk St. pair 71 

AG1624 L. trifoliearum2 U.S.A: New York: Albany St. pair 820 

D0013 L. trifoliearum3 U.S.A: Maryland pair 182 

AG1504 L. trifolii1  U.S.A: California: Ventura pair 817 

LNY2 L. trifolii2  U.S.A: New York 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 Metopomyza flavonotata United Kingdom: Cwydyr Forest, nr Betws-y-coed pair 550 

AG0243 Metopomyza scutellata U.S.A: Maryland: Patuxent Wildlife Refuge North Tract pair 557 

Notes: No. of loci: number of nucleotide loci; NT: Specimens marked by bold fonts have the highest loci number of all other 

specimens from the same species, and were used for downstream phylogenetic analysis. NA: not available for collection information. 
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Table 4. Supermatrix datasets used to conduct phylogenetic analyses 

Supermatrix Dataset 
Data 

type 
CSL (bp) 

No. of 

total 

loci 

No. of 

loci used  

Taxa (%) 

per locus 

LPL 

(bp) 

No. of 

taxa  

Trimmed or 

filtered? 
PM 

I  1 nt 767,703 1,025 523 Ó 39% 
   > 

130 
104 No ML 

II  

2 nt 1,142,925 1,351 956 Ó 45% 
   > 

130 
55 No ML 

3 nt 1,142,925 1,351 956 Ó 45% 
   > 

130 
55 

Yes, trimmed with 

0.75 cutoff 

threshold  

ML 

4 nt 1,142,925 1,351 956 Ó 45% 
   > 

130 
55 

Yes, trimmed with 

0.65 cutoff 

threshold  

ML 

5 nt 1,142,925 1,351 524 Ó 60% 
   > 

300 
55 No BI 

6 nt 1,142,925 1,351 1015 - 
   Ó 

500 
55 No ASTRAL 

7 nt 1,142,925 1,351 932 - 
   Ó 

500 
55 

Yes, remove the 

taxa with less than 

500 bp in each locus 

ASTRAL 

III  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 method; nt: nucleotide; aa: amino 

acid; ML: maximum likelihood analysis; BI: Bayesian inference; -: not limited. 
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Table 5. Topological comparisons of phylogenies using three rooted metrics and their corresponding normalized similarity metrics 

Tree1 Tree2 TT 
TT_to_

Yule 

TT_to_

Unif  
RF 

RF_to_

Yule 

RF_to_

Unif 
MC 

MC_to_

Yule 

MC_to_

Unif  

NTML AAML  59 0.0034 0.0034 2 0.0379 0.0378 32 0.0801 0.0574 

NTML Bayes 62 0.0035 0.0036 2 0.0379 0.0378 33 0.0826 0.0592 

NTML ASTR 24 0.0014 0.0014 4 0.0758 0.0757 20 0.0501 0.0359 

AAML  Bayes 5 0.0003 0.0003 2 0.0379 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 0.0045 0.0045 4 0.0758 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 inference method. 

ASTR: coalescent species tree was summarized using ASTRAL-III. TT: Triples metric; TT_to_Yule and TT_to_Unif: average 

normalized Triples metric values according to the Yule and Uniform models, respectively.  RF: Robinson-Foulds metric based on 

clusters; RF_to_Yule and RF_to_Unif: average normalized RF metric values according to the Yule and Uniform models, 

respectively. MC: Matching Cluster metric; MC_to_Yule and MC_to_Unif: average normalized MC metric values based on the 

Yule and Uniform models, separately. When the average normalized similarity metrics are close to 0, suggesting that pairs of 

phylogenetic trees are more congruent and consistent with tree topologies.  
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Table 6. Morphological features shared by each species group defined by our coauthor 

Morphological species group Feature 

blechi group 

1) Pale colouration, scutum striped; 

2) Modification of spines on surstylus and epandrium; 

3) Hypophallus with two stacked layers of sclerotization; 

4) Distiphallus tubules partially fused, stout, broad apically with 

numerous minute internal spinules; 

5) Ejaculatory apodeme very large, rounded pale, with sides of 

sclerite on sperm pump very dark and prominent. 

flaveola group 

1) Abdominal dorsal stripe narrowed medially; 

2) Loss of spine on epandrium; 

3) Surstylus spine paler, more seta-like, sometimes absent; 

4) Surstylus reduced, weakly sclerotized, uncommonly absent (not 

absent as postulated by Zlobin); 

5) Phallapodeme curved; 

6) Hairs of hypandrium long, floating on membranous surface (not 

attached to a common sclerite); 

7) Mesophallus with extension to base of hypandrial hairs; 

8) Ejaculatory duct with swollen section sinuate; 

9) Basiphallus strongly produced distally along both sides with 

margins irregular; 

10) Distiphallus pipe-shaped, incorporating weakly differentiated 

mesophallus; 

11) Tubules of distiphallus (enclosed in apical cup) narrow with 

broad base.  

galiivora NEW group 

1) Surstylus with 3 spines, one of which is shifted posteroventrally; 

2) Basiphallus abbreviated; 

3) Mesophallus narrow; 

4) Distiphallus bulbous. 
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Table 6 (continued) 

hieracii group 

1) First flagellomere sometimes with long hairs (more analysis 

needed for this character); 

2) Surstylus darker, often widest apically; 

3) Dark sclerotized bar with at least one spine present on inner 

surface of epandrium; 

4) Epandrium longer ventrally, subtriangular in profile; 

5) Hypophallus with hairs on hypophallus numerous and more 

extensively distributed (not few and terminal); 

6) Basiphallus with distal extensions of relatively long and broad; 

7) Mesophallus narrow, dark, long; 

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

short ñstemò (lateral view). 

morio group  

1) Scutellum entirely dark; 

2) Hypophallus with lateral 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. morio does agree with the above description, which 

includes a number of uncommon characters, more species in this 

group need to be studied to provide more confidence in its limits.  

clianthi/urticae group 

1) Mesophallus and distiphallus fused, and distiphallus an upturned 

chamber (convergent with lineage including L. asclepiadis) 

2) Distiphallus (ventral view) with chamber abruptly widened at base 

and narrowing apically; 

3) Basiphallus narrow, either wrapping from left to right side, or with 

apex abruptly widened (poor character?). 

  



87 

 

 

Table 6 (continued) 

strigata group 

1) Long membranous space present between basiphallus and 

mesophallus; 

2) Distiphallus short, bifid; 

3) Distiphallus with ñbasal bowlò absent, possibly divided between 

separate tubules; 

4) Ejaculatory apodeme relatively small, sclerite on sperm pump 

broad, bowl-shaped (poor character?).  

pusilla/trifolii group 

1) Surstylus with only one spine; 

Note: The application of group names to the lineages on ñNode 8ò 

cannot be applied with much confidence at the moment as the 

characters defining the groups putatively outlined here are too few 

and simple. The species on Node 8 are also particularly numerous 

and diverse, likely necessitating heavier sampling. Additionally, one 

major lineage, the ñUndefined groupò, is not supported by any 

characters, and includes L. taraxaci, which is heavily supported as 

belonging to the hieracii group based on morphological evidence.   

brassicae group 

1) Mesophallus and distiphallus fused; 

2) Distiphallus darker, subcylindrical (secondarily swollen); 

3) Distiphallus with distal margin reinforced by one pair of small, 

narrow C-shaped sclerites (reduced to absent in lineage containing 

L. lupini and L. lupinella); 

4) Lateral margin of sclerite on sperm pump thickened 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 Exclusively L. violivora  
(i) Loss of a spine on the surstylus; (ii) paraphallus fused ventromedially 

to mesophallus 

Node 3 

Including all species groups except for 

the blechi group and three species 

undefined by species groups 

(i) Left distal margin of basiphallus elongated; (ii) hypophallus with 

narrow sclerite bearing hairs apically; (iii) distiphallus with a basal 

ñbowlò enclosing base of tubules that has a ventromedial suture that 

continues along the mesophallus  

Node 4 
L. philadelphivora species and flaveola 

species group 

(i) A narrow dorsal abdominal stripe; (ii) basiphallus with distal margins 

greatly extended 

Node 5 
L. baptisiae species and hieracii species 

groups 
Paraphallus small, narrow, situated ventromedially on distiphallus 

Node 6 
hieracii species group exclusing a sister 

group L. limopsis and L. pilicornis 
Paraphallus absent 

Node 7 
strigata group, pusilla/trifolii group, 

brassicae group, and an undefined group 
Paraphallus chair-shaped  

Node 8 
pusilla/trifolii group, brassicae group, 

and an undefined group 

(i) Mesophallus (lateral view) with ill-defined venter; (ii)distiphallus 

simple, cup-shaped, usually enclosing small tubules that may be ill-

defined to absent 

Node 9 
An undefined group except for L. 

eupatoriella 
Surstylus with spines shifted medially to basally 

Node 10 
brassicae group without L. baccharidis 

and L. brassicae 
Distiphallus with apical chamber short and swollen 
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Table 7 (continued) 

Node 11 
A sister grouping of L. lupinella and L. 

lupini 
Distiphallus with apical chamber greatly swollen 

Node 12 L. subasclepiadis sister to L. asclepiadis Distiphallus with very shallow apical chamber  
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Table 8. Host plant records of L. species sampled in this study 

Scientific 

species 

Author (s) & 

Year 

Host plant (Order: Family)  Distribution  Reference 

L. arnaudi Spencer, 1981 unknown Nearctic: USA Lonsdale, O., 2011 

L. asclepiadis Spencer, 1986 Gentianales: Apocynaceae Nearctic: USA; CA Spencer, K.A., 1990; 

Lonsdale, O., 2017; GBIF 

database 

L. baccharidis Spencer, 1969 Asterales: Asteraceae Nearctic: USA, CA; 

Neotropical: 

Colombia, Venezuela 

Spencer, K.A., 1990; 

Lonsdale, O., 2017; GBIF 

database 

L. baptisiae (Frost, 1931) Fabales: Fabaceae Nearctic: USA, CA Eiseman, C., 2019; Lonsdale, 

O., 2011 

L. blechi Spencer, 1973 Boraginales: Boraginaceae; 

Gentianales: Loganiaceae; Lamiales: 

Acanthaceae, Phrymaceae, 

Plantaginaceae, Verbenaceae; Poales: 

Poaceae 

Nearctic; Neotropical Spencer, K.A., 1990; 

Lonsdale, O., 2017; 

Eiseman, C., 2019; Eiseman 

et al., 2021; GBIF database 

L. brassicae (Riley, 1885) Polyphagous; Asterales: Asteraceae; 

Apiales: Apiaceae; Brassicales: 

Brassicaceae, Capparaceae, 

Resedaceae, Tropaeolaceae; 

Caryophyllales: Caryophyllaceae; 

Fabales: Fabaceae; Ranunculales: 

Ranunculaceae; Lamiales: 

Verbenaceae; Zygophyllales: 

Zygophyllaceae 

Cosmopolitan Spencer, K.A., 1990; 

Lonsdale, O., 2011; 

Lonsdale, O., 2017; GBIF 

database 
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Table 8 (continued) 

L. bryoniae (Kaltenbach, 1858) Polyphagous; Apiales: 

Apiaceae; Brassicales: 

Brassicaceae, Capparaceae; 

Caryophyllales: 

Amaranthaceae, 

Caryophyllaceae; Cornales: 

Loasaceae; Cucurbitales: 

Cucurbitaceae; Ericales: 

Polemoniaceae; Fabales: 

Fabaceae; Gentianales: 

Gentianaceae; Lamiales: 

Lamiaceae, 

Scrophulariaceae, 

Verbenaceae; Malpighiales: 

Euphorbiaceae; Solanales: 

Solanaceae 

Palearctic Spencer, K.A., 1990; 

GBIF database 

L. carphephori Eiseman, Lonsdale & 

Feldman, 2019 

Asterales: Asteraceae Nearctic: USA Eiseman et al., 2019. 

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

L. chenopodii* (Watt, 1924) Caryophyllales: 

Amaranthaceae, 

Caryophyllaceae 

Australian: New Zealand Thorpe, S., 2020; GBIF 

database; Field 

collection 

L. chinensis* (Kato, 1949) Dioscoreales: Alliaceae Oriental: Indonesia (Field 

collection) 

Spencer, K.A., 1990; 

GBIF database 

L. citrifermorata* - Unknown Australian: New Zealand Field collection 

L. clianthi* (Watt, 1923) Fabales: Fabaceae, Galegeae Australian: New Zealand Spencer, K.A., 1990; 

GBIF database 
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Table 8 (continued) 

L. commelinae (Frost, 1931) Commelinales (monocots): 

Commelinaceae 

Nearctic: USA Eiseman C., 2019 

L. congesta* (Becker, 1903) Fabales: Fabaceae Afrotropical: India (Field 

collection) 

Spencer, K.A., 1990; 

GBIF database 

L. cordillerana Sehgal, 1968 Poales: Poaceae Nearctic: USA, CA, 

Mexico 

Eiseman, C., 2019; 

Lonsdale, O., 2017; 

GBIF database 

L. edmontonensis* Spencer, 1969 Unknown Nearctic: USA (Field 

collection) 

GBIF database 

L. eupatoriella Spencer, 1986 Asterales: Asteraceae Nearctic: USA Eiseman, C., 2019 

L. eupatorii (Kaltenbach, 1874) Asterales: Asteraceae; 

Gentianales: Apocynaceae; 

Lamiales: Lamiaceae 

Nearctic; Palearctic Spencer, K.A., 1990; 

Lonsdale, O., 2011; 

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; 

Palearctic: Germany 

Lonsdale, O., 2017; 

Lonsdale, O., 2021 

L. graminacea Spencer, 1981 Unknown; likely Poaceae Nearctic: USA Lonsdale, O., 2011 
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Table 8 (continued) 

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: Valerianaceae; Ericales: 

Balsaminaceae, Polemoniaceae, 

Primulaceae; Fabales: Fabaceae; 

Geraniales: Geraniaceae; Lamiales: 

Acanthaceae, Lamiaceae, 

Scrophulariaceae, Verbenaceae; 

Liliales: Liliaceae; Malpighiales: 

Euphorbiaceae, Violaceae; Malvales: 

Malvaceae; Oxalidales: Oxalidaceae; 

Poales: Poaceae; Ranunculales: 

Ranunculaceae, Papaveraceae; 

Solanales: Convolvulaceae, Solanaceae 

Cosmopolitan 
Eiseman, C., 2019; 

Lonsdale, O., 2011; 

GBIF database 
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Table 8 (continued) 

L. langei Frick, 1951 Polyphagous; Apiales: Apiaceae; 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 Nearctic: USA, CA Lonsdale, O., 2017; 

Eiseman & Lonsdale., 2019 

L. lupinella Spencer, 1981 Fabales: Fabaceae Nearctic: USA Spencer, K.A., 1990; 

Lonsdale, O., 2011; GBIF 

database 

L. lupini Spencer, 1981 Fabales: Fabaceae Nearctic: USA Spencer, K.A., 1990; 

Lonsdale, O., 2011; GBIF 

database 

L. mattyi* - Unknown Nearctic: USA Field collection 

L. minor Spencer, 1981 Asterales: Asteraceae Nearctic: USA, CA Lonsdale, O., 2017 
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Table 8 (continued) 

Liriomyza nr. 

flavonigra* 

- Unknown Nearctic: USA Field collection 

L. orilliensis Spencer, 1969 Asterales: Asteraceae Nearctic: CA Lonsdale, O., 2017; Eiseman et 

al., 2021 

L. philadelphivora Spencer, 1969 Cornales: Hydrangeaceae Nearctic: USA, CA Spencer, K.A., 1990; Lonsdale, 

O., 2017; Eiseman, C., 2019 

L. pilicornis Lonsdale, 2017 Santalales: Santalaceae Nearctic: USA, CA Lonsdale, O., 2017 

L. ptarmicae Meijere, 1925 Asterales: Asteraceae Nearctic: USA, CA; 

Palearctic: Europe 

Spencer, K.A., 1990; Benavent-

Corai et al., 2005; Lonsdale, O., 

2011; Eiseman & Lonsdale 2018 

L. quadrata* Malloch, 1934 Solanales: Solanaceae Neotropical: Ecuador 

(Field collection) 

https://agromyzidae.linnaeus.natu

ralis.nl/linnaeus_ng/app/views/sp

ecies/nsr_taxon.php?id=57053&e

pi=55 
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Table 8 (continued) 

L. sativae Blanchard, 1938 Polyphagous: Apiales: Apiaceae; Asterales: 

Asteraceae; Brassicales: Brassicaceae, 

Capparaceae, Moringaceae,  Tropaeolaceae; 

Caryophyllales: Amaranthaceae, 

Caryophyllaceae, Polygonaceae; Cucurbitales: 

Cucurbitaceae, Datiscaceae; Dioscoreales: 

Dioscoreaceae; Dipsacales: Dipsacaceae; 

Ericales: Polemoniaceae; Fabales: Fabaceae; 

Lamiales: Bignoniaceae,Lamiaceae, 

Olacaceae, Plantaginaceae, Scrophulariaceae, 

Verbenaceae; Liliales: Liliaceae; Malpighiales: 

Euphorbiaceae, Passifloraceae; Malvales: 

Malvaceae; Myrtales: Onagraceae; Poales: 

Poaceae; Ranunculales: Ranunculaceae; 

Sapindales: Sapindaceae; Solanales: 

Convolvulaceae, Solanaceae; Zygophyllales: 

Zygophyllaceae 

Cosmopolitan Spencer, K.A., 

1973; Spencer, 

K.A., 1990; 

Lonsdale, O., 2011; 

GBIF database 

L. schmidti (Aldrich, 1929) Polyphagous; Alismatales: Alismataceae; 

Apiales: Araliaceae; Caryophyllales: 

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: Vitaceae 

Nearctic: USA Eiseman et al., 

2019; GBIF 

database; ITIS 

database 
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Table 8 (continued) 

L. 

septentrionalis 

Sehgal, 1968 Poales: Poaceae Nearctic: 

USA, CA 

Spencer, K.A., 1990; 

Lonsdale, O., 2011; 

GBIF database 

Liriomyza sp.1* - Solanales: Solanaceae Neotropical: 

Ecuador 

Field collection 

L. 

subasclepiadis 

Spencer, 1986 Fabales: Fabaceae; Gentianales: Apocynaceae Nearctic: 

USA 

Spencer, K.A., 1990; 

GBIF database 

L. temperata Spencer, 1986 Unknown Nearctic: 

USA, CA 

Lonsdale, O., 2021; 

GBIF database 

L. trifoliearum Spencer, 1973 Brassicales: Cleomaceae; Fabales: Fabaceae; Lamiales: 

Lamiaceae; Malvales: Malvaceae; Solanales: 

Solanaceae 

Nearctic: 

USA, CA 

Lonsdale, O., 2011; 

Eiseman & 

Lonsdale, 2018; 

GBIF database 

L. trifolii  Burgess, 1880 Polyphagous: Apiales: Apiaceae; Asparagales: 

Iridaceae; Asterales: Asteraceae, Campanulaceae, 

Goodeniaceae; Brassicales: Brassicaceae, Capparaceae, 

Tropaeolaceae; Caryophyllales: Amaranthaceae, 

Basellaceae, Caryophyllaceae, Polygonaceae, 

Portulacaceae; Cucurbitales: Cucurbitaceae; Dipsacales: 

Valerianaceae; Ericales: Balsaminaceae, 

Polemoniaceae, Primulaceae; Fabales: Fabaceae; 

Gentianales: Apocynaceae; Lamiales: Lamiaceae, 

Plantaginaceae, Scrophulariaceae, Verbenaceae, 

Acanthaceae; Liliales: Liliaceae; Malpighiales: 

Euphorbiaceae, Passifloraceae, Turneraceae; Malvales: 

Malvaceae; Piperales: Piperaceae; Poales: Poaceae,  

Typhaceae; Ranunculales: Ranunculaceae; Rosales: 

Rosaceae; Sapindales: Anacardiaceae; Sapindales: 

Sapindaceae; Solanales: Convolvulaceae, Solanaceae; 

Zygophyllales: Zygophyllaceae 

Cosmopolitan Spencer, K.A.,1990; 

Lonsdale, O., 2011; 

GBIF database 
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Table 8 (continued) 

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: these Liriomyza species above are covered in this study, and corresponding host plant records are gathered from the 

publications and website database as well as field collection. -: host plant records are not applicable for Liriomyza species; Species 

marked in * means that the distribution ranges for these species are based on the field collection information; Species marked by # 

indicate outgroups (non-Liriomyza species); The distribution ranges for remaining species without * and # gathered from the 

publications and website databases listed in the column of references. 
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Figure 14. Distribution of collection sites for 104 specimens above on the world map created 

using QGIS.  

Each green dot on the map represents specimen collection from one country or one State in 

U.S.A.   
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Figure 15. Maximum likelihood cladogram of Liriomyza species.  

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 equal to or greater than 0.95 were shown one filled green square on the nodes. 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 SH-aLRT and UFBoot generated by IQ-TREE using concatenated nucleotide 

alignments, and the values in the middle two squares also indicate SH-aLRT and UFBoot 

produced from concatenated amino acid sequences. The last two squares represent posterior 

probabilities separately generated by Bayesian inference using partitioned nucleotide loci and by 

coalescent summary-based approach using a set of gene trees produced from IQ-TREE program 

with filtered nucleotide loci.  
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Figure 16. Host-plant family fed by the percentage of sampled Liriomyza species in this study.  

X-axis represents the percentage of Liriomyza species feeding on the corresponding host plant 

family. Y-axis indicates the host plant family. Each bar represents one host plant family fed by 

the corresponding percentage of Liriomyza species. Plant families within the same color bar are 

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

Colorful solid lines show the connections between Liriomyza leafminers and their host plants. 

Each terminal tip on the Liriomyza phylogeny represents species level in Liriomyza, and each 

tip on the host-plant phylogeny indicates the host plant family and order. Liriomyza species 

marked by red rectangles have been recorded as being truly polyphagous based on the 

publications (Spencer, 1990; Lonsdale, 2017). Morphological species groups were marked on 

the phylogeny of Liriomyza using numerical roman numbers as follows: I: flaveola species 

group; II: hieracii species group; III: galiivora species group; IV: morio species group; V: 

clianthi/urticae species group; VI: strigata species group; VII: pusilla/trifolii  species group; 

VIII : brassicae species group. General and broad angiosperm plant clades based on 

angiosperm phylogeny website (http://www.mobot.org/MOBOT/research/APweb/), were 

shown using the capital alphabetic letters on host-plant phylogeny. The details are in the 

following: A: Asterids; B: Rosids; C: monocots; D: magnoliids; E: eudicots; F: angiosperm. 

Additionally, a Liriomyza leafminer species is considered monophagous if it has been recorded 

from only a single host plant family in this study, regarded as oligophagous 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 polyphagous Liriomyza species, we depict the 

leafminer species that feed on fewer than five phylogenetically distant host plant families as 

slight polyphagy. 
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Figure 18. Historical biogeography analysis using the DIVALIKE model implemented in 

program RASP.  

Colored bars illustrated on the legend refer to the most likely ancestral biogeographic region. 

Color proportions of the pie chart on each node indicate the probability of each ancestral region 

recovered by RASP. Six biogeographic regions were divided and shown on the world map. A 

pink circle surrounding the pie chart indicates a dispersal event that possibly occurred, while 

green circle suggests a vicariance event occurred with a certain probability. 
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Figure 19. Densitree produced from 14 most informative nuclear genes (on the left) on 

Densitree Program (Bouckaert, 2010) and coalescent species tree (on the right) summarized 

from hundreds of gene trees using ASTRAL-III program.  

Each colored rectangular box represents a clade including the same species between Densitree 

and coalescent species tree. Blue on the Densitree indicates the consensus tree 
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CHAPTER 3. Population phylogenomics and host-associated genetic differentiation 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, environmental factors, and climate 

changes. Ecological specialization has been considered a major factor that can shape genetic 

differentiation in natural populations (Rundle & Nosil, 2005). In recent decades, research on 

ecological specialization of herbivorous insects has shown that host plants can play a significant 

role in the process of genetic differentiation and diversification (Ehrlich & Raven, 1964; 

Berlocher & Feder, 2002; Dres & Mallet, 2002; Bethenod et al., 2005). Divergent selection on 

different host plants may result in adaptative traits that are responsible for reproductive isolation 

among host-associated populations (Feder et al., 1993; Nosil & Crespi, 2006). If reproductive 

isolation is maintained, this process can drive the formation of genetically distinct host-

associated lineages or host races, or even sibling species (Diehl & Bush 1984; Bernays 1991; 

Carroll & Boyd 1992; Pappers et al. 2001; Dres & Mallet 2002). In such cases, genetically 

distinct lineages would be found on different host-plant species as the result of selection and 

local adaptation to hosts (Dobler & Farrell, 1999; Mopper,1996; Martel et al., 2003; Miller et al., 

2003; Stireman et al., 2005; Peccoud et al., 2009; Diegisser et al., 2009; Funk, 2010). This 

phenomenon of divergence within a plant-feeding insect result from adaptation to different host 

plants, is now commonly referred to as host-associated genetic differentiation (HAD) (Bush 

1969; Abrahamson et al., 2001; Medina 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 insect herbivores (Guttman 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). HAD may facilitate the remarkable genetic 

diversity of polyphagous insects at both macroevolutionary and microevolutionary scales, and is 

implicated in the process of ecological speciation, even in the context of anthropogenic 

disturbances related to commerce, climate change, urbanization or agriculture (Via, 1991; 

Abrahamson et al., 2001; Dres & Mallet, 2002; Ruiz-Montoya et al., 2003; Alvarez et al., 2007). 

For agriculturally important pests, genetically distinct lineages on different host-plant species 

may differ in their susceptibility to various control methods, thus the degree of host associated 

divergence can be significant for predicting or explaining pest outbreaks. Apart from HAD in 

insect herbivores and their host plants, geographical isolation may also play a significant role in 

genetic differentiation, genetic structure, and evolutionary dynamics (Via, 1991; Reitz & 

Trumble, 2002; Sword et al., 2005; Toju, 2009; Barman et al., 2012; Wang et al., 2017).  

The leaf-mining fly Liriomyza trifolii (Burgess) (Diptera: Agromyzidae), the American 

serpentine leafminer, provides a good model system to explore HAD. Liriomyza trifolii is a 

highly polyphagous pest species, and has been recorded from at least 120 host plant species 

across more than 25 distinct plant families of both vegetable crops and ornamental plants 

(Spencer, 1973; Minkenberg & Lenteren, 1986; CABI, 2021). This species was first reported as a 

major pest on Gypsophila and chrysanthemum, and subsequently found on vegetables, and has 

since this time become an important pest of tomato, lettuce, bell pepper, onion, and celery 

(Spencer, 1973; Minkenberg & Lenteren, 1986). Additionally, it is also an invasive and 

quarantine pest which has spread from native Americas to the rest of the world over the past few 

decades associated with increased global trade of vegetables and flowers (Spencer, 1973; 

Minkenberg & Lenteren, 1986).  
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Although described from the eastern US, the extent of the original distribution of L. 

trifolii  in the Americas is unclear (Spencer, 1965; Minkenberg, 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 Americas. The geographic dispersal of L. trifolii  

is thought to have begun on chrysanthemum cuttings exported from 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, chrysanthemum cuttings infested by L. trifolii  were exported 

to some European countries including UK, Denmark, and the Netherlands (Lindhard & Esbjerg, 

1981). In 1978, this invasive species was first reported in Israel on Gerbera that originated from 

seedings from the Netherlands. The first infestation of L. trifolii  in Sweden was reported on 

reared chrysanthemum cuttings imported from South Africa in 1980. Liriomyza trifolii was first 

recorded from China in 2005, in Guangdong province from where it subsequently expanded to 

central and northern parts of China (Gao et al., 2017).  

Previous studies have found that L. trifolii  may contain cryptic species that could be due 

to host plant specialization (Scheffer & Lewis, 2006; Pérez-Alquicira et al., 2019). However, 

these previous studies have largely been confined to the using mitochondrial cytochrome oxidase 

I (COI) to investigate the evolutionary genetics of L. trifolii (Scheffer & Lewis, 2006; Pérez-

Alquicira et al., 2019; Chen et al., 2019), and thus limiting a deeper understanding of genetic 

diversity and demographic history. Here, we use an anchored hybrid enrichment (AHE) 

phylogenomic data to further confirm and re-evaluate the patterns of genetic variation associated 

with geography and host plant use in this invasive species.  

With the AHE-generated data, we examine phylogenetic relationships among populations 

to simultaneously test for population structure, ancestral population origin, pairwise 
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differentiation, and genetic variation associated with host plant and geography. We identified 

Single Nucleotide Polymorphisms (SNPs) called from a draft genome of L. trifolii  (Vicoso & 

Bachtrog, 2015). These data are used to address the following questions: 1) What can our 

phylogenomic data reveal about the fine-scale phylogenetic relationships among populations of 

L. trifolii  with global sampling?; 2) Does population structure of L. trifolii  correlate with possible 

sources of invasive populations?; 3) How much genetic diversity exists across populations 

sampled from different countries and host plants?; 4) Does this species exhibit significant host-

associated differentiation (HAD)?  

MATERIAL S AND METHODS 

Taxon sampling and DNA extraction 

We sampled 171 Liriomyza 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 plants in the laboratory; many of these samples were accumulated by co-author, 

SJS as research specimens sent to the USDA for identification and study. As species L. trifolii 

has similar external morphological characters with other closely related Liriomyza species, we 

also confirmed species identity using the mtCOI DNA barcode (Simon 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 of the mtCOI barcode fragment from Sanger 

sequencing or identified within assembled contigs available as óby-catchô in the anchored hybrid 

enrichment data harvest from each specimen. Mitochondrial sequences were compared to an 

existing data base of barcodes in the laboratory of SJS and on the Barcode of Life database 
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(Ratnasingham & Hebert, 2007) and compared using sequencing analysis and alignments tools in 

Geneious (2021version, Geneious Team, 2021).  

Specimens were preserved in 95% ethanol and stored in -20 freezer before extraction 

of genomic DNA. The whole genomic DNA was extracted using a slightly modified version of 

the QIAGEN manufacturerôs protocol with the QIAGEN DNEasy Kit (QIAGEN, Hilden, 

Germany). Genomic DNAs were amplified using REPLI-g Mini Kits (QIAGEN Inc., CA, USA) 

for some samples if their DNA concentrations were below 4 ng/ul. 

Phylogenomic data collection and raw data processing 

The procedures used for library preparation for anchored hybrid enrichment (AHE), and 

raw data processing steps for phylogenetic analysis are as reported in MATERIALS AND 

METHODS section of Chapter 1. All samples were sequenced by paired-end sequencing on the 

Illumina Nova Seq6000 at the Genome Sciences Laboratory (GSL), NCSU. 

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 distribution 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 draft L. trifolii  reference genome downloaded 

from NCBI (assembly ASM101493v1) using the BWA (Burrows-Wheeler Aligner) program (Li 

& Durbin, 2009). Output SAM (Sequence alignment/map) format files were converted into BAM 

(Binary alignment/map) using ósamtools viewô command with the -bS option, and then sorted 

using the BAM file with ósamtools sortô command such that the alignments occur in predicted 
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genomic order (Li et al., 2009). The quality control of alignment mapping was evaluated using 

program QUALIMAP (García-Alcalde et al., 2012). 

DNA variants were identified and genotyped from next-generation 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; Brouard et al., 2019; Van der Auwera & O'Connor, 2020). Each 

individual vcf file within at least 91,000 SNPs (Appendix C: Table 1S) was used in the 

downstream cleaning process. All individual vcf files were merged using óbcftools mergeô 

command (Li et al., 2009). Merged vcf file was filtered with the ó--max-missing 0.80 --minQ 5 -- 

minDP 3ô flags implemented in VCFtools (Danecek et al., 2011). In detail, --max-missing 0.80 

means that variants have been successfully genotyped in more than 80% of individuals; --minQ 5 

filtering flag means a minimum quality score of 5; and flag --minDP 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 Figure 17. 

Phylogenetic analyses with anchored alignments 

Two distinct phylogenetic methods were utilized to evaluate evolutionary relationships of 

L. trifolii populations associated with biogeography and host plant use. First, 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) selected according to the number of loci. Maximum likelihood trees 

were built separately using these two concatenated supermatrices partitioned by locus with best-

fit model selection carried out in ModelFinder (Kalyaanamoorthy et al., 2017) under the 

Bayesian Information Criterion (BIC) using the command ñTESTNEWò implemented in IQ-
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TREE 2.12 (Nguyen et al., 2015). Support values were obtained by 1000 replicates of Ultrafast 

bootstrap approximation (Minh et al., 2013). Second, a coalescent summary-based method 

(ASTRAL-III; Zhang et al., 2018) was used to estimate trees for the 128 exemplars data set. 

Specifically, we produced 311 individual gene trees in IQ-TREE under the GTR model using 

nucleotide loci over 400 bp in length. Several specimens of the closely related species, L. 

sativae, were used 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) v4 (Letunic & Bork., 2019) on-line mapping tool. 

Population genetics analyses 

Principal Components Analysis (PCA) was performed to identify population genetic 

structure using PLINK 1.9 (Purcel et 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 109 L. trifolii  

individuals. Input for plink was carried out with the ó--make-bedô command option.  Next, the 

outputs were used as input to generate eigenvalues and eigenvectors within ó--pcaô command on 

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 charts for percentage genetic variance 

and scatterplots of the first two principal components (PC1 and PC2) using R packages tidyverse 

and ggplot2 in RStudio (RStudio Team, 2020).  

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

(Novembre & Stephens 2008; McVean, 2009; François et al., 2010). Regarding this drawback, 
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we conducted estimates of individual admixture/ancestry coefficients within a genotype matrix 

using the R function snmf in package LEA (Frichot & François, 2015) performed in RStudio. 

This function provides a least-squares estimate of ancestral proportions for each individual when 

assuming K ancestral populations (Frichot et al., 2014). We performed the initial range of 

potential genotype cluster (K) from 1 to 10 under the admixed model. In 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 = 2 - 6), we integrated and displayed them 

in one image using multiple R packages (ggplot2, forcats, ggthemes, and patchwork) in RStudio. 

Parameter Fst (fixation index) was used to measure pairwise genetic differentiation 

between populations based on Weir & Cockerham (WC; Weir & Cockerham, 1984). These were 

calculated using a non-overlapping 500bp sliding window size across the genome and 

implemented in VCFtools (Danecek et al., 2011). To estimate the genetic differentiation between 

host plant populations, we conducted the plant-associated pairwise differentiation analysis from 

61 L. trifolii  individuals that were reared from 9 host plant populations with 3,994 SNPs. 

Besides, geography-associated pairwise genetic differentiations were also analyzed for three 

populations including USA, China, and Philippines. Pairwise Fst can 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 (Ó 1500; Willing et al., 2012; Nazareno et al., 2017). Fst values 

range from 0 to 1, 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 into 4 levels 

(Mohammadi & Prasanna, 2003): little differentiation (Fst Ò 0.05); moderate differentiation 

(0.05 < Fst Ò 0.15); strong differentiation (0.15 < Fst Ò 0.25), and very extreme differentiation (Fst 
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> 0.25). We adopted the evaluation criterion of genetic differentiation 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 input files were translated from the vcf SNP file conducted in 

PGDSpider version 2.1.1.5 (Lischer & Excoffier., 2012). We applied standard AMOVA 

computations with 1000 permutations and computed pairwise Fst within 100 permutations to 

assess the significance at the level of 0.05. 

RESULTS 

Phylogeny 

We generated two concatenated sequence supermatrices separately including 232, 815 

nucleotide positions from 390 orthologous single-copy nuclear genes in 171 individual 

specimens, and 269, 448 nucleotide characters across 428 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 this study (Figure 22; Appendix C: 

Figure 1S; 2S). On these trees, we recovered a well-supported monophyletic clade that includes 

pepper and tomatillo populations, as well as few individuals swept from onion and celery 

collected from the Americas including samples from USA, Mexico, and Honduras (Figure 22; 

Appendix C: Figure 1S; 2S). This óAmericas cladeô is placed within a larger óWorld cladeô 

comprising diverse populations sampled broadly from many locations and host plants. Many 

sympatric samples collected from the same host plant or a collection area, are well separated on 

the phylogenetic trees, such as host plant bean population collected from Gansu, China; cabbage 

population sampled from Jiangsu, China (Figure 22; Appendix C: Figure 1S; 2S). Mitochondrial 
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clades previously identified as óAô and óWô (Scheffer & Lewis, 2006) are also admixed together 

on the phylogeny (Figure 22). 

Population genetic structure and admixture analyses 

A total of 3,336 polymorphic SNPs were obtained for 109 individuals from 8 collection 

regions (USA; Mexico; Puerto Rico; Honduras; Israel; South Africa; Philippines, and China) and 

at least 17 host plant populations (bean; cabbage; cantaloupe; carrot; celery; hemp; lettuce; 

melon; onion; pea; pepper; potato; tomatillo; tomato; coreopsis; marigold; and weeds). 

According to the principal 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 22.0 (Figure 23A). Nevertheless, 

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 distinct clusters (Americas and World) on 

the PCA plot generated with PC1 and PC2 (Figure 23B), which are consistent with the lineages 

found on the phylogeny estimates from AHE loci. In addition, individuals from sympatric 

collecting localities are not clustered together on the PCA plots (Figure 23B).  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). For Chinese and Philippines populations, genetic clusters are not associated with 

geographic areas (Appendix C: Figure 3S).  

In admixture analyses, genetic cluster of 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 

(Figure 24), and in combination with the clades found on the phylogeny (Figure 22), and genetic 
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clusters from PCA analysis (Figure 23). When K = 2, individuals from pepper, tomatillo and 

swept celery 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 

the other admixture plots (K = 3 - 6; Figure 24). These results suggest that these populations may 

be derived from a common origin. Many individuals from sampled regions also exhibit the 

admixture of ancestral origins with some fractions of proportions (Figure 24).   

Pairwise genetic differentiation and genetic variance 

We obtained 3,994 SNPs for 61 L. trifolii  individuals reared from 9 distinct host plants, 

which are used to estimate genetic differentiations between plant populations. Generally, there is 

litt le genetic differentiation between plant populations, except as found for pepper and tomatillo 

populations (Fst < 0.05; Table 10). For pepper population, there is moderate genetic 

differentiation when compared to bean populations (Fst = 0.141), while there are strong pairwise 

differences with cabbage, cantaloupe, hemp, onion, pea, and marigold populations (0.15 < Fst Ò 

0.265).  However, there is significantly little genetic differentiation between pepper and tomatillo 

populations (Fst = 0.012; P < 0.05; Table 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 and marigold populations, but not 

significantly different with marigold population (Table 10). In addition, there is significantly 

moderate genetic differentiation between marigold and cabbage populations (Fst = 0.066; P < 

0.05).  

We found 3,652 variable SNPs from 3,649,141 sites after 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 with geographic distribution. We find that there are few genetic differences 

between any two geographic populations among USA, China, and Philippine (Table 11). 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 geography (Table 12). Specifically, a small 

fraction of genetic variation is related to host plants (2.56%), while rather little of the genetic 

variation is associated with geographic region (1.17%). 

DISCUSSION 

The American leaf-mining fly, L. trifolii , is one of several highly polyphagous pests of 

vegetable and horticulture crops (Spencer, 1973; 2012). In the past few decades, this species has 

invaded and spread from native Americas to the rest of the world (Minkenberg, 1988). In the 

present study, we did not detect significant genetic structure associated with geographic 

distribution (Figure 22; 23). Individuals from drawn from widely distributed geographic 

populations cluster in polyphyletic lineages regardless of native or invasive regions. Moreover, 

samples from Florida and California are quite randomly distributed on the phylogenetic tree. Two 

of these join the tree diverging early and separately from all other sampled individuals (Figure 22), 

implying that these populations are more diverse than others, consistent with the historical process 

suggesting these as areas of origin for many of the internationally introduced populations. L. trifolii  

is considered to be endemic in Florida, and developed resistance to insecticides there (Spencer, 

1965; Minkenberg, 1988). Later, these flies spread to California (Spencer, 1981; Parrella, 1982; 

Zehnder & Trumble, 1984). Surprisingly, we have recovered little genetic differentiation between 

native American samples and those from introduced regions (Fst < 0.05; Table 11). 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.  

Human-mediated activity  due to international trade and global transportation of plant 

material has contribute to the invasion and dispersal processes for L. trifolii (Minkenberg, 1988; 

Hulme, 2009). Beside these human-mediated factors, the success in dispersal and establishment of 

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 highly polyphagous nature (Parella, 1987), its 

tolerance of temperature variability (Leibee, 1984; Minkenberg, 1988), short life cycle in warm 

environments (Capinera, 2001), high fecundity (Parrella et al., 1983), and its ability to rapidly 

develop resistance to insecticides (Spencer, 1965; Minkenberg, 1988). The spread and 

establishment of this pest may also be facilitated by its difficult species identification and 

challenging risk assessment due to morphological homogeneity with closely related Liriomyza 

species. All of these issues can lead to considerable delays in the application of management 

strategies or quarantine (Spencer, 1965).  

Compared to geographic distribution, host plant contributes to a slightly larger proportion 

to the genetic divergence we found in L. trifolii  (Table 10). This finding is unsurprising as food 

sources affect herbivorous insects through both physical and chemical defenses (Wang et al., 

2008). We have also found that individuals reared from pepper are clustered into an óAmericasô 

clade (Figure 22) and these flies are genetically distinct from samples taken from a broad range of 

other plants. However, not surprisingly, samples from tomatillo are clustered together with pepper 

populations, a grouping also found by Pérez-Alquicira et al. (2019) based on a mitochondrial gene 

marker. This may be a single instance of host 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, indicating 

that L. 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 pepper-feeding flies of L. 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 (Morgan et al. 2000; Reitz & Trumble, 2002). Chemical compounds isolated from 

sweet pepper, Capsicum annuum, have been shown to inhibit oviposition of non-pepper L. trifolii 

(Kashiwagi et al., 2005; Dekebo et al., 2007), providing further evidence of the distinct nature of 

the pepper-group flies.  Increased sampling, from native and introduced populations of these 

groups from across the globe, will be valuable for further documenting the extent of HAD in this 

species.  

SUMMARY  

We applied anchored phylogenomic data to investigate phylogenetic relationships and 

population genetic structure of New-World species L. trifolii . We provide genomic evidence to 

examine genetic diversity and population structure connected with geographic distribution and 

host plant use. Phylogeographic structure is not associated with collection locality, and regional 

samples show significant admixture. Variation in host plant-use contributes slightly more to 

genetic variation than geographic distribution, although genetic variation is significantly larger 

within populations compared to among populations. we found that individuals reared from 

pepper are clustered together with those from tomatillo. Together, these show significant levels 

of genetic differentiation from populations from other host plants. Little genetic variation was 

found between flies attacking other populations, suggesting that host-associated 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 and W are not supported on phylogenetic trees based on our genomic 

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 

this fly and its host associations that are necessary for the design of effective management 

measures and quarantine procedures.  
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Figure 20. Geographic distribution of sample collection locations on a world map generated in 

QGIS.  

Each green triangle on the map represents a unique collection site in each country.  
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Figure 21. General framework of anchored genomic data processing. 

The flow chart marked by green boxes is the process used in phylogenetic analyses, while blue 

boxes represent the SNP variants calling procedure followed for population genetic analysis. 

con. = conversion; eval. = evaluation; PCA = principal component analysis; AMOVA = 

analysis of molecular variance  
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Figure 22. Maximum likelihood phylogeny of Liriomyza trifolii estimated from anchored 

enrichment alignments for 128 individual samples conducted in IQ-TREE. 

Bootstrap support on the clade represents the Ultrafast 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), respectively. 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 indicate host plant and field 

collection method, respectively. Mitochondrial clades (A or W; Scheffer & Lewis, 2006) are 

shown outermost ring. Abbreviations are marked inside the bar boxes in each circle bar as 

follows. USA: United States of America; Phi: Philippines; Chi: 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: zucchini; cor: coreopsis; bea: bean; 

oni: onion; cab: cabbage; luf: luffa; pot: potato; bro: broccoli; chr: chrysanthemum; hel: 

heliotrope; can: cantaloupe; let: lettuce; hem: hemp; cas: castor bean; cel: celery; mar: marigold; 

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 for L. trifolii . 

(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 in109 L. trifolii  individuals. Shape symbols indicate geographic 

populations from distinct countries, and color indicates host-plant population on the PCA plot. 

The top cluster marked in pink represents the Americas clade, 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 = 2 - 6.  

X axis represents 8 geographic populations, while Y axis indicates the ancestry proportion. Each 

narrow vertical bar represents one individual. The abbreviations 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 Africa. Host-plant populations were 

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

are: bea = bean; cab = cabbage; car = carrot; oni = onion; mato = tomato; can = cantaloupe; cel = 

celery; cor = coreopsis; hem = hemp; let = lettuce; pep = pepper; tag = marigold; tom = 

tomatillo; wee = weeds.  
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Table 9. Details of 171 individuals covered in this study 

Sample 

code 

Species 

ID 

Collection locality Host plant Plant family Collection 

method 

Life stage Mito. 

clade 

AG0609 L. trifolii  U.S.A: Maryland: Patuxent Research 

Refuge North Tract C-264 

NA NA malaise Adult W 

AG0634 L. trifolii  U.S.A: Maryland: Aldis Clinton green onion Amaryllidaceae reared Adult W 

AG0635 L. trifolii  U.S.A: Maryland: Aldis Clinton green onion Amaryllidaceae reared Adult W 

AG0673 L. trifolii  Philippines bitter gourd Cucurbitaceae NA Female W 

AG1453 L. trifolii  U.S.A: California: San Luis Obispo 

Co. 

tomato Solanaceae swept Adult A 

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 W 

AG1492 L. trifolii  U.S.A: California: Ventura celery Apiaceae swept Adult W 

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 W 

AG1502 L. trifolii  U.S.A: California: Ventura bell pepper Solanaceae swept Adult W 

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 W 

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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Table 9 (continued) 

AG1553 L. trifolii  U.S.A: Florida: Immokalee tomato Solanaceae swept Adult W 

AG1554 L. trifolii  U.S.A: Florida: Homestead: Miami-

Dade Co. 

bean Fabaceae NA NA W 

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: 

Lake Buena Vista 

marigold Asteraceae reared Female NA 

AG1587 L. trifolii  U.S.A: Florida: Orange County: 

Lake Buena Vista 

marigold Asteraceae reared Female NA 

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 

GSLtr1 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 

  



133 

 

 

Table 9 (continued) 

GSLtr9 L. trifolii  China: Gansu: Shuichuan Co. bean Fabaceae reared Female W 

HNLtr1 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Male NA 

HNLtr10 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Female NA 

HNLtr3 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Male W 

HNLtr4 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Male NA 

HNLtr5 L. trifolii  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: Hainan: Bailian Co. pea Fabaceae reared Female NA 

HNLtr9 L. trifolii  China: Hainan: Bailian Co. pea Fabaceae reared Female NA 

HSC28 L. trifolii  Turkey: Antalya: Hacēaliler tomato Solanaceae reared Adult NA 

HSC29 L. trifolii  Turkey: Antalya: Hacēaliler tomato Solanaceae reared Adult NA 

JL15s L. trifolii  U.S.A: North Carolina: Beaufort hemp Cannabaceae reared Adult W 

JL17 L. trifolii  U.S.A: University of Geogia heliotrope Boraginaceae reared Adult W 

JL18 L. trifolii  U.S.A: University of Geogia castor bean Euphorbiaceae reared Adult W 

JL19 L. trifolii  U.S.A: North Carolina: Raleigh luffa Cucurbitaceae reared Adult W 

JL23 L. trifolii  U.S.A: North Carolina: Wayne 

county 

cantaloupe Cucurbitaceae reared Adult W 

JL24 L. trifolii  U.S.A: North Carolina: Wayne 

county 

cantaloupe Cucurbitaceae reared Adult W 

JL25 L. trifolii  U.S.A: California: University of 

California Davis West Village: 

Hutchison Pl, Davis 

tomatillo Solanaceae reared Male W 
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Table 9 (continued) 

JL26 L. trifolii  U.S.A: California: University of 

California Davis West Village: 

Hutchison Pl, Davis 

tomatillo Solanaceae reared Male W 

JL28 L. trifolii  U.S.A: California: University of 

California Davis West Village: 

Hutchison Pl, Davis 

tomatillo Solanaceae reared Male W 

JL29 L. trifolii  U.S.A: California: University of 

California Davis West Village: 

Hutchison Pl, Davis 

tomatillo Solanaceae reared Male W 

JL31 L. trifolii  U.S.A: Carolina: Beaufort: 

Belhaven: 3264 Beech Ridge Rd, 

C.Rouse 

hemp Cannabaceae reared Adult W 

JL32 L. trifolii  U.S.A: Carolina: Beaufort: 

Belhaven: 3264 Beech Ridge Rd, 

C.Rouse 

hemp Cannabaceae reared Male W 

JL33 L. trifolii  U.S.A: Georgia: Universisty of 

Georgia 

castor bean Euphorbiaceae reared Adult W 

JL34 L. trifolii  U.S.A: North Carolina: Seven 

Springs  

cantaloupe Cucurbitaceae reared Adult W 

JL35 L. trifolii  U.S.A: North Carolina: Seven 

Springs  

cantaloupe Cucurbitaceae reared Adult W 

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: Jiangsu: Zhenjiang 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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Tablt 9 (continued) 

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 W 

LFL2 L. trifolii  U.S.A: Florida: Alachua County: 

Farmer Brown's field Rt. 301, 

Orange Heights 

zucchini Cucurbitaceae reared Larva NA 

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 

Valley 

pepper Solanaceae reared Adult NA 

Lmx4 L. trifolii  Mexico: Tamaulipas St.:Tampico 

Valley 

pepper Solanaceae reared Adult NA 

LNY2 L. trifolii  U.S.A: New York: Elba Muck Bays 

bag 

onion Amaryllidaceae reared Larva NA 

LNY6 L. trifolii  U.S.A: New York: Newark onion Amaryllidaceae reared Larva NA 

LPPQ67 L. trifolii  Colombia chrysanthemum Asteraceae reared Larva NA 

LPPQ71 L. trifolii  Dominican Republic pepper Solanaceae NA Pupa NA 

Lsa15 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared Larva NA 

Lsa16 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared Larva NA 

Ltr105 L. trifolii  South Africa: Western Cape Pro.: 

Lamberts Bay 

potato Solanaceae NA NA NA 

Ltr11 L. trifolii  South Africa colony NA NA NA NA 

Ltr112 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 

Ltr114 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 

Ltr116 L. trifolii  U.S.A: Florida: Immokolee pepper Solanaceae reared Larva NA 

  



136 

 

 

Table 9 (continued) 

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 

Ltr121 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

Ltr122 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

Ltr123 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

Ltr124 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

Ltr125 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

Ltr126 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

Ltr127 L. trifolii  Mexico: Tamaulipas: Tampico 

Valley 

pepper Solanaceae reared Pupa NA 

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

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

Ltr13 L. trifolii  U.S.A: California: Davis bean Fabaceae NA NA NA 

Ltr130 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared larva NA 

Ltr131 L. trifolii  Honduras: El Zamorano pepper Solanaceae reared larva NA 

Ltr132 L. trifolii  Honduras: El Zamorano pepper Solanaceae NA larva NA 

Ltr15 L. trifolii  U.S.A: California: Trumble colony, 

north pop  

pepper Solanaceae reared Adult NA 

Ltr17 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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Table 9 (continued) 

Ltr22 L. trifolii  U.S.A: Arizona: Yuma melon Cucurbitaceae trap Adult NA 

Ltr27 L. trifolii  South Africa: Western Cape Pro.: 

Lamberts Bay 

potato Solanaceae NA NA NA 

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: 

north pop  

pepper Solanaceae reared Adult NA 

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.: 

Lamberts Bay 

potato Solanaceae NA NA NA 

Ltr57 L. trifolii  Philippines: Nueva Ecija Pro.:San 

Jose City 

onion Amaryllidaceae reared Adult NA 

Ltr58 L. trifolii  Philippines: Nueva Ecija Pro.:San 

Jose City 

onion Amaryllidaceae reared Adult NA 

Ltr59 L. trifolii  Philippines: Nueva Ecija Pro.:San 

Jose City 

onion Amaryllidaceae reared Adult NA 

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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Table 9 (continued) 

PH1080 L. trifolii  Philippines:Pangasinan pro: 

Urdaneta City: cabuloan 

tomato Solanaceae reared NA W 

PH1230 L. trifolii  Philippines: Parañaque City: 

Thomas street 

bean Fabaceae reared NA NA 

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 

Jose City 

bean Fabaceae NA NA NA 

RJ120 L. trifolii  Philippines: Nueva Ecija Pro.:San 

Jose City 

bean Fabaceae NA NA NA 

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: Nueva Ecija Pro. bean Fabaceae NA NA NA 

RJ73 L. trifolii  Philippines: Benguet Pro. tomato Solanaceae NA NA NA 
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Table 9 (continued) 

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: 

Karalake Natural Park 

aquatic plants outgroup NA NA NA 

Notes: sample IDs bolded are used as outgroups in this study. The meanings of abbreviations on the table above: Pro.: Province; Co.: 

County; NA: not available for the corresponding information. 
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Table 10. Pairwise genetic differentiation between host-plant 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 at P < 0.05. The value in the parentheses represents the sample size in a host-plant 

population. 

Table 11. Pairwise differentiation among geographic populations 

Geographic population USA Philippine China 

USA (51) - 0.0272* 0.0322* 

Philippine (18) 0.0272* - 0.0257* 

China (20) 0.0322* 0.0257* - 

Notes: asterisk * indicates a significance at the level 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 variance (AMOVA)  associated with host plant and geography 

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

Host plant 

Among pop.   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. pop. = population. 
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CHAPTER 4. Geography- and host-associated genetic diversity in the pest species 

Liriomyza sativae (Diptera: Agromyzidae) from phylogenomic data 

INTRODUCTION  

Genetic variation in natural populations can be influenced by many factors including 

geography (Jenkins et al., 2010), ecology (Shafer & Wolf, 2013), and global climate change 

(Hewitt, 2000). Geographical isolation may play a significant role in genetic divergence between 

populations since it can ultimately result in speciation, due to spatial mating barriers to gene flow 

among populations (Jenkins et al., 2010; Liu et al., 2018; Pyron & Burbrink, 2010; Ye et al., 

2013). Phylogeographic analysis within species, especially for invasive species, is a powerful 

approach to investigate phylogenetic and biogeographic histories together, as it can delineate 

cryptic species that show little or no morphological differences and detect the possible causes of 

genetic divergence among populations (Avise, 2000). For invasive species, this approach not 

only provides a framework to trace the geographic origins of invasive populations, but also 

provides evidence on possible routes of geographic dispersal (Slade & Moritz, 1998; Scheffer & 

Grissell, 2003). 

Herbivorous insects are a well-studied source of information on the dynamics of genetic 

diversity and population structure associated with both host plant feeding ecology and changing 

geographic distributions. In general, both geographic isolation and host plant specialization are 

considered to be facilitators of population structure and diversification in phytophagous insects 

(Ehrlich & Raven, 1964; Pashley, 1986; Hu et al., 2015; Du et al., 2016). However, polyphagous 

herbivorous species that feed on many different host plants present a special challenge in which 

diet breadth can obscure patterns of genetic structure and lead to complexities of interpretation 
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(Pashley, 1986; Barman et al., 2012; Antwi ET AL., 2015; Elfekih et al., 2018; de Moya et al., 

2019). 

The leaf-mining fly species, Liriomyza sativae Blanchard (Agromyzidae: Diptera), is a 

highly polyphagous and significant quarantine pest throughout the world and damages a wide 

variety of agricultural crops and ornamental plants. This species causes significant yearly yield 

losses and can severely reduce the aesthetic value of horticultural plants (Spencer, 1973; 1990). 

This pest predominantly prefers plants in the families Cucurbitaceae, Fabaceae, and Solanaceae, 

although it has been recorded to feed on at least 32 host plant families (Spencer,1973; 2012; 

Lonsdale, 2011). Liriomyza sativae has been considered one of the most devastating New-World 

native species.  It was originally found in Argentina in 1938, and subsequently discovered in 

vegetable crops in the United States around the same year (Spencer, 1973; Parrella, 1982). The 

early presence of L. sativae on both American continents, prior to extensive trade, indicates a 

widespread native range. This species has been inadvertently introduced to regions outside of its 

native Americas due to frequent global trade and because, as a leafminer, it is often hidden 

within or on the damaged plant, particularly in the egg, larva, and pupal stages (Spencer, 1973; 

Parrella, 1982; 1987; Rauf et al., 2000; Andersen et al., 2002). To date. L. sativae has spread to 

more than 34 countries of Africa, Asia, and Oceania, and not found in Europe countries except 

for Russia (CABI, 2021; EPPO, 2021; Lonsdale, 2021). 

Currently, L. sativae has been found to consist of four strains/lineages including óL. 

sativae-Lô, óL. sativae-Aô, óL. sativae-Wô, and óL. sativae-Bô based on phylogenetic sequence 

analysis of a portion of the mitochondrial cytochrome oxidase subunit I and II (COI, COII) genes 

(Scheffer & Lewis, 2005; Parish et al., 2017). The first three strains were found by Scheffer and 

Lewis (2005), and the last was detected by Parish et al. (2017). In detail, the clade óL. sativae-Aô 
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occurs in United States (Florida) and central America (Guatemala and Honduras); óL. sativae-Lô 

was exclusively found in Colorado, United States; óL. sativae-Wô is globally distributed in the 

world, moreover, óL. sativae-Lô and óWô form a sister group (Scheffer & Lewis, 2005). The 

strain óL. sativae-Bô, is a unique lineage endemic in Brazil (Parish et al., 2017).  

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 

obtain Single Nucleotide Polymorphisms (SNPs) compared against a publicly available draft 

genome from its sister species, L. trifolii  (Burgess) (Vicoso & Bachtrog, 2015). In the present 

study, we use phylogenomic data to: 1) explore phylogenetic relationships among populations of 

L. sativae; 2) examine whether population genetic 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 201 L. sativae individuals from more than 35 vegetable crops and 

ornamental plants in at least 7 families and across 16 countries in Americas and Old-World 

regions, specifically, including north America (United States), central America (Guatemala, 

Honduras), south America (Venezuela, Colombia, Brazil), Egypt, western Asia (Turkey, Israel), 

eastern Asia (China), southern Asia (India, Sri Lanka), south-eastern Asia (Indonesia, 

Philippines, Vietnam, Malaysia), which were shown on the world map (Figure 25) created using 

QGIS 3.22. Samples were collected via hand net, or Malaise 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 study are given in Table 13. 
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DNA extraction, library preparation , and raw data processing 

The procedures used for DNA extraction, library preparation for anchored hybrid 

enrichment (AHE), and raw data processing steps for phylogenetic analyses are as depicted in 

MATERIALS AND METHODS section of Chapter 1. All samples were sequenced by paired-

end sequencing on the Illumina Nova Seq6000 at GSL, NCSU. 

Single nucleotide polymorphism (SNP) variants  

SNPs were obtained by mapping the trimmed pair-end reads into the draft genome of L. 

trifolii  (Vicoso & Bachtrog, 2015), a sister to L. sativae (phylogeny of genus Liriomyza on 

Chapter 2). The pipeline steps of reads mapping, SNP variants calling from genome, and SNP 

filtering are identical with those in species L. trifolii , which are depicted in MMATERIALS 

AND METHODS section of Chapter 3.  

Phylogenetic analyses 

Two distinct phylogenetic methods were applied to evaluate evolutionary relationships of 

L. sativae populations associated with geographic distribution and host plant use. We conducted 

separate phylogenetic reconstructions using Maximum Likelihood (ML) data from all 208 

sampled individuals (201 ingroups + 7 outgroups); and compared this to 192 individuals (185 

ingroups + 7 outgroups) selected to represent the set of highest yielding loci coverage and AHE 

data recovery after sequencing. Maximum likelihood trees were built separately using these two 

concatenated supermatrices partitioned by locus with best-fit model selection carried out in 

ModelFinder (Kalyaanamoorthy et al., 2017) under the Bayesian Information Criterion (BIC) 

using the command ñTESTNEWò implemented in IQ-TREE 2.12 (Nguyen et al., 2015). 

Bootstrapping support values were acquired by 1000 replicates of Ultrafast approximation (Minh 

et al., 2013). In addition, a coalescent summary-based method (ASTRAL-III; Zhang et al., 2018) 
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was adopted to estimate trees for the 192 exemplars data set. Specifically, we selected 205 out of 

312 nuclear loci with over 400 bp in length to generate the ML gene trees under the GTR model 

in IQ-TREE. All the gene trees are summarized as a coalescent species tree using ASTRALL-III  

(Zhang et al., 2018). Outgroups L. trifolii and L. brassicae, were used to root the phylogeny of L. 

sativae. Collection locality, host plant family, and mitochondrial clade were mapped on the 

phylogeny using the Interactive Tree Of Life (iTOL) v.4 (Letunic & Bork., 2019), an on-line 

mapping tool. 

Population genetic analyses with SNPs 

We examined genetic population structure using Principal Components Analysis (PCA) 

implemented in Plink 1.9 (Purcel et al., 2007), and performed admixture analysis using the 

function snmf in the R package LEA (Frichot & François, 2015) conducted in RStudio. The 

details on these were described in MATERIALS AND METHODS section of Chapter 3. 

To explore the pairwise differentiation between geography-associated populations and to 

test if genetic variance associated with geographic distributions, 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, and chrysanthemum to analyze host-associated genetic differentiation 

and genetic variance. The degree of pairwise genetic differentiation between populations was 

measured using fixation index parameter Fst, which was calculated based on Weir & 

Cockerhamôs approach (Weir & Cockerham, 1984). Pairwise differentiation and Analysis of 

Molecular Variance (AMOVA; Excoffier et al., 1992) were simultaneously performed on the 

program Arlequin v3.5.2.2 (Excoffier & Lischer, 2010).  
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RESULTS 

Phylogeny 

We separately obtained two concatenated super-matrices, one with 154,722 bp 

concatenated sites from 302 orthologous nucleotide loci in 208 individual specimens, and the 

second comprising 165,606 bp concatenated sites for 192 individuals from 312 loci in 192 

individuals. Tree topologies and lineages are identical on partitioned ML trees generated from 

both concatenated supermatrices, however, the ultrafast bootstraps are improved using the 

supermatrix containing the 192 high data recovery individuals (Figure 26; Appendix D: Figure 

1S). A coalescent-based species tree was also 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 

coalescent-based posterior probabilities, especially for shallow splits on the species tree 

(Appendix D: Figure 2S). We find three major monophyletic clades including a óBrazil cladeô, a 

ówestern United States cladeô or óAmerican westô clade comprising of Colorado, Utah, parts of 

California (Imperial and San Diego), and a larger monophyletic clade (here, referred to as the 

óworld cladeô) widely distributed in the Americas (USA: Florida, Northern California, Maryland, 

Arizona; Colombia; Guatemala; Honduras) and the Old-World 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 trees (Figure 26; Appendix D: Figure 1S; 2S). 

In the óBrazil cladeô, all samples were collected from Mossoró City, Brazil, reared from 

melons (Table 1), and these form a sister group to óAmerican west cladeô within strong ultrafast 

bootstrap support (Figure 26; Appendix D: Figure 1S) and local posterior probability is 0.79 on 
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coalescent species tree (Appendix D: Figure 2S). In the óAmerican west cladeô, specimens were 

swept from different host plants including lettuce, red cabbage, and lupine in the western United 

States, including California, Colorado, and Utah. In the larger óWorld cladeô, specimens were 

mainly sampled across the Americas and Asia from a wide range of host plant families, including 

Cucurbitaceae, Solanaceae, Fabaceae, Malvaceae, Brassicaceae, Asteraceae, and 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 distinct regional clades. Individual samples from Jiangsu, 

China, on luffa, were grouped in different places on the phylogenetic trees, one of which forms 

an early branching clade from geographically disparate members of the óWorld cladeô with 

strong support (Figure 26; Appendix D: 1S). Samples from all relatively recently introduced 

regions where L. sativae is invasive are clustered into the óWorld cladeô, which is also found to 

be widespread within the United States, including samples from California, Florida, Maryland, 

and Arizona (Figure 26; Appendix D: Figure 1S; 2S). Additionally, we find that the óAmerican 

west cladeô is concordant with previously identified mitochondrial lineage: óL. sativae-Lô, 

whereas mitochondrial óL. sativae-Aô and óWô are not supported and found to be polyphyletic in 

the current study (Scheffer & Lewis, 2005) (Figure 26; Appendix D: Figure 1S; 2S). 

Population component analysis 

A total 15,152 SNPs for 126 L. sativae individuals were obtained after filtering. These 

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 component 2 (PC2) separately 

explained 18.25% and 7.45% of genetic variation, respectively. Based on PCA plot, there are 
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three genetic clusters, one associated with samples from the American west, another one globally 

distributed (which also has individuals found in the American west), and a third cluster of 

samples from Brazil (Figure 27). These three genetic clusters from PCA are consistent with the 

monophyletic clades on the phylogenetic trees built using anchored alignments (Figure 26; 

Appendix D: Figure 1S; 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, the American west cluster exhibits a greater genetic divergence among samples 

than the other two, particularly when compared to samples in the world cluster which are 

significantly aggregated in the PCA analysis (Figure 27).  

Admixture analysis 

Admixture plots were constructed to evaluate population structure under multiple 

scenarios of K = 2 to 6, with K = 2 selected as the best fitting structural organization of the 

genetic data (Figure 4). When K = 2, individuals from the American west (Colorado, Utah, 

California, in part) form a distinct genetic cluster, which is also 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 proportions from western United States and the 

World, suggesting that high levels of gene flow may have occurred or are ongoing and leaving 

detectable variation in the admixture plot at K = 2 (Figure 28). Individuals from the 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 

óWorld cladeô, and a small ancestry component with parts from American west. Nevertheless, 

individuals from the Brazil population share a relatively high ancestry component with American 

west group populations compared to other geographic regions (Figure 28). Individuals from USA 
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harbor a larger genetic diversity, especially the western United States, indicating that the spread 

of L. stativae was likely to have originated in 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 a limitation of population 

growth after colonization has occurred in invasive regions. 

Pairwise genetic differentiation and molecular variance 

A total of 14,559 SNP markers was retained for 114 L. sativae individuals from six 

geographic populations (Brazil; China; Colombia; Guatemala; Philippines, and U.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 

populations, except 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, Colombia, and Philippines, 

Little differentiation was found between Brazil and USA (Table 14). Nevertheless, genetic 

variation is mostly found within regional population components, rather than among them. 

Specifically, 3.53% of genetic variation is identified as among geographical regions, in contrast, 

96.47% genetic variances are within populations based on AMOVA (Table 15).  

To investigate host associated differentiation, 23,711 SNP markers were retained after 

filtering for 31 L. sativae individuals reared from five host plant populations including bean, 

cucumber, luffa, tomato, and chrysanthemum. With these data, we found little or no genetic 

differences between plant populations, and genetic variation is not associated with host plant 

used (Appendix D: Table 2S; 3S). In addition, there is significantly little genetic differentiation 

observed between the óBrazil cladeô and óAmerican west cladeô (Fst = 0.04196; P = 0.009), 
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while significantly extremely strong genetic difference between óBrazil cladeô and óWorld cladeô 

(Fst = 0.35711; P < 0.001). A significantly moderate level of genetic differentiation was 

obtained in comparisons between the óAmerican west cladeô and óWorld cladeô (Fst = 0.14636; P 

< 0.0001; Appendix D: Table 4S). 

DISCUSSION 

The leafmining fly Liriomyza sativae has been divided into four strains based on the 

mitochondrial gene fragment of COI, particularly for óL. sativae-Aô, óL. sativae-Lô, óL. sativae-

Wô, and óL. sativae-Bô (Scheffer & Lewis, 2005; Parish et al., 2017). In our study, we found that 

óL. sativae-Lô forms a monophyletic group belonging to a larger American west population, 

while óL. sativae-Aô and óL. sativae-Wô are admixed together (with samples labeled here as the 

óWorld cladeô). Incongruent population genetic structure between mitochondrial and nuclear 

genes has been found in many studies (Bergamo et al., 2015; Egger et al., 2007; Wang et al., 

2017), and may often be attributed to differences in coalescent-time and maternal inheritance of 

mitochondrial genes, and that can be complicated by sample size bias, high mutation rates, or 

patterns of genetic introgression (Ballard & Whitlock, 2004). Some previous studies also have 

reported high genetic variation in mitochondrial markers, but unexpectedly high conservation in 

nuclear genes, implying that population history may be complicated by admixture and multiple 

coalescent histories (Wei et al., 2015; Cao et al., 2016).  

Our sample of individuals from Brazil form a monophyletic group well-supported by 

bootstrap and posterior probabilities on the phylogenetic trees (Figure 26; Appendix D: Figure 

1S; 2S). However, our Brazil samples were not collected from the same collection sites with 

those included in a previous study that defined a clade as óL. sativae-Bô (Parish et al., 2017). We 

also found that COI sequence similarities ranged from 99.6% to 100% between our Brazil 
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samples and óL. sativae-Bô of Parish et al. (2017), while there are lower COI similarities (92.26-

92.66%) between Brazil samples and óL. sativae-Wô of Scheffer & Lewis (2005) (Table 5S). 

These results suggest that samples within Brazil have a low genetic diversity, and are genetically 

distinct from flies found in other American and Old-World regions.  

It is possible that the three major clades we found for Brazil, American west (Western 

United States), and a óWorld cladeô may in fact represent cryptic species within 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, especially in South 

America, from which we were only able to include three individuals from Brazil, is necessary to 

draw major conclusions about overall diversity in L. sativae populations. The early records of L. 

sativae in Argentina and in California indicate that this species was likely widespread throughout 

much of the Americas, likely providing plenty of opportunities for divergences. More extensive 

collections from additional hosts and locations in South America will be required to further 

explore possible geographic isolation of Brazilian species 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 (Figure 26; Appendix D: Figure 3; 3S). This 

finding suggests that a short post-invasion bottleneck may homogenize variation while their 

polyphagous host use provides resources and escape from parasitism and competition that allows 

successful establishment and spread (Spencer, 1973). That we found little or only moderate 

genetic differentiation between flies from native and invaded regions (Table 14), suggests recent 

introduction and spread of closely related flies. Flies from populations in the óWorld cladeô show 

common ancestry in estimates of admixture (Figure 4), reflecting that the spread of L. sativae 
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across the world is probably attributed to anthropogenetic influence (or human-mediated plant 

movement) such as an increasing global trade in infested vegetables and ornamental 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., 2010), that can overrides geographic barriers. 

Moreover, genetic divergence of L. sativae among individuals within populations is greater than 

that found among populations, which may reflect their high reproductive rate, relatively short life 

cycle, and potentially large population sizes in agricultural settings (Petitt & Wietlisbach, 1994; 

Araujo et al., 2013).  

SUMMARY  

In summary, phylogenomic analysis of Liriomyza sativae populations reveals three 

distinct lineages associated with geographic distributions consistent with population structure 

analysis, suggesting that this pest harbors distinct genetic diversity that may include cryptic 

species.  US western lineage shares the most ancestry except for two individuals from the lineage 

sharing with two ancestries with nearly equal proportions, indicating that the population is 

probably not used as the source to introduce into other invasive regions based on admixture 

analysis. Pairwise genetic differentiations of L. sativae among geographic populations are less 

moderate, and most of genetic variance resulted from within populations rather than among 

populations. Out 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 species L. sativae.  
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Figure 25. Collection distributions of Liriomyza sativae shown 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 tree of L. sativae in 192 individual specimens estimated in 

IQ-Tree.  

Tips represent collection areas if they are available. NA: not applicable for collection areas of 

the samples. Bars outside the phylogenetic tree represent geographic regions (country levels), 

feeding plant family, and mitochondrial clade from inside to outside, respectively. 

Mitochondrial clade L, A and W are defined in this study according to the publication of L. 

sativae (Scheffer & Lewis, 2005). Each color represents each corresponding category on the 

bar. The abbreviation was marked on the bar when the category is firstly occurred on the 

according bar. The legends of geographic region, plant family, and mitochondrial clade, as well 

as Ultrafast bootstrap values are placed in the center of the circle tree. The representations of 

the abbreviations on each bar are as follows. In geographic regions, Bra: Brazil; USA: United 

States of America; Chi: China; Phi: Philippines; Indo: Indonesia; Vie: Vietnam; Egy: Egypt; 

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

Isr: Israel; Indi: India; In plant family column, Cur: Cucurbitaceae; Fab: Fabaceae; Ast: 

Asteraceae; Bras: Brassicaceae; Sol: Solanaceae; Mal: Malvaceae; Ped:  Pedaliaceae; and 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 hidden on the phylogenetic tree. The colorful clusters separately represent 

óBrazil cladeô by red, óAmerican west cladeô by blue, and óWorld cladeô by pink on the 

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