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Gracillariidae is the most species-rich leaf-mining moth family with over 2,000 described
species worldwide. In Europe, there are 263 valid named species recognized, many of
which are difficult to identify using morphology only. Here we explore the use of DNA
barcodes as a tool for identification and species discovery in European gracillariids.
We present a barcode library including 6,791 COI sequences representing 242 of the
263 (92%) resident species. Our results indicate high congruence between morphology
and barcodes with 91.3% (221/242) of European species forming monophyletic clades
that can be identified accurately using barcodes alone. The remaining 8.7% represent
cases of non-monophyly making their identification uncertain using barcodes. Species
discrimination based on the Barcode Index Number system (BIN) was successful
for 93% of species with 7% of species sharing BINs. We discovered as many as
21 undescribed candidate species, of which six were confirmed from an integrative
approach; the other 15 require additional material and study to confirm preliminary
evidence. Most of these new candidate species are found in mountainous regions of
Mediterranean countries, the South-Eastern Alps and the Balkans, with nine candidate
species found only on islands. In addition, 13 species were classified as deep
conspecific lineages, comprising a total of 27 BINs with no intraspecific morphological
differences found, and no known ecological differentiation. Double-digest restriction-site
associated DNA sequencing (ddRAD) analysis showed strong mitonuclear discrepancy
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in four out of five species studied. This discordance is not explained by Wolbachia-
mediated genetic sweeps. Finally, 26 species were classified as “unassessed species
splits” containing 71 BINs and some involving geographical isolation or ecological
specialization that will require further study to test whether they represent new

cryptic species.

Keywords: barcode index number, cryptic diversity, Gracillariidae, Lepidoptera, mitonuclear discordance, new
candidate species, RAD sequencing, Wolbachia

INTRODUCTION

Alarming projections of biodiversity loss indicate that we have
entered the world’s sixth mass extinction (Raven and Miller,
2020). Meanwhile, only a small fraction of species on Earth have
been formally described and assigned a scientific name (Scheffers
etal., 2012), so many taxa are likely to go extinct before we know
of their existence (Eggleton, 2020). The incompleteness of our
current census of life, referred as the “Linnean shortfall” (Raven
and Wilson, 1992), is especially acute for the most diverse yet least
studied groups such as small insects, and for the high diversity
tropics (Delabye et al., 2019; Lopez-Vaamonde et al., 2019).

The increasing use of genetic tools in species discovery has
shown the shortfall to be greater than previously recognized
because of the frequent discovery of sets of two or more cryptic
species that have been incorrectly classified as a single taxon due
to their morphological similarity. In particular, DNA barcoding,
a tool for species identification based on the use of a single
standard DNA marker (a fragment of the COI mtDNA gene;
Hebert et al., 2003), has contributed to the discovery of many
new species, including among them the most closely studied
and best documented groups of organisms (Hrbek et al., 2014).
Some of those new species are cryptic, rare and of conservation
value; assessing the level of cryptic diversity and identifying
their biodiversity hotspots should then be a conservation priority
(Bickford et al., 2007).

The European Lepidoptera is one of the best-studied faunas
in the world, thanks to more than two and a half centuries’
work by a large community of both professional and amateur
lepidopterists. The fauna has been the focus of intensive
barcoding activity with 7,831 species barcoded out of the
10,723 (73%) species of Lepidoptera known to occur in Europe
(Rennwald and Rodeland, 2020) (Barcode of Life Datasystems,
www.boldsystems.org; as of mid-October 2020; Ratnasingham
and Hebert, 2007). Many European Lepidoptera species show
deeply divergent mitochondrial intraspecific lineages raising the
possibility of high levels of cryptic diversity (Dincd et al., 2011,
2013, 2015; Hausmann et al., 2013; Mutanen et al., 2013, 2016;
Voda et al., 2015; Herndndez-Rolddn et al., 2016). Little is known
about the extent to which these barcode splits reflect biological
species. A number of studies have addressed this question by
looking at the correspondence between COI clusters and nuclear
lineages using genome-wide DNA analysis. Some have found a
significant association suggesting the presence of cryptic species
(Janzen et al., 2017; Kozlov et al., 2017; Dinca et al., 2019) whereas
others have found a strong discrepancy between mitochondrial
and nuclear DNA (Hinojosa et al.,, 2019). One explanation for

the discrepancy is mitochondrial drive causing the replacement
of one mitotype by another due to the introduction of the
intracellular bacterium Wolbachia which spreads by causing
cytoplasmic incompatibility, or by another agent with the same or
similar genetic strategy. Divergent COI clusters have been found
to have different Wolbachia strains in some (Kodandaramaiah
et al., 2013) but not all cases (Bereczki et al., 2015).

Here, we explore the diversity of European Gracillariidae,
the largest family of leaf-mining micro-moths, by analyzing
DNA barcode data in the context of the current taxonomy
of the family on a continental scale. The Gracillariidae are
one of the most species-rich families of Lepidoptera with
1996 described species worldwide, data on September 23,
2020 (De Prins and De Prins, 2020), though many more
species await description, particularly in the neotropics (Lees
et al, 2014). In contrast, the faunistics, alpha taxonomy and
ecology of this family in Europe are relatively well known
(Doorenweerd et al.,, 2014), with 24 genera and 263 species
recorded (Supplementary Table S1). The majority of gracillariids
are leaf miners (their larvae feed and live within a single
leaf) and feed on a huge diversity of different host plants
(De Prins and De Prins, 2020). However, most species are
monophagous or oligophagous (Lopez-Vaamonde et al., 2003).
Several species are serious pests of agricultural and ornamental
plants (Lopez-Vaamonde et al,, 2010), and some are highly
invasive (Valade et al., 2009; Lees et al., 2011). Ongoing DNA
barcoding campaigns represent a potential valuable source for
documenting intraspecific variation and can answer questions
about the phylogeography and invasion genetics of gracillariid
moths. Examples of such studies include work on European
species that have expanded their distribution range like the
Horse-Chestnut Leaf Miner, Cameraria ohridella Deschka and
Dimi¢ (Valade et al., 2009; Lees et al., 2011) and alien species
that have recently invaded Europe such as the Lime Leaf Miner
Phyllonorycter issikii (Kumata) (Kirichenko et al., 2017).

The striking coloration of the forewings of many species
and the ease with which they can be reared, make this family
an attractive group for amateur microlepidopterists to study
(Emmet et al., 1985; Bengtsson and Johansson, 2011; Nel and
Varenne, 2014). New gracillariid species are still being described
in southern Europe (Corley, 2014; Kirichenko et al., 2015;
Huemer et al., 2016; Varenne and Nel, 2016) and even in well-
known areas like the UK (Langmaid and Corley, 2007).

Some species such as representatives of genus Phyllocnistis,
and Fabaceae-feeding Phyllonorycter species, are notoriously
difficult to identify using external morphology only or even after
genitalia examination, but DNA barcoding has been shown to be
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a useful tool to identify those difficult groups (Lastivka et al.,
2013; Kirichenko et al., 2018).

The main aims of this study are: (1) to develop a
comprehensive DNA barcode reference library for the
Gracillariidae of Europe based on morphological analysis
by taxonomic experts that will facilitate reliable species
identification; (2) to highlight deeply diverged mitochondrial
lineages within species which represent potential cases of
cryptic species; (3) to investigate deep COI splits in a selection
of species by using genome-wide double-digest restriction-
site associated (ddRAD) markers and Wolbachia screening;
(4) to assess the number of identified but taxonomically
undescribed new candidate species, their geographical
distribution and host plant use.

MATERIALS AND METHODS

Species Checklist
We compiled a revised checklist of the 263 European
Gracillariidae species (checklist CL-EUGRA in BOLD)
following the higher classification of Kawahara et al, 2017
(Supplementary Table S1).

Our study countries encompass the 27-member states of EU
as well as Albania, Bosnia and Herzegovina, Macedonia,
Montenegro, Belarus, Ukraine, Russia (West of Urals),
Liechtenstein, Norway, Switzerland, and United Kingdom
(Figure 1), although we lacked records for a few countries
(e.g., Estonia, Ireland). We refer to Europe here in a loose
sense to include all these countries (Turkey, Russia east of
Urals and overseas territories not included). We included
five species [Parornix kumatai Ermolaev, Ph. macrantherella
(Kuznetzov), Ph. populi (Filipjev), Ph. populialbae (Kuznetzov),
and Ph. laurocerasi (Kuznetzov)] that are known to occur in
the northeast Caucasus (Chechnya and Dagestan), a region
sometimes excluded from Europe for practical reasons (i.e., in
Fauna Europaea; de Jong et al., 2014).

Taxon Sampling
Our taxon sampling strategy aimed to obtain DNA barcodes from
as many different European species as possible, but also to sample
multiple specimens from as many different geographic localities
as possible to document genetic diversity over the European
distribution range of each species. We built a DNA barcode
dataset of 6,791 specimens of European Gracillariidae based
on 5,383 adult specimens and 1,408 immature stages deposited
in a total of 60 research collections (24 public and 36 private
reference collections) (Supplementary Table S2). We used ESRI
ArcGIS Pro software to map all georeferenced records from 1,840
different localities ranging from 28° to 70°N latitude; 18°W to
48°E longitude and elevations ranging from 0 to 2,300 m to
show the sample coverage in European countries (Figure 1). For
the base map, ESRI topographic map layers from ArcGIS online
version 10.6 were used.

We preferentially barcoded recently collected individuals with
75% of specimens sequenced being between four and eight years
old at time of sequencing.

Voucher specimens came from rearings (1,646 individuals),
Malaise traps (1,873 individuals), light traps (1,764 individuals),
or were hand-netted (379 individuals); 1,408 larvae or pupae
were dissected from leaf mines. A total of 2,368 records in our
dataset include food plant information from reared individuals
(see Lopez-Vaamonde et al., 2021 for collecting and rearing
protocols) or from immature stages dissected out of their leaf
mines (Supplementary Table S2). Identification of immature
stages was based on a combination of host plant data and DNA
barcoding results.

Adult specimens were identified based on examination by
expert taxonomists of wing pattern and in some cases genitalia
(Supplementary Table S2).

Laboratory Procedures and Analyses of
DNA Barcoding Data

DNA barcodes were obtained from adult specimens by removing
either one hind leg or the whole abdomen for DNA extraction
(in the latter case the abdomen could be recovered for genitalia
analysis). For immature stages, whole bodies of larvae or pupae
were used, usually stored in 96% ethanol, except in some cases
where larvae were dissected from dried herbarium specimens
with leaf mines.

In most cases, tissue samples were shipped to the Canadian
Centre for DNA Barcoding (CCDB, Biodiversity Institute of
Ontario, University of Guelph) for sequencing; other samples
were processed at Naturalis Biodiversity Center (Leiden,
Netherlands) or at laboratories of the authors research
organizations. For the CCDB laboratory protocol see deWaard
et al. (2008); for the Naturalis protocol see Doorenweerd et al.
(2017). Primers LCO1490 and HCO2198 were used to sequence
the COI barcode fragment (Folmer et al., 1994).

In total, 4,885 COI DNA barcodes (72%) were obtained with
Sanger sequencing; the remaining 1,873 sequences of Malaise trap
samples were obtained using Single Molecule Real-Time (SMRT)
sequencing through the Sequel (PacBio) pipeline at CCDB
(Hebert et al., 2018). In addition, 33 sequences were obtained
from historical specimens of the Jackh Collection deposited at the
National Museum of Natural History, Smithsonian Institution
(Washington DC, United States) using the protocol and workflow
described in Prosser et al. (2016). Our data set also includes 217
reared barcoded adult specimens of Deschkas major reference
collection (recently deposited at ZSM, Munich). Sequences
over 300 bp are assigned automatically to BINs in BOLD
(Ratnasingham and Hebert, 2013).

We used PyCOIStats v1.3 (Doorenweerd et al, 2020) to
calculate the number of haplotypes distinct to each respective
species, that is without considering missing data (Ns) and
ambiguous base-calls such as Y, W, N, etc. as differences in
the assignment of each haplotype (for further details see the
readme document at https://doi.org/10.5281/zenodo.4123683).
Haplotype detection was performed on the total alignment with
sequences generated in our study; for sequences with different
lengths only the aligned length with sequence information for
both sequences was considered for the distance calculation.
Maximum and mean intraspecific distances and nearest-neighbor
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Legend:

Country

Albania (104)
Austria (791)
Belarus (1308)
Belgium (70)
Bosnia and Herzegovina (5)
Bulgaria (215)
Croatia (69)
Cyprus (20)
Czech Republic (189)
Denmark (27)
Finland (399)
France (757)
Germany (779)
Greece (168)
Hungary (35)
Italy (286)

Latvia (2)
Liechtenstein (7)
Lithuania (20)
Macedonia (147)
Montenegro (8)
Netherlands (172)
Norway (385)
Poland (14)
Portugal (65)
Romania (28)
Russia (58)
Slovakia (15)
Slovenia (170)
Spain (175)
Sweden (59)
Switzerland (13)
Ukraine (13)
United Kingdom (135)

0000000000 0QCOOQCQOCONOCOONIOIOOOOOCOOQR@GOIEOONONCQROPQOOEO

FIGURE 1 | Distribution of all georeferenced DNA barcode records used in this study across Europe. Number of DNA barcoded specimens per country is indicated

in round brackets in the legend.

genetic distances for all species were calculated using both
PyCOIStats v1.3 and BOLD v4.

Sequences were aligned using the “BOLD aligner” option in
BOLD v4, based on an Amino Acid Hidden Markov Model. The
resulting alignment was checked by eye in Geneious R10' and
contained no insertions or deletions.

We used IQ-Tree v2.0.3 (Minh et al, 2020) to infer a
maximum likelihood (ML) tree based on the alignment with
distinct haplotypes and sequences >500 bp. We used the IQ-Tree
integrated ModelFinder with 286 DNA models, which selected
GTR + F + R8 as the best-fit model according to the Bayesian
information criterion. We then used the “monophylizer” perl
script (Mutanen et al., 2016) on the IQ-Tree generated tree to
assess species monophyly and test the concordance between
COI-based and morphology-based species delineations.

Neighbor-joining (NJ) trees, used to visualize genetic distances
within and between species and sequence clusters, were
generated in MEGA X (Kumar et al., 2018) using uncorrected
p-distances, and pairwise-deletion options. We used iTOL v.5.6.3

Uhttps:/www.geneious.com

(Letunic and Bork, 2019) for the circular visualization of the NJ
tree representing the entire DNA barcode library, after exclusion
of all records of Cam. ohridella collected outside the native area
of this invasive species (Valade et al., 2009).

Non-parametric Mann-Whitney U test was used to test
for differences in haplotype diversity between alien and native
species. Correlation between haplotype diversity and number
of sequences per species was assessed with Pearson correlation
(p < 0.05). These two statistical analyses were run in
STATISTICA 8.0 (Stat Soft. Inc., United States).

Identification of Candidate Species

We used morphology, ecology (host plant use) and Barcode Index
Numbers (BINs) to identify candidate species using an integrative
approach (Figure 2A) (Padial et al., 2010). To identify species
boundaries and assess the extent of overlooked diversity we used
the candidate species approach of Vieites et al. (2009). We have
used this integrative approach because it explicitly combines
genetic, morphological and ecological data while systematics
of leaf-mining moths traditionally considers host plant data
in its workflow.
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FIGURE 2 | (A) Workflow of integrative taxonomy (candidate species approach) used to identify species boundaries in European Gracillaridae records and to assign
them to six species categories with main results. RESL, Refined Single Linkage Analysis implemented in BOLD; BIN, Barcode Index Number. (B) Number of BINs
per species category (external circle in gray) and number of species within each category (inner circle): in green, European species lacking DNA barcodes; in beige,
the number of named species in each of four species categories; in black, the potential “dark taxa” among 71 BINs representing the 26 USS; in red, the confirmed
candidate species (CCS); in purple, the unconfirmed candidate species (UCS). Dotted lines delimit the three species categories comprising new (CCS) and potential
cryptic diversity (UCS and USS/dark taxa) in European Gracillaridae. The question mark refers to the unknown number of cryptic species within the 71 BINs of USS
category (we refer to those 71 BINs as dark taxa). In the 1:1 species/BIN and the CCS categories, the number of BINs (184) is slightly lower than species numbers
(186), because two short DNA barcodes were not automatically assigned BIN numbers on BOLD; they nonetheless represent monophyletic genetic units and were
considered within these categories. Percentages are given for each category with respect to a total number of species of 284 (including CCS and UCS), ignoring the
unknown part represented by splits in unaddressed species (USS). (C) For the 263 named valid species recognized in 2020, this histogram represents the
cumulative number of species described per decade since 1750. It also shows the 312 BINs and the increase from 263 described species (in green, 21 without DNA
barcodes; in beige, 242 with DNA barcodes) to 284 species including 6 CCS (red) and 15 UCS (purple).
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Each gracillariid record in the database was assigned to one of

six categories shown in Figure 2A:

1. “BIN/species match™ there was a “one-to-one” match
between a named species in the current taxonomy and

the BIN assignment.

2. “Confirmed candidate species” (CCS): specimens assigned
to a BIN (ie., a divergent genetic cluster) that can
be distinguished from currently described species by

supporting the

diagnostic morphological characters

hypothesis that they represent an undescribed species;
they are given a preliminary species name composed
of the genus followed by the name of the host plant (if
known) and that of the country (or one of the countries)
where it is found, all written in one word and in between
inverted commas.

. “Unconfirmed candidate species” (UCS): specimens
assigned to a BIN that represents a divergent genetic
cluster for which morphological diagnostic characters
remain tentative (either because available adult specimens
were too few or not available), or for which differences
in host plant use were found, indicating that they likely

. “Species

represent undescribed species. BINs in this category receive
a preliminary species name as described above for CCS.

. “Deep conspecific lineages” (DCL): specimens of a

currently accepted species that are assigned to multiple
BINs and for which detailed morphological and ecological
comparative studies failed to reject the hypothesis that they
belong to a single species.

. “Unassessed species splits” (USS): specimens belonging to

multiple BINs that have been assigned preliminarily to
currently accepted species, but that could not be examined
in detail within the framework of this study and could not
be assigned to any of the three previous categories. We refer
to those multiple BINs as “dark taxa.”

complexes™  specimens  belonging  to
morphologically distinct species that are not differentiated
by DNA barcodes (shared BINs between species). These
include unconfirmed synonymies (USY), where species
that share the same BINs have been suggested by previous
authors to be potential synonyms based on insufficiently
distinct morphology.

Formal descriptions of new species are in preparation and will
be published elsewhere.
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Laboratory Procedures and Analyses of

ddRAD Data

We used ddRAD sequencing (Peterson et al., 2012) to test
the hypothesis of cryptic diversity in five species with multiple
BINs within a currently accepted species. We looked at whether
there was any correspondence between BINs and RADseq
clades in two species initially classified as USS [Phyllocnistis
saligna (Zeller) and Phyllonorycter salictella (Zeller)] and three
as DCL [Phyllonorycter roboris (Zeller), Ph. maestingella (Miiller)
and Ph. salicicolella (Sircom)]. Altogether 108 specimens with
DNA barcodes were chosen for the ddRAD analyses, with
a preference for samples that were recently collected at the
time of DNA extraction. Extracts used for DNA barcoding
which had been cryo-preserved at the Canadian Centre
for DNA Barcoding (CCDB) were used for ddRAD library
preparation.

Prior to the genomic library preparation, the quantity
and quality of genomic DNA (gDNA) extracts were checked
using PicoGreen Kit (Molecular Probes). To obtain a sufficient
quantity of gDNA, whole genome amplification (WGA) was
performed using REPLI-g Mini Kits (Qiagen) because of the
low concentration of gDNA in the original extracts. As a
result, 33 samples were omitted after WGA because they failed
to meet minimum quality criteria (Supplementary Table $4).
However, the reduction of specimens did not reduce the
number of species tested. The ddRAD library was built
following protocols described in Lee et al. (2018) with two
exceptions: digestion was carried out using the restriction
enzymes PstI and Mspl (New England Biolabs) while the
size distribution was controlled with a Bioanalyzer (Agilent
Technology). The de-multiplexed fastq data are archived in the
NCBI SRA: PRJNA562838.

We used ipyrad v.0.7.23 (Eaton and Overcast, 2016) to
assemble loci de novo and create SNP datasets. All ipyrad defaults
were used, with the following exceptions: the minimum depth at
which majority rule base calls are made was set to 3, the cluster
threshold was set to 0.80 and 0.90, and the minimum number of
samples per locus was set to 2 and 3.

We inferred evolutionary relationships using ML methods
implemented in RAxML v.8.2.0 (Stamatakis, 2014) with
bootstrap support estimated by 1,000 replicates of rapid-
bootstrap under the GTR 4+ CAT model. We visualized the
resulting phylogeny and illustrated bootstrap support using
FigTree v.1.4.2 (Rambaut, 2015).

Detecting Wolbachia Infections

To test the hypothesis that Wolbachia was responsible for deep
COI splits we looked at whether a particular species with deep
splits showed a pattern of infected and uninfected BINs and
or ddRADseq clades. Therefore, the same 108 specimens that
were used for ddRAD sequencing were also screened for the
presence of Wolbachia, using two markers, FstZ and Wsp. Primer
sequences and PCR protocols were used according to Braig et al.
(1998) and Zha et al. (2014); detailed information can be found
in Supplementary Table S5.

Biogeography and Host Plant Data

We summarized the current known distribution of European
gracillariid species based on the literature and our own records,
assigning them to nine biogeographical categories: (1) Palearctic,
(2) Euro-Siberian, (3) Euro-Central Asian, (4) European (5)
Mediterranean, (6) Macaronesian, (7) Alpine, (8) Boreal, and
(9) Holarctic (Supplementary Table S3). In addition, seven
alien invasive species that have established recently in Europe
have been included, i.e., three Nearctic and four Asian species
(Supplementary Figures S1, S2).

We used BOLD to document and analyze the distribution
range and host plant use of each of the multiple BINs
within DCLs and their nearest neighbors (NNs). BINs were
considered sympatric when both co-occur on the same site (i.e.,
also syntopically).

We compiled host plant data containing 2,368 host plant
records belonging to 26 plant families, 81 plant genera and 206
plant species (Supplementary Table S3). In total, 1,594 host plant
records are based on reared adults, 748 are based on barcoded
immature stages (larvae or pupae) dissected from their leaf mines,
and 26 are based on adults found resting or swept on their host
plants (Supplementary Table S3). Supplementary Figure S3
shows host plant use for the whole European Gracillariidae
fauna, including species not barcoded (Supplementary Table S6).
We characterized the host plant range of each species as
monophagous, oligophagous, or polyphagous (Hering, 1951)
(Supplementary Table S3).

We standardized host plant names in the BOLD field
“Associate Taxa,” largely following the 2020 Catalog of Life
(Hassler, 2020), and likewise in Supplementary Table S3. We
made the following exceptions:

1. We split the former Cytisus balansae (Boiss.) Ball (Fabaceae)
into Cyt. balansae s. str., occurring in Spain (Granada and
Almeria) and North Africa (European population previously
known as Cyt. balansae subsp. nevadensis or Cyt. galianoi), and
Cyt. oromediterraneus Rivas Mart et al., in other parts of Europe,
following Auvray and Malecot (2013) (previously known as Cyt.
purgans auct., Cyt. balansae var. europaeus).

2. The name Salix euxina Belyaeva is now used for what
was previously known as Salix fragilis L., while the name
S. fragilis is used for the much commoner hybrid of S. euxina
with S. alba L. (Belyaeva, 2009). As separation of the full
species and the hybrid is difficult and not very relevant for
leaf miners, we retained the names (S. fragilis or S. euxina) as
given by the original collector. Likewise, we kept the names
S. cinerea L. and S. atrocinerea Brot. as recorded by the original
collector, as not all floras separate them and the differences are
subtle. Most likely, the majority of records from the British
Isles and western parts of Iberia and France in fact represent
S. atrocinerea.

In general, we accepted the host plant identification given
by the original collector, where possible checking back with
the collector in cases of doubt. Material of Ph. nevadensis
Walsingham in the Deschka collection was labeled as being
reared from Teline linifolia L. (now Genista linifolia L.).
We consider this as a misidentification for Adenocarpus
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decorticans Boiss., based on the locality, habitat and known host
plant preference.

For host plant data from the literature we queried the
Global Taxonomic Database of Gracillariidae (De Prins and De
Prins, 2020), but while this is comprehensive, it also includes
old records that have no recent confirmations. In cases where
such old records could lead to incorrect estimation of host
plant range, we excluded them from Supplementary Table S3
(column AM) and Supplementary Table S6. An example is
Sabulopteryx limosella (Duponchel), a known leaf miner of
Teucrium (Lamiaceae) for which old records of two unrelated
hosts exist: Jurinea sp. (Asteraceae) and Genista sp. (Fabaceae).
Rennwald in Lepiforum e.V. (2008-2020) critically considered
these records and concluded that these must have been based on
misidentifications.

Among the immature stages dissected from their leaf-mines,
some interesting cases of xenophagy were noted, such as larvae
of Cam. ohridella found feeding on Corylus avellana (L.). This
species has also been found feeding on Ostrya carpinifolia Scop.
and Fagus sylvatica L. (Ellis, 2020). These cases of xenophagy
have not been included in the global analysis of gracillariid/host
plant interactions since they represent either oviposition errors or
unusual host plants and do not reflect the “normal” host plant use
of the leaf miner. This highlights the importance of distinguishing
which host plant records are based on reared adults, as they better
reflect the “true” host plant use of the leaf miner, versus those
that are based on dissected immature stages which might contain
oviposition errors.

RESULTS

DNA Barcoding Performance

We generated a total of 6,791 COI sequences representing 242 of
the 263 species (92%) of Gracillariidae known to occur in Europe
(Supplementary Table S2 and Supplementary Figure S4) with
an average of 25.8 specimens per species [minimum one
specimen (in 12 (5%) of the 242 named species), maximum 1,932
specimens] (Supplementary Table S3). We were unable to obtain
sequences for 21 species (Supplementary Table S6). A total of
6,524 sequences (96.1%) were >500 bp long.

The monophylizer analysis identified 21 out of 242 named
species (8.7%) species as non-monophyletic. The remaining 221
species (91.3%) are monophyletic and can therefore be identified
reliably using barcodes (Supplementary Table S7). If we exclude
41 named species that are singletons (only one distinct haplotype
per species) and by definition monophyletic, then the non-
monophyly percentage is 10.5%.

Overall, 6,587 sequences were assigned by BOLD to one
of the 312 different BINs (results on the 4th of November
2020) (Supplementary Table S3). Out of the 242 named species
barcoded, 184 (76%) had their own unique BIN (one to one
match category, Supplementary Table S3; Figure 2B). Only eight
BINs out of the 312 (2.6%) were shared (seven BINs shared
between species pairs and one BIN shared in a triad) among 17
species (Supplementary Table S3 column W). Definite species
assignment using BINs is not possible in these 17 cases.

The dataset contains 1,491 distinct haplotypes with a
maximum of 56 haplotypes found in 138 individuals of Ph.
salictella (Figure 3A) and an average of 5.7 haplotypes per species
(Supplementary Table $3). Haplotype diversity was significantly
correlated to sampling effort expressed in number of individuals
sequenced per species (Pearson correlation: r = 0.70, N = 262,
p < 0.05; Figure 3A).

We obtained barcode data for seven out of eight species
alien to Europe (Supplementary Tables S3, S6), five European
species that became invasive and expanded their range across
Europe, and six European species alien in other continents
(Supplementary Table S3). Stomphastis conflua (Gerasimov) has
not yet been barcoded; it originates from north eastern tropical
Africa and has been introduced to the Mediterranean with its
host plant (Supplementary Table S6). The seven-alien species to
Europe show a similar average number of haplotypes (5.7 £ 2.6)
compared to the native European fauna (5.6 + 0.4) (Mann-
Whitney U test: Z = 0.3, p = 0.75, Ngjien = 7 VS Nugtive = 256).
The alien species Ph. issikii shows one of the highest numbers of
haplotypes (20) in our analysis (Figure 3A).

Removing non-distinct haplotypes prior to pairwise distance
calculations and ignoring ambiguous bases in the comparisons
with PyCOIStats scripts results in slightly larger differences
(maximum intraspecific distance was 1.5%) (Supplementary
Table S8) overall in comparison to a more conventionally used
software, such as BOLD (maximum intraspecific distance was
1.4%) (Supplementary Table S3). In total, 46 species show
maximum intraspecific distances higher than 2% and 12 species
higher than 5% (Supplementary Table S3).

The pairwise distance statistics within and between species
and BINs are shown in Figure 3B to allow for easy comparison
with other DNA barcoding literature where such analyses are
used to explore the presence or absence of a “barcoding gap.”
DNA barcoding is deemed reliable if the variation within species
(i.e., Dyyax) is smaller than the variation between species (i.e.,
Dmin_NN). For our dataset, both at the species and BIN level,
there is some overlap between the two measures, indicating that
a pairwise distance threshold to separate species cannot be set at
a strict value. The maximum variation within species is greater
when they are defined using classical taxonomy (max. 7.8%)
compared with BINs (max. 3.4%), though this is to be expected
as the BIN algorithm employs genetic distance data. Application
of the BIN algorithm also leads to greater splitting and to smaller
distances between sister species: on average 4.1% (BIN) versus
5.6% (species).

Species Discovery and Cryptic Diversity

Our integrative workflow combining morphology, host plant
use data and DNA barcodes (Figure 2A) identified 21 new
candidate species distinct from the 242 named species sampled
(Figures 2B,C and Supplementary Table S3). Indeed, we
discovered six confirmed candidate species (CCS) and 15
unconfirmed candidate species (UCS) that show a Mediterranean
distribution (Figure 4), with eleven of these candidate species
occurring on islands, four of them feeding on Alnus spp.
(Supplementary Table S3). If we add these 21 new candidate
species (6 CCS and 15 UCS) to the known European fauna of
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FIGURE 3 | Intra and interspecific diversity of European Gracillaridae. (A) Number of distinct haplotypes per species vs number of specimens sequenced per
species. Total number of distinct haplotypes: 1,491; total number of specimens sequenced: 6,791. The correlation equation, Pearson correlation coefficient,
probability (p) and sampling number are shown in the graph (N = 262 sequences). A point represented by Cameraria ohridella (1,932 specimens; 14 haplotypes) was
excluded from calculation because its sampling was biased with a large number of samples from a Malaise trap under a single highly infected horse chestnut tree.
The gracillariid species with sampling >100 specimens are indicated in the graph: species name (number of specimens; number of haplotypes). (B) Violin plot
showing the pairwise distances between and within species and BINs. “all_inter” and “all_intra” show the inter- and intraspecific distances, respectively, across all
species in the dataset. “Dmin_NN” shows the minimum distances to the nearest neighbor, and Dmax the maximum distances within species. The dotted lines inside
each “violin” indicate the first, middle and third quartiles of the data. The maximum width (observed values) of each violin is scaled to be equal across all categories.
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gracillariids the total number of species raises from 263 to 284
species, an increase of 7.4% in species richness (Figures 2B,C).

In addition, 13 species were classified as deep conspecific
lineages (DCLs), comprising a total of 27 BINs with no
intraspecific morphological differences found, and no known
ecological differentiation (Figure 2B and Supplementary
Table S3). Twenty-six species were classified as “unassessed
species splits” (Figures 2A,B); they comprise 71 BINs. More
work is needed to assess the status of those 71 BINs that are
considered here as “dark taxa”.

The Mediterranean is the region with the highest species
richness of gracillariids (mainly Lithocolletinae) in Europe
(Figure 4 and Supplementary Figure S1) feeding mostly
on Fabaceae and Fagaceae (Supplementary Figure S2 and
Supplementary Table $3). The 15 Macaronesian endemic species
feed on a wide variety of host plant families (Supplementary
Figure S2) and their host plant range reflects the high local
endemism of the flora (Hobohm, 2000) specializing on native
endemic plants of high conservation value, e.g., Caloptilia
laurifoliae (Hering) restricted to the native tertiary relic of
laurisilva forests (Supplementary Table S3).

Of the 39 species (13 DCL + 26 USS) that show multiple BINS,
24 species (61.5%) have BINs with non-overlapping allopatric
distribution ranges, whereas 11 species (28.2%) have BINs with
overlapping sympatric distribution and four species (10.3%) have
both allopatric and sympatric BINs (Supplementary Table S9).

Out of the 25 species with multiple BINs for which we have
host plant data, 17 species (68%) have BINs that share the
host plant, five species (20%) have BINs with non-overlapping
host-plant ranges, and three species (12%) show a mix of
BINs on separate and shared host plants (Supplementary
Table $S10). We identified nine species with different BINs

co-occurring sympatrically and feeding on the same host plant
(Supplementary Table S11).

The ddRAD sequencing of five species with multiple BINs
produced a minimum of 663 loci (124,949 bp) and a maximum
of 2,457 loci (465,525 bp) (Supplementary Table S4). Only one
species, Phyllocnistis saligna, shows correspondence between the
clades obtained via ddRAD ML trees and the BINs suggesting the
presence of a cryptic species in the Czech Republic (Figure 5).
However, sampling for ddRAD was limited and it is unclear if
there is any ecological difference that correlates with the BINs.
Moreover, BIN AAL5482, with European samples identified as
Ph. asiatica solely based on association with this BIN, may prove
to be conspecific with Ph. saligna when samples from across the
Palearctic are combined in a single analysis.

Fourteen of the 108 (13%) samples analyzed were positive
for infection by Wolbachia and all 14 infected samples were
detected by the FtsZ gene (Supplementary Table S4). The pattern
of infection is not associated with neither BIN clustering nor
RADseq clades (Figure 5).

DISCUSSION

DNA Barcoding as a Reliable Tool for
Species Identification

Over 73% of Lepidoptera species known to occur in Europe
have been barcoded so far. Germany is leading the way
on DNA barcoding progress in Europe with over 24,000
animal and plant species barcoded and an almost completed
reference library for Lepidoptera, covering more than 3,300
species (91%) (Geiger et al, 2016; Hausmann pers. comm.).
Identification reliability in the DNA barcode library of European
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FIGURE 4 | DNA barcode variation in European Gracillariidae and geographical distribution of new candidate species. Neighbor-joining tree based on uncorrected
p-distances for 5,148 records of the DNA barcode library of European Gracillariidae (1,643 records of Cameraria ohridella were removed to avoid topology
distortion). The map shows all 6,791 georeferenced DNA barcode records for 242 named species and 21 new candidate species of European gracillariids. Colored
circles represent individual records (map) or clusters (tree): in red six Confirmed Candidate Species (CCS); in purple 15 Unconfirmed Candidate Species (UCS); in
orange 80 out of the 83 Mediterranean species sampled (three species, C. ohridella, Phyllonorycter platani, and P, leucographella were not colored on the map
because they have undergone massive range expansion over most of Europe). Inner circle indicates the seven subfamilies of Gracillariidae found in Europe (Or:

Ornixolinae; Oe: Oecophyllembinae; A: Acrocercopinae).
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Lepidoptera is high, with levels of monophyly over 90%
(Dinca et al., 2015; Mutanen et al., 2016). Our dataset shows
similar levels of monophyly with only 8.7% of the 242 species
sampled being non-monophyletic (10.5% if excluding species
represented by singletons). Some cases of non-monophyly may
still be attributable to operational error such as inaccurate
reference taxonomy (unconfirmed synonyms, misidentifications)
but others could be due to introgression/incomplete lineage
sorting. For instance, two species pairs [Cal. laurifoliae

(M. Hering)/Cal. nobilella (Klimesch) and Ph. adenocarpi
(Staudinger)/Ph. parvifoliella (Ragonot)] have been hypothesized
as synonyms. Another case revealed here is Ph. brunnea
Deschka and Ph. acaciella (Duponchel). We obtained three short
sequences of paratypes of Ph. brunnea which match the barcode
of Ph. acaciella. Deschka (1975) described Ph. brunnea from
moths reared from leaf mines on Ulmus that he collected on
Rhodes (Greece). He noted that the genitalia are difficult to
separate from those of the widespread Ph. acaciella that also
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feeds on Ulmus, but external characters clearly differentiate
the two. The mainland Ph. acaciella we sequenced do indeed
appear much darker, with many dark scales obscuring the
pattern (RMNH.INS.554149 and RMNH.INS.554150), compared
to the barcoded paratypes of Ph. brunnea (CLV2670, CLV2671,
and CLV2672). However, pale specimens of Ph. acaciella are
sometimes found in mainland populations. Since the incomplete
barcodes of the Ph. brunnea paratypes are inseparable from those
of Ph. acaciella, and we do not see real genitalia differences,
we synonymize these two species, with Phyllonorcter brunnea
Deschka (1975) syn. nov. becoming a junior synonym of
Phyllonorycter acaciella (Duponchel, 1843).

Another case of non-monophyly is the “Ph. nicellii
(Stainton)/Ph. chrysella (Constant)/Ph. froelichiella (Zeller)”
complex, which could represent another potential case of
mitochondrial introgression. Some specimens of Ph. froelichiella
are placed within the Ph. nicellii BIN. Both species are clearly
morphologically differentiated and feed on different host plant

genera, so this could be another case of introgression. Both
Ph. chrysella and Ph. froelichiella share the host plant Alnus
glutinosa (Supplementary Table S3) and the three barcodes of
Ph. chrysella are nested within Ph. nicellii and Ph. froelichiella.
Another interesting case of non-monophyly and BIN-sharing
is the Populus-feeding species complex of Phyllocnistis. This
comprises the North American species P. populiella Chambers
feeding mainly on Populus tremuloides Michx. and causing huge
outbreaks in the Yukon and Alaska, and two European species
P. labyrinthella (Bjerkander) developing mainly on Populus
tremula L., but also frequently on Pop. alba L. and the hybrid
Pop. x canescens (Aiton) Sm. (Ellis, 2020) and P. xenia M.
Hering found mainly on Pop. alba (Aarvik et al., 2017). Although
all three species share one single BIN, they show a low genetic
divergence but consistent division between all three species.
The nearest neighbor is a North American species feeding
mainly on Populus balsamifera (Supplementary Table S3).
We suspect that this complex represents a case of relatively
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recent evolutionary divergence and we therefore treat them as
separate species pending further study, particularly using nuclear
markers and morphology.

Interestingly, DNA barcodes distinguish clearly between
species that had previously been synonymized [for instance,
Par. alpicola (Wocke)/Par. scoticella (Stainton); Ph. cerasicolella
(Herrich-Schaffer)/Ph. spinicolella (Zeller); Triberta cistifoliella
(Groschke)/T. helianthemella (Herrich-Schiffer)]. The validity of
all these species is considered confirmed here.

Gracillariidae now joins the megadiverse Geometridae and
Gelechiidae as one of the few large (2,000 + species globally)
Lepidoptera families with a high coverage of barcoded species for
Europe (Hausmann et al., 2013; Huemer et al., 2020). However,
a total of 21 species remain to be barcoded to complete the
DNA barcode reference library of known European gracillariids
(Supplementary Table S6). Six out of the 21 species without
barcodes occur in islands; nine do not have any existing host
plant record (Supplementary Tables S6, S12). It will therefore
likely be a tedious task to obtain fresh specimens of these missing
species and protocols for barcoding old material might represent
a preferable solution to further complete the barcode reference
library (Prosser et al., 2016) from collection specimens.

During the DNA barcoding of both the 24 public and
36 privately owned reference collections we were able to
detect numerous cases of misidentified specimens. Indeed, DNA
barcodes helped to correct and curate the reference collections
in particular for those adult moths that had been identified only
on the basis of external morphology, and were collected at light
without any host plant data associated.

Species Discovery and Cryptic Diversity

DNA barcoding has proved to be an efficient tool for accelerating
species discovery of small moths both in tropical (Lees et al., 2014;
Lopez-Vaamonde et al., 2019) and temperate areas (Mutanen
et al., 2013; Huemer et al., 2020). By combining DNA barcodes,
morphological and host plant use data, our study shows
the diversity of Gracillariidae in Europe to have also been
underestimated, and that there may be as many as 284 species in
Europe (considering both CCS and UCS revealed here), possibly
many more if we take into account the 45 unaddressed DNA
barcode splits within USS, called here dark taxa (Figure 2B).

We found 21 lineages that represent candidate new species
(6 CCS and 15 UCS). These newly revealed candidate species
occur in the mountainous regions of Mediterranean islands, the
South-Eastern Alps and the Balkans. These candidate species are
likely to be rare, and knowing their true geographical distribution
is crucial for their effective conservation. Our results highlight
the Mediterranean as the most important biogeographical region
within Europe in terms of gracillariid species richness, number of
endemic species and new undescribed taxa.

Our analyses have also revealed 39 (16%) species with multiple
BINs (i.e., deep COI splits; DCL and USS) and some of those
might represent cryptic species. A barcoding study on European
Gelechiidae micromoths found a similar level (15%) of species
with multiple BINs (Huemer et al., 2020). However, these results
will vary depending on sampling efforts, especially at intraspecific
level. Indeed, most large-scale DNA barcode studies favored
maximizing the number of different taxa sampled and neglected

intraspecific sampling with typically fewer than ten individuals
per species (Phillips et al., 2019). Our sampling effort with
an average of 20.5 sequences per BIN significantly exceeds
the average barcoding study. However, in our dataset, 63.5%
(198/312) of the BINs were composed of less than 10 records,
indicating a need to improve sampling efforts. One way of
increasing intraspecific sampling is by combining national and
regional DNA barcoding libraries. For instance, Finland had its
entire gracillariid fauna DNA barcoded. Other countries show
good progress such as Austria with 83.9% DNA barcoded species
(119 barcoded out of 137 recorded species). On the contrary,
Ireland and Estonia, for example, lack gracillariid DNA barcodes
completely, thus efforts should be focused on such areas to extend
coverage by sampling, if not of species.

Because the investigation of each individual case of DNA
barcode divergence within species requires much time and
material, our study leaves a total of 71 BINs within 26 named
species as “unassessed species splits” (USS). Although they
currently are assigned a valid Linnean species name in our
reference library, we refer to those BINs as “dark taxa” (Page,
2016), until their status as potential cryptic species is fully
examined. It was well beyond the scope of this study to examine
all those multiple BINs, but we used nuclear data to explore
the deep COI splits of two USS and three DCLs. Results
obtained from the analysis of the ddRADseq data supports the
presence of cryptic species in only one (Phyllocnistis saligna)
of the five species studied. Indeed, six P. saligna specimens
of BOLD:AAQI1589 and three specimens of BOLD:ABW1114
form different RADseq clusters (Figure 5). Additional specimens
must be both barcoded and RAD sequenced to confirm this
result. Therefore, we keep this species in the category “unassessed
species splits” (Supplementary Table $3). While this result might
appear to undermine the idea that intraspecific DNA barcodes
splits are frequently indicative of cryptic diversity, it is likely
biased because of the often-large proportion of missing data
that characterize datasets generated with this method (Dinca
etal., 2019), particularly when studied taxa are not closely related
(Lee et al.,, 2018). Further genome-wide DNA analyses could
be carried out using universal single-copy orthologs (USCOs)
(Eberle et al., 2020) and ultra-conserved elements (UCEs)
(Gueuning et al,, 2020) coupled with breeding experiments
to understand isolating mechanisms (Ohshima, 2005, 2008;
Ohshima and Yoshizawa, 2010).

Another mechanism that could lead to the split of a species
into deep mitochondrial lineages is via Wolbachia mediated
spread of a new mitochondrial haplotype after an introgressive
event. Indeed, deep mitochondrial splits have been found to
be associated with specific Wolbachia strains in butterflies
(Kodandaramaiah et al., 2013; Ritter et al., 2013; but see Bereczki
et al., 2015). West et al. (1998) found that 38% (8/21, all but
one Phyllonorycter spp.) of gracillariids analyzed were infected
with Wolbachia, while Gutzwiller et al. (2015) found a similar
percentage, 30% (35/119), in a larger sample. In our study only
13% of specimens analyzed (14/108) were found to be infected.
This low level of prevalence must be taken with caution because
we used only two molecular markers to detect Wolbachia and we
screened a relatively small number of individuals per species. In
addition, we did not find examples of where Wolbachia infection
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was associated with one particular BIN or RADseq clade within
a morphospecies. This suggests that the endosymbiont does not
play a major role in the generation of deep splits but further
sampling is needed to confirm this conclusion. The possibility
that other mitochondrial drive elements may be involved should
also be considered.

Only one species, Phyllocnistis  saligna,  showed
correspondence between nuclear and mitochondrial splits
(Figure 5A). The two Czech specimens that show both
nuclear and mitochondrial divergence are morphologically
undistinguishable to the other European material examined from
Austria, Germany and Finland. This might suggest the potential
presence of a cryptic species in the Czech Republic but further
specimens must be examined to confirm this hypothesis.

In our study we also looked at whether different BINs would
correlate with geography and/or host plant shifts. We found that
over 24 of the 39 species (61.5%) that show intraspecific splits
have allopatric BINs (Supplementary Table S9). This pattern of
checkered distributions has also been shown among cryptic taxa
in other Lepidoptera like butterflies (Voda et al., 2015). However,
the number of individuals for many BINs is relatively low and it
is likely that the number of BINs with sympatric distribution will
increase as sampling effort increases.

Our analyses show that 68% (17/25) of the species with
multiple BINs for which we have host plant data have BINs that
share the host plant. This would suggest that host plant shifts
are not important drivers of divergence in gracillariids (Imada
et al.,, 2011). On the other hand, some studies have found host
plant shifts between distantly related plants as the major driver of
speciation in gracillariids (Ohshima, 2008).

We also identified nine species with multiple BINs co-
occurring sympatrically and feeding on the same host plant
(Supplementary Table S11). These species are good candidates
to study Wolbachia-mediated genetic sweeps since neither
geography nor host plant shifts seem to explain their COI splits.

To measure the relative impact of geography and host plant
shifts on the diversification of gracillariids, we would need a
robust phylogeny on which to reconstruct the major ancestral
host switches and distributions (Winkler et al., 2018). The
latest molecular phylogenetic study revised the classification of
Gracillariidae into eight subfamilies, but relationships between
them remain largely uncertain (Kawahara et al., 2017).

CONCLUSION

We have assembled a large barcode dataset covering nearly
all of the European gracillariid fauna, allowing 91.3% of the
known and named species to be identified accurately. We
discovered new candidate species in Mediterranean mountains
and islands. We also revealed a large number of DNA barcode
splits (71 BINs in 26 USS), that have not been investigated
through an integrative approach yet and may comprise many
potentially cryptic lineages. Further assessment of those cases
represents a major task that will require additional sampling,
comparative morphology studies, breeding experiments or
genome wide analyses.

The DNA barcode library made available by this study
will enable identification of any life-stage, help discover
and document the true diversity of European gracillariids,
and contribute to the conservation assessment of these
fascinating insects.
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