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ARTICLE INFO ABSTRACT

Keywords: Leaf-mining flies (Diptera: Agromyzidae) are a diverse clade of phytophagous Diptera known largely for their
Diptera' economic impact as leaf- or stem-miners on vegetable and ornamental plants. Higher-level phylogenetic re-
Leaf-miner lationships of Agromyzidae have remained uncertain because of challenges in sampling of both taxa and char-
Phylogenomics

acters for morphology and PCR-based Sanger-era molecular systematics. Here, we used hundreds of orthologous
single-copy nuclear loci obtained from anchored hybrid enrichment (AHE) to reconstruct phylogenetic re-
lationships among the major lineages of leaf-mining flies. The resulting phylogenetic trees are highly congruent
and well-supported, except for a few deep nodes, when using different molecular data types and phylogenetic
methods. Based on divergence time dating using a relaxed clock model-based analysis, leaf-mining flies are
shown to have diversified in multiple lineages since the early Paleocene, approximately 65 million years ago. Our
study not only reveals a revised classification system of leaf-mining flies, but also provides a new phylogenetic

Divergence times

framework to understand their macroevolution.

1. Introduction

Leaf-mining flies (Diptera: Agromyzidae), sometimes known as
serpentine leaf miners, are a diverse group of schizophoran flies with
approximately 3,163 valid species across 26 recognized genera distrib-
uted worldwide (Winkler et al., 2009a; Lonsdale, 2014; Von Tschirn-
haus, 2021a; Table S2). All leaf-mining larvae are phytophagous inside
living plant tissue, damaging more than 140 plant families across liv-
erworts, ferns, horsetails, gymnosperms, and angiosperms including
monocots and eudicots (Spencer, 1990; Scheffer et al., 2007; Eiseman,
2021). Many agromyzid species are recorded as monophagous or
oligophagous, where larval feeding is restricted to a single or multiple
closely related plants, while relatively few species are known to be
polyphagous feeding on a wide variety of host plants across distantly
related plant families (Spencer, 1990; Lonsdale, 2021). Larval feeding
habits of agromyzids are highly diverse in the taxonomic breadth of
hosts they use, and in the range of plant tissues they consume (Spencer,
1990; Eiseman, 2021). Most species feed internally on leaves, as leaf-
miners, while about 25% of known species feed on flower heads, seed

* Corresponding authors.

pods, twigs, stems, roots, or the cambium of woody plants (Spencer,
1973, 1990; Eiseman, 2021; Lonsdale, 2021). A few species can produce
mines in different parts of the host plant, for example, Ophiomyia pha-
seoli (Tryon) is able to shift from leaf to stem mining (Lonsdale, 2021).
Leaf-mining larvae generate various specific types of mines including
linear, linear-blotch, and blotch (Hering, 1951; Eiseman, 2021; Lons-
dale, 2021), and pupate inside or outside the larval host plant tissue
(Spencer, 1990; Civelek, 2003; Dempewolf, 2005; Eiseman et al., 2019;
Spreadsheet in the supplementary files).

The Family Agromyzidae has traditionally been divided into two
subfamilies, Agromyzinae and Phytomyzinae, which follows the system
containing ‘agromyzides’ and ‘phytomyzides’ originally devised by
Fallén (1823a, 1823b). This system of classification in Agromyzidae has
been examined using phylogenies reconstructed with morphology
(Dempewolf, 2001; 2005) and molecular gene markers (Scheffer et al.,
2007). Definitions of the two subfamilies are based on larval mouthpart
morphology (McAlpine et al., 1987; Dempewolf, 2001) and wing
venation of adults (Spencer, 1973; Spencer and Steyskal, 1986; Lons-
dale, 2021).
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The Subfamily Agromyzinae has been divided into three distinct
clades based on morphology, with the monophyly of the entire sub-
family widely accepted historically (Lonsdale, 2014; 2021). The first
clade, Ophiomyia group, encompasses the genera Ophiomyia, Melana-
gromyza, Euhexomyza (orphan species of genus Hexomyza, the type
species of which belongs in Ophiomyia, resulting in a synonymy of the
genus), and the Old-World Tropicomyia (Lonsdale, 2014). Spencer
(1966) considered Melanagromyza to be sister group to a monophyletic
clade including genera Euhexomyza and Ophiomyia based on morpho-
logical features and life history traits. The other two Agromyzinae clades
each exclusively contain a single genus, Agromyza and Japanagromyza,
but these genera have sometimes been allied since many species share
external features, such as developed prescutellar acrostichal setae and
pale halteres (Lonsdale, 2013). Some Japanagromyza and Agromyza also
have an inner-distal comb of setae on the hind tibia (von Tschirnhaus,
1991). Japanagromyza is distributed globally and is more diverse in male
genitalic characters, suggesting that the genus may be non-
monophyletic (Lonsdale, 2013).

The Subfamily Phytomyzinae has greater morphological, generic and
species diversity than Agromyzinae (Lonsdale, 2021). Spencer (1990)
divided this subfamily into three groups, the Napomyza, Phytoliriomyza,
and Phytobia groups. Within the ‘Napomyza group’, Winkler et al.
(2009a) advanced the classification of the genus Phytomyza based on a
molecular phylogeny generated from multiple gene markers in which
Napomyza and Ptochomyza were recognized as subgenera of Phytomyza,
and Chromatomyia was resynonymised with the genus Phytomyza. von
Tschirnhaus (2021b) argued against this this action, but Lonsdale and
Eiseman (2021) provided additional morphological and life history ev-
idence in support of the synonymy of Chromatomyia. An additional three
little-known genera (Gymnophytomyza, Aulagromyza, and Pseudonapo-
myza) are of uncertain placement in the subfamily (Zlobin, 2002, 2007;
Lonsdale, 2021) which differ in their placement in morphological and
molecular trees (Dempewolf, 2001; 2005; Scheffer et al., 2007).

There is no strong morphological or molecular evidence supporting
the ‘Phytoliriomyza group’, which includes many diverse leaf-mining
genera (Scheffer et al., 2007; Lonsdale, 2021). 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 the epandrium and surstylus (Lonsdale, 2021).
This possibly monophyletic clade has been verified in a molecular
phylogeny of Agromyzidae (Scheffer et al., 2007), but was not supported
in a morphological phylogeny by Dempewolf (2001; 2005), who sug-
gested that a Amauromyza + Cerodontha rendered the remainder of the
genus group paraphyletic (Dempewolf, 2001; 2005). The genus Sela-
chops is a small Palearctic group of three species (Zlobin, 1984; von
Tschirnhaus, 2021a) that Lonsdale (2021) noted shared numerous
similarities with Metopomyza. The ‘Phytobia group’, is comprised of
Amauromyza, Nemorimyza, and Phytobia (Spencer, 1990). This group
was considered an early diverging lineage in leaf-mining flies as they
share a large body size and many have stem- or cambium-boring larval
feeding habits (Nowakowski, 1962; Spencer and Steyskal, 1986;
Spencer, 1990), however, subsequently, other agromyzid researchers
discredited this hypothesis based on morphological and molecular
phylogenies (Dempewolf, 2001; 2005; Scheffer et al., 2007).

Although phylogenies of leaf-mining flies have been inferred from
morphology 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 a broad
sampling and more informative molecular dataset. In the present study,
we employed an anchored hybrid enrichment (AHE) approach to cap-
ture orthologous single copy nuclear genes using designed probes based
on dipteran genomes and transcriptomes. Our specific goals are to
reconstruct the phylogenetic relationships among major lineages of leaf-
mining flies using phylogenomic data; and use these phylogenomic data
to estimate times of major agromyzid divergences to place leaf-mining
fly lineages into a more accurate temporal framework for on-going
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macroevolutionary analysis (Xuan et al., 2022).
2. Materials and methods
2.1. Taxon sampling

We sampled a total of 139 fly specimens, including 136 ingroup
exemplars and 3 outgroup representatives from the two families previ-
ously associated with Agromyzidae: Fergusoninidae and Odiniidae. Our
ingroup sampling represents about 69% (18 out of 26) of all currently
valid genera (Table S2), and includes 124 species, with additional rep-
resentatives samples for subgenera (10) of Phytomyza and Cerodontha
(Table S1 and S2). Most of the ingroup representatives we included in
the study are monophagous species feeding on hosts in a single plant
family. Five are polyphagous species feeding on greater than four plant
families, and eight are oligophagous species feeding on hosts in two or
three plant families (Spreadsheet in the supplementary files). The fam-
ilies Fergusoninidae and Odiniidae were chosen as outgroups as they
have been found to be closely related to Agromyzidae based on McAl-
pine’s (1989) classification and the recent phylogenomic study of the
families of schizophoran Diptera (Bayless et al., 2021). Specimens were
field collected using Malaise traps, hand nets, and/or reared from host
plants. Full collection information for the specimens sampled are pro-
vided in Table S1. All specimens were preserved in 95% ethanol and
stored at —80 °C prior to DNA extraction.

2.2. Species identification based on morphology

Most specimens were provided and identified by our collaborators
and by the coauthors of this study. Male specimens were preferentially
selected and used for downstream DNA extraction to allow species
identification by male genitalic characters, especially for many species
in which external characters of adults are homogeneous. Female samples
were used only when adult males were unavailable and could be
confirmed by associated rearing records. Genus-level IDs and some
species identifications in this family were based on external and internal
morphological characters using taxonomic keys (Spencer and Steyskal,
1986; McAlpine et al., 1987; Lonsdale, 2011; 2021). All voucher speci-
mens and associated genomic DNA extractions (Table S1) are stored in
the genomic DNA and voucher specimen archive of the Scheffer Labo-
ratory (SJS) of the USDA ARS Systematic Entomology Laboratory,
Beltsville, MD USA.

2.3. Whole-genomic DNA extraction

Whole-genomic DNA for specimen was extracted using the DNea-
sy Blood & Tissue Kit (Qiagen Inc., Hilden, Germany) following the
manufacturer’s protocol, with the exception that the final step was
modified in that the genomic DNA was eluted twice with 30 ul of the AE
buffer. Initial DNA concentration for each sample was quantified using
dsDNA High Sensitivity Assay Kit with a Qubit® 2.0 fluorometer (Invi-
trogen by Life Technologies Inc., Oregon, USA). Specimens after DNA
extractions were deposited back with 95% ethanol as vouchers.

2.4. Anchored hybrid enrichment lab work processing

Because most agromyzids possess small body sizes (e.g., Liriomyza
[1-3 mm]), they often yield lower genomic DNA concentrations that
cannot satisfy the minimum threshold of DNA demands for downstream
library preparation. To obtain sufficient DNA concentrations, we
amplified genomic DNA using the REPLI-g Mini Kit (Qiagen Inc., Hilden,
Germany) following the standard manufacturer’s protocol. Gel electro-
phoresis (0.8% agarose) was also run to assess DNA integrity. To prepare
genomic template for target enrichment, we sheared whole genomic
DNAs to a target fragment size of approximately 300 base pairs (bp) by
sonication on a Covaris $220/E220 Focused-ultrasonicator (Covaris Inc.,
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Massachusetts, USA) in Covaris microtubes for 30 s. Sheared DNA was
used as input for library preparation.

For single-end (SE) raw reads collection, we followed the protocol
published by Lemmon et al. (2012), while, for paired-end (PE) raw reads
collection, library preparation was conducted following the protocol
using NEBNext® Ultra™ II DNA Library Prep Kit (New England Biolabs
Inc., Massachusetts, USA) for Illumina NEB7103 with sample purifica-
tion beads. Dual index primers (Set 1 and Set 2) supplied in the NEBNext
Multiplex Oligos Kit for Illumina (New England Biolabs Inc., Massa-
chusetts, USA), were employed. Specifically, indexes were added into
each sample followed by a protocol of Meyer and Kircher (2010). Sub-
sequently, indexed samples were 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 SureSelect
Target Enrichment System Kits (Agilent Technologies Inc., California,
USA). 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 Inc., Oregon, USA).

Sequencing was carried out on the Illumina NovaSeq 6000
sequencing System for PE raw reads collection (2 x 150 bp), while a few
samples were sequenced on the Illumina HiSeq 2500 platform for
collection SE raw reads (125 bp). Information of Illumina raw reads
collection for specimens is shown in Table S1. High-throughput
sequencing was conducted at the Genomic Science Laboratory (GSL,
https://research.ncsu.edu/gsl/), North Carolina State University
(NCSU). The genomic raw reads obtained by AHE included in this study
were deposited with the Sequence Read Archives (SRA) PRJINA859188
and PRJINA858472 at the National Center for Biotechnology Informa-
tion (NCBI) database. And RNA-seq reads of one outgroup taxon (Odinia
conspicua) were downloaded from NCBI (Bioproject: PRINA587382).

2.5. Raw reads processed with bioinformatic tools

Raw reads from Illumina sequencing were demultiplexed by indexes
for each sample using CASSAVA v.1.8.2 (GSL, NCSU). The quality of raw
reads was checked using FASTQC v.0.11.8 in Galaxy (https://usegalaxy.
org/). Subsequently, adaptors and low-quality raw reads were removed
using the trimming program TRIMMOMATIC v.0.36 (Bolger et al.,
2014). And the parameter settings in TRIMMOMATIC are as follows:
clipping adapters (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10); removal of
leading and trailing sequences below quality = 15 (LEADING:15
TRAILING:15); scanning by 4-base sliding window and cutting when the
average quality per base drops below 15 (SLIDINGWINDOW:4:15);
dropping reads below 36 bp in length (MINLEN:36). De novo assembly
was conducted using the trimmed reads without reference genomes
implemented in TRINITY v.2.2 (Grabherr et al., 2011). Default param-
eters were used with the exception that we assigned 9 CPUs and 80G
maximum memory on the NCSU STATGEN Bioinformatics Research
Center and High Performance Computing Henry2 clusters. We also used
SPADES software (Bankevich et al., 2012) to conduct de novo assembly
for multiple taxa with very large amounts of reads using the default
parameters with the exception that we assigned 7 threads and 50G
memory limit on the NCSU clusters.

To identify orthologs within the assembled contigs captured using
our probe designs, we carried out orthology prediction using a graph-
based, reciprocal blast approach with hidden Markov model pre-
dictions (pHMMs) implemented in OrthoGraph v.0.6.1 (Petersen et al.,
2017). Specifically, orthologous genes were identified based on an
orthologous reference set ‘Mecopterida’ database, which contains
orthologous gene clusters identified from five reference species: Bombyx
mori Linnaeus (Lepidoptera: Bombycidae), Danaus plexippus (Linnaeus)
(Lepidoptera: Nymphalidae), Aedes aegypti (Linnaeus) (Diptera: Culici-
dae), Drosophila melanogaster (Diptera: Drosophilidae) and Glossina
morsitans Westwood (Diptera: Glossinidae).

After ortholog prediction, we conducted a cleaning step (removal of
non-fly genes) in an exhaustive locus-by-locus check by searching
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against genome and transcriptome databases of Diptera species avail-
able from NCBI GenBank (Bethesda, Maryland, USA). All the ortholo-
gous gene sequences obtained were verified using the program BLAST
(Altschul et al., 1990) as top hits for dipteran genes. The non-fly genes
were removed using package ‘taxonomizr’ (https://github.com/she
rrillmix/taxonomizr) in RStudio v.1.2 (RStudio Team, 2020). Specif-
ically, if orthologs were not matched in the database as top hits for
Diptera, they were removed from processing in downstream pipeline
steps for phylogenetic analysis. After contaminants removal, ortholog
amino acid sequences were aligned using MAFFT v.7.481 (Katoh and
Standley, 2013) with L-INS-i algorithm (-localpair, —addfragments, and
—-maxiterate 1000 flags). To assess the quality of multiple sequence
alignments (MSAs), we followed the procedures of Misof et al. (2014) to
define outlier sequences and remove them from both amino acid and
nucleotide alignments (Evangelista et al., 2019). Reference-taxon se-
quences and all gap-only data columns were removed from sequence
alignments.

To reduce the effects of random, ambiguous, or erroneous alignment
regions at the amino acid level, we checked each orthologous gene set
using ALISCORE v.2.2 (Misof and Misof, 2009; Kiick et al., 2010; Misof
et al., 2014; Buenaventura et al., 2020; Bayless et al., 2021). Ambigu-
ously or erroneously aligned regions or sections were removed from
alignment sequences using ALICUT and a customized Perl script (Misof
and Misof, 2009; Kiick et al., 2010). Refined nucleotide sequences were
realigned using the amino acid alignments as blueprint in PAL2NAL
(Suyama et al., 2006; Misof et al., 2014; Pauli et al., 2018; Bayless et al.,
2021). Trailing end of indels were filled with ‘X’ in amino acids and with
‘N’ in nucleotides, respectively. Finally, we separately concatenated the
MSAs for amino acids and nucleotides into the respective phylogenetic
supermatrics using FASCONCAT-G (Kiick and Longo, 2014).

2.6. Phylogenetic analysis

Maximum Likelihood (ML) trees were inferred from amino acid
(TAA) and nucleotide datasets with the third protein-coding positions
retained (NT123) and removed (NT12) using IQ-TREE v.2.1.2 (Nguyen
et al.,, 2015; Minh et al., 2020) either implemented on XSEDE of the
CIPRES (Cyberinfrastructure for Phylogenetic Research) Science
Gateway v.3.3 (CSG) (Miller et al., 2010) or on the Henry2 computing
cluster at NCSU. We conducted ML analysis within the ‘-m TESTNEW’
option that allows each locus to have its own evolutionary rate, and a
specified partition scheme using ‘-spp’ command. A model-selection
method was implemented in ModelFinder (Kalyaanamoorthy et al.,
2017) to select the best-fitting substitution model for each locus based
on Bayesian Information Criterion (BIC) score using the rcluster algo-
rithm (Lanfear et al., 2014). We used Ultrafast bootstrap approximation
approach (UFBoot; Minh et al., 2013; Hoang et al., 2018) to estimate the
bootstrap support value with 1000 replicates (-bb 1000) and set the
‘bnni’ parameter to reduce overestimating support with ‘-bnni’ option.
For individual branch support, we conducted the Shimodaira-
Hasegawa-like approximate Likelihood Ratio Test (SH-aLRT; Shimo-
daira and Hasegawa, 1999) with 1000 replicates using the ‘-alrt 1000’
command. UFBoot and SH-aLRT support was assigned in a single run.
Totally, we conducted ten replicate maximum likelihood tree search
runs for each dataset.

Phylogenetic trees were also constructed using Bayesian inference
(BI) 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. Markov Chain Monte Carlo (MCMC) sampling generations were
set as 4 x 108 for each chain implemented in EXABAYES v.1.5 (Aberer
et al., 2014) run on Henry2 computing cluster at NCSU. It was set to
draw a sample from each cold chain every 1000 generations via the
option ‘samplingFreq’. Average standard deviation of split frequencies
(asdsf) was used to implement diagnostics for topological congruence.
After each completed MCMC run, the initial 20% of all sampled trees
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were discarded as burn-in. A consensus tree was constructed from four
independent runs using the post-processing tool ‘consense’ included in
EXABAYES package, and a parameter file was generated using the
postprocessing tool ‘postProcParam’ to check how well the parameters
were sampled in the settings. We also assessed the effective sample size
(ESS) value for each parameter and the potential scale reduction factor
(PSRF) for statistical congruence among multiple runs.

Multispecies coalescent (MSC) analysis was performed using the
gene tree summary-based method implemented in ASTRAL-III v.5.6.3
(Zhang et al., 2018). Individual gene trees were built from the parti-
tioned orthologous loci with the third position sites included and
excluded, respectively, using ML approach under GTR model imple-
mented in IQ-TREE.

2.7. Likelihood mapping analysis

To assess phylogenetic information content, we separately per-
formed likelihood mapping analysis (Strimmer and von Haeseler, 1997)
using NT123 and TAA datasets implemented in IQ-TREE. This approach
evaluated the support for all possible nodal quartets and displayed them
in a triangular graph. A sequence model was automatically selected
using the ‘-m test’ command option. The best-fitting model chosen for
nucleotide alignments was GTR + F + I + G4, and for amino acid
alignments with JTTDCMut + F + I + G4, according to the Bayesian
Information Criterion (BIC) score, respectively. A subsequent tree search
was skipped during likelihood mapping analysis. Two nexus files were
defined containing the taxon clusters to test specific sets of phylogenetic
relationships. The first defines four clusters as follows: cluster 1 =
Japanagromyza (containing 1 taxon); cluster 2 = Agromyza (consisting of
17 taxa); cluster 3 = ‘TM’ clade (including genera Tropicomyia, Euhex-
omyza, Ophiomyia, and Melanagromyza; containing 23 taxa), cluster 4 =
Phytomyzinae (including 95 taxa). The second nexus file was defined
the following clusters for testing: cluster 1 = Agromyzinae (41 taxa);
cluster 2 = ‘PNP’ clade (comprising Pseudonapomyza, Nemorimyza,
Phytobia; 8 taxa); cluster 3 = ‘AP’ clade (consisting of Aulagromyza and
Phytomyza; 32 taxa); cluster 4 = ‘CL’ clade (containing Cerodontha,
Amauromyza, Calycomyza, Phytoliriomyza, Selachops, Metopomyza, and
Liriomyza; 55 taxa). Outgroups are not included in the likelihood map-
ping analysis.

2.8. Divergence time estimation

The ML tree inferred from dataset NT123 was used to estimate
divergence times among leaf-mining fly clades using the approximate
likelihood calculation method implemented in MCMCTREE of the PAML
package v.4.10 (dos Reis and Yang, 2011). Divergence times were esti-
mated in the following steps. First, Gradient (G) and Hessian (H)
matrices of branch lengths for each data partition were estimated on the
ML tree using MCMCTREE and BASEML programs, with the DNA sub-
stitution model set to HKY85, and alpha set to 0.5 for gamma distributed
rates among sites. Second, we conducted MCMC sampling from the
posterior. We adopted an independent-rate model where the rate of
evolution in each lineage on the tree was assumed fully independent
(Drummond et al., 2006; Rannala and Yang, 2007; Paradis, 2013). Three
fossil calibration points were used in this study: Melanagromyza tephrias
Melander (age: 37.8-33.9 million years ago [Ma]; Melander et al.,
1949), Agromyza praecursor Melander (age: 37.8-33.9 Ma; Melander
et al., 1949), Phytomyza vetusta Theobald (age: 33.9-28.5 Ma; Theobald,
1937) (EDNA Fossil Insect Database, Mitchell, 2013; https://fossilins
ectdatabase.co.uk/search.php) (Evenhuis, 1994; https://hbs.bishopm
useum.org/fossilcat). The minimum-age calibration for Melanagromyza
and Agromyza were respectively constrained at 38 Ma, and 34 Ma. The
root age was constrained at less than 65 Ma to reflect the previously
estimated age of origin for the Agromyzidae at 65 Ma (Wiegmann et al.,
2011). This root-node constraint is also bounded by the more general
finding that, despite significant dipteran diversity recovered from

Molecular Phylogenetics and Evolution 184 (2023) 107778

Cretaceous-aged amber deposits, no members of the cyclorrhaphan fly
clade Schizophora (including Agromyzidae and other acalyptrate fam-
ilies) have ever been recovered from the Cretaceous (145-65.5 Ma)
(Grimaldi 2018). The birth-death process parameters were set as A =
ppp = 1 and p = 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 parti-
tion and the rate variance parameter 62 (dos Reis et al., 2014). The
concentration parameter was set to 1 for a symmetric Dirichlet distri-
bution that is used to spread the rate prior across partitions (Anisimova,
2019). The total MCMC chain ran for 4,020,000 iterations, initial 10% of
which was discarded as burn-in.

Finally, we assessed convergence on multiple independent MCMC
runs. Here, we conducted six independent MCMC runs simultaneously
and plotted the posterior distributions of mean age and their corre-
sponding highest posterior density (HPD) 95% confidence interval (CI)
on each node using packages dplyr, reshape, ggplot2, and HDInternal in
Rstudio. The six independent MCMC runs converged on a single poste-
rior distribution (Fig. S1). Therefore, we combined the six mcmc files
using MCMCtree summarizer (Flouri, 2018) into a single combined file,
then mapped the summarized results of this combined file on the tree
using the MCMCTREE program.

3. Results
3.1. AHE locus capture

The complete nucleotide supermatrix includes 496 loci (329,685
sites; 170,639 parsimony-informative sites) for 139 terminals with an
average of 51% missing data in the matrix. The mean nucleotide locus
length is 622 bp, and 73% of loci are greater than 400 bp in length.

3.2. Phylogeny

Tree topologies generated from different types of data (NT123;
NT12; and TAA) and distinct phylogenetic methods (ML; BI; and MSC)
are highly congruent in almost all species-level and genus-level nodes in
both bootstrap support and phylogenetic relationships, however, BI and
MSC analyses show only weak or moderate support for some deeper
nodes among agromyzid genera (Fig. 1 and S2-56). In nearly all ana-
lyses, the traditional subfamily Agromyzinae is found to be paraphyletic
due to alternative placements of the genus Agromyza found in various
analyses, while the subfamily Phytomyzinae is generally well-supported
as monophyletic across analyses and data sets (Fig. 1 and S4-S8). One
exception was found however, in which coalescent-based species trees
calculated from loci scored as amino acids (TAA) place Agromyza inside
Phytomyzinae, although with low support (Fig. S7).

Based on the strong support of our results from standard concate-
nated ML analyses, we here define a new subfamily ‘Ophiomyiinae’ for
the consistently monophyletic early branching grouping containing the
genera Melanagromyza, Euhexomyza, Ophiomyia and Tropicomyia. This
clade is marked ‘TM’ on the phylogenetic tree of Fig. 1. Given this result,
we subsequently redefine the Agromyzinae to include only the genera
Agromyza and Japanagromyza.

The monophyly of new subfamily Ophiomyiinae is robustly sup-
ported by all datasets and phylogenetic approaches (Fig. 1 and S4-S8).
All genera with at least two species in this group have been found to be
monophyletic, with the exception of Euhexomyza, a finding that is fully
supported by all datasets and phylogenetic methods (SH-aLRT / UFBoot
=100/100; PP = 1; Fig. 1 and S2-56). In Euhexomyza, the two sampled
species form a sister group with full support using NT123 data regardless
of phylogenetic approaches but are paraphyletic in analyses of NT12 and
TAA datasets (Figs. 1, S4, and S5). In the subfamily Ophiomyiinae, two
included polyphagous species, Tropicomyia theae (Cotes) and
T. polyphyta (Kleinschmidt) are supported as sister species, while the
oligophagous species Melanagromyza cleomae Spencer and M. minimoides
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Fig. 1. Maximum likelihood tree of Agromyzidae based on 496 concatenated orthologs scored as nucleotides (NT123) implemented in IQ-TREE. Squares on nodes of
the phylogenetic tree indicate bootstrap support values obtained from distinct phylogenetic methods and datasets. The squares from left to indicate results of the
following tests: the first two represent SH-aLRT (Shimodaira-Hasegawa-like approximate Likelihood Ratio Test) and Ultrafast bootstrap approximation (UFBoot)
values generated by ML analysis using nucleotides within three protein-coding positions retained (NT123); the middle two indicate SH-aLRT and UFBoot from ML
analysis with amino acid data (TAA); the last two represent the posterior probabilities separately obtained by Bayesian inference with NT123 dataset and by ASTRAL
coalescent-based tree summary of individual gene trees generated in IQ-TREE. The color coding of each square refers to specific support level categories shown at the
bottom left corner. A single filled green square on the node indicates strong support (>0.95) across all analysis and data types. A white box indicates that the node is
not recovered by the corresponding type of dataset or phylogenetic approach. Monophyletic clades are colored to indicate generic/subgeneric representations in
Agromyzidae classification. Subgenera in the genera Phytomyza and Cerodontha are shown in parentheses corresponding to specific terminal taxa on the phylogenetic
tree. All Phytomyza species marked by purple boxes on this tree were previously in Chromatomyia, and then transferred to Phytomyza based on Winkler et al. (2009a).
Polyphagous and oligophagous species are separately marked by red and blue fonts on the tree, while all remaining species are monophagous. Abbreviations used to
denote deep level monophyletic clades represent as follows: TM (Ophiomyiinae) = Tropicomyia + Euhexomyza + Ophiomyia + Melanagromyza; PNP = Pseudona-
pomyza + Nemorimyza + Phytobia; AP = Aulagromyza + Phytomyza; CL = Cerodontha + Amauromyza + Calycomyza + Phytoliriomyza + Selachops + Metopomyza +
Liriomyza; CAL = Calycomyza + Phytoliriomyza + Selachops + Metopomyza + Lirionyza.
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Fig. 1. (continued).

Spencer are not closest relatives within Melanagromyza (Fig. 1).

Among analyses using various datasets and methods, the only major
difference found is among support for placement of the single sampled
species of the genus Japanagromyza (Fig. 1 and S4-S5). Specifically,
Japanagromyza is placed as sister to Agromyza with strong support in the
ML tree generated using NT123 dataset (Fig. 1), while it is placed as a
sister group to the new subfamily Ophiomyiinae using the TAA and NT1
+ 2 datasets in ML analysis with strong support (Figs. S4, S5).

In Phytomyzinae, 10 of the 12 genera sampled for at least two species
are confirmed as monophyletic except for Phytoliriomyza, in which
sampled taxa were recovered as paraphyletic or polyphyletic on the
phylogeny (Fig. 1 and S4-S8). To summarize support for deeper nodes in
this subfamily, we divided the group into four large clades: ‘PNP’, ‘AP’,
‘CL’, and ‘CAL’ (Fig. 1). The ‘PNP’ clade consisting of Pseudonapomyza,
Nemorimyza, and Phytobia, is fully supported as monophyletic in ML
analysis of NT123 (Fig. 1). In this clade, Pseudonapomyza atra (Meigen)
is placed as sister to the genus Nemorimyza with strong support in ML
trees generated using NT123 and TAA datasets (Fig. 1). Nevertheless,
this grouping is only weakly or moderately supported using Bayesian
inference (PP = 0.55; Fig. S6) and in the coalescent-based species tree
produced from gene trees with the third positions removed (PP = 0.75;
Fig. S8), but not supported in coalescent based trees with all nucleotide

sites retained (Fig. S7).

The ‘AP’ clade containing two genera, Aulagromyza and Phytomyza,
is strongly supported to be monophyletic across all data and analysis
types (Fig. 1 and S4-5S8). Within the diverse genus Phytomyza, previous
Chromatomyia marked in the purple boxes in Fig. 1 is again recovered as
non-monophyletic with species recovered in three independent lineages
on the phylogenetic tree. Phytomyza mimuli Spencer is strongly sup-
ported as sister to all remaining Phytomyza in all phylogenetic analyses
(Fig. 1 and S4-S8). Species from the subgenus Napomyza form a mono-
phyletic subclade with strong support, which is placed among the
earliest diverging branches of the genus Phytomyza with strong branch
bootstrap support values (Fig. 1). The ‘AP’ clade is placed as sister to the
‘PNP’ clade with strong branch support (SH-aLRT / UFBoot = 99.9/99)
in ML analysis of the NT123 dataset, but not recovered by ML analysis
with amino acids and other phylogenetic methods (Fig. 1 and S4-58). On
the contrary, the ‘AP’ clade is placed as sister to the ‘CL’ clade with
robust support in ML analysis using the TAA dataset (SH-aLRT / UFBoot
= 99.4/98; Fig. S5).

The ‘CL’ clade in Phytomyzinae, comprising the genera Cerodontha,
Amauromyza, Calycomyza, Phytoliriomyza, Selachops, Metopomyza, and
Liriomyza, forms a monophyletic group with full support in both ML and
coalescent analyses (SH-aLRT / UFBoot = 100/100; PP = 1; Fig. 1).
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Within Cerodontha, we included samples from seven subgenera
including Icteromyza, Cerodontha, Xenophytomyza, Butomomyza, Dizygo-
myza, Phytagromyza, and Poemyza. The subgenus Dizygomyza is found to
be paraphyletic, and these placements break up the monophyly of
Butomomyza and Phytagromyza (Fig. 1). Each of the remaining named
subgenera we sampled, including Icteromyza, Xenophytomyza, Cer-
odontha and Poemyza, separately form a monophyletic group, and
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subgenus Poemyza is nested into the polyphyletic clade involving Buto-
momyza, Dizygomyza, and Phytagromyza (Fig. 1).

The genus Amauromyza is a sister group to the ‘CAL’ clade with
moderate support in ML analyses using NT123 and NT12 datasets
(Figs. 1 and S4), but this grouping is not recovered in BI and coalescent
species trees (Fig. 1 and S6-58). A monophyletic Calycomyza is sister to a
clade comprising genera Phytoliriomyza, Selachops, Metopomyza and
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Fig. 2. Divergence time estimates using ML tree generated from NT123 dataset conducted in MCMCTREE. Values on internal nodes represent the mean divergence
time in million years ago (Ma), and the node bar indicates the highest posterior density (HPD) 95% confidence interval (CI) of the average age. Geologic time scale
(Ma) is shown at the bottom of time tree. Abbreviations in geologic time scale indicates as follows: Plei. = Pleistocene; Ho. = Holocene; Quat. = Quaternary. Vertical
gray bars from left to right on the time tree sequentially indicate the middle of each epoch: Paleocene, Eocene, Oligocene, Miocene, and Pliocene.
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Liriomyza, with strong support in ML and coalescent analyses, but only
moderately supported by BI (Fig. 1 and S6-S8). Several species of Phy-
toliriomyza are are also placed with the genera Selachops, Metopomyza,
and Liriomyza in all ML analyses, making Phytoliriomyza as currently
defined paraphyletic (Fig. 1 and S2-S3). The genus Selachops is grouped
with Metopomyza in ML and BI trees with weak or moderate support
(Figs. 1, S4, and S6). In the large genus Liriomyza, nearly all the species-
level relationships are strongly supported by all phylogenetic analyses of
the various datasets. Two polyphagous species, L. sativae and L. trifolii,
form a sister group with strong support in all analyses, nevertheless, two
oligophagous species L. chenopodii (Watt) and L. trifoliearum Spencer are
not closely related on the phylogenetic trees (Fig. 1 and S4-S8).

3.3. Likelihood mapping

Two major differences are found in our phylogenetic reconstructions
of higher-level relationships: one is the placement of the genus Japa-
nagromyza, and the other is the position of the ‘AP’ clade (Fig. S1). To
evaluate the phylogenetic information content of our nucleotide and
amino acid alignments for these conflicting relationships, we conducted
likelihood mapping analysis. Based on this analysis, we have found that
the quartets produced from both concatenated nucleotide (NT123) and
amino acid (TAA) alignments are relatively decisive as very few quartets
provide ambiguous information. In other words, there are few or no
points falling into the center or middle edges of the triangle diagram,
suggesting that both molecular data sets contain decisive phylogenetic
signals. Of the quartets sampled, 98.9% support placement of the genus
Japanagromyza together with genus Agromyza, while 1.0% support the
grouping of Japangaromyza as sister to subfamily Phytomyzinae using
nucleotide alignments (Fig. S2a). In contrast, for amino acids, we find
that 97.8% of quartets support genus Japanagromyza as a sister to the
‘TM’ clade (Ophiomyiinae), whereas only 1.4% support a sister rela-
tionship between Japanagromyza and Agromyza (Fig. S2b).

For the placement of ‘AP’ clade, 42.4% of quartets support a sister
group between ‘AP’ and ‘PNP’ clades with NT123 (Fig. S2¢), and this
grouping is also strongly supported in the ML tree with this nucleotide
data (SH-aLRT / UFBoot = 99.9/99; Fig. 1). Conversely, 36.1% of
quartets analyzed with TAA data support the ‘AP’ + ‘PNP’ grouping
(Fig. S2d), but this is not reflected in the ML tree analysis as the ‘AP’
clade is sister to the ‘CL’ clade with strong support using the TAA dataset
(SH-aLRT / UFBoot = 99.4/98; Fig. S2d). Nevertheless, 31.4% of
quartets support the sister group between ‘AP’ and ‘CL’ clades (Fig. S2d).
Thus, nucleotides are more decisive in this area of the tree than amino
acids, with greater uncertainty found for quartets involving the resolu-
tion of the ‘AP’, ‘CL’, and ‘PNP’ clades (Fig. S2c and S2d).

3.4. Divergence time estimation

Six independent MCMC runs yielded highly congruent posterior
distributions of clade ages (Fig. S3). Mean node age and HPD 95% CI are
provided on each node of the dated phylogeny (Fig. 2). Leaf-mining flies

are likely to have originated in the early Paleocene (64.47 Ma). This
finding is consistent with the fossil record for both agromyzid leaf mines
(Winkler et al. 2010) and flies (Grimaldi 2018). Sampled crown group
members of the subfamily Ophiomyiinae diversified about 47.49 Ma
(HPD 95% CI: 37.14-49.25; Table S3), while subfamily Phytomyzinae
diversified at about 57.08 Ma (HPD 95% CI: 54.13-59.77). Three large
clades ‘CL’, ‘PNP’, and ‘AP’ in this subfamily diverged at about 53.91,
49.35, and 48.06 Ma, respectively (Fig. 2; Table S3). The large genera
Phytomyza and Liriomyza are, separately, dated to approximately 48.06
Ma and 37.95 Ma (Fig. 2).

4. Discussion
4.1. 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, the results of our study do not support the
division of the family into just two reciprocally monophyletic sub-
families under all analytical conditions (Fig. 1). This contradicts the
currently accepted classification system (Fallén, 1823a; 1823b) as well
as previous results from both morphological (Dempewolf, 2001; 2005)
and molecular studies (Scheffer et al., 2007). The large size and scope of
phylogenomic analyses are currently revising phylogenetic classifica-
tions for many groups (Buenaventura et al., 2020; 2021; Yan et al.,
2021a; 2021b), especially in those where rapid radiations have gener-
ated considerable phylogenetic uncertainty (Bayless et al. 2021). Our
strongly supported trees based on hundreds of orthologous nuclear
genomic loci identify support for three major agromyzid clades (Fig. 1).
Based on these data, we support reclassification of the family to include
three subfamilies. Thus, we propose a new subfamily Ophiomyiinae for
the earliest lineage in the tree corresponding to our ‘TM’ clade including
Melanagromyza, Euhexomyza, Ophiomyia and Tropicomyia. We also
hereby designate Ophiomyia Brazhnikov as the type genus of Ophio-
myiinae and have registered this taxon as a new family-group name in
Zoobank. This removes the lineage previously named the ‘Ophiomyia
genus group’ from the Agromyzinae, leaving the Agromyzinae restricted
to only Agromyza and Japanagromyza. All other genera in the family
Agromyzidae remain in the subfamily Phytomyzinae (Fig. 1).

Bayesian and coalescent-based analyses reveal some discordant sig-
nals for deep relationships in our data, and these methods fail to strongly
support the earliest divergences in the family unlike those shown in our
strongest findings from maximum likelihood (Figs. S6-S8). 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 and Gillung, 2020), and so gene tree
discordance may play a role in obscuring signal in these instances.
Further sampling and exploration of the differential contribution of
phylogenetic information content in these data will be critical to identify
and resolve remaining uncertainty among the leaf-mining flies.
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4.1.1. The origin and diversification of Agromyzidae

Our Bayesian relaxed clock divergence times analysis was given a
firm root node maximum age of 65 Ma based on the complete absence of
any schizophoran family in the Cretaceous fossil record (Grimaldi
2018). This constraint was also used in similar studies that estimated
divergences for higher-level fly clades in the Cyclorrhapha (Wiegmann
et al. 2011; Junqueira et al. 2016). Analyses carried out lacking a
Cretaceous-Paleogene boundary for Schizophora routinely yield much
deeper ages for Schizophoran families (approx. 120 Ma), including an
older age for the origin of Agromyzidae (81.9 Ma, Song et al, 2022).
These older estimates reflect a current major disparity in our under-
standing of fly evolution and these estimates are heavily influenced by
high rates of species diversification and genetic divergence in Schizo-
phora, as well as the lack of necessary contextualizing evidence from the
fossil record. A broader sample of schizophoran clades would be
required to fully evaluate the impact of these issues on root node esti-
mates for the Agromyzidae.

4.1.2. Ophiomyiinae and Agromyzinae

Our phylogenomic data thus do not support the traditional divisions
of the Agromyzidae into two reciprocally monophyletic subfamilies, a
finding which also confirms von Tschirnhaus’s (1971) speculation that
the lineages of leaf-mining flies cannot be forced into two distinct
halves. Our phylogenomic data instead supports the recognition of three
major lineages within the group historically interpreted as the subfamily
Agromyzinae, which are also supported by morphological characters
(Lonsdale, 2021). The first of these, our new subfamily Ophiomyiinae
(‘TM clade’; Fig. 1), was strongly supported as monophyletic.

This clade has been called the ‘Ophiomyia genus group’ in morpho-
logical assessments, and includes the genera Ophiomyia, Melanagromyza,
Euhexomyza, plus Tropicomyia (Eiseman, 2021; Lonsdale, 2021). As a
general diagnosis of Ophiomyiinae we list the following features shared
by members of this group: (1) large and bulging lunule with the insertion
of the antenna below the midpoint of the head, and (2) subepandrial
sclerite divided into two well-sclerotized plates (Lonsdale, 2014; 2021).
Most species in Ophiomyiinae are internal borers in stems or seeds,
except for Tropicomyia, whose species produce irregular mines in the
upper surface of leaves (Spencer, 1973; Lonsdale, 2021).

Agromyzinae now consists solely of Agromyza and Japanagromyza,
which typically share the features of prescutellar acrostichal setae and
the mesophallus located basal to the distiphallus (Lonsdale, 2021). This
redefined subfamily is placed as the sister group to Phytomyzinae with
strong support in our ML analyses using nucleotides (Fig. 1). Morpho-
logical data is conflicting on the position of Japanagromyza. A stridula-
tory file is present in Agromyza adults of both sexes, but is lacking
in Japanagromyza (Von Tschirnhaus, 1971; Lonsdale, 2021), but this
feature is convergently derived in Liriomyza. Agromyza species possess
distinctive saw-like stridulatory file on the lateral margin of tergite 2 in
males and females, while in Liriomyza, the anterolateral stridulatory
organ is located in the abdominal membrane only for some male adults
(Lonsdale, 2021). Previously, Japanagromyza has been treated as an
intermediate between Ophiomyia and Agromyza due to a combination of
morphological characteristics shared among them (von Tschirnhaus,
1991; Sasakawa, 2010). Here, we found alternative placements of this
genus near the larger groups containing Ophiomyia or Agromyza (Figs. 1,
S4, and S5). Scheffer et al. (2007) also found Japanagromyza as sister
to Agromyza, while Lonsdale (2013) postulated instead that Japana-
gromyza may itself be non-monophyletic because of their genitalic di-
versity (Dempewolf 2001, 2005). Thus, the exact placement of
Japanagromyza remains uncertain, but as the group is consistently
placed sister to Agromyza in all nucleotide-based analyses (Figs. 1, S6,
and S7), we have decided to retain its position within the Agromyzinae.
Notably, we were only able to sample a single specimen of the most
common American species, J. viridula (Coquillett) and so further
confirmation must await future investigations that include increased
sampling.
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4.1.3. Phytomyzinae

All remaining Agromyzidae comprise the monophyletic subfamily
Phytomyzinae, a diverse and heterogeneous set of lineages (Lonsdale,
2021). We found support for three main lineages within Phytomyzinae
that we refer to here as the ‘PNP’, ‘AP’, and ‘CL’ clades (Fig. 1). Most
genera have been found to be monophyletic including Nemorimyza,
Phytobia, Aulagromyza, Phytomyza, Cerodontha, Amauromyza, Calyco-
myza, Metopomyza, and Liriomyza, with full bootstrap and branch sup-
port (Fig. 1 and S2-S6). These findings confirm previous studies
(Dempewolf, 2005; Scheffer et al., 2007; Xuan et al. 2022), but also
provide new positions of some genera with strong support, such as for
sampled members of Phytoliriomyza and Aulagromyza (Fig. 1).

Within Phytomyzinae, our ‘PNP’ clade corresponds approximately to
the ‘Phytobia group’ recognized by Spencer (1990) for Amauromyza,
Nemorimyza and Phytobia. While our trees do not support placement of
Amauromyza in this clade, the supported position of Amauromyza is
weak in nearly all analyses (Fig. 1 and S4-S8) and so an association with
this group is still possible. 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), but
results based on molecular data, both here and in Scheffer et al. (2007),
have not supported this hypothesis.

Spencer (1990) also recognized a ‘Napomyza group’, corresponding
approximately to our monophyletic ‘AP’ clade. Spencer’s grouping
consisted of Aulagromyza, Phytomyza, Napomyza, Chromatomyia, Gym-
nophytomyza, and Pseudonapontyza. Napontyza and Ptochomyza are now
recognized as subgenera of the diverse genus Phytomyza based on
findings of a large multigene phylogenetic study, and Chromatomyia was
supported as an artificial assemblage of species that was synonymized
with Phytomyza (Winkler et al., 2009a,b). While some still support
retention of Chromatomyia (see von Tschirnhaus (2021b), for example),
extensive morphological and life history data also supports Chromato-
myia as a synonym of Phytomyza summarized in Lonsdale and Eiseman
(2021). Results of the present study (Fig. 1 and S2-S6) further strongly
support the synonymy of Chromatomyia. The genera Aulagromyza and
Pseudonapomyza are superficially similar, but can be differentiated by
characters of wing venation (Lonsdale, 2021). In our study, we found
these two genera to consistently represent distinct lineages. Sampled
specimens of Aulagromyza (notably excluding members of the possibly
unrelated A. populicola group) comprise a lineage that is sister group to
Phytomyza, supported by high bootstrap values and posterior probabil-
ities (Fig. 1). Pseudonapomyza, represented by only one species of the
A. atra group (possibly unrelated to the P. acanthacearum group), is
supported as sister group to Nemorimyza in the ‘PNP’ group (Fig. 1 and
S4-S8). However, genera Aulagromyza and Pseudonapomyza are strongly
suspected to be non-monophyletic (Spencer, 1990; Dempewolf, 2001;
Scheffer et al., 2007; Zlobin, 2002; 2007; Winkler et al., 2009a), thus,
further study is needed to investigate these placements with additional
sampling.

All nine remaining genera in Phytomyzinae form a large mono-
phyletic lineage corresponding to Spencer’s ‘Phytoliriomyza group’
(Spencer, 1990), here labeled as the ‘CL’ clade in Fig. 1. This ‘Phytolir-
iomyza group’ includes Cerodontha, Calycomyza, Phytoliriomyza, Meto-
pomyza, Selachops, Liriomyza, Haplopeodes, Xeniomyza, and
Pseudoliriomyza (Spencer, 1990), but the last three genera were not
available for this study. The phylogenetic position and relationships of
Cerodontha have not been convincingly resolved in previous studies
(Dempewolf, 2001; 2005; Scheffer et al., 2007). Here, we sampled 22
Cerodontha species across all seven subgenera and found strong support
for the monophyly of the genus, for non-monophyly of some subgenera,
and for a basal position of Cerodontha in the ‘CL’ clade (Fig. 1 and S2-S6).

Specifically within Cerodontha, only four of the seven subgenera
Icteromyza, Xenophytomyza, Cerodontha and Poemyza, are found to be
monophyletic with full branch support in any phylogenetic analysis, and
the subgenus Icteromyza is supported as basal in the genus (Fig. 1 and S4-
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S8). The subgenera Cerodontha and Xenophytomyza are strongly sup-
ported as sister groups, and share an angulate first flagellomere and loss
of the lateral scutellar seta (Lonsdale, 2021). In our study, the two
sampled species of the subgenus Butomomyza were not recovered
together within a large clade consisting of most sampled Dizygomyza
species. Poemyza was recovered as monophyletic, and sister-group to a
lineage consisting of a Phytagromyza rendered paraphyletic by one
Dizygomyza species (Fig. 1). The non-monophyly of the subgenera
Butomomyza, Dizygomyza and Phytagromyza is both well-supported and
quite unexpected as species apparently defined by unusual morpholog-
ical characters are not recovered together. Overall, Cerodontha is a large,
complex genus in need of much additional analysis, and our results
suggest that many morphological characters potentially useful for
defining subclades are in need of re-evaluation and broader phyloge-
netic sampling.

Another monophyletic lineage in our ‘CL’ group is labeled here as the
‘CAL’ clade, which includes the genera Calycomyza, Phytoliriomyza,
Metopomyza, Selachops, Liriomyza as well as Haplopeodes, which was not
available for sequencing in the present study (Fig. 1). A synapomorphy
for this group is the shared presence of tubercle-like setae on the post-
erodistal margin of the epandrium and surstylus (Lonsdale, 2021).
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 (Fig. 1 and S4-S8),
reinforcing the diverse interrelationships of this group reported in pre-
vious 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,
both of which show affinities for different Phytoliriomyza taxa. Our
sampling in this area of the phylogeny also included the enigmatic
Palearctic species Selachops flavocinctus Wahlberg, which was recovered
as sister-taxon to Metopomyza, a relationship previously suggested by
morphological evidence (Dempewolf, 2001; 2005).

5. Conclusions

Anchored hybrid enrichment provides access to hundreds of loci
across the genome that are shown to be useful for reconstructing the
phylogenetic relationships from subfamily to species level. Despite their
small body size, AHE gene capture is a valuable method for Agro-
myzidae phylogenetics using probe designs that recover conserved
dipteran genes. Our maximum likelihood phylogenetic tree estimates
based on nucleotides provide new insights into the deepest splits,
prompting a revised classification system of Agromyzidae. Model-based
analysis of agromyzid divergence times within the phylogeny provide a
temporal context for the diversification of the family and a revised
timeframe for placing species radiations within major genera such as
Phytomyza, Liriomyza, Cerodontha and Agromyza.
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