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Introduction

Macroevolutionary patterns and speciation

Macroevolutionary patterns

Darwin’s work (Darwin, 1859) marked a revolution in our thinking on evolution.
Despite over 150 years of evolutionary research, however, the factors that drive the
key process of speciation, the splitting of one species into two, still largely remain
elusive. There have been roughly two different approaches to understanding the
process of speciation. The microevolutionary approach works from an ecological
perspective and focuses on the interactions between populations of, commonly, a
single species and its biotic and abiotic environment, how these interactions may
result in restricted gene-flow and eventually lead to reproductively isolated species
(Kozak et al., 2015; Brakefield et al., 2009; Day et al., 2008; Mayr, 1963). Potential
microevolutionary drivers can be tested in natural situations or in a controlled
laboratory environment (Matsubayashi et al., 2010; Ohshima, 2008). The
macroevolutionary approach, on the other hand, studies the patterns that emerge
when the relationships between large groups of species are examined, extending
long back into evolutionary history, preferably as close to the origin of the group
under study as possible. This field has its roots in Palaeontology, where such
patterns first became available from studying the fossil record (Simpson, 1953).
With the advent of molecular methods to reconstruct the Tree of Life (Letunic &
Bork, 2007), the field has grown wider, and as fossil and molecular data are being
integrated, slowly we are able to get to a more complete image of the evolutionary
history of life on earth (Condamine et al., 2016; Heikkild et al., 2015; Sohn et al.,
2015; Hedges et al., 2006; Grimaldi & Engel, 2005).

The origin and diversification of Lepidoptera

Diversification is a loosely defined term which is increasingly used in
macroevolutionary studies and commonly indicates that the study analysed the
sum of the speciation and extinction events for a group of species over a period of
time (Condamine et al., 2016; Tank et al., 2015; Toussaint et al., 2015; Wahlberg et
al., 2013). Diversification studies often focus on understanding why some of the
groups that exist today have many more species than others. More than half of the
world’s biodiversity consists of insects (Mitter et al., 1988), and the moths and
butterflies, the order Lepidoptera, is one of the four largest insect orders. The
Lepidoptera are the largest radiation that is almost entirely associated with
flowering plants (Wiens et al., 2015). A staggering number of over 155,000
Lepidoptera species have been described, and likely a similar number awaits
description or discovery (Nieukerken et al., 2011). There is no full consensus yet
on their age of origin, but most estimates agree that they diverged from their
sister-group, the caddisflies (Trichoptera), in the Late Triassic, over 200 million
years ago (Misof et al., 2014; Wahlberg et al., 2013). For quite some time, the group
was not very diverse, and it was not until the flowering plants, the Angiosperms,
started to become a dominant part of terrestrial ecosystems that the Lepidoptera
diversification began to accelerate, i.e. some 100 million years ago, during the
Cretaceous (Condamine et al., 2016; Regier et al., 2015; Wahlberg et al., 2013).
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Chapter 1

Around that time, we also find the first evidence of leaf-mining moths in the fossil
record (this thesis, chapter 4; Labandeira et al., 1994).

Leaf-mining moths

The leaf-mining guild

Leaf-miners form a guild, an ecologically defined group of insects, which are
characterized by having larvae that feed within plant tissue and create channels
that are shut off from the outside by the epidermal layers of the plant (Fig. 1)
(Hering, 1951). Leaf mining is not limited to Lepidoptera, but can be found in all
holometabolous insect orders and leaf-miners have in many lineages diversified
into a large number of species; there are for example over 7,500 species of sawflies
(Hymenoptera: Tenthredinidae) (Davis et al., 2010) and over 2,500 species of leaf-
miner flies (Diptera: Agromizidae) (Spencer, 2012). Although the name ‘leaf-
miners’ suggests that they only feed in plant leaves, there are variations to the
theme, as well as intermediate forms. Leaf-miners may for instance also use
petioles, flowers or fruits. Insects that feed internally in other parts of the plants,
such as stems and roots, or those that create galls, are usually classified separately
(Donovan et al., 2014; Knor et al., 2012; Hering, 1951). Feeding within plant tissue
requires specific evolutionary adaptations. On the one hand the enclosed
environment protects against desiccation and from certain predatory threats, on
the other hand it imposes physical restrictions and individuals are fully exposed to
the plant’s defence mechanisms. As a result of this close association, leaf-miners
have a high degree of host specialization (Menken et al., 2010).

Figure 1: Leaf-mines created by an undescribed species of Ectoedemia on beech (Fagus crenata)
in Japan.

12



Introduction

Host fidelity

Typically, leaf-mining larvae cannot change their host, which makes the oviposition
choice of their mother especially important. Most leaf-mining species are
monophagous, they are restricted to host plants of a single genus, some are
oligophagous, restricted to plants within a single family, and there are only
exceptional cases of polyphaghy, where they can feed on plants from different
families. Also, related leaf-miners tend to feed on related host plants. These
patterns are found across all groups of leaf-miners (this thesis; Winkler & Mitter,
2008; Nyman et al., 2006). Within Lepidoptera, the degree of host specialization
is generally higher in early diverging lineages, and always higher in leaf-mining
groups (Menken et al., 2010). The pygmy leaf-mining moths, Nepticulidae, and
the leaf blotch mining moths, Gracillariidae, are two families that are found
among the earlier split-offs in the Lepidoptera tree of life, i.e. among the non-
apodytrisian lineages (Fig. 2) (Regier et al., 2013). Both families are species rich,
commonly found across all types of terrestrial ecosystems and almost all of the
species are leaf miners. Within Gracillariidae, the subfamily Lithocolletinae in
particular bears striking resemblance to Nepticulidae when it comes to host family
preferences, suggesting that there have been common evolutionary drivers during
their diversification.

Nepticulidae

The lepidopteran family Nepticulidae, commonly called pygmy leaf-mining moths
because they have wingspans of less than 10 mm, represents probably the earliest
radiation of moths on angiosperms (see Fig. 2) (this thesis; Regier et al., 2015;
Kristensen & Skalski, 1998). Nepticulidaec comprise 854 named species and an
estimated total of 2,500 species worldwide (Nicukerken et al., 2016a). Nepticulidae
are invariably specialists and only a few species are oligophagous, such as
Stigmella corylifoliella or polyphagous, such as Ectoedemia atricollis. The
majority of the hosts are woody plants belonging to the rosid I clade (Fig. 3)
(Menken et al., 2010; APG III, 2009). Out of the 22 described genera (Nieukerken
etal., 2016a; Nicukerken et al., 2016b; this thesis, chapter 5), the genera Ectoedemia
and Stigmella together make up for approximately 60% of the species and are
particularly rich on northern hemisphere hardwood trees. The most commonly
used host plant families in these two genera are all ecologically dominant groups
in the temperate region, viz. the beeches and oaks (Fagaceae), willows and poplars
(Salicaceae), the rose family (Rosaceae), the legumes (Fabaceae) and the birch
family (Betulaceae). There is a recurring pattern in which morphologically defined
species groups are found on a single host plant family, but the species within such
a group are specialised on separate host plant species (van Nieukerken &
Johansson, 2003; Johansson et al., 1990; Kemperman et al., 1985).

Lithocolletinae

There are 611 species described in 11 genera within the Gracillariidae subfamily
Lithocolletinae, but most of the genera have few species: Phyllonorycter and
Cameraria together comprise approximately 90% of all the species (De Prins &
De Prins, 2016). The moths are generally slightly larger than Nepticulidae, but still
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Chapter 1
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Epipyropidae
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Cossulinae
Cossinae
Dudgeoneidae
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Tineidae
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Mnesarchaeidae
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— Microperigidae

L— Agathiphagidae

Trichoptera

small and their wingspans do not exceed 15 mm. The colours of the wings often
include different shades of orange and dark and light bands (Fig. 4). Lithocolletinae
share many of the host families with Stigmella and Ectoedemia, displaying again
the pattern of species groups often feeding on a single host family (Lopez-
Vaamonde et al., 2006; Lopez-Vaamonde et al., 2003), and individual species
being highly host-specific. There are also differences, for example in the diversity
distribution of Phyllonorycter, Cameraria, Stigmella and Ectoedemia. The
distribution of Cameraria is less cosmopolitan than the other genera: the main
diversity occurs in North America, less so in Asia and there is only a single
European species (Cameraria ohridella), which is currently a well-known pest on
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Introduction

< Figure 2: Lepidoptera tree of life based on 483 taxa and 19 genes, reworked from (Regier et al.,
2015; van Nieukerken et al., 2011; Regier et al., 2013). Taxa studied in this thesis are indicated in
red. Although there is now a broad consensus on the back-bone of the Lepidoptera phylogeny,
several groups require taxonomic revision, evident from the non-monophyletic clades in this tree.
Nepticulidae together with Opostegidae are joined in Nepticuloidea and the first clade to split-off
in the heteroneuran clade. The term Heteroneura refers to the hindwing venation with Sc and R
veins fused beyond a short distance from the wing base, and vein Rs is unbranched, and more
morphological characters support this clade (Nielsen & Kristensen, 1996). Gracillarioidea
together with Yponomeutoidea is part of the Ditrysia clade, which can easily be recognised by the
separate copulatory orifice and ovipore. Gracillarioidea is the last clade to branch off before the
Apoditrysia clade, which includes 93% of all described species (van Nieukerken et al., 2011), and
is composed of the Roeslerstammiidae, Bucculatricidae and Gracillariidae. Lithocolletinae is one
of eight subfamilies within Gracillariidae and includes ca. a third of the described gracillariid
species (De Prins & De Prins, 2016; Kawahara et al., 2016).

horse-chestnut trees (Adesculus hippocastanum) (Lees et al., 2011; Gilbert et al.,
2005). Phyllonorycter and Stigmella are both cosmopolitan, with the exclusion of
Antarctica, and Ectoedemia has its main diversity in the West-Palaearctic. The
molecular phylogenetics of Gracillariidae have been studied more extensively
prior to this thesis than those of Nepticulidae. Although some of these studies have
focussed on inter-generic relationships (Kawahara et al., 2011; Lopez-Vaamonde
etal., 20006), there has also been an influential study with a time-calibrated species-
level phylogeny of the genus Phyllonorycter (Lopez-Vaamonde et al., 2006). The
main conclusion from this study was that the leaf-miners most likely diversified
millions of years after their hosts.

Taxonomy and systematics

Species concepts

Studying speciation requires a clear concept that can be used to define where one
species ends, and the next species begins. Mayr’s biological species concept is
generally accepted throughout science and adopted in most biology text books: “a
species is a group of organisms that can produce fertile offspring together, and are
reproductively isolated from other groups” (Mayr, 1963). Although seemingly
simple and clear, there are many practical and some theoretical issues with this
concept (Coyne & Orr, 2004; Mayr, 1963). In many cases there is little knowledge
to what extent individuals can and do reproduce with each other, for example
because we only know about a few specimens or they are geographically isolated,
and things become increasingly complicated with asexually reproducing
organisms. Also in Nepticulidae and Lithocolletinae, there are some
parthenogenetically reproducing species, for example Stigmella microtheriella,
Ectoedemia argyropeza and Phyllonorycter emberizaepenella. There are many
alternative species concepts available, including ecological, evolutionary,
phylogenetic, genotypic cluster and phenetic concepts [for an overview and
definitions see (De Queiroz, 2007)]. In practice, taxonomists often combine
properties of different concepts into a ‘total evidence’ approach that should be a
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Chapter 1

reliable proxy for the biological species concept. For leaf-mining moths, this
involves combining morphological characters, interpreted in a Hennigian cladistic
sense (Hennig, 1966), with molecular data, commonly DNA barcodes (this thesis,
chapter 2; Hebertet al., 2003), distribution information and life history information,

=
——

rosid 1/
Fabidae

rosids

rosid Il /
Malvidae

f

=

—=

core eudjcots

eudicots

monocots

magnoliids

Dipsacales
Paracryphiales
Apiales
Bruniales
Escalloniales
Asterales
Aquifoliales
Lamiales
Boraginales
Solanales
Gentianales
Garryales
Ericales
Cornales
Caryophyllales
Berberidopsidales
Santanales
Fagales
Cucurbitales
Rosales
Fabales
Malpighiales
Oxalidales
Celastrales
Zygophyllales
Malvales
Brassicales
Huerteales
Sapindales
Picramniales
Crossosomatales
Geraniales
Myrtales
Vitales
Saxifragales
Dilleniaceae
Gunnerales
Buxales
Trochodendrales
Sabiaceae
Proteales
Ranunculales
Ceratophyllales
Zingiberales
Commenilinales
Poales
Aercales
Asperagales
Liliales
Pandanales
Dioscoreales
Petrosaviales
Alismatales
Acorales
Canellales
Piperales
Magnoliales
Laurales
Chloranthales
Austrobaileyales
Nymphaeales
Amborellales
Pinales

FernsS.L.

Figure 3: Angiosperm plants tree of life at the order level, reworked from the APG III classifica-
tion (APG 111, 2009). Nepticulidae and Lithocolletinae can be found feeding on many of these
plant orders: red taxa are used by both, green taxa by Lithocolletinae only and blue taxa by Nepti-
culidae only. Although many orders are coloured, Nepticulidae and Lithocolletinae are predomi-
nantly specialised on plants in the rosid I clade, particularly the orders Fagales (on Fagaceae and
Betulaceae), Malphigiales (on Salicaceae), Rosales (on Rosaceae) and Fabales (on Fabaceae).
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Introduction

Figure 4: A pinned and spread male Phyllonorycter pumilae from South Korea. Leg. Erik J. van
Nieukerken. RMNH.5007980.

which includes host plant associations. However, even when all this information is
combined, the interpretation of the information by the taxonomist to define a
species remains somewhat arbitrary, and should always be viewed as a hypothesis.

Molecular taxonomy

Since the early 1980’s, molecular techniques have increasingly been applied in
systematic studies to supplement morphological data. Early studies used gel-
electrophoreses on allozymes, variant forms of enzymes, to distinguish between
species and indicate relatedness between species and higher systematic ranks.
Such methods have also been applied to Nepticulidae and brought new insight in
the relations between species that were difficult to recognise morphologically (e.g.
van Driel & Menken, 1988). Although still sometimes used today (Richardson et
al., 2012), most scientists prefer to study DNA directly to prevent the unpredictable
potential effects that, among others, regulation and translation steps can have on
the outcome of allozyme studies. There is now a large range of different molecular
methods available and the selection of the one that is appropriate involves matching
the research question with the resolution that is required, the age, quality and
number of available samples and the available time and budget. Since its official
launch in 2003, DNA barcoding has proven its worth as a molecular method for
species recognition and delimitation, provided that it is used with care (Mutanen
et al., 2016; this thesis, chapter 2). It uses a universally agreed upon relatively short
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Chapter 1

sequence of DNA, for animals a 658 base-pair section of the mitochondrial
cytochrome ¢ oxidase I (COI) gene. The sequence can be determined relatively
cheaply with different methods, including Sanger sequencing and several Next-
Generation-Sequencing methods (e.g. Prosser et al., 2016). The DNA barcode
sequences are made available to the global community through the online database
BOLD (Ratnasingham & Hebert, 2007) and are linked to voucher specimens that
are stored in Natural History collections to allow for future reinterpretations. As
such, the DNA barcodes that are available in BOLD provide an invaluable way to
digitize taxonomic information that is present in Natural History collections globally
and provides ways for scientists to greatly enhance their sampling in taxonomic, as
well as phylogenetic studies, which is exemplified by the chapters in this thesis.

Molecular phylogenetics

In order to study diversification patterns, the relationships between taxa should be
studied from present time (i.e. species delimitation) to the origin of the group,
which may go back hundreds of millions of years (Misof et al., 2014; Grimaldi &
Engel, 2005). Reconstructing reliable phylogenetic trees where the evolutionary
relationships between species, genera and families are inferred requires more data
than COI sequences alone can provide (Wahlberg & Wheat, 2008). In general,
more data is better and there seems to be no upper limit to the amount of sequence
information that can be used, other than computational and budgetary limitations
(Kawahara et al. 2011; Zwick et al. 2011; Regier et al., 2009). In practice, the taxon
sampling and number of genetic markers used should be balanced to include as
many representatives as possible and at the same time resolve all phylogenetic
relationships with high statistical support. The selection of taxa within a given
group depends on the research question. For systematic purposes the aim is often
to include representatives for all rankings above species level and disregard
multiple specimens per species and closely related species. For diversification
studies, however, a random taxon sampling is often required across different
systematic levels and the aim should be to include as many species as possible.
The ‘wet-work’ for molecular biology has seen much automation in recent years
and as the production of large amounts of sequence data has become cheaper and
faster, the most challenging aspects of molecular biology now lie with
bioinformatics and computational resources to calculate phylogenies from the
wealth of sequence data. Ideally, all possible tree configurations are compared and
weighed - the heuristic approach - but the number of possible combinations
increases exponentially with increasing data and taxa, and likewise the computation
time. Two commonly applied algorithms to circumvent this are maximum
likelihood and Bayesian statistics. They each apply different methodologies to
sample from the possible combinations and calculate which is the most likely
phylogenetic tree. Neither method is perfect, but the combination provides a good
indication of the robustness of the inferred phylogeny (Douady et al., 2003). Cloud
computing, such as the OpenStack platform implemented at Naturalis, further
offers ways to efficiently allocate computational resources, and recent developments
in phylogenetic software focus on using multiple cores (Aberer et al., 2014;
Stamatakis, 2006). Combining the latest software developments with the latest
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hardware developments and high taxon coverage from the natural history
collections enables the inference of large phylogenies, suitable for detailed divers-
ification analyses.

Divergence times

Once a phylogeny has been reconstructed, the divergence times between different
taxa can be estimated by molecular dating, where geological ages are assigned to
particular nodes. These ages can be derived from fossil evidence that provides a
minimum age, or geological events (such as the break-up of Gondwana). As more
calibration points are included, the reliability of the divergence time estimations
increases (Magallon et al., 2013; Warnock et al., 2012). Lepidoptera have a poor
fossil record compared to other insects, owing to the delicate structure of the wings
and body that easily decomposes. The two most important types of fossilized
material for Lepidoptera are therefore Amber entombments, in which insects have
been stuck in plant-produced resin which hardened over time (Fig. 5), and leaf mine
impressions, where the plant leaves that included mines have fossilized or left an
impression in rock (this thesis, chapter 3; Sohn et al.,, 2015). Especially for
Nepticulidae, there is a relatively rich record of fossil leaf-mines, although the
variation of leaf-mine morphologies makes it difficult to reliably assign fossil leaf-
mines to particular clades. The fossil leaf-mine record for Gracillariidae has been
summarized in an overview (Sohn et al., 2012) but requires reinterpretation
following the latest phylogenetic insights (Kawahara et al., 2016; this thesis, chapter
6). Alternatively to calibrating nodes with fossil evidence or geological events
directly, external calibrations can be applied, where the estimated divergence from
a deeper-level phylogeny with overlapping taxa is used (this thesis, chapter 6).

Candidate drivers of speciation

Theories on speciation

There are many theories on speciation, which each predict different evolutionary
drivers. It is universally accepted that allopatric speciation is one of the most
important processes for animals, where populations become genetically isolated
due to physical barriers (e.g. rivers, mountains, oceans) and diverge over time
(Mayr, 1963; 1947). To what extent there may be sympatric speciation, where
populations are not physically separated, and which drivers may be involved, has
been widely debated (for reviews see Tilmon, 2008; Bolnick & Fitzpatrick, 2007).
The adaptive radiation theory (Simpson, 1953) is one of the more general theories,
not limited to plant-herbivore relationships, and suggests that in any situation
where a lineage is able to colonize and adapt to a new resource-space this will be
followed by increased rates of speciation and adaptation to all the different
ecological niches that have become within reach. In the plant-herbivore framework,
a new resource space could translate to shifts to a novel host plant family (this
thesis, chapter 3; Schluter, 2000). The specific interactions and repeated patterns
of host use in herbivorous insects have led to multiple theories that propose co-
evolution between the plants and insects. The classic ‘escape and radiate’ theory
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Chapter 1

(Ehrlich & Raven, 1964) suggested, based on patterns of host use in butterflies,
that co-evolution between the hosts and the insects had been the driving force of
evolution in a reciprocal co-evolutionary process: the plants would diversify their
chemical defences, releasing them from herbivore pressure, and the insects would
subsequently adapt to all the new forms and specialise. It is important to note that
co-evolution can be interpreted in different ways. With strict co-evolution, the
plants and insects exert selective pressures on each other, with diffuse co-evolution
or community evolution the plants influence the evolution of the insects, but not
vice versa (Nyman et al. 2012). Co-evolution in either sense can lead to
cospeciation, sometimes referred to as co-cladogenesis or co-diversification,
where the evolution of host plants and insects has been contemporaneous and as a
result the phylogeny of the plants will mirror that of the insects. However,
cospeciation can also occur without any co-evolution; as a result from shared
allopatric situations. In herbivorous insects, cospeciation patterns are most evident
in groups that have obligate mutualisms that involve pollination, for example in fig
wasps (Agaonidae) and figs (Ficus), yucca moths (Prodoxidae) and yucca trees
(Yucca), and Epicephala moths and Phyllantheae trees, but even there the mirror
images are not perfect and patterns are (partly) better explained by host-shift
speciation than cospeciation (Kawakita 2010; Page, 2003; Pelmyr et al., 1996).
Another explanation for mirroring phylogenies of plant hosts and insects comes
from the ‘sequential evolution’ theory, where insects track the evolution of their
hosts by following a pattern of resource-similarity, but this evolution occurred
much later and independently of the evolution of the hosts. However, resource-
similarity may be different in the perception of the insects than phylogenetic
similarity of the plants (Jermy, 1993). The recognition of host plants has been
suggested as a major factor in driving insect diet breadth and specialisation and
speciation, with examples supporting this scenario in ermine moths (Ypono-
meutidae): the host shifts of Yponomeuta rorrella (Lepidoptera: Yponomeutidae)
and Yponomeuta malinellus appear related to the ability to recognize particular
chemical compounds in the hosts (Menken et al., 1992). Theories suggesting yet
different drivers and mechanisms for the evolution of herbivorous insects include
the ‘oscillation theory’ (Janz and Nylin, 2008), the ‘phylogenetic constraint theory’
(Price et al., 1990) and the ‘intermediate resource theory’ (Nyman et al., 2010). For
each there is some evidence from the groups for which they have been tested, but
they make overlapping predictions and none have been tested comparatively
across different groups. If, and to what extent, the evolution of the insects and
herbivorous insects has been contemporaneous is a central issue in many of the
co-evolutionary theories. The patterns that have been uncovered by time-
calibrated phylogenies in herbivorous insects are complex and possibly involved
different drivers and mechanisms for different groups or through time (this thesis,
chapters 5 and 6; Winkler & Mitter, 2009; McKenna, 2009; Lopez-Vaamonde et
al., 2006; Labandeira et al., 1994).

Common drivers?
The most diverse lineages within Nepticulidae and Lithocolletinae are found in

temperate regions, on woody host plants that are commonly present in these
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Figure 5: A nepticulid moth, described as Bohemannia butzmanni, that has been trapped in
Amber resin 43—45 million years ago (Fischer, 2013). The metallic blue insert on the right is a
2D rendering of the preliminary result of a 3D micro-CT scan of the specimen that visualises
more characters than observable by light microscopy (Photograph of the Amber stone by Erik
van Nieukerken, CT scan by Dirk van der Marel, 2D and 3D rendering with help from Martin
Riicklin). The size of the moth from head to tip of the abdomen is about 1.5 mm.

ecosystems. The diversity of leaf miners in combination with clear host
relationships makes them a suitable group for studying potentially host driven
evolution (Feder et al., 2005; Leppénen et al., 2012; Winkler et al., 2009). The
green world in which these insects live, the colonized or candidate host plants, has
also evolved and diversified throughout the past 100 million years. Deciduousness
in broad-leaved trees has evolved in disturbed environments during the late
Cretaceous and was favoured by conditions after the K-Pg mass extinction event,
65 million years ago (Donovan et al., 2014). Widespread deciduous forests in the
northern hemisphere spread especially during the gradual cooling and drying of
the climate in the Paleogene (Wolfe, 1975). How leafmining moths have adapted
to the changing situations of host plants and climate over millions of years, by
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gradual adaptation to deciduousness within the same host group or by massive
host shifts, and establishing whether host plants have been the driving factor for
leaf miner diversification, whether these have been a common factor for all groups
or whether entirely different factors have been the most important are the main
aims of this thesis.

Thesis outline

In this thesis, I studied the diversification patterns of two groups of leafmining
Lepidoptera: Nepticulidae and Lithocolletinae (Gracillariidae). Both are found on
all continents except Antarctica and are species-rich, but to different extents in
different lineages and their centres of diversity are in different biogeographic
regions, even though they predominantly feed on similar host plant families. The
research I performed focussed on comparing their species-level phylogenetic
diversification patterns, based on a dataset that included the majority of their
global diversity, to understand common factors that have driven their evolution.

The first step in any study involving species-level phylogenies is delimiting the
species and establishing reliable species-concepts. In part the diversity of our
focal groups has been described in a Linnean sense, but a significant part of the
diversity remains unlinked to described species, unnamed or undiscovered. The
molecular approach of DNA barcoding uses a section of 658 base-pairs of the
mitochondrial COI gene to efficiently gather information on genetic differentiation,
which can then be combined with data on morphology, distribution and life history
for a ‘total evidence’ taxonomy approach. We tested such an approach in Chapter
2 where we include a detailed analysis of about 90% of all described species of
Ectoedemia (Nepticulidae). A further 20% of the dataset consisted of undescribed
species. We paid particular attention to complexes of cryptic species, which are
often not only difficult to recognize morphologically, but also molecularly. Next to
using the official DNA barcoding gene COI, we tested the applicability of a second,
nuclear, gene for species delimitation and recognition, Elongation Factor 1 alpha.
At the time of publication of this chapter, Ectoedemia was still defined in a broader
sense, so we focussed on the subgenus Ectoedemia, which was later raised to full
genus based on the results in Chapter 5. The approach outlined in chapter 2 was
applied to all other groups that were included in later chapters of the thesis.

Moving from datasets with DNA barcodes to robust phylogenies required
sequencing more genes. To this end, primer sets for Lepidoptera for eight genes
(Wahlberg & Wheat, 2008) were tested in Turku in the lab of Prof. Wahlberg.
Several of these primer combinations worked well, and with several other primer
combinations from literature I had the methods available to sequence up to eight
genes. Because the molecular facilities of Naturalis Biodiversity Center had been
adapted to high-throughput sequencing, the molecular work could quickly
progress. The first group for which we were able to reconstruct a detailed molecular
phylogeny was again the subgenus Ectoedemia, on which we mapped host-plant
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and biogeographic data using ancestral state reconstructions, and explored to what
extent they could explain the observed diversification pattern in Chapter 3.

As multiple generic phylogenies grew with species, we began searching for
published fossil records of leafminers to calibrate the phylogenies in time using
molecular dating. Realising that it would be impossible to find sufficient fossils
that could be assigned within genera, we started working on phylogenies for the
larger groups: Nepticulidae, and Lithocolletinae. Starting with Nepticulidae,
including fossil data proved less straightforward than anticipated, as we discovered
many discrepancies in the published work and different approaches to describing
fossils made it difficult to assign fossils to extant taxa. In Chapter 4 we review all
Nepticulidae fossils, over 70 fossil records with usually multiple exemplars, in a
fruitful collaboration with colleagues at the Smithsonian Institution.

Chapter 5 presents a phylogeny, classification and divergence time estimates for
Nepticulidae, including revised systematic ranks and molecular dating to
determine the age of the different genera. This work includes 339 species from 22
nepticulid genera and constitutes a major advance in our understanding of the
diversification of the family. Parallel to this chapter, in separate papers not included
in this thesis (Nieukerken et al., 2016a; Nieukerken et al., 2016b), three new
Nepticulidae genera were described and a new catalogue for Nepticulidae was
submitted for publication.

A synthesis of my PhD work follows in Chapter 6, where we comparatively
analyse shifts in the rate of speciation and their correspondence with host plant
family shifts and other candidate drivers of speciation in the reconstructed species-
level phylogenies of Nepticulidae and Lithocolletinae. At this point we included
609 species of Nepticulidae from 20 genera, and 345 species of Lithocolletinae
from 11 genera. We used Bayesian inference to test along which lineages there
have been shifts in the rate of diversification and inferred overall speciation rate
patterns. Using our data on host plant family shifts allowed us to test if such shifts
are followed by shifts in speciation rates, which would follow from the adaptive
radiation hypothesis (Simpson 1953) or if other explanations may be preferred.
Also, the results tell us if speciation occurs at a steady pace, as several studies
have recently indicated (Hedges et al., 2015; Venditti et al., 2010), or that there are
bursts of speciation, which are only revealed when data with the right resolution is
available. In Chapter 7, I reflect on the findings of this thesis as a whole and
discuss them from a broader perspective.
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Abstract

We sequenced 665bp of the Cytochrome C Oxidase I (COI) barcoding marker for 257 specimens
and 482bp of Elongation Factor 1-a (EF1-a) for 237 specimens belonging to the leaf-mining
subgenus Ectoedemia (Ectoedemia) in the basal Lepidopteran family Nepticulidae. The dataset
includes 45 out of 48 West Palearctic Ectoedemia s. str. species and several species from Africa,
North America and Asia. Both COI and EF1-a proved reliable as an alternative to conventional
species identification for the majority of species and the combination of both markers can aid in
species validation. A clear barcode gap is not present, and in some species large K2P intraspecific
pairwise differences are found, up to 6.85% in COI and 2.9% in EF1-a. In the Ectoedemia rubivora
species complex, the species E. rubivora, E. arcuatella and E. atricollis share COI barcodes and
could only be distinguished by EF1-a. Diagnostic base positions, usually third codon positions, are
in this and other cases a useful addition to species delimitation, in addition to distance methods.
Ectoedemia albifasciella COI barcodes fall into two distinct clusters not related to other characters,
whereas these clusters are absent in EF1-a, possibly caused by mtDNA anomalies or hybridisation.
In the Ectoedemia subbimaculella complex, both sequences fail to unequivocally distinguish the
species E. heringi, E. liechtensteini, E. phyllotomella and one population of E. subbimaculella.
DNA barcodes confirm that North American Ectoedemia argyropeza are derived from a European
introduction. We strongly advocate the use of a nuclear marker in addition to the universal COI
barcode marker for better identifying species, including cryptic ones.
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Introduction

The Lepidoptera are one of the megadiverse groups of organisms, with currently
more than 157,000 described species (van Nieukerken et al., 2011), but also a
group for which there are many specialists and ongoing taxonomic studies
(Kristensen et al., 2007). It is therefore no surprise that Lepidoptera were
considered particularly useful for DNA barcoding studies, and they have figured
importantly in studies on DNA barcoding since the idea was launched in 2003
(Hebert et al., 2003a, b, 2004a; Janzen et al., 2005; Hajibabaei et al., 2006a). The
All Lepidoptera barcoding campaign (http:/www.lepbarcoding.org/) has resulted
in an increasing database of Lepidoptera barcodes (559,920 on October 21, 2011),
particularly derived from geographic campaigns in North America, Australia and
Europe, and from global campaigns covering the families Sphingidae, Saturniidae
and Geometridae (Hebert ez al., 2010; Wilson et al. 2011). The method has proven
successful for identifying most morphologically recognised species and has many
interesting applications. The most frequently cited application is the recognition of
cryptic species (Hebert et al., 2004a; Hausmann et al., 2009; Janzen et al., 2009),
but on the contrary barcodes can also confirm that a polyphagous species is indeed
one species (Hulcr et al.,2007). DNA barcoding also makes matching of unknown
immatures with adults possible (Miller et al., 2006; Janzen et al., 2009), or
matching the sexes of dimorphic species (Janzen et al., 2009). Further it allows
identification of food remains from gut contents (Matheson ez al., 2007) and even
can be used to identify specimens in collections that have lost important characters.
Despite this success story, there has been criticism on the use of a mitochondrial
marker and on this particular part of COI. Roe and Sperling (2007) concluded
that the barcoding region is not discriminating species better than other parts of
the COI-COII genes and suggested the use of longer sequences. In Australian
Elachistidae several recently diverged species could not be recognised by another
700 bp part of COI (Kaila and Stéhls, 2006) and in some Hesperiidae the
differences between species were just three nucleotides (Burns et al., 2007). In
general, mitochondrial DNA has particular issues related to the nature of
mitochondrial biology: reduced effective population size and introgression,
maternal inheritance, inconsistent mutation rate, heteroplasmy, compounding
evolutionary processes and nuclear pseudogenes are some of the cited causes for
problems in species discrimination (Rubinoff ez al., 2006). In such cases mtDNA
based clusters can be composed of specimens belonging to different species
through introgression (Ballard and Whitlock, 2004; Ballard and Rand, 2005;
Stone et al., 2007) and variability within a species can be far larger than between
species, thus incorrectly suggesting the presence of cryptic species (Stone et al.,
2007).

Various authors have suggested the use of additional genes for DNA barcoding,
particularly nuclear genes (Sonnenberg et al., 2007; Zakharov et al., 2009). For
discriminating two cryptic species of Crypsiphona (Geometridae), Ounap and
Viidalepp (2009) used both COI and EF1-a, but did not comment on differences
between the two genes. Dasmahapatra er al. (2009) found that the COI DNA
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barcode recognised more haplogroups than they could recover with techniques
such as AFLP.

We are not aware of any study that tried to compare species discrimination
throughout any animal taxonomic group with two or more barcoding markers. We
realised that the dataset that we obtained during a phylogenetic study of the subgenus
Ectoedemia Busck, 1907 s. str. (Lepidoptera: Nepticulidae) provides an ideal set for
just this type of comparison. When using a mitochondrial marker as well as a
nuclear marker the concerns with both markers can hopefully be reduced. We
studied the COI barcode and a part of the nuclear gene Elongation Factor 1-a, a
frequently studied gene in Lepidoptera, providing much phylogenetic signal
(Caterino et al., 2000). The Nepticulidae are one of the most speciose, basal, non-
Ditrysian, Lepidopteran families, with currently slightly over 800 named species
(van Nieukerken et al.,2011). They comprise tiny moths of only 3-10 mm wingspan
of which the larvae are plant-miners, the majority feeding in leaves. The species are
almost invariably monophagous or at most oligophagous, and feed particularly on
woody plants in the Rosid clade of the Eudicots, with the notion that related species
often use related plants (Menken et al., 2010). The genus Ectoedemia is one of the
larger genera, divided into a number of subgenera (van Nieukerken, 1986). The
subgenus Ectoedemia is mainly Holarctic, with around 90 known species, feeding
on a small number of tree families. The 48 Western Palearctic species (including
one that is still unnamed) have been fully revised (van Nieukerken, 1985; van
Nieukerken ez al.,2010),20 Eastern Palearctic species have been described (Puplesis,
1994), and 18 species were recorded from North America (Wilkinson, 1981;
Wilkinson and Newton, 1981), including the European E. argyropeza. Outside the
Holarctic region, five species are known from southern Africa (Scoble, 1978, 1979;
Mey, 2004) and two from Central America (Puplesis and Robinson, 2000), while
some unnamed species from the Oriental region are recorded here. Nepticulidae are
an ideal group for barcode studies since larvae are easily collected within their
leafmines, simultaneously providing information on their host plants. Reared adults
provide further tests of species identity, but in many cases identification of larvae and
leafmines is possible. The subgenus Ectoedemia provides an interesting mix of
species that are straightforward to identify in all stages and sexes, species only
identifiable by genitalia, and a few species complexes in Europe of which the members
are hard to identify at all.

The Ectoedemia angulifasciella complex comprises four species feeding on
Rosaceae: E. angulifasciella mainly on Rosa, E. rubivora on Rubus, E. arcuatella on
Fragaria and E. atricollis on several Rosaceous trees (Wilkinson et al., 1983; van
Nieukerken, 1985). Since these differ in only few morphological characters, these
species are most easily identified by their hostplant. Only E. angulifasciella can be
safely identified by their male genitalia. In the Fagaceae-feeding Ectoedemia
subbimaculella group, two complexes occur: the E. albifasciella complex with four
nominal species and the E. subbimaculella complex with between two to five species
(van Nieukerken, 1985; van Nieukerken ef al., 2010). The species of the Ectoedemia
albifasciella complex can only be identified easily by their female genitalia, males
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can only be identified from a combination of hostplant, larva and leafmine data when
reared, and two species then still cannot be separated. The species of the
subbimaculella group are almost inseparable as adults, with a slight difference in the
female genitalia that distinguishes E. subbimaculella from the other species (van
Nieukerken, 1985). Ectoedemia subbimaculella can also be distinguished from the
others by the conspicuous behavioural character in the leafmine, in which the larva
makes a slit to prevent waterlogging, but otherwise a combination of hostplant, larva
and adult is usually the only way to get an acceptable identification. It would thus be
interesting to test the ability of DNA barcoding to separate species in these complexes
and to assess whether the taxonomic decisions on the species level are also supported
by molecular data. In fact, the identity of at least one of the species, E. liechtensteini,
has been questioned (van Nieukerken, 1985; van Nieukerken et al., 2010). Allozyme
studies could not separate three of the studied species of the subbimaculella complex
(Menken, 1990).

Our phylogenetic studies (Doorenweerd and van Nieukerken, in prep.) have shown
that most of the species groups recognised in Europe (van Nieukerken et al., 2010)
are recovered as monophyletic, when the small occultella group is included in the
angulifasciella group. Here we will therefore use the European group names with
the exception of the occultella group. All Western Palaearctic species, except three,
and in addition three from southern Africa, four from North America, eight from
the East Palearctic (including two trans-palearctic species) and approximately five
species from Southeast Asia were analysed.

Material and methods

Material

Material was either collected for this project, present in the collections of NCB
Naturalis or received from third parties. Typically larvae were collected by searching
occupied leafmines, after which individual larvae were immediately conserved in
96 or 100% ethanol (occasionally without ethanol) and later kept in a freezer at
minus 80°C. Additional specimens were reared to the adult stage in the laboratory.
Cocoons with hibernating larvae of European species were kept in polystyrene
rearing containers in an unheated shed and taken indoors at ambient temperatures
from March onwards, where the adults finally emerged. Tropical species were reared
in temperatures around 25°C and high humidity in a climate cabinet. From small
samples often all larvae were preserved directly. The leafmines from which larvae
were taken were dried and kept as vouchers. Larvae were identified as far as possible
on the basis of external larval characters (such as body colour, head colour, presence
of plates) and the larval feeding pattern combined with host-species identity. After
rearing, the samples were re-identified on the basis of the adults, by dissection of
genitalia if needed. In many cases when larvae could not be identified with certainty,
sequences were used for a final identification check. In such species, sequences from
correctly identified adults serve as barcoding standard.
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The dataset includes 45 out of the 48 known West Palearctic species of Ectoedemia
s. str. (van Nieukerken et al., 2010). All names and full authorities are given in
Appendix 1. We were unable to get amplifiable DNA from only three species: E.
hexapetaleae (Sz6cs, 1957), E. similigena Puplesis, 1994 and E. albida Puplesis,
1994, for which we only had relatively old specimens. In addition to the European
species we used material of several species from Asia, Africa or North America,
including some undescribed ones and six species of the subgenus Ectoedemia
(Zimmermannia) Hering, 1940 as outgroup. All species analysed are listed with full
nomenclature in Appendix 1. Some unnamed species are indicated with tentative
names based on hostplants and/or distribution.

For the species of the species complexes, we sampled up to 18 specimens each during
focussed collecting. For the remaining species we aimed to use at least two, but
preferably more specimens, with the largest possible geographic distances between
them to observe representative intraspecific variation (Lukhtanov et al., 2009). The
majority of adults studied were at the same time examined for a taxonomic revision
(van Nieukerken et al., 2010), and the data are included in the supplementary data of
that paper, using the same registry numbers, and also available on GBIF (http://data.
gbif.org/welcome.htm). The material includes type material of several species that
were described in the cited paper. All specimens received a registry number for our
collection, whether extracted destructively or not. Also specimens not belonging to
the RMNH collection (NCB Naturalis collection, former Leiden Zoology collections),
received such a number as well for practical reason: the number represents in that
case the DNA extract, of which the remaining aliquots are kept in our DNA collection.
In our laboratory an extra sequence tracking number was added to each extract.
Tissue samples of larvae were usually kept in 96% ethanol in a minus 80 freezer,
used adults are kept as mounted specimens in the dry collection, with separate
permanent genitalia slides.

All sequences are publicly available on the Barcoding of Life Database (BOLD —
www.barcodinglife.com) under the project Nepticulidae of the World — Ectoedemia
Public Records, with full collection data and images when available. In online Table
S3 we provide for each sequenced specimen the identification, sample ID’s, Process
ID’s, GenBank accession numbers and the GBIF data portal URL plus some data on
occurrence. Further details can be seen on the BOLD site.

Extraction, amplification and sequencing

Genomic DNA was extracted with the Qiagen DNEasy Blood & Tissue kit. Different
types of tissue were used for extraction, depending whether the number of the
available specimens allowed destructive extraction or not. Hindleg(s) were cut in
small pieces with a scalpel prior to digestion with proteinase K, larvae were
homogenised with a disposable pestle. Non-destructive extractions from the
abdomen (Knolke ez al., 2005 slightly modified) were used to combine genitalia
preparations with DNA extractions; some larvae were treated in a similar way in
order to be able to mount the larval cuticle on a slide.
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Primers

For the list of primers see Table 1. We used part of mitochondrial Cytochrome C
Oxidase I (COI) — the selected barcoding marker for animals (Hebert et al., 2003a),
and amplified a part of 665 bp in length with the Lep primers (Hebert ez al., 2004a).
We also sequenced a section of 482 bp of the nuclear Elongation Factor 1-a (EF1-a)
marker for most of the specimens. Initial attempts to amplify a 1240 bp fragment of
this gene by using the primers (five sets) of Cho et al. (1995) largely failed. Only
primer M44-1 with rcM52.6 (Cho et al., 1995) amplified a 701 bp fragment
consistently for at least five different genera of Nepticulidae (Ectoedemia, Enteucha,
Parafomoria, Trifurcula and Stigmella). Based on these results, Nepticulidae-
specific primers, EF-NepF and EF-NepR (Table 1) that amplified a 482 bp fragment
of this gene, were designed and used throughout this study.

For many specimens we used T7 promotor and T3 tailed primers for both COI and
EF1-a, as this speeds up the work-flow and may improve results (Regier and Shi,
2005; Wahlberg and Wheat, 2008). For some older museum specimens, the DNA
was too degraded for amplifying sections over 400-bp long. For these we used
internal primers for COI (Hajibabaei et al., 2006a, b) and EF1-a. (specially designed
for Nepticulidae). As a consequence, for some specimens there is only a shorter
sequence available, denoted with (p) for partial. These shorter sections are,
respectively, for COI a 310-bp amplicon and for EF1-a a 251-bp amplicon.

Table 1. Primers used. The names are those that are used on the BOLD site. T-primers are tailed
primers, in forward direction tailed with T7 promotor, in reverse with a T3 tail (in bold). The first
two published primers are denoted short, because the version most used on BOLD has three
more bases in either primer than these.

Primer name  marker Direction Reference

LepF1-short COI F ATTCAACCAATCATAAAGATAT Hebert et al. 2004a

LepR1-short  COI R TAAACTTCTGGATGTCCAAAAA Hebert et al. 2004a

T-LepFl-short COI F TAATACGACTCACTATAGGG new
ATTCAACCAATCATAAAGATAT

T-LepR1-short COI R ATTAACCCTCACTAAAG new
TAAACTTCTGGATGTCCAAAAA

MLepF1* (MF1)COI F GCTTTCCCACGAATAAATAATA Hajibabaei et al. 2006a

MLepR1* Co1 R CCTGTTCCAGCTCCATTTTC Hajibabaei et al. 2006a

(MH-MR1)

EF-NepF EFl-a F GCCCCCGGACACAGAGATTTCA new

EF-NepR EFl-a R CACGACCTACTGGCACTGTTCC new

T-EF-NepF EFl-a F TAATACGACTCACTATAGGG new
GCCCCCGGACACAGAGATTTCA

T-EF-NepR EFl-ac R ATTAACCCTCACTAAAG new
CACGACCTACTGGCACTGTTCC

T-EFcdwF2*  EFl-a F TAATACGACTCACTATAGGG new
CCCAGATTYGARGAAATYAAR

T-EFcdwR* EFl-a R ATTAACCCTCACTAAAG new
GCAACDGCAGCTGGRTTRTA
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PCR

The PCR cycle consisted of 3 minutes initial denaturation at 94°C, 15 seconds cycle
denaturation at 94°C, 30 seconds cycle at annealing temperature, 40 seconds cycle
extension at 57°C for 40 cycles. A final extension at 57°C for 5 minutes occurred
after all cycles had finished. The annealing temperature for COI was 50°C, for
EF1-a 57°C. PCR was performed in volumes of 25 pl. For many samples the product
was purified using the Promega Wizard Genomic Purification kit using the
manufacturers ‘spin column protocol’, for others the purification was done by
Macrogen with a Montage purification kit (Millipore). All samples were sequenced
in both directions on an ABI 3730 by Macrogen.

Alignment

Sequencher 4.2 software was used to align the forward and reverse sequences, to
manually check for ambiguities in the chromatograms and to export contigs. In
EF1-a heterozygous bases are scored with ambiguity codes. The sequences of both
markers contain no gaps or stopcodons and were aligned by eye in BioEdit 7.0.9.0
(Hall, 2004).

Neighbor joining trees and distances

Neighbor joining trees were created in Paup* 4.0b10 (Swofford, 2003) using
Kimura 2 Parameter distance, the algorithm also used for species identification
in the BOLD datasystems. Ten thousand bootstrap replicates were performed
with Paup*, and bootstrap and distance values are shown on the respective
branches present in a Neighbor joining tree (Figs S1-S2). For the trees of different
clusters we ran separate analyses. Distances were also calculated using Kimura 2
Parameter distance, either by BOLD tools or with MEGAS (Tamura et al., 2011).
As outgroup we used species of the subgenus Ectoedemia (Zimmermannia),
which is the sistergroup of Ectoedemia s.s. in both ongoing unpublished family
level phylogenetic studies (Hoare and van Nieukerken, in prep; van Nieukerken ez
al., in prep.) and based on morphological characters (van Nieukerken, 1985; van
Nieukerken et al., 2010).

Diagnostic positions

In cases of closely related species, where sufficient sequences were available, we
also analysed the sequences for mutually exclusive diagnostic base positions. They
were also defined as ‘simple character attributes’ in the Character Attribute
Organisation System (DeSalle et al., 2005; DeSalle, 2006; Rach et al., 2008).
Results are depicted in table form (Tables 4-6), we indicated whether these positions
are third codon positions or not.

Results
In total we obtained 262 COI sequences (ten partial) belonging to ca. 64 species of
Ectoedemia sensu stricto, including five sequences (one partial) of four species in

the subgenus Zimmermannia. Further we obtained 240 EF1-a sequences (25 partial)
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of ca. 62 Ectoedemia s. str. and three sequences of three Zimmermannia species
(one partial).

Quality material

Material collected for molecular studies, usually larvae, kept in 96% or 100%
ethanol in a -80 freezer, was almost always successful. In total 85.8% of the
successfully extracted material yielded the full COI barcode and 80.4% the EF1-a
sequence (see Table 2). Dried collection material was also successful when only a
few years old, with a progressive decline for older material, but still some full
barcodes were obtained from 19 year old specimens, in all cases extracting DNA
from abdomens. Shorter barcodes (335 bp) and a shorter part of EF1-a (251 bp) were
obtained from 3-25 year old material. Older larvae kept in 70% ethanol (collected
for morphological studies), were partly successful: from 54% we obtained at least a
short barcode for material up to 28 years after collecting; this material was less
successful for EF1-a: out of 10 larvae we got just one full and one partial sequence.

COl versus EFI-a

In COI 148 out of 658 basepairs are variable in our dataset (22.3%) and in EF1-a. 152
out of 482 (31.5%). The effectiveness of COI and EFI1-a for barcoding this group
was compared by plotting the maximum intraspecific distance against the minimum

Table 2. Quality of sequenced material of Ectoedemia s. str. by tissue type, results of COI and
EF1-a compared.

Age COL(#) % Age EFl-0 (#) %
material material
Larvae
directly in ethanol 96% in minus 80
full sequence 0-9yrs 161 97.6%  09yrs 156 96.3%
in pieces or short fragment only 7 yrs 1 0.6%
failed 0-lyrs 4 24% 5 3.1%
older ethanol 70% material
full sequence 17yrs 1 9.1% 17 yrs 1 10.0%
in pieces or short fragment only 17-25yrs 5 45.5% 25 yrs 1 10.0%
failed 25yrs 5 45.5% 25 yrs 8 80.0%
Adults
Abdomens, non destructive
full sequence 0-19yrs 77 748%  0-11 yrs 59 61.5%
in pieces or short fragment only 3-19yrs 14 13.6% 0-19 yrs 23 24.0%
failed 0-28 yrs 12 11.7%  0-16 yrs 14 14.6%
Hindlegs
full sequence 6/7yrs 3 75.0% 7 yrs 2 66.7%
failed 6yrs 1 25.0% 7 yrs 1 33.3%
Overall results
full sequence 242 85.8% 218 80.4%
in pieces or short fragment only 19 6.7% 25 92%
failed 21 7.4% 28 10.3%
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interspecific distance for 39 species pairs of which more than one specimen was
available for both markers (Fig. 1a). If the minimum distance between species is
larger than the maximum distance within species, they can reliably be assigned to a
species and it can be said that there is a ‘barcoding gap’ present. The vast majority
of data points is well above the 1:1 barcoding gap line, indicating that the COI and
EF1-a sections we used are reliable barcoding markers. The data points below the
1:1 line are from species pairs belonging to the complexes treated in detail below.
The graph also shows that the maximum intraspecific distance of COI for these
species can be as high as 3.5%, whereas EF1-a. values remain below 2.0%. The
effectiveness was further examined by plotting the pairwise distances of COI and
EF1-a between specimens in a scattergram (Fig. 1b). If both markers would evolve
at exactly the same rate, all data points would be expected to be on the 1:1 diagonal.
If the rate with which mutation accumulate would differ constantly between COI
and EF1-q, all datapoints would fall either below or above the diagonal. The latter
clearly is not the case with our data: EF1-a and COI evolve at roughly the same rate.
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AsA A tween 39 Ectoedemia s. str.
ADAQ species pairs for which multi-
ple sequences for both mark-
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A _ interspecific ~ distances as
COI, but the maximum in-
traspecific ~ divergence is
much lower. Species pairs be-
low the barcoding gap line
involve species belonging to
the complexes.
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However, the most fitting trend line, polynomous with an R? of 0.75, indicates that
pairwise distances between closely related specimens (i.e. within species) are higher
in COI than in EFl-a, and pairwise distances between more distantly related
specimens (i.e. between species groups or subgenera) are higher in EF1-a than in
COL. So, even though there is no linear difference between the mutation rate of both
markers, this indicates there is an evolutionary difference between both markers
nonetheless.

Species recognition

All specimens of a single species, except the species in the Ectoedemia rubivora
complex (E. arcuatella, atricollis and rubivora), the E. albifasciella complex and
part of the E. subbimaculella complex form distinct clusters in both the COI and the
EFl-a neighbour joining trees with all taxa included (Figs S1-S2). They are
unambiguously distinguishable from other species by using distance methods for
either marker. BOLD highlights intraspecific pairwise differences that exceed 2%
as potentially containing cryptic species (Ratnasingham and Hebert, 2007). Several
species in our dataset exceed this threshold, their maximum distances as well as
their respective values in EF1-0 and maximum geographic distance between the
samples are shown in Table 3. Below we will discuss species for which we have
sequenced more than one specimen from more than one locality.

The Ectoedemia angulifasciella group

Species in this group largely feed on Rosaceae, with the exception of the Betulaceae
feeders E. occultella and E. minimella. The taxonomic status of three specimens
found feeding on Rubus in Vietnam and Borneo, and a fourth specimen caught at
light in Vietnam, is uncertain (Fig. 2). The external morphology, geographic region,
host species and feeding pattern of the Rubus miners suggest that they might belong
to a single species, but insufficient material is available to conduct a conclusive
morphological study. Both COI and EF1-a results indicate that they likely represent
several species, with pairwise differences between 5.6% and 6.2% in COI and 2.1%
and 4.0% in EF1-a. The results also suggest that the specimen collected at light is a
different species closely related to the aforementioned three, and likely to be found
mining Rubus sp.

Table 3. Maximum K2P intraspecific pairwise distance of Ectoedemia sequences exceeding
2%

Species COI (%) EF1-a (%) Geographic distance (km)
E. alnifoliae 2.62 0.21 12
E. pseudoilicis 3.26 0.21 770
E. haraldi 4.26 253 2455
E. erythrogenella 3.26 042 3200
E. spiraeae 6.85 2.90 7388
E. intimella 6.50 1.20 9458
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23894 | E. Rubus Borneo

85
. 84 23893 | E. TamDao
100 23892 | E. Rubus Fansipan
23893 | E. TamDao 100 23982 | E. Rubus Fansipan
17971 | E. Rubus Cuc Phuong 23894 | E. Rubus Borneo
a. COl 0.01 b. EF1-alpha 0.1

Fig. 2. K2P Neighbor joining trees containing possibly four species in the Ectoedemia angulifas-
ciella group. Specimen numbers are RMNH.INS registry numbers. All specimens were collected
in Vietnam or Borneo, at light as adult or as larva on Rubus spp. 2a: The COI tree. The distances
between specimens are large, indicating that they are likely to represent several species. 2b: The
EF1-a tree. One specimen less was included here, but the tree also shows relatively long distances
between specimens.

In another Rubus feeder, E. erythrogenella, specimens from Spain, France, Sardinia
and Greece hardly show differences, whereas the single specimen from Turkey
shows a pairwise difference in COI with the others greater than 2%, but less than
0.5% in EF1-0 (Table 3). In Ectoedemia spinosella, the single specimen from Greece
and from another hostplant (Prunus webbii) differs considerably in both genes from
the completely identical sequences from specimens from France, Italy and the Neth-
erlands (all feeding on sloe, Prunus spinosa). In the closely related E. mahalebella,
specimens from southwest France, Italy and Croatia hardly show any variation.

The two specimens of E. spiraeae studied, one from Europe (Slovakia) and one
from China, show a distance of 6.47% in COI and 2.9% in EF1-a, which can be
correlated with a very large geographic distance. The E. spiraeae species cluster is
the only that did not get a bootstrap support over 60 in both markers (online Figs
S1-S2). Ectoedemia spiraeae has a scattered distribution from eastern Europe
through Siberia to China and Japan, with a relative large gap between Europe and
Asia (van Nieukerken et al., 2010). These results suggest that possibly different
species are involved, a possibility to investigate by a morphological and molecular
study of more material from a wider range of populations.

Specimen RMNH.INS.23741 was discovered in Norway and provisionally described
as Ectoedemia sp. n. (Bengtsson et al., 2008). Barcodes show that it is almost
identical to larvae and reared adults from Rosa from France. This species has now
been described as E. rosae van Nieukerken and Berggren, 2011.

The Ectoedemia angulifasciella complex (Fig. 3).

Although this complex was originally established as a complex containing four
cryptic species based on morphological characters (Wilkinson et al., 1983; van
Nieukerken, 1985), E. angulifasciella can easily be discriminated from the other
three by 23 diagnostic basepairs: 3.5% of the entire sequence (Fig. 3a); this is also
the only species that can be separated by at least one character in the male genitalia.
By contrast, there are no diagnostic base positions in COI at all that discriminate
between the three remaining species E. arcuatella, E. rubivora and E. atricollis.
Since the distance from E. angulifasciella to the other species is also large in EF1-a
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Fig. 3. K2P Neighbor joining trees of Ectoedemia angulifasciella and the E. rubivora complex
with bootstrap values. The colours denote the different species. The annotation starts with the
RMNHL.INS registry number, followed by ISO coded country of origin and host. Outgroup for
these trees is E. terebinthivora, bootstrap values represent 10,000 replicates.

3a: The COl tree. There is a large distance between E. angulifasciella and the rubivora complex,
but within E. angulifasciella there is little variation and none that can be correlated with differ-
ent hostplants. E. rubivora, E. arcuatella and E. atricollis cannot be distinguished in COI.

3b: The EF1-a tree. As in COI E. angulifasciella seems only distantly related to the others. E.
rubivora, E. atricollis and E. arcuatella group on species clusters and can thus be distinguished
using EF1-a, albeit based on only two positions (see also Table 4).

(Fig. 3b), this strongly suggests that E. angulifasciella should not be regarded as part
of this complex; we therefore suggest renaming this the E. rubivora complex. The
four species can be distinguished by the host plant they are found on and some
minor morphological characters. They have been lumped or split in the past
depending on the emphasis on biological data versus morphological data (for a
review see Wilkinson et al., 1983). Five sequences of COI, belonging to specimens
of E. atricollis and E. rubivora, were completely identical (RMNH.INS #’s 11278,
17626, 17782, 12818 and 12803); a few haplotypes in this complex do not coincide
with species boundaries at all. Where COI fails to distinguish species, we found that
E. atricollis, E. rubivora and E. arcuatella can be distinguished molecularly based
on two synonymous mutations (diagnostic) at third codon positions in EF1-a (Table
4, Fig. 3b). For all three species we have included material originating from a large
part of their European range.
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Eighteen specimens of E. angulifasciella were sequenced, in order to test whether
populations on different hosts can be differentiated by their barcodes. This species
feeds mainly on Rosa species, but also locally on Filipendula vulgaris and
Sanguisorba species. The fact that the species in Oland (Sweden) can be abundant
on Filipendula and completely absent from Rosa in the same locality, and vice versa
on other localities, suggests that there might be different, morphologically cryptic
species specialising on these different hosts (see Bengtsson et al.,2008). Sanguisorba
feeders have also been described as several different species in the past (synonymised
by van Nieukerken, 1985). However, the molecular results do not show any difference
for material from various hosts, but show a rather invariable E. angulifasciella
throughout Europe with a maximum intraspecific pairwise difference of 0.77% in
COI and 0.84% in EF1-apha, thus confirming the morphological findings.

The Ectoedemia suberis group

All species in this oak mining group show little or no intraspecific variation. The
species E. hendrikseni, E. phaeolepis and E. heckfordi have recently been discovered
and belong to a morphologically difficult complex that also includes E. andalusiae
and E. suberis (van Nieukerken et al., 2010). All are found in West and Southwest
Europe with partly overlapping geographic ranges. COI and EF1-a support their
full species status, with interspecific genetic distances varying between 2.6% and
6.8% in COI and distances between 2.7% and 4.0% in EF1-a, comparable to the
distances between other species. All

species form monophyletic clusters
with high bootstrap support (Fig. 4).
The branching pattern between these
species differs significantly in both
markers, but they always group
together as four. Besides confirming
the species status of these five species,
these results show that COI and EF1-a
can readily be used to distinguish

Table 4. Simple character attribute positions
within EF1-a to distinguish three closely related
species of the Ectoedemia rubivora complex.
Both positions are 3™ codon positions, the sub-
stitutions are synonymous.

Species\position 80 230
E. atricollis T C
E. rubivora C T
E. arcuatella C C

these species.

The Ectoedemia populella group

All species feed on Salicaceae. A few specimens from North America are included.,
The pairwise distances within E. intimella are very large, correlated with a very
large geographic distance. There was one E. intimella specimen included from Japan,
with a distance of 6.74% from the others. This female specimen is morphologically
indistinguishable from European specimens (van Nieukerken et al., 2010), but since
we have not seen other Japanese material, nor any intermediate populations, no
taxonomic conclusions can be based on this finding.

From Ectoedemia argyropeza a North American subspecies, E. argyropeza downesi
Wilkinson & Scoble, 1979, has been described on slight morphological differences.
Wilkinson and Scoble (1979) did not consider the possibility that the North American
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populations are introduced from Europe. Later Menken and Wiebosch Steeman
(1988) concluded on the basis of allozymes that this is most likely the case. Five of
the European COI sequences of E. argyropeza are also 100% identical to several
North American specimens registered on BOLD when using the BOLD identification
engine, corroborating the earlier findings.

The Ectoedemia subbimaculella group

The E. subbimaculella group is the second group specialised on Fagaceae (Quercus),
although probably some species feeding on other hosts belong here as well. It
includes the two species complexes discussed separately below. For E. alnifoliae
and E. pseudoilicis we found intraspecific pairwise differences in COI greater than
2%, but less than 0.5% in EF1-a (Table 3). In the case of E. pseudoilicis it is the
Turkish specimen that differs from the Greek ones, but in E. alnifoliae the sampled
populations that show these differences (in Turkey) are just 12 km apart. In E.
haraldi we found a maximum pairwise difference of 4.26% in COI, and 2.53% in
EF1-a (Table 3). Four specimens of this species were included, the two western
European ones (from France and Spain) and two eastern specimens (Greece and
Turkey) form separate clades. Also all four specimens have large pairwise differences
between them, with a minimum of 1.2% in COI and an average of 3.16% (Table 3).
Superficially the eastern and western populations are similar in morphology and
biology, a detailed morphological analysis should be carried out to see if the
molecular differences are paired with morphological differences. Ectoedemia
heringella shows two clusters in COI, both including specimens from Italy and
Great-Britain. This may indicate that the introduced British population (van

93 123730

100 ) ; .
23849 E. heckfordi 2 23829 |EA phaeolepis
56 23848 23844
23828 . . 11407 .
LE 3 E. hendrikseni 12850 E. suberis
23720
23829 .
2844 |E phaeolepis E. heckfordi
98 | 23873
23828 . .
100 11633 E. andalusiae 100 23720 | E. hendrikseni
12704 12704

12717
E. suberis 11633
23873

E. andalusiae

88 11407
100 11408
12880

b. EF1-alpha

0.01 0.01

a. COIL

Fig.4.K2P Neighbor joining trees containing species of the Ectoedemia suberis complex. Spec-
imen numbers are RMNH.INS registry numbers. All hosts are Quercus spp. and all species are
only found in South-West Europe. Outgroup for this analysis was E. terebinthivora, bootstrap
values represent 10,000 replicates.

4a: The COI tree. The species are on their own clusters with high support and distances compa-
rable to those between other species.

4b: The EF1-a tree. Much the same as the COI tree, with high support for separating the species
and good distances. The positions of the clusters here are completely different from those in
COL.
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Nieukerken ez al.,2010) is genetically structured, and not the result of the introduction
of a single specimen. The COI clusters are not paralleled in EF1-a.

The Ectoedemia albifasciella complex

This complex comprises four Quercus (Fagaceae) mining species: E. albifasciella,
E. pubescivora, E. contorta and E. cerris (van Nieukerken, 1985; van Nieukerken et
al., 2010). These species can be distinguished using COI, but there are also two
distinct clusters (2.17% difference) in E. albifasciella, making it polyphyletic (Fig.
5a). There are no indications that NUMT’s (nuclear mitochondrial inserts, Zhang
and Hewitt, 1996) are the cause of this, since the chromatograms contain no double
signals, and a translation into amino acids showed no difference between both
haplotypes nor the presence of stop codons within these sequences. In EF1-a. these
two haplotypes are not recovered, we believe this different haplotype is the result of
amitochondrial anomaly (Ballard and Whitlock, 2004; Rubinoff et al.,2006). There
is no biological or morphological data to support the split of the two COI haplotypes,
but the second haplotype has up to now only been recovered from immature
specimens. Only the geographic data suggests that the rare haplotype might have a
limited distribution in the Netherlands and adjacent West Germany, but more
specimens will have to be included to confirm this. The distribution of the more
common haplotype also includes this area, and some samples from a single locality
contain both haplotypes. By looking at mutually exclusive diagnostic base positions
or simple character attributes, specimens can be identified, even though E.
albifasciella appears polyphyletic. Apart from one, all these differences are
synonymous (Table 5). It should be noted that for the other three species relatively
few specimens are sequenced. It is thus possible that simple character attributes
might disappear when more specimens are examined and show intraspecific
variation. In EF1-a E. albifasciella is paraphyletic relative to the other three species.
E. contorta, E. cerris and E. pubescivora are represented as a clade in the Neighbor
joining tree (Fig. 5b), but there are no simple character attributes to distinguish
them. A single studied male E. albifasciella from Morocco (not in Fig. 5) is identical
in EF1-a, but possibly belongs to another COI haplotype with 1.4 % difference, not
grouping with other E. albifasciella in the NJ trees; it has 13 out of the 15 diagnostic
basepairs of E. albifasciella.

Table 5. Simple character attribute positions in COI to distinguish species within the Ectoede-
mia albifasciella complex. Most positions are 3rd, apart from 389 and 584. All substitutions,
except at 389, are synonymous.

Species\position 46 121 187 223 235 238 346 389 394 463 568 577 584 604 619

E. albifasciella
E. pubescivora
E. contorta

A
A
G
E. cerris A
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Q> > >
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Fig. 5. K2P Neighbor joining trees of the Ectoedemia albifasciella complex with bootstrap
values. The annotation starts with the RMNH.INS registry number, followed by ISO coded
country of origin and host, when collected as larva. All hosts are Quercus spp. The colours de-
note the different species and the two haplotype clusters of E. albifasciella. Outgroup for this
analysis was E. rufifrontella, bootstrap values represent 10,000 replicates.

5a: The COl tree. The species have their own clusters with high support and distances over 1.2%.
There are haplotype clusters in E. albifasciella, with a 2.17% distance.

5b: The EF1-a tree. Only E. contorta and E. pubescivora can be distinguished in EF1-a. The two
E. albifasciella haplotypes found in COI are not found here. The specimen from Morocco (see
text) is not included in this analysis.

The Ectoedemia subbimaculella complex

This is the second complex found in this group (van Nieukerken, 1985; van
Nieukerken et al., 2010). It contains the widespread E. subbimaculella, as well as E.
heringi, E. phyllotomella and E. liechtensteini which all three are restricted to
southern or eastern Europe, the last two specialising on Quercus cerris. Ectoedemia
subbimaculella is placed on a well supported cluster in the COI tree, but with a
bootstrap value of 52 unsupported in EF1-a. Also, RMNH.INS.23514, identified as
E. heringi (by COI!) falls inside the E. subbimaculella clade in EF1-o; this may be
a case of introgression in mtDNA. The other species are more problematic. Our
results for E. liechtensteini are inconclusive, we therefore cannot assess the usability
of either marker for this putative species. Ectoedemia phyllotomella cannot be
satisfactorily distinguished in either marker. Especially interesting is the clade
consisting of two specimens identified as E. subbimaculella from Hungary (feeding
on Quercus cerris) and two specimens identified as E. heringi from Greece (found
on Quercus ithaburensis), further complicating this complex. They share five third
codon positions in COI where they differ from all other complex members (Table 6).
In EF1-a these two supposed E. subbimaculella specimens are placed basally to the
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Table 6. Simple character attribute positions in COI to distinguish some species or unidentified
clusters within the Ectoedemia subbimaculella complex. E. subbimaculella multistate positions:
568, T:C = 13:1; 628, A:G = 11:3. All positions are 3" codon positions, the substitutions are syn-
onymous.

Species\position 76 103 226 325 352 376 547 565 568 628

T

a
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whole group, although without support. The general picture for this complex is that
E. heringi and E. phyllotomella cannot be distinguished based by COI or EF1-a
barcodes, but that E. subbimaculella can, when the Quercus cerris feeding form is
excluded. E. subbimaculella differs by three simple character attributes in COI from
the others and one position in COI distinguishes E. liechtensteini (taking into
consideration that only three specimens have been sequenced). In EF1-a. there is just
a single character attribute: E. subbimaculella (including the misidentified RMNH.
INS.23514) has an A in position 221, where the others have a G. All of these are
synonymous substitutions at third codon positions. By barcoding we could also
identify a peculiar colour aberration reared from Quercus as E. subbimaculella:
RMNH.INS.23671, see photograph on BOLD.

Discussion

One or two genes

Ever since the original studies on DNA barcoding in animals (Hebert ez al., 2003a,
b, 2004b), the COI section amplified by Folmer primers and derivates has become
the standard barcoding marker for animals, at least for insects and vertebrates
(CBOL Database Working Group, 2009). The use of a single marker is in contrast
with other groups of organisms, where also the selection of barcoding has been, or
still is a lengthy process. In land plants the choice for two markers, the chloroplast
genes rbcL and matK has taken several years (Chase e al., 2005; CBOL Plant
Working Group, 2009). Mycologists seem finally to settle for a single gene, ITS,
after many years of discussion (Schoch et al., 2011, Santamaria et al., 2009). The
choice for COI as single standard marker has enormous advantages, but even in the
animal kingdom is no longer the only standard, since LSU and SSU are used
frequently for e.g. nematodes (Blaxter, 2004; Blaxter et al., 2005). Despite scientific
objections (Will and Rubinoff, 2004; Rubinoff ez al., 2006; Roe and Sperling, 2007,
Song et al., 2008), the choice for COI has been accepted from the onset. With the
present size of the barcode database with 1.4 million records, changing the barcode
marker is obviously no option, and not something we would like to advocate, but
using additional markers may well be the way forward.
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Our study of Ectoedemia barcodes shows that COI is able to identify the majority
of Ectoedemia species, but the three species in the rubivora complex share
barcodes and show variation independent of species boundaries. In other species
complexes, species can be distinguished, but often show interspecific distances far
below the ‘ideal’ threshold value of 2%. In contrast, in several species the
intraspecific variation is high, much larger than the 2% threshold, and in E.
albifasciella occurs even a deep split. In other words, a clear barcoding gap does
not exist in parts of the genus, whereas it may be present in other parts. The partial
sequence of Elongation Factor 1-a is also able to identify the majority of species,
in this case including the rubivora complex species, but not most species in the
subbimaculella complex. In contrast to COI, the intraspecific variation is much
smaller (up to 2.5%) and the extra haplotype of E. albifasciella is not present in
EF1-a. Because the intraspecific variation is much larger in COI (up to 6.85%)
than in EF1-a (up to 2.53%), while the interspecific variation is rather similar in
both genes, the latter in fact might be considered more suitable as ‘barcoding
marker’ for Nepticulidae. In COI there is more intraspecific variation than in
EF1-a, which could be mitochondrial anomalies (Ballard and Whitlock, 2004,
Rubinoff er al., 2006) since most of these differences are not observed in EF1-a.
The increase in pairwise distances between more distantly related specimens in
EF1-0 compared to COI could be explained by a higher level of saturation in COI,
and thus loss of information in this marker at this taxonomic level. However,
both genes have their limitations and cannot identify all species on their own.
Taken together the resolution becomes much better and almost all species are
straightforward to identify. Our results support the idea that two barcoding
markers are better than one, and we will routinely continue to use these two genes,
and in addition usually also the D2—-D3 region of the nuclear ribosomal marker
28S. The latter and EF1-a provide better phylogenetic resolution and therefore can
more easily place unknown taxa in their correct phylogenetic position. In practice
we find that COI sequences often lead to taxonomic mismatches, in contrast to a
recent study on sphingid moths (Wilson et al., 2011). The nuclear EF1-o gene was
amplified almost as easily as COI from museum material (80 versus 85%),
indicating it can be a useful alternative marker. However, we do not advocate that
EF1-a should be a second universal barcoding marker throughout the Metazoa or
even the insects, in too many cases introns and multiple copies make this gene less
suitable (Caterino et al., 2000; Djern@s and Damgaard, 2006). For Lepidoptera
this might be the ideal addition, since introns and multiple copies are as yet
unknown and the gene is routinely sequenced for phylogenetic studies (Caterino et
al., 2000; Wahlberg and Wheat, 2008). However, even in Lepidoptera specific
primers for several subgroups are needed (Cho et al., 1995; Yamamoto and Sota,
2007).

Barcoding gap

The fact that a barcoding gap exists is an interesting biological phenomenon.
However, as also has been observed earlier, when larger geographic areas are
sampled, the gap may disappear (Lukhtanov et al., 2009) and this is what we see in
some of our examples. In the cases of the widespread species E. intimella and E.
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spiraeae, where we have a gap in observations, we are unable to decide on the basis
of the barcoding results whether these are widespread species or should be split in
two taxa. In the first case we have not enough material to check it by morphology,
the single female from Japan is inseparable from European ones, although the
barcode would clearly suggest two different species, but we suspect that this species
has a continuous range from Europe to Japan. In the case of E. spiraeae it might be
possible that more species are present, because of the large gap between European
and Siberian populations (although this needs to be checked), and also here more
morphological study is needed as well as molecular analyses from intermediate
populations. In other cases where both markers show a deep split, there may be
cryptic species present (the oriental Rubus feeders, E. haraldi) that need to be
scrutinised. In some species we found the largest distances in COI between
specimens from Turkey and Europe, a phenomenon known in various other animal
groups and thought to be originating from different glacial refuges (e.g. oak galls,
Stone et al., 2007). However, the amount of Turkish material we have seen is too
limited for further conclusions.

Species complexes

In the species complexes previously defined by morphology (van Nieukerken, 1985),
several species could not be distinguished by DNA barcoding, and when they could,
the intraspecific distances are far below the 2% threshold. In the E. rubivora
complex, three species share the same barcode variation, but they differ in EF1-a by
two simple character attribute positions. The species in this complex have been
lumped or split in the past depending on the emphasis on biological data or
morphological data (for a review see Wilkinson et al., 1983). This complex has been
of molecular interest before and Wilkinson ez al. (1983) used allozyme analysis to
clarify their specific status. They found evidence for two pairs of sibling species,
with E. angulifasciella closest to E. atricollis and E. arcuatella closest to E.
rubivora. We, however, found in both COI and EF1-a large pairwise differences
between E. angulifasciella specimens and the other species and thus the complex is
reduced to just the other three species (the rubivora complex). Whether it is due to
recent speciation and incomplete lineage sorting that COI cannot be used to separate
these species, or because there has been hybridisation remains an open question.
The latter possibility is suggested by the fact that part of the COI haplotypes seem
to group by species.

In the E. albifasciella complex we found species clusters for all four species in
COlI, but also two distinct haplotypes for E. albifasciella. Aside from this issue,
the species can be distinguished using both distance and simple character
attribute methods in COI. In EFI1-a however three species have only poorly
supported species clusters, and E. albifasciella is paraphyletic with regard to the
other three. This could be because EF1-a is more conservative and has not yet
accumulated the differences needed to distinguish species. Both markers
combined suggest that there has been recent allopatric speciation and possibly
secondary sympatry after post glacial dispersion. We consider the possibility that
the second haplotype of E. albifasciella represents a separate species as rather
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Fig. 6. K2P Neighbor joining trees of the Ectoedemia subbimaculella complex with bootstrap
values. The annotation starts with the RMNH.INS registry number, followed by ISO coded
country of origin and host, when collected as larva. All hosts are Quercus spp., except for spec-
imen 17618 which was collected on Castanea sativa. Sequences of E. rufifrontella were used as
outgroup for both trees, bootstrap values represent 10,000 replicates. The colours denote the
different species and the aberrant forms of E. heringi on Quercus ithaburensis and E. subbimac-
ulella on Q. cerris.

6a: The tree based on COI data. A large E. subbimaculella cluster; the ‘E. subbimaculella’
specimens on Q. cerris group with the ‘E. heringi’ specimens on Quercus ithaburensis.

6b: The tree based on EF1-o data. Although there are many clusters, they have low bootstrap
values.

unlikely, but admittedly, we only got this sequence from larvae, and thus have no
information on the adult morphology.

In the E. subbimaculella complex, distance methods cannot be used to confidently
distinguish species, despite the overall genetic distances in the complex. There is
some clustering for species, but because we were only able to include few specimens
of E. liechtensteini and E. phyllotomella we cannot yet conclude if they can be
distinguished using these markers or not. There seem to be large clusters for E.
heringi and E. subbimaculella but there are also specimens that are placed at the
base of the tree instead in those clusters. However, from the limited data there
appear at least to be some simple character attributes for parts of this complex. The
molecular results have not brought us much closer to the understanding of this
complex than morphological methods did 25 years ago (van Nieukerken, 1985), but
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at least these results provide a basis for a detailed genetic analysis of this intriguing
complex of two or more species, that possibly show extensive hybridisation after
secondary sympatry. The specimen 23514 shows the danger of barcode identification:
the nuclear gene identifies this specimen as E. subbimaculella, whereas COI
recognizes it as heringi. Because of the widespread occurrence of introgression in
mtDNA (Ballard and Whitlock, 2004), the first identification seems to be the more
likely one.

Introduced species

Another useful application of DNA barcoding is the possibility to identify potential
introduced species, since we expect that barcode haplotypes of the introduced
population will form a subset of the source haplotypes. We confirmed that COI
sequences of European E. argyropeza are identical to North American sequences
already on BOLD, corroborating earlier findings with allozymes (Menken and
Wiebosch Steeman, 1988). Already many cases of overlooked introductions from
Europe to North America and vice versa have been found by this method (V. Nazari,
pers. comm.).

Conclusion

In conclusion, COI and EF1-a are both, and preferably in combination, useful as
barcoding markers for most Ectoedemia s. str. species, including some cryptic
species with small genetic distances. In addition diagnostic base pair positions are
helpful for identification in both genes. In species complexes a combination of both
markers will usually identify the species, by distance methods or diagnostic
basepairs. Whereas in the past thresholds for species delimitation were often
proposed and used (Hebert ez al., 2003a; DeSalle et al., 2005), this method has been
highly criticised and is now only used as a first indication of the possible presence
of cryptic species. For future studies we suggest using two different (independent)
markers with comparable resolution, preferably from different genomes, in concord
with the advice by Zakharov et al. (2009). This will make it possible to rule out
artefacts and anomalies caused by one marker, and strengthen patterns when both
markers show the same topology. It will also provide additional phylogenetic
information when the correct methods are used. In Nepticulidae and even in
Lepidoptera in general, EF1-a is a good candidate as a second marker.
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Online supplementary information (SI)

S1.K2P Neighbor joining tree of COI barcode sequences for all treated Ectoedemia
species, except the species complexes E. rubivora, E. albifasciella and E. subbimacu-
lella, which are collapsed and presented in Figs 3, 5-6. Specimen numbers are
RMNH.INS registry numbers. Sequences of Ectoedemia (Zimmermannia) species
were used as outgroup for the tree, bootstrap values represent 10,000 replicates.
http://www.contributionstozoology.nl/c/ctz/supp/8101a01S1.pdf

S2. K2P Neighbor joining tree of partial EF1-a sequences for all treated Ectoede-
mia species, except the species complexes E. rubivora, E. albifasciella and E.
subbimaculella, which are collapsed. See Figs 3, 5-6 for those. Specimen numbers
are RMNH.INS registry numbers. Sequences of Ectoedemia (Zimmermannia)
species were used as outgroup for the tree, bootstrap values represent 10,000
replicates.

http://www.contributionstozoology.nl/c/ctz/supp/8101a01S2.pdf

S3. All sequenced samples used with identification, Sample ID (= voucher registry),
BOLD processed, GenBank codes, GBIF portal URL and details on Stage, Country,
province, collection, note and number of traces and images present. Further images
will be posted to this site at a later date. All details can be consulted on the BOLD
site (http://www.barcodinglife.com/) under the public project ‘Nepticulidae -
Ectoedemia — Public records [NEPEC]".
http:/www.contributionstozoology.nl/c/ctz/supp/8101a01S3.x1sx
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Appendix
List of Ectoedemia species studied, with complete nomenclature, hostplants and distribution
data. For both COI and EF1-a, mean and maximum intraspecific K2P distances are provided

as well as the distance between nearest neighbours (K2P model) and the name of the nearest
col

#
sequences

Species Hostplant Region

West Palearctic species
Subgenus Zimmermannia Hering, 1940

Ectoedemia longicaudella (Klimesch, 1953) Quercus West Palearctic 1
Ectoedemia liebwerdella Zimmermann, 1940 Fagus West Palearctic 1
Ectoedemia amani Svensson, 1966 Ulmus West and East Palearctic 2
Ectoedemia reichli Lastivka, Z. & A., 1998 West Palearctic 1
Subgenus Ectoedemia Busck, 1907

terebinthivora group

Ectoedemia terebinthivora (Klimesch, 1975) Pistacia terebinthus West Palearctic 2
angulifasciella group

Ectoedemia erythrogenella (Joannis, 1908) Rubus West Palearctic 5
Ectoedemia spiraeae Gregor & Povolny, 1983 Spiraea West and East Palearctic 2
Ectoedemia agrimoniae (Frey, 1858) Agrimonia West Palearctic 3
Ectoedemia rosae Van Nieukerken & Berggren, 2011 Rosa West Palearctic 4
Ectoedemia angulifasciella (Stainton, 1849) Rosa West Palearctic 18
Ectoedemia atricollis (Stainton, 1857) Rosaceae: various trees West Palearctic 9
Ectoedemia arcuatella (Herrich-Schiffer, 1855) Fragaria, Potentilla West Palearctic 6
Ectoedemia rubivora (Wocke, 1860) Rubus West Palearctic 11
Ectoedemia spinosella (Joannis, 1908) Prunus West Palearctic 5
Ectoedemia mahalebella (Klimesch, 1936) Prunus West Palearctic 6
Ectoedemia occultella (Linnaeus, 1767) Betula West and East Palearctic, North America 5
Ectoedemia minimella (Zetterstedt, 1839) Betula West Palearctic 3
suberis group

Ectoedemia aegilopidella (Klimesch, 1978) Quercus ithaburensis West Palearctic 1
Ectoedemia caradjai (Groschke, 1944) Quercus deciduous West Palearctic 3
Ectoedemia suberis (Stainton, 1869) Quercus evergreen West Palearctic 3
Ectoedemia hendrikseni A. Lastivka, Z. Lastivka & Van Nieukerken, 2010  Quercus evergreen ‘West Palearctic 2
Ectoedemia andalusiae Van Nieukerken, 1985 Quercus evergreen West Palearctic 4
Ectoedemia heckfordi Van Nieukerken, A. Lastivka & Z. Lastivka, 2010 Quercus deciduous ‘West Palearctic 3
Ectoedemia phaeolepis Van Nieukerken, A. Lastiivka & Z. LaStiivka, 2010 Quercus evergreen West Palearctic 2
populella group

Ectoedemia intimella (Zeller, 1848) Salix West and East Palearctic 6
Ectoedemia hannoverella (Glitz, 1872) Populus nigra, P. canadensis  West and East Palearctic 4
Ectoedemia turbidella (Zeller, 1848) Populus alba, P. canescens ‘West Palearctic 4
Ectoedemia klimeschi (Skala, 1933) Populus alba West Palearctic 2
Ectoedemia argyropeza (Zeller, 1839) Populus tremula West and East Palearctic, North America 6
preisseckeri group

Ectoedemia preisseckeri (Klimesch, 1941) Ulmus ‘West and East Palearctic 2
subbimaculella group

Ectoedemia quinquella (Bedell, 1848) Quercus deciduous West Palearctic 3
Ectoedemia algeriensis Van Nieukerken, 1985 Quercus evergreen West Palearctic 2
Ectoedemia coscoja Van Nieukerken, A. Lastivka & Z. Lastivka, 2010 Quercus evergreen West Palearctic 1
Ectoedemia gilvipennella (Klimesch, 1946) Quercus deciduous West Palearctic 2
Ectoedemia leucothorax Van Nieukerken, 1985 ‘West Palearctic 3
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neighbour (species). Non applicable values are given as a dash. Darker colours indicate values
that are below (Max Intra-sp) or above (Distance to NN) the barcode threshold of 2%.

(8(0)} (6(0) 3 col EFl-0.  EFl-e  EFl-a EFl-a

of which [IMean Distance | # se- of which Mean Max

. . Nearest species > o
short intra-sp  intra-sp to NN quences  short intra-sp intra-sp

Nearest species

- - E. liebwerdella 485 0
- - E. longicaudella 485 1 - - E. admiranda _
0.15 0.15 E. liebwerdella 8.6 1 - - E. liebwerdella 8.12
- - E. longicaudella 6.71 0
0 0 E. caradjai 6.27 2 0 0 E. preisseckeri 6.71
16 - E. arcuatella 8.09 5 0.17 042 E. aegilopidella 7.13
6.82 E. agrimoniae 579 2 2 247 BE = agrimoniae 501
0.82 125 E. spiraeae 579 2 0 0 E. spiraeae 501
0.99 152 E. ivinskisi 746 3 042 042 E. aegilopidella 6.69
037 0.77 E. arcuatella 727 17 0.14 0.84 E. rubivora 2.99
0.07 031 E. rubivora 9 0 0 E. rubivora
0.58 091 E. atricollis 6 0 0 E. rubivora
035 0.93 E. atricollis 11 0.09 042 E. arcuatella
0.74 1.89 E. mahalebella 595 5 0.67 1.68 E. mahalebella 298
0.15 03 E. spinosella 5.95 5 0.08 0.21 E. spinosella 298
0.15 03 E. caradjai 5.64 5 0.08 021 E. minimella 497
0.1 0.15 E. caradjai 6.44 3 0.28 042 E. occultella 497
1 - - E. andalusiae 5.36 1 1 - - E. heckfordi 3.69
1.01 1.37 E. chasanella 4.65 3 0.28 042 E. chasanella 3.19
03 045 E. caradjai 53 2 0 0 E. heckfordi 2.76
0.6 0.6 E. andalusiae 498 2 0.63 0.63 E. phaeolepis 3.62
0.61 091 E. hendrikseni 498 4 0 0 E. heckfordi 3.86
03 045 E. hendrikseni 5.63 3 0.14 021 E. phaeolepis 233
03 03 E. hendrikseni 5.14 2 042 042 E. heckfordi 233
247 7.1 E. klimeschi 6.11 6 1 04 12 E. canutus 4.57
091 1.53 E. klimeschi 4.18 5 0.25 0.63 E. turbidella 429
0.15 03 E. argyropeza 3.55 4 0 0 E. argyropeza
0.15 0.15 E. argyropeza 23 3 028 042 E. turbidella
0.35 1.06 E. klimeschi 23 7 0 0 E. turbidella
0 0 E. phyllotomella 594 3 2 0 0 E. alnifoliae 3.69
0.1 0.15 E. coscoja 3.64 3 0 0 E. algeriensis 297
0.15 0.15 E. gilvipennella 371 3 1 0.54 0.8 E. coscoja 2.5
- - E. quinquella 3.64 2 0 0 E. algeriensis 275
03 03 E. algeriensis 37 2 0.63 0.63 E. algeriensis 3.85
0.1 0.15 E. subbimaculella ~ 4.49 3 042 0.63 E. haraldi 541
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List of Ectoedemia species (continued)

Species Hostplant Region #
sequences

Ectoedemia haraldi (Soffner, 1942) Quercus evergreen West Palearctic 4
Ectoedemia ilicis (Mendes, 1910) Quercus evergreen ‘West Palearctic 4
Ectoedemia pseudoilicis Lastivka, Z. & A., 1998 Quercus evergreen West Palearctic 3
Ectoedemia heringella (Mariani, 1939) Quercus evergreen West Palearctic 8
Ectoedemia alnifoliae Van Nieukerken, 1985 Quercus evergreen West Palearctic 3
Ectoedemia rufifrontella (Caradja, 1920) Quercus deciduous West Palearctic 4
Ectoedemia albifasciella (Heinemann, 1871) Quercus deciduous West Palearctic 22
Ectoedemia cerris (Zimmermann, 1944) Quercus cerris West Palearctic 3
Ectoedemia pubescivora (Weber, 1937) Quercus pubescens ‘West Palearctic 4
Ectoedemia contorta Van Nieukerken, 1985 Quercus deciduous West Palearctic 3
Ectoedemia subbimaculella (Haworth, 1828) Quercus deciduous ‘West Palearctic 16
Ectoedemia heringi (Toll, 1934) Quercus deciduous, Castanea West Palearctic 17
Ectoedemia liechtensteini (Zimmermann, 1944) Quercus cerris ‘West Palearctic 3
Ectoedemia phyllotomella (Klimesch, 1946) Quercus cerris West Palearctic 2
Species from other regions
Subgenus Zimmermannia Hering, 1940
Ectoedemia admiranda Puplesis, 1984 East Palearctic
Subgenus Ectoedemia Busck, 1907
angulifasciella group
Ectoedemia Rubus Borneo Rubus Oriental 1
Ectoedemia Rubus Cuc Phuong Rubus Oriental 1
Ectoedemia Rubus Fansipan Rubus Oriental 1
Ectoedemia TamDao Oriental 1
Ectoedemia picturata Puplesis, 1985 Rosa East Palearctic 4
suberis group
Ectoedemia ivinskisi Puplesis, 1984 Quercus deciduous East Palearctic 2
Ectoedemia ornatella Puplesis, 1984 Quercus deciduous East Palearctic 3
Ectoedemia chasanella (Puplesis, 1984) East Palearctic 1
populella group
Ectoedemia populella (Busck, 1907) Populus Nearctic 2
Ectoedemia canutus Wilkinson & Scoble, 1979 Populus Nearctic 1
Ectoedemia California Nearctic 1
subbimaculella group
Ectoedemia Quercus gilva Quercus gilva East Palearctic 3
not assigned to group
Ectoedemia quadrinotata (Braun, 1917) Betulaceae Nearctic 2
Ectoedemia arisi Puplesis, 1984 East Palearctic 1
Ectoedemia christophori Puplesis, 1985 East Palearctic
Ectoedemia Annomocarya Vietnam Annomocarya Oriental 1
Ectoedemia Carpinus Vietnam Carpinus Oriental 1
Ectoedemia expeditionis Mey, 2004 Afrotropical 1
Ectoedemia tersiusi Mey, 2004 Afrotropical 1
Ectoedemia Namibia Afrotropical 1
Total sequences 262
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col EFl-0.  EFl-a EF1-a EF1-o

of which [IMean #se- of which |Mean Max

> Nearest species > >
short intra-sp quences  short intra-sp intra-sp

Nearest species

3.16 B = pseudoilicis 354 4 2 0.69 B : pscudoilicis 202
03 0.61 E. heringella 3.07 4 0.17 042 E. heringella
221 BB : ieringella 2.77 2 021 021 E. heringella
0.5 091 E. pseudoilicis 2.7 6 1 0.16 04 E. ilicis
205 B E. pseudoilicis 3.86 3 0.14 0.21 E. haraldi 3.8
1.02 1.84 E. phyllotomella 3.64 3 1 0 0 E. albifasciella
0.8 BB . pubescivora 122 22 0.12 042 E. cerris
1 0 0 E. albifasciella 1.84 2 1 0 0 E. albifasciella
0.08 0.15 E. albifasciella 2 0 0 E. albifasciella
0.61 0.76 E. albifasciella 3 1 02 04 E. cerris
12 E. heringi 15 1 0.62 1.62 E. heringi
145 E. phyllotomella 12 1 0.66 1.89 E. liechtensteini/phyllotomella
02 0.31 E. phyllotomella 2 1 04 04 E. heringi
0 0 E. heringi 2 0 0 E. heringi
1 1 - - E. liebwerdella 121
E. Rubus Fansipan ~ 5.78 1 - - E. Rubus Fansipan 4.08
E. Rubus Fansipan 643
E. Rubus Borneo 6.25 1 - - E. TamDao 2.11
E. Rubus Cuc Phuong 723 1 = = E. Rubus Fansipan 2.11
4 0.38 0.65 E. spiraeae 746 2 2 0 0 E. aegilopidella 5.83
1 - - E. caradjai 578 1 - - E. aegilopidella 7.61
1 0 0 E. chasanella 7.26 2 2 0 0 E. caradjai 499
- - E. caradjai 4.65 1 - - E. caradjai 3.19
1 - - E. canutus 7.11 1 1 - - E. canutus 4.54
- - E. klimeschi 4.66 1 - - E. populella 4.54
- - E. klimeschi 408 1 - - E. turbidella 2.11
02 03 E. heringi 442 3 0 0 E. albifasciella 407
0.15 0.15 E. heringi 6.6 2 2 121 121 E. christophori 6.71
- - E. heringi 5.65 1 1 - - E. christophori 328
- - 1 E. arisi 328
- - E. cerris 542 1 - - E. preisseckeri 501
- - E. cerris 4.18
- - E. agrimoniae 785 1 - - E. tersiusi 792
- - E. agrimoniae 785 1 - - E. expeditionis 792
1 - - E. spiracae 7
10 240 25

61






A Global Phylogeny of
Leafmining Ectoedemia Moths






A Global Phylogeny of Leafmining Ectoedemia Moths
(Lepidoptera: Nepticulidae): Exploring Host Plant Family
Shifts and Allopatry as Drivers of Speciation

Camiel Doorenweerd',”, Erik J. van Nieukerken', Steph B. J. Menken?

I Department of Terrestrial Zoology, Naturalis Biodiversity Center, Leiden, The Netherlands

2 Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam, The
Netherlands

“ camiel.doorenweerd@naturalis.nl

Abstract

Background

Host association patterns in Ectoedemia (Lepidoptera: Nepticulidae) are also
encountered in other insect groups with intimate plant relationships, including a
high degree of monophagy, a preference for ecologically dominant plant families
(e.g. Fagaceae, Rosaceae, Salicaceae, and Betulaceae) and a tendency for related
insect species to feed on related host plant species. The evolutionary processes
underlying these patterns are only partly understood, we therefore assessed the role
of allopatry and host plant family shifts in speciation within Ectoedemia.

Methodology

Six nuclear and mitochondrial DNA markers with a total aligned length of 3692
base pairs were used to infer phylogenetic relationships among 92 species belonging
to the subgenus Ectoedemia of the genus Ectoedemia, representing a thorough
taxon sampling with a global coverage. The results support monophyletic species
groups that are congruent with published findings based on morphology. We used
the obtained phylogeny to explore host plant family association and geographical
distribution to investigate if host shifts and allopatry have been instrumental in the
speciation of these leafmining insects.

Significance

We found that, even though most species within species groups commonly feed on
plants from one family, shifts to a distantly related host family have occasionally
occurred throughout the phylogeny and such shifts are most commonly observed
towards Betulaceae. The largest radiations have occurred within species groups
that feed on Fagaceae, Rosaceae, and Salicaceae. Most species are restricted to one
of the seven global biogeographic regions, but within species groups representatives
are commonly found in different biogeographic regions. Although we find general
patterns with regard to host use and biogeography, there are differences between
clades that suggest that different drivers of speciation, and perhaps drivers that we
did not examine, have shaped diversity patterns in different clades.
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Introduction

Insect herbivores constitute the most species-rich group of insects and more than
half of the world’s known species are insects [1]. However, how evolutionary
processes in insect-plant networks have shaped radiations in time and space is yet
little understood [2-5]. As phylogenetic studies of insects as well as plants are
becoming more complete in terms of taxon sampling, more robust by including
more genetic markers and better dated with molecular clock methods, a complete
picture of species interaction patterns as well as a more complete understanding of
the relative importance of the various evolutionary factors that drive herbivorous
insect radiations is coming within reach [5—7]. The two most salient characteristics
of plant-insect associations were unveiled long before the phylogenetics era, but
were recently corroborated by molecular studies, viz. 1) related insects tend to feed
on related plants and 2) insect diet breadth decreases as interactions become more
intimate, such as with internal feeding [3, 8]. Yet, strict co-cladogenesis between
insects and their plant hosts is rare, and occasional host shifts towards distantly
related plants occur throughout most groups [2, 9].

Multiple phylogenetic studies that incorporated molecular clock analyses have
shown that contemporaneous parallel cladogenesis has not been common in the
evolution of plants and their herbivorous insects [10—15]. Also little evidence has
been found for ‘asynchronous parallel cladogenesis’, where plants diversified first
and herbivores later mirrored the speciation events of their hosts through resource
tracking [16]. Instead a ‘resource archipelago’ scenario seems to be realistic [17].
In this scenario, plants have radiated independently from herbivores. Herbivore
radiation on the plant hosts occurred later, at least partly through ecological
speciation and, as a result, the herbivore phylogeny mirrors the plant phylogeny
only in part. During ecological speciation new species arise after diverging in
resource use, which for herbivores is commonly a dietary change, and this may
happen in sympatry or allopatry [18—20]. It has been argued quite a few times in the
past century, however, that ecological factors driving speciation are often
overestimated, whereas geographic factors are underestimated [16, 21, 22].

Phylogenies can be used to differentiate between the two speciation scenarios: in
cases of ecological speciation, there will be resource-shifts between sister-species,
but if allopatric speciation is the rule, the resources will remain the same [17]. Food
resources for phytophagous insects constitute many different resource dimensions.
Differences occur for example within a single plant between tissue types and
developmental stages, between individual plants, between different parts of a plant
population, within a single plant species in different seasons or between species [17].
Research on ecological speciation has long focussed on plant secondary metabolites,
and the ability to digest and/or detoxify these by insects. For some groups in which
both the herbivore and plant evolution has been studied in detail, plant chemistry has
indeed been shown to drive speciation, at least partly, in both the insect and the plant
[23, 24]. However, it is also becoming increasingly clear that for many groups of
herbivores a wider range of resource dimensions may drive speciation [17, 18].
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Changes in feeding mode or changes in host use are some of the evolutionary events
of an herbivorous insect species that involve different resource dimensions. Feeding
mode is the term loosely defining the combination of the plant part that is used (e.g.
leaf, stem, fruit) and the method of residing in, or consuming, the plant tissue (e.g.
external feeding, galling, mining). The feeding mode is constrained by morphological
traits of the insect such as the shape and functionality of the mouthparts, but also for
example the shape of the ovipositor, of which the dimensions determine the plant
tissue that can be reached (e.g. a long and thin ovipositor can oviposit between long
and dense hairs). We can divide changes in host use in close, intermediate and
distant host changes. For monophagous insects a close change in host use generally
involves a plant species within the same plant genus, an intermediate change a
different plant genus in the same family and a distant change involves another plant
family. As the distance to a different resource increases, utilizing that resource will
require an increasing number of simultaneous adaptations to the divergent phyto-
chemistry, different epidermal characteristics and different pattern of interactions
with other taxa of the new host [25-29]. Although the odds of a successful distant
host change are slim due to the many adaptive requirements, they may be enabled
by increased rates of evolutionary change, processes which we are only beginning
to understand [30]. According to the “enemy-free space” hypothesis, such changes
in the evolutionary rate of change can be linked to the release of predation pressures,
or they might be linked to reduced competition for resources, which may counteract
the initially lower fitness on a new host [27, 31]. Diversification may follow from a
distant host shift when this new resource creates access to many resources at
intermediate distances. The intermediate resource hypothesis [17] predicts that
speciation rates will be highest in situations in which herbivorous insects with
limited resource usage (i.e. monophages) are in potential contact with a suite of
resources at intermediate resource distances. However, one of the few cases where
this was actually tested, a study on the diversification of the subgenus Drosophila,
showed that speciation rates were not affected by changes in resource use [32].

Although changes in resource use and geographic distribution are two known
drivers of diversification in phytophagous insect evolution [5], other candidate
drivers should not be discarded beforehand. Increased mortality rates, such as
those caused by parasitoid wasps or spiders, can be a strong selection pressure, as
was shown by a study on jumping spiders predating on choreutid moths where
species that mimicked the appearance and behaviour of the spiders had a higher
survival rate [33]. If selective pressures are not continuously present throughout the
distribution area of a species, they may lead to disruptive selection. Climatic events
are known to have had a strong impact on ecological communities and may have
caused bursts of taxonomic diversification in herbivorous insects as well [34].
Furthermore, the factors that drive speciation may influence each other directly or
indirectly. Climatic conditions could have created ecological opportunities for host
shifts during periods in which different host ranges overlapped. Following from the
“enemy-free space” hypothesis, predation pressures may have been a strong
selective pressure that favoured individuals that changed their host and were
thereby temporarily released from the predation pressure [31, 35].
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Because many of the aforementioned possible drivers of speciation potentially
interacted and may have had a different effect for different groups or at different time
periods, disentangling causality from mere correlation among the factors that
potentially structure insect-plant networks is a challenging endeavour. This study
addresses the phylogenetic relationships within Ectoedemia s. str., a subgenus of
leafmining moths, and explores the importance of host shifts and allopatry as drivers
for speciation. Larvae of leafmining insects are found within plant tissues and are not
able to change plant during the larval stage. As a consequence, the host is selected
only by the ovipositing female on the basis of visual, olfactory and/or contact
chemosensory cues. Her offspring have the choice between surviving on the plant
chosen by their mother or perish. There is a significantly higher degree of monophagy
in leafminers compared to externally feeding insects, likely because the host not only
represents a food resource, but also forms their complete larval habitat. This requires
a combination of adapted traits to the various dimensions of the resource [3, 8, 36].
Ecological factors therefore likely play an important role in speciation in Ectoedemia,
through changes in host use or one of the dimensions thereof.

With 91 described species, Ectoedemia is the largest subgenus within the nominate
genus Ectoedemia in the leafmining moth family Nepticulidae. All Ectoedemia s.
str. are leafminers, with one exception of a gall former, whereas some other
subgenera display different feeding modes (viz. bark or fruit mining). Ectoedemia
s. str. is best known from the West Palearctic with 48 described species. From the
East Palearctic and Nearctic regions each about 20 species have been recorded. A
smaller number of species is known from Africa, Central America and the Oriental
region [37-40]. Ectoedemia s. str. seems absent from Australia, the Pacific and
most of South America, with only a single species known from Belize and Ecuador.
In tropical Asia many undescribed species have been collected recently, and will be
described in the near future. In North America, only a few more unnamed species
are known from collections and recent collecting efforts by the authors and
colleagues, suggesting that sampling in that area is now fairly complete. Most
Ectoedemia s. str. feed on rosid plant orders [41], with the Nearctic as the only
exception where some species feed on Platanus (Proteales) and Nyssa (Cornales).
The vast majority of rosid-feeding species is found on just four plant families:
Fagaceae, Rosaceae, Salicaceae and Betulaceae. These plant families are
ecologically dominant and widespread, particularly in the deciduous forests of the
northern hemisphere. Ectoedemia s. str. thereby follows the host association
patterns of many insect herbivores [3, 42]. The resemblance to the gracillariid
leafmining genus Phyllonorycter and the sawfly subfamily Nematinae (Tenthre-
dinidae, Hymenoptera) is striking, because both these groups also have Fagaceae,
Rosaceae, Salicaceae and Betulaceae represented in its top five of most used host
plant families [43, 44]. Most Ectoedemia are monophagous, commonly restricted
to a single host genus or even a single host species. Some species within these
clades with mostly monophagous species, however, display remarkable diet breadth,
e.g. the European Ectoedemia atricollis, which not only feeds on a number of
rosaceous tree genera, but also on the unrelated genus Staphylea (Staphyleaceae)
[40].
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A phylogenetic study based on morphology has revealed a number of monophyletic
species groups in European Ectoedemia, of which all species utilise the same host
family [40]. Also in North America and the East Palearctic, species have been
grouped following morphological similarity, but these groups have been created in
regional revisions without evaluating relationships with species from other regions,
and have not been analysed following cladistic principles [45, 46]. Here, we use a
dataset resulting from a largely complete global taxon sampling that includes 92
species from the entire distribution area of the subgenus. Six nuclear and mito-
chondrial molecular markers are analysed to reconstruct the phylogeny and to test
the monophyly of species groups. Thereafter, we superimposed host association
and geographic distribution on the obtained tree to evaluate hypotheses on
processes of speciation, such as geographic isolation and resource shifts.

Materials and Methods

Taxon sampling and marker selection

Taxon sampling of West Palearctic Ectoedemia is almost complete, with 44 out of
the 47 European species present in our phylogenetic data set, only lacking
Ectoedemia hexapetalae, E. similigena and E. aegilopidella. From the Nearctic 18
species are analysed, including four undescribed ones, only missing two of the
named species, viz. E. marmaropa and E.canadensis [46, 47]. From the East
Palearctic we include 12 species and from tropical Asia 26, of which the majority
is undescribed [the separation between these biogeographic regions is somewhat
arbitrary, here we include all of Taiwan in tropical Asia, although some species are
shared with Japan and mainland China]. Furthermore, three species from Africa
are included, one unnamed and two named, whereas five named species are known
from this area [39, 48]. We did not manage to include the only named Neotropical
species, E. fuscovittata [49], the generic assignment of which is somewhat uncertain.
Specimens included in this study are all registered on the Barcoding of Life
Database (www.boldsystems.org/) under the project “Ectoedemia of the World”
with detailed information on collecting localities and identification (also available
in S1 Table).

The following institutes gave or organised permission for fieldwork and export of
specimens in their respective areas: the Mercantour and Alpi Marittime parks in
France and Italy (ATBI Mercantour / Alpi Marittime project), the Great Smoky
Mountains National Park in the USA, the Institute of Ecology and Biological
Resources, Hanoi in Vietnam, the Zoological Institute, Academia Sinica, Beijing in
China, the Tropenbos International Indonesia, Balikpapan, Indonesia in
Kalimantan, the Korean National Herbarium, Pocheon in South Korea and the
National Sun Yat-Sen University, Kaohshiung in Taiwan.

For species that are undescribed we use provisional names, often indicating the

distribution area and/or host plant, shown in text between quotation marks; these
names also figure in the BOLD database and S1 Table and S5 Table without
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quotation marks. From the Ectoedemia subgenus Zimmermannia we include six
species as outgroup. In total we used 182 exemplars (174 ingroup and 8 outgroup)
in the analyses. Part of this dataset has been analysed in a recent DNA barcoding
study [37], which compared the utility of the mitochondrial cytochrome ¢ oxidase
subunit I (COI) barcoding gene [50] with the nuclear elongation factor 1 alpha
(EF1-alpha) gene for species recognition. Recently obtained material was sequenced
at these two loci. These data, in combination with morphology, life history and
biogeographic data, were used to assign species boundaries to the undescribed
material. The resulting selection contained 92, partly putative, species to be
included in the phylogenetic study. Where possible, several representatives per
species were included to be able to identify contamination during the molecular
work and to detect intraspecific variability. Besides their utility for delimiting
species, the COI barcode and EF1-alpha genes are also phylogenetically informative
and were therefore included in the present phylogenetic dataset. To resolve the
deeper parts of the phylogeny and to increase support in general, four more gene
regions were also sequenced, viz. the D2 and D3 domains of the nuclear 28S
ribosomal DNA gene, part of the nuclear isocitrate dehydrogenase (IDH) gene, the
nuclear histone 3 gene and part of the mitochondrial cytochrome ¢ oxidase II
(COII) gene.

DNA extraction

DNA extractions were performed with a Qiagen DNeasy blood & tissue kit or with
a Macherey Nagel magnetic bead tissue kit on an automated KingFisher flex
system. Different types of tissue were used for extraction, depending on the
abundance and significance of the specimens available. Hind legs were carefully
removed from adults and cut into pieces with a scalpel. Non-destructive abdomen
extractions were used so that genitalia preparations could be combined with DNA
extraction [51]. Larvae were ground with a disposable pestle, or incisions were
made in the cuticle to perform a non-destructive extraction of tissue material, after
which the larval pelt was embedded in euparal on a microscopic slide.

PCR

Details on primers, including references, are listed in S2 Table. We sequenced the
mtDNA cytochrome ¢ oxidase I (COI) barcode region, which was 658 bp in length,
sometimes in two parts if the material was degraded. Primer sets LepF1 and
LCO1490 and LepR1 and HCO2198 attach to the same region and were often
combined in a single PCR to obtain a higher DNA yield. A fragment of nuclear
elongation factor 1-a (EF1-o) was 482 bp in length, and was sometimes also
amplified in two parts. The D2 and D3 regions of the 28S ribosomal DNA gene had
an aligned length of 873 bp. For the cytochrome oxidase II (COII) fragment, primer
“eva” attaches to the tRNA-Lysine region at the 3’ end of COII and this fragment
was pruned for a stable aligned COII length of 638 bp; histone 3 sequences were
328 bp in length and isocitrate dehydrogenase (IDH) sequences 723 bp. A PCR
cycle consisted of 3 minutes initial denaturation at 94°C, 15 seconds denaturation
at 94°C, 30 seconds at the optimal annealing temperature, and 40 seconds extension
at 57°C. A final extension at 72°C for 5 minutes completed the reactions. The
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optimized annealing temperature for COI and COII was 50°C, for histone 3 and
IDH 55°C, and for EF1-alpha and 28S rDNA 57°C. Universal tails were attached to
the primers to facilitate higher throughput and to increase yield [52, 53]. PCR
reactions were performed in volumes of 25 ul. Purification and bidirectional
sequencing were outsourced to Macrogen Europe or Baseclear Leiden. Sequencher
4.2 (Gene Codes corporation) or Geneious R6 (www.geneious.com/) software was
used to align the forward and reverse sequences, to manually check for ambiguities
in the chromatograms and to create contigs. The COI, IDH, histone 3 and EF1-
alpha alignments contained no gaps and were aligned by eye. COII contained a
3-bp insertion in Ectoedemia quadrinotata only. We used secondary structure to
align the 28S rRNA sequences, despite the fact that within Ectoedemia there are
only few ambiguous areas, making the alignment straightforward. Sequences were
stored using the open-source package VoSeq 1.6.0 [54].

Phylogenetic analyses

Neighbor-joining trees were created using PAUP 4b10 [55] for each gene to assess
congruence between markers. Alignments of different markers were then
concatenated using VoSeq 1.6.0 and manually checked in Geneious R6, resulting in
the preliminary dataset ‘EctZimm?2’ with 187 exemplars representing 98 species.
The most appropriate model for the phylogenetic analyses was determined with the
online Findmodel service [56]. Single-gene as well as concatenated datasets were
tested, and for all datasets the GTR+Gamma model was calculated to be most
likely and used in subsequent analyses. Bayesian analyses were performed with
MrBayes v3.2.1 [57,58] on the Oslo Bioportal [59] and Cipres Portal [60]. Maximum
likelihood analyses were done using the PhyML 2.2.0 plugin in Geneious R6 and
RaxML HPC2 7.7.4 and Garli 1.0 on the Cipres portal. RaxML analyses were done
both without partitions and with mtDNA, nuDNA and rDNA sequences separated
in three partitions; these all resulted in highly similar tree topologies and branch
support values. The resulting RaxML bootstrap trees from the initial analysis with
all 187 exemplars were analysed with Roguenarok [61] to search for exemplars
negatively influencing support values. The Roguenarok majority-rule consensus
(MR) and extended majority rule consensus (MRE) algorithms flagged Ectoedemia
suberis (RMNH.INS.12705), E. “Namibia” (RMNH.INS.23989), E. aegilopidella
(RMNH.INS.23875) and both E. picturata specimens (RMNH.INS.23888 &
RMNH.INS.23891), all exemplars that were missing sequence information for
several markers. These taxa were subsequently removed in different steps, finally
resulting in the dataset ‘EctZimm5’ with 182 exemplars representing 92 species.
The analyses were then repeated on this culled dataset, after which there were no
more exemplars flagged by Roguenarok. The increase in support values for key
clades following the removal of ‘rogue’ examplars is shown in S3 Table. Garli
maximum likelihood bootstrap (BS) and MrBayes Bayesian posterior probability
(PP) support values were plotted on the respective branches of the PhyML best tree.
We considered bootstrap values between 60 and 80 as moderate support, values
above 80 as high support. For the posterior probabilities, we considered values of
0.85 to 0.95 as moderate support, and values above 0.95 as high support. We
indicated higher clades with abbreviations of the species groups found within these
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groups are colour coded and the support values of the Maximum Likelihood and Bayesian anal-
yses are plotted on the branches. Because the topology of the E. angulifasciella group differed

Ectoedemia (Zimmermannia). In total 92 species of Ectoedemia s. str. are included. Species
substantially, both the ML and Bayesian results are shown (see also S3 Table).

Fig. 1. Phylogeny of Ectoedemia s. str. PhyML best tree resulting from an analysis of 182 exem-
plars and six DNA markers, totalling 3692 bp. The outgroup contains six taxa of the subgenus
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clades, for example SUPO for the combination of the Ectoedemia subbimaculella
and Ectoedemia populella groups.

Character mapping

Mesquite version 2.75 (build 566) was used to map characters on the phylogenetic
tree. The complete PhyML best tree with 182 exemplars was pruned so that a single
terminal branch per species remained. Host plant family and geographic distribution
were then plotted on the tree using the Trace Character History option under the
Maximum Parsimony reconstruction with unordered states. This criterion
calculates the fewest state changes required without assuming a mode of evolution
or inferring information from the branch lengths. The results therefore often
include equally likely states for many of the basal nodes, but indicate the strongest
patterns in the data. The two resulting trees were arbitrarily ultrametricized and
mirrored to allow for visual recognition of patterns between biogeography and host
usage. Host plant associations at plant family level are mapped onto the phylogeny
to identify distant changes in host use. The feeding mode, leafmining, is the same
throughout the subgenus, with only one exception: the petiole galling Ectoedemia
populella. Feeding mode is therefore not further analysed. Some species are
specialized on a single host plant species, but most utilize several species within
the same genus. A small number is oligophagous within a single plant family or
disjunct oligophagous. In cases where more than one host plant species is used
there often is a preference hierarchy of the ovipositing females that may vary
throughout their distribution [62]. In this study we focus on host changes at the
plant family level and evaluate how these correlate with shifts between major
biogeographic regions. In cases in which a species can be found on multiple host
families, only the dominant host has been indicated. To be able to identify shifts
in distribution area, i.e. allopatry, throughout the phylogeny, the respective
biogeographic region(s) of species has been mapped as well. We followed the
general definitions of biogeographic regions [63], except that the Palearctic has
further been divided into a West and East part with the “Turgai Strait”, roughly
following the 64—65 meridian as the divide [38], to allow for a more precise
delineation of species’ distributions. It should be noted though that this is still a
rough estimate of species distributions, the actual distribution of most species only
includes a smaller section of a biogeographic region and shifts within a single
biogeographic region remain undetected.

Results

A global scale phylogeny of the subgenus Ectoedemia

The complete dataset contains 3692 bp from six genetic markers for 174 ingroup
and eight outgroup exemplars, representing a largely complete global taxon
sampling with 92 ingroup species. See S4 Table for Genbank accession numbers.
Data from at least three DNA markers, encompassing a minimum of 1472 bp, was
available for each taxon. The phylogeny based on the 3692 bp of the six markers
combined is generally well resolved and supported (Fig. 1). The Maximum
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Likelihood and Bayesian analyses provided similar topologies, allowing the
support values to be plotted on the respective branches of the best Maximum
Likelihood tree. The delimitation for species groups that we propose is indicated
with coloured clades in the phylogeny (Fig. 1). The resulting new classification with
all described and undescribed, but included in the phylogeny, Ectoedemia species
is provided in S5 Table and is outlined as following:

Genus Ectoedemia Busck, 1907
Subgenus Zimmermannia Hering, 1940
Subgenus Ectoedemia s. s.
E. commiphorella group
E. terebinthivora group
SUPO—clade
E. populella group
E. subbimaculella group—satellite taxa
[includes former E. preisseckeri group]
E. subbimaculella group
APOS—clade
POS-clade
E. platanella group
E. ornatella group
E. suberis group
E. angulifasciella group
[includes former E. rubifoliella and occultella groups]

Only in the clade with the angulifasciella group there are substantial differences
between the Bayesian and Maximum Likelihood analyses (Fig. 1). This is mainly
due to the different position of Ectoedemia “Prunus_Korea”, which is sister to E.
“Pourthiaea_Taiwan” in the Bayesian analysis but found basal to a clade with
predominantly Rubus-feeding species in the Maximum Likelihood analysis,
resulting in a different basal structuring of the angulifasciella group. The group as
a whole is recovered as monophyletic in both phylogenetic analyses be it with
medium statistical support.

Not all species could be assigned to a monophyletic species group. The “satellite
taxa” basal to the subbimaculella group are all found in the same region of the
molecular phylogeny, but cannot be placed in well-supported monophyletic species
groups that are congruent with those based on morphology. Among these taxa are
the former monotypic E. preisseckeri group, as well as the species Ectoedemia
christopheri and E. trinotata, which have previously been regarded as part of the
populella group on the basis of their genitalia [45, 46]. Besides the species groups,
several other higher clades receive high support. Disregarding the basal section of
the tree with the E. commiphorella and E. terebinthivora groups, there is a split
into two large clades, named here as SUPO and APOS. The subbimaculella group
with its basal satellite taxa and the populella group are placed together in the SUPO
clade (BS =92, PP = 1). The second clade, APOS, is recovered with high support
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(BS 92, PP 1) and contains theangulifasciella group as well as a less well-supported
clade named POS (BS 60, PP 0.86), containing the platanella, ornatella and
suberis groups. Below we treat each species group in detail, the detailed new
classification is presented in S5 Table.

The E. commiphorella and E. terebinthivora groups

The African taxa form the most basal split-off from the outgroup. Two of the three
taxa included in the molecular phylogeny have been described, but they have
previously not been attributed to any species group. Although the host plants of the
African species that we sequenced are unknown, the hosts for two described
closely related Ectoedemia are Commiphora species (Burseraceae) [64, 65], and it
is not unlikely that other African species also feed on this widespread and diverse
plant genus. We here erect the Ectoedemia commiphorella group for the five named
(including E. commiphorella) and the two unnamed African Ectoedemia species,
which are all morphologically similar to each other [48, 64, 65], and constitute a
monophyletic group in the molecular phylogeny. The E. terebinthivora group
contains only E. ferebinthivoraand represents a split-off between the E. commi-
phorella group and the rest of the ingroup. The species is found in the eastern
Mediterranean area and is unique in that it feeds on Anacardiaceae (it is
monophagous on Pistacia terebinthus). The unique position as a stand-alone
species in the molecular analysis is concordant with its position in the morphological
tree [40].

The E. subbimaculella group

Within the SUPO clade, the Ectoedemia subbimaculella group is recovered with
high support. All species in this group feed on oaks and relatives (Fagaceae,
primarily the genus Quercus). The group is well defined by morphological
characters and is monophyletic in the molecular phylogeny with high support.
Comparing the molecular results with published results on a subset of the European
species that was previously assigned to this group based on morphology [40],
displays remarkable similarities. In both phylogenies there is a clade aroundE.
quinquella (best recognised by the characteristic forewing colour pattern and
presence of a hair pencil at the base of the male hindwing), a southern European
clade composed of species that feed on evergreen oaks (E. leucothorax, E.
pseudoilicis, E. haraldi, E. ilicis and E. heringella) and a clade comprising the
subbimaculella complex, E. rufifrontella and the albifasciella complex (sensu [40]).
The latter clade is expanded in the molecular phylogeny and has at its basis E.
alnifoliae, several Asian species and the single North American representative of the
subbimaculella group, a single larva found on Quercus velutina in the Great Smoky
Mountains (USA: North Carolina).

The E. populella group

Also part of the SUPO clade, the populella group is recovered with high support in
all analyses. It consists of a variety of Palearctic and Nearctic species, including the
type species of the genus, the Nearctic Ectoedemia populella. The group is well-
defined morphologically [40], amongst others by the presence of two pairs of
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strongly developed carinae in the male genitalia. The group contains all Salicaceae-
feeding Ectoedemia: Ectoedemia intimella feeds on Salix spp., whereas all other
species feed on Populus spp. All first instars of these species start feeding in the
petiole or midrib, and only later produce a leafmine, except E. populella which
makes a gall in the petiole. The undescribed E. “nr canutus” also belongs to this

group.

The E. angulifasciella group

The angulifasciella group is the largest species group of the APOS clade and is
recovered with medium statistical support (BS 68, PP 0.86). When the group was
erected based on morphology there was some uncertainty about its monophyly, as
there were no clear common apomorphies to distinguish the group as a whole [40].
Nonetheless, the delimitation based on morphology and DNA is congruent and
furthermore, it comprises all Rosaceae-feeding Ectoedemia species. Only a few
species in this group feed on other plant families, viz. Betulaceae (the former
occultella group), Ulmaceae (two species) and Cornaceae (two North American
Nyssa-feeding species). The Maximum Likelihood and Bayesian analyses differed
in the structuring of the angulifasciella group, due to a different position of the
undescribed E. ”Prunus_Korea”; both alternatives are shown in Fig. 1. Disregarding
the position of E.”Prunus_Korea”, the angulifasciella group is divided into three
larger subclades in both the Bayesian and Maximum Likelihood tree. The first
group consists of the E. rubivora cryptic species complex + E. angulifasciella and
E. occultella, E. minimella and E. “Sorbus_Korea”, together with four East
Palearctic species (PP 0.85). The second large clade (PP 1) contains almost all
Rubus-feeding Ectoedemia and two Ulmus-feeding species, with the West
Palearctic species pair E. spinosella and E. mahalebella as sister clade. The Rubus-
feeding taxa from Southeast and East Asia show a remarkable molecular diversity:
specimens that look morphologically almost the same seem to form a complex of
sibling species, with at least several clearly differentiated taxa in Taiwan and
Vietnam. The third clade (PP 1) groups the North American Nyssa-feeding clade
with three West Palearctic Rosaceae feeders.

The POS clade: E. platanella, E. ornatella and E. suberis groups

The POS clade spans three species groups that are each found in a different
biogeographic region. The E. platanella group is Nearctic, the ornatella group is
East Palearctic/Oriental and the suberis group is West Palearctic. The E. platanella
group is morphologically characterised by very similar male genitalia with multi-
branched setae on the inner surface of the valves as a unique apomorphy [46]. It
was initially only known from eastern North America. In the molecular phylogeny
the group is recovered with high support, but support is much lower if the
undescribed western North American species, collected as larva from Platanus
wrightii, is included (RMNH.INS.29651). The Arizonan larvae of this host may
belong to the same species that has been reared from Platanus racemosa in
California; we have tentatively included it in the platanella group. Although
specimens found on Carya were initially considered to be a different species,
genitalia and DNA proved them to be conspecific with Ectoedemia virgulae. This
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Fig 2. Ancestral state reconstruction of biogeography and host family. Ancestral state recon-
struction of biogeography (right) and host plant family (left) in two mirrored trees with topology
from the Bayesian analysis. Squares in the centre indicate for a taxon whether the information
was known (square present) or reconstructed (square absent). Only the dominant family is indi-
cated in case a species uses more than one host family. Multiple colours on a branch indicate
ambiguous reconstructed states, except for the terminal branches where they indicate multiple
states for that taxon.

means that E. virgulae is disjunct oligophagous, with larvae commonly found
feeding onCorylus (Betulaceae) as well as Carya (Juglandaceae). In fact, this entire
species group is characterised by distant host plant shifts: three species feed on
Platanaceae, one on Fagaceae and one on Betulaceae and Juglandaceae. In contrast
to the distant host shifts in the platanellagroup, all species in the ornatella and
suberis groups feed on plant species within a single host genus (Quercus spp.) (see
[37, 38], with as only exceptions E. olvina and its undescribed sister species E.
“Acer_Taiwan” which both feed on Acer (Sapindaceae). The ornatella and
suberisgroup delimitations in the molecular phylogeny are congruent with the
delimitation based on morphology.

Host plant associations

The Maximum Parsimony reconstruction of biogeographic ancestral states (left tree)
juxtaposed to those of host family (right tree) is shown in Fig. 2. Taxa with squares
indicate that both host and biogeography are known, for those that do not have
squares for the host, this information is reconstructed. Eighteen changes are required
to explain the observed pattern of host use at family level. For all species groups
except the platanella group, the ancestral host can unambiguously be assigned. The
ancestral host of the angulifasciella group most likely fed on Rosaceae, and represents
the only shift to Rosaceae in the subgenus Ectoedemia. Fagaceae are the most likely
ancestral host for three species groups: the suberis group, the ornatellagroup and the
subbimaculella group. Similar to Rosaceae, Salicaceae have only been colonised
once, by the ancestor of the populella group. The ancestral host for the platanellagroup
remains ambiguous and may have belonged to the Platanaceae, Fagaceae or
Betulaceae. More basal in the tree, however, the ancestral host remains ambiguous.
The ancestors of the APOS, POS and SUPO clades fed equally parsimoniously on
Rosaceae, Fagaceae, Betulaceae, Salicaceae, Anacardiaceae, Juglandaceae and
Platanaceae. The same seven plant families are the equally parsimonious ancestral
hosts further up the tree towards the outgroup. The hosts of the outgroup taxa have
purposely not been indicated to avoid bias in the analysis. The host plant association
results corroborate earlier morphological studies that showed that most species
groups are found on one host plant family only.

Biogeography

There are more changes in biogeography throughout the phylogeny than there are
changes in host plant family. A minimum of 33 changes is required to explain the
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observed pattern in biogeography, whereas only 18 host family changes are needed
to explain the host plant family pattern. These shifts in biogeography are not evenly
distributed over the tree, instead they are most common in the Ectoedemia
angulifasciella group, where a biogeographic shift is involved for 43% of the
speciation events. Biogeographic shifts are less common in the SUPO clade in
which there is a shift for 31% of the speciation events and fewest in the POS clade
with 25%. Just four species are known to occur in more than one biogeographic
region: E. argyropeza, E.intimella, E. occultella and E. spiraeae. Of these, DNA
barcoding and allozyme studies have shown that E. argyropeza in the Nearctic
reflects a recent European introduction [37, 66]. However, a large pairwise
intraspecific distance of 6.85% in DNA barcodes of E. spiraeae and a similarly
large distance of 6.5% in DNA barcodes of E. intimella [37] suggests that these
species have a wide distribution throughout the Palearctic, although we cannot
entirely rule out the possibility that different species are involved, as long as
specimens in the area between Europe and East Asia not have been genotyped. A
3.0% COI barcode pairwise distance between E. occultella specimens from the
Nearctic and Europe suggests that also this species exhibits an old Holarctic
distribution rather than a recent introduction into the Nearctic. Nonetheless, such
vast distribution areas are exceptional, the great majority of species are restricted
to a single biogeographic region. The biogeographic origin of the angulifasciella,
suberis, populella and terebinthivora species groups is most likely the West
Palearctic. The subbimaculella group ancestor could have lived equally
parsimoniously in the West Palearctic or Asia. The ornatella group origin is
reconstructed to be Asian and the platanella group of a Nearctic origin. A West
Palearctic origin seems most likely for all higher clades, including the POS, the
APOS, the SUPO and the SUPO + terebinthivora clade. Only the clade with
thecommiphorella group, with its African origin, causes the parsimony
reconstruction to place the origin of the whole subgenus in Africa.

Discussion

Molecules and morphology

Our molecular phylogeny of 92 species represents the most complete phylogeny for
Ectoedemia to date. Currently, 91 species are described, of which 65 are represented
in this phylogeny, the remaining 27 species that we included are putative species.
The six molecular markers used in this study were able to resolve most clades with
good statistical support. Only the section of the tree with the “subbimaculella
group satellite taxa” remains unresolved and requires more taxa and/or genes to get
fully resolved. The phylogeny allowed us to evaluate published delimitations of
species groups proposed on the basis of morphology [38, 40, 45, 47]. All
monophyletic species groups that are proposed here already had been named
previously, with the exception of the newly erected E. commiphorella group.
However, most groups include more species than originally conceived, some of
which were originally unplaced, and some were placed in other species groups that
were not recovered by our phylogenetic analyses. Overall, the molecular results
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corroborate the existing phylogenetic—morphology based—relations of the species
groups.

The relations among species groups long remained unclear in morphological
studies as a result of the many homoplasious characters [40]. We have now been
able to resolve these relationships and we assign three overarching clades, named
APOS, POS and SUPO, to indicate basal splits in the evolution of the subgenus.
The APOS and SUPO clades each contain about half the total number of species.
Two small clades are even more basal: the commiphorella group containing the
African taxa and the monotypic E. terebinthivora group. The species-rich APOS
clade contains the angulifasciella, platanella, ornatella and suberis groups, and
within this clade the angulifasciella group splits off, leaving the POS clade with
the platanella, ornatella and suberis species groups. The second large clade,
SUPO, contains two species rich groups, the subbimaculella and populella species
groups, as well as several unplaced taxa that fall between these two groups. The
full new classification is provided in S5 Table.

The generally good resolution and support values allowed us to map two characters
that are likely drivers of speciation, viz. host plant family shifts and biogeography,
onto the obtained phylogeny. The parsimony reconstruction that we used is sensitive
to changes in taxon sampling, because a single added taxon with a different host
family may have a large effect on the amount of changes required for a large group
of taxa. However, as taxon sampling is fairly complete, we can reliably use our data
to explore the role of host plant family shifts and biogeography in the evolution of
Ectoedemia.

Co-evolution?

Although co-evolution is not strictly tested in our analyses, it is evident that the
shifts to different plant families never follow host phylogeny [41]. At most it can be
said that the four plant families that are consumed by three quarters of the
Ectoedemia s. str. species fall within the APG fabid (= rosid I) clade, but the
remaining species use plants in the order Sapindales [malvid (= rosid II) clade], in
the more distantly related order Proteales (basal eudicots) or in the order Cornales
(basal in the asterid clade). This indicates that co-speciation or parallel cladogenesis
at this phylogenetic level, similar to many groups of herbivorous insects [16], is
highly unlikely. Instead, the pattern of changes in host plant family use that we
revealed suggests repeated colonisation of different host plant families, congruent
with a ‘resource archipelago’ scenario, and some of these colonisations have been
followed by substantial diversification, which may be congruent with the
‘intermediate resource hypothesis’.

Diversification following a host plant family shift

Species group boundaries, initially independently defined by morphological
characters,commonly coincide with shifts to a different host plant family, indicating
that the host plant family shift was accompanied by morphological change. Host
plant family conservatism within species-rich clades like we find in Ectoedemia is
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commonly found among insect herbivores [14, 67, 68], and fits the hypothesis that
such a change involves a complex of simultaneous adaptions and is therefore
phylogenetically constrained. However, once conceived, it may open a world of
resources at intermediate distances. The four host plant families that include the
largest radiations of Ectoedemia, host 78% of the Ectoedemia s. str. species that we
included in our phylogeny: Fagaceae (40%), Rosaceae (24%), Salicaceae (8%) and
Betulaceae (6%). Of these, Rosaceae and Salicaceae are reconstructed to have been
colonised once, Fagaceae two or three times and Betulaceae three to five times.
These four plant families all comprise a large diversity of, often ecologically
dominant, plant species in the Holarctic that may constitute resources at intermediate
distances from the initial host change towards the family. The plant families that
do not host substantial Ectoedemia radiations are, at least in the Holarctic, relatively
species-poor (viz. Anacardiaceae, Juglandaceae, Platanaceae, Cornaceae, Sapin-
daceae and Ulmaceae). Finally, it should also be noted that the main host families
of Ectoedemia are also host to many other leaf-mining insects [3, 44], suggesting
that these plant families in general have one or more common denominators that
have made them suitable for colonisation and speciation. The balance between the
odds for colonisation and the possibilities for subsequent diversification are likely
not equal between the different host plant families. For example for Betulaceae, the
abundance of species utilizing this host plant family can most easily be explained
by several independent shifts to this family with little subsequent diversification.
There are also indications from other groups that there is a large chance to colonise
Betulaceae; a combination of Rosaceae and Betulaceae as hosts as seen in the E.
angulifasciella group is known for various leafminer groups. Some share these two
host families even within one species [e.g. Lyonetia clerkella (Lyonetiidae) and
Phyllonorycter corylifoliella (Gracillariidae); [69, 70].

Allopatric speciation

The borders of the biogeographic regions erected by Wallace [63] that we use here
are major barriers to gene flow for most animals. The regions are mostly defined by
different climatic conditions in combination with geographic distance. In Ectoe-
demia we observe that the whole subgenus is mostly restricted to the biogeographic
regions of the temperate northern hemisphere, and that the vast majority of species
is restricted to a single biogeographic region. Restricted intraspecific gene flow over
large geographic distances is further corroborated by the COI barcode distances
[37], indicating genetic isolation between conspecific specimens from different
regions. However, for many species the faunistic knowledge is currently too scarce
to know their actual distribution. For those species where we do have rather complete
information, the distribution rarely exactly coincides with the boundaries of a
biogeographic region but includes only a smaller area. As a consequence, we cannot
accurately estimate for the whole subgenus where species distributions may overlap
or not and the 33 reconstructed shifts between biogeographic regions provide only a
minimum estimate of the speciation events of which we are fairly certain that they
involved a geographic component. Focussing on the larger patterns however, it
can generally be said that within and between species groups, shifts between
biogeographic regions are more common than shifts to another host plant family. To
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further unravel the extent of the effect of geographic isolation as a driver of
speciation, it will be crucial to examine the population genetic structure of species
with wide distributions for isolation by distance patterns.

Different drivers for different clades

Although we find general patterns with regards to host family shifts and
biogeography, none appear universally applicable for the whole subgenus. An
exception to the general pattern that host plant family is a more conservative
character within species groups than biogeographic occurrence is the POS clade,
which includes the three smallest polytypic groups. The E. platanella group is
exclusively Nearctic, the other two groups have representatives either throughout the
Palearctic (suberis group) or Asia and the East Palearctic (ornatella group). Fagaceae
host Ectoedemia in all biogeographic regions, but the Ectoedemia s. str. fauna is
especially rich in southern Europe with many representatives from both the
subbimaculella and suberis groups. The lack of a diverse Ectoedemia fauna feeding
on Fagaceae in the Nearctic is surprising, considering the large radiation of Nearctic
Quercus (e.g. [71]) as potential resources at intermediate distances. A very different
dimension of speciation might be evident in the E. populella group. Ectoedemia
populella is the only Ectoedemia s. str. with a clearly different feeding mode, petiole
galling, and the biology of the entire group is somewhat divergent. The egg is laid
on the petiole or midrib of the leaf where the mine starts and only later enters the
leaf, instead of directly starting in the leaf [40]. The leafmining larvae of species in
the populella group are able to withdraw in the petiole and this adaptation may have
been a factor in the emergence and diversification of this species group, possibly
strengthened through the combination with an initial adaptation to a different
phytochemistry in allopatry. Clearly, neither shifts between biogeographic regions
or host plant families alone can explain speciation in Ectoedemia. The two factors
have possibly acted simultaneously, through differences in the availability of hosts
in different parts of the world at different times, and their relative importance for
speciation therefore varied for different clades.

Conclusions

1. Our molecular results comprise the most complete overview of the phylogenetics
of the subgenus Ectoedemia and provide a solid base for the erection of eight
monophyletic species groups: E. commiphorella group, E. terebinthivora group,
E. populella group, E. subbimaculella group, E. platanella group, E. ornatella
group, E. suberis group and E. angulifasciella group.

2. Our character state mapping analyses provide a coarse view of the role of
geographic isolation and host plant shifts during speciation events in Ectoedemia
and reveals some general patterns as well as exceptions to this pattern. Species
groups are generally conserved in their host plant family, more so than their
biogeographic regions, although in the POS clade this pattern is reversed.

3. Distant host shifts did not trace plant evolution, and diversification has not always
followed from a distant host shift. Diversification has followed from shifts to
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Rosaceae, Salicaceae and Fagaceae, but not from shifts to Betulaceae,
Platanaceae, Anacardiaceae, Juglandaceae, Cornaceae, Sapindaceae and
Ulmaceae.

4. Neither biogeography nor host plant family alone can explain the speciation
patterns we find in Ectoedemia s. str., instead, a combination of these and other
factors has likely been important, and has likely been differently for different
clades.
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Abstract

With phylogenetic knowledge of Lepidoptera rapidly increasing, catalysed by increasingly
powerful molecular techniques, the demand for fossil calibration points to estimate an
evolutionary timeframe for the order is becoming an increasingly pressing issue. The family
Nepticulidae is a species rich, basal branch within the phylogeny of the Lepidoptera, characterized
by larval leaf-mining habits, and thereby represents a potentially important lineage whose
evolutionary history can be established more thoroughly with the potential use of fossil
calibration points. Using our experience with extant global Nepticulidae, we discuss a list of
characters that may be used to assign fossil leaf mines to Nepticulidae, and suggest useful
methods for classifying relevant fossil material. We present a checklist of 79 records of
Nepticulidae representing adult and leaf-mine fossils mentioned in literature, often with multiple
exemplars constituting a single record. We provide our interpretation of these fossils. Two
species now are included in the collective generic name Stigmellites: Stigmellites resupinata
(Krassilov, 2008) comb. nov. (from Ophiheliconoma) and Stigmellites almeidae (Martins-Neto,
1989) comb. nov. (from Nepticula). Eleven records are for the first time attributed to Nepticulidae.
After discarding several dubious records, including one possibly placing the family at a latest
Jurassic position, we conclude that the oldest fossils likely attributable to Nepticulidae are several
exemplars representing a variety of species from the Dakota Formation (USA). The relevant
strata containing these earliest fossils are now dated at 102 Ma (million years ago) in age,
corresponding to the latest Albian Stage of the Early Cretaceous. Integration of all records in the
checklist shows that a continuous presence of nepticulid-like leaf mines preserved as
compression—impression fossils and by amber entombment of adults have a fossil record
extending to the latest Early Cretaceous.
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Introduction

Numerous molecular phylogenetic studies spanning the entire megadiverse insect
order Lepidoptera have been published during the past five years (Mutanen et al.
2010; Regier et al. 2009; Regier et al. 2013; Timmermans et al. 2014). Although
there is as yet no complete consensus for all phylogenetic relationships, especially
among superfamilies (Timmermans et al. 2014), the overall topology for the
evolution of Lepidoptera presently is clearer than ever. This advancement offers
opportunities to study the timeframe during which their evolution took place. One
recent study used seven fossil calibration points across all Lepidoptera and has
revealed several periods of increased diversification and a plausible, synchronous
evolution with angiosperm hosts (Wahlberg ez al. 2013). Their work became
possible by combining the Mutanen er al. (2010) phylogenetic dataset with a
LepTree project compilation of fossils (Sohn et al. 2012; Sohn & Lamas 2013).
Molecular dating on phylogenetic trees has been a subject of considerable scientific
debate, ranging from pointing out the pitfalls of using poorly supported phylogenetic
trees as starting points, to the sensitivity of different Bayesian priors such as
mutation rates, the amount of data partitions, or the effects of modelling calibration
priors (Wheat & Wahlberg 2013). When such technical issues are taken into
account, the remaining, most important factor in constructing a timed phylogenetic
tree is the number and reliability of calibration points, including the issue of
establishing additional dates (Magallén et al. 2013). The reliability of these dates
are assured only when such age dates can be assigned to a particular phylogenetic
node with a high degree of certainty. In summary, calibration points require reliable
identifications.

Nepticulidae commonly are known as pygmy moths and constitute a species rich,
basal family within lepidopteran phylogeny, and consequently may offer a series of
calibration points of both practical and theoretical importance (see Regier et al.
2015). The family comprises some of the smallest adult Lepidoptera known, and is
found on all continents except Antarctica. All nepticulid species are herbivores
with larvae that feed inside hostplant tissues. There are a variety of larval feeding
modes within the family, including gall-formers, fruit-miners, bud-miners, stem-
miners and bark-miners, but the vast majority of species are leaf miners. The
identification of extant species from larval leaf-mining traces often is reliable,
although somewhat dependent on geographic region and highly contingent on
correct host identification. Many species are (strict) monophages or oligophages
(sensu Menken & Roessingh 1998), and some genera or species groups are
specialized on a single plant family. Several studies provide a phylogeny of the
family or its subgroups (Scoble 1983, van Nieukerken 1986, Puplesis 1994, Hoare
& van Nieukerken 2013, Doorenweerd et al. 2015).

Fossils of adult Lepidoptera are rare, but recently fossils of leaf mines frequently
have been encountered (Labandeira et al. 1994; Sohn et al. 2012; Donovan et al.
2014). However, identifying leaf-mining taxa from traces, or larval mediated
damage on fossilized leaves requires an alternative approach, when compared to
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the identification of extant species. The difference in approaches is that there is no
independent knowledge of the biogeographical distribution or plant-host
specificities of the fossil taxa. In addition, the characters that leaf mines provide are
largely behavioural, and because they are influenced by environmental conditions,
they also are prone to homoplasy.

It is relatively easy to distinguish a fossil leaf mine from other types of biotic and
abiotic foliar damage by focusing on those features that also are relevant for
identification. The presence of wound reaction tissue that surrounds oviposition
sites is indicative of miner insertion of eggs into inner leaf tissues. The colour and
differential contrast in hues among the surrounding leaf tissue, the mine trajectory
and mine’s contents also provide additional information. The mined areas are
thinner and thus paler and of lighter hue than surrounding unaffected tissue,
whereas a frass trail consists of concentrated faecal contents and will be darker in
hue. Distinguishing between miners feeding on parenchyma and sap-feeding
miners consuming epidermal tissues also is important. Sap feeding occurs among
extant groups only in several early instar larvae of Gracillariidae and some
Agromyzidae (Diptera) (Winkler ef al. 2010). Only larvae of Phyllocnistinae and
Oecophyllembiinae (Gracillariidae) are sap feeding throughout their entire larval
feeding period (Davis & Robinson 1998; Hering 1951; Kumata 1998). Parenchyma
feeding leaf miners are more common and are found in four insect orders: Diptera,
Hymenoptera, Coleoptera and Lepidoptera. Leaf mining is overwhelmingly the
most common type of plant mining damage encountered in the fossil record, and,
of the different mining types, it provides the most characters for taxonomic
identification. A focus on those combinations of characters of taxonomic relevance
could result in the identification of a fossil leaf-mine specimen at least to the family
level.

Body fossils of adult Nepticulidae are exceedingly scarce, but constitute the most
valuable candidates for calibrating genus-level nodes in phylogenies. If sufficient
characters are visible, identifications to genus or even species groups are possible.
There are 13 adult fossils that have been assigned to Nepticulidae in the literature,
some of which have tentative affiliations. Two of these occurrences are compression—
impression fossils from the Late Priabonian (Late Eocene) and provide partly
visible wing venation. Two others are found in resin-like copal and likely are not
older than 150,000 years (Labandeira et al. 1994). Seven adult fossils originate from
Baltic Amber. Another candidate specimen originates from mid Late Cretaceous
Canadian Amber, and an additional specimen lacks a clear stratigraphic provenance.
Adult fossils from Baltic Amber are dated from 44.4 to 33.9 Ma, and their
occurrences reflect multiple phases of sedimentary recycling of original older
amber into successively more recent deposits (Labandeira 2014). The Canadian
Amber specimen is estimated to be 72 Ma.

Earlier reviews of Lepidoptera fossils that list Nepticulidae include Skalski (1990a)

and Sohn et al. (2012), but here we present the most comprehensive and revised
checklist to date. Five amber fossils have been described since the latest review in
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2012, more than doubling the number of known nepticulid amber fossils (Fischer
2013). Nepticulidae form a Superfamily, Nepticuloidea, together with the Oposte-
gidae, of which the latter lack known fossils. Opostegidae also are herbivores, but,
to the extent that larval habits are known, the majority of extant species create
stem- or bark-mines, often consuming cambium tissue; very few species construct
mines in leaves (Regier et al. 2015). Larval traces of mines in bark or cambium are
difficult to find and recognize, even in modern live hosts, and the absence of their
traces in the fossil record is not surprising. Given the absence of opostegid fossils,
the checklist presented here can also be viewed as a checklist for the Superfamily
Nepticuloidea. The list is constructed in such a way that it maximizes the potential
in calibrating nodes for molecular dating analyses of Nepticulidae, related lineages,
and Lepidoptera at large.

Material and methods

Identifying fossil adult Nepticulidae

Identification of fossil adult Nepticulidae relies on the same characters that
distinguish extant species (e.g. Johansson et al. 1990, van Nieukerken 1986),
although commonly only a subset of those characters are preserved or evident in
the fossil record. The family as a whole may be tentatively recognized by a
combination of their small size; the presence of an enlarged first antennal segment
(scape), also known as the eye-cap; erect hair-like scales on the frons and vertex of
the head (the frontal tuft); the presence of maxillary and labial palps; usually a
short haustellum; and relatively short legs, without a tibial epiphysis. An additional
combination of external characters, particularly wing venational features, may lead
to a genus level identification. As with many groups of insects, genitalia are the
most reliable source of characters for species-level identification. Most amber
inclusions of adults, however, are internally hollow, a phenomenon that results from
the degradation of internal organs (Labandeira 2014), and genitalia may be absent
or partially preserved.

Identifying Nepticulidae from fossil leaf mines

Identification of fossil leaf mines is less exact than identification of adults, mostly
because the characters of leaf mines have never been analysed in a phylogenetic
context. For many taxa there is a combination of characters that distinguishes the
group, but for each individual character there usually are exceptions that obstruct
the designation of truly synapomorphic characters. Moreover, many characters are
difficult to describe in a quantitative manner, such as the shape of the mine or
distribution of faecal pellets (microcoprolites) within the mine’s frass trail. In
practice, the identifications depend on cumulative evidence. Below, we describe the
relevant characters that we have evaluated.

Oviposition

Nepticulidae oviposit on the exposed surfaces of plant tissue, and consequently,
there is no scarring around the oviposition site. Female Nepticulidae deposit an

96



A revised checklist of Nepticulidae fossils

egg-case that covers the entire egg. The egg-case materials consist of a secretion
from the collaterial glands resulting in a shiny speck, which typically is black when
the larva has hatched (van Nieukerken ef al. 1990, figures on page 31). However,
this structure is lost relatively easily with post-mortem plant-tissue decay, and may
be more difficult to recover or recognize in fossils. Notably, an egg-case may also
be observed in mines made by the genus Leucoptera (Lepidoptera: Lyonetiidae),
or alternatively coleopteran leaf-mining groups, such as the genus Trachys
(Buprestidae) (Ellis 2014; Emmet 1988; Ding et al., 2014).

Leaf-mine shape

The shape of the mine is the feature that is of most immediate concern for the
description and classification of leaf-mine records. Leaf-mine shape usually constitutes
the most conspicuous set of characters. Nepticulidae leaf mines are highly variable,
and include linear galleries, blotches or a combination of a gallery and a blotch (see
text box “Leaf-mine terminology” and Figs 1-9). Much of this structural variation is
present in the most species rich, extant genus, Stigmella (Figs 2, 4, 9). Therefore, it is
not surprising that most fossil records mention a resemblance to species of extant
Stigmella. Nevertheless, several other extant genera contain very similar mine types,
particularly as the linear mine very commonly occurs in the genera Acalyptris (Fig.
1), Enteucha, Roscidotoga (Fig. 6), Pectinivalva and Parafomoria. The second largest
genus in the family, Ectoedemia, has leaf mines that typically, but not always, start as
a thin, usually strongly meandering, gallery mine that abruptly change into a broad
blotch, termed an ophistigmatonome (Figs 3, 8). Several fossil mines display an
analogy to this mine type, such as Stigmellites samsonovi Kozlov, 1988 or Ectoedemia
sp. (Labandeira et al. 1994) (Fig. 18), but such a sequence of mine phases is not an
apomorphic trait within the family, and occurs also in other genera (for example, Figs
7, 9 with Bohemannia and Stigmella, respectively). Nepticulidae larvae generally
avoid veins, as they rarely cross primary or otherwise prominent veins, such as
midribs of dicotyledonous angiosperms; only later instar larvae have the ability to
cross secondary veins. Another relevant feature is the total length of the mine, which
from oviposition site to emergence area can range from very short in small mines,
likely attributable to early instar Bucculatricidae or Coleoptera that later feed
externally, to very long linear mines or large blister-like mines that are more likely
made by Lyonetiidae, Gracillariidae, Eriocraniidae, Hymenoptera or some Coleoptera.
Care should be taken to only judge the length of completed mines, which may be
recognized by the lack of frass at the emergence area. Incomplete mines may contain
perished, possibly parasitized, larval remains, particularly mandibles and head
capsules. Backtracking, or reversing the larval trajectory of a mined route, combined
with initiating a new mining direction, is very rare in Nepticulidae. However,
backtracking without starting a new trajectory occasionally occurs, evident from frass
trails occurring on both sides of a mine, resulting in a central, frass-free path. Such a
condition is seen, for example, in the Ectoedemia populella group where larvae retreat
into the petiole or midrib during the day. Leaf-mining shapes with backtracking and
changes of direction are more typical for Parectopa (Gracillariidae) or Cosmopterix
(Cosmopterigidae), but also occur commonly in many dipteran (Winkler ef al. 2010)
and coleopteran (Ding et al. 2014) leaf mines.
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Frass

The frass of Nepticulidae consists of granular pellets that are deposited often in a
species-specific mode, but do not constitute a distinct, synapomorphic pattern that
follows from the movements of the larva in the mine. The range of frass patterns
include a central or laterally positioned, thin frass line (Fig. 5), randomly distributed
pellets filling the width of the mine (Fig. 6); frass deposited in meniscate arcs (Fig. 2);
or distinctive, abrupt changes in the frass pattern following each moult. Some species
spread the frass in the final instar along two lateral lines and move in between these
trails, examples of which are the Ectoedemia populella group (Johansson et al. 1990,
Ellis 2014: e.g. http:/www.bladmineerders.nl/minersf/lepidopteramin/ectoedemia/
intimella/intimella.htm), or the oak miners Stigmella kao van Nieukerken & Liu
and S. lithocarpella van Nieukerken & Liu (van Nieukerken and Liu 2000, Figs 95,
96, or http:/nepticuloidea.info/stigmella-kao-13; http://nepticuloidea.info/stigmella-
lithocarpella-7). In Diptera, frass is generally more fluidized, consists of fewer pellets,
and often is deposited in a double-track manner, owing to the larva residing laterally,
on its side, within the mine, or occasionally is not visible (Winkler er al. 2010).
Hymenopteran frass is often arranged into threads or elongate pellets and occasionally
is actively removed by the larva from the mine. Coleopteran frass usually comprises
granular pellets, or strings of pellets, or elongate pellets (Ding et al. 2014). Leaf mines
on non-woody herbaceous plants are more commonly made by dipteran leaf miners
than any other order of leaf miners (Spencer 1990), although when Lepidoptera,
including Nepticulidae, do mine herbaceous plants, they tend to have a more fluidised,
dipteran-like frass as well (Fig. 8). The presence, shape, and depositional pattern of
the frass within the mine are important characters. Occasionally, the pattern may
change abruptly after moulting, and careful examination of the mine may reveal
exuviae of earlier moults, including head capsules.

Larva

None of the published fossil records include fossilized larvae. If larvae are present,
however, they would provide an important source of characters. Features of the
chitinous head capsule frequently are diagnostic to order, usually to family and
possibly even to genus, when clearly visible (for Nepticulidae, see Gustafsson & van
Nieukerken 1990). Other characters of the larva, such as the presence or reduction of
legs and prolegs and the constriction between segments also are informative.
Nepticulidae never have prolegs or thoracic legs, and the body is minimally constricted
between adjacent segments.

Pupation

Numerous publications claiming to present fossil nepticulid mines mention a
“pupation chamber” at the final section or terminus of the mine (e.g. Stephenson
1991), or indicate that the presence of a semi-circular slit at the end of the mine is a
reliable character for distinguishing dipteran from lepidopteran mines. With the
exception of some species of Ectoedemia and Trifurcula, all Nepticulidae pupate
outside the mine. They create a semi-circular slit to exit the mine (clearly visible in
Fig. 7), similar to many Diptera, and usually descend to the soil on a silken thread
where they pupate within a silken cocoon. A related feature is the final section of

98



A revised checklist of Nepticulidae fossils

the mine, which is devoid of frass, as the mine terminus is where the larva resides
before vacating the mine. The absence of frass at the mine terminus may be used
to indicate the final size of the larva, but should not be interpreted as a pupation
chamber. In such mines there are never traces of silk, but some species that do
pupate in the mine may construct a cocoon within a silken tunnel that is connected
to a previously made slit in the epidermis. Larvae that make such structures include
species in the subgenus Ectoedemia (Fomoria) (Johansson et al. 1990) (Fig. 8).

Plant hosts

Identification of the plant host is a crucial step when identifying extant species
from leaf mines. However, plant hosts from the fossil record should be viewed in a
different perspective. It is likely that many fossil leaf-mining species are extinct,
and modern taxa may have recolonized ancient hosts, or that new hosts may have
been colonized (Labandeira 2002b). The identification of fossil leaves frequently is
not straightforward, and assignment to a certain plant family may be incorrect,
especially in treatments from the older literature. With modern and more detailed
methods, many plant-host identifications of the older literature subsequently have
been revised, and in many cases it is impossible to assign fossil leaves to any
particular, modern taxonomic group. One example is the assignments to Proteaceae
listed by Berry (1916), of which none probably belong to that family (Dilcher 1973).
Dilcher comments that “Many early Tertiary, and certainly many Cretaceous, fossil
angiosperm leaves should not be expected to have characters that relate them at the
generic level with modern forms.” Recently, there has been the tendency to erect
extinct genera and families for groups of angiosperm species that are extinct and
are devoid of extant representatives (Friis ef al. 2011). A more practical approach is
use of a foliage morphotype system (Johnson 2002) to be followed by an upgrading
to a Linnaean binomial once leaf morphology and variation has been extensively
documented (Johnson, 1996). We have endeavoured to place the fossil hosts into
their families and provide author names using several online sources (including
http:/fossilworks.org/ and http:// www.theplantlist.org/ for extant plants), but we
have not ascertained whether all names are valid.

Some generalizations regarding nepticuloid patterns of host-plant occurrence
may be useful to mention. All Nepticulidae feed on angiosperms, mostly on
eudicots, except for a few species within Stigmella that feed on Poaceae or
Cyperaceae. As well, some Acalyptris species feed on Cyperaceae and an
unclassified species from Brazil has mines found on Piper (Piperaceae,
Magnoliales) (Kemperman et al. 1985; Wilkinson 1979; van Nieukerken,
unpublished data). In general, lepidopterous leaf mines on commelinid monocots
are more likely created by Elachistidae (Kaila 2011). The nepticulid genus
Roscidotoga is specialized on Oxalidales and is restricted to Australia (van
Nieukerken et al. 2011a), although a few other Oxalidales feeders are known
outside Australia (EJVN, unpublished data). Most species of the genus Enteucha
are found on Polygonaceae (van Nieukerken 1986); only one other nepticulid is
known to feed on this plant family, an unnamed species of Acalyptris that feeds
on Eriogonum (D.L. Wagner, personal communication). Only species from the
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genus Parafomoria and a species of Stigmella, S. diniensis (Klimesch), feed on
Cistaceae (Sapindales) (van Nieukerken 1983).

Revision of published records

We reviewed the literature on fossils of Nepticuloidea and documented all references
to fossils that have been assigned to Nepticuloidea. Where possible, we re-evaluated
the characters used for specimen identification from images or drawings, and when
available, the original photographs and amber fossils were obtained on loan for
further study. When judging the identifications for material not in our possession,
we were aware that the original authors probably had a better view of the material
than we have from published images. Many of the records received new identifications
based on our collective experience and insight. For records that could not be verified,
we judged whether the assigned rank was plausible in terms of geological age and
the characters described in the text. If they were plausible, we did not change the
identification, but these records have their identification denoted with “[unverifiable]”.
Uncertain attribution to the identified rank is indicated with cf. (Latin: compare). In
general, we were reluctant to assign an extant, genus-level rank to a leaf-mine fossil;
most are ranked under Nepticulidae incertae sedis or are placed in the ichnogenus
Stigmellites. The only exceptions allowed were for subfossil leaf mines that resemble
more recent extant species, such as Stigmella ulmivora (Fologne) (record #14), or
mines from host plants and regions where we see a continuous record between the
Neogene fauna and the present fauna—for example: Stigmella on Californian oaks—
in which mines closely resemble extant ones (Opler 1973). Several original
descriptions and translations, and when possible, illustrations are placed on the
website Nepticuloidea.info (van Nieukerken 2014). We reviewed 79 fossil records, of
which many contain multiple exemplars. One correction for several records involved
a preservationally exceptional deposit, or Lagerstitte, for Neogene leaf fossils,
Willershausen am Harz, in Germany. This deposit was confused by Sohn et al.
(2012) with another Willershausen locality in the federal state of Hesse (Hessen),
which resulted in the confounding addition of the state of Brandenburg. Instead,
fossil Lagerstitte of Willershausen am Harz is located in the state of Niedersachsen
(Lower Saxony), and belongs to the municipality (Gemeinde) of Kalefeld, in the
District (Landkreis) of Northeim (N51.7845° E10.1087°).

Each unique combination of geologic stage, locality, host and identification is given
a record number. A single record can include multiple exemplars or undescribed
taxa. We treat the fossils in the checklist by preservational type and by age: first the
adults from the oldest to recent, and then the compressions or impressions of leaf-
mines on fossil foliage from oldest to recent. We have numbered the fossil records
and present details for each fossil in the following format:

# Record number Genus species author. This is the revised identification. A chrono-
logical list of previous identifications and publications.

« fossil type—Host: host plant—[number of exemplars] Coll: collection

« Loc: the fossil locality

« Stratum: the fossil deposit

» Remarks: revisionary comments and observations
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Alphabetical list of collections abbreviations

BMNH

BPGM

FMUF
GBIU
GDVU

GPUG

HLDG

IEUH
IGUSP

MCNV
MPEF

MVVA
NMPC

PIRAS
PMNH

QMSB
TBMM

UCMP

USNM

Department of Paleontology, Natural History Museum, London, United
Kingdom

Bavarian State Collection for Paleontology and Geology (= Bayerische
Staatssammlung fiir Palaeontologie und Geologie), Munich, Bavaria,
Germany

Florida Museum of Natural History, University of Florida, Gainesville,
Florida, U.S.A.

Department of Geological Sciences and Biology, Indiana University,
Bloomington, Indiana, U.S.A.

Geology Department of Victoria University, Wellington, Victoria,
Australia

Geological-Paleontological Institute, University of Gottingen (= Geolo-
gisch-Paldontologisches Institut, Universitit Gottingen), Gottingen,
Lower Saxony, Germany

Museum Wiesbaden (= Hessischen Landesmuseums), Darmstadt, Hesse,
Germany

Institute of Evolution, University of Haifa, Israel

Institute of Geoscience, University of Sao Paulo (= Instituto de Geo-
ciéncias, Universidade de Sao Paulo), Sdo Paulo, Brazil

Museum of Natural Science in Valencia (= Museo de Ciencias Naturales
de Valencia), Valencia, Spain

Egidio Feruglio Paleontologic Museum (= Museo Paleontdlogico Egidio
Feruglio), Trelew, Chubut, Argentina

National Museum of Victoria, Victoria, Australia

National Museum (= Narodni Muzeum or Musei Nationalis Pragae),
Prague, Czech Republic

Paleontological Institute, Russian Academy of Sciences, Moscow, Russia
Peabody Museum of Natural History, Yale University, New Haven,
Connecticut, U.S.A.

Queensland Museum, South Brisbane, Queensland, Australia

Thomas Burke Memorial Museum, University of Washington, Seattle,
Washington, U.S.A.

University of California Museum of Paleontology, Berkeley and Davis,
California, U.S.A.

United States National Museum of Natural History, Washington, DC,
US.A.

Nomenclatural note

We use the original endings for species names that are combined with Stigmellites,
despite the fact that generic names ending with the suffix “-ites” should be considered
as masculine (International Commission on Zoological Nomenclature 1999, article
30.1.4.4). All adjectival species names published as Stigmellites have feminine
endings, showing the intent of the authors. We follow the practice of lepidopterists to
retain the original spelling. This practice is in accordance with a resolution adopted
by the Societas Europaea Lepidopterologica in 2002 (Sommerer 2002).
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Photography

Photographs of dried or fresh leaf mines were taken using a dark-field illumination
setup on either a Zeiss Axioskop H or Zeiss Discovery.V20 microscope with a
Zeiss AxioCam MRS and AxioVision version SE64 4.9 software. Partial
photographs were merged using the Adobe Photoshop CS6 photomerge tool and
optimized by adjusting levels and curves. Photography of the fossil mines were
done on a Canon EOS 500 camera with an EFS 60mm macro lens, accompanied
by various combinations of low-angle indirect or direct illumination to accentuate
subtle leaf-mine features. Processing of photo images were done by standard
Photoshop methods, except for Fig. 10, which is an archival black-and-white
photograph processed by standard darkroom techniques. Adobe Indesign CC was
used to assemble individual images into a plate.

Checklist
Adult body fossils

# 1 Ectoedemia sp. [unverifiable]

Ectoedemia sp.; Skalski 1976: 199.

Ectoedemia sp.; Skalski 1990a: 127

Ectoedemia; Sohn et al. 2012: 22

e Adult in amber—[1 ex.] Coll: not stated

« Loc: Baltic Region (Baltic Amber)

« Stratum: Prussian Fm.; Lutetian Stage, middle Eocene

» Remarks: It is unclear as to what basis this fossil was assigned to Ectoedemia.
There exists no description or images of the fossil. From his publications it is clear
that Skalski used wing venation as one of the principal characters. If the venation
had indeed been completely visible, assignment to Ectoedemia s. 1. could be
correct.

Figs 1-9. Leafmines of selected extant Nepticulidae from the Naturalis collection. 1. Acalyptris
loranthella (Klimesch) on Loranthus europaeus (Loranthaceae) near Foloi,Greece (EvN2011367).
2. Stigmella oxyacanthella (Stainton) on Crataegus monogyna (Rosaceae) near Wassenaar, The
Netherlands (EvN2007118, RMNH.INS.12638). 3. Ectoedemia caradjai (Groschke) on Quercus
pubescens (Fagaceae) near Exokhori, Greece (EvN2011380-1). 4. Undescribed Stigmella on
Berberis nervosa (Berberidaceae) in Gifford Pinchot National Forest, Washington state, USA
(EvN2010027). 5. Undescribed Trifurcula (Glaucolepis) on Wisteria (Fabaceae) near Aomori,
Japan (CD13060). 6. Roscidotoga callicomae Hoare on Callicoma serratifolia (Cunoniaceae) in
Lamington National Park, Queensland, Australia (EvN2004078). 7. Bohemannia pulverosella
(Stainton) on Malus sylvestris (Rosaceae) in Barendrecht, The Netherlands (Koster nr 2582). 8.
Ectoedemia (Fomoria) septembrella (Stainton) on Hypericum perforatum (Hypericaceae) in
Losser, The Netherlands (Koster nr 1789). 9. Stigmella plagicolella (Stainton) on Prunus spinosa
(Rosaceae) in Losser, The Netherlands (Koster nr 1984). Photographs by CD and EJVN (6).
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# 2 Stigmellites baltica Kozlov, 1988

Stigmellites baltica Kozlov, 1988: 30, fig. 4

Stigmellites baltica; Skalski 1990a: 127

Stigmellites balticus; Sohn et al. 2012: 24

e Adult in amber—[1 ex.] Coll: Lost: stolen by thieves from the collection of K. M.
Sadilenko, Moscow, Russia (HT: no. 15-1-4)

« Loc: Baltic Region (Baltic Amber)

« Stratum: Prussian Fm.; Lutetian Stage, middle Eocene

» Remarks: Unfortunately the holotype could not be studied, as the original material
was lost during a robbery (Kozlov pers. comm.). The illustrated and described
venation mostly resembles modern Stigmella, but other genera cannot be excluded.

# 3 Bohemannia aschaueri Fischer, 2013

Bohemannia aschaueri Fischer, 2013: 88, fig. 3.

e Adult in amber—[1 ex.] Coll: BPGM (HT: SNSB-BSPG 2013 I 94), Fischer no.
5199

 Loc: Russia: Amber mine at Yantarny

« Stratum: Blaue Erde horizon, Prussian Fm.; Lutetian Stage, middle Eocene (Ritz-
kowski 1997)

» Remarks: The right wing shown in Fischer’s Fig. 3d is a hindwing. The drawn
short-side vein of vein number 3 (Cu) is, in our opinion, absent, which makes the
hindwing venation identical to many modern Nepticulidae, including Bohemannia.
The abdominal tip is wide, but the specimen is a male; male genitalia could be
revealed during a preliminary micro CT scan. The forewing shows purplish
scales, much as in modern Bohemannia. The venation, size, broad habitus and
colour confirm the generic attribution: the species resembles modern B.
quadrimaculella (Boheman), which is the type species of the genus. [Specimen
examined by EJVN].

Figs 10-20. Fossil representatives of Nepticulidae. 10. Nepticulidae incertae sedis on Cerci-
diphillym in Wyoming, USA, from the early Maastrichtian Stage, Late Cretaceous [#27]. 11.
Nepticulidae incertae sedis on Sapindopsis beckeriana in Kansas, USA, from the late Albian
Stage, Early Cretaceous [#14]. 12. Bohemannia butzmanni Fischer holotype in Baltic Amber
from Russia, from the Lutetian Stage, Middle Eocene (Fischer no. 5058) [#4]. 13. Nepticulidae
incertae sedis on Platanus raynoldsii in Montana, USA, from the Danian Stage, Early Paleo-
cene. [#28]. 14. Stigmellites kzyldzharica Kozlov paratype on Platanus ambicula in Kazakhstan,
from the Turonian Stage, Late Cretaceous [#20]. 15. Nepticulidae incertae sedis on Pandemo-
phyllum kvacekii in Nebraska, USA, from the late Albian Stage, Early Cretaceous [#13]. 16.
Detail of the lower mine on 15. 17. Nepticulidae incertae sedis on Anisodromum upchurchii in
Kansas, USA, from the late Albian Stage, Early Cretaceous [#17] 18. Nepticulidae incertae sedis
on an undetermined leaf of Platanaceae in Kansas and Nebraska, USA, from the late Albian
Stage, Early Cretaceous [#12]. 19. Nepticulidae incertae sedis of DT91 on Zizyphoides flabella
in Montana, USA, from the Danian Stage, Early Paleocene [#30]. 20. Nepticulidae incertae sedis
of DT41 and DT91 on Cercidiphyllum genetrix in Montana, USA, from the Danian Stage, Early
Paleocene [#31]. Photographs by CCL, EJvN (12), M. Kozlov (14) and M. Donovan (19, 20).
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# 4 Bohemannia butzmanni Fischer, 2013 (Fig. 12)

Bohemannia butzmanni Fischer, 2013: 86, fig. 1.

e Adult in amber—[1 ex.] Coll: BPGM (HT: SNSB-BSPG 2013 193) ex coll. Fischer
no. 5058

 Loc: Russia: Amber mine at Yantarny

e Stratum: Blaue Erde horizon; Prussian Fm.; Lutetian Stage, middle Eocene
(Ritzkowski 1997)

» Remarks: The venation of the holotype is identical to that of modern Bohemannia.
The specimen has a broad, blunt abdomen, and most likely is a female. The
extensions that are termed ‘valvae’ in the original description are probably
protruding scales. The specimen is not significantly different from the holotype
of B. aschaueri (#3), and they could well be conspecific. [Specimen examined by
EJVN].

# 5 cf. Stigmella sp.

Nepticulidae; Fischer 2013: 86, fig. 2

 Adult in amber—[1 ex.] Coll: Fischer collection no. 5217, possibly also 5058

 Loc: Russia: Amber mine at Yantarny

e Stratum: Blaue Erde horizon, Prussian Fm.; Lutetian Stage, middle Eocene
(Ritzkowski 1997)

» Remarks: According to the author, this specimen may be conspecific with
Bohemannia butzmanni (# 4). We disagree with that possibility: the forewing
venation clearly differs, with fewer terminal branches of R+M (3 rather than 4 or
5); the antennae are much shorter (20 segments in a complete antenna versus
incomplete antenna with at least 35 segments for Bohemannia); and the individual
flagellomeres are longer, whereas those in Bohemannia (and many Ectoedemia)
are short. This specimen most likely belongs to Stigmella. [Specimen examined
by EJVN].

# 6 Nepticulidae: incertae sedis

Nepticulidae; Fischer 2013: 88, fig. 4

» Adult in amber—[1 ex.] Coll: Fischer collection no. 5198

 Loc: Russia: Amber mine at Yantarny

e Stratum: Blaue Erde horizon, Prussian Fm.; Lutetian Stage, middle Eocene
(Ritzkowski 1997)

» Remarks: Unfortunately the venation cannot be seen, and initial study with micro-
CT scans has not yet provided a clear view of the specimen. This specimen could
be a Stigmella, but an alternative genus also is possible. [Specimen examined by
EJVN].

# 7 Nepticulidae: incertae sedis

Nepticulidae; Fischer 2013: 91, fig. 5

» Adult in amber—[1 ex.] Coll: Fischer collection no. 5166

 Loc: Russia: Amber mine at Yantarny

e Stratum: Blaue Erde Horizon, Prussian Fm.; Lutetian Stage, middle Eocene
(Ritzkowski 1997)
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» Remarks: Re-examination of the fossil has not yet resulted in more precise
identification. [Specimen examined by EJVN].

# 8 cf. Stigmella sp.

Incurvariina or Nannolepidoptera species A; Jarzembowski 1980: 270, fig. 50

Stigmellites; Kozlov 1988: 32

Stigmellites; Sohn et al. 2012: 25

 Adult impression—[1 ex.] Coll: BMNH (1.9492)

« Loc: United Kingdom: England, Isle of Wight, Bembridge Marls

e Stratum: Bouldnor Fm.; late Priabonian Stage, late Eocene

» Remarks: This is one of two known adult impression fossils. Kozlov was the first
to notice that the venation is clearly nepticulid. We think that the venation most
closely resembles Stigmella, but there are insufficient visible veins to completely
exclude Acalyptris.

# 9 Nepticulidae: incertae sedis

Tineoidea species C; Jarzembowski 1980: 271, fig. 57

Stigmellites; Kozlov 1988: 32

Stigmellites “Species B”; Sohn et al. 2012: 26

o Adult impression—[1 ex.] Coll: BMNH (In.64540)

« Loc: United Kingdom: England, Isle of Wight, Bembridge Marls

« Stratum: Bouldnor Fm.; late Priabonian Stage, late Eocene

» Remarks: This is one of two known adult impression fossils. It is listed as “species
B” in Sohn ef al. (2012), but species B in Jarzembowski (1980) is not depicted and
is referred perhaps to Heliozela. Kozlov (1988) places Jarzembowski’s species A
(see record # 8) and species C (this record) in Stigmellites. The venation is
incomplete, but resembles a nepticulid. The hindwing shows a trifurculine
condition of Rs+M, which is characteristic for the genus Trifurcula, but we find
assignment to that genus premature.

10 Acalyptris sp. [unverifiable]

Niepeltia sp.; Skalski 1990a: 127

Acalyptris; Skalski 1990b: 144

Acalyptris; Sohn et al. 2012

e Adult in copal—[1 ex.] Coll: not stated

« Loc: Tanzania: Zanzibar Island

« Stratum: East African Copal from unconsolidated sediments (Holocene Stage)

» Remarks: This fossil has been assigned to Acalyptris, although the characters to
base this identification have not been indicated. Judging from Skalski’s other
publications he likely used wing venation as a leading character, which is quite
characteristic for this genus (van Nieukerken 1986). There are no images or
drawings of the fossil, nor is there the option to study the object due to an
absence of reference to a collection. We leave this fossil in Acalyptris because
there are no inconsistencies in characters and it involves an almost modern
subfossil specimen.
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# 11 Enteucha sp. [unverifiable]

Johanssonia; Skalski 1976: 199

Johanssoniella;, Sohn et al. 2012: 22

e Adult in copal—[1 ex.] Coll: not stated

* Loc: unclear

e Stratum: unclear, but undoubtedly copal from unconsolidated sediments of
Pleistocene or Holocene Age.

» Remarks: The locality is unclear, although it was likely the Baltic region (Skalski
1976). In the publication, it was listed as Johanssonia Borkowski in a table with
specimens from Baltic Amber: “avec un seule espece fossile non encore décrite”
[with a single undescribed fossil species]. A footnote however indicates that this
fossil was embedded in copal instead of Baltic Amber and is thus essentially
modern in age, compared to the other specimens in the table. There are no images
or drawings, only the mention that it was placed in the genus Johanssonia.
Johanssoniella Kocak, 1981 is a replacement name for Johanssonia Borkowski,
1972, but both are subjective junior synonyms of the extant genus Enteucha
Meyrick, 1915 (synonymised by van Nieukerken 1986). There is no reference to a
collection.

Leaf-mine fossils

# 12 Nepticulidae: incertae sedis multiple species (Fig. 18)

Ectoedemia; Labandeira et al. 1994: 12279, figs. la—d

Ectoedemia; Sohn et al. 2012: 21

« Leaf mine—Host: Platanaceae: indeterminate genus—[11 exx.] Coll: FMUF
(UF12701; UF7255 etc.)

» Loc: USA: Kansas and Nebraska, Braun Ranch, Hoisington and other localities

« Stratum: Dakota Fm.; late Albian Stage, Early Cretaceous

*« Remarks: There are 11 leaf mines on Platanaceae, and one leaf mine on an
undesignated host. Kristensen & Skalski (1998) cited this record as the earliest
fossil evidence of Nepticulidae and also of the extant genus Ectoedemia. The
original dating of these fossils was 97 Ma (Labandeira et al. 1994). However,
by a combination of recent stratigraphic evaluation of the Dakota Formation
(Brenner et al. 2000), and updates in global geochronological tie-points (Ogg
et al. 2008), the lower portion of the Dakota Formation is re-dated at 102 Ma.
We consider it impossible that these mines are related to modern Platanus
feeders in the genus Ectoedemia, which belong to a much later evolved,
subordinate clade (Doorenweerd et al. 2015), even though there is a superficial
resemblance.

# 13 Nepticulidae: incertae sedis (Figs 15, 16)

Stigmella; Labandeira et al. 1994: 12279, 12280, fig. le

cf. Stigmella; Sohn et al. 2012: 23

 Leaf mine—Host: Laurales: Pandemophyllum kvacekii Upchurch and Dilcher,
1990—[1 ex.] Coll: FMUF (UF12712)

* Loc: USA: Nebraska, Rose Creek

108



A revised checklist of Nepticulidae fossils

« Stratum: Dakota Fm.; late Albian Stage, Early Cretaceous

* Remarks: The mines resemble modern Stigmella, but because these cannot be
separated from several other genera, we consider them as Nepticulidae incertae
sedis. Sohn et al. (2012) combined this record with the following two, but due to
their occurrence on different host plants, we separate them here. There are no
records of extant Nepticulidae feeding on Laurales.

# 14 Nepticulidae: incertae sedis (Fig. 11)

Stigmella; Labandeira et al. 1994: 12279, 12280, figs. 1f—g

cf. Stigmella; Sohn et al. 2012: 23

« Leaf mine—Host: Platanaceae: Sapindopsis beckeriana Wang, 2002—[1 ex.]
Coll: FMUF (UF4811)

» Loc: USA: Kansas, Hoisington

« Stratum: Dakota Fm.; late Albian Stage, Early Cretaceous

» Remarks: See record # 13 for remarks, only differing in host plant. Sapindopsis is
one of the earliest appearing lineages of Platanaceae, confined to the Cretaceous
and consists of pinnately-compound leaves. The specimen illustrated in Fig. 11 is
a leaf-mined leaflet.

# 15 Nepticulidae: incertae sedis

Stigmella; Labandeira et al. 1994: 12279, 12280, fig. 1h

cf. Stigmella; Sohn et al. 2012: 23

 Leaf mine—Host: Sapindales (family uncertain): Anisodromum wolfei Upchurch
and Dilcer, 1990—[1 ex.] Coll: FMUF (UF12718)

* Loc: USA: Nebraska, Rose Creek—Dakota Fm.

« Stratum: late Albian Stage, Early Cretaceous

» Remarks: see record # 13 for remarks, only differing in host plant. Originally the
higher host ranking was indicated as “Rosidae”, however, based on the taxonomic
framework of Bell et al. (2010) and classification of Wang (2002), this plant would
be in the (Order) Sapindales.

# 16 cf. Nepticulidae

Stigmella; Labandeira 1998: 110, fig. 3d

cf. Stigmella; Sohn et al. 2012: 22

e Leaf mine—Host: Laurales: ?Pabiania—|1 ex.] Coll: FMUF (UF7252)

* Loc: USA: Kansas, Cloud Co., Braun’s Ranch

« Stratum: Dakota Fm.; late Albian Stage, Early Cretaceous

« Remarks: Kristensen and Skalski (1998) cited this record in addition to the
following as the earliest fossil evidence of Nepticulidae and also of the extant
genus Stigmella. The mine is very long for a nepticulid mine and not clearly
increasing in width; it perhaps resembles more an epidermal type of mine like
those created by species of Phyllocnistis (Gracillariidae). There are no records of
extant Nepticulidae feeding on Laurales.
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# 17 Nepticulidae: incertae sedis (Fig. 17)

Stigmella; Labandeira 1998: 110, fig. 3e

cf. Stigmella; Sohn et al. 2012: 22

e Leaf mine—Host: Sapindales (family uncertain): Anisodromum upchurchii
Wang, 2002—[1 ex.] Coll: FMUF (UF16173)

* Loc: USA: Kansas, Cloud Co., Braun’s Ranch

« Stratum: Dakota Fm.; late Albian Stage, Early Cretaceous

» Remarks: Kristensen and Skalski (Kristensen & Skalski 1998) cited this record as
well as the former occurrence as the earliest fossil evidence of Nepticulidae and
the extant genus Stigmella. The mine appears very nepticulid-like, but can belong
to a number of different genera.

# 18 Nepticulidae: incertae sedis multiple species

Nepticulidae Mine type KLmla, KLmlb, KLmlc, KLm2, KLm3, KLmll;

Stephenson 1991: 154-156, 163 cf. Stigmella/Nepticulidae; Sohn et al. 2012: 23,26

e Leaf mine—Host: Angiosperms—[32 exx.] Coll: GBIU (IU15706-4811;

1U15706-7525; 1U15706-7528; 1U15709-4818; 1U15709-7531; 1U15709-7535;

1U15706-4539; 1U15706-7521; 1U15706-7525; 1U15706-7527; 1U15706—-4810;

1U15703-3856; 1U15703-7523a; 1U15706-7255; 1U15706-7256; 1U15709-3950;

1U15709-4819; 1U15713-4696; 1U15713-4834; 1U15713-4936; 1U15713-7242;

1U15713-7243; 1U15713-7244; 1U15713-7245; 1U15713-7246; 1U15723-7247,

1U15713-7248; 1U15713-7249; 1U15713-7324; 1U15706-4536; 1U15706-7113;

1U15714-7250)

e Loc: USA: Kansas and Nebraska, Braun Ranch, Hoisington and other localities
(Dakota Fm.)

« Stratum: late Albian Stage, Late Cretaceous

» Remarks: The author compared these fossil mines with dried leaf mines from the
Hering collection (BMNH), and suggests recent analogues for different types of
leaf mines. Records 12 and 18 were combined by Sohn et al. (2012) but actually
represent specimens from different time intervals. Record # 18 was also mentioned
separately by Sohn et al. (2012: 26).

# 19 Stigmellites serpentina Kozlov, 1988

Nepticulidae; Skalski 1979: 64

Stigmellites serpentina Kozlov, 1988: 32, pl. 2: 2 Stigmellites serpentina; Skalski

1990a: 127 Nepticulidae; Boucot 1990: 108, fig. 102

Stigmellites serpentina; Sohn et al. 2012: 25,26

 Leaf mine—Host: Cercidiphyllaceae: Trochodendroides arctica Heer—[3 exx.]
Coll: PIRAS (HT: PIN 2383/205)

e Loc: Kazakhstan: Kyzyl Orda Prov., Chilinsky, northwest spur of Karatau
Mountain range, Kyzyl-Dzhar

« Stratum: Beleuty Fm.; Turonian Stage, Late Cretaceous

» Remarks: This occurrence was split into two records by Sohn et al. (2012), one
referring to Skalski and Boucot on page 26 and one to Kozlov on page 25.
However, the photograph published in Boucot (1990), referring to Skalski
(1979), shows the entire leaf with three mines, of which Kozlov depicted a single
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mine and used it to designate the holotype. The image published by Kozlov is a
mirror, facsimile version of the original. This mine was listed by Sohn et al.
(2012) as occurring during the Oxfordian-Kimmeridgian Stages of the Late
Jurassic, which would make this record represent by far the oldest nepticulid
fossil. Nevertheless, Kozlov (1988) and Boucot (1990) cited the Turonian Stage
of the early Late Cretaceous as the age for this occurrence. At Karatau, in the
mountains of southernmost Kazakhstan, there are two intervals of strata bearing
insects and plants, occurring in vertical succession. The older deposits are,
indeed, Late Jurassic, and belong to the Oxfordian and Kimmeridgian Stages.
The younger deposit is of early Late Cretaceous Age (Turonian Stage), and also
contains fossil plants and insects of similar age. It appears that these two
sequences were confused and geochronologically reversed (Friis et al. 2011);
we consider the Turonian Stage the correct date for this record. Skalski (1979)
cited this as a leaf mine from Karatau, “very similar to leaf mines produced by
some existing species, e.g. Nepticula tityrella Stainton”. We agree that this mine
very much resembles modern Nepticulidae and is attributable to several
constituent genera.

# 20 Stigmellites kzyldzharica Kozlov, 1988 (Fig. 14)

Eriocraniidae; Zherikhin 1978: 79

Nepticulidae; Skalski 1979: 64

Nepticulidae; Zherikhin 1980: 89

Stigmellites kzyldzharica Kozlov, 1988: 32, fig. 5, pl. 2: 1

Stigmellites kzyldzharica; Skalski 1990a: 127

eriocranid; Grimaldi & Engel 2005: 572, fig. 13: 32.

Stigmellites kzyldzharicus; Sohn et al. 2012: 25

» Leaf mine—Host: Platanaceae: Platanus ambicula Vachr.— [2 exx.] Coll: PIRAS
(HT: PIN 2383/206; PT: PIN 2383/214)

e Loc: Kazakhstan: Kyzyl Orda Prov., Chilinsky, northwest spur of Karatau
Mountain Range, Kyzyl-Dzhar

« Stratum: Beleuty Fm.; Turonian Stage, Late Cretaceous

» Remarks: The mine is very long and narrow, and resembles somewhat modern
Acalyptris mines. Extant Platanus species are host for Acalyptris platani (Miiller-
Rutz) in Europe (van Nieukerken 2007) and for three Ectoedemia species in
North America (Wilkinson & Newton 1981; Doorenweerd et al. 2015).

# 21 Stigmellites samsonovi Kozlov, 1988

Stigmellites samsonovi Kozlov, 1988: 33, pl. 2: 3

Stigmellites samsonovi; Skalski 1990a: 127

Stigmellites samsonovi; Zherikhin 2002: 321, fig. 475

Stigmellites samsonovi; Sohn et al. 2012: 25

» Leaf mine—Host: Cercidiphyllaceae: Trochodendroides arctica Heer—[1 ex.]
Coll: PIRAS (HT: PIN 2383/209)

e Loc: Kazakhstan: Kyzyl Orda Prov., Chilinsky, northwest spur of Karatau
Mountain Range, Kyzyl-Dzhar

« Stratum: Beleuty Fm.; Turonian Stage, Late Cretaceous
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» Remarks: The mine begins as a narrow gallery and abruptly expands into a blotch,
as seen with many extant Ectoedemia (s. str.) species, but also some leaf-mining
species in other genera. This specimen is likely to be a nepticulid mine.

# 22 Stigmellites sharovi Kozlov, 1988

Stigmellites sharovi Kozlov, 1988: 33, pl. 2: 4

Stigmellites sharovi; Skalski 1990a: 127

Stigmellites sharovi; Sohn et al. 2012: 25

» Leaf mine—Host: Cercidiphyllaceae: Trochodendroides arctica Heer—[1 ex.]
Coll: PIRAS (HT: PIN 2383/208)

e Loc: Kazakhstan: Kyzyl Orda Prov., Chilinsky, northwest spur of Karatau
Mountain Range, Kyzyl-Dzhar

« Stratum: Beleuty Fm.; Turonian Stage, Late Cretaceous

» Remarks: The attribution of this mine to the Nepticulidae seems likely.

# 23 Stigmellites tyshchenkoi Kozlov, 1988

Stigmellites tyshchenkoi Kozlov, 1988: 33, pl. 2: 5

Stigmellites tyshchenkoi; Skalski 1990a: 127

Stigmellites tyshchenkoi; Zherikhin 2002: 321, fig. 475

Stigmellites tyshchenkoi; Sohn et al. 2012: 25

« Leaf mine—Host: Platanaceae: Platanus latior (Lesquereux) Knowlton—[1 ex.]
Coll: PIRAS (HT: PIN 2383/211)

e Loc: Kazakhstan: Kyzyl Orda Prov., Chilinsky, northwest spur of Karatau
Mountain Range, Kyzyl-Dzhar

« Stratum: Beleuty Fm.; Turonian Stage, Late Cretaceous

» Remarks: The photographs in both publications show rather different views of the
same mine. The photograph of the mine in Kozlov (1988) appears to be free of
frass, a feature which is also stated in the description (“no excrement line visible™).
By contrast, in Zherikhin (2002) there is a clear black frass line with a fine margin
from the edges of the mine. The original photographs from Kozlov (1988), now
are available on http://nepticuloidea.info/nepticuloidea/stigmellites-tyshchenkoi,
reveals that the frass likely is a very shiny and black. This image was overexposed
during photography, making the specimen seem devoid of frass. We believe the
fossil and photographs actually contain two mines. See also #20, which differs by
one mine having a thin frass line.

# 24 Stigmellites resupinata (Krassilov, 2008) comb. nov.

Lepidoptera; Krassilov 2007: 14, fig 1D,E

Ophiheliconoma resupinata Krassilov, 2008b: 100, pl. 34: 1,2

e Leaf mine—Host: Family unknown: Dewalquea gerofitica (Dobruskina)
Krassilov—[1 ex.] Coll: IEUH, (HT IG1- 139)

« Loc: Israel: southern Negev, Gerofit

« Stratum: mid-Turonian Stage, Late Cretaceous

» Remarks: Krassilov used an ichnotaxonomic ranking that cannot easily be
correlated with extant taxonomic ranks. In the species description it is mentioned
that the mine is “nepticuliform,” and the number of instars (likely 6) appear to
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match that of extant Stigmella. However, most Stigmella have 4 or 5 instars. In
Krassilov (2007), the detailed image (fig. 1E) is mentioned to depict an “end-
blotch ... with a hibernating cocoon.” However, in Krassilov (2008), this section
was re-interpreted as an intestiniform beginning of the mine, gradually increasing
in width, which we also believe as more likely. The ovoidal scar mentioned at the
oviposition site might equally be an egg-capsule. The original species description
did not assign the species to a higher rank, rendering it a nomen nudum. However,
we believe that the combined evidence is sufficient to assign this mine to
Nepticulidae. The higher taxonomic rank for the host is possibly Myrtales or
Rhizophorales (now placed in Malpighiales) (Krassilov 2008b), and the host
species was an early angiosperm that had a mangrove-like habit.

# 25 Nepticulidae: incertae sedis [unverifiable]

cf. Stigmella; Donner & Wilkinson 1989: 9

cf. Stigmella; Sohn et al. 2012: 22

 Leaf mine—Coll: Christopher Wilkinson

» Loc: Kazakhstan

« Stratum: Beleuty Fm.; Turonian Stage, Late Cretaceous

» Remarks: Wilkinson had borrowed several specimens that he reports as “exactly
similar to Stigmella today”, from a deposit he claims to be 110 Ma, but also states
that it is the same age as Turonian (= 89.8—93.3 Ma). No further details are given.
It is possible that this literature record refers to the more recent, Late Cretaceous,
fossils from Kazakhstan, as in records # 19-23.

# 26 Nepticulidae: incertae sedis

Stigmella; Labandeira et al. 2002: 2062, fig. 1h

cf. Stigmella; Sohn et al. 2012: 23

e Leaf mine—Host: Rosaceae: aff. Rubus—|1 ex.] Coll: YPM (6367a)

* Loc: USA: SW North Dakota, Williston Basin, near Marmarth

« Stratum: Hell Creek Fm.; latest Maastrichtian Stage, Late Cretaceous

« Remarks: In Labandeira et al. (2002) the host was identified as “Rosaceae”; in
Sohn et al. (2012), it was listed as “cf. Rubus”. The leaf with the mine exactly
matches leaf morphotype HC80, designated as “aff Rubus” in Johnson (2002),
from the Hell Creek flora of the Williston Basin. The leaf is morphologically
consistent with modern-day Rubus, but a Late Cretaceous age seems unlikely for
this modern genus.

# 27 Nepticulidae: incertae sedis DT43 (Fig. 10)

Nepticulidae/Stigmella; Labandeira 2002a: 49, 252, fig. 2.10e—f

Nepticulidae; Sohn et al. 2012: 26

 Leaf mine—Host: Cercidiphyllaceae: Cercidiphyllum sp.—[1 ex.] Coll: USNM

e Loc: USA: Wyoming, Washakie Co., Big Cedar Ridge

« Stratum: Meeteetsee Fm.; early Maastrichtian Stage, Late Cretaceous

» Remarks: Only part of the mine is visible in the figure, but the specimen has the
characteristics of a Nepticulidae mine. In the figure caption the mine is mentioned
to be nepticulid, but in the appendix of Labandeira (2002a), together with the
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supporting information for the specimens that are depicted, the leaf mine is
identified as Stigmella.

# 28 Nepticulidae: incertae sedis Platanus DT91, DT282 (Fig. 13)

Lepidoptera; Donovan er al. 2014: fig. 2a—h, fig. 3e

 Leaf mine—Host: Platanaceae: Platanus raynoldsii Newberry—[21 exx.] Coll:
USNM (including USNM 560118; USNM 560119; USNM 560120; USNM
560113; USNM 498156; YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.

« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

» Remarks: The authors identified material by damage type for each insect order.
1073 leaves with varied insect damage were investigated. The figures in the
publication show Lepidoptera leaf mines as DT91 and a likely Lepidoptera leaf
mine as DT282; both are on Platanus raynoldsii. We believe these leaf mines are
likely to be nepticulid.

# 29 Nepticulidae: incertae sedis Juglandiphyllites DT91, DT105

Insect-feeding damage; Donovan et al. 2014: fig. 3j, fig. 5

e Leaf mine—Host: Family unknown: Juglandiphyllites glabra Manchester &
Dilcher—[5 exx.] Coll: USNM (including USNM 560118; USNM 560119; USNM
560120; USNM 560113; USNM 498156; YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.

« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

« Remarks: The frass trail of DT91 mines on J. glabra differs from DT91 mines on
other hosts from the same publication (# 28—# 35); the frass is spheroidal and
spread out in a loose trail or is completely absent in some areas.

The distance between frass and pellet accumulations is greater than for similar

mines occurring on other host plants. It is likely there are different species involved

in these DT91 mines.

# 30 Nepticulidae: incertae sedis Zizyphoides DT91 (Fig. 19)

Leaf mines; Donovan et al. 2014: fig. 8

» Leaf mine—Host: Trochodendraceae: Zizyphoides flabella (Newberry) Crane,
Manchester & Dilcher—[6 exx.] Coll: USNM (including USNM 560118; USNM
560119; USNM 560120; USNM 560113; USNM 498156; YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.

« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

» Remarks: DT91 mines on Z. flabella originate near a secondary vein and loop
around to the adjacent secondary vein, following it until termination. These mines
are likely to be Nepticulidae. The host Zizyphoides is only known from fossil
leaves, but is always found in conjunction with Nordenskioldia, which is only
known from infructescences. Zizyphoides (leaves) and Nordenskioldia (fruits)
are presumed to be congeneric and placed within Trochondendraceae (Pigg et al.
2001).
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# 31 Nepticulidae: incertae sedis Cercidiphyllum DT41, DT91 (Fig. 20)

Leaf mines; Donovan et al. 2014: fig. 10e—g

e Leaf mine—Host: Cercidiphyllaceae: Cercidiphyllum genetrix (Newberry)
Hickey—[2 exx.] Coll: USNM (including USNM 560118; USNM 560119; USNM
560120; USNM 560113; USNM 498156; YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.

« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

» Remarks: DT41 mines (Fig. 10e—k in Donovan et al., 2014) mentioned in this
publication are found on Cercidiphyllum over a period of 6 m.yr. (million years),
but likely represent different species based on the different mine morphologies.
Mines from the same host, also from Wyoming, have also been recorded from the
latest Cretaceous (66—72.1 Ma), as record # 27. This indicates that the association
between this host and Nepticulidae minimally spans approximately 13 m.yr.

# 32 Nepticulidae: incertae sedis “Populus” DT91

Insect damage; Donovan et al. 2014: fig. 13e—f

 Leaf mine—Host: Cercidiphyllaceae?: “Populus” nebrascensis Newberry—[1 ex.]
Coll: USNM (including USNM 560118; USNM 560119; USNM 560120; USNM
560113; USNM 498156; YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.

« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

» Remarks: The Late Cretaceous host is not Populus (hence its placement in quotes)
and likely belongs to a family far removed from the Salicaceae. The host probably
is or probably closely related to Cercidiphyllum (Cercidiphyllaceae). We believe
this leaf-mine record likely to be nepticulid.

# 33 Nepticulidae: incertae sedis Browniea DT91

Insect damage; Donovan er al. 2014: fig. 14e

e Leaf mine—Host: Cornaceae: Browniea serrata (Newberry) Manchester &
Hickey—[1 ex.] Coll: USNM (including USNM 560118; USNM 560119; USNM
560120; USNM 560113; USNM 498156; YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.

« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

» Remarks: The host family Cornaceae (including Nyssaceae, to which Browniea
was originally assigned) is used as a host by some Ectoedemia in North-America
(Doorenweerd et al. 2015) and undescribed Acalyptris species in Asia (data
EJvN). However, the mines of this record are different from the mines of extant
Cornaceae-feeding species. Nonetheless, these mines likely belong to
Nepticulidae.

# 34 Nepticulidae: incertae sedis Dicot morphotype 1 DT36, DT91

Insect damage; Donovan et al. 2014: fig. 15a—c

» Leaf mine—Host: Dicot leaf morphotype 1—[2 exx.] Coll: USNM (including
USNM 560118; USNM 560119; USNM 560120; USNM 560113; USNM 498156;
YPM 65939A)

* Loc: USA: Mexican Hat, eastern Montana, Custer Co.
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« Stratum: Fort Union Fm.; Danian Stage, early Paleocene

» Remarks: A blotch mine (DT36) and gallery mine (DT91) likely represent two
different species. The detailed image of the DT91 mine in figure 15 shows what
seems to be an exquisitely preserved egg-capsule. We believe it likely is Nepticulidae.

# 35 Nepticulidae: incertae sedis Cercidiphyllum DT41

Leaf mines; Donovan et al. 2014: fig. 10h—k

e Leaf mine—Host: Cercidiphyllaceae: Cercidiphyllum genetrix (Newberry)
Hickey—[1 ex.] Coll: USNM (USNM 560151, USNM 560152, USNM 560153,
USNM 560154)

e Loc: USA: Wyoming, Haz-Mat and Skeleton Coast sites

« Stratum: Fort Union Fm.; Danian Stage, late Paleocene

* Remarks: DT41, see comments under record # 31.

# 36 Stigmellites gossi Jarzembowski, 1989

Mine type 1; Crane & Jarzembowski 1980: 632, figs. 6, 8

Stigmellites gossi Jarzembowski, 1989: 448

Stigmella sp.; Skalski 1990a

Stigmellites gossi; Sohn et al. 2012: 24

e Leaf mine—Host: Dicot—[2 exx.] Coll: BMNH (HT: In.64547; PT: In.64548)

« Loc: United Kingdom: Southern England, Berkshire, Newbury, Cold Ash

« Stratum: Reading Fm.; Thanetian Stage, late Paleocene

» Remarks: Crane and Jarzembowski (1980) stated that this mine is similar to an
unidentified species of Stigmella on Quercus cerris L.. The fossil mine was
compared with North American Stigmella pomivorella (Packard) and Bucculatrix
pomifoliella (Clemens). We think that the assignment to Nepticulidae is probably
correct.

# 37 Stigmellites centennis Jarzembowski, 1989

Mine type 2; Crane & Jarzembowski 1980: 633, fig. 4, 9.

Stigmellites centennis Jarzembowski, 1989: 448

Stigmella sp.; Skalski 1990a

Stigmellites centennis; Sohn et al. 2012: 24

e Leaf mine—Host: ?Fabaceac—[1 ex.] Coll: BMNH (HT: In.64549)

« Loc: United Kingdom: S England, Berkshire, Newbury, Cold Ash

« Stratum: Reading Fm.; Thanetian Stage, late Paleocene

» Remarks: We do not find the illustrations sufficiently convincing that we can
corroborate Jarzembowksi’s suggestion that this specimen resembles modern
Stigmella hemargyrella (Kollar). However, assignment to Nepticulidae certainly
is possible.

# 38 cf. Nepticulidae: incertae sedis multiple exemplars
“Healed wounds on leaf”; Brooks 1955: 4, 6, pl. 1: 5.
Nepticulidae; Opler 1973: 1321

Nepticulidae; Kozlov 1988: 30

Nepticulidae; Sohn et al. 2012: 26
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 Leaf mine—Host: unknown angiosperm family: Proteoides wilcoxensis Berry—
[multiple exx.] Coll: USNM

» Loc: USA: Tennessee, Henry Co., SW of Puryear

« Stratum: Claiborne Fm., Wilcox deposits; late Ypresian Stage, early Eocene

» Remarks: The combination of the references by Berry (1916) and Brooks (1955),
as provided by Sohn er al. (2012), is incorrect. Brooks (1955) referred to Berry’s
(1916) plates as material that was different from the galleries that he described,
and which he did not regard as leaf mines. According to Opler (1973), the
specimen does represent a nepticulid, of which we are not completely convinced,
but tentatively accept. In addition, the plant host Proteoides does not belong to the
Proteaceae; its family assignment is unknown (Dilcher 1973).

# 39 Nepticulidae: incertae sedis multiple species [unverifiable]

cf. Stigmella; Wilf et al. 2005: 8944

cf. Stigmella; Sohn et al. 2012: 24

 Leaf mine—Host: unidentified dicot—[multiple exx.] Coll: MPEF

» Loc: Argentina: Patagonia, Chubut, Laguna del Hunco

« Stratum: Tufolitas Laguna del Hunco Fm.; Ypresian Stage, early Eocene (Genise
& Petrulevicius 2001).

» Remarks: The study counted 3599 instances of fossil leaf feeding; however, it was
unspecified as to how many of these were nepticulid in affinity.

# 40 Nepticulidae: incertae sedis DT37

leaf mines; Wilf er al. 2001: 6222, suppl. fig. 5b

mining DT37; Labandeira et al. 2007

» Leaf mine—Host: Fabaceae: “Caesalpinia”—[1 ex.] Coll: USNM (USNM 9623)

* Loc: USA: Utah, Uinta Basin

« Stratum: Green River Fm.; Lutetian Stage, middle Eocene

» Remarks: A photographic image of a fossil leaf mine of the type DT37, was
provided as an example of a leaf mine. The same image is included is included in
# 71. We find it likely that this specimen is a member of the Nepticulidae.

# 41 Nepticulidae: incertae sedis

Stigmella; Labandeira 2002b: 45, figs. 4a—b

cf. Stigmella; Sohn et al. 2012: 22

 Leaf mine—Host: dicotyledonous angiosperm—[1 ex.] Coll: TBMM (57293a)

e Loc: USA: Washington, Whatcom Co., near Bellingham

« Stratum: Chuckanut Fm.; Lutetian Stage, middle Eocene

» Remarks: Judging from the image, the mine has the general impression of a
nepticulid mine.

# 42 Nepticulidae: incertae sedis

Stigmella; Labandeira 2002b: 45, figs. 4e—g

cf. Stigmella; Sohn et al. 2012: 22

» Leaf mine—Host: Rosaceae: cf. Sorbus—[1 ex.] Coll: TBMM (76477)
» Loc: USA: Washington State, Ferry Co., Republic
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« Stratum: Klondike Mountain Fm.; Lutetian Stage, middle Eocene

» Remarks: The author stated that the fossil mine is particularly similar to those
made by the extant Sorbus-feeding Stigmella nylandriella (Tengstrom) and S.
magdalenae (Klimesch), that construct a thin, threadlike, central frass trail.
The fossil mine could have been made by other genera as well; however, we
suggest that it likely was made by Nepticulidae. Sorbus is an important host for
extant Nepticulidae, with species of Stigmella and Ectoedemia that feed on this
genus throughout the Palearctic, but Nepticulidae currently have not been found
on this host in the Nearctic. However, it should be considered that there were
close biogeographical connections between the Nearctic and the western
Palearctic (via the North Atlantic Land Bridge) and between the Nearctic and
eastern Asia (via Beringia) during the Paleocene and Eocene. Consequently, it
comes as no surprise that the Nearctic Paleogene shares plant hosts and their
insect herbivores with the western Palearctic and eastern Asia (Labandeira
2002b).

# 43 Nepticulidae: incertae sedis

cf. Stigmella; Kinzelbach 1970: 94, 96, fig. 1

Order uncertain; Kozlov 1988: 54

cf. Stigmella; Sohn et al. 2012: 22

e Leaf mine—Host: Moraceae—[1 ex.] Coll: HLDG (Me7408)

» Loc: Germany: Hessen, S Frankfurt, near Darmstadt, Messel oil shale-layers

« Stratum: Messel Fm.; early Lutetian Stage, middle Eocene

» Remarks: Kinzelbach (1970) suggested ... mine shape matches the extant genus
Stigmella ...”. The fossil is a compression between layers of compacted coal, from
a drawing of the leaf and mine that was made. The mine has the general outline
of a nepticulid mine. Several extant species of Stigmella feed on Moraceae, mostly
on various Ficus species (Gustafsson 1985; Puplesis 1994; Véri 1963), but also
include a species from Japan on Morus (Hirano 2010).

# 44 Nepticulidae incertae sedis [unverifiable]

Stigmellites spp.; Jarzembowski 1995: 146

Stigmellites; Sohn et al. 2012: 25

 Leaf mine—Host: not mentioned—[multiple exx.] Coll: BMNH

e Loc: United Kingdom: Hampshire, East Dorset, Bournemouth

e Stratum: Branksome Sand Fm.; Lutetian Stage, middle Eocene (McElwaine,
1998)

» Remarks: Jarzembowski (1995) is a publication without illustrations, and
represents a checklist of Paleogene insects from Dorset.

# 45 Nepticulidae: incertae sedis

Nepticulidae; Stephenson & Scott 1992: 547, figs. 5: b, d, e, f, h, figs. 6: d, e
Nepticulidae; Lang et al. 1995: 159-162, 165-168, 170, figs. 3a, 3b, 3d, 3g, 3h, 4a—g,
4i-k,4m, 4n,pl. 2: 2,3,7,9,pl. 3: 1-3,5,6

INepticulidae; Labandeira 2002a: 49, 252, fig. 2.10i—j

Nepticulidae; Sohn et al. 2012: 23
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e Leaf mine—Host: Angiosperms—[13 exx.] Coll: BMNH (V.45868; V.48524;
V.48798; V.49808; V.49905; V.50089; V.50460; V.50622; V.50698; V.50731;
V.50733; V.50904; V.50952)

e Loc: United Kingdom: Hampshire, East Dorset, Bournemouth

e Stratum: Branksome Sand Fm.; Lutetian Stage, middle Eocene (McElwaine,
1998).

» Remarks: The authors used analogies to recent leaf mines from the Hering
collection (BMNH) to characterize the fossils. They do not identify any specimen
beyond that of the family, but often mention similarities to extant species of
Stigmella on a range of different host plants.

# 46 cf. Stigmellites messelensis Straus, 1976

Worm or larva; Bornhardt 1975: 471

Stigmellites messelensis Straus 1976: 446

Stigmellites messelensis; Kozlov 1988: 32

Stigmellites messelensis; Skalski 1990a: 127

Stigmellites messelensis; Sohn et al. 2012: 25

 Leaf mine—Host: Dicot—[1 ex.] Coll: unspecified private

» Loc: Germany: Hessen, S Frankfurt, near Darmstadt, Messel oil-shale layers

« Stratum: Messel Fm.; early Lutetian Stage, middle Eocene

» Remarks: The figure of the mine is rather unclear. The mine could be nepticulid,
but given its small size, a bucculatricid affiliation also is a possibility. As
identification of this mine awaits further study, we tentatively leave the species
assigned to Stigmellites.

# 47 cf. Nepticulidae: incertae sedis

Nepticulidae Leaf Mine Form 1-2; Rozefelds 1988a: 2, figs. 2a—d

INepticulidae; Sohn ef al. 2012: 26

e Leaf mine—Host: unknown dicot—[2 exx.] Coll: MVVA (NMVP183063,
NMVP183064)

 Loc: Australia: Victoria, Alcoa Anglesea Coal Mine

« Stratum: Eastern View Fm.; Priabonian Stage, late Eocene

» Remarks: These mines resemble modern nepticulid mines, but the illustrations
are inconclusive. The two different types of illustrated mines may represent two
species.

# 48 cf. Roscidotoga sp.

Nepticulidae Leaf Mine Form 3; Rozefelds 1988a: 2, figs. 2e—f

INepticulidae; Sohn er al. 2012: 26

« Leaf mine—Host: Elaeocarpaceae—[1 ex.] Coll: MV VA (NMVP183065)

 Loc: Australia: Victoria, Alcoa Anglesea Coal Mine

« Stratum: Eastern View Fm.; Priabonian Stage, late Eocene

» Remarks: The single mine resembles very much a modern nepticulid mine. The
genus Roscidotoga (Fig. 6) is an extant genus endemic to Australian rainforests
and is specialized on hosts of Oxalidales, of which two species feed on
Elaeocarpaceae (van Nieukerken et al. 2011a). The mine morphology fits that of
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Roscidotoga, but also several other nepticulid genera, including Stigmella. With
this in mind, we assign the fossil mine with some doubt to Roscidotoga.

# 49 Nepticulidae: incertae sedis

Nepticulidae Leaf Mine Form 4-5; Rozefelds 1988a: 4, figs. 3a—c

Nepticulidae; Labandeira 2002a: 49, 252, fig. 2.10k-1

?Nepticulidae; Sohn er al. 2012: 26

e Leaf mine—Host: Lauraceae—[5 exx.] Coll: MVVA (NMVPI183063,
NMVP183064, NMVP183065)

 Loc: Australia: Victoria, Alcoa Anglesea Coal Mine

« Stratum: Eastern View Fm.; Priabonian Stage, late Eocene

» Remarks: Rozefelds (1988a) considers both mine types on the same leaf as
possibly belonging to two species. Rather, we think that these mine types
belong to the same species. The left mine possibly is less developed. We doubt
the presence of the large blotch as shown in the reconstruction (fig. 3D). If the
host identification is correct, this is another example of an extinct host
association, as we do not know of a single, extant nepticulid feeding on
Lauraceae.

# 50 Stigmellites fossilis (Heyden, 1862)

Nepticula fossilis Heyden, 1862: 77, pl. 10: 2

unidentified, may be dipterous; Opler 1973: 1321

Stigmellites fossilis; Kozlov 1988: 31

Stigmellites fossilis; Sohn et al. 2012: 24

» Leaf mine—Host: Juglandaceae: Juglans acuminata A. Braun—[1 ex.] Coll:
originally collection of the Senckenberg Nature-Study Society, Frankfurt [not
found, probably lost]

e Loc: Germany: Hessen, Bad Salzhausen [the locality in Sohn et al. (2012) is
incorrect]

« Stratum: [unknown formation]; Chattian Stage, late Oligocene

» Remarks: Although no extant European Nepticulidae feed on Juglandaceae, this
family is an important host family for Nepticulidae in North America and Asia
that includes several species of Stigmella and Ectoedemia as leaf miners. The
previously known occurrences of these genera would be expected on this
European host. The illustrated mine clearly resembles extant nepticulid mines.
The suggestion that this mine might belong to Diptera, indicated by Opler (1973,)
is implausible, as Juglandaceae seems to be completely absent from the host
record for extant leafmining Diptera, and certainly for Agromyzidae (Spencer
1990),. The Agromyzidae is the only dipteran leaf-mining clade known from the
fossil record (Winkler et al. 2010).

# 51 Stigmellites almeidae (Martins-Neto, 1989) comb. nov.

Nepticula? almeidae Martins-Neto, 1989: 381, pl. 1c, Fig. 5a

cf. Stigmella almeidae; Sohn et al. 2012: 22

 Leaf mine—Host: Symplocaceae: cf. Symplocos sp. A—[1 ex.] Coll: IGUSP (HT:
GP/1T-1644)
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e Loc: Brazil: Sao Paulo, Tremembé, along the road that connects Rodovia
Presidente Dutra with Campos do Jordao

e Stratum: Tremembé Fm.; Chattian—Aquitanian Stages, late Oligocene—early
Miocene boundary interval

» Remarks: The species was described initially as Nepticula, a junior synonym of
Stigmella. We cannot reliably assign this fossil to Stigmella. Instead, we place it
in the form-genus Stigmellites. From the images provided, it is difficult to judge if
the specimen actually represents a nepticulid mine, although it is plausible. In
eastern Asia (Taiwan), leaf mines of Acalyptris have been found on a species of
Symplocos (EJVN, unpublished data).

# 52 Nepticulidae: incertae sedis

leaf mine; Pefialver 1997: 150, fig. 1

Nepticulidae; Pefalver & Delclos 2004: 82, fig. 6: 2. pl. 2: 2

Nepticulidae; Sohn et al. 2012: 26

» Leaf mine—Host: Lauraceae: Laurophyllum—[1 ex.] Coll: MCNV (MPV RIB-
242)

 Loc: Spain: Castellén Prov., near Ribesalbes, “La Rinconada” site

« Stratum: bituminous rhythmites; Aquitanian Stage, early Miocene

» Remarks: The presence of multiple, independent mines on the same leaf occurs
frequently in Nepticulidae, such as many Stigmella species that are known to feed
on certain (sub)tropical plants. (The other alleged mine depicted by these authors
is on the host Celtis sp. In our opinion, this feature is not a mine, but rather
physical damage, where the leaf has been broken along its veinlets.)

# 53 Nepticulidae: incertae sedis DT41

cf. Stigmella; Knor et al. 2012: 104, fig 2j

e Leaf mine—Host: Schisandraceae: ?Schisandra—[multiple exemplars] Coll:
NMPC, Bilina Mine Enterprise collections and Senckenberg Naturhistorische
Sammlungen Dresden

 Loc: Czech Republic, North Bohemia

« Stratum: Most Fm.; Burdigalian Stage, early Miocene

» Remarks: Knor et al. (2012) identified material using the Labandeira ez al. (2007)
guide (# 71), in which one fossil is depicted as a Stigmella-like mine. Over 50
fossils are reported as leaf mines at this site, but it is not clear which of those
likely are nepticulid or on which hosts the mines occur. A leaf mine classified as
DT41 is depicted, which looks plausible for assignment to Nepticulidae. The
damage type 41 exemplar shown in Labandeira et al. (2007), however, seems less
likely a nepticulid, because its long length and pattern of vein crossing is more
suggestive of a lyonetiid. If the host record is correct, it is the most basal
angiosperm host record for Nepticulidae (see Table 1)

# 54 Stigmella sp.

Stigmella; Liebhold et al. 1982: 456, figs. 1-2
Nepticulidae or perhaps Diptera; Kozlov 1988: 30
cf. Stigmella; Sohn et al. 2012: 23
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» Leaf mine—Host: Berberidaceae: Mahonia reticulata (MacGinitie) Brown—/[1 ex.]
Coll: UCMP (8437)

» Loc: USA: Trapper Creek, Southern Idaho

« Stratum: Trapper Creek Fm.; early Langhian Stage, middle Miocene

» Remarks: The authors note the resemblance of the fossil mine to herbarium mines
of undescribed Stigmella species on “Mahonia” pinnata (now Berberis
aquifolium), also recorded on Berberis nervosa and B. repens hosts. We illustrate
the mine of the extant species here (Fig. 4). No other Nepticulidae are known to
feed on Berberidaceae hosts. We think it very likely that the fossil species is
closely related to the extant species or possibly is a direct ancestor. The extant
species is related to Stigmella quercipulchella (Chambers).

# 55 Stigmella sp. [unverifiable]

Nepticula; Opler 1973: 1321

Nepticulidae; Kozlov 1988: 30

cf. Stigmella; Sohn et al. 2012: 23

 Leaf mine—Host: Fagaceae: Quercus hannibali Dorf—[1 ex.] Coll: UCMP

» Loc: USA: Nevada, Churchill Co., Buffalo Canyon

« Stratum: Buffalo Canyon Fm.; Langhian Stage, middle Miocene

» Remarks: Quercus hannibali is the fossil equivalent or very closely related species
to extant Q. chrysolepis of California. The mine is not depicted. See # 61.

# 56 Nepticulidae: incertae sedis

cf Nepticulidae; Lewis 1969: 1210, fig. 1

Caloptilia; Opler 1973: 1322

eriocraniid; Opler 1974b: 74

Nepticulidae; Kozlov 1988: 30

Stigmella sp.; Skalski 1990a: 127

Nepticula; Lewis et al. 1990: 7, fig. 3¢

 Leaf mine—Host: Possibly Fagaceae: oak leaf.—[1 ex.] Coll: not stated

e Loc: USA: eastern Washington

e Stratum: Latah Fm.; Aquitanian—Serravallian Stages; early—middle Miocene

» Remarks: Opler (1973) identified the specimen as a Caloptilia mine, but later
Opler (1974)—probably erroneously—cites it as an eriocraniid mine. There is no
collection data provided, but on the figure there is “B16” noted on the slab. In
1990, Lewis et al. regarded the mine as Nepticula—the junior synonym of
Stigmella. It is notable that the fossil of a small, apparently oak leaf that seemingly
has marginal feeding also has a leaf mine whose trajectory follows the inner
margin of the external feeding damage. This leaf mine very likely represents a
nepticulid, probably Stigmella, but identification as an early phase of a Caloptilia
mine cannot be excluded.

# 57 Stigmella sp.

Nepticula; Opler 1973: 1321, fig. la
Nepticulidae; Kozlov 1988: 30

cf. Stigmella; Sohn et al. 2012: 23
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« Leaf mine—Host: Fagaceae: cf. Quercus virginiana Mill.—[multiple exx.] Coll:
UCMP

« Loc: USA: California, San Luis Obispo Co., Temblor Range

« Stratum: Temblor Fm.; ?Serravallian Stage, middle Miocene

» Remarks: The author mentioned that the fossil leaf mines essentially are identical
to those created on Quercus by extant Californian leaf miners. The putative host
Q. virginiana is an extant species of the southeastern United States. Although the
depicted mine certainly appears plausibly nepticulid, any comparison with extant
species from the same region should be done with care. There is a large variety of
leafminer species feeding on Quercus worldwide, but particularly in western
North America where the host genus is exceptionally diverse. Several Stigmella
species, of which only one of which is formally named, are known to feed on
Californian oaks. Present-day Ectoedemia mines have not been observed (coll.
Essig Museum, coll. D.L. Wagner). Therefore, we consider it very likely that the
fossil nepticulid mines on Quercus, as cited by Opler (1973), indeed belong to
Stigmella.

# 58 Nepticulidae: incertae sedis [unverifiable]

INepticula; Opler 1973: 1321

Nepticulidae; Kozlov 1988: 30

cf. Stigmella; Sohn et al. 2012: 23

 Leaf mine—Host: Fagaceae: Quercus pseudolyrata Lesquereux—Coll: UCMP
e Loc: USA: Oregon, Columbia Plateau, Blue Mountains, Stinking Water

« Stratum: Mascall Fm.; Serravallian Stage, middle Miocene

» Remarks: Not illustrated; the identity and affiliation remains uncertain

# 59 Nepticulidae: incertae sedis ?multiple species [unverifiable]

Nepticulidae; Donner & Wilkinson 1989: 9

Nepticulidae; Sohn et al. 2012: 26

 Leaf mine—Host: not mentioned—[multiple exx.] Coll: GDVU

» Loc: New Zealand

e Stratum: [unknown formation]; middle Miocene

» Remarks: The authors mentioned fossil mines occurring in New Zealand that are
similar to extant Stigmella. However, it is unclear if the fossil leaf-mine material
that was referred to still exists and where it is deposited.

# 60 Nepticulidae: incertae sedis [unverifiable]

Nepticulidae; Donner & Wilkinson 1989: 9

Nepticulidae; Sohn et al. 2012: 26

» Leaf mine—[2 exx.] Coll: not stated

e Loc: North America

« Stratum: [unknown formation]; Serravallian Stage, middle Miocene

» Remarks: Mentioned in the same paragraph as records # 25 and # 59. No further
details.
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# 61 Stigmella sp. [unverifiable]

Nepticula; Opler 1973: 1321

Nepticulidae; Kozlov 1988: 30

cf. Stigmella; Sohn et al. 2012: 23

 Leaf mine—Host: Fagaceae: Quercus hannibali Dorf—[1 ex.] Coll: UCMP

e Loc: USA: Nevada, Nye Co., Cedar Mountains, Upper Goldyke

e Stratum: Esmeralda Fm.; Serravallian Stage, middle Miocene

» Remarks: Quercus hannibali is the fossil equivalent of extant Q. chrysolepis. The
leaf mine mentioned in this record has not been illustrated in any publication.
There is an undescribed species of Stigmella on Q. chrysolepis. See # 55.

# 62 Stigmella sp.

Nepticula cf. variella; Opler 1973: 1322

Nepticula cf. variella; Opler 1974a: 74, pl. 7

Nepticulidae; Kozlov 1988: 30

Stigmella cf. variella; Skalski 1990a: 127

cf. Stigmella; Sohn et al. 2012: 23

» Leaf mine—Host: Fagaceae: Quercus wislizenoides Axelrod—[1 ex.] Coll: UCMP

e Loc: USA: Nevada, Storey Co., Dead Camel Range

e Stratum: Chloropagus Fm.; Serravallian Stage, middle Miocene

» Remarks: The author stated that the leaf mine “is indistinguishable from mines
made by living Nepticula variella Braun.” (“Nepticula™ is a junior synonym of
Stigmella). Stigmella variella feeds on the evergreen oaks, Quercus agrifolia Née
(coastal live oak) and Q. wislizeni A. DC. (interior live oak) in California; the
latter is the extant equivalent of the fossil Q. wislizenoides (Opler 1973).

# 63 Stigmella sp. [unverifiable]

Nepticula; Opler 1973: 1321 Nepticulidae; Kozlov 1988: 30

cf. Stigmella; Sohn et al. 2012: 23

» Leaf mine—Host: Fagaceae: Lithocarpus or Quercus simulata Knowlton—[2
exx.] Coll: UCMP

* Loc: USA: Idaho, Thorn Creek

« Stratum: Payette Fm.; Serravallian—Tortonian Stages, middle to late Miocene

» Remarks: Not illustrated. See # 57. The table in Opler (1973) lists both Lithocarpus
and Quercus simulata in the same row for a single host record. We find it likely
that the host of this leaf mine is one of the two, but the identity was impossible to
determine with high reliability. Axelrod (1995) also indicates that Q. simulata
and Lithocarpus are regularly confused, and suggests that a number of specimens
identified as Q. simulata from the Miocene outside the Purple Mountain flora
represent actually Lithocarpus, which may be tentatively recognized by “coarse
secondaries and often with a coarsely serrate margin”.
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# 64 Stigmella sp.

Stigmella; Kuroko 1987: 119, fig. 1

Stigmella; Kuroko 1990: 1, fig. 1

Stigmella sp.; Skalski 1990a: 127

cf. Stigmella; Sohn et al. 2012: 22

» Leaf mine—Host: Betulaceae: cf. Betula grossa Siebold & Zucc.—[1 ex.] Coll:
Collection of Tachu Koshimizu

« Loc: Japan: central Honshu, at the border between Nagano and Gumma Prefectures

« Stratum: Kabutoiwa Plant Bed; Tortonian—Messinian Stages, late Miocene

« Remarks: A trace of the egg case is recognized in this specimen as a dark,
brownish, elliptical spot. The host, Betula grossa, is a common extant tree, with a
rich nepticulid fauna in Japan, including populations of this host in Nagano
Prefecture where this fossil was found. On the basis of the extant fauna and the
shape of the mine, we can associate this mine with the genus Stigmella, but not
with an extant species.

# 65 Stigmella sp. [unverifiable]

Nepticula; Opler 1973: 1321

Nepticulidae; Kozlov 1988: 30

cf. Stigmella; Sohn et al. 2012: 23

 Leaf mine—Host: Fagaceae: Quercus hannibali Dorf—[1 ex.] Coll: UCMP

e Loc: USA: Nevada, Lyon Co., near Yerington

e Stratum: Aldrich Station Fm.; Zanclean Stage, early Pliocene

» Remarks: Quercus hannibali is the fossil equivalent of Q. chrysolepis. The mine
is not depicted by a photographic image or line drawing. See # 57.

# 66 Stigmellites zelkovae Straus, 1977

Stigmellites zelkovae; Straus 1977 61, fig. 14

Stigmellites zelkovae; Skalski 1990a: 127

Stigmellites zelkovae; Sohn et al. 2012: 25

e Leaf mine—Host: Ulmaceae: Zelkova—[1 ex.] Coll: GPUG (HT: 23973)

 Loc: Germany: Niedersachsen, Willershausen am Harz

« Stratum: “Willershausen Shale”; Piacenzian Stage, late Pliocene (Brauckmann et
al.2001).

* Remarks: Straus (1977) attributed this fossil to Stigmellites because of its
similarity to extant nepticulid leaf mines. A drawing of the mine was included,
but there were no photographic images. Judging from the drawing, it could be a
partial nepticulid mine, or a bucculatricid mine. There are extant Stigmella
species known from Zelkova in Asia, such as S. zelkoviella Kemperman &
Wilkinson from Japan (Kemperman et al. 1985), and an undescribed species
from the Caucasus Region (Skala 1941). There is also an extant Bucculatricidae
species known to feed on Zelkova: Bucculatrix serratella Kobayashi et al., in
Japan (Kobayashi et al. 2010).
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# 67 Stigmellites carpiniorientalis Straus, 1977 [unverifiable]

Stigmellites carpini-orientalis Straus, 1977: 60, fig. 80, 62

Stigmellites carpini-orientalis; Skalski 1990a: 127

Stigmellites carpiniorientalis; Sohn et al.2012: 24

Leaf mine—Host: Betulaceae: Carpinus orientalis Mill.—[2 exx.] Coll: GPUG

(HT: 22763; PT: 22134)

 Loc: Germany: Niedersachsen, Willershausen am Harz

« Stratum: “Willershausen Shale”; Piacenzian Stage, late Pliocene (Brauckmann et
al.2001)

» Remarks: The host is an extant species. The images are of insufficient quality to
re-evaluate the mines. We tentatively leave this occurrence as Stigmellites.
Currently, Stigmella microtheriella (Stainton) and S. johanssonella A. & Z.
Lastuvka are known to feed on Carpinus orientalis. However, eastern Palearctic
extant species of Ectoedemia also feed on Carpinus. We cannot exclude that this
genus occurred on the same host in Europe during the Pliocene.

# 68 cf. Stigmella ulmivora Fologne, 1860

Stigmella ulmivora; Kernbach 1967: 106 fig. 5

Stigmella ulmivora; Straus 1977: 61, fig. 12

Stigmella ulmivora; Kozlov 1988: 30

Stigmella ulmivora; Skalski 1990a: 127

cf. Stigmella ulmivora; Brauckmann et al. 2001: 33

cf. Stigmella ulmivora; Sohn et al. 2012: 22

» Leaf mine—Host: not stated—[1 ex.] Coll: GPUG (596-4-9111)

 Loc: Germany: Niedersachsen, Willershausen am Harz

« Stratum: “Willershausen Shale”; Piacenzian Stage, late Pliocene (Brauckmann et
al.2001)

» Remarks: According to Kernbach, this mine was identified by Hering as S. ulmivora,
but he did not mention the affiliation of the host. Considering the identification of
the mine as S. ulmivora, the host is likely to be Ulmaceae. The base of the illustrated
leaf host has not been preserved, which would be required for identification of the
host as ulmaceous. This leaf mine represents the only fossil assigned to an extant
species, which we believe is plausible, especially considering the recent age of the
fossil. However, the totality of evidence is meagre. Moreover, even extant mines on
Ulmus cannot be identified with certainty as belonging to either S. ulmivora or S.
ulmiphaga (Preissecker) in the region where both occur (e.g. Lastivka & Lastivka
1997). We tentatively attribute this specimen to Stigmella ulmivora.

# 69 Stigmellites heringi Kernbach, 1967 [unverifiable]
Stigmellites heringi Kernbach, 1967: 104, fig. 3
Stigmellites heringi; Straus 1977

Stigmellites heringi; Kozlov 1988: 30

Stigmellites heringi: Skalski 1990a: 127

Lepidoptera Suborder uncertain; Carpenter 1992: 380
Family uncertain; Brauckmann et al. 2001: 33
Stigmellites heringi; Sohn et al. 2012: 24
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» Leaf mine—Host: Berberidaceae: Berberis—|[1 ex.] Coll: GPUG (HT: 596-2-
11137)

 Loc: Germany: Niedersachsen, Willershausen am Harz

« Stratum: “Willershausen Shale”; Piacenzian Stage, late Pliocene (Brauckmann et
al.2001)

« Remarks: This is the type species of Stigmellites. The form of the mine is
impossible to judge from the published illustration. Only a single North American
species, as yet unnamed, is known for feeding on modern Berberidaceae (see #
38). Brauckmann et al. (2001) observed incorrectly that Kernbach’s species and
generic descriptions are nomenclatorially invalid.

# 70 Stigmellites pliotityrella Kernbach, 1967

Stigmella pliotityrella Kernbach, 1967: 106, fig. 4

Stigmellites pliotityrella; Kozlov 1988: 32

Stigmellites pliotityrella; Skalski 1990a: 127

Family uncertain; Brauckmann et al. 2001: 33

Stigmellites pliotityrellus; Sohn et al. 2012: 25

 Leaf mine—Host: Fagaceae: Fagus sylvatica L.—[1 ex.] Coll: GPUG (HT: 596—
3-3050)

 Loc: Germany: Niedersachsen, Willershausen am Harz

« Stratum: “Willershausen Shale”; Piacenzian Stage, late Pliocene (Brauckmann et
al.2001)

 Family uncertain; Brauckmann ez al. 2001: 33

» Remarks: See under species # 69 for the validity of Kernbach’s names. Of the two
extant European species of Nepticulidae feeding on Fagus, the mine resembles
more Stigmella hemargyrella (Kollar) than that of S. tityrella (Stainton). However,
we cannot place this mine firmly into Stigmella, since Ectoedemia species with
relatively similar mines also are known to feed on Fagus (in Japan) and could
have become extinct in Europe.

# 71 Nepticulidae: incertae sedis multiple species (DT’s)

Leaf mines; Labandeira et al. 2007

» Leaf mine—Host: Various angiosperm hosts—[multiple exx.] Coll: Different
collections

 Loc: Numerous localities

« Stratum: Late Cretaceous, Paleogene and Neogene

* Remarks: The Guide to Insect (and other) Damage Types on Compressed Plant
Fossils (Version 3.0) (Labandeira er al. 2007) documents a variety of damage
types (DT’s), of which several are very similar to extant Nepticulidae. In our
opinion, these include DT37 (exemplar also shown in Wilf et al. 2001 as
supplementary figure 5), DT40, DT43 (also shown in Labandeira et al. 2002b),
DT45, DT59 (also shown in Labandeira et al. 2002b fig 1), DT65, DT90, DT91,
DT92, DT93, DT104 and DT105. These exemplars originate from different time
intervals, formations, world regions, habitats and host plants. This volume
currently is being updated and is scheduled to be published in book form (Version
4.0) in a few years.
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Removed from Nepticulidae

# 72 reference to non-existing fossil

nepticulid; Grimaldi & Engel 2005: 572

putative nepticulids; Fischer 2013: 85

e Adult in amber—[1 ex.] Coll: not stated

« Loc: not stated

e Stratum: [unknown formation]; likely Santonian Stage, Late Cretaceous

» Remarks: This record potentially is the oldest nepticulid amber fossil, but offers a
puzzling case. In Grimaldi & Engel (2005) it is mentioned as “a probable adult
[nepticulid] in late Cretaceous Siberian Amber”, for which the authors refer to the
work by Skalski (pers. comm. from Prof. Engel). In reviewing Skalski’s work
however, including an overview of all the fossils known to the author in 1990,
there is no reference to Siberian Amber nepticuloid fossils.

#73 Adeloidea

?Nepticulidae; Kristensen & Skalski 1998, 1998: p. 18

putative nepticulids; Fischer 2013: 85

e Adult in amber—[1 ex.] Coll: Ottawa

* Loc: not stated

« Stratum: Foremost Fm.; Campanian Stage, Late Cretaceous

» Remarks: This specimen could be the oldest nepticulid amber fossil, representing
an age about twice that of Baltic Amber. However, we believe this specimen is
more likely a heliozelid, or at least an adeloid in affinity. The visible veins
course to the wing margin, whereas in Nepticulidae veins usually become
obsolete before the margin, and the visible valvae of the male genitalia show a
structure resembling a stalked pectinifer, characteristic of Adeloidea. The small
size and venation suggest it could be heliozelid or closely related to that family.
This fossil will be studied with x-ray techniques for further details, which will
be published elsewhere. In any case, we remove the specimen herein from the
nepticuloid fossil record. The fossil is dated at 72 Ma in manuscript texts that
Kristensen et al. worked on for the publication of this fossil. [Examined by
EJVNI.

# 74 Coleoptera

INepticulidae; Rozefelds 1988b: 77, fig. 2

?Nepticulidae; Labandeira et al. 1994: 12281

INepticulidae; Labandeira 1998: fig 2A

INepticulidae; Zherikhin 2002: 320

INepticulidae; Sohn et al. 2012: 27

» Leaf mine—Host: Umkomasiaceae: Pachypteris crassa Townrow—[1 ex.] Coll:
QMSB (QMF15346)

e Loc: Australia: North Queensland, Cape York Peninsula, Cape Melville, Clack
Island

e Stratum: Battle Camp Fm.; Tithonian—Berriasian Stages, Late Jurassic—Early
Cretaceous boundary
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» Remarks: This fossil is approximately 38 my older than any other fossil reliably
assigned to Nepticulidae. The host is a corystosperm seed fern. The fossil pinnules
exhibit five visible mines, of which one is poorly preserved. The mines however
do not increase in width as is typical of the Nepticulidae, and are rather long,
without clear frass visible. We find it much more likely that this mine is coleopteran
rather than lepidopteran (see also Ding et al. 2014).

# 75 Gracillariidae

Tinea araliae Fritsch, 1882: 6, pl. 2: 7

Eriocranioidea; Zherikhin 1978: 74

?Stigmellites araliae; Kozlov 1988: 30

Stigmellites araliae; Skalski 1990a: 127

Stigmellites araliae; Sohn et al. 2012: 24

» Leaf mine—Host: Araliaceae—[1 ex.] Coll: not stated

Ages of the Nepticulidae fossils
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Fig. 21. Geochronologically ranked age intervals corresponding to literature-mentioned ages for
the 69 fossil records of Nepticuloidea that have documented geochronologic ages. Entries 1-10,
at the upper-left, represent body-fossil occurrences; entries 12—70, forming the linear series from
lower-left to upper-right, are leaf miners. Fossil record numbers refer to those in the checklist.
The number of exemplars involved for each datapoint is indicated above the range, numbers be-
tween parentheses indicate unverified or uncertain identifications. The “>” sign indicates that
there was no exact number of exemplars provided. For cases where a subjective indication was
given within an epoch, such as Late Priabonian, this is shown spanning the entire Priabonian
Stage. Stage-level boundaries are from Ogg et al.(2008).
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e Loc: Czech Republic: Bohemia, Perucher-Schichten, VySerovic; Bohemia,
Perucher-Schichten, Lipenz

« Stratum: Perucher Fm.; Cenomanian Stage, Late Cretaceous

» Remarks: This very schematic drawing does not show much else other than a long
gallery mine. This specimen is more likely to be a gracillariid mine. Since no
nepticulid is known to feed on extant Araliaceae, but several Gracillariidae do
feed on this plant-host family, particularly the genus Eumetriochroa Kumata,
with mines similar to Phyllocnistis (Kobayashi et al. 2011). We tentatively remove
this species from Nepticulidae.

# 76 Undetermined

Galleries; Berry 1916: 32, pl. 23: 3, pl. 31: 1, 3, pl. 38: 4, pl. 39, pl. 92.

Nepticulidae; Sohn et al. 2012: 26

« Leaf mine—[multiple exx.] Coll: not stated

« Loc: Various localities in the Mississippi Embayment.

« Stratum: not reported

» Remarks: This specimen was incorrectly put in the same record as # 38 by Sohn
et al. (2012). Here, the record is excluded from Nepticulidae. In this one case it is
unclear if the material represents leaf mines or other types of damage.

# 77 Foliofossor cranei Jarzembowski, 1989

Mine type 3; Crane & Jarzembowski 1980: 663, fig 10

?Nepticulidae; Kozlov 1988: 30

Foliofossor cranei Jarzembowski, 1989: 448

Stigmella sp.; Skalski 1990a: 127

 Leaf mine—Host: Platanaceae: Platanus schimperi (Heer) Saporta & Marrion—
Coll: BMNH HT (In. 64550)

« Loc: United Kingdom: Cold Ash, or Newbury, Berkshire (N 51° 22 W 1° 17°).

« Stratum: Reading Fm.; late Paleocene, Priabonian Stage

» Remarks: Jarzembowski (1989) doubts the assignment of this leaf mine to a
particular insect taxonomic order, and provides an ichnogenus name. Crane &
Jarzembowski (1980) consider it to be a dipteran mine, but Kozlov (1988) assigns
itto Nepticulidae. There is a certain resemblance of this mine to extant Stigmellites
tyshchenkoi that also feeds on Platanus, but the fossil mine is significantly older
by approximately 40 my. We believe that assignment to Nepticulidae is unlikely.

# 78 Troponoma festunata Krassilov, 2008

cf. Stigmella; Krassilov 2008a: 265, fig. 3a, b

Troponoma festunata Krassilov, 2008b: 102, PL XXXVI figs. 1-3

e Leaf mine—Host: Family unknown: Dewalquea gerofitica (Dobruskina)
Krassilov—[several exx. on one leaf] Coll: IEUH (HT IG1-1001)

« Loc: Israel: southern Negev, Gerofit

e Stratum: Ora Fm.; mid-Turonian Stage, Late Cretaceous

» Remarks: Krassilov (2008b) mentions that “similar mine configurations are
known in Stigmella, Nepticulidae, although radially spreading festoons (sensu
Hering 1951) may indicate a gracillariid miner similar in habit to the digitate
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mines of Parectopa robiniella”. In Krassilov (2008a) this record is referred to as
a Stigmella-type track. We fail to recognize any nepticulid characteristics in these
leaf mine fossils and rather doubt if they actually represent leaf mines.

#79 Troponoma curvitracta Krassilov, 2008

Troponoma curvitracta Krassilov, 2008b: 101, Pl. VI fig 4b, Pl. XXX fig. 1; Pl

XXXV figs. 1-5

e Leaf mine—Host: Family unknown: Dewalquea gerofitica (Dobruskina)
Krassilov—[>4 exx.] Coll: IEUH (HT IG1-160)

« Loc: Israel: southern Negev, Gerofit

« Stratum: mid-Turonian Stage, Late Cretaceous

» Remarks: Krassilov (2008b) states that “The mine configurations of th[is] kind
are sometimes produced by Stigmella. However, egg persistence on mines is a
feature typically of coleopteronomes, and comparable looping mines are made by
a weevil Rhamphus pulicarius (Herbst) on Betula (cf. Hering)”. From the
photographs it is difficult to judge if there is an egg-like structure visible, but if
there is, this would be a character also typical for Nepticulidae. As in the case for
record # 78, we do not recognize sufficiently relevant characters in these images
to attribute this fossil to Nepticulidae.

An overview of the data

A summary of the age intervals of the 69 fossil Nepticulidae records for which age
estimates are available is provided in Fig. 21. Records 1-11 are adult fossils, records
12—72 represent leaf mine records. From the late Early Cretaceous onwards, there
are episodic occurrences of leaf-mine fossils attributed to Nepticulidae. Based on
our checklist, the oldest nepticulid fossils are records #12—17, which were also
mentioned 16 years ago by Kristensen and Skalski (1998) as the likely oldest
records, currently dated at 102 Ma. Table 1 shows an overview of the variously
identified plant-host families from which fossil nepticulid leaf mines have been
recorded throughout geological record. Table 1 also provides the extant genera that
occur as leaf miners on those fossil host-plant families.

Discussion

The checklist presented herein for fossil Nepticulidae contains 71 records, of which
55 were re-examined by us and the remaining records were judged for plausibility.
The records often include multiple exemplars or taxa presented as a single record.
The checklist spans publications from 1862 to 2014, a period of time during which
the systematics of Nepticulidae changed considerably (van Nieukerken et al. 2011b;
Hoare 2000; van Nieukerken 1986). The identifications in the checklist have been
updated to match recent systematic results and insights. The analogy of many fossil
leaf mines with the extant genus Stigmella is expected, as Stigmella is among the
most species-rich genus with the most variable leaf mine types and varied spectrum
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Table 1. The geochronologic distribution of host-plant families identified from fossil Nepticulidae
leaf mines and the extant nepticulid genera that occur on those host plant families, arranged by
systematic plant order (APG III 2009). The Stage level boundaries follow Ogg et al. (2008).

Higher

Angiosperm

group Order Host family Record #’s

Angiosperms 18,45,15,71

Pre-Magnoliid Austrobaileyales Schisandraceae 53

Magnoliids Laurales 16, 13

Magnoliids Laurales Lauraceae 52,49

Eudicots 46,36, 41, 34, 14, 39, 47, 38

Eudicots Ranunculales Berberidaceae 54,69

Eudicots Proteales Platanaceae 12,20,23,28

Eudicots Trochodendrales Trochodendraceae 30

Core Eudicots Saxifragales Cercidiphyllaceae 19,21,22,27,31,35

Rosids Myrtales or Malpighiales 24

Rosids Malpighiales Salicaceae 32

Rosids Rosales Rhamnaceae 30

Fabids Oxalidales Elaeocarpaceae 48

Fabids Fabales Fabaceae 40

Fabids Fabales ?Fabaceae 37

Fabids Fagales Betulaceae 67,64

Fabids Fagales Fagaceae 56,57,70, 55,61, 65,
58,63, 62

Fabids Fagales Juglandaceae 50,29

Fabids Rosales Moraceae 43

Fabids Rosales Ulmaceae 66, 68

Fabids Rosales Rosaceae 26,42

Malvids Sapindales 15,17

Asterids Cornales Cornaceae 33

Asterids Ericales Symplocaceae 51

of hosts within the Lepidoptera. Our designations have been conservative; we
assign only a few relatively recent leaf-mine fossils on known host plants to the
modern genus Stigmella and a single Australian mine tentatively to the Australian
endemic genus Roscidotoga. Leaf mines predominantly represent behavioural
characters and, although generally recognized as useful for identification, have
never been analysed within a phylogenetic context. Consequently, assignment of
fossil leaf mines to lower-level extant groups is precarious. However, when there is
use of a combination of characters, assignments to many groups often can be
excluded and a fairly certain identification usually is feasible. Such reliably
identified assignments of fossil leaf mines constitute an important addition of data,
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Early Cretaceous
145.0-100.5 mya

Late Cretaceous

100.5-66.0 mya

Paleocene

66.0-56.0 mya

Eocene

56.0-33.9 mya

Oligocene

33.9-23.0 mya

Miocene

23.0-5.3 mya

Pliocene

5.3-2.6 mya

Pleistocene

2.6-0.01 mya

Extant genera
on host family

+

+

+

no

no

+

no

Stigmella

Acalyptris, Ectoedemia

No, but not searched

No, but not searched

Stigmella, Ectoedemia on Malpighiales,
Pectinivalva, Acalyptris on Myrtales

Stigmella, Ectoedemia

Stigmella, Acalyptris, Ectoedemia

Roscidotoga

Stigmella, Acalyptris, Trifurcula

Stigmella, Acalyptris, Trifurcula

Stigmella, Bohemannia, Ectoedemia

Stigmella, Ectoedemia

Stigmella, Ectoedemia

Stigmella

Stigmella, Ectoedemia

Stigmella, Areticulata, Trifurcula,
Bohemannia, Ectoedemia

Stigmella, Ectoedemia, Acalyptris,
Trifurcula

Acalyptris, Ectoedemia

Acalyptris

Classifying fossil material
The classification of fossil adult specimens usually is straightforward. Extant
species and groups have been erected based on (syn)apomorphic characters of the
adults and using those characters that allow identification of fossil material to the
lowest taxonomic rank, as provided by the available characters. There often is one
or, at most, a few, exemplars that frequently result in each new record as a new

compared to the scarce inventory of adult fossils. As a result, fossil leaf-mine
assignments allow for a more reliable perspective regarding the estimated age of
the family.
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(ichno)species. For fossil insect leaf mines, the best approach for classifying the
material frequently is less straightforward. This indecisiveness in assignment is
attributable often to dozens to hundreds of specimens that have been examined,
and assignment of species and erecting new species for all leaf-mined foliar
assemblages becomes a daunting task. Historically, three different approaches
linked to different purposes have been used to systematize leaf-mined foliar
assemblages, discussed in Scott and Titchener (1999). They are 1), comparative and
functional morphology; 2), comparative analogy; and 3), ichnotaxonomy. The
Nepticulidae checklist provides examples from all three categories. Certain authors
have generally favoured ichnotaxonomic procedures (Kozlov 1988; Krassilov
2008b), and among other authors there appears to be a historical transition from
comparative analogy up to the mid-1990’s (Opler 1973; Stephenson 1991), towards
a comparative and functional morphological approach in more recent studies
(Donovan et al. 2014; Knor et al. 2012).

Comparative and functional morphology is the most conservative approach and
prevents unjustified assignment of fossils to extant groups. However, checklists
such as the one presented here would be better facilitated if analogies to modern
taxa are clearly stated in the primary literature. A single, complete overview of all
possible herbivore candidates and their typical characteristics is not yet available
(but see Ding et al. [2014] for an example from the Coleoptera). Hering’s published
work (Hering 1951; Hering 1957) has commonly been used as a conventional
source on leaf-mine types and for analogies with modern taxa, but it has a strong
European bias and is out-of-date. Especially in the subtropical and tropical
regions, there are many aberrant and overlapping leaf-mine morphologies for
various leaf-mining groups. The European leaf miner website with keys and
descriptions to all leaf miners of Europe, replete with abundant images, can be a
useful starting point to grasp the diversity of a broad spectrum of leaf-mining
groups (Ellis 2014). However, as this site applies to Europe only, it has limitations
to extralimital leaf-mine material. The web-documented guide for fossil leaf mine
and other insect-caused fossil plant damage types (Labandeira er al. 2007)
commonly has been used in recent studies, but does not provide links to analogous
extant groups. (The next version of the Damage Guide will have links to modern
analogous groups for each mining and non-mining damage type (DT), many of
which will be new.) These links for lepidopteran and other types of distinctive
fossil mines will follow a similar format such as those published for dipteran
Agromyzidae (Winkler et al. 2010) and those presented here for lepidopteran
Nepticulidae. Such an improvement hopefully will enable additional commentary
regarding the essential characters available for reliable identifications. When
publishing fossils in general, references to collections are invaluable in allowing
for further study. When stating leaf-mine analogies, the scope of the reference
material should be clearly indicated.

In cases where identification to family can be made, we advocate the use of an

ichnogenus to describe species from fossil leaf mines. Each leaf-mine ichnogenus
also would be represented by a damage-type synonym, or DT number, for the
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assessment of herbivory (Labandeira e al. 2007), allowing for quantitative analyses
(e.g. Labandeira et al. 2002; Wilf et al. 2005; Donovan et al. 2014). When compiling
the checklist, it became clear that many fossils have been mentioned or depicted in
multiple publications, for which, from our thorough study of the texts and images,
it became necessary to link the publications to the same leaf-mine record. In the
checklist we have resorted to numbering the records, but allowance for cross-
publication links is the most sustainable option for assignment of a species name to
a fossil.

It should also be noted that when the fossil cannot be linked to any extant family,
the value of ichnotaxonomy quickly deteriorates and devolves to a parallel naming
system. This is exemplified by the work of Krassilov and colleagues (Krassilov
2008b). From remarks in the figure captions of this work, we were able to notice
that the authors did recognize analogies to extant Nepticulidae; fossils were
described as species within genera without higher taxonomic ranking or an
indication of affiliation. Consequently, such groups cannot be linked to any modern
lineage. We believe that this approach fails to advance any of the purposes for
studying nepticulid fossil herbivory, and a preferable approach would be to use
either comparative and functional morphology, or alternatively and better yet, use
an ichnotaxonomic system such as the damage-type system, with a goal toward
recognizing characteristic analogies to better place the fossils in modern groups
whenever possible. However, there is one significant exception. In the older part of
the geological record where Nepticulidae are absent, such as the later Paleozoic to
the mid Mesozoic, all to most of insect-mediated damage, including Triassic and
Jurassic leaf mines, may lack links to modern herbivorous taxa, and instead
represent extinct groups of herbivores. Under these conditions the best option is to
use the parallel ichnotaxonomy of the DT system (Labandeira et al. 2007), in
which a more functional and morphological perspective is used (e.g., Schachat et
al.2014).

Age of Nepticulidae

Although it is difficult to assign some of the leaf-mine fossils with complete
certainty to Nepticulidae, it seems unlikely that the overwhelming majority of the
records would not be assigned to Nepticulidae. In addition, it is highly probable
that nepticulid leaf-mine fossils date to the late Albian of the Early Cretaceous, at
102 Ma (Fig. 21). Molecular dating of Lepidoptera phylogeny by Wahlberg et al.
(2013) estimated the split between Nepticulidae and Opostegidae between 100 and
130 Ma (95% confidence interval). Their study used seven calibration points
throughout Lepidoptera, and also included the nepticulid fossil record # 12.
Accidentally, Wahlberg (pers. comm.), used record # 12 to calibrate the split
between Ectoedemia and Opostega at 120 + 10 Ma, whereas the actual age of the
referenced material is estimated at 102 Ma. Without the nepticulid calibration
point, and reliance instead only on the remaining six calibration points, the
estimated molecular-phylogenetic age range of Nepticulidae is increased to 75—-150
Ma. Wilf and Escapa (2014) provide a compelling demonstration of this phenomenon
from the fossil records of several land-plant lineages.
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Host plant relationships. Table 1 lists the host plants of fossil Nepticulidae that have
been identified, according to the approximate taxonomic order of the Angiosperm
Phylogeny Group (APG III 2009). After excluding the corystosperm seed fern
fossil, which we judged to be non-nepticulid, only angiosperms evidently hosted
nepticulids in the fossil record. Of these, six are non-eudicot (Laurales for records
# 13, 16, 49, 52; Austrobaileyales for # 53); there are no extant Nepticulidae known
to feed on these host orders. Angiosperms have been estimated based on molecularly
dated phylogenies to have originated during the Triassic or Jurassic, at 193 Ma,
although their empirical fossil record begins in the mid Early Cretaceous
(Valanginian Stage), which is probably closer to the accurate date for the true
origin of the angiosperms (Friis ez al. 2011). The principal eudicot radiation began
during the mid Early Cretaceous, and intensified to the mid Cretaceous (Magall6n
et al. 2013). Nepticulidae fossils from the Cretaceous have been found on Laurales,
Proteales, Saxifragales, and several plant species for which an ordinal placement is
uncertain. Nevertheless, these basal angiosperm host lineages indicate that they
were the dominant plant groups during the mid Cretaceous, as evidenced by their
general abundance in the mid Early Cretaceous to Early Paleogene fossil record
(Graham 1999). Platanaceae in particular were a common and diverse group during
the Late Cretaceous and Paleogene (Johnson 1996; Graham 1999; Friis et al. 2011),
and formed a major plant-host family for insect herbivores (Labandeira ez al. 1994,
Labandeira, 1998). This perhaps explains the common occurrence of Nepticulidae
leaf mines from the Dakota Formation (102 Ma, records #12-18), which likely
represent multiple species and are most abundant on Platanus and other Platanaceae.
Dakota-age leaf mines also are found on several other, unrelated, non-dicot hosts.
Leaf-mine fossils approximately 10 my younger, from Kazakhstan, are also diverse
(# 19-23), and include Platanus and related genera as hosts (# 20, 23). Additionally
important associations include the leaf genera Trochodendroides (not to be
confused with Trochodendron in the Trochodendraceae) (records # 19, 21, 22), and
Cercidiphyllum in the Cercidiphyllaceae (records # 19, 21,22,27,31, 35), associated
with fruits of the genera Nyssidium and Joffrea (Friis et al. 2011). The
Cercidiphyllaceae forms a basal clade of the Saxifragales, occurring in floras
during the Late Cretaceous and into the Paleogene from Eurasia and North-
America. Modern Cercidiphyllaceae consist of two relict species in north-eastern
Asia (Stevens 2013), and currently are unknown as host plants for extant
Nepticuloidea. However, the modern record also reflects an absence of serious
sampling. A few modern nepticulids do occur on other related host-plant lineages
of Saxifragales, such as the families Altingiaceae and Hamamelidaceae. The host-
plant records from combined Cretaceous occurrences suggest that Nepticulidae at
that time were widespread and already had diversified onto a variety of host
families across several major angiosperm lineages.

Given the time interval when likely Nepticulidae are first encountered in the fossil
record, and taking into account the varied biogeographic dispersal patterns and
physiognomic forms of their plant hosts, we find that an Albian to Aptian origin of
the Nepticulidae is most likely, ranging from 125 to 100 m.yr. ago. This period of
time also is the same interval during which dominant, woody angiosperm lineages

136



A revised checklist of Nepticulidae fossils

diversified. We expect that much of the deep-time diversity of nepticulid taxa
reflected in the fossil record is extinct, as are their plant hosts. One major cause of
the extirpation of nepticulid leaf miners was the mass extinction event at the end of
the Cretaceous (Labandeira et al. 2002), the Cretaceous—Paleogene boundary,
which disproportionately affected some plant hosts over others (Johnson 2002). In
addition, there is increasing evidence that the diversity of specialized insect
herbivores was also heavily and negatively affected (Donovan ef al. 2014; Heikkild
et al. 2012; Labandeira et al. 2002). By additional examination of the phylogeny
and diversification of Nepticulidae and combining such studies with insights from
the fossil record, a clearer picture of the evolutionary history of the family should
emerge.

Conclusions

If we would rely on amber body fossils alone, the oldest Nepticulidae representatives
would lie between 43 and 45.2 Ma, more than 60 my younger than the estimated
age of the family if fossil leaf mines are included. When molecular dating is applied
to a phylogeny of Lepidoptera, this young date is extended by a factor of 2.7, to 120
Ma. The identifications of leaf-mine fossils may be less precise, but because of
their large numbers and their representation in the older fossil record, they
nevertheless represent an undeniably important source of data, especially when
classified in a way that allows them, when possible, to be assigned to extant groups.
Nepticulidae currently constitute a substantial part of the biodiversity of leaf-
mining insects globally, and the checklist provided herein suggests that this likely
has been the case for the past tens of millions of years. The potential for assigning
adult fossils to extant genera however, makes continued search for amber-entombed
Nepticulidae also important (Labandeira 2014). There is promising material in
older ambers, such as Cedar Lake (Canadian) Amber (Campanian; 72—83 Ma) or
Raritan (New Jersey) Amber (Turonian and Cenomanian; 89—101 Ma), of which
rare lepidopteran fossils are known but generally unstudied (Grimaldi &
Nascimbene 2010; McKellar & Wolfe 2010).
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Text Box: Leaf-mine terminology

Since there is a confusion regarding descriptive terms for leaf mines, and differences
exist between North American and European literature, we provide a short list of terms
and their synonyms. Hering (1951) provided several Latinized terms, listed below, but
these versions are rarely used.

Ophionome - linear mine. A mine in which the larva moves in one forward direction.
In British literature such a mine is usually termed a “gallery”; in North American liter-
ature an approximate equivalent is a “serpentine mine”. The latter usage is confusing
(see below). The ophionome mine is the common type in the Nepticulidae.

Heliconome — serpentine mine (auct. Hering). A linear mine that has a sinusoidal, occa-
sionally spiral, trajectory in a leaf, particularly in its earlier stages and often later be-
comes a more rectilinear mine. Examples in Nepticulidae include Enteucha acetosae
(Stainton), Stigmella prunifoliella (Clemens) and several Ectoedemia species.
Visceronome — intestinally coiled mine. A linear mine that turns back and forth in a
tight, zigzag pattern, such that the individual coils are adjacent to one another in an in-
testine-like fashion. Example: Stigmella viscerella (Stainton) Stigmatonome — blotch
mine. A mine in which the larva consumes one or more tissue layers in all or several
directions. Stigmatonomes are divided into two types:

Orthogenous stigmatonome. A blotch mine in which the larva consumes tissue in all
directions without any preferential feeding pattern. Orthogenous stigmatonomes are rare
in Nepticulidae; examples include Ectoedemia occultella (Linnaeus) and Stigmella par-
adoxa (Frey).

Ophiogenous stigmatonome. or a false blotch. A blotch mine originating by coales-
cence of linear mines, such that the larva changes feeding direction and creates the ap-
pearance of a blotch mine by an abundance criss-crossing intersections with occasional
islands of unmined, often squarish, tissue. Ophiogenous stigmatonomes are more com-
mon in Agromyzidae. In Nepticulidae false blotches are often formed when the larva
lacks sufficient mining space and is obliged to follow previously made mine tracks.
Ophistigmatonome — linear-blotch mine. A combination of mine types wherein the
larva initiates a gallery mine, and frequently after the last molt starts the formation of a
blotch, often in the form of a wide, broad gallery. Ophistigmatonomes are common in
Nepticulidae, particularly in Ectoedemia. If the entire leaf or other foliage organ is
mined, Hering (1951) has termed such a construction as a “pantonome”.

Additional terms that describe mines that do not occur in Nepticulidae are: asteronome,
star-shaped mine of radiating mine trails; physonome, a blister mine; and ptychonome, a
tentiform mine. Additional terminology for mines in plant parts other than foliage are:
carponome, occurring in fruit; caulonome, occurring in a stem; and anthonome, occur-
ring in a flower.

145






S

Phylogeny and divergence
times of Nepticulidae






Phylogeny, classification and divergence times of
pygmy leafmining moths (Lepidoptera: Nepticulidae): the
earliest lepidopteran radiation on Angiosperms?

Camiel Doorenweerd"?, Erik J. van Nieukerken' and Robert J.B. Hoare?

! Naturalis Biodiversity Center, Leiden, The Netherlands

? Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam,
The Netherlands

3 Landcare Research, Auckland, New Zealand

Abstract

Nepticulidae is one of the early diverging Lepidoptera lineages, and currently comprises over 850
described species. The larvae of the vast majority of the species are leafminers on Angiosperms
and highly monophagous, which has led to persistent ideas on coevolution with their plant hosts.
We here present a molecular phylogeny based on eight gene fragments from 355 species,
representing 20 out of 22 extant Nepticulidae genera. Using two fossil calibration points, we
performed molecular dating to place the origin of the family in the Early Cretaceous, before the
main Angiosperm diversification. Based on our results we propose a new classification, abandoning
all ranks between family and genus, as well as subgenera to allow for a stable classification. The
position of Enteucha within Nepticulidae remains somewhat ambiguous, and the species-rich
cosmopolitan genus Stigmella, with nearly half of all described Nepticulidae, requires further
study. Ectoedemia, Zimmermannia, Acalyptris, Etainia, Parafomoria, Muhabbetana and Fomoria
appear to have diversified in a relatively short evolutionary period, leading to short branches in the
molecular phylogeny and unclear suprageneric relations. Otherwise support values throughout the
phylogeny are mostly high and the species groups, genera and higher clades are discussed in
respect to their supporting morphological and life history characters. Wing venation characters are
confirmed to mostly be reliable and relevant for classification, but some other previously used
characters require re-interpretation. The species groups of most genera are recovered, but only
partly so in the large genus Stigmella. The molecular dating results are compared with existing
knowledge on the timing of the Angiosperm radiation and reveal that the diversification of
Nepticulidae could largely have been contemporaneous with their hosts, although some of the
genera restricted to a single plant family appear to have begun to diversify before their hosts.

Keywords: molecular dating, systematics, Heteroneura, Nepticuloidea, Opostegidae, Cretaceous
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Introduction

How the timing and pattern of herbivorous insect diversification relates to
Angiosperm plant diversification in the Early Cretaceous remains as one of the
great evolutionary questions of today (Wiens et al., 2015; Wahlberg et al., 2013;
Tilmon, 2008; Grimaldi & Engel, 2005). Lepidoptera in particular are striking in
their plant-dependent diversity; it is one of the four largest insect orders and the
only one that is almost entirely associated with Angiosperms (Wiens et al., 2015;
Powell et al., 1998). To understand the evolutionary history of early Lepidoptera, it
is worthwhile to envision the scene of the rapidly evolving mid-Cretaceous
environment (Magallén et al., 2013; Skelton, 2003; Vakhrameev & Hughes, 1991).
Imagine standing on the flood plain of the shallow Western Interior Seaway that
covered much of the mid-West United States during the late Albian, ca. 104 Ma
(Graham, 1999). The higher country is still covered with forests composed of
conifers, cycads and other early seed plants and herds of dinosaurs roam freely.
The flood plain, however, is covered with an already diverse pioneer vegetation
with hundreds of species of a young group of fast growing plants: the Angiosperms
(Lidgard & Crane, 1988). The softer and more palatable leaves of Angiosperms
offer a new biome of resources ready to be exploited by the insects. Indeed, as an
observer you will soon see that many leaves are damaged in various ways, and
some show tracks inside: leaf mines (Labandeira et al., 2007; 1994).

Albian fossil leaf mines closely resemble modern day Nepticulidae leaf mines, and
the variation in morphology suggests that these insects had already diversified to
some extent (Doorenweerd et al., 2015a). Higher lepidopteran groups have been
identified as well, including the likely presence of the ditrysian leaf blotch mining
moths Gracillariidae (Labandeira et al., 1994), but butterflies and most larger
moths were probably scarce or absent (Wahlberg er al., 2013). Fossil evidence
provides crucial information on the early evolution of Lepidoptera, but integration
with time-calibrated molecular phylogenetic studies will be essential for a full
understanding of the timing of diversification of different groups. Initial studies
integrating both have mostly focussed on discrepancies (Sohn et al., 2015) and
many fossil records likely require reinterpretation following modern insights in
Lepidoptera classification (Heikkila et al., 2015). However, a revisionary study on
Nepticulidae fossils has shown that there is huge potential in the fossil record to
provide additional calibration points in studies that employ molecular dating
(Doorenweerd et al., 2015a).

Knowledge of the phylogeny of Lepidoptera has matured in recent years (Bazinet
et al., 2016; Heikkila et al., 2015; Regier et al., 2015; 2013) and Nepticulidae are
consistently placed among the earlier lineages of non-ditrysian moths. Nepticulidae
and Opostegidae together form the superfamily Nepticuloidea, a sistergroup
relationship that is well supported morphologically and molecularly. A basal
division of Heteroneura between Nepticuloidea and all other Lepidoptera is also
well supported (Bazinet et al., 2016; Regier et al., 2015). This means that in the
so-called Angiospermivora, the Nepticuloidea evolved after four or five other
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clades split off, in all having no more than ca. 700 extant species, of which more
than 600 belong to the Hepialidae, a group that consists of often polyphagous root
feeders, wood borers and leaf feeders rather than specialist (monophagous or
oligophagous) angiosperm-feeders. Nepticulidae are commonly called pygmy
moths because the adult moths are amongst the smallest of all Lepidoptera (Fig.

Figure 1: An impression of Nepticulidae adults and larvae. A: Bohemannia quadrimaculella adult
resting on tree bark, The Netherlands (Photo: George Sinnema). B: Ectoedemia subbimaculella
copula on a leaf, The Netherlands (Photo: George Sinnema). C: Enteucha spread adult female, Ja-
pan (4722 Hirano). D: Simplimorpha promissa spread adult male, Greece (EvN2011385). E: Ectoe-
demia sp. leafmining larva on Fagus, Japan (CD13063 RMNH.INS.29826). F: Ectoedemia han-
noverella leatmining larva in Populus leaf (EvN2008105). G: Stigmella tityrella leafmines in Fa-
gus sylvatica, The Netherlands. H: Stigmella sashai leafmining larva in Tilia maximowicziana,
Japan (CD13040). 11: Stigmella anomalella leafmine on Rosa sp., The Netherlands (CD12028).
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Figure 2: Proposed Nepticulidae phylogenies during the past century based on morphology. The
genus names are indicated as originally published and contain synonyms compared to the newly
proposed classification. A: Although Beirne (1945) was the first to propose a phylogeny for Nep-
ticulidae that included genitalic characters, Scoble was the first to present a phylogeny strictly
based on cladistic principles. B: The expanded phylogeny resulting from the PhD studies of van
Nieukerken (1986b). C: the Nepticulidae phylogeny as published in Puplesis (1994), which did
not apply the rank of subgenus. D: The phylogeny from the PhD studies of Hoare (1998), which
built on the phylogeny of van Nieukerken (1986) with a particular focus on Pectinivalvinae and
was the first to use automated algorithms.

1A-D), but in terms of diversity they comprise the largest group of early diverging
Lepidoptera with approximately 850 named species and an estimated 2,000-2,500
species globally. They are specialized endophytophagous insects, mostly leafminers
(Fig. 1E-I), but a few groups are bark- or stemminers, shoot borers, or feed in green
fruits of Acer, and a handful are gall makers. Species generally feed in ‘core
Eudicot’ angiosperms (APG III, 2009), with a preference for woody plants.

Ever since the erection of the genus Nepticula Heyden, 1843 (Stainton, 1849; Zeller,
1848) - a junior synonym of Stigmella Schrank, 1802 (Wilkinson, 1978) - the group
has been recognised as a unity, and as the family Nepticulidae since 1854 (Stainton,
1854). Soon after Nepticula was erected, two more genera were recognised on the
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basis of venation: Trifurcula Zeller, 1848 and Bohemannia Stainton, 1859 (Stainton,
1859; Zeller, 1848). In the early 20" Century, American authors erected four more
genera with venation as leading characters: Ectoedemia Busck, 1907 (also based on
the galling habit), Obrussa Braun, 1915, Glaucolepis Braun, 1917 and Microcalyptris
Braun, 1925 (Braun, 1925, 1917, 1915; Busck, 1907). Gradually the study of
genitalia became standard in Lepidoptera and the first of such studies involving
nepticulids divided Nepticula into a number of species groups (Petersen, 1930).
Later, Beirne (1945), when describing the genitalia of the British Lepidoptera,
erected five new genera, viz. Dechtiria Beirne, 1945, Levarchama Beirne, 1945,
Fedalmia Beirne, 1945, Etainia Beirne, 1945 and Fomoria Beirne, 1945, and split
Stigmella into Stigmella and Nepticula.

The first cladistic analysis and classification resulted from the PhD studies on the
South African Nepticulidae fauna of Scoble (1983), here redrawn in Fig. 2A. The
family was divided into two subfamilies: the Australian Pectinivalvinae and the
global Nepticulinae, the latter subdivided into Nepticulini and Trifurculini. The
use of subgenera was introduced in the genus Ectoedemia: Ectoedemia, Fomoria
Beirne, 1945 and Laqueus Scoble, 1983. In 1986 this classification was refined and
extended on the basis of the Holarctic fauna during the PhD studies of van
Nieukerken, and included larval and new adult characters in the character matrix
(van Nieukerken, 1986b) (Fig. 2B). The main divisions were maintained, and two
additional subgenera were included in Ectoedemia: Etainia Beirne, 1945 and
Zimmermannia Hering, 1940. Synapomorphies were defined for all clades, except
one, the subgenus Ectoedemia (Fomoria). Both phylogenies were derived manually
using Hennigian principles, by the comparison of character states and outgroup
argumentation (Hennig, 1966). The next published phylogeny followed in 1994
(Puplesis, 1994) (Fig. 2C), and did not use Hennigian cladistics, but still recognised
apomorphies, and divided the family into the subfamilies Nepticulinae and
Trifurculinae. Pectinivalva Scoble, 1983 was treated within Nepticulinae, and the
previously recognized subgenera were raised to full genus, except for Laqueus,
which was synonymised with Fomoria.

Four years later, in his unpublished PhD thesis of Australian Nepticulidae, Hoare
prepared the first cladistic analysis of Nepticulidae using maximum parsimony
algorithms employed in computer software (Hoare, 1998) (Fig. 2D). The weakness
of this analysis was in the low number of species included, but its strength was in
the inclusion of characters of all life stages and this resulted in a refined version of
the divisions by Scoble (1983) and van Nieukerken (1986b). Additionally from
Hoare’s PhD studies, analyses of the Australian Pectinivalvinae (Hoare, 2000b;
Hoare & van Nieukerken, 2013) resulted in the recognition of the new genus
Roscidotoga Hoare 2000, and division of the genus Pectinivalva Scoble, 1983 into
three subgenera: Pectinivalva, Casanovula Hoare, 2013 and Menurella Hoare,
2013. In all cladistic analyses it was clear that some clades were supported by a
whole array of characters, whereas others were hardly supported at all, and a
bootstrap analysis of Hoare’s dataset collapsed most of the branches in the tree into
a polytomy and failed to support suprageneric groupings (Hoare, 1998).
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Studies on Nepticulidae involving genetic sequence data started in the early 21*
century with three gene fragments. The initial family-level results have been
presented at several conferences (e.g. van Nieukerken et al., 2004a) but were
difficult to reconcile with morphological findings and remained unpublished.
During the PhD thesis studies of Doorenweerd, there was an opportunity to
sequence up to eight genes for a comprehensive set of taxa with representatives
from all polytypic nepticulid genera. We here present the resulting molecular
phylogeny and suggest a sustainable new classification for Nepticulidae.
Furthermore, we use two fossil calibration points to estimate divergence times that
provide insight on how one of the earliest lineages of Lepidoptera diversified
alongside Angiosperm host plants. Simultaneous with this publication, a revised
catalogue for Nepticulidae will be published (van Nieukerken et al., 2016a), as well
as a publication describing the three new genera and several species that are also
included in the present study (van Nieukerken et al., 2016b).

Material & Methods

Taxon sampling

DNA barcoding has since 2005 been systematically included in our taxonomic
studies of Nepticulidae and DNA analyses in general since 2000. This has thus far
yielded over 2,800 DNA extracts and DNA barcodes, with either verified species
names, or temporary species names for undescribed material or material that
cannot yet be linked to a described species. All DNA barcodes are available
through the Barcoding of Life Datasystems (BOLD) (Ratnasingham & Hebert,
2007). From these DNA extracts we made a selection to be analysed for multiple
genes, covering all available genera and species groups. As outgroup we selected
11 exemplars of Opostegidae, the family that joins Nepticulidae in Nepticuloidea
and is its undisputed sister (Regier et al., 2015a; van Nieukerken, 1986b). The final
dataset used for the phylogenetic analysis includes 344 ingroup specimens from 20
genera with data from at least three genes. Except for two monotypic South African
genera, viz. Varius Scoble, 1983 and Areticulata Scoble, 1983, all known extant
Nepticulidae genera are represented, including three new genera from the
Neotropics, that are being published simultaneously (van Nieukerken ef al.,2016b).
Collecting details and photographs of specimens may be found in BOLD dataset
DS-NepPhylo [doi: dx.doi.org/10.5883/DS-NEPPHYLO)].

DNA extraction, amplification and sequencing

The source specimens for DNA extraction were stored as dried pinned adults, as
larvae frozen in ethanol >95% or occasionally as larvae that had been dried inside
their leaf mines. For many samples, DNA extraction was performed non-
destructively by recovering either the abdomen with genitalia or the larval pelt
from the lysis buffer after incubation. The genomic DNA extraction continued
from the lysis step using a Macherey-Nagel NucleoMag 96 Tissue magnetic bead
kit on a Thermo Fisher KingFisher flex system. Polymerase Chain Reaction (PCR)
was used to amplify target DNA sections of eight genes: cytochrome oxydase
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subunit I (COI), cytochrome oxidase subunit IT (COII), translation elongation factor
1-alpha (EF1-alpha),carbamoyl-phosphate synthetase 2, aspartate transcarbamylase,
and dihydroorotase (CAD), isocitrate dehydrogenase (IDH), cytosolic malate
dehydrogenase (MDH), histone 3 and 28S ribosomal RNA (28S). Amplification of
the genes Wingless and GAPDH was attempted using published primers and
conditions (Wahlberg and Wheat 2008). For Wingless the resulting fragments
varied in length from ~350-2,000 bp, judged from gel electrophoreses. Several
single copy fragments of <1,000 bp were sequenced, but the results were so riddled
with introns that they could not be aligned at all and we did not continue with this
gene. For GAPDH, the amplification success was low (19% using 95 test samples).
From the successfully sequenced samples we deduced that this was likely due to
sequence regions near the primer sites with high similarity to the primers. Also, in
GAPDH a single intron was encountered, other introns may have contributed to
difficulties during amplification. For the final eight fragments used in this study,
PCR chemicals and cycling conditions follow those of Doorenweerd et al. (2015b).
Two genes that have additionally been used in this study are CAD and MDH, for
which the primer pairs CADmidF & CADI1028R and hypMDF & MDHmidR,
respectively, were used (Wahlberg & Wheat, 2008). PCR conditions were identical
to the other nuclear markers and the annealing temperature was set at 55° C.
Bidirectional Sanger sequencing was outsourced to BaseClear, Leiden, The
Netherlands. The resulting chromatograms were checked for quality and
congruence in Geneious R6.1.8 and the resulting sequences were managed using
VoSeq 1.7.4 (Pefia & Malm, 2012).

Sequence alignments

The alignment of 28S was prepared with MAFFT 7 (Katoh & Standley, 2013). The
sequenced fragments of COI, H3 and MDH contained no insertions or deletions
(indels) or introns and were straightforward to align. In the sequenced CAD
fragment we found one triplet insertion in Ectoedemia angulifasciella (Stainton,
1849), specimen RMNH.INS.12764, in the COII fragment we found a single triplet
insertion in an Ectoedemia quadrinotata (Braun, 1917) specimen, RMNH.
INS.18557. In the IDH fragment there was a single position with up to four triplets
inserted, which occurred in many samples throughout Acalyptris Meyrick, 1921
(0-2 triplets), Etainia (always three triplets) and Stigmella (0—4 triplets). In EF1-
alpha, several introns were encountered that are presented in the results. All introns
were removed prior to phylogenetic analyses, but they are included in the Genbank
accessions. COI sequences were available for all specimens in the final dataset, the
success rate of the remaining genes was 92% for 28S, 84% for EF1-alpha, 82% for
COII, 66% for CAD, H3 and IDH, and 35% for MDH. A list of the available
sequences per specimen and Genbank accession numbers can be found in S1. The
final aligned length of the dataset used for analyses was 4,557 bp.

Phylogenetic analysis

Maximum likelihood and Bayesian approaches were used for phylogenetic
inference on the concatenated dataset. The appropriate substitution model and
optimal partitioning were determined using PartitionFinder 1.1 (Lanfear et al.,
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2012). For all markers individually, as well as the combined dataset, the GTR +
Gamma model proved most suitable according to the Bayesian information
criterion. We initially reconstructed maximum likelihood trees using the PhyML
plugin in Geneious (Guindon & Gascuel, 2003) for each genetic marker individually
and assessed those for contamination issues or conflicting signal, we then repeated
that approach for the mitochondrial markers combined, versus the nuclear markers
combined. Although strongly differing in resolution, there was no incongruence
between the phylogenetic signal of different datasets. In all subsequent analyses the
dataset was analysed following the partitioning from PartitionFinder: eight
partitions mostly following the division of gene fragments, except that IDH and
MDH were combined, as well as the second and third codon positions of COI and
COlII, and the first codon position of COI and COII. Bayesian analyses were run
with the Linux MPI version of Exabayes 1.4.1 (Aberer et al., 2014), ML analyses
were done using Garli 2.01 (Zwickl, 2006). Exabayes was set to run until 1.5%
convergence between four sets of four heated chains was reached, after which the
sampled trees were examined with Tracer 1.6 (Rambaut er al., 2014) and revealed
stable convergence and sufficient sampling (all ESS values >> 200). Eight best
trees were searched with Garli to see if a single best topology could be found
consistently with the used settings, and subsequently four independent runs with
100 bootstrap replicates were performed and averaged to obtain bootstrap supports.
Complete consistency in the best ML topology could not be reached, which is
included in the interpretation of the results. When interpreting the results, we
considered branches with posterior probabilities over 0.95 and bootstrap values
over 60 as well supported.

Divergence time estimation

Two fossil calibration points were selected to estimate timing of divergences with
the software package BEAST 2.3.2 (Bouckaert ef al., 2014). There is a regular
occurrence of Nepticulidae-like leaf mine fossils in the fossil record since the
earliest finds, representing multiple species, in the Dakota formation of the early
Cretaceous, dated at 102 Ma (Doorenweerd et al., 2015a). We used this to calibrate
the Nepticulidae crown with a log normal distribution. The second calibration is
from adult Baltic Amber entombments identified as two species of Bohemannia
(Doorenweerd et al., 2015a; Fischer, 2013), from a formation dated between 43 and
45.2 Ma. We used this to calibrate the crown Bohemannia clade, with a log normal
distribution. The site models were divided in eight partitions. The clock models
were separated for 28S, the protein coding nuclear genes and the mitochondrial
genes. For each clock set the substitution rate was constrained for a single partition
within the set according to values that are likely to approach realistic biological
values (Papadopoulou et al., 2010): for 28S at 6E-4, for the nuclear genes 0.0017
and for the mitochondrial genes 0.0168. With multiple partitions in one set only one
gene was constrained, allowing the results to be tested for convergence from these
estimates. The length of the single chain Bayesian analysis was set to 120 million
and results were checked for convergence and sufficient sampling using Tracer 1.6.
The resulting trees were combined using TreeAnnotator (included in the BEAST
package) and visualised with FigTree 1.4.2 (Rambaut, 2014). The BEAST runs
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RMNH.INS.30123 Fomoria RhododenronKorea | 206 bp

Simplimorpha promissa 80 bp.
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Figure 3: The different positions and sizes, drawn to scale, of introns encountered in Elongation
Factor 1-alpha relative to the exon of 482 bp, indicated in the centre. Specimen RMNH.INS.11966
was not included in the phylogenetic analyses but sequence details are included in the BOLD
dataset and S1.

were repeated multiple times to verify a consistent outcome, and the reliability of
the calibration points was assessed by repeating the analyses with each point left
out. This increased the confidence intervals of the age estimates of the left-out
calibration, but there was no incongruence between the mean of the two calibration
points. When discussing the results, we mostly indicate the 95% highest probability
density (HPD) as the estimated age-range, to prevent overconfident conclusions
that may result from focussing on the average estimated age.

Morphology

Morphological terms largely follow our earlier treatments (Hoare, 2000b; van
Nieukerken, 1986b; van Nieukerken er al., 1990a), but we replace the previously
used term aedeagus for the male intromittent organ with phallus, following the
general trend in lepidopterological literature as suggested by Kristensen (2003). In
the discussion we largely refer to published morphological information, but we also
include unpublished information from RIJBH’s PhD thesis (Hoare, 1998) and of
EJVvN’s study, and we also checked several characters on our own material when
working on this manuscript.

Results

In the 482 base pair (bp) fragment of EF1-alpha that we amplified we encountered
four positions with introns (Fig. 3). Stigmella intronia van Nieukerken & Nishida,
2016 from Costa Rica (RMNH.INS.24036) (van Nieukerken et al.,2016b) contains
three positions with introns, on the second position in that specimen (pos. 250), all
specimens of Simplimorpha promissa (Staudinger, 1870) have a much shorter
intron. A fourth intron position was encountered in larvae of an undescribed
Fomoria (Fomoria RhododendronKorea, RMNH.INS.30123) and of an
undescribed Stigmella (Stigmella FagaceaeGnLumut, RMNH.INS.11966) with
introns of different length and composition. After removing the introns, the amino
acid translations closely matched those of other Nepticulidae, indicating that there
were no pseudogenes involved.

The results of the phylogenetic analyses of the 355 taxa data set are summarized in
Fig. 4, which presents the eight-gene Bayesian topology of the 344 ingroup-taxa
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along with ML bootstrap support values for all species groups and higher branching
(see Fig. S2 for the full BEAST Bayesian tree with all taxon names). Although we
did not sample the Opostegidae as extensively as the Nepticulidae, with only three
out of seven genera, our results show an interesting, albeit poorly supported sister
group relationship between Opostega Zeller, 1839 and Opostegoides Kozlov, 1985,
never seen in the earlier morphologically based phylogenies (Davis & Stonis, 2007,
Davis, 1989). Nepticulidae are always monophyletic with highest support (PB 1, BS
100). Twenty monophyletic clades are interpreted as full genera. The thorough
sampling allowed us to confirm many existing species groups within many of the
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Figure 4: Phylogenetic tree based on Bayesian inferences of eight gene regions of 339 Nepticuli-
dae exemplars, with clades collapsed according to the newly proposed classification. Support for
species groups and all higher clades are indicated on the respective branches. The values on
branches are Bayesian posterior probabilities, followed by maximum likelihood bootstrap sup-
port values. Support values in green are interpreted as well supported clades, support values in
red as unsupported and are discussed in the text. Nodes above genus rank are numbered (in cir-
cles to the right of the node) for the purposes of discussion. Dashed grey lines indicate alternative
topologies. The scale bar indicates nucleotide substitutions per site.
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Phylogeny and divergence times of Nepticulidae

genera and designate some new ones. The relationships between genera are only
partly well supported, but close examination of the topologies of intermediate as
well as the final phylogenetic analyses allowed us to distinguish a limited number
of possible distinct topologies for most cases, which we discuss and are indicated
with grey dotted lines in Fig. 4.

The first division of the Nepticulidae is between the genus Enteucha Meyrick, 1915
and all remaining Nepticulidae (Fig. 4 node 1). Although the position of Enteucha
is well supported (PB 1, BS 86), upon examining the results of individual analyses
we encountered several bootstrap ML outcomes, as well as a BEAST Bayesian
analysis that converged on a suboptimal posterior probability, where Enteucha is
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joined on a clade with Stigmella and Simplimorpha Scoble, 1983 (Fig. 4 node 2),
which would be the previously morphologically recognized group ‘Nepticulini’
(Fig. 1B, D). Stigmella and Simplimorpha together receives good support (PB 1, BS
75), lack of full support is due to the variable position of Enteucha. Stigmella is by

Mai erm

69 ex. - 49% | Ectoedemia

9 ex. - 36% | Zimmermannia

5ex. - 14% | Muhabbetana

A
\ { \

/
\

Fomoria

16 ex.-27%

: ; -

8ex.-53%

Parafomoria "™®

/

19 ex. - 12% | Acalyptris

= 7 ex. - 33% | Etainia

20 ex. - 34% | Trifurcula

17 ex. - 39% | Glaucolepis

w, 3ex.-43% | Bohemannia

3ex. i
_960%| Neotrifurcula

2ex.-33%

Hesperolyra

Pectinivalva N
+ Menurella— %
+ Casanovula

&% | Roscidotoga

(R EEEE

¢

i

Tex.-20% Ozadelpha

Nepticulidae -

. s
136 ex. - 20%| Stigmella W
— ' ; "

—— 2 ex. - 100% | Simplimorpha
; : >
; 8 ex. - 42% | Enteucha ~
1 ‘ 1 : 7 Pse dopostegé y
' ! ex. u G
N . | N 36.1 0
| postegidae ! ‘ : y b e
! outgroup 51.7 : 7o 2ex. | Opostega '

- 1

2ex. | Opostegoides

Late. Late Cretaceous b Paleo-: Eocene | Clliges Miocene Pliqcene &
Jurassic i cene | | cene 1 Pleistocene
Neogene
150 140 130 120 110 100 90 80 70 50 40 30 20 10 0

Million years ago
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far the largest genus within Nepticulidae, with almost half of all species. From our
phylogeny it is possible to subdivide Stigmella in two or three clades, but
morphological evidence for this is incomplete at this stage. We therefore tentatively
name two clades ‘Core Stigmella’, and ‘Non-core Stigmella’. There are currently
many species groups within Stigmella, some of which are partially or wholly
recognized in our phylogeny. The well-supported groups are indicated in Fig 4.

The next group that splits off in the remaining part of the tree (Fig. 4 node 3) is
comprised of the new Neotropic genus Ozadelpha van Nieukerken, 2016 and the
Australian genera: Roscidotoga, Casanovula, Pectinivalva and Menurella (Fig. 4
node 4). In most analyses Ozadelpha is sister to the remaining genera, occasionally
Ozadelpha is grouped with Roscidotoga. The division between Roscidotoga and
the remaining Australian genera is well supported, but the remaining suprageneric
supports are low. Although the Exabayes Bayesian analysis supports three
monophyletic genera, in the ML bootstrap analyses as well as repeated BEAST
analyses, Casanovula minotaurus (Hoare, 2013) is placed among Menurella,
making Menurella paraphyletic.

The sistergroup relation between a clade of Australian genera + Ozadelpha (Fig 4.
node 4) and the trifurculine genera (Fig. 4 node 6) is always recovered. The
phylogenetic placement of the two newly discovered Neotropical genera
Hesperolyra van Nieukerken, 2016 and Neotrifurcula van Nieukerken, 2016
remains uncertain. In the current results they are grouped together, but supports are
lacking, likely due to a combination of long branch attraction and poor taxon
sampling. Also their phylogenetic origin relative to Bohemannia remains uncertain
(Fig. 4 node 5). The position of Bohemannia relative to all other genera has been
stable in all analyses. Glaucolepis and Trifurcula (Fig. 4 node 7), both formerly in
Trifurcula, form a monophylum with high support, and the supports for both genera
and the species groups within these genera are high. The previously recognized
subgenus Levarchama is now redefined as the Trifurcula cryptella species group.

Suprageneric relationships in the remaining part of the tree (Fig. 4 node 8) are
uncertain from our current data. However, in any case, there is no support for a
monophyletic Ectoedemia sensu lato with subgenera: Ectoedemia, Zimmermannia,
Etainia, Muhabbetana Kocak & Kemal, 2007 (= Laqueus) and Fomoria (van
Nieukerken, 1986b, Hoare 1998, Fig. 2B, D). In the presented phylogeny as well as
all examined bootstrap topologies, an Ectoedemia sensu lato is always paraphyletic
with regards to Acalyptris and Parafomoria Borkowski, 1975. The redefined genera
are all recovered individually with high support, except for Fomoria, where the
analysis possibly suffered from a relatively large amount of missing data for the
sampled taxa (Fig. S1). Ectoedemia and Zimmermannia are joined without high
support (PP 0.95, BS 45) (Fig 4. node 9), the only observed alternative topology
groups Ectoedemia with Etainia as sister. Acalyptris is in the presented phylogeny
joined with Etainia, but in intermediate results it has also been grouped with
Parafomoria or Muhabbetana.
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Using the recently revised fossil record for Nepticulidae (Doorenweerd et al.,
2015a), we were able to reconstruct a time-calibrated phylogeny based on two fossil
calibration points (Fig. 5). The estimated age of origin of Nepticulidae falls
completely within the Early Cretaceous. Almost all of the currently recognized
genera are estimated to have originated before the end of the Cretaceous, 65 Ma. In
an analysis in which the BEAST run converged at a topology with suboptimal
posterior probability, with Enteucha grouped with Stigmella and Simplimorpha,
this only affected the age estimates for Enteucha and Simplimorpha, dating the
split between the two at an average of 78 Ma (data not shown). There are large
differences in the number of known species per genus, our sampling has been
aimed to cover the diversity across the genera. The percentage of species included
per genus ranges from 4% to 100%, mean 38% (Fig. 5). However, it should be noted
that our estimates of diversity are minimum values, even though they include
undescribed diversity that is known from collections. Especially large regions such
as the Neotropics, Tropical Africa and Australia are heavily understudied.
Nonetheless, our current data suggest that Acalyptris, Fomoria, Stigmella and
possibly Enteucha (the latter somewhat dependent on its systematic position) had
likely already begun to diversify in the Cretaceous.

Discussion

Introns in Nepticulidae

During our DNA sequencing efforts we encountered more introns than would have
been expected from previous Lepidoptera-wide sequencing efforts (Mutanen et al.,
2010). Introns in EF1-alpha have previously not been reported for Lepidoptera, but
are present in most other insect orders (Djernas & Damgaard, 2006). Recently,
phylogenomic datamining has revealed that there are likely two copies of EF1-
alpha in Lepidoptera, where one copy is highly fragmented by introns (Niklas
Wahlberg, in litt.). The phylogenetic signal we found in EF1-alpha for Nepticulidae
is congruent with other genes, leading us to believe that we either have consistently
been targeting only one of the two copies with our primers, or that the two copies
evolve in parallel. Either case should have no negative affect on our results, but care
should be taken when our data is re-used in other studies. In the vast majority of
specimens (98.7%) that we successfully sequenced for EFl-alpha, we did not
encounter introns, but part of the 16% that failed to amplify may have failed due to
introns, rather than primer site mismatches. During the exploration of suitable gene
fragments to be sequenced, we also found an intron in GAPDH, and many introns
in different positions in Wingless. For these genes there are no indications that
there are multiple copies. The reasons for a higher abundance of introns in
Nepticulidae remain unclear. The introns were found in different unrelated genera
and appear to contain no phylogenetic information.

Plausibility of the divergence time estimations

There are many studies that urge caution with interpreting molecular dating results
(Wilf & Escapa, 2014; Wheat & Wahlberg, 2013; Warnock et al., 2012), and show
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that the results largely depend on the number and quality of the calibration points
(Magallén er al., 2013). In our analysis we used only two calibration points, but we
are fairly confident of their reliability and placing. With two calibrated nodes it is
no surprise that the 95% HPD often exceeds 20 myr, we feel that this provides a
realistic view of the current knowledge. This view holds when we compare our
results with previously published molecular dating studies of Lepidoptera.
Wahlberg et al. (2013) used the Mutanen et al. (2010) eight-gene genetic dataset
covering all Lepidoptera, and used seven calibration points. Within Nepticuloidea
they included one Ectoedemia occultella (Linnaeus, 1767), and one Opostega
salaciella (Treitschke, 1833), and estimated the split between the two between 101—
136 Ma. This corresponds to the split between Nepticulidae and Opostegidae,
which in our analysis is estimated between 103—145 Ma. Their study also included
the Dakota Formation fossil leafmines (Labandeira et al., 1994) as one of the
calibrations. However, instead of using it to calibrate the crown Nepticulidae like
in our study, it was used to calibrate the stem. A second, mitigating, issue is that the
date of the Dakota Formation fossils was mistaken as 120 Ma. The Dakota
Formation was at the time of the publication of the fossils dated at 99 Ma
(Labandeira et al., 1994), but has now been readjusted to 102 Ma (see Doorenweerd
et al., 2015a). The combination of both issues has led to comparable and similar
results. There are currently no other molecular dating studies that have included
Nepticuloidea, but from two other recent studies that included Lepidoptera it is
clear that we are in the early stages of understanding the timing of Lepidoptera
diversification. In an insect-wide transcriptome based study (Misof et al., 2014),
genetic data from 1478 single copy nuclear genes of 144 taxa, of which ten
Lepidoptera, were calibrated with 37 fossils. The crown age for Lepidoptera was
estimated between 118—180 Ma, significantly younger than estimated in the study
by Wahlberg, where the crown age for Lepidoptera was estimated between 200—
230 Ma. In another recent study (Condamine et al., 2016), 874 taxa, of which 114
Lepidoptera, eight genes and 89 fossils were used and the Lepidoptera crown age
was estimated even earlier, at ca. 250 Ma. Increasing the reliability of the fossil
calibration points will most likely bring important progress in the coming years
and will place these findings into perspective. Nonetheless, our findings for
Nepticulidae appear plausible within range of estimates of the current studies.

On the use of systematic ranks

Our analyses recover the previously defined subfamily Pectinivalvinae and tribus
Trifurculini as monophyletic clades (as sister groups), but we never recover a
monophyletic Nepticulinae as in previous classifications (Fig. 2) and rarely a
monophyletic Nepticulini. Based on our current knowledge we therefore discontinue
the use of subfamily and tribe within Nepticulidae (and Opostegidae) for the time
being. We also abandon the use of subgenera, which were introduced in the 1980’s (van
Nieukerken, 1986b; Scoble, 1983), mainly because the former large genus Ectoedemia
(Ectoedemia + Zimmermannia + Etainia + Muhabbetana + Fomoria) is shown to be
polyphyletic, which can only be addressed by either raising all subgenera to full genus,
or by including even more genera in this large polytypic entity. We reject the latter
solution because that would leave no reliable or practical apomorphies. Instead, the
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newly assigned genera are almost all —except Fomoria—readily defined by apomorphies
and well recognisable in adult and larval morphology and biology. Because the use of
subgenera is often considered awkward by many users and impractical in many
databases, we decided to extend this policy throughout the family and also abandon the
use of subgenera in Trifurcula (Trifurcula + Glaucolepis) and Pectinivalva
(Pectinivalva + Casanovula + Menurella). We discussed the new classification and the
arguments extensively with other lepidopterists, who overall endorsed our views.

A new Nepticulidae classification

In this section, we review the agreement and disagreement of our molecular results
with previous hypotheses based on morphology. We proceed sequentially through
the tree in Fig. 4 using named genera or node numbers for higher clades, discuss
how our findings correspond to the new classification — which is formally
established in van Nieukerken ez al. (2016a; 2016b) — and include discussion on the
molecular dating results presented in Fig. 5.

Nepticulidae

Nepticulidae are morphologically well supported by at least nine apomorphies (van
Nieukerken, 1986b; Scoble, 1983), including the unique sensillum type: sensillum
vesiculocladum (van Nieukerken & Dop, 1987), and in the larvae the reduction of
abdominal setae to six pairs per segment and the larval antenna with only two
basiconic sensilla: an apomorphy not previously published (listed by Hoare, 1998).
It is therefore no surprise that the monophyly of Nepticulidae is also molecularly
well supported. Overall it is striking that clades that were previously well supported
in the morphological cladograms, typically by at least five apomorphies, are also
supported in molecular analyses and most differences are in previously poorly
supported clades (Hoare, 1998; van Nieukerken, 1986b; Scoble, 1983). The reliable
morphological characters often include wing venation characters, confirming their
relevance for classification. However, the thickening of vein 1+2A in the forewing
was formerly considered an apomorphy of Nepticulinae (Enteucha + nodes 2 + 6),
with the Pectinivalvinae (node 4 minus Ozadelpha) showing the plesiomorphic,
normal condition, but the character must now be considered homoplasious. The
cathrema, a usually striate thickening around the opening of the ductus ejaculatorius
into the vesica of the phallus in the male genitalia was previously considered as a
synapomorphy for the Nepticulinae, and considered absent in the Pectinivalvinae
(Hoare et al., 1997, van Nieukerken, 1986b) and in Enteucha considered to be
replaced by a smooth thickening (van Nieukerken, 1986b). More recent studies had
proved the cathrema to be present in Pectinivalvinae as well (Hoare and van
Nieukerken, 2013; Hoare, 200b) and close examination of genitalia slides of
Enteucha has convinced us that a striate thickening is in fact always or nearly always
present, although it is usually narrow and only weakly striate, and is often obscured
by cornuti. The thickening itself should be termed the cathrema, whilst the
interconnected sclerites are considered to be associated structures and not part of
the cathrema. The presence of a cathrema is thus an additional apomorphy for the
Nepticulidae. It has been suggested (John Dugdale, in litt.) that the cathrema may
represent a modified or internalised bulbus ejaculatorius, a structure that is absent in
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Nepticulidae. A major previous argument for a sister group relationship between
Nepticulinae and Pectinivalvinae has been the reduction of the number of antennal
segments in the larva: whereas Pectinivalvinae have a 2- or 3-segmented antenna,
all Nepticulinae share the reduced antenna with a single segment (Hoare & van
Nieukerken, 2013; Hoare, 2000b; van Nieukerken, 1986b). The current phylogeny
suggests that either this reduction happened more than once, or that segments were
regained in node 4. Unfortunately we do not know yet the condition in Ozadelpha.

Enteucha

Enteucha is a small genus with currently 11 species described and about eight
undescribed species known from collections. We were able to include eight species
of Enteucha in our phylogeny, about 42% of the known diversity. In all morphology-
based classifications, Enteucha has been placed in a monophyletic group with
Stigmella and Simplimorpha (Fig. 2). In our analyses this relationship is not
recovered, instead, Enteucha is the first clade to split off. In a study on non-ditrysian
Lepidoptera based on data from 19 genes (Regier et al.,2015), three representatives
of Opostegidae and seven representatives of Nepticulidae were included. In their
results, as in our results, Ectoedemia and Trifurcula group together, but unlike our
results, they showed high support for a clade with Enteucha, Pectinivalva and
Stigmella, which was also the result from the morphological treatment by Puplesis
(1994; Fig. 2B). Although the most likely outcomes from our data suggest otherwise,
we did find indications in the bootstrap trees as well as suboptimal Bayesian
topologies that there is some support in the molecular data for grouping Enteucha
with Stigmella and Simplimorpha. The condition of the collar was previously used
to characterise this grouping (former Nepticulini): comprising lamellar scales
versus the plesiomorphic condition piliform scales. Lamellar scales are only known
from all species in the genera Enteucha, Stigmella [although sometimes less clearly
so] and have now also been found in Ozadelpha and in subgroups of Bohemannia
and Acalyptris. It is still a useful character to recognize genera and subgroups, but
does not define any larger clades in a cladistics sense. Other morphological
synapomorpies that support this grouping include the larval labrum without lateral
setae, pupa with only a single row of spines per segment (van Nieukerken, 1986b),
and the presence of a subdorsal retinaculum, which is paralleled in Acalyptris
(Hoare, 1998). It will probably require a combination of both many more genes as
well as taxa to fully resolve this issue. By abandoning intermediate ranks between
family and genus it currently does not affect the classification. Enfeucha receives
the oldest estimated stem age, between 102—135 Ma, and a crown age between
51-84 Ma. This age is puzzling in the light of the single host plant family: the
Polygonaceae are considered a relatively young family (34—41 Ma: Forest & Chase,
2009). It seems unlikely that the various species colonized the Polygonaceae
independently. Either the species evolved on the ancestor or extinct stem group
species of Polygonaceae, or the age of the host family requires further study. Within
Enteucha, E. basidactyla (Davis, 1978) from Florida is sometimes classified in a
separate genus Manoneura Davis, 1979 (Puplesis & Robinson, 2000), but it
consistently groups with the other species from Florida, E. gilvafascia (Davis,
1978) (both feeding on sea grape, Coccoloba uvifera), and both are always
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subordinate in a larger clade with unnamed Asian species and the European
Enteucha acetosae (Stainton, 1854). This supports our view that Manoneura has
correctly been synonymised (van Nieukerken, 1986b). The rather unique characters
of the male genitalia of E. basidactyla should therefore be considered as highly
autapomorphic, and without value for generic classification. The monotypic Varius
Scoble, 1983 from South Africa, feeding on Ochnaceae, is potentially a synonym
of Enteucha based on morphology, but no recent material is available for DNA
analyses. Without molecular evidence and because of its isolated occurrence and
aberrant host-plant choice, we prefer to keep it separate for the time being.
Morphologically Enteucha can be recognised by the reduced venation (absence of
R2+3), the absence of a transverse bar in the transtilla (paralleled in Pectinivalva
sensu lato, Glaucolepis, part of Acalyptris) and the anterior apophyses lacking
anterior apodemes (van Nieukerken, 1986b). For the condition of the cathrema see
above. Van Nieukerken (1986b) also listed unmelanised patches in the anterior
sclerotisation of tergum 2, but this is doubtful as the amount of melanisation can
vary and an insufficient number of species of Nepticulidae have has been screened
for this character.

Node 2: Stigmella and Simplimorpha

In all analyses Simplimorpha is consistently placed as sister to Stigmella, with an
estimated divergence time between the two in the Cretaceous, between 82—-118 Ma.
Stigmella and Simplimorpha share the venation, with curved main trunk of R+M
usually with four terminal branches and a separate Cu. Otherwise there are no
obvious morphological apomorphies, unless Enteucha would be included in this
clade (van Nieukerken, 1986b).

Simplimorpha

There are only two species of Simplimorpha known, with clear allopatric
distributions, and both have been sampled in our phylogeny. There are no
undescribed species known from collections, but given the poor knowledge on the
African fauna there is potential for undiscovered diversity. Both known species are
oligophagous on Anacardiaceae. Simplimorpha promissa feeds on Pistacia species,
Rhus species and Cotinus coggygria in the Mediterranean area, and S. lanceifoliella
(Vdri, 1955) feeds on many Searsia species (formerly in Rhus), Protorhus longifolia
and introduced Schinus molle in Southern Africa (Scoble, 1983). All specimens of
S. promissa that we sequenced for EFl-alpha contained an 80 bp intron (Fig. 3),
which was not present in S. lanceifoliella. The estimated divergence time between
the two species is in the Paleogene, between 27-57 Ma. This is the oldest estimated
divergence time between two sister-species in the phylogeny (see Fig. S1).

Stigmella

Stigmella is by far the largest nepticulid genus, containing nearly half of all the
known species (currently 420) and can be found on all continents except Antarctica.
From our current sampling and estimations, the crown Stigmella age is estimated
to be Late Cretaceous, 68—99 Ma, making it one of the earliest diverging genera.
For such a large and well-supported genus, it has remarkably few morphological
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apomorphies: van Nieukerken (1986b) only listed two: uncus bilobed (bifid) and
larval antenna with sensilla placed cross-wise. To these we can add: collar with
lamellar scales, although sometimes appearing hairy, and this is paralleled in
Enteucha, Ozadelpha, part of Bohemannia and Acalyptris. There are several
exceptions to the bilobed uncus, e.g. Stigmella naturnella (Klimesch, 1936). The
previously used character “gnathos with single posterior process versus two
processes”, e.g. to separate the lapponica group as basal from the rest, appears to
be very homoplasious; the previously considered plesiomorphic condition, a single
process, similar to most other Nepticulidae, occurs in many groups throughout the
genus and is possibly not always the plesiomorphic condition, but may have
originated from fusion of the two processes. This is supported by New Zealand
species, which exhibit a range of degrees of fusion, with S. tricentra (Meyrick,
1889) showing an intermediate state with processes fused basally and contiguous
apically (Donner & Wilkinson, 1989: fig. 97, an accurate representation). From the
molecular phylogeny it is clear that Stigmella can be subdivided in two [or three]
large clades, which may warrant generic status. However, without sufficient
morphological evidence to support this, it seems impractical to do so at this point
and instead we have termed them here as ‘Core Stigmella’ and ‘Non-core Stigmella’.
One character that seems to follow the division in two clades is the feeding position
of the larva: only larvae of Core Stigmella feed with their dorsum upwards, whereas
all other Nepticulidae feed with their venter upwards. This is probably a strong
apomorphy for the Core group, but impractical for classification purposes when
larvae are unknown. Our results recover the following species groups with sufficient
support: in Non-core Stigmella: the S. prunifoliella, S. ultima, S. ulmivora, S.
saginella and S. betulicola groups, and in Core Stigmella: the S. sanguisorbae, S.
lapponica sensu lato, S. ogygia, S. epicosma, S. salicis, S. quercipulchella, S.
anomalella, S. hybnerella sensu lato, S. oxyacanthella, S. aurella, S. lemniscella,
S. floslactella and S. ruficapitella groups (Fig. 4). In the genitalia, Non-core
Stigmella males usually have a wide uncus, sometimes shallowly bilobed, a juxta is
often present, a manica never; the phallus often has few cornuti. In Core Stigmella
the uncus is either bifurcate or sometimes deeply split into four lobes, and a juxta
is rarely present. In a large clade including the S. aurella and S. ruficapitella groups
there is often a manica (phallocrypt) around the phallus, which usually has many
cornuti. In Non-core Stigmella, female genitalia often have spiny signa, paired (e.g.
S. betulicola group, some in S. ultima group) or unpaired (S. saginella group, some
species in the S. paliurella group), accessory sacs are rare and when present rather
small. Core Stigmella females usually have a strong accessory sac, that in part of
the S. ruficapitella group clearly takes over the function of the reduced corpus
bursae (van Nieukerken & Johansson, 2003). Several species groups in both clades
are specialised on host plant families such as Fagaceae, Betulaceae, Rosaceae and
Rhamnaceae. Most tropical species are placed in Non-Core Stigmella and feed on
such host families as Fabaceae, Moraceae, Euphorbiaceae, Phyllanthaceae,
Meliaceae, Rutaceae, Dipterocarpaceae and Malvaceae.

Notable is the well supported grouping of all examined New Zealand species (the
S. ogygia group), the South American members formerly placed in an extended S.
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salicis group (Puplesis & Robinson, 2000), for which we propose the name °S.
epicosma group’ and a strict S. salicis group (those feeding on Salicaceae). Overall
the males in this clade have rather similar genitalia, and females have a non-coiled
ductus spermathecae as potential synapomorphy. This clade splits first between the
New-Zealand S. ogygia group and the S. epicosma + S. salicis groups, that could be
suggested to have a Neotropic origin, since the Neotropic Salix feeder Stigmella
molinensis van Nieukerken & Snyers, 2016 appears to be sister to all other S. salicis
group members. This geographic distribution can only be explained by long
distance dispersal, since at the average estimated age of this split (Eocene, 41.5
Ma), New Zealand and Latin America were even further apart than today. It is also
notable that all Asteraceae feeding Stigmella species are in this clade: both in New
Zealand and Latin America, even though both groups also use several other host
plant families (Puplesis & Robinson, 2000; Donner & Wilkinson, 1989).

Other new findings include an expanded S. lapponica group, containing several
Rosaceae feeders, including S. malella (Stainton, 1854) and S. slingerlandella
(Kearfott, 1908) (Fig. S1) next to the originally included Betulaceae feeders, and
another assemblage of groups feeding on Rosaceae: the S. hybnerella, S. paradoxa
and S. irregularis groups, that we here combine as the S. hybnerella sensu lato
group, even though genitalia characters are rather diverse. Several other species
groups that have previously been recognized were not or only partly recovered or
we sampled only one species or none at all. Where applicable, they are further
discussed in the catalogue (van Nieukerken er al., 2016a). Future studies on
Stigmella that include more taxa globally, particularly from tropical regions, will
be needed to get a better grip on the evolutionary history of this genus.

Node 3

This new grouping represents the former Pectinivalvinae and Trifurculini, and is
better supported in the Bayesian analysis than in the ML analysis (PP 1, BS 55). As
earlier studies did not recognise this grouping, no morphological apomorphies
have been noted previously, nor can we easily point out any now.

Node 4: Ozadelpha and the Australian genera

Ozadelpha has been newly described from the Neotropics (van Nieukerken et al.,
2016b) and at present contains at least four species, of which one is included in our
phylogeny: Ozadelpha specimen EvN4680, which is closely related to the type
species Ozadelpha conostegiae van Nieukerken and Nishida, 2016. Both species
feeds on Conostegia (Melastomataceae) in Costa Rica. Another species feeds on
Myrtaceae, and has been recombined by us as Ozadelpha guajavae (Puplesis &
Diskus) (van Nieukerken et al., 2016b). The stem age for Ozadelpha is estimated at
51-86 Ma. We find it likely that more species of this genus are to be discovered in
the Neotropics. Currently all known species have two fasciae on the forewing, and
acollar comprising lamellar scales. In the venation Ozadelpha resembles Stigmella,
but Cu is usually very long, and since also the condition of the collar is similar to
Stigmella an external diagnosis is difficult. The long Cu resembles that in
Roscidotoga and also in the genitalia both genera share several characters: the
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large vinculum, bilobed uncus, and broadened anterior apophyses. However,
Ozadelpha does not share any of the listed adult or pupal synapomorphies of the
Australian genera (Hoare, 2000b). Larvae have not yet been studied. The grouping
of Ozadelpha with all Australian nepticulid genera: Roscidotoga, Pectinivalva,
Menurella and Casanovula is well supported (PP 1, BS 97). If the hosts for the
Ozadelpha species we currently know are representative for the genus, the majority
of species in node 4 are associated with Myrtales.

A major character that gave its name to the genus Pectinivalva, including
Casanovula and Menurella, is the valval pecten that was considered homologous
to the stalked pectens in Opostegidae and various Adeloidea (van Nieukerken,
1986b; Scoble, 1983). In the light of our findings it is more likely that the pecten in
most Casanovula, Menurella and Pectinivalva species is a neoformation, similar
to a type of pecten found in several Acalyptris species (see also: Regier et al.,
2015a). The morphological characters supporting a grouping of Pectinivalva,
Menurella, Casanovula and Roscidotoga and for each of these genera are detailed
by Hoare (2000b) and Hoare and van Nieukerken (2013). Although morphological
characters appear reliable and support a generic status for all groups, instead of the
previous subgeneric status, monophyly for all genera is not always recovered in the
molecular results. This is likely a sampling issue: the estimated sampled diversity
for these genera is between 4 and 38%, and especially low for Pectinivalva (4%)
and Menurella (7%). Both are expected to have a diversity in the order of 70—-80
species based on counts in the Australian National Insect Collection (Hoare, 1998).
In the molecular dating analyses, one species of Casanovula is consistently
recovered among Menurella,and Roscidotoga is grouped with Ozadelpha. The age
estimates for these clades are therefore combined: the stem age for Pectinivalva +
Menurella + Casanovula is estimated between 64—97 Ma. The three genera likely
diverged after the K-Pg boundary, in the Paleogene, somewhat later than most other
genera, which originated in the Cretaceous. Hoare and van Nieukerken (2013)
stressed the fact that some species of Menurella and Casanovula are still specialised
on rain forest dwelling Myrtaceae, whereas all Pectinivalva species, where known,
feed on drought-resistant Eucalyptus, a genus that diversified particularly after
Australia’s Miocene aridification (5—-24 Ma). Still, we see that splits between these
genera in our estimate predate this drying out, with the estimate for the stem-group
of Pectinivalva between 27-50 Ma. For Roscidotoga the stem age is here estimated
between 51-86 Ma, but there is some added uncertainty due to its variable position
relative to Ozadelpha. While Hoare (2000b) still suggested a split between
Pectinivalva sensu lato and Roscidotoga in the Early Cretaceous, later Hoare and
van Nieukerken (2013) assumed that this split dates closer to the Miocene
aridification; the latter is supported by our data.

Node 6: trifurculine genera

The remaining twelve genera form a well-supported monophyletic group (PP 1, BS
63). Previously this grouping has been classified as the Trifurculini or Trifurculinae
(Fig. 2) and is well supported morphologically (van Nieukerken, 1986b), amongst
others by the character “Veins Rs and M of forewing separate basally, forming
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closed cell” (van Nieukerken, 1986b). This character is also valid for the clade
Hesperolyra + Neotrifurcula + Bohemannia, where it is apparent in Neotrifurcula,
but reduced in the other two genera. The character “paired reticulate signa in
female bursa copulatrix™ is another character that is almost always present in this
node, but probably secondarily reduced in groups with a reduced bursa (viz.
Hesperolyra, Parafomoria and the Acalyptris staticis group). The origin of this
group is securely estimated in the Cretaceous.

Node 5

The grouping of Bohemannia with the two new Neotropic genera Hesperolyra and
Neotrifurcula is not well supported, and also morphologically these genera have
little in common (van Nieukerken et al., 2016b). The position of the new genera
remains unclear, and these taxa often acted as ‘rogue taxa’ in our analyses and
could be recovered in very different parts of the tree. Both genera probably have
many more species in the Neotropics. Age estimates for these remain uncertain,
but they are likely of Cretaceous origin.

Bohemannia

This small Palearctic genus comprises one leafmining species (Bohemannia
pulverosella (Stainton, 1849), on Malus), whereas the remainder of the total seven
species are probably shoot- or budminers, although rearing records are mostly
absent (van Nieukerken & Johansson, 1990). Hosts are known through association
and at least one reared specimen from Betulaceae, without knowledge of the larval
feeding (Alnus, Betula) (van Nieukerken, 1986a). Recently, two fossil species were
recognised from Baltic Amber (Fischer, 2013), which allowed us to use these as a
calibration point for divergence time estimations. The stem age is estimated as
58-94 Ma, but this is also somewhat uncertain due to the problematic placing of
Hesperolyra and Neotrifurcula. The phylogenetic placement of Bohemannia
relative to the other genera in node 6 as found here is similar to that in Puplesis
(1994), whereas van Nieukerken (1986b) regarded it as sistergroup to Ectoedemia
sensu lato on the basis of two larval characters: viz. the shape of frontoclypeus and
length of tentorial arms. Given that Ecfoedemia is no longer recovered as
monophyletic in a sensu lato composition, these characters are likely unreliable for
classification.

Node 7: Trifurcula and Glaucolepis

The new classification matches that of Puplesis (1994; Fig. 2C) in assigning generic
status to Trifurcula and Glaucolepis. Other classifications have treated a larger
Trifurcula, with subgenera Trifurcula, Glaucolepis and Levarchama (Fig. 2B, D).
The previously recognised subgenus Levarchama is not raised to full genus, but
treated here as the T. cryptella species group. Phylogenetically this entails no
change, and the group is strongly supported by the combination of three probably
interrelated characters: R+M with three branches in hindwing, male abdomen with
paired tufts on T6—8 and the underside of the male hindwing with a velvet patch of
androconial scales.
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Glaucolepis

The genus Glaucolepis comprises currently ca. 40 named species, of which the
majority is known from the Mediterranean region. Most are leaf or stem-miners in
various trees and shrubs, a few feed in herbs and probably some make galls. Three
apomorphies were given by van Nieukerken (1986b), and a fourth was suggested by
van Nieukerken and Puplesis (1991), while adding some doubt to two of the previous
apomorphies in the male genitalia. Our results recognise three well supported
species groups: the G. raikhonae group comprises three Palearctic species that are
probably all gall-makers on Rosaceae, although this is only documented for G.
oishiella (Matsumura, 1931) (=Sinopticula sinica (Yang, 1989)), that feeds on
Prunus (van Nieukerken & Puplesis, 1991; Yang, 1989). The group has a wider
distribution, as we already know unnamed species in this group from Australia and
North America. The G. saccharella group contains the type species G. saccharella
(Braun, 1912) from Eastern North America, a leafminer of Acer (Sapindaceae) and
an unnamed species from Japan that makes leafmines on various woody Fabaceae.
The G. headleyella group is the most diverse and is confined to Europe, the
Mediterranean and adjacent areas. Many species in this group mine in more than
one leaf and continue to the next leaf via the petiole and stem, or sometimes only
mine in the stem. Most of these feed on Lamiaceae, several on Plantaginaceae
(Globularia) and Apiaceae (Bupleurum) and a few other families (Lastivka et al.,
2013; Ivinskis et al., 2012; Lastivka & Lastivka, 2007; 2000). The stem age for
Glaucolepis is estimated as 59—88 Ma, the crown age 45-70 Ma. For the G.
raikhonae group (three species) the crown age is 16—40 Ma, for the G. saccharella
group (two species) 19-39 Ma and for the G. headleyella group (12 species) 25-40
Ma. The proliferation of the last group in the Mediterranean region, where species
specialised on small drought resistant shrubs, now common in Mediterranean
habitats such as maquis and garrigue, is probably partly explained by the Oligocene—
Miocene aridification of the region (Dong ef al., 2013). We were unable to study
substantial DNA data of the two Neotropic Glaucolepis species, but morphologically
they are so different from other Glaucolepis that it is very unlikely they are placed
correctly. At least G. argentosa Puplesis & Robinson, 2000, of which we examined
one male morphologically and have a partial DNA barcode, lacks the three
apomorphies of Trifurcula + Glaucolepis and genitalia only show some superficial
similarities. It is not unlikely that these species represent another new genus.

Trifurcula

The genus Trifurcula as defined here is largely a western Palearctic genus, with 36
named species and several unnamed species. The genus and its three species groups
are all recovered with highest support, congruent with earlier morphological
analyses (van Nieukerken, 2007; 1990; 1986b). The best morphological apomorphy
is the loss of the connection between R2+3 and R4+5 in the forewing and another
apomorphy is the hostplant family: Fabaceae, for which no exceptions are known.
The T. cryptella group (seven species) comprises leaf miners on herbaceous and
shrubby Fabaceae: Loteae, all in Europe and North Africa, including Macaronesia.
The group was revised and its phylogeny analysed by van Nieukerken (2007). The
T. subnitidella group (eight species) comprises European and Mediterranean species
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that make stem mines, occasionally starting in a leaf, also in herbaceous and shrubby
Fabaceae, tribes Loteae and Hedysareae (van Nieukerken, 1990). The remaining ca.
20 named species and several unnamed species belong to the 7. pallidella group,
and all are stemminers of Fabaceae belonging to the tribe Genisteae in the
Mediterranean region (van Nieukerken et al.,2010; Lastivka & Lasttivka, 2005; van
Nieukerken et al.,2004c; Lastivka & Lastivka, 1994). Our phylogeny supports the
evolutionary scenario sketched by van Nieukerken (2007): the ancestor of Trifurcula
in the present sense was a leafminer on Loteae, and in the clade of the T. subnitidella
+ pallidella groups the stem mining habit evolved; in the T. pallidella group a shift
to Genisteae as hostplant occurred. Scoble (1980) added two South-African species
to Trifurcula, of which the position is unknown. We doubt whether they are genuine
Trifurcula, but a further molecular analysis is required to answer this doubt. The
stem age of Trifurcula is 59-88 Ma, the crown age 29—47 Ma. As in Glaucolepis,
the proliferation of species in this genus can possibly be partly attributed to the
Oligocene-Miocene aridification of the region (Dong et al., 2013).

Node 8: seven genera with unclear suprageneric relationships

This clade comprises the genera Parafomoria, Acalyptris and the former subgenera
of Ectoedemia: Fomoria, Muhabbetana, Etainia, Zimmermannia and Ectoedemia.
The estimated origin is Late Cretaceous (72—102 Ma), and they likely diverged in
a relatively short time, leading to short branches and lacking supports. Alternative
topology hypotheses are indicated with grey dotted lines in Fig. 4. Most of the
genera are well defined from morphology and life history characters, but no
morphological apomorphies can be indicated for the whole clade.

Fomoria

Fomoria is the genus that stands out as being not well defined either molecularly or
morphologically, an issue noted previously (van Nieukerken, 1986b; Scoble, 1983).
The absence of distinct apomorphies has probably also lead to the previous
inclusion of species that are now in Hesperolyra, on grounds of some similarity in
male genitalia (Puplesis & Robinson, 2000). In total 48 named species belong to
Fomoria, with the largest number, 22 species, in Africa. In our analysis, we
incorporated three species groups, although all receive poor support. The F.
weaveri group with 14 named and several unnamed species comprises mainly
leafminers on Hypericum, Ericaceae and Rutaceae, and most species pupate inside
the leafmine. The species are characterised by a number of apomorphic genitalia
characters (van Nieukerken, 2008; Hoare, 2000a). The Hypericum and Ericaceae
feeding species form a clade, sister to the Rutaceae feeding species. As sister to
these groups we see an Australian species reared from Scolopia (Salicaceae), the
very species that one of us discussed as the first potential Southern hemisphere
member of the F. weaveri group, based on a single specimen, before the mine and
larva were discovered by us at the same locality (Hoare, 2000a). The F. groschkei
group (three named species from Europe and Africa, several unnamed Asian ones)
comes as poorly supported sister in some of our analyses or as paraphyletic. It
comprises several species feeding on woody Lamiaceae that were previously
placed in Verbenaceae (Vitex, Callicarpa), but we also found one species on
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Bignoniaceae (Radermachera) in Taiwan. Unfortunately we were only able to
sequence one species of the morphologically and biologically well supported F.
vannifera group (Hoare, 2000a): F. vannifera (Meyrick, 1914) itself. They are
leafminers on Brassicaceae: Capparis and relatives. Here it groups, without
support, with the isolated Apiaceae feeding species F. viridissimella (Caradja,
1920). The stem age for Fomoria is estimated as 66—96 Ma, the crown age: 57-86
Ma, showing overlapping estimates. The genus originated already in the Cretaceous.

Muhabbetana

Muhabbetana, in most literature known as Ectoedemia (Laqueus), is an essentially
African clade with 32 named species, with a small group of species occurring in
the Mediterranean region and Macaronesia. The Afrotropical species feed on
Ebenaceae and Celastraceae, whereas the Mediterranean species feed on
Euphorbiaceae (genus Euphorbia) and Apocynaceae. The genus was previously
synonymised with Fomoria (van Nieukerken et al., 2004b; Puplesis, 1994), but in
our analyses the species ascribed to it always group separately. Morphologically it
is characterised by the anal loop in the forewing and the larval stipes with two
setae (van Nieukerken, 1986b; Scoble, 1983), but the last character has only been
checked for Mediterranean species. Unfortunately, we have not been able to
include the type species M. grandinosa (Meyrick, 1911) or a close relative in our
analyses, but we include one unidentified African species (RMNH.INS.24076)
and African material studied after finishing these analyses (not included here)
also confirms this placement. The stem age is estimated as 63—92 Ma, the crown
age: 50-78 Ma.

Parafomoria

The genus Parafomoria is a small group with eight named, and ca. seven unnamed
species, occurring only in the Mediterranean region with one species going north
into Central Europe. Most species occur in the Iberian Peninsula. All species make
leafmines on shrubby Cistaceae, often in winter. Morphologically the genus can be
recognised by the reduced venation (loss of R3), expansion of the lateral arms of
the vinculum, reduction of female bursa and development of male hair pencil.
There is also an apomorphy in the 28S gene: a large gap in the D2 region occurs in
all species and can be ascribed to the shortening of one loop in the secondary
structure. The two groups recognised in the molecular analysis conform to the
morphological division into two groups (van Nieukerken, 1983). The age for crown-
group Cistaceae is around (18.5-)14.2(-10.2) Ma (Guzman & Vargas, 2009; Vargas
et al., 2014). Our estimates for the crown group Parafomoria, are much older,
between 38 and 61 Ma. Whether this is due to unknown host relationships in
Parafomoria with ancestors of the Cistaceae and its sistergroup Dipterocarpaceae,
or to inaccuracy in the estimated age of Cistaceae is unclear. The age estimate for
the stem of Parafomoria is 71-102 Ma.

Etainia

The genus Etainia with 16 named and five unnamed species, is both molecularly
and morphologically well supported (van Nieukerken & Lasttvka, 2002; Puplesis
& Diskus, 1996). As far as known none of the species are leaf miners, but feed in
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various ways in other organs than leaves. Several Holarctic species are associated
with Acer (Sapindaceae) and either feed in the winged fruits and seeds (in the
summer generation) and in the buds and shoots (winter generation or univoltine
generation) (Emmet, 1984; Johnson, 1982; Kulman, 1967), but E. albibimaculella
(Larsen, 1927) and an unnamed North American species feed on Ericaceae, and
the possibility that E. obtusa Puplesis & Diskus, 1996 feeds on Fraxinus (Oleaceae)
cannot be excluded (van Nieukerken & Lastivka, 2002). Hosts for the African
species are unknown, but Acer does not occur there. The included African species
is sister to the clade of Holarctic species, at some distance, suggesting an African
origin. Estimated stem age: 66—96 Ma, crown age: 26—58 Ma.

Acalyptris

The genus Acalyptris is the second largest genus after Stigmella, with 93 named
and more than 60 unnamed species. It is widespread especially in the (sub)tropical
and desert regions of the world, but in North America species can be found at
higher latitudes in bogs and wetlands, feeding on Cyperaceae (EJVN, personal
observations). Most species are leafminers, some mine stems, and hosts are varied.
There are records from at least 21 plant families, mostly Eudicots, but also the
monocot family Cyperaceae. There is one morphological apomorphy for the genus:
Closed cell in forewing shifted towards base, vestigial. The 19 species in our
analysis group in four relatively well supported species groups: the New World A.
scirpi group, the West Palearctic A. staticis group, specialised on Plumbaginaceae,
the Palearctic A. psammophricta group — formerly also known as the repeteki
group — that occurs primarily in desert and steppe areas of Central Asia, the Middle
East and North Africa and the A. platani species group that is confined to the Old
World. The estimated stem age is: 66—96 Ma, crown 62-91 Ma. Like in Fomoria,
also in Acalyptris there is a large overlap in the estimates of the crown and stem
groups, suggesting an early diverging genus.

Zimmermannia

The small genus Zimmermannia is restricted to the Holarctic region with 17 named
species and ca. eight unnamed ones, of which nine species are included in the
analysis. The species are bark miners where known, with most species associated
with Fagaceae, but a few with Ulmaceae, Salicaceae and possibly Betulaceae
(EJVN, unpublished information). Whereas old mines are usually easily seen,
finding and collecting larvae is a challenge and most species are only known from
light collected adults. Morphologically the sister group relation with Ectoedemia is
well supported (van Nieukerken, 1986b), which is also the best supported molecular
scenario. The estimated stem age is 54—80 Ma, the crown age 19-35 Ma.

Ectoedemia

Ectoedemia is the third largest genus in Nepticulidae with 90 named and more than
50 unnamed species, especially in East Asia. It has a wide distribution in the
northern Hemisphere, and is particularly diverse in the Palearctic region. The
phylogeny of Ectoedemia has already been treated in detail in a previous study
(Doorenweerd et al., 2015b) and will not be repeated here. Different in the present
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analysis from the published phylogeny is that the clade with the African species,
the E. commiphorella species group, is not the first to split off, but instead splits off
after the clade with the E. subbimaculella and E. populella species groups.
Considering the low support for this, its real position remains uncertain. The stem
age for Ectoedemia is estimated to be between 54—80 Ma, either just before or just
after the K-Pg boundary. The crown age is more securely estimated, between 33—
49 Ma, Eocene. Because the centre of diversity for Ectoedemia is in the Palearctic
and we have a thorough sampling coverage of all species groups, we believe this is
one of the most reliable estimates in our dataset. All species in the E. populella
group feed on Salicaceae, and started diversifying between 14.3—24.4 Ma, Miocene
(see Fig. S1). The crown age for Salicaceae is generally estimated to be much older,
with the most recent estimates in the Cretaceous, between 73—-87 Ma (Xi et al.,
2012). The crown age for the E. angulifasciella group, for which the ancestral host
was most likely a Rosaceae (Doorenweerd et al.,2015b) is estimated between 25.1—
36.5 Ma. The estimated crown age for Rosaceae is just after the K-Pg boundary,
around 61 Ma (Hohmann et al., 2015), or in the Cretaceous, around 88 Ma (Chin et
al.,2014): in either case, long before the E. angulifasciella group started to diversify.
The other species groups in Ectoedemia receive similar crown age estimates,
ranging from 12-38 Ma, covering the late Eocene, Oligocene and Miocene.

Biogeographic Notes

Most genera and higher clades are distributed throughout several biogeographical
regions without clear evolutionary patterns, but there are some splits that may
correlate with the shifting of tectonic plates (Fig. 5). In particular the strongly
supported relationship between Ozadelpha, which appears restricted to the
Neotropics, and all Australian genera (Fig. 4 node 4) suggests ancient vicariance.
The split between these two is estimated to have occurred in the Late Cretaceous,
where all southern continents were practically merged and slowly broke up.
However, other splits in the phylogeny indicate that long distance dispersal has
likely occurred multiple times throughout the evolutionary history of Nepticulidae
and cannot not be ruled out for the Ozadelpha-Australian relationships. For
example, the estimated age of the monophyletic clade of Stigmella species from
New Zealand (S. ogygia group) is estimated at 29—46 Ma, whereas New Zealand
has been isolated for ca. 80 myr (Waters & Craw, 2006). To further understand the
role of Gondwanan vicariance it would be important to target future sampling on
southern Hemisphere areas such as New Caledonia, which has an extremely diverse
flora including many ancient angiosperm groups. Other general biogeographic
trends observed in the phylogeny include the repeated apparent dispersal from
Africa to different parts of the Northern Hemisphere: in Simplimorpha,
Muhabbetana, Etainia and Ectoedemia. To further understand this pattern it will
be vital to include further sampling of African taxa. In terms of species numbers,
two of the three largest genera, Stigmella and Ectoedemia, representing ca. 2/3 of
the Nepticulidae diversity, appear to have diversified primarily in the temperate
regions. Within Stigmella, the predominantly tropical clades include less species
and older splits, in contrast to the clades mostly distributed in the temperate region.
Overall the biogeographical region spurring the most spectacular finds at present is
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the Neotropics, with just three new genera already included in this paper from a
very fragmented and incidental sampling, leaving undoubtedly more to be found.
Other groups of leafminers have also been shown to have a large undiscovered
Neotropical diversity, including at generic levels (Lees et al., 2014; Gilson de
Moreira, in litt.).

Contemporaneous evolution with Angiosperms

The molecular chronogram presented in Fig. 5 allows us to make a first comparison
of the timing of diversification of Nepticulidae with respect to that of the
Angiosperms. The main Angiosperm radiation has been estimated to have occurred
between 90—110 Ma, during which most plant lineages split into groups we now
mostly refer to as families (Silvestro et al., 2015; Magallén et al., 2013; Schneider et
al.,2004), and has been suggested as an important driver of speciation in Lepidoptera
before (Wahlberg et al., 2013). Our molecular dating results show that it is likely that
Nepticulidae were already present before this time, meaning that there was ample
opportunity for coevolution in a broad sense during the main Angiosperm
diversification in the Cretaceous and thereafter. The pattern of host use we observe
in Nepticulidae does not mirror the phylogeny of Angiosperms in any way. At most
we can say that the majority of species feed on plants in the fabid (Eurosid I) clade,
but there are many exceptions to that rule. We do find three genera that are restricted
to a single host plant family, viz. Enteucha on Polygonaceae, Trifurcula on Fabaceae
and Parafomoria on Cistaceae. With two of those, viz. Enteucha and Parafomoria,
the estimated stem age of the leafmining genus is older than the estimated crown age
of the host family, indicating that there has likely been a different ancestral host, or
that either the dating estimates of the insects or the hosts are inaccurate. Recent
studies on Angiosperms have focussed more on the diversification, rather than just
stem and crown ages (Bouchenak-Khelladi et al., 2015; Xing et al., 2014). This
reveals that in Fagales and Rosales, predominant host orders for Nepticulidae,
diversification has intensified during the Miocene. Combined with the observation
that most nepticulid species specialize on just one or several closely related host
species, it is likely that many of the host relations we observe at species or species
group level have been established mostly during the Miocene. It will be particularly
interesting in future studies to include fine scale host use data and compare this with
the diversification estimates of the hosts.
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Abstract

Despite over 150 years of evolutionary research since Darwin, the factors that drive speciation
still remain largely elusive. Herbivorous insects are often extremely species-rich groups, which
allow testing of a central prediction from two classic evolutionary theories, the escape-and-
radiate theory and the adaptive radiation theory. Both suggest that colonization of a novel
resource zone (e.g. a novel host plant family or biogeographical region) results in increased rates
of speciation. We studied the phylogenetic diversification patterns and possible impact of
biogeographical and host plant family shifts of two groups of leaf-mining moths: pygmy leaf-
mining moths (Nepticulidae) and leaf-blotch mining moths (Gracillariidae: Lithocolletinae). We
gathered a large molecular dataset by sequencing up to eight markers for 335 species of
Lithocolletinae and 645 species of Nepticulidae, which encompasses approximately 50% of the
known diversity in both groups. We found that there is no linear correlation between clade age
and diversity; some of the most species-rich clades are relatively young. There is a repeated
pattern where clades experience a rate-shift with increased diversification rates, which after this
initial burst slows down again, for which we discuss several possible explanations, such as
density-dependent-selection and the co-evolution of pathogens with their hosts. Our results show
that the diversification of Lithocolletinae and Nepticulidae has in parts likely been
contemporaneous with increased rates of diversification of the hosts. We found no evidence that
a novel host plant family in itself would constitute a new adaptive zone, which would fit the
escape-and-radiate theory but we conclude that the diversity of the hosts is a prerequisite for
diversification. The diversification pattern we find in Nepticulidae and Lithocolletinae fits the
adaptive radiation theory, and their adaptive zone can best be described as the temperate region.
Our results also highlight that “entering” a new zone requires evolutionary adaptation in order to
be able to diversify: the clades that experienced increased rates of diversification appear to be
uniquely characterised by a pre-adult winter diapause, which may have been a “key innovation”
to successfully adapt to temperate climate.
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Significance statement

If and how speciation occurs in nature besides from geographic isolation barriers
is only partially understood. By comparing the timing and extent of diversification
in large-scale species-level phylogenies, macroevolutionary patterns emerge that
indicate the importance of different, theoretically conceived, candidate speciation
factors. Insect herbivores in particular are an interesting group to apply this method
to because the importance of the host plants for diversification is a long-standing
debate. We show that for two groups of highly specialised herbivorous insects,
adaptation to a temperate climate by surviving the winter as larva or pupa in a
suspended state has been an important factor.

Introduction

Darwin’s work (Darwin, 1859) marked a revolution in our thinking on evolution.
Despite over 150 years of evolutionary research since, the factors that drive the key
process, speciation - the splitting of one species into two - still remain largely
elusive (Futuyma, 2013). There is a growing number of theories, each suggesting
different candidate drivers (Howard & Berlocher, 1998; Tilmon, 2008) and some of
which have become well established, such as geographic isolation, limiting genetic
exchange and leading to allopatric speciation (Mayr, 1947; 1963). For others, their
importance is less clear, but it appears evident that vicariance alone cannot explain
many of the diversity patterns we observe today (Condamine et al., 2016; Wiens et
al., 2015). Other drivers that have been proposed include changes in climate
(Nyman et al., 2012), possibly related to tectonic shifts (Chaboureau et al., 2014),
genetic rearrangements (Edger et al., 2015) or ecological opportunity, in particular
the availability of hosts (McKenna et al., 2009; Becerra & Venable, 1999). The
latter applies only to trophic levels above primary producers, but includes an
important part of all biodiversity, many of which are insects. Insects compose
approximately 62% of all animal biodiversity (Mitter et al., 1988), and the largest
radiations commonly include many herbivores (Wiens et al., 2015; Althoff et al.,
2014). Furthermore, herbivory has been found to have a positive effect on the
diversification of clades of insects (Wiens et al., 2015), suggesting that host plants
have contributed to speciation in these lineages (Winkler & Mitter, 2008).

There are striking recurrent patterns of diversification and host use in groups of
herbivorous insects that are specialised with respect to feeding substrate, i.e. having
narrow diet breadths. Often there is little to no overlap in host use between closely
related species, but species groups tend to feed on a single host plant family
(Doorenweerd et al., 2015a; Nyman et al., 2006). Studies using time-calibrated
phylogenies of herbivores and hosts have repeatedly shown that their diversification
has mostly not been contemporaneous, with significant lags in the diversification of
the insects (Lopez-Vaamonde et al., 2006; Percy et al., 2004). Host shifts are thus
often involved in speciation events, but speciation of the hosts does not appear to
initiate the speciation process in the insects. Climate change has been identified as
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a driver for the diversification of leaf-mining flies (Winkler et al., 2009), and
genetic rearrangements as a driver in butterflies (Edger et al., 2015), but many
more candidate drivers and mechanisms have been proposed, but none have been
analysed comparatively across multiple groups (Althoff et al., 2014).

A central prediction in two classic evolutionary theories, the escape-and-radiate
theory (Ehrlich & Raven, 1964) and the adaptive radiation theory (Simpson, 1953)
is that colonization of a novel resource zone would result in increased rates of
speciation. Novel resources are abstractly defined, and may have physical, biotic or
behavioural boundaries. Specialized, monophagous and oligophagous, insects
always feed on a single or a few closely related host plants. For such groups, a
different host plant family may likely constitute a novel resource zone, under the
assumption that evolutionary similarity highly correlates with phytochemical and
physiognomical similarity (Nyman, 2010). Leafminers are a guild of insects that
feed enclosed within plant tissues. They are always highly specialised and have
proliferated into significant radiations across all holometabolous insect orders
(Forister et al., 2015; Wiens et al., 2015). Within the moths and butterflies (Lepido-
ptera), the leaf-mining habit is found in multiple families across the Lepidoptera
tree of life (Regier ef al., 2015). The high degree of specialisation of leaf-mining
insects on angiosperm plant families and multiple colonisations of novel host
families, make them a suitable group for studying potentially host-driven
diversification dynamics.

Here we study the impact of biogeographical and host plant family shifts on the
diversification of two lineages of moths, pygmy leaf-mining moths (Nepticulidae)
and leaf-blotch mining moths (Gracillariidae: Lithocolletinae). Both groups are
leaf-miners, but with distinct leaf-mine types. Pygmy leaf-mining moths feed only
on plant tissue, whereas leaf-blotch mining moths start with sap-feeding larval
stages and in later instars continue feeding on plant tissue. The tissue-feeding
instars of leaf-blotch mining moths often use silk to create a fold in the leaf for a
more spacious leaf-mine, pygmy leaf-mining moths do not develop spinning glands
before their final larval instar and use it only to construct a cocoon (Gustafsson &
Nieukerken, 1990; Emmet et al., 1985). Both groups are globally distributed and
display the typical non-random patterns of host associations described above.
There is a striking overlap in favoured host plant families between the two groups
of leaf-miners: dominant plant families include oaks and beeches (Fagaceae),
legumes (Fabaceae), the rose family (Rosaceae), the birch family (Betulaceae) and
the poplars and willows (Salicaceae) (Doorenweerd et al., 2016; De Prins &
Kawahara, 2012). Equally intriguing, however, are the differences in the use of
particular host plants and species richness across their geographic distribution. By
comparing the diversification patterns of both leaf-mining groups in relation to
their distribution and biology, we aimed to identify common drivers of speciation.
More specifically, we tested for shifts in diversification rate and assessed the effects
of two candidate drivers: 1) host plant family shifts and, 2) shifts between
biogeographic regions, and discuss a theoretic framework with intrinsic drivers,
such as functional adaptations, host shifts and population dynamics, and extrinsic
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drivers, such as climate change, shifting host distributions, pathogens or geological
events, that may have enabled or triggered diversification rate shifts.

Material and Methods

Data collection

We gathered sequence data from as many species of Nepticulidae and Lithocolletinae
as possible, and verified all identifications using morphological characters and/or
life history and distribution data. For detailed information on all specimens see
BOLD. When available, material has been vouchered with pinned adult specimens,
genitalia slides or preparations of larval pelts, and dried leaf mines from which
larvae were taken. Voucher material is stored, along with the corresponding DNA
extracts, either in the RMNH (Naturalis, Leiden, The Netherlands), INRA (Orléans,
France), the Canadian Centre for Biodiversity (Guelph, Canada) or several other
collections, to allow for future study. Previously published sequences have been
re-used (Doorenweerd et al., 2016; De Prins et al., 2013; De Prins & Kawahara,
2012; Davis & De Prins, 2011; Lopez-Vaamonde et al., 2006; Lopez-Vaamonde et
al.,2003), but only after verifying the identifications. DNA extractions were mostly
performed at Naturalis (Leiden, The Netherlands), some were performed at the
Canadian Centre for Biodiversity or the Smithsonian Institution (Washington,
USA), in all cases using silica membrane based extraction methods. Up to eight
genes were sequenced for a selection of the material, aiming to include multiple
genes for representatives of all species groups in order to produce a robust
phylogeny. For Nepticulidae, we sequenced fragments of mitochondrially encoded
cytochrome c oxidase I (COI), mitochrondrially encoded cytochrome ¢ oxidase II
(COII), 28S ribosomal DNA, elongation factor 1 alpha (EF1-alpha), carbamoyl-
phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD),
isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH) and histone 3 (H3)
(Doorenweerd et al.,2016). For Lithocolletinae, we used the same selection, except
that we sequenced a fragment of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) instead of H3, and used different primers for EFl-alpha, possibly
targeting a different copy of the gene (see Doorenweerd et al., 2016). The primer
sequences and amplification conditions for EFl-alpha, using the ‘Starsky &
Monica’ primer-set, and for GAPDH are described in Wahlberg and Wheat (2008).
Because more variable and more conserved markers are included, the combination
of these markers provides resolution for the basal branches in the phylogenies as
well as towards the tips.

Phylogenetic analysis

The workflow is schematized in Fig. 1. All software was used in an OpenStack
cloud computing environment at Naturalis using the PhylOStack v1.4 instructions
(Doorenweerd, 2016). Input data were combined from different resources. The
RMNH VoSeq (Peia & Malm, 2012) leaf-miner sequence database and BOLD
(Ratnasingham & Hebert, 2007) were mined for DNA sequences. The reference
dataset for Nepticulidae with minimally sequence data for five out of eight genes

188



Increased diversification rates across lineages of leaf-mining moths

. Species RMNHEVN
BOLD Fos§ U catalogues& host database
VoSeq WWW. checklists & RMNHEVN Py
RINH vouchesequencefabase || boldsystems C:ﬁgf;:ﬁ:ﬁ collection || Gracillariidae
org database database
‘Reference’ Codon ‘Full’
dataset positions dataset
A
PartitionFinder BEAST
partitions.txt
v A 4
Exabayes Exabayes
| rRaML || RAML |
v A 4 v v
| P4 combine | | P4 combine| RogueNaRok BAMM Mesquite

Reference
topology

Topology Chronogram

Figure 1: Schematic representation of the phylogenetic workflow, displaying where the source
sequence data was obtained from and how this data was processed through different software
packages. For details see the material and methods section.

includes 374 ingroup species. The reference dataset for Lithocolletinae includes
131 ingroup species. NCBI Genbank accession numbers can be found in Table S1.
The most appropriate partitioning scheme was determined using PartitionFinder
v2 pre-release 13 (Lanfear et al., 2012), initially allowing all codon positions to be
separate subsets, but requiring at least 300 nucleotides per subset to ensure sufficient
information for likelihood calculations, and rcluster searching using the corrected
Akaike information criterion to combine subsets. Bayesian and Maximum
Likelihood (ML) analyses were done using, respectively, ExaBayes v1.4.1 (Aberer
et al., 2014) and RAXxML v8 (Stamatakis, 2006). For the Lithocolletinae dataset,
this resulted in seven subsets (pos = codon position): [COII_posl, 28S, COI_posl]
[CAD_pos3, EFl-alpha_pos3, MDH_pos3] [COI_pos2, CAD_posl] [GAPDH_
posl, GAPDH_pos2, CAD2_pos2, COII_pos2] [COII_pos3, COI_pos3, IDH_
pos3, GAPDH_pos3] [IDH_posl, IDH_pos2, EFl-alpha_posl, MDH_posl] [EF1-
alpha_pos2, MDH_pos2]. For Nepticulidae, this also resulted in seven subsets, of
slightly different composition, but also favouring the combination of the same
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codon positions: [EF1-alpha_posl, CAD_posl, 28S] [CAD_pos3, MDH_pos3,
COII_pos3, COI_pos3, H3_pos3] [IDH_posl, CAD_pos2] [EFIl-alpha_pos3,
IDH_pos3, COI_posl] [H3_pos2, COI_pos2, EFl-alpha_pos2, MDH_pos2]
[COII_posl, MDH_posl] [COII_pos2, H3_posl, IDH_pos2]. For all subsets, a
GTR+G substitution model was applied for subsequent analyses, except with the
Bayesian analysis in BEAST (Bouckaert et al., 2014), where a HKY+G model was
applied to prevent the over-parametrisation of priors. Bayesian analyses with
ExaBayes were performed using two independent replicates with four heated
chains and a 2% convergence cut-off value. RAXxML was instructed to search for
the best tree, followed by a multiparametric bootstrapping analysis, and the support
values were plotted on the best tree. The support values obtained with the Bayesian
and ML approach were then both superimposed on the ML best tree using the
python combine script from the P4 v1.2 package (Foster, 2004).

On the one hand, it is known that phylogenetic (topologic) uncertainty can have
strong effects on diversification analyses (Pena & Espeland, 2015), but on the other
hand, non-random missing taxa can produce skewed patterns as well (Moen &
Morlon, 2014; Cusimano & Renner, 2010). The phylogenetic analyses were therefore
iterated with different sets of taxa, where we attempted to find a balance between a
stable topology, the support for clades and the number of species included. Initially,
a dataset was constructed with a single representative per species with sequence
data for at least five out of eight genes, which functioned as a reference topology
with good support (Bayesian posterior probability >0.95 and bootstrap support
>60) for most clades in both the Lithocolletinae and Nepticulidae topology. A
second dataset, termed ‘full dataset’ in Fig. 1, was constructed for each group with
species that had sequence data of at least one marker, often just a DNA barcode.
This dataset followed the same phylogenetic approach outlined above, with the
addition that after the Bayesian and ML analyses the bootstrapped trees were tested
for ‘rogue’ taxa with RogueNaRok vl (Aberer et al., 2013), which are taxa that
cannot be placed in the tree with any confidence and distort the topology compared
to the reference topology. The trees were visually compared using the extended
dendrogram package ‘dendextend’ in R (Galili, 2015). Problematic taxa were
removed from the dataset and this process was repeated until a topology with the
maximum number of species included was found that was congruent with the
reference topology. The congruence was tested statistically with a Baker’s Gamma
Index permutation test, implemented in the dendextend R package (Fig. S2) (Galili,
2015). The resulting ‘full’ datasets consisted out of 645 species of Nepticulidae,
53% of the known diversity (Fig. S3), and 335 species of Lithocolletinae, 52% of the
known diversity, where the known diversity is defined as the described species plus
undescribed species known from collections (Fig. S3).

Molecular dating

The software package BEAST v2.3.2 (Bouckaert et al., 2014) was used to perform
divergence time estimations on both datasets. For Nepticulidae we used the same
two calibration points as in Doorenweerd et al. (Doorenweerd et al., 2016). Fossils
of Lithocolletinae have not yet been extensively studied [but see summarized lists
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Figure 2: Molecular chronograms for Nepticulidae and Lithocolletinae with together nearly
1,000 species. Branches are coloured following a temperature gradient of net diversification rates
with legends next to the respective tree and speciation rate graphs for both groups depicted be-
low. Everything is scaled to a single age axis to allow for temporal comparisons. The red dots on
the branches indicate the most supported position for a shift in diversification rate.
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in Sohn et al. (2012) and Lopez-Vaamonde et al. (2006)] and the records are either
too recent to be of use for calibrating nodes or we have doubts on the identifications
and have therefore not applied them to our data. Instead, we used an external
calibration to date the split between Gracillaria and Phyllocnistis + Phyllonorycter
with 74-104 myr 5% and 95% boundaries of a normal distribution, matching the
estimates from Wahlberg et al. (2013). The Bayesian Monte-Carlo Markov-Chain
was ran for 200 million generations on both datasets and results were checked for
sufficient sampling of all priors using Tracer v1.6 (Rambaut ez al., 2014); topologies
were checked for congruence with the topologies obtained with Exabayes and
RAXML analyses on the full and reference datasets. The full beast trees including
95% highest posterior densities for the age estimates of each node are in Fig. S4. In
the results and discussion sections we indicate the minimum and maximum 95%
highest posterior density values between square brackets. Following standard
practice in Geology, we use the abbreviation Ma for million years ago and myr for
millions of years.

Ancestral state reconstruction

To ascertain the importance of host plant family shifts and biogeographic
distribution for diversification rates, we mapped these data onto the trees. Host
plant family, distribution and winter survival mode characters were obtained from
EJVvN’s leafminer host database (partly unpublished, partly published in Menken ez
al. [2010]), the De Prins & De Prins (2016) Global Gracillariidae database and
numerous other publications with species descriptions that included data on life
history. The characters were plotted on the chronograms that resulted from the
BEAST analysis using the ancestral state reconstruction in Mesquite v3.04
(Maddison & Maddison, 2015). The maximum parsimony reconstruction method
with unordered states was applied, which allows multiple character states per
taxon. Resulting trees are in Fig. S5. A host shift here implies a process of initially
incorporating an additional host in the diet breadth, followed by specialisation and
diverging lineages where one of the lineages continues on the new host, rather than
a single lineage leaving one host for another. The discussed timing of host shifts or
colonisation refers to the minimum age for when a clade became associated with
that host.

Diversification analysis

The BEAST-produced chronograms were used as input for speciation-extinction
analyses in BAMM v2.5 (Rabosky, 2014), after removing the outgroups, which
were not randomly sampled. BAMM was run for 5 million generations, mostly
following the BAMM project website instructions for a speciation-extinction
analyses (Rabosky, 2016). We based the sampling estimates on the ‘known
diversity: a combination of described species and undescribed species known
from collections to the authors. The diversity of Lithocolletinae is mostly estimated
from the Global Gracillariidae database (De Prins & De Prins, 2016); for the
described Nepticulidae diversity records see Nieukerken et al. (2016). Our estimates
of the known diversity are in Fig. S3. We used two different approaches regarding
the sampling estimates: 1) an average global sampling estimate [53% for
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Nepticulidae, 52% for Lithocolletinae] and 2) genus-specific sampling estimates,
based on the known diversity (Fig. S3). The results were highly similar (results not
shown), indicating that although the sampling coverage differs per genus, sampling
has effectively been random. We tested for shifts in diversification rates across
lineages and the scenario with the highest posterior probability is presented in Fig.
2. Net diversification rates are indicated with a temperature colour gradient on the
tree using the ‘Jenks natural breaks’ binning mode. Alternatively supported
scenarios are in Fig. S6 and treated in the results section.

Results

The average speciation rates in Lithocolletinae have always been higher than those
in Nepticulidae, except for a relatively short period around 36 Ma (Fig. 2). We
detect five shifts with increased diversification rates: three in Nepticulidae and two
in Lithocolletinae. The Bayesian speciation-extinction analysis in BAMM allows
testing of distinct diversification scenarios. The rate shift scenario with the highest
posterior probability for Lithocolletinae was supported by 76% of the data, and
identified a shift during the Eocene and one during the Oligocene. The second best
option was only supported by 7% of the data, and identified shifts in almost
identical clades (Fig. S6). Within Nepticulidae, there was much more ambiguity in
the data and no single scenario was found to stand out as much better than the
others (Fig. S6). The highest posterior probability scenario supports three shifts,
one during the Paleocene and two during the Eocene (Fig. 2). The next best
scenarios support four shifts, but always including similar clades to the ones in the
best shift configuration scenario. In those scenarios, the fourth shift was estimated
around 15 Ma, mid-Miocene, in the Stigmella salicis group, which is specialised on
Salicaceae. Because this group has been intensively studied, particularly in Europe,
the sampled fraction is likely higher than the average estimated 54% for all
Stigmella. Indeed, after repeating the analysis assuming a 90% sampled fraction of
the S. salicis group (results not shown), there was no longer support for a shift in
diversification rate in that clade. In Lithocolletinae, the shifts in diversification have
a pronounced effect on the net diversification curve, whereas for Nepticulidae the
effects are smaller and at most weaken the decline.

The Nepticulidae crown group is estimated to have originated during the Early
Cretaceous [see also (Doorenweerd et al., 2015b)]. Two rate shifts are found in the
species-rich genus Stigmella, and one in the stem lineage of Ectoedemia. Stigmella
splits in two larger clades (Doorenweerd et al., 2016), so-called core and non-core
Stigmella, and they display a similar pattern where one clade branches off and has
lower diversification rates and a second clade with higher diversification rates. The
clades with higher diversification rates are mostly specialised on deciduous hosts
in temperate regions (Fig S5). The earliest diversification rate shift has been
estimated to be in the Paleocene, around 58 Ma, in part of the non-core Stigmella
clade. The second rate shift involves part of the core Stigmella clade, and is
estimated to have occurred in the early Eocene, around 53 Ma. The rate shift
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involving Ectoedemia is estimated to have occurred about one-and-a-half million
years later. In some scenarios, the genera Etainia and Zimmermannia are also
included in this higher diversification regime, which would estimate the rate shift
as far back as the Late Cretaceous. The three genera have different biologies -
Etainia are mining buds, shoots and sometimes fruits, Zimmermannia are
barkminers in trees and most Ectoedemia are leafminers (a few are gallers) - but
they are all predominantly Holarctic, whereas the sister clade Acalyptris has a
more tropical distribution (Fig. S5).

Lithocolletinae are a younger group than Nepticulidae with crown group age
estimates just before the K-Pg boundary, around 70 Ma, but with a large confidence
interval [52—-88 95% HPD] (Fig. S4). The two detected diversification rate shifts in
Lithocolletinae have occurred after the shifts in Nepticulidae. The first, in
Phyllonorycter, is estimated around 36 Ma (late Eocene), the second, in Cameraria,
several million years later, 32 Ma (early Oligocene). Not surprisingly, the shifts
involve the two largest genera, but they do not encompass each genus entirely. In
Cameraria, the generic boundaries are somewhat unclear and likely the tropical
taxa require revision (De Prins & Kawahara, 2012; Kumata, 1993); Cameraria is
also paraphyletic in our analyses. In a clade that can be distinguished as a
monophyletic Cameraria, there is first a clade with more tropically distributed
species that splits off before the rate shift occurs and a Holarctic, and particularly
Nearctic radiation ensues. In Phyllonorycter there is an initial clade with Malvaceae
feeders found in the Afrotropical and Australian region, before the rate shift occurs
and a predominantly Holarctic clade begins to diversify. After the initial rate
increases, rates are slowly decreasing, more so in Phyllonorycter than in Cameraria,
visible from the ‘cooler’ colours on the branches of the tree (Fig. 2). This pattern of
an initial increase in speciation rates followed by a gradual slowdown is also
observed in Nepticulidae.

The reconstructed association with a particular host plant family typically does not
predate the Miocene, with several notable exceptions (Fig. S5). The oldest host
association thatcould be reconstructed is the ancestral relationship of Lithocolletinae
with Fabaceae. Because most of the smaller genera, which are confidently placed
in the topology, are feeding on this plant family this is a firmly established scenario.
The estimated crown age for Fabaceae is strikingly similar to Lithocolletinae,
around 70 Ma (Naumann et al., 2013; Tank et al., 2015). Fabaceae were colonized
once again in a European clade of Phyllonorycter around 18 Ma [13-23], followed
by a substantial diversification (Lastuvka et al., 2013). The Fabaceae-feeding
Phyllonorycter use typical Mediterranean Fabaceae: brooms (Genisteae) and
trifoliate herbs (Trifolieae), whereas the smaller lithocolletine genera mostly feed
on tropical Fabaceae, in different subgroups. In Nepticulidae, there are multiple
shifts to Fabaceae. The two shifts involving the largest numbers of species are in
the stem lineage of Trifurcula, 43 Ma [35-51], and in Stigmella, 53 Ma [45-62].
Also here there is discrimination between Mediterranean Fabaceae (in Trifurcula)
and earlier colonized tropical Fabaceae (in Stigmella), where the tropical radiations,
as far as known, involve fewer species. The oldest reconstructed host association in
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Nepticulidae is in the genus Enteucha with the plant family Polygonaceae,
estimated to date back 64 Ma [49—79]. The crown age of Polygonaceae is estimated
to be substantially younger, which casts some doubt on the age of this association
(see also discussion in Doorenweerd et al., 2016). The Phyllonorycter species that
are not included in the higher diversification regime all feed on Malvaceae. The
Malvaceae were likely colonized 42 Ma [30-52], during the Eocene in the
Aftrotropical or Australian region, followed by a modest southern hemisphere
radiation. It is possible that the association with Malvaceae dates back 50 Ma [37-
64], but this is likely the result of phylogenetic uncertainty in the placement of
Phyllonorycter grewiaephyllos, which in this tree groups with Cremastobombycia.
All Cremastobombycia feed on Asteraceae, an association that is estimated to date
back 33 myr [20—43].

All of the dominant host plant families, viz. Fagaceae, Rosaceae, Betulaceae,
Fabaceae and Salicaceae, have been colonized more recently, with the exception of
all but the non-tropical Fabaceae. During the Oligocene, Lithocolletinae have
colonized the Fagaceae at least twice. The first shift to Fagaceae is estimated at 31
Ma [22-38], in Phyllonorycter, which has led to multiple regional radiations: a
mostly East-Palaearctic radiation, a mostly West-Palearctic radiation and a Nearctic
radiation (Fig S5). The second shift to Fagaceae occurred 23 Ma [17-30] in
Cameraria,in the Nearctic, which now holds a large diversity of Cameraria species
associated with almost all extant North American oaks. In Nepticulidae, the shifts
to Fagaceae with subsequent radiations have been more common and have less
strong regional aspects, although in Stigmella the distinction between Nearctic and
Palearctic radiations is partly visible. Two shifts to Fagaceae are reconstructed to
have occurred in Ectoedemia, one in Zimmermannia, and five in Stigmella, of
which two have led to a substantial radiation. These shifts are all estimated to have
occurred during the late Oligocene or Neogene. There have been four shifts to
Rosaceae in Lithocolletinae, during the Neogene, with only one substantial
radiation which includes species that are morphologically difficult to distinguish
(Triberti, 2007). In Nepticulidae, we find at least five shifts to Rosaceae: one in
Ectoedemia around 33 Ma [27-36], and at least four in Stigmella, the oldest of
which may date back 43 Ma [37-48], Eocene, others are at the earliest of Miocene
origin. Salicaceae have been colonized twice in Lithocolletinae, both in
Phyllonorycter. The first occurred early in the Miocene, 24 Ma [17-31], the second
was a shift from Fabaceae to Salicaceae later during the Miocene, 10 Ma [6—15].
Both have resulted in groups with a large number of species. In Nepticulidae, there
have been atleast fourshiftsto Salicaceae: one in Ectoedemia,onein Zimmermannia,
one in Fomoria and two in Stigmella, all during the Miocene or more recent. It is
noteworthy that in contrast to Ectoedemia, Zimmermannia and Stigmella, species
of Fomoria do not feed on willows and poplars, but on different (tropical) subgroups
of Salicaceae, which were previously placed in Flacourtiaceae (APG III, 2009).
Furthermore, in Lithocolletinae we count at least six independent colonization
events of Betulaceae, in Nepticulidae at least ten. All shifts to Betulaceae are
estimated to have occurred during the Miocene or more recent, with the possible
exception of the association of stem lineage of Bohemannia with this family, but
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this is based on few data and therefore uncertain. The three independent
colonizations of Betulaceae by Phyllonorycter are associated with radiations
extending across different biogeographic regions. In Nepticulidae, there has been
one large Holarctic radiation on Betulaceae in Stigmella, and many smaller
radiations on Betulaceae in Ectoedemia, Bohemannia, and Stigmella.

Discussion

Robustness of phylogenetic and dating estimates

We note several potential sources of error in our study, but none that should
overturn our major conclusions. Firstly, due to the high number of species included
with partially missing sequence data, there is phylogenetic uncertainty in the
analysed trees, which is not taken into account in the diversification analysis. We
addressed this issue by comparing the topology of well-supported trees from
datasets with fewer taxa and few missing sequence data with trees resulting from
datasets with more taxa and more missing sequence data. We found that the
support values suffer from the increase in missing data and rogue taxa, but the
topologies do not deviate significantly from each other according to Baker’s
Gamma Index permutation test (Fig. S2). Dated molecular phylogenies for
Lepidoptera are only partly congruent with estimates from the fossil record and
there are considerable differences between different studies (Condamine et al.,
2016; Doorenweerd et al., 2016; Sohn et al., 2015). Using the revised checklist of
nepticulid fossils (Doorenweerd et al., 2015b), the estimates for Nepticulidae are
likely more reliable than those for Lithocolletinae, where we had to rely on an
external calibration. In Lopez-Vaamonde er al. (2006), the crown age for
Phyllonorycter was estimated at 62 Ma [5S0-76 50% confidence interval]. In our
results this is significantly more recent: 45 Ma [33-57 95% HPD]. The difference
is due to calibration in Lopez-Vaamonde et al. with a fossil assigned to Phyllocnistis
(Labandeira et al., 1994), that should more likely be assigned to the clade with
Phyllocnistinae + Marmarinae + Oecophyllembinae (Kawahara et al., 2016). This
would have resulted in younger age estimates for Phyllonorycter, and in turn
would make the time lag between the diversification of Phyllonorycter and the
crown ages of the host plant families even bigger (20). Overall, our age estimates
for Nepticulidae and Lithocolletinae appear plausible within the range of
confidence values of other studies. The confidence intervals for the age estimates
(Fig. S4) are not included in the diversification analyses, but we include them in
the relevant parts of the discussion. Sampling intensity can have strong effects on
diversification estimates; low levels of sampling and non-random sampling are
known to sometimes result in false slowdowns in diversification rates (Moen &
Morlon, 2014; Cusimano & Renner, 2010) and some authors have suggested that at
least 80% of the diversity needs to be included for reliable results (Toussaint et al.,
2015). We sampled between 8% and 100% of the species in nepticulid genera and
between 11% and 100% for lithocolletine genera. However, as BAMM includes
clade-specific sampling estimates, our results should be supported as long as the
numbers of described and undescribed species in each clade are roughly
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proportional to our estimates (Fig. S3). We have further tested the potential effects
of sampling issues by estimating the diversity per genus and comparing this with
the outcome of a general sampling estimate, as well as by repeating the
diversification analyses on the reference datasets with less than half the number of
taxa from the larger trees (Fig. S2). The high similarity of the results between
these different approaches suggests that our sampling has effectively been random
and the results are reliable.

Clade-specific diversification dynamics

Some large-scale macroevolutionary studies have indicated potential clock-like
diversification with regular intervals of splitting lineages (Hedges ez al., 2015). Our
results, however, show that, at family or subfamily resolution, different clades have
strongly differing diversification dynamics. This is more in line with other studies
with increased resolution for a selection of clades (Condamine er al., 2016;
Wahlberg et al., 2013). The differing results are likely a result of the ‘law of large
numbers” because the shifts in diversification rates are effectively randomly
distributed through time, they succumb when large amounts of data are combined
in a single speciation rate graph. There is thus no linear correlation between clade
age and diversity; some of the most species-rich clades are relatively young. There
is a repeated pattern where clades experience a rate-shift with increased
diversification rates, which after this initial burst slows down again. This pattern
has also been observed in many other groups of organisms (Ricklefs, 2010). One of
the explanations involves density-dependent selection, where the availability of
resources is a limiting factor and as more species start using them, competition
increases and speciation decreases (Zou et al., 2016). Unfortunately, due to a lack
of wide-scale studies, we do not know much about the importance of intra- or
interspecific competition in leaf-miners. Some studies suggested that, based mostly
on insect life tables, competition was not an important factor in population
dynamics of leaf-miners (Faeth, 1991; Lawton & MacGarvin, 1986). Other studies
suggest that there may be complex ecological interactions, possibly also involving
parasitoid predation pressures, where competition is in fact one of the important
community shaping factors that result in a maximum number of species that can
utilize a single host (Boomsma ez al., 1987; Morris et al.,2004). Another explanation
for rapid initial diversification followed by decreasing rates of diversification
suggests pathogen coevolution as a selective pressure (Ricklefs, 2010). If there is
pathogen-host co-evolution subsequent to the rapid diversification of the leafminers,
this may reduce leafminer population sizes and restrict geographic distribution or
host plant usage, resulting in a slowdown of diversification. The presence of
endosymbiotic bacteria has been shown to have evolutionary implications in the
morphologically cryptic Phyllonorycter blancardella group (Gutzwiller et al.,
2015; Triberti, 2007), but presence nor role of bacteria and viruses has not been
studied widely in leafminers.

Host family shifts and adaptive radiations

Species belonging to Lithocolletinae and Nepticulidae are highly host specific,
most commonly monophagous, occasionally oligophagous and exceptionally
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polyphagous, such as Phyllonorycter messaniella, which has been recorded from
seven host families (De Prins & De Prins 2016). Early ideas on the evolution of
herbivorous insects envisaged cospeciation between herbivorous insects and their
hosts, but there are other explanations for the observation that related insects feed
on related plants (Suchan & Alvarez, 2015; Vienne et al., 2013). Phylogenetic
studies that examined the role of host plants in the evolution of insect herbivores
revealed that patterns are often complex. Some indicate that the colonization of a
new host plant family has been key for some bursts of diversification, e.g. in the
leafmining flies (Agromyzidae) that colonized the daisy family (Asteraceae)
(Winkler er al., 2009), others suggest large lags between the diversification of the
hosts and the insects (e.g. in thrips [McLeish et al., 2013]) and Phyllonorycter
[Lopez-Vaamonde et al., 2006]), and again others suggest a combination [e.g. in
weevils (McKenna et al., 2009) and sawflies [Nyman et al. 2006]). Many of these
studies relied on early molecular dating estimates of the Angiosperms, which have
not been without controversy (Wilf & Escapa, 2014). They mostly focussed on the
period of the main Angiosperm diversification, around 110-90 Ma, when the
Angiosperms diversified into groups we now recognize as families (Silvestro et al.,
2015; Wilf & Escapa, 2014). The relationships of the leafminers with their hosts are
often more narrow, involving a few host genera or species. Recent studies on the
diversification of Angiosperms indicate intensified diversification at generic and
species-level during the Miocene for important hosts for Lithocolletinae and
Nepticulidae [e.g. Fagaceae and Betulaceae (Bouchenak-Khelladi et al., 2015) and
Salix (Wu et al.,2015)]. Looking at our data from that perspective, we can indeed
conclude that with the exception of a few associations (viz. Lithocolletinae with
Fabaceae, possibly Enteucha with Polygonaceae), the leafmining moths have
mostly colonized their host plant families millions of years after they started to
diversify (Lopez-Vaamonde er al., 2006). However, the timing of the intensified
diversification of the leaf miners and hosts is growing closer than previously
thought and may likely have been contemporaneous in parts of the evolutionary
history (Fig S4, S5). At least for Fagaceae and Betulaceae the diversification has
likely been contemporaneous during the Miocene with multiple leafmining species
groups (Bouchenak-Khelladi et al., 2015). However, none of the host family shifts
in Nepticulidae and Lithocolletinae coincide with diversification rate shifts. It thus
appears that host plant family shifts have not triggered adaptive radiations, but they
have been an important enabling factor for diversification. In other words, host
plants are necessary for increased rates of diversification but they are not sufficient.
Host plant family shifts do roughly coincide with the timing when hosts become
ecologically dominant (Lopez-Vaamonde et al., 2006), suggesting that family
shifts are mainly driven by opportunity and involved in processes such as host
recognition during oviposition.

Intrinsic or extrinsic drivers

Drivers of speciation can be divided in intrinsic drivers, such as functional
adaptations, host shifts and population dynamics, and extrinsic drivers, such as
climate change, shifting host distributions, pathogens or geological events, that all
may have enabled or triggered diversification rate shifts. Scholars who emphasize
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intrinsic drivers suggest that evolution is mainly driven by “key innovations”
(Simpson 1953), others suggest that the balance between intrinsic and extrinsic
drivers is more important (Winkler and Mitter 2009). In our data, we primarily see
a role for climate change as an enabling factor, sensu the first condition involved in
an adaptive radiation into a new resource zone, i.e. Simpson’s “physical access”
(Simpson, 1953 p. 207). Since the Cretaceous, the climate has gradually been
cooling, increasingly so in periods of the Eocene and Miocene, which resulted in
stronger seasonality and latitudinal climate stratification (Zachos et al., 2001). The
diversification rate shifts we find in our data all coincide, more than anything else,
with clades that are primarily found in temperate regions. Vice versa this is not
always the case: not all clades with typically temperate species have diversified
substantially, even if they have similar age estimates. For these, it may be argued
that they have not sufficiently adapted to temperate climate, sensu the second
condition for an adaptive radiation, i.e. Simpson’s “evolutionary access” (Simpson,
1953 p. 207). Although we have not tested for winter survival strategies rigorously
because it is not known for all species, based on our knowledge of the groups it
appears that species in clades with higher diversification rates all have evolved
ways to survive the winter with a pre-adult stage diapause, whereas the other clades
have not. Intrinsic adaptation to winter survival may thus be a “key innovation”.
Winter has before been identified as a key driver of individual performance,
community composition and ecological interactions in terrestrial habitats (Williams
et al. 2015). In the advent of increased climate change, the potential evolutionary
repercussions of this warrant further study.

Conclusion

In summary, we found that diversification patterns in two large groups of leaf-
mining moths fit the adaptive radiation scenario of Simpson (1953), where increased
speciation rates are the consequence of entering a new adaptive zone through
adaptation. We also found that a novel host plant family in itself does not constitute
a new adaptive zone, which would fit the escape-and-radiate theory of Ehrlich and
Raven (1964). The adaptive zone that would fit all the leaf-mining moths with
increased rates of diversification can best be described as the temperate region.
However, not all clades that are found in the temperate region have seen increased
diversification rates and our results therefore also highlight that “entering” a new
zone implies more than just being able to survive. It requires evolutionary adaptation
to thrive. For Nepticulidae and Lithocolletinae, we suggest that the key innovation
that enabled their diversification in the temperate region was likely adaptation to
winter climate by pre-adult diapause. This development was the result of intrinsic
evolutionary processes of the moths and resulted in diversification rate shifts at
different points in time. Lastly, we should note that the support we find for the
adaptive radiation scenario does not necessarily exclude the validity of other
theories on speciation, and they each deserve their due attention and testing before
we will fully understand which factors drive speciation in the different groups of
life.
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Table S1: Genbank accessions, Sequences available per specimen. Available from
https://cdoorenweerd.stackstorage.com/index.php/s/AHeNsGM Y L0o80rs0

Fig. S1: Tanglegrams displaying the similarity between the topology of the reference
dataset and the topology obtained with the larger dataset. Dotted clades indicate
branches that are not present in both trees, the lines connected the two trees indicate
the differing placement of taxa. There are differences in both datasets, but not in
places in the tree that affect our diversification estimates. Below each tanglegram
is the graphical representation of the Baker’s gamma index permutation test. The
dotted red line refers to the topology of the reference dataset, which functioned as
HO with value 1. The dotted blue line refers to the topology of the full dataset and
the test showed there was no significant deviation from HO for both Lithocolletinae
and Nepticulidae. Available from: https://cdoorenweerd.stackstorage.com/index.
php/s/KP2fnoD21RidsP8

Fig. S2: Fractions of the known and sampled diversity of each genus relative to the
whole dataset. For both groups we managed to sample about half of the known
diversity, although some genera are relatively oversampled, others relatively
undersampled. Available from: https:/cdoorenweerd.stackstorage.com/index.php/
s/81QVD2ivPCcbwph

Fig. S3a: BEAST time-calibrated tree resulting from the full Lithocoletinae dataset,
with taxa labels. Available from: https://cdoorenweerd.stackstorage.com/index.
php/s/AADW 7iwmtwnXLoY

Fig. S3b: BEAST time-calibrated tree resulting from the full Nepticulidae dataset,
with taxa labels. Available from: https://cdoorenweerd.stackstorage.com/index.
php/s/Ge5YgNoXKdUPpvC

Fig. S4a: Ancestral state reconstruction trees of host family and distribution for
Lithocolletinae. Available from: https://cdoorenweerd.stackstorage.com/index.
php/s/h23UWom3aTpfHRJ

Fig. S4b: Ancestral state reconstruction trees of host family and distribution for
Nepticulidae. Available from: https://cdoorenweerd.stackstorage.com/index.php/s/
sUieYCUVISWtVHB

Fig. S5a: Alternative diversification rate shift scenarios (credible shift set) for Litho-
colletinae. The F values indicate the relative probability of each scenario. Available
from: https://cdoorenweerd.stackstorage.com/index.php/s/bH2zYvS14la7RzA

Fig. S5b: Alternative diversification rate shift scenarios (credible shift set) for Nep-

ticulidae. The F values indicate the relative probability of each scenario. Available
from: https://cdoorenweerd.stackstorage.com/index.php/s/IkUOmI6h8ueDDq5
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Epilogue

21st Century systematics

Traditional systematics relied on morphological characters to establish relationships
between species, genera and higher systematic ranks. During the 1980’s, molecular
methods started to become available, first with allozyme markers, later with
sequencing of DNA fragments. These methods were slowly adopted in systematics,
but early results based on small data sets were often contradictory and this opened
a debate between those emphasizing the value of morphological characters versus
those claiming molecular data to be more reliable (Patterson, 1987). Furthermore,
it was difficult to reconcile or congregate results between different studies because
different scientists used disparate methods and DNA markers. A significant
development in the beginning of the 21st century was the introduction of DNA
barcodes, a universally ‘agreed upon’ fragment of DNA that can be used to
recognize and delimit (animal) species (Hebert et al., 2003). Parallel developments
allowed scientists to generate increasing amounts of molecular genetic data for
phylogenetic reconstructions. In this thesis we were able to synergistically combine
the information from comparative morphology, e.g. external morphology, wing
venation, genitalia, leaf-mine characters etc., with molecular data; DNA barcodes
and up to seven additional Sanger-sequenced markers.

Using DNA barcodes the right way

DNA barcoding using a fragment of the COI gene has not been without controversy.
Various authors have argued that the method is often applied improperly or is even
principally unsuitable for species delimitation and identification (Collins &
Cruickshank, 2012; Rubinoff et al., 2006). In chapter 2 of this thesis, DNA
barcoding was applied on Ectoedemia, a genus that was relatively well-known
taxonomically (van Nieukerken, 1985) and addressed several potential caveats.
Some studies using DNA barcoding focused on a ‘barcode gap’; a pairwise distance
cut-off value between sequences that could be used to differentiate species. Some
of the automated species delimitation software still rely on such a value (e.g.
Puillandre et al., 2012). Our study on Ectoedemia (chapter 2) included a thorough
global sampling of the genus and revealed that it is treacherous to attempt to define
a general barcode gap cut-off value. Although it may properly delimit a large
percentage of species in the group, there will be unpredictable exceptions with
larger intraspecific variation. Such variation may be the result of the current or
historical geographic distribution, including refugia, or a deviating mitochondrial
genealogical history. We tested a way to address the latter by using a ‘second
opinion’ nuclear DNA barcode marker and found that the use of a secondary
barcoding marker can improve the reliability of the species recognition and
delimitation, particularly in groups of closely related species where morphological
characters are difficult to interpret. We advocated that instead of focusing on a
barcoding gap, a more reliable way to employ DNA barcodes is by using a
monophyly criterion; the individuals of a species should have a single common
ancestor (Mutanen et al., 2016). The remaining difficulty is when different
monophyletic clades can be recognized and it is unclear which one corresponds to
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a species. This is often true for species with a large (e.g. Palaearctic) distribution or
when allopatric populations have been analysed. From this, it is evident that DNA
barcodes can only be used for species delimitation in conjunction with comparative
morphology and life history information. Several chapters in this thesis have
exemplified that DNA barcoding cannot and should not attempt to replace
conventional morphology based taxonomy, but DNA barcodes are a valuable
source of additional data, provided that they are appropriately interpreted (chapters
2,5,6).

Phylogenetics: enough is enough?

Next Generation Sequencing (NGS) methods are a collection of fairly recently
developed methodologies that have in common that they sequence DNA by other
means than Sanger dideoxy cycle sequencing and were actively being developed
around the time the work on this thesis started (e.g. Regier er al., 2010). NGS
methods produce orders of magnitudes more genetic data than can be obtained
with Sanger sequencing, but even though the costs for these methods have dropped
considerably over the past eight years, there is still a tipping point where Sanger
sequenced data is cheaper. The method of choice depends on how much data is
required to be able to answer the research question. In chapter 1, I argued that more
data is always better when it comes to phylogenetics. Resolving more (all) nodes in
a phylogeny with high statistical support requires exponential increases of data.
The challenge in this thesis was balancing the taxon sampling, where we attempted
to include as many species as possible, with sufficiently sequenced data for each
species. The final assembled dataset for Lithocolletinae and Nepticulidae included
in total almost 1,000 species, which is about 50% of the known diversity of each
group (chapter 6). For such a large amount of species it would have been uneconomic
and high risk to apply NGS, because bioinformatic capabilities for processing NGS
data were at that time only partially available. Instead, the approach taken in this
thesis is that we used morphology, distribution and life history characters to make
a selection of material for DNA extraction, and sequenced DNA barcodes for all
extracts. From there the species delimitations were established or confirmed and a
representative of each species was sequenced for seven additional markers;
resulting in alignments with 4,000 to 5,000 base pairs. The phylogenetic trees that
we could infer from this data generally have good statistical support for the nodes
and were sufficient for the research questions (chapter 6), but future inclusion of
NGS data will allow us to be more confident about the exact timing of divergences
and some of the relationships, such as the monophyly and relationships of the
species groups in Stigmella, the Fabaceae-feeding Phyllonorycter or the status of
the Oriental Cameraria.

Timing is crucial

In multiple chapters of this thesis (chapters 4, 5, 6), we have addressed issues with
molecular calibration points in Lepidoptera, and primarily the lack thereof. Reliable
estimates for divergence timing of both the herbivorous insects and the plant hosts
are a first step for testing co-evolutionary theories and multiple studies have shown
that the reliability of divergence time estimations depends largely on the number of
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calibration points (Magallén et al., 2013). For Nepticulidae, we were able to
thoroughly study and revise all the literature that potentially involved fossil
Nepticulidae (chapter 4). Although this arguably makes Nepticulidae at present the
lepidopteran family with the best-studied fossil record, even for this group it is
possible that even older nepticulid fossils will present themselves when older
paleontological material is investigated, which will push back its estimated age of
origin. For Gracillariidae, the few published fossil findings require reinterpretation;
the current best age estimates are based on timed phylogenies of all Lepidoptera
(chapter 6). All molecular divergence-timing estimates published in this thesis
should be interpreted as the best estimations possible with the current knowledge.
Increasing the number of properly interpreted fossil calibration points in the
Lepidoptera tree of life in the coming years will lead undoubtedly to significant
new insights and will be an important advance in the study of macroevolutionary
patterns.

If the theoretical shoe fits...

Evolutionary theories predict drivers of speciation, which can be empirically tested
from macroevolutionary datasets. However, often there are multiple theories that fit
the data because they make overlapping predictions or the data only allows partial
testing of the theory. From the phylogenies of Lithocolletinae and Nepticulidae
with almost 1,000 species included (chapter 6), we discussed our findings with
regard to two influential evolutionary theories: the escape-and-radiate theory (Ehr-
lich & Raven, 1964) and the adaptive radiation theory (Simpson, 1953). We
concluded that there is no support for the escape-and-radiate theory, which predicts
that a host plant family shift would result in increased diversification rates. This
agrees with findings from other studies involving herbivorous insects from different
orders [for reviews see Janz (2011) and Suchan & Alvarez (2015)] and highlights
that we should try to understand the role of the plants in the evolution of the
herbivorous insects from a different perspective. In this thesis, we suggest that the
hosts, in terms of diversity and availability, have primarily played an enabling role
by constituting a variety of resources which may be specialised upon. Overall, the
diversification patterns that we found in Lithocolletinae and Nepticulidae fit the
adaptive radiation theory well, where increased rates of diversification follow from
the adaptation to a new resource zone. We found that there have been lineages with
increased rates of diversification, that these increases have been at different
moments in time even across lineages of moths with similar life history
characteristics and that they are likely correlated with functional adaptations, or,
“key innovations”. However, there are many more theories regarding speciation
that should be tested to further understand the mechanisms and drivers involved in
speciation (see chapter 1). For example, other than the potential drivers evaluated
in this thesis, they may also involve tritrophic relationships with microbionts
(Gutzwiller et al., 2015), parasitoids (Morris et al., 2004) or pathogens (Ricklefs,
2010). The findings from this thesis will hopefully function as a basis for further
research in these directions.
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Summary

In this thesis, I studied the role of host plants in the diversification of two groups of
leaf-mining moths, in order to understand if there had been common drivers of
speciation. In chapter 1, I gave a general introduction into the studies of
macroevolutionary patterns, introduced some of the theories that have been
developed for describing the process of speciation and the potential role for host
plants, how leaf mining moths are a suitable group to study the role of host plants
and other candidate drivers of speciation and outlined the technical developments
that enable diversification studies. I provided a short introduction on the two groups
of leaf-miners that have been studied in this thesis, Nepticulidae and Lithocolletinae.

In chapter 2, we investigated how DNA barcoding can be used to delimit species of
leafmining moths, in order to establish reliable species definitions that can function
as the basis for diversification studies. We used the nepticulid genus Ectoedemia,
of which we had a good systematic reference and good sample coverage. The results
showed that both COI and EF1-a gene fragments proved reliable as an alternative
to conventional, i.e. morphological, species identification for the majority of
species, and the combination of both markers increased the reliability of species
delimitation and validation. This approach has been applied to all other groups that
feature in the different thesis chapters. For all groups, we attempted to obtain COI
sequences for as many species as possible, and we contributed all these sequences
to the international BOLD database.

After supplementing the DNA barcoding data from chapter 2 with additional
genetic markers, we reconstructed a phylogeny for Ectoedemia in chapter 3. Six
nuclear and mitochondrial DNA markers with a total aligned length of 3,692 base
pairs were used to infer phylogenetic relationships among 92 species belonging to
the subgenus Ectoedemia of the genus Ectoedemia, representing a thorough taxon
sampling with a global coverage. The results support monophyletic species groups
that are congruent with published findings based on morphology. We used the
obtained phylogeny to explore host plant family association and geographical
distribution to investigate if host shifts and allopatry have been instrumental in the
speciation of these leaf-mining insects. We found that, even though most species
within species groups commonly feed on plants from one family, shifts to a
distantly related host family have occasionally occurred throughout the phylogeny
and such shifts are most commonly observed towards Betulaceae. The largest
radiations have occurred within species groups that feed on Fagaceae, Rosaceae,
and Salicaceae. Most species are restricted to one of the seven global biogeographic
regions, but within species groups representatives are commonly found in different
biogeographic regions. Although we found general patterns with regard to host use
and biogeography, there were differences between clades that suggested that
different drivers of speciation, probably drivers that we did not examine, have
shaped diversity patterns in different clades.
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In chapter 4, we studied the fossil record of Nepticulidae in order to obtain reliable
calibration points for the family phylogeny. Using our experience with extant global
Nepticulidae, we discussed a list of characters that may be used to assign fossil leaf
mines to Nepticulidae, and suggested useful methods for classifying relevant fossil
material. We presented a checklist of 79 records of Nepticulidae representing adult
and leaf-mine fossils mentioned in literature, often with multiple exemplars
constituting a single record. We provided our interpretation of these fossils. Eleven
records have for the first time been attributed to Nepticulidae. After discarding
several dubious records, including one possibly placing the existence of the family
at a latest Jurassic position, we conclude that the oldest fossils likely attributable to
Nepticulidae are several exemplars representing a variety of species from the
Dakota Formation (USA). The relevant strata containing these earliest fossils are
now dated at 102 million years ago in age, corresponding to the latest Albian Stage
of the Early Cretaceous. Integration of all records in the checklist showed that a
continuous presence of nepticulid-like leaf mines preserved as compression—
impression fossils and as amber entombment of adults have a fossil record extending
to the latest Early Cretaceous.

In chapter 5, a molecular phylogeny for Nepticulidae is presented where the fossil
calibrations resulting from chapter 4 were used to calibrate the phylogeny in time.
We were able to include 355 species, representing 20 out of 22 extant Nepticulidae
genera, and sequenced up to eight gene fragments for all species. Two solid fossil
calibration points were used to place the origin of the family in the Early Cretaceous,
before the main Angiosperm diversification. Based on the results we proposed a
new classification, abandoning all ranks between family and genus, as well as
subgenera, to allow for a stable classification. The position of Enteucha within
Nepticulidae remained somewhat ambiguous, and the species-rich cosmopolitan
genus Stigmella, with nearly half of all described Nepticulidae, requires further
study with more taxa and genes. Ectoedemia, Zimmermannia, Acalyptris, Etainia,
Parafomoria, Muhabbetana and Fomoria appeared to have diversified in a
relatively short evolutionary period, leading to short branches in the molecular
phylogeny and unclear suprageneric relations. Otherwise, support values throughout
the phylogeny were mostly high and the species groups, genera and higher clades
were discussed in respect to their supporting morphological and life history
characters. Wing venation characters were confirmed to mostly be reliable and
relevant for classification, but some other previously used characters required
reinterpretation. The species groups of most genera were recovered, but only partly
so in the large genus Stigmella. The molecular dating results were compared with
existing knowledge on the timing of the Angiosperm radiation and revealed that
the diversification of Nepticulidae could largely have been contemporaneous with
their hosts, although some of the genera restricted to a single plant family appeared
to have begun to diversify before their hosts.

Chapter 6 combines all the data from the previous chapters with many new data

and largely forms the synthesis of my thesis work. We tested the central prediction
from two classic evolutionary theories, the escape-and-radiate theory and the
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adaptive radiation theory, that colonization of a novel resource zone (e.g. a novel
host plant family or novel geographic area) would result in increased rates of
speciation. In chapter 6, we compared the phylogenetic diversification patterns and
possible impact of biogeographical and host plant family shifts of two large groups
of leaf-mining moths: pygmy leaf-mining moths (Nepticulidae) and leaf-blotch
mining moths (Gracillariidae: Lithocolletinae). We gathered a large molecular
dataset by sequencing up to eight markers for 335 species of Lithocolletinae and
645 species of Nepticulidae, for each group encompassing approximately 50% of
the known diversity. We found that there is no linear correlation between clade age
and diversity; some of the most species-rich clades are relatively young. Additionally,
at different points in time there is a repeated pattern where clades experience a
rate-shift with increased diversification rates, which after this initial burst slows
down again, for which we discussed several possible explanations, such as density-
dependent-selection and co-evolution of pathogens. The results showed that the
diversification of Lithocolletinae and Nepticulidae has in parts likely been
contemporaneous with increased rates of diversification of the hosts. We found no
evidence that a novel host plant family in itself would constitute a new adaptive
zone, which would fit the escape-and-radiate theory of Ehrlich and Raven, but we
do conclude that the diversity of the hosts is a prerequisite for diversification. The
diversification patterns we find in Nepticulidae and Lithocolletinae fit the adaptive
radiation theory, and their adaptive zone can best be described as the temperate
region. Our results also highlighted that “entering” a new zone requires evolutionary
adaptation in order to be able to diversify. We suggested that the clades that
experienced increased rates of diversification are uniquely characterised by a pre-
adult winter diapause, which may have been a “key innovation”, a prerequisite to
successfully adapt to the temperate climate.

In chapter 7, I discuss the consequences of the findings in this thesis for the field of
research. We found more than 100 undescribed species with our studies, which will
be described elsewhere. For both Nepticulidae and Lithocolletinae, the phylogenies
presented in this thesis are the first with high species-level coverage, which enables
the reliable testing of evolutionary theories regarding speciation, as well as
hypotheses in other fields of study, such as functional morphology. By comparing
the diversification patterns of two large groups of leaf-miners in time we were able
to, for the first time, estimate to what extent their radiation has been contemporaneous
- with respect to each other as well as with their plant hosts. We found that host
plants have not been a principle driver in the diversification of these leaf-miners,
but host plant diversity has been a prerequisite for leaf-miner diversification. Under
favourable changes in climate, the diversification of the host plants, particularly
Fagaceae, Salicaceae, Betulaceae, Rosaceae and Fabaceae in temperate regions
likely generated a novel resource space for Nepticulidae and Lithocolletinae.
Several lineages of these leaf-miners were able to successfully adapt to survival in
a temperate climate, likely primarily by adaptation to winter climate, after which
their diversification rates initially increased and eventually led to the diverse groups
of leaf-miners we find today in temperate regions.
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Samenvatting

In dit proefschrift heb ik de rol van waardplanten bij de diversificatie van twee
groepen van bladminerende vlinders onderzocht, om te begrijpen of er
overeenkomende sturende krachten voor soortvorming zijn. In hoofdstuk 1 gaf ik
een algemene inleiding tot macro-evolutionair onderzoek, introduceerde een aantal
theorién over het proces van soortvorming en de potentiéle rol van waardplanten,
waarom bladmineerders een geschikte groep zijn voor onderzoek naar de rol van
waardplanten bij soortsvorming en andere mogelijke sturende krachten voor
soortvorming, en ik heb de technische ontwikkelingen omschreven die dit
onderzoek mogelijk maken. Ik gaf een korte inleiding tot de twee bladminerende
groepen die ik heb onderzocht: Nepticulidae en Lithocolletinae.

In hoofdstuk 2 onderzochten we hoe met DNA barcoding de soortsgrenzen van
bladminerende vlinders kunnen herkennen, zodat we betrouwbare soortsdefinities
op kunnen stellen die de basis vormen voor onderzoek naar diversificatie. Hiervoor
gebruikten we het geslacht Ectoedemia, waarvoor veel systematische kennis
gepubliceerd was en we veel materiaal beschikbaar hadden. De resultaten toonden
aan dat zowel fragmenten van het gen COI als het gen EF1- o in de meeste gevallen
betrouwbaar waren als alternatief voor conventionele, morfologische, herkenning
van soorten, en voor het bepalen van wat een soort is. De combinatie van beide
merkers verhoogde de betrouwbaarheid van soortsherkenning. Deze aanpak werd
verder gebruikt voor de alle andere groepen in de verschillende hoofdstukken van
dit proefschrift. Voor alle soorten probeerden we COI fragment sequenties te
bepalen en deze DNA sequenties zijn opgeslagen in de internationale BOLD
database.

Nadat de DNA barcode dataset van hoofdstuk 2 aangevuld was met extra genetische
merkers, werd de fylogenie (stamboom) van Ectoedemia gereconstrueerd in
hoofdstuk 3. Hiervoor werden zes kerngenoom markers en mitochondrieel genoom
markers gecombineerd tot een dataset met 3,692 nucleotiden en gebruikt om de
fylogenetische relaties tussen 92 soorten van het ondergeslacht Ectoedemia te
bepalen, die een goede vertegenwoordiging vormen van het totaal aantal soorten
wereldwijd. De resultaten ondersteunen soortgroepen die op basis van morfologie
gedefinieerd waren. We gebruikten de verkregen fylogenie om te kijken naar waard-
plant familie assocaties en geografische verspreiding, om te zien of deze van belang
zijn geweest bij de soortvorming van deze bladminerende insecten. We ontdekten
dat, ondanks dat soorten binnen een soortgroep meestal op planten zitten van één
familie, overstappen naar andere waardplant families soms voor zijn gekomen op
verschillende plekken in de fylogenie en de overstappen zijn dan het vaakst naar de
berkenfamilie (Betulaceae). De grootste radiaties vinden we in groepen die eten
van eiken en beuken (Fagaceae), roosachtigen (Rosaceae) en wilgen en populieren
(Salicaceae). De verspreiding van de meeste soorten is beperkt tot een van de zeven
biogeografische regio’s, maar binnen soortgroepen zijn er regelmatig overstappen
naar een andere regio geweest. Ondanks de algemene patronen die we herkennen
in het gebruik van waardplanten en biogeografie, vonden we ook verschillen tussen
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verschillende takken in de fylogenie die suggereren dat er voor verschillende
groepen verschillende drijvende krachten van soortvorming zijn geweest, mogelijk
krachten die we niet onderzocht hebben.

In hoofdstuk vier hebben we alle vermeldingen van fossielen van Nepticulidae
bestudeerd om betrouwbare calibratiepunten voor de fylogenie vast te stellen.
Gebruik makende van onze kennis van Nepticulidae wereldwijd, stelden we een
lijst van kenmerken die gebruikt kunnen worden om fossiele bladmijnen toe te
schrijven aan Nepticulidae, en we stellen methoden voor om fossiel materiaal te
classificeren. De checklist bevat 79 vermeldingen van fossiele adulten en bladmijnen
van Nepticulidae, vaak met meerdere exemplaren per vermelding. We geven onze
interpretatie van alle vermeldingen. Elf vermeldingen worden in de checklist voor
het eerst toegeschreven aan Nepticulidae. Na het verwerpen van enkele dubieuze
vermeldingen, inclusief een die het bestaan van de familie mogelijk in het laat Jura
zou plaatsen, concludeerden we dat de oudste fossielen die aan Nepticulidae
toegeschreven kunnen worden enkele fossiele bladmijnen, waarschijnlijk van
meerdere soorten, uit de Dakota formatie (USA) zijn. Deze formatie wordt op dit
moment geschat op 102 miljoen jaar oud, wat overeen komt met de laatste periode
van het Vroege Krijt. Door alle vermeldingen te combineren konden we concluderen
dat er sinds de oudste fossielen een min of meer continue aanwezigheid van
bladmijn- of barnsteenfossielen is die aan Nepticulidae toe te schrijven zijn.

In hoofdstuk 5 presenteren we een moleculaire fylogenie voor Nepticulidae, waarbij
we de fossiele calibratiepunten van hoofdstuk 4 gebruikt hebben om de fylogenie
in de tijd te calibereren. Op dit punt van het onderzoek konden we aan de hand van
acht genetische merkers, 355 soorten in de fylogenie plaatsen, die 20 van de 22
geslachten van Nepticulidae vertegenwoordigen. Twee solide calibratiepunten
werden gebruikt om het ontstaan van de familie in het Vroege Krijt te plaatsen,
voor de voornaamste diversificatie van de bloemvormende planten (Angiospermae).
Op basis van de resultaten wordt een nieuwe classificatie van de familie voorgesteld,
waarbij de systematische rangen tussen familie en geslacht niet meer gebruikt
worden, alsook de ondergeslachten, om zo tot een duurzame classificatie te komen.
De positie van Enteucaha binnen Nepticulidae blijft wat onduidelijk, en het
soortenrijke wereldwijde geslacht Stigmella, met meer dan de helft van alle
beschreven Nepticulidae, heeft nog meer onderzoek nodig met meer genen en
soorten. De geslachten Ectoedemia, Zimmermannia, Acalyptris, Etainia, Para-
fomoria, Muhabbetana en Fomoria lijken in korte tijd van elkaar te zijn afgesplitst,
wat tot korte takken in de fylogenie leidt en onduidelijke intergeslachtelijke
verwantschappen. Verder is de statistische ondersteuning voor de takken in de
fylogenie over het algemeen hoog en de verwantschappen tussen soortgroepen,
geslachten en hogere groepen zijn bediscussieerd in relatie tot hun morfologische
en biologische kenmerken. Vleugeladering kenmerken werden bevestigd als
betrouwbaar en belangrijk voor het indelen van groepen, maar sommige andere
van de eerder gebruikte kenmerken moeten opnieuw geinterpreteerd worden. De
soortgroepen binnen de meeste geslachten werden teruggevonden in de fylogenie,
maar slechts deels in het grote geslacht Stigmella. De resultaten van de moleculaire
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datering werden vergeleken met de bestaande kennis van de diversificatie van de
bloemvormende planten en daaruit bleek dat de diversificatie van Nepticulidae
voor een groot deel in dezelfde periode plaats heeft kunnen vinden als die van de
waardplanten, hoewel de diversificatie van sommige van de geslachten die maar op
één waardplant familie voorkomen ouder lijkt te zijn dan de waarplant familie zelf.

Hoofdstuk 6 combineert alle gegevens van de voorgaande hoofdstukken met veel
nieuwe gegevens en vormt de synthese van het promotiewerk. We testte de
voorspelling van twee klassieke evolutionaire theorién, de ‘escape-and-radiate’
theorie en de ‘adaptive radiation’ theorie, dat de kolonisatie van nieuwe ‘resource
zones’ (bijvoorbeeld een nieuwe waardplantfamilie of een nieuw geografisch
gebied) zou resulteren in versnelde soortvorming. We vergeleken de fylogenetische
diversificatie patronen en bestudeerden de mogelijke gevolgen van waardplantfamilie
overstappen in twee grote groepen van bladminerende vlinders: de dwerg-
mineermotten (Nepticulidae) en vouwmotten (Lithocolletinae). We verzamelden
een grote genetische dataset door van acht merkers de genetische code te bepalen
voor 355 soorten Lithocolletinae en 645 soorten Nepticuldiae. Voor elke groep is
dit ongeveer 50% van alle bekende soorten. De resultaten lieten zien dat er geen
linaire relatie is tussen de leeftijd van een groep en het aantal soorten; sommige
van de meest soortenrijke groepen zijn relatief jong. Daarbij, op verschillende
momenten in de tijd is er versnelde soortvorming gedetecteerd voor verschillende
groepen, en na een kort moment van versnelling zwakt dit weer af. Hiervoor
bespreken we enkele mogelijke verklaringen, bijvoorbeeld ‘density-dependent-
selection’ en de co-evolutie van pathogenen. De resultaten toonden verder aan dat
de diversificatie van Lithocolletinae en Nepticulidae gedeeltelijk gelijktijdig heeft
plaatsgevonden met versnelde soortvorming bij de belangrijkste waardplanten. We
vonden geen bewijs dat een nieuwe waardplant familie op zichzelf een nieuwe
‘adapative resource zone’ is, de voorspelling van de ‘escape-and-radiate’ theorie
van Ehrlich en Raven, maar we concluderen dat de diversiteit van de waardplanten
wel een voorwaarde is voor de diversificatie van de motten. De diversificatiepatronen
die we vinden in Nepticulidae en Lithocolletinae passen bij de voorspellingen van
de ‘adaptive radiation’ theorie, en de adaptieve zone kan het best omschreven
worden als de geografische zone met een gematigd klimaat. Onze resultaten laten
verder zien dat het binnenkomen van een adaptieve zone gepaard moet gaan met de
ontwikkeling van functionele aanpassingen, om tot versnelde soortvorming te
komen. Mogelijk was deze aanpassing het overleven van de winter in een pre-adult
stadium, wat dan een zogenaamde ‘key innovation’ genoemd kan worden.

In hoofdstuk 7 bediscussieer, en kijk ik terug op, de resultaten van dit proefschrift
vanuit een breder perspectief. We ontdekten meer dan 100 nieuwe soorten voor de
wetenschap, die in andere artikelen beschreven zullen worden. Voor zowel
Nepticulidae als Lithocolletinae, zijn de fylogenién die in dit proefschrift
gepresenteerd worden de eersten met een dergelijke soorten-dekking, wat het
mogelijk maakt om evolutionaire theorién te testen, en theorién uit andere
vakgebieden, zoals bijvoorbeeld functionele morfologie. Door de diversificatie
patronen van twee grote groepen bladmineerders te vergelijken konden we voor het
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eerst inschatten in hoeverre hun evolutie gelijktijdig plaats heeft gevonden, met
elkaar en ten opzichte van de waardplanten. De resultaten lieten zien dat de
waardplanten niet de voornaamste drijvende kracht zijn geweest voor de
diversificatie van de bladmineerders, maar de diversiteit van de waardplanten was
wel een voorwaarde voor de diversificatie van de bladmineerders. Onder gunstige
klimatologische omstandigheden sinds het Krijt konden de belangrijkste waardplant
families, Fagaceae, Salicaceae, Betulaceae, Rosaceae en Fabaceae, zich geografisch
uitbreiden en ontstonden er veel nieuwe soorten in gebieden met een gematigd
klimaat, waardoor er een nieuwe adaptieve zone voor Nepticulidae en Litho-
colletinae ontstond. Verschillende bladmineerders wisten zich succesvol aan te
passen aan het overleven in een gematigd klimaat, waarschijnlijk voornamelijk
door nieuwe manieren om de winter te overleven, en daarna volgden perioden met
versnelde soortvorming, wat uiteindelijk leidde tot de soortenrijke groepen
bladmineerders die we tegenwoordig terugvinden in gebieden met een gematigd
klimaat.
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