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RIASSUNTO

Il clima é tra i principali fattori che influenza la distribuzione degli ecosistemi sul pianeta. Le variabili
climatiche (es. temperatura, umidita, vento, precipitazioni) di una data regione, per lunghi periodi di tempo,
rappresentano importanti pressioni selettive per I'evoluzione delle specie vegetali e animali. Negli ultimi due
milioni di anni il clima sulla Terra ha subito fluttuazioni periodiche, risultate nelle ere glaciali. Le oscillazioni
climatiche attraverso molteplici cicli glaciale/interglaciale ha avuto un ruolo chiave nella strutturazione della
biodiversita attuale e nel plasmare la distribuzione delle specie e la loro diversita genetica, sia su scala regionale
che globale. Le penisole mediterranee, balcanica, iberica e italiana, hanno agito da rifugi durante le glaciazioni
pleistoceniche, fornendo habitat idonei e stabili per la sopravvivenza delle specie nei periodi climaticamente
sfavorevoli. Diversi studi hanno documentato la presenza di molteplici rifugi all'interno della penisola italiana
durante i periodi climatici del Pleistocene, che hanno reso questa penisola un hotspot regionale di biodiversita
all'interno dell'hotspot del Mediterraneo. Tuttavia, la maggior parte delle conoscenze che abbiamo sui modelli
filogeografici delle specie endemiche italiane provengono da studi che hanno utilizzato vertebrati come specie
modello, sebbene rappresentino solo una piccola parte della biodiversita globale della specie (<1,5%). Cio
rende la nostra conoscenza della risposta ecologica delle specie ai cambiamenti climatici del passato tutt'altro

che completa.

Nel mio progetto di dottorato, ho utilizzato il gruppo molto diversificato degli Alticini (Coleoptera
Chrysomelidae, Galerucinae) endemici dell'Appennino centrale per studiare i processi ecologici, evolutivi e
biogeografici innescati dai cicli delle glaciazioni quaternarie sui biota temperati e d'alta quota. Gli Alticini
mostrano range di distribuzione da micro a macro scala, essendo presenti nella maggior parte degli ecosistemi
montani, e hanno esigenze ecologiche molto selettive e ben note, rendendoli cosi ideali modelli per gli studi
filogeografici. L'obiettivo principale del progetto di tesi é studiare i processi storici che hanno determinato la
distribuzione della diversita genetica intraspecifica in specie endemiche dell’Appennino centrale e confrontare
le risposte ecologiche di specie associate ad ambienti temperati e di alta quota ai cambiamento climatici del
Quaternario. Per raggiungere questi obiettivi principali, ho adottato un approccio multi-taxa comprendente (i)
un approccio tassonomico integrativo per delimitare le unita filogenetiche e tassonomiche e (ii) un approccio
filogeografico multilocus per identificare i principali rifugi pleistocenici all'interno del sistema appenninico ed
inferire i processi demografici e biogeografici che hanno determinato la struttura di popolazione e la
distribuzione della diversita genetica nelle specie studiate. Sono state selezionate sei specie target in base alla
loro distribuzione ed ecologia: Longitarsus springeri, Psylliodes biondii e Psylliodes springeri legate ad
ambienti di alta montagna; Longitarsus laureolae e Longitarsus zangherii legati ad ambienti temperati e
Psylliodes ruffoi legata ad ambienti xerofili. Sono state eseguite tre principali campagne di raccolta per

campionare le popolazioni delle specie target.

Nella prima parte della tesi vengono presentati i risultati di tre studi di delimitazione morfologica e

molecolare integrativa delle specie target, che sono stati necessari per delimitare le unita evolutive e
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tassonomiche per lo studio filogeografico. In questi studi sono state evidenziate e risolte incongruenze tra
identificazione molecolare e morfologica in tre principali taxa. In primo luogo, all'interno del genere
Longitarsus, abbiamo osservato diversi problemi di identificazione errata delle specie e incongruenze
tassonomiche all'interno dei database pubblici di sequenze di DNA (GenBank e BOLD). Cio rende difficile
implementare un'identificazione molecolare delle specie confrontando la sequenza di DNA di un gene standard
(cox1) di un individuo con le sequenze depositate in un database pubblico attraverso un approccio di DNA
barcoding. Per ovviare a questo problema, abbiamo implementato una pipeline metodologica con revisione
tassonomica a posteriori che consente di migliorare la qualita del database di sequenze di riferimento (da
GenBank e BOLD) e l'efficacia dello strumento di DNA barcoding. Nel secondo caso di studio, abbiamo
osservato che alcuni campioni, morfologicamente identificati come P. ruffoi, avevano caratteri molecolari
(cioe sequenze di DNA) tipici della specie affine P. kiesenwetteri. L'utilizzo di un approccio tassonomico
integrativo e filogeografico ha permesso di delimitare le due specie P. ruffoi e P. kiesenwetteri da un punto di
vista molecolare e morfologico, chiarendone la relazioni filogenetiche e tassonomiche. Nel terzo caso di studio,
attraverso un approccio tassonomico integrativo, abbiamo identificato le popolazioni della Maiella di P.
biondii come unita evolutiva distinta dalle restanti popolazioni appenniniche, verosimilmente una nuova specie

criptica.

Nella seconda parte della tesi € stato condotto uno studio filogeografico comparativo sulle specie target
di Alticini, rappresentative di specie temperate e criofile, endemiche dell’Appennino, utilizzando un set di dati
multilocus (marcatori genetici nucleari e mitocondriali). Le significative differenze in termini di struttura
genetica di popolazione osservate nelle specie target, suggeriscono una risposta individuale di ciascuna di
gueste ai cambiamenti climatici pleistocenici, con marcate differenze in termini di distribuzione geografica e
tempo di divergenza dei lignaggi intra-specifici. | risultati indicano inoltre un effetto maggiore dell'ultimo
periodo glaciale sulle specie temperate rispetto alle specie legate agli ambienti mesofili. Al contrario, le specie
criofile hanno subito un processo di isolamento in aree montane idonee che corrisponde al cosiddetto modello
delle sky island. In generale, per tutte le specie si pud osservare che, indipendentemente dal tempo di origine
dei principali lignaggi intraspecifici, in ogni complesso montuoso € presente un distinto set di aplogruppi,
indicando che ogni catena montuosa sia servita da rifugio indipendente durante i cambiamenti climatici
pleistocenici. Nell’ultimo capitolo della tesi, i risultati delle ricostruzioni della demografia storica attraverso
EBSP corroborano il modello di risposta individualistica delle specie alle glaciazioni passate. Alcune specie,
come L. laureolae e L. springeri, mostrano trend demografici storici spiegabili con processi di contrazione
glaciale ed espansione postglaciale tipici delle specie temperate. Al contrario, altre specie hanno mostrato
andamenti diversi, che non possono essere spiegati dai classici modelli di espansione/contrazione, e che sono

probabilmente derivati da processi specie-specifici che si sono verificati a scala regionale.

I risultati di questa tesi hanno permesso di documentare i modelli filogeografici ed i processi evolutivi
che hanno determinato la marcata struttura genetica e I’elevata diversita della fauna appenninica. E stato

mostrato come la sinergia tra eterogeneita geografica ed ecologica di questa regione e le risposte ecologiche
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individuali delle specie ai cambiamenti climatici pleistocenici, abbia determinato distinti processi evolutivi e
demografici negli endemiti appenninici, anche in specie con simili esigenze ecologiche e che attualmente

vivono in stretta sintopia.

I risultati di questa tesi contribuiscono alla conoscenza delle dinamiche evolutive e demografici di una
componente sotto studiata della fauna endemica appenninica, permettendo di comprendere meglio i processi
che hanno generato 1’hotspot di diversita e il biota di questa regione. Questi risultati sono cruciali per la
pianificazione di strategie per la conservazione e gestione a lungo termine della biodiversita appenninica,

specialmente nel contesto dei cambiamenti climatici in atto.



ABSTRACT

The climate is one of the main factors that influence the distribution of ecosystems on the planet. Climatic
variables (e.g., temperature, humidity, wind, precipitation) of a given region over extended periods of time
represent important selective agents for the evolution of plants and animal species. Over the past two million
years the climate on Earth has undergone periodic fluctuations, resulting most notably in the Ice Ages. The
climate oscillation through multiple glacial/interglacial cycles have played a key role in structuring current
biodiversity patterns and shaping the distribution of species and their genetic diversity both at the regional and
global scale. The Mediterranean peninsulas, the Balkan, the Iberian and the Italian peninsula, acted as refugia
during Pleistocene glaciations, providing suitable and stable habitats for the survival of species during
climatically unfavorable periods. Within the Italian Peninsula several studies documented the establishment of
multiple refugia during Pleistocene climatic periods, making Italy a regional biodiversity hotspot within the
Mediterranean global biodiversity hotspot. However, most of the knowledge we have on phylogeographic
patterns of Italian endemic species come from studies that have used vertebrates as model species, although
they represent only a small part of the global biodiversity of the species (<1.5%). This makes our appraisal of
the ecological response of species to past climatic changes far from complete.

In my PhD project, | used the highly diverse group of flea beetles endemic of the central Apennines
(Coleoptera Chrysomelidae, Galerucinae, Alticini), to investigate the ecological, evolutionary and
biogeographic processes primed by Quaternary glaciations cycles on temperate and high-altitude biota. These
insects show distribution patterns from micro to macro scale, being present in most mountain ecosystems, and
have restrictive and well-known ecological requirements, thus making them ideal phylogeographic models.
The main aim of the thesis project is to study the historical processes that have shaped current patterns of
genetic diversity within different endemic Alticni species of Apennines and to compare how species with
different ecological requirements have responded to Quaternary climate change. To achieve these main aim, |
have adopted a multi-taxa approach including (i) an integrative taxonomic approach to delimit the phylogenetic
and taxonomic units, and (ii) a multilocus phylogeographic approach to identify the main Pleistocene refugia
within the Apennine system, and to infer demographic and biogeographic processes underlying the formation
of the observed intraspecific diversity patterns. Six target species were selected based on their distribution and
ecology: Longitarsus springeri, Psylliodes biondii and Psylliodes springeri linked to high mountain
environments; Longitarsus laureolae and Longitarsus zangherii linked to temperate environments and
Psylliodes ruffoi linked to xerophilous environments. Three large sampling campaigns were performed to

sample the populations of target species.

A first integrative morphological and molecular delimitation of the target species was done as a
fundamental and preliminary step to the phylogeographic study. In this framework, three main issues related
to the mismatch between molecular and morphological identification were pointed out and resolved. First,

within the genus Longitarsus, we observed several instances of species misidentification and taxonomic
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incongruences within the public databases of DNA sequences (GenBank and BOLD). This makes difficult to
implement a molecular identification of species by comparing the DNA sequence of a target gene (cox1) of a
sampled individual with deposited sequences in public database through a DNA barcoding approach. To
overcome this drawback, we implemented a methodical pipeline with a posteriori taxonomic revision that
allow improving the quality of the reference-sequence library (from GenBank and BOLD) and the
effectiveness of the DNA barcoding tool. Second, we observed that some samples, morphological identified
as P. ruffoi, had molecular characters (i.e. DNA sequences) typical of the related species P. kiesenwetteri. The
use of an integrative taxonomy approach within a phylogeographic framework allowed to delimit the two
species P. ruffoi and P. kiesenwetteri from a molecular and morphological point of view, clarifying their
phylogenetic and taxonomic relationship. Third, following the molecular assessment of the Maiella population
of P. biondii, we observed that this population show a remarkable genetic distance relative to other populations
of P. biondii, suggesting they are possibly two distinct species. Thanks to an integrative taxonomy approach,
we were able to solve these taxonomic and systematic problems, to identify a new lineage (possibly a new
species) endemic to the Maiella mountains, and thus to identify the evolutionary units on which to deepen the
phylogeographical study.

In the second part of the thesis, a comparative phylogeographic study was carried on the target species
representing temperate and non-temperate species of Alticini endemic to the Apennine, using a multilocus
dataset (nuclear and mitochondrial genetic markers). The observed remarkable differences in population
structure between the target species support an idiosyncratic pattern underlying individualistic response of the
species to past climatic changes, with marked differences in terms of geographic distribution and time of
divergence of intra-specific lineages. We also observed a greater effect of the last glacial period on temperate
species compared to species related to mesophilic environments. On the contrary, cryophilic species have
undergone a process of isolation in suitable mountain areas that closely correspond to the so-called sky islands
model. In general, for all studied species it can be observed that, regardless of the time of origin of the main
intraspecific lineages, each mountain chain has its own private haplogroups, suggesting that each of these
mountain system acted as a separate refugium during Pleistocene climatic oscillations. In the last chapter of
the thesis, | showed that also the reconstruction of historical demographics through EBSP corroborates the
model of individualistic response to past glaciations. Some species, such as L. laureolae and L. springeri, seem
to present demographic histories that can be explained by the glacial contraction and postglacial expansion
typical of temperate species. Conversely, other species have shown different trends, which cannot be explained
by the classical expansion and contraction processes, and which are probably derived from species-specific

processes occurring at a smaller (regional) scale.

The results of this thesis have allowed us to document the phylogeographic patterns and the underlying
evolutionary processes that have determined the high genetic structure and the diversity of the Apennine fauna.
It has been shown how the interplay between the geographical and ecological heterogeneity of this region and

the species-specific ecological response to past climatic changes has determined distinct evolutionary and
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demographic processes in Apennine endemics, even in species with similar ecological requirements and that

currently live in close syntopy.

This thesis adds a significant piece of knowledge on the evolutionary and demographic dynamics of
understudied fauna endemic to the Italian peninsula. This allowed us to improve our understanding of the
processes that generated a biodiversity hotspot within this region and that determined the assembly of its biota.
These results are crucial for planning informed strategies for the long term conservation and management of
the Apennine biodiversity, especially within the context of ongoing climate change.
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GENERAL INTRODUCTION

Quaternary climatic oscillation in Europe: effect on biodiversity

The current species distribution is the combined result of present and past processes. During the Quaternary,
the current and most recent of the three periods of the Cenozoic era (from 2.588 + 0.005 million years ago to
today) (Cohen et al., 2013), in particular, major climatic events had a greatest effect on the distribution of
species and ecosystems on Earth and therefore on the establishment of current geographic patterns of
biodiversity. The Arctic ice cover stabilized about 2.4 million years ago, during the early Quaternary. From
then until 0.9 million years ago, the polar ice caps had cycles of approximately 41,000 years of expansion and
contraction. From 0.9 million years ago to today, cyclical periods of about 100,000 years have followed one
another with increasingly dramatic events. The Croll-Milankovitch theory proposes that the regular periodicity
of the ice age cycles is governed by changes in the Earth’s orbit around the Sun (Bennett and Bennett, 1997;
Williams et al., 1998). The principal orbital eccentricity, the variation of the axial inclination, and the
precession due to the Earth’s axial oscillation, modify the insolation and consequently the energy it receives.
The synergistic effect of orbital changes and ocean current flows has led to significant climate changes (Webb
et al., 1997; Williams et al., 1998). The Quaternary period was the stage of these major climatic oscillations,
with longer and colder glacial periods alternating with shorter and warmer interglacial periods. During glacial
periods, the polar ice caps expanded and compressed warmer environments towards the Equator (Williams et
al., 1998) and large mountain blocks around the world undergone a considerable glaciation. In addition to this
‘direct’ climatic effect on the displacement of temperate and alpine habitats, glaciations also caused an indirect
effect on the geography of emerged landforms and therefore of terrestrial and coastal habitats. Indeed, the large
volume of accumulated ice reduced global sea levels by up to 120 m during glacial maxima. This has led to
the creation of land bridges between islands and continental landmasses in different parts of the world.
Although these major climatic changes have not had the same effect across the planet, they have certainly

strongly influenced the response of ecosystems and individual species (Hewitt, 2000).

The orographic complexity of Europe has resulted in a complex and eventful biogeographical history
during the Quaternary. First of all, three large Mediterranean peninsulas in the southern Europe, namely the
Iberian, Italian and Balkan peninsulas played a key role as refugia of temperate biotas during glacial phases
(Taberlet et al., 1998; Hewitt, 1999; Habel et al., 2005) allowing the persistence of populations of temperate
species that become extinct at higher latitudes as a consequence of the glaciations. These climate changes have
imposed a cyclical contraction-expansion of land and habitats, resulting in a parallel contraction and expansion
of the species' ranges in a pattern known as the "expansion-contraction™ (EC) pattern (Provan & Bennet 2008).
During these range changes, Mediterranean Sea forms an important southern barrier, limiting the southward
movement of the biota during cold periods. Furthermore, the east-west orientation of the main mountain ranges

of the Alps and the Pyrenees has acted as a more or less important barrier to species expansion (Taberlet et al.,
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1998). To get an idea of the effect of glaciations on this continent during the peak of the last glacial maximum,
around 20,000 years ago, the Scandinavian ice sheet covered much of Great Britain and northern Europe.
Permafrost, tundra and steppe have spread as far as southern France, from the Alps to the Black Sea (Frenzel,
1992; Hewitt, 2003). The main mountain ranges of the continent, such as Alps, Pyrenees, Balkans and
Apennines, have had significant glaciations. Moreover, the accumulation of terrestrial ice has reduced the
Mediterranean sea level by up to 150 m (Denton and Hughes, 1981; Tooley, 1993). This has caused several

islands or archipelagos in the Mediterranean to expand their size or connect with the mainland.

Glacial/interglacial cycles as triggers for isolation, diversification and build-up of genetic
diversity patterns

Knowledge of the biogeographical patterns of the Quaternary period in Europe was initially based on fossil
data, in particular on the extensive network of pollen nuclei, which allowed to describe the changes in the
species distribution during the ice ages (Huntley and Birks, 1983; Bennett and Bennett, 1997; Hewitt, 1999).
The introduction of molecular techniques and the birth of phylogeography, have enabled an ever greater
understanding of the evolutionary processes and patterns that occurred at a specific and intraspecific level
during the Quaternary (Avise, 2000; Hewitt, 2000, 2004). Specifically, during this period, each species has
undergone cycles of range expansion—contractions following the sudden and cyclic climatic changes. These
strong climatic oscillations between glacial and interglacial phases have shaped the distribution of many
species and consequently have been an important mechanism behind the processes of divergence and
speciation (Hewitt, 1996; Roy, 1997; Hewitt, 2000, 2003, 2004). Habitat fragmentation and displacement
(Richard, 1991; Elias, 1996; Davis and Shaw, 2001) have led to multiple opportunities for isolation and
divergence of populations, with intense interruptions of gene flow based on environmental heterogeneity and
the presence of geographical barriers. This has resulted in improved formation of intraspecific genetic diversity
driven by origination of lineage in isolated refugia and their subsequent mixing due to secondary contact
(Canestrelli et al., 2010; Feliner, 2011; Vega et al., 2010) and, in some cases, to species divergence during the
Pleistocene (Hewitt, 2000; Carstens and Knowles, 2007).

Different effect in different ecosystem: temperate vs alpine fauna

Glacial cycles had affected range and demography of species in different ways, depending on their ecological
requirements. Cold-adapted species tend to contract their range in the northern and mountainous areas during
warm interglacials, while they experience range expansions towards the south and into the lowlands during
glacial periods. This spatial contraction-expansion were also accompanied by demographic (i.e. population
size) contraction-expansion. In contrast, species adapted to warm climates will exhibit range and demographic

expansion during interglacial periods and underwent to demographic contraction of populations that will
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retreat southward and into lowlands during glacial phases (Hewitt, 1996, 2004; Provan and Bennett, 2008;
Schmitt, 2017). However, although these patterns have been found on several species (Taberlet et al., 1998),
there are further evidence for more complex scenarios. As for the alpine taxa, linked to the alpine climate that
occurs at high altitudes and above the tree line, many are endemic and have a low dispersal capacity. For
example, many high mountain insects have lost their ability to fly (Hodkinson, 2005; Margraf et al., 2007;
Schmitt, 2009) and many plants present limited seed dispersion (Morgan and Venn, 2017), which greatly
reduces their spread ability. This made implausible a pattern of large areal changes during the different phases
of the glacial cycles. Furthermore, it is not certain that the conditions now present in the high altitude
environments are the same as those found in the lowlands during the glacial maximums; indeed, many species
now living in the high mountains have not undergone significant range expansions at low altitude in the cold
periods precisely due to several adverse environmental factors in these environments (Schmitt et al., 2006).
Finally, although the glacial periods lasted very long, the diversity of species and geographic structure do not
seem to show a pattern that reflects an extensive mixture of Alpine organisms during this period (Lohse et al.,
2011). Regarding the temperate species, adapted to warm climates, mounting evidences show that the classical
scenarios of glacial contraction and postglacial expansion does not always explain the observed pattern and
empirical data. In particular, some temperate species of Mediterranean coastal areas have maintained stable
populations or have even seen to expand their range during the glacial periods, because of the synergic effect
of greater environmental availability due to glacial marine regression (i.e. lowering of sea levels) and the
formation of mild coastal microclimates due to the mitigating action of the sea (Canestrelli et al., 2007;
Canestrelli and Nascetti, 2008; Salvi et al., 2014). Thus, depending on the species and regional context, the
expansion-contraction model can be more complex than previously thought because of additional climate-

linked environmental changes due to sea-level (and shorelines) changes.

Importance of Mediterranean peninsulas as glacial refugia

The Mediterranean peninsulas, the Iberian, the Italian and the Balkan peninsula, thanks to their arrangement
and the heterogeneity of their territories, served as refugia for most of the European flora and fauna (Hewitt,
1996, 1999, 2000). Even if the term refugium has been used in different ways, creating some confusion (Provan
and Bennett, 2008), the glacial refugium is an area where environmental suitability for temperate species was
maintained through quaternary climatic cycles. Therefore, within these refugia ancient genetic diversity and
distinct genetic lineages have persisted during unfavorable periods of the Pleistocene (Médail and Diadema,
2009; Feliner, 2011). Although it has been established that each species have had a distinct ecological response
to Pleistocene climate changes, the importance of the Mediterranean peninsulas as reservoirs of biodiversity is
undoubted (Weiss and Ferrand, 2007; Hewitt, 2011). Indeed, northern Europe hosts a lower genetic variety
than southern Europe in terms of number of species and genetic diversity, and this has been called the “southern
richness and northern purity” pattern by Hewitt (Hewitt, 1996, 1999, 2000).
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Moreover, given the complex topography of southern European peninsulas (with the presence of large
mountain groups alternating with valleys and plains, and the long coastline often close to archipelagos),
multiple processes of allopatric divergence between populations isolated took place. A scenario called “refugia
within refugia” i.e. the persistence of smaller areas within the peninsular refugia where a large number of
lineages remained during the subsequent Pleistocene climatic oscillation (Hewitt, 1996; Gémez and Lunt,
2007; Provan and Bennett, 2008). This explains the great intraspecific genetic diversity and richness of
endemic species that have been observed in Mediterranean refugia (Canestrelli et al., 2010; Canestrelli et al.,
2012; Cresti et al., 2019; Gongcalves et al., 2009; Maura et al., 2014; Médail and Diadema, 2009; Razgour et
al., 2015; Salvi et al., 2013; Vega et al., 2010).

The Italian Peninsula, a Mediterranean hot spot

Italy represents one of the most important hotspots of plant and animal biodiversity within the Mediterranean
global biodiversity hotspot (Myers et al., 2000; Zachos and Habel, 2011). Its geographical position in the center
of the Mediterranean, its close connection to the two Iberian and Balkan peninsulas, the simultaneous presence
of considerable mountain ranges and latitudinal extent, has determined a wide variety of environments and
climatic contexts. About half of the plant species and about a third of all animal species currently present in
Europe are found in Italy. According to the Italian Check List, drawn up by the Ministry of the Environment,
Italy hosts 57,468 animal species, of which 4,777 (8.6%) are endemic and nearly 12,000 plant species of which
about 6,700 (13%) are endemic (Minelli et al., 1993; Minelli, 1996). In addition to the number of species, the
importance of the Italian peninsula has been extensively investigated at the interspecific and genetic diversity
levels. Numerous studies have shown that both at the peninsular and at the insular level, Italy has been the
scene of intra- and interspecific evolutionary processes (Canestrelli et al., 2007; Canestrelli and Nascetti, 2008;
Vega et al., 2010; Senczuk et al., 2019; Menchetti et al., 2021; Schmitt et al., 2021).

Gap in biodiversity knowledge: invertebrates and their importance for the study of
biogeographic and evolutionary processes

Most of the knowledge we have on phylogeographic patterns on an Italian or European scale is due to studies
that have, almost exclusively, used vertebrates as model species, despite vertebrates only account for a tiny
portion of global species biodiversity (<1.5% of species diversity; Cardoso et al., 2011). On the other hand,
invertebrates are the most representative organisms of world biodiversity in terms of richness, abundance, and
biomass. Just to give some examples, more than half of the known species are insects and only the beetles
(order Coleoptera) comprise at least 10 times the number of species of all vertebrates and over 25% of all the
species described (Cardoso et al., 2011). Of all known animal species in Italy, about 95% are invertebrates

(Minelli et al., 1993). Invertebrates embrace an impressive morphological and ecological variety that allow
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them to live in all terrestrial environments on Earth. They can be scavengers, phytophagous, symbionts,
parasites, endo- and ectoparasites, hyperparasitoids, or predators. From a biogeographic point of view,
invertebrates can have very large (cosmopolitan) distributions or can be endemic of narrow regions, some also
showing punctiform distributions. Given the variety of species, sizes and functional roles, the often short
generation times and the rapid evolutionary rates, many invertebrate taxa are excellent evolutionary and
ecological models and can play a key role as indicators of habitat change and thus of fundamental importance

in the perspective of conservation actions (Kremen et al., 1993; Diniz-Filho et al., 2010).

Alticini as a study model

Alticini are a monophyletic tribe related to the tribe Galerucini, with which they form the subfamily
Galerucinae in the family Chrysomelidae (Bouchard et al., 2011). Alticini are commonly referred to as flea
beetles because of their characteristic enlarged hind femur due to the presence of the Maulik’s organ, which
confers the ability to jump as a defense mechanism against predation (Nadein and Betz, 2016). Alticini have
small to moderate body size (usually 0.5-17.8 mm in length (Lee and Yu, 2021)) and, like other Chrysomelids,
have a high range of colorations. The tribe Alticini comprises about 534 genera and more than 8,000 species
worldwide, making it the largest Chrysomelid tribe (lannella, 2021). In addition, we expect that a large portion

of the diversity of this tribe is still unknown to science.

The distribution patterns of flea beetles are very diverse, ranging from cosmopolitan or sub-cosmopolitan
species, to strictly and locally distributed species. The areas with the richest diversity are the tropical regions
of South America, Africa and Asia (Biondi and D’alessandro, 2013). Like other representatives of the
Chrysomelid family, flea beetles feed exclusively on plants and thus, they are present in any habitat with
vegetation. This means that they are present from the coastal areas (e.g. behind the dunes), up to the high
altitude environments. Trophic specializations at both larval and adult stage vary, but in general these insects
make small holes on the external surface of leaves, stems and, more rarely, flowers of a wide range of higher
plants (Feeny et al., 1970; Salvi et al., 2019). Regarding the trophic range, this also varies greatly from species
to species and is possible to find: (i) monophagous species with adults feeding on one or two systematically
closely related plant genera; (ii) oligophagous species with adults feeding on plant genera from one or two
systematically closely related families; and (iii) polyphagous species with adults feeding on many botanical

species that are not systematically closely related (Biondi et al., 2013).

This strong association with plants means that, among Alticini there are species considered as crop
pests worldwide (Metspalu et al., 2014). For example, among the species of the genus Epitrix Foundras, four
are listed as quarantine species by the European and Mediterranean Plant Protection Organization (EPPO), due
to damage caused to potatoes (Germain et al., 2013). Another pest species is Psylliodes chrysocephala

Linneaus, native to the Palearctic but introduced in North America, which is known to cause severe damage
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to cabbage or other Brassicaceae crops. In general, there are several species belonging to this tribe whose crop
damage has a significant economic impact (Coral Sahin et al., 2019). In some cases, however, the effectiveness
in damaging plants makes some flea beetles exceptional biocontrol agents of weeds, among them we find
species belonging to the genera Longitarsus Berthold, Altica Miller, Aphthona Chevrolat and Chaetocnema
Stephens (Jonsen et al., 2001; Konstantinov et al., 2001; Cagan et al., 2006; Coral Sahin et al., 2019). One of
the most noteworthy applications is probably that of Chaetocnema tibialis (Illiger), adopted for the control of

the invasive wild amaranth (Cagan et al., 2006).

Furthermore, the IUCN has included a number of Alticini species in its red lists, underlining their
importance also from a conservation point of view. Some examples are the Longitarsus mellissi Wollaston,
1871 from the island of Sant Elena, listed in 2019 as Critically Endangered due to the small size of its range
and the fragmentation of the environment in which it lives, and the species Mniophilosoma obscurum
Gillerfors, listed in 2016 as Critically Endangered, endemic to Flores (Azores, Portugal) present only in the
small fragments of native forest on the island.

Alticini biodiversity in Europe and Italy

The biodiversity of Alticini in Europe and in Italy is due the different climatic and geographical conditions
(Konstantinov et al., 2009) and, as mentioned above, by the biogeographical processes related to the
Quaternary glacial cycles. Regarding the European fauna, about 400 species and 32 genera of Alticini are
known, with about 20% of species being endemic to this region (De Jong et al., 2014). However, this estimate
needs to be updated as, in Italy alone, about 340 species and 25 genera are reported (Biondi, 1990; Biondi et
al., 2013). Alticini have the highest number of endemic species among the Italian Chrysomelids. In fact, there
are 38 endemic species in the tribe, which represent 11.18% of the entire Italian flea beetle fauna. The western
Alps region is the one with the greatest presence of endemic species, followed by the central Apennine region

and the Sicilian-Southern Apennine region.

The high diversity of this group and its distribution from macro to micro scale make Alticini excellent
models for the study of ecological, evolutionary and biogeographic processes (Baselga et al., 2015). The well
documented chorological and ecological information of this group makes it highly representative of the overall
biodiversity of a given ecosystem. Moreover, their very close association with plants makes these insects true
proxies of the status of the plant component of the environments in which they live (Biondi et al., 2013). This
makes Alticini an ideal model for ecological and evolutionary studies, and to answer the questions of this

thesis project.
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Thesis aims and objectives

The aims of my PhD project are to investigate the phylogeographic patterns of endemic Alticini species of
Apennines, and to compare the effect of Quaternary glaciations cycles on temperate and high-altitude biotas.
To achieve these aims | adopted a multi-taxa approach that allows making robust inferences on the processes
that have shaped current diversity patterns. The following objectives were set out to fulfill the main aims of
the thesis:

1. Selection of target species based on their ecology and geographic distribution.

2. Assessment of the systematics of target species using an integrative (morphological and molecular)
taxonomic approach.

3. ldentification of the main genetic lineages and of the refugial areas for temperate and high-mountain
species by means of a phylogeographic approach.

4. Multi-locus reconstruction of the historical demography of each species to compare the ecological
response of temperate and high mountain species to Pleistocene glacial cycles.
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CHAPTER 1

Sampling

Distribution of Italian Alticini and identification of target species

Sampling activities were performed during three years (2019-2021) in the suitable season (from April to
September). Target species were selected based among endemic elements of the Apennines fauna. An endemic
species is defined as “a species showing a distribution restricted to a geographical area, delimited by natural
elements, and independent of administrative borders” (Biondi, 2006; Biondi et al., 2013); whereas an “area of
endemism” is defined as “a geographic region comprising the distributions of two or more monophyletic taxa,
that exhibit a phylogenetic and distributional congruence, and have their respective relatives occurring in other
such defined regions” (Harold and Mooi, 1994). Endemic alticini from the Apennines provide an ideal model
for phylogeographic studies given their high ecological specialization and low dispersal abilities that make

these species particularly sensitive to climate-linked habitat changes.

Most of the Apennine endemic species are restricted to specific sectors of the Apennine chain
(D’ Alessandro and Biondi, 2007). There are groups of taxa exclusive to the northern, central, and southern
Apennines (Fig. 1). In the central and southern Apennines the distribution of endemic taxa appears wider. In
fact, here we find the largest number of endemic Alticini species in the mountain range. In the central
Apennines three endemic species are present in the high-altitude environments Psylliodes springeri Leonardi,
Psylliodes biondii Leonardi and Longitarsus springeri Leonardi; and two endemics are present in beech wood
environments: Longitarsus zangherii Warchatowskii and Psylliodes urbaniae Biondi & D'Alessandro.
Endemic elements also occur in the southern Apennines and many of them are distributed from the
northernmost part of Calabria to the mountainous regions of north Sicily. This is the case of Longitarsus
laureolae Biondi, related to beech wood environments and Psylliodes ruffoi Leonardi, Psylliodes feroniae
Leonardi and Psylliodes leonhardi Heikertinger, occurring in more xeric environments. However, Psylliodes
urbaniae, Psylliodes feroniae and Psylliodes leonhardi, as well as three endemic taxa of the northern
Apennines, Psylliodes solarii Leonardi, Psylliodes parodii Leonardi or Psylliodes fiorellae Leonardi tend to
have very disjunct, extremely restricted or punctiform distributions, making them unsuitable for a
phylogeographic study. Also the endemic species of the genera Orestia Germar and Minota Kutschera, were
not considered due to their rarity and the difficulty of sampling, which can only be carried out by sieving the
soil. In conclusion, the six target species selected for the thesis project were as follows: Longitarsus laureolae,

Longitarsus springeri, Longitarsus zangherii, Psylliodes biondii, Psylliodes ruffoi, and Psylliodes springeri.

The information on the distribution of the above mentioned endemic species were collected from
bibliographic material (Leonardi, 1975a, 1975b; Biondi, 1990, 1988; D’Alessandro and Biondi, 2007;
Leonardi, 2007; Biondi et al., 2013), monographs (Warchatowski, 2013), public databases (Latella et al., 2005)
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and data from the entomological collection of Prof. Maurizio Biondi stored at the University of L’Aquila. A
database was built including all the distribution occurrence record of the target species. For each record, the
collection locality and, when present, the geographical coordinates were marked. In the first case the collection
locality was used as a centroid for the coordinates, in the second case the coordinates were reported in decimal
degrees (both in WGS84). Both data were managed in a GIS environment to allow the construction of

distribution maps that were used for planning the sampling design.

Fig.1 Study region and geographic sectors of interest: Northern Apennines, Central Apennines, Southern Apennines, and Sicily.
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Longitarsus laureolae

Endemic species of the central southern Apennines, present from Abruzzo to Sicily. It shows the greatest
morphological affinities with L. candidulus (Foudras), a W-Mediterranean species, and L. leonardii Doguet, a
suborophilic Pyrenean species. It is present in localities between 1000 m and 1600 m in humid beech forest
environments where it is found on its only currently known host plant, Daphne laureola (Thymelaeaceae)

(Biondi, 1988) (Fig. 2).

Fig.2 Habitus and aedeagus of L. laureolae specimen, altitudinal range of the species and a photo of the host plant Daphne laureola

in its environment. Below, the distribution map based on historical records.
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Longitarsus springeri

Endemic species of the central Apennines, present from the Sibillini Mountains to the Matese. From a
systematic point of view, it appears to be well isolated from other European entities even if an affinity has been
hypothesized for the species of the group of L. succineus (Foudras) (Leonardi, 1975b; D’Alessandro and
Biondi, 2007; Farina, 2018). It has two distinct color forms, a light one known only in the valley of Lake Pilato
and a dark one, present in the rest of the area (Farina, 2018). It lives in high altitude environments, with
populations ranging from 1700 m up to 2700 m. The species feeds on Asteraceae, specifically it is known to
live on Senecio squalidus L. rupestris (Waldst. & Kit) Greuter and on Jacobaea erratica (Bertol.) Fourr.
(Biondi and Di Casoli, 1996) (Fig. 3).
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Fig.3 Habitus and aedeagus of L. springeri specimen, altitudinal rang of the species and a photo of the host plant Senecio squalidus L.

rupestris in its environment. Below, the distribution map based on historical records.
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Longitarsus zangherii

Species endemic to the central-northern Apennines, present from Emilia Romagna to Abruzzo. It is associated
with beech forest environments between 770 m and 1600 m, and it is often found near water courses as it feeds

on plants of the genus Petasites Miller that is linked to aquatic environments (Fig. 4).

Fig.4 Habitus and aedeagus of L. zangherii specimen, altitudinal rang of the species and a photo of the host plant Petasites in its

environment. Below, the distribution map based on historical records.
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Psylliodes biondii

Endemic species to the central Apennines, with a distribution similar to that of L. springeri. From a taxonomic
point of view, this species is very similar to Psylliodes springeri Leonardi, a micro endemism present in the
valley of Lake Pilato, and to Psylliodes picipes Redtenbacher, a species with an alpine distribution. The Maiella
population of P. biondii, due to the scarce material available and some slightly distinctive morphological traits,
has not been included in the typical series by Leonardi and it requires further investigation (Leonardi, 2007).
It lives in high altitude environments, with populations ranging from 1800 m up to 2700 m. P. biondii like
other related species feeds on Brassicaceae, in particular the two known host plants of this species are Isatis
apennina Ten. ex Grande and Erysimum pseudorhaeticum Polatschek. The populations of the northernmost
part of the range feed on |. apennina, while, moving southwards, the species shifts to E. pseudorhaeticum (Fig.
5).

Fig.5 Habitus of P. biondii specimen (photo of Valter Fogato from www.Chrysomelidae.it), altitudinal rang of the species and a

photo of the host plant Isatis apennina in its environment. Below, the distribution map based on historical records.
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Psylliodes ruffoi

Endemic species to the southern Apennines, it is present from lower Campania to the northern part of Sicily.
The species is part of the Psylliodes gibbosa group, presenting several morphological affinities with both P.
gibbosa and Psylliodes kiesenwetteri, with which it shares a large part of the range (Leonardi, 1975a). It occurs
over a wide altitude range, from 400 m up to 1600 m. It is found in ecotones between xeric woods and semi-
arid clearings. There is still a lot of uncertainty as regards the host plant of Psylliodes ruffoi could be find, as
this species has been collected on different types of plants (Baviera and Biondi, 2015). Generally it is

associated with the Poaceae (Nadein, 2008) (Fig. 6).

Fig.6 Habitus of P. ruffoi specimen (photo of Valter Fogato from www.Chrysomelidae.it), altitudinal rang of the species and a photo

of its environment. Below, the distribution map based on historical records.
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Psylliodes springeri

A microendemic species known only from the valley of Lake Pilato. As already mentioned, this species is
morphologically similar to P. biondii, with which it also shares the ecology, as it lives in the same environments
and feeds on the same host plant, Isatis apennina (Leonardi, 2007). It is precisely because of this affinity with
P. biondii that it was selected as a target species, despite its punctiform range (Fig. 7).

2800

Fig.7 Habitus of P. springeri specimen (photo of Valter Fogato from www.Chrysomelidae.it), altitudinal range of the species and a

photo of the host plant Isatis apennina in its environment. Below, the distribution map based on historical records.
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Technique of sampling

Alticini beetles were sampled by beating on host plants (when known) or on vegetation with an entomological
net or an entomological umbrella. Then, specimens were collected using an aspirator. Indeed, unlike other
beetles, Alticini cannot be sampled by entomological traps, such as pitfalls, malaise or odorous traps. Collected
specimens were stored in alcohol (EtOH) at 95° in 2 ml microtubes conical screw cap with O-ring. One or
more tubes were assigned to each collection locality based on the number of specimens captured and the
geographical coordinates of each locality were taken via GPS. Where possible, the plant on which the

specimens were collected was marked.

Problems of species identification, phenology, and rarity: the need of a widespread and
repeated sampling

The objective difficulties in capturing small-sized species that escape classical trapping systems such as the
ones listed above, is not the only difficulty to consider when planning sampling of Alticini. One of the main
problems of this tribe of beetles is that recognition at the species level is not possible in the field. This makes
discrimination between the target species and similar species living in the same environments impractical in
the field. The only possible sampling strategy is to focus on the environments or host plants on which the target
species is present and to orientate at the genus level, which can often be identified in the field. In any case,

even this taxonomic level requires subsequent confirmation by the taxonomist.

Another challenge for sampling Alticini is due to their phenology and rarity. In fact, many species
linked to high altitude mountain environments have shorter phenology, and usually their collection is restricted
to a short temporal range (one-two months). Sampling species with short phenology is particularly challenging
because of the inter-annual seasonal variability, so that, depending on the annual weather conditions, the period
of activity can vary from year to year even by several weeks. Species related to coastal environments or low
and medium altitude have relatively longer phenology, and for them there is usually a good number of records.
Moreover, most of the available data came from single sampling campaigns dating back to the 1980s and
1970s, or even to the end of the 19th century. This means that, even if the knowledge on the distribution is
quite exhaustive, little is known on the species’ phenology, and it is also possible that the species does not

occur in those areas anymore. All this makes it very difficult to design a sample from a temporal point of view.

For all of these reasons it has been necessary to set a widespread and sampling design of Alticini

repeated throughout the season.
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Sampling design and sampling results

The occurrence of the target species were used to delineate sampling-areas in the northern, central and southern
Apennines and Sicily based on the higher density of records as estimated in a GIS environment, using Qgis
version 3.16.15. Sampling areas were selected by making a minimum convex polygon on the points and then
applying a buffer of 50 km. The areas with the highest presence of records of target species were selected

through the concentration map with kernel density estimate applying a 10 km radius.

In addition to the information on the distribution of the species, sampling design was based on as much

information as possible on the biology of the target species, and in particular on:

o Phenology: in order to sample all the target species selected during the three years of PhD, the
samplings were designed taking into account the known phenology of the target species to

maximize sampling in each season (Tab. 1).

Jenuary February March  April May June July  August September October November December

Longitarsus laureolae

Longitarsus springeri

Longitarsus zangherii

Psylliodes biondi

Psylliodes ruffoi

Psylliodes springeri

Tab.1 The months of activity, known in literature, for the target species are shown in green.

e Host Plant: data on host plants of target species were collected through literature research.
Distribution and ecological data of the host plants were considered to provide further data on the
possible presence of target species.

e Ecology: environmental suitability data of the species were considered when present (Urbani et
al., 2017).

Once the sampling areas were defined and biological information were collected, sampling paths were
identified covering all recorded reporting locations. In addition, other intermediate locations falling within the

sampling macro areas were selected to sample other areas of possible presence of the species.
Samplings was performed in three main field campaigns:

- Southern session I: from 17/06/2019 to 01/07/2019 along the southern Apennine chain and the northern
part of Sicily;
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- Southern session II: from 25/06/2020 to 04/07/2020 along the southern Apennine chain and the
northern part of Sicily to complete the collections carried out in the first year;
- Northern session: from 17/7/2020 to 10/8/2020 along the central northern Apennine chain, the Tuscan-

Emilian Apennines, and the entire Alpine arc.

In addition to these three main campaigns, several punctual campaigns (with one or a few populations as a
target) were carried out to refine the sampling, particularly in the central Apennine area, the richest in target
species. Preliminary sampling of the Alpine arc was also carried out for discover possible unknown locations
of target species in this region and to collect material for possible future studies (Fig. 8).

A
N

500 km

Fig.8 Reported in red are the locality sampled during the three years of PhD.

Overall, about 370 sites between Apennines and the Alps were sampled and almost 2000 individuals belonging
to 18 genera and about 150 species identified on a morphological basis were collected at the end of the three
years. For the target species, almost all known sites were sampled. Furthermore, new occurrence sites were

identified for L. springeri, L. zangherii and L. laureolae. In particular, for L. laureolae, which to date was
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known only up to the southern part of Pollino massif, a population was identified in Abruzzo, on the south-
east part of Maiella massif, extending the range of this species by about 300 km. Longitarsus springeri was
reported for the first time in Maiella, on Mount Viglio and on some secondary peaks of the central Apennines,
such as Mount Camicia of the Gran Sasso massif and in Monti della Meta. Finally, L. zangherii was reported
for the first time in the Aremogna plain, expanding its known range southwards, which until now stopped in

the northern part of the Maiella massif, about 30 km further north (Tab. 2).

Populations sampled/tot  New populations

Longitarsus laureolae 5/5 1
Longitarsus springeri 9/9 3
Longitarsus zangherii 8/8 6
Psylliodes biondi 6/6 0
Psylliodes ruffoi 11/13 0
Psylliodes springeri 1/1 0

Tab.2 The table shows, for each species, the number of populations sampled, the number of known populations and the number of new

populations discovered during the sampling.
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CHAPTER 2

Integrative taxonomy and systematics of target species

Morphological techniques

As a first morphological assessment, the specimens collected in the sampling localities were identified and
sorted at the genus level by Prof. Maurizio Biondi. A subsequent investigation was carried out on all the
localities of known presence of the target species, where the collected specimens were identified at the species
level. Morphological identification took place with the aid of a Leica M205C binocular microscope and using
the diagnostic characters present mainly on the aedeagus and spermatheca. About 85% of the approximately
2,000 individuals collected were identified to species level on a morphological basis.

Molecular techniques and assessment

Molecular assessment was performed by analyzing DNA sequence data of selected gene fragments. To this
end, three different methods of DNA extraction were applied on the specimens: (i) a destructive method, using
the whole specimen for DNA extraction, (ii) a non- destructive method, separating the head-prothorax portion
of the animal from the rest of the body using an entomological pin and dipping the two parts directly in lysis
buffer and proteinase K, and (iii) using only the three left legs of each specimen. However, the non-invasive
method, precisely because it allows to reference voucher of the specimen to be maintained, was used more
often than the invasive method (about 95%). In all cases, total DNA extraction was performed with a standard
high-salt protocol (Sambrook et al., 1989). Samples treated with the non-invasive method were recovered at
the end of the lysis process, and the two parts of the animal were reassembled on an entomological card point.
The importance of maintaining a reference voucher to which one or more DNA sequences can be associated

is fundamental, especially when studying complex taxa with a still uncertain systematics.

For the molecular assessment, mitochondrial and nuclear markers were used. Selected mitochondrial
markers were two fragments of the cytochrome ¢ oxidase | (cox1) gene, namely the barcoding fragment and
the 3' fragment. Among the nuclear markers, Wingless (Wg) was selected as it is widely used in the phylogeny
and phylogeography of Chrysomelids, and three of the markers used by Gikonyo (2021) for the reconstruction
of the phylogeny of Psylliodes, namely the Carbamoylphosphate synthase gene (CAD), the Crossveinless 2
gene (Cv2), the Methyl methanesulfonate sensitivity protein 22-like protein gene(MMS22), the Dorsal-ventral
patterning protein Short gastrulation gene (Sog) and the Rad 50 protein gene (Rad50). The selection criteria
were: (i) the highest evolutionary rates among Coleoptera according to OrthoDB (Kriventseva et al., 2019)
and (ii) the successful amplification in the PCR reaction. Information on primers, fragment length, mixture

and cycle are provided chapter by chapter.
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Molecular and morphological mismatch in Longitarsus and Psylliodes: improving molecular
and morphological tool for the systematics of target species

The morphological and molecular delimitation of the target species was a fundamental and preliminary step to
the phylogeographic study. Thanks to this step, during the initial phase of the PhD project, three main issues
related to the mismatch between molecular and morphological identification were pointed out and resolved, in

particular:

. First, within the genus Longitarsus, we observed that the public database of DNA sequences
(GenBank and BOLD) had several problems of species misidentification and taxonomic
incongruences. This makes difficult to implement a molecular identification of species by comparing
the DNA sequences of a target gene (cox1) of a sampled individual with deposited sequences in public
database with a DNA barcoding approach. This molecular method of specimens identification uses a
short segment of DNA from a specific standardized gene that is compared to a database of known
sequences from morphologically identified specimens. To overcome species misidentification and
taxonomic incongruences problem it was necessary to perform a critical taxonomic assessment of
reference DNA sequence database. This first study allowed increasing the reliability of the DNA
barcoding tools for the identification of taxonomically complex groups such as this genus of Alticini.
. Second, during the initial steps of molecular screening of the target species P. ruffoi, we
observed that some samples, morphologically identified as P. ruffoi, had molecular characters (i.e.
DNA sequences) typical of the related species P. kiesenwetteri. The two species live in close sympatry
in different localities of their range. This finding raised doubts about the discriminatory power of
morphological characters described for this species group and required the use of an integrative
(morphological and molecular) approach to resolve the relationships between these two species and
their identification.

. Third, during the molecular assessment of the Maiella population of P. biondii, we observed
that this population show a large genetic distance with other populations of P. biondii, suggesting they
are possibly two distinct species. A certain degree of morphological distinctiveness was already
pointed out for Maiella population of P. biondii (Leonardi, 2007). However, these differences were no
longer analyzed due to the lack of material. The phylogeographic approach implemented in this thesis
allowed clarifying the degree of phylogenetic divergence between these two lineages of high altitude

Psylliodes endemic to Central Apennines.

In the Part | of the thesis, | will investigate how the integrated use of molecular and morphological tools
allowed solving the three reported cases of systematic uncertainty. This work was preparatory to the

phylogeography part, which is explored in the Part Il of the thesis.
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CHAPTER 3
Case study |

Sharpening the DNA barcoding tool through a posteriori taxonomic validation:
the case of Longitarsus flea beetles (Coleoptera: Chrysomelidae)

Introduction

DNA barcoding is a molecular method of specimen identification using a short segment of DNA from a
specific standardized gene which is compared against a database of known sequences from morphologically
identified specimens. Therefore, the intent of the DNA barcoding is to standardize the large-scale screening
use of one or more reference genes in order to assign unknown individuals to species (Moritz and Cicero, 2004;
DeSalle, 2006; Goldstein and DeSalle, 2011). The two key premises on which barcoding is based are: i) the
nucleotide sequence used is characterized by a genetic divergence between close species that exceeds variation
within the species; ii) the presence of a comprehensive sequences library obtained from individuals reliably
determined at species level by expert taxonomists (Hebert et al., 2003; Floyd et al., 2010). Respecting these
premises, DNA barcoding promises to be a fast and useful tool for taxonomists and a cost-effective system
through which non-specialist can assign unidentified specimens to known species (Schindel and Miller, 2005).

In recent years, large-scale DNA barcoding studies has been performed on various groups of animals
and have generated an enormous amount of cytochrome oxidase | (cox1) barcodes, which are usually stored
in GenBank® and the official Barcode of Life database (BOLD) (Floyd et al., 2002; Barrett and Hebert, 2005;
Hajibabaei et al., 2006). The association of such amount of sequences to taxa is a challenging step of these
studies, especially for extraordinarily diverse group such as insects (Kvist, 2013). Indeed, for the most diverse
orders (e.g. Diptera, Hymenoptera and Coleoptera), correct identification of species requires a high number of
taxonomists, each one specialized on a single family or part thereof. Species-level identification represents a
great challenge in some hyper-diverse and widespread genera, for which many taxonomists, each one with a
long-standing taxonomic specialization on a regional fauna, might be required (Hamilton et al., 2010; Bacher,
2012). This implies that broad-based DNA barcoding studies should ideally recruit hundreds of specialized
taxonomists, but this is not feasible. Thus, a certain degree of misidentification is inherent to these studies, and

can be anticipated in species-rich taxa with difficult taxonomy (Ratnasingham and Hebert, 2013).

The inclusion of wrongly identified sequences into the reference databases undermines one of the key
premises of the DNA barcoding tool and reduces its accuracy (Collins and Cruickshank, 2012; Packer et al.,
2018). Indeed, these misidentified sequences generate taxonomic inconsistencies, either because they fix a
wrong species tag, if they represent species new to BOLD (or any other reference database), or because they

will cause incongruence with data that already exists in these databases. Taxonomic inconsistencies within
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reference databases can be considered as extrinsic errors of the DNA-barcoding tool and can be afterwards
detected, revised and corrected. For this purpose, non-invasive methods of DNA extraction that allow to keep
reference samples in collection for further morphological validation (Phillips and Simon, 1995; Huber, 1998;
Rowley et al., 2007; Castalanelli et al., 2010; Porco et al., 2010; Vink et al., 2012; Schilthuizen et al., 2015)
and high-quality metadata associated to submitted sequences (e.g. voucher type, date of collection, geographic
coordinates, ecological information, images, etc.) are fundamental requirements for a posteriori revisions of
the identification (Bergsten et al., 2012; Bortolus, 2008; Meyer and Paulay, 2005). Revisions can be directly
targeted to the instances of taxonomic inconsistency that occur in large dataset, previously identified through
bioinformatic analyses. A variety of tools is available for detecting taxonomic inconsistencies both before and
after deposition in the global barcode library. A first approach is based on threshold clustering and assumes
that the intra-specific nucleotide variability of sequences does not exceed a certain distance value, otherwise
sequences are flagged as belonging to different species (Hebert et al., 2004; Meier et al., 2006; Ratnasingham
and Hebert, 2007, 2013). This method is implemented in the BOLD platform with a standard threshold of 1%
(Ratnasingham and Hebert, 2007). However, there is no a priori reason to assume a threshold with a prescribed
limit (DeSalle et al., 2005; Rubinoff, 2006; Vogler and Monaghan, 2007). The recognition of a “boundary"
among species will vary considerably due to differences in rate of nucleotide substitution and speciation time
(Monaghan et al., 2009; Fujita et al., 2012). Establishing robust thresholds for species delimitation is a key
component of the barcoding process. Therefore, use of software and protocols to generate an optimized
threshold directly from the data is a more effective procedure (Meyer and Paulay, 2005; Brown et al., 2012;
Puillandre et al., 2012; Virgilio et al., 2012). Other approaches aimed at detecting taxonomic inconsistencies
in reference databases consider topological incongruence between the taxonomic and the phylogenetic tree as
an indication that some of the sequences might be mislabeled (Kozlov et al., 2016; McDonald et al., 2012).
Furthermore, the automated tool TAXCI, that combines multiple approaches for flagging and filtering

inconsistent cases of specimen’s taxonomy has been recently developed (Rulik et al., 2017).

Accuracy of the DNA barcoding also depends on the extent of the so-called barcoding gap, i.e. the
separation between intraspecific variation and interspecific divergence estimated on the basis of the selected
DNA marker, e.g. the mitochondrial cox1 gene fragment in the case of animals (Vrijenhoek, 1994). However,
poorly established taxonomy (Ebach et al., 2006) as well as many biological processes including recent
speciation (Maddison and Knowles, 2006; Weber et al., 2019), species-level polyphyly (Funk and Omland,
2003), interspecific hybridization (Arnold, 1993; Wilson and Bernatchez, 1998; Mastrantonio et al., 2016),
horizontal gene transfer mediated by bacterial endosymbionts (Smith et al., 2012; Klopfstein et al., 2016) make
mtDNA groups poorly predictive of species boundaries thus affecting the accuracy of the DNA barcoding tool.
These circumstances in which the molecular identification tool loses sensitivity, even in the presence of an
error-free dataset, can be considered as an intrinsic error of the barcoding method. Identifying those areas of

the dataset in which this type of error is present allows us to know which are those species or species groups
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that need to be analyzed with more powerful integrative approaches to delimit, discover and identify species
(Will et al., 2005).

Here we used the hyper-diverse and taxonomically complex genus Longitarsus Latreille (Coleoptera,
Chrysomelidae, Galerucinae, Alticini) as a case study to assess the accuracy of the DNA barcoding tool
following several optimization procedures. Alticini is a tribe of small to medium-sized Coleoptera named ‘flea
beetles’ because of their ability to jump due to the presence of a metafemoral extensor tendon in the swollen
hind femora (Nadein and Betz, 2016). Longitarsus is the most abundant genus among flea beetles, with over
700 species distributed in all zoogeographical regions. Larvae and adult feed respectively on roots and leaves
of plants of different angiosperm families, with levels of trophic specialization ranging from strictly
monophagous to widely polyphagous (Salvi et al., 2019a). Members of the genus are small-sized, with body
length generally 2 to 4 mm. They can be recognized mainly by the co-occurrence of elongate first
metatarsomere, exceeding half-length of hind tibia, confuse elytral punctuation, and absence of dorsal
pubescence. Many species of this flea beetle genus are often part of morphologically homogenous species
groups displaying striking similarities in external morphology, so a careful examination of the internal
anatomic structures, mainly aedeagus and spermatheca, are also required to group specialists for reliable

species identification (Biondi and D’ Alessandro, 2008).

The main aims of this study are: (i) to identify taxonomic inconsistencies within the cox1 reference
database available for Longitarsus using barcoding gap analysis, inclusive threshold specimen identification
analysis, and tree topology methods; (ii) to implement a posteriori taxonomic revision of ambiguous and
incorrect sequences using newly generated sequences identified by Longitarsus specialized taxonomists and
metadata obtained for sequences already in these databases; and (iii) to assess the effect of these bioinformatic
and taxonomic procedures on the identification efficacy of the DNA barcoding tool. Furthermore, by resolving
the extrinsic errors within the reference database of Longitarsus during steps (i) and (ii), we will identify the
cases where intrinsic errors due to taxonomic uncertainty or specific biological processes are likely to occur,

thus providing directions for integrative taxonomic and evolutionary studies on this group.

Materials and methods

Sample collection and morphological identification

Specimens analyzed in this chapter were collected and identified on a morphological basis as explained in
Chapter 2. For each identified species we selected from 3 to 4 specimens, from the same locality, for DNA
extraction. Among these specimens, before the DNA extraction, one specimen was mounted on an
entomological card point with aedeagus or spermatheca after dissection and photomicrographs were taken
using a Leica DFC500 camera and the Zerene Stacker software version 1.04. Scanning electron micrographs

were taken using a Hitachi TM-1000camera (Figs 9,10).
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Fig.9 Photographs of voucher specimens of some of the species sequenced in this study (see S1-S3 Figs for photographs of the

remaining species). Habitus and aedeagus or spermatheca of (a) Longitarsus aeneicollis &; (b) L. corynthius metallescens J3; (c) L.

ballotae ; (d) L. pratensis ¢; (e) L. candidulus &; (f) L. anchusae &. Scale bar 0.5 mm.
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Fig.10 Photographs of voucher specimens of some of the species sequenced in this study (see S1-S3 Figs for photographs of the
remaining species). Habitus and aedeagus or spermatheca of (a) Longitarsus isoplexidis J; (b) L. pellucidus ¢; (c) L. echii &; (d) L.
holsaticus &; (e) L. foudrasi &; (f) L. lateripunctatus &. Scale bar 0.5 mm.
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DNA extraction, amplification, and sequencing

DNA of specimens of two target species was extracted using non-invasive DNA extraction methods described
in Chapter 1. The standard barcode region of the mitochondrial cytochrome c oxidase | (cox1) gene (658 bp)
was amplified by PCR using the primers specifically designed for Longitarsus Lon-LCO-F (5’-CTC AGC
CAT TTT ACC GAA TAA ATG-3") and LonHCO-R (5’-GGA TTT GGI ATA ATT TCY CATA TTG-3")
(Salvi et al., 2019a). Amplification was carried out in a total volume of 25ul, with 12,5ul of BioMix™ 2x
(Bioline Ltd, London, UK), 0.5 ul of each primer (10mM), 0.5 pl of BSA, and 1 pL (~40 ng) of DNA template.
PCR cycling conditions for cox1 followed (Salvi et al., 2019b). Successful amplification was determined by
gel electrophoresis and PCR products were purified and sequenced by an external service (Genewitz, UK).
The obtained chromatograms of each sequence were manually edited and assembled into a consensus sequence
using Geneious R8 (Biomatters Ltd., Auckland, New Zealand).

Reference sequence dataset building

We built a non-redundant database including all sequences of cytochrome genes of Longitarsus available in
the public repositories of GenBank and BOLD (data updated to 12/08/2019). We downloaded 1372 sequences
from GenBank and 1433 sequences from BOLD. For sequence mining we use “Longitarsus cytochrome” as
search query in the GenBank nucleotide database, and “Longitarsus” as search query in the Public Data Portal
of BOLD. We eliminated all retrieved sequences that were not identified to species level (94 sequences from
GenBank and 16 from BOLD). We used the duplicated () function (Becker et al., 1998) of R studio to
dereplicate the dataset by removing sequences having identical GenBank accession number. Before removing
redundant sequences, we checked cases in which the same GenBank accession humber was associated with
two different specific names in BOLD and GenBank®. In these cases, we retained the more recently updated
name. The non-redundant cytochrome sequences database built following this procedure includes 1429
sequences, to which we added 117 newly generated cox1 sequences for 32 Longitarsus species, for a total of
1546 sequences. To select only those sequences corresponding to cox1 barcoding fragment, we assembled the
1546 sequences using the map to reference option in Geneious R8, and we trimmed the assembled dataset,
using as reference the cox1 sequence that we generated for Longitarsus pratensis voucher ‘6¢’ using standard
cox1 barcode primers (Vrijenhoek, 1994). Afterwards, a multiple sequence alignment was performed with
MAFFT v.7 using the FFT-NS-1 progressive method algorithm (Katoh et al., 2002) and we eliminated two
sequences that were shorter than 300 base pairs (bp). The final cox1 dataset used for downstream analyses

included 1502 sequences representing 78 Longitarsus species.

Sequences’ taxonomy assessment analyses
The R library ape v5.3 (Paradis and Schliep, 2019) was used to calculate a pairwise distance matrix of
intraspecific and interspecific genetic distance using the Kimura-two parameters (K2P) substitution model

(Kimura, 1980) with the pairwise deletion option. With the R package spider v1.5.0 (Brown et al., 2012) we
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performed the Barcoding Gap analyses (Meyer and Paulay, 2005) by estimating two statistics for each
individual sequence in the dataset: (i) the maximum intraspecific distance (i.e., the maximum value of genetic
distance between each sequence of the dataset with sequences of the same named species) and (ii) the minimum
interspecific distance (i.e., the minimum value of genetic distance between each sequence of the dataset with
sequences of different named species). When the difference between the maximum intraspecific distance and
the minimum interspecific distance is equal to or less than zero, it means that there is the absence of a barcoding
gap. For each species, we counted the instances of absence of the barcoding gap using a linear model and a
kernel density estimate (KDE) developed in R library ggplot2 (Wickham, 2016). We set the KDE method
using a gaussian kernel function and the default smoothing bandwidth parameter of ggplot2. To assess the
effect of limited sampling on the barcoding gap analyses we plotted the number of absences of barcoding gap
against the total number of sequences available for each species (Meyer and Paulay, 2005; Wiemers and
Fiedler, 2007).

The distance threshold is a key parameter for barcoding analyses. We performed a threshold
optimisation analysis in spider in order to calculate the value of genetic distance which reduces the number of
identifications error. The best threshold was identified with the localMinima function that is based on the
concept of the barcoding gap and identifies a dip in the density of genetic distances as a transition between
intra- and inter-specific distances. This function does not require prior knowledge of species identity to get an
indication of potential threshold values. To reduce the negative effects of poor taxon coverage, we removed
singletons (i.e., species represented by a single sequence) from the dataset (Meier et al., 2006; Virgilio et al.,
2010).

The efficiency of molecular identification, before and after threshold optimization and singleton
removal, was assessed using two methods: Best Close Match analyses (Meier et al., 2006) and the TaxCl
pipeline developed by Rulik et al. (2017). The first method compares each sequence with the other sequences
included in the dataset and checks if the smallest genetic distance (i.e. best match sensu Meier (2006)) are
between sequences tagged with the same species name. The TaxCl method identifies taxonomic
inconsistencies based on tree topology. For this analysis a Neighbour-Joining (NJ) tree was inferred using the
K2P model in MEGAT7 (Kimura, 1980).

Finally, we performed a taxonomic revision of all those sequences identified as wrong or ambiguous
in the previous steps. The taxonomic revision was based on: (i) comparison with our newly generated reference
sequence for 34 Longitarsus species; (ii) available metadata associated with sequences deposited in BOLD;
(iii) newly generated metadata for voucher specimens kindly loaned to us by authors of sequences deposited
in BOLD. Following this a posteriori taxonomic revision, incorrect identifications were corrected and the
identification accuracy of the barcoding tool based on the resulting reference database was assessed using the
same procedures described above (Barcoding Gap analyses, threshold optimization analyses, Best Close Match
and TaxCl analyses). We used the ANOVA to test for differences between correct species identification ratio

obtained with (i) the original reference dataset, (ii) the dataset with the optimised threshold, and (iii) the final
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reference dataset after the taxonomic revision. The ANOVA test was performed in the R library clusterSim

after the data were normalized by quotient transformation (x/mean) (Walesiak and Dudek, 2020).

Result

Barcoding gap analysis and tree topology methods show that DNA barcoding accuracy and identification
efficacy of the non-redundant database of cox1 sequences (Original dataset) were improved after threshold

optimization (Optimal Threshold Dataset) and a posteriori taxonomic revision (Final dataset).

Original dataset

The coxl Longitarsus dataset includes 1502 sequences unevenly distributed among 78 species, which
corresponds to ~ 11.1% of the described species diversity of the genus. The most represented species was L.
ordinatus (Foudras, 1860) with 167 sequences, whereas 32 species were represented by less than 5 sequences.
We found an overlap between the distribution of intra- and inter-specific pairwise K2P distances, resulting in
the absence of an evident barcode gap in the Longitarsus datasets (Fig. 3). Intraspecific K2P distance values
ranged from 0 to 17.7% (mean=1.4%). The maximum intraspecific value was observed among three sequences
belonging to L. erro Horn, 1889, all collected in Canada. Interspecific K2P distances ranged from 0 to 27.6%
(mean=15.4%). A value of interspecific distance equal to 0 was found in several comparisons between
sequences tagged as different species. The difference between the maximum intraspecific distance and the
minimum interspecific distance calculated for each sequence resulted in 573 cases in which the barcoding gap
is not present (38.2% of sequences) (Fig. 11).

Barcoding Gap Analysis

Initial No Gap  ® Final No Gap

P
Frequences of value

166
166

Fig.11 Results of the barcoding gap analyses for the original dataset and the final dataset. The number of absences of barcoding gap

for each species is reported.

50



The identification of a barcoding gap can be biased by reduced sampling of nucleotide variability at an inter-
and intra-specific level (Meyer and Paulay, 2005; Wiemers and Fiedler, 2007). In this study, the presence of
the barcoding gap was not associated to the number of sequences per species (Fig. 12). The linear regression
model shows an increase both in the absence (adjusted R?=0.9989, p-value=2.2e-16) and in the presence
(adjusted R?=0.9828, p-value=2.2e-16) of the barcoding gap with the increase in the number of sequences per
species (Fig. 12B). Both the number of absences and presences of the barcoding gap have a higher density

estimate in species represented by ~ 10 sequences (Fig. 12A).

density

N° of gap/no gap per species

N° of gap/no gap per species N® of sequence per species
Fig.12 Effect of sequence sampling on the barcoding gap analyses. (a) Kernel Density Plots showing the distribution of instances of
absence of the barcoding gap over the total number of sequences available for each species. (b) Linear regression models showing the
association between the total number of sequences available for each species and the number instances of presence (red) and absence
(blue) of barcoding gap.

The barcoding identification efficiency on the original Longitarsus dataset evaluated through the best close
match analysis, with the default 1% distance threshold, resulted in 95.2% of correct identification (1431 out of
1502). Remaining sequences resulted in: 36 ambiguous sequences, presenting more than one species as the
closest match or within the distance threshold; 10 incorrect sequences, which present a different species as
their closest match and 25 no id sequences that do not have a close match within the given threshold. It should
be noted that all the ambiguous and incorrect sequences represent cases in which the barcoding gap is not
present (Tab. 3). Results of the TaxCl analysis are overall in line with the other analyses and identified 28
heterospecific cluster of which 13 have sequences found in more than one cluster. Furthermore, TaxCl

identified some new cases of inconsistent identification as reported in Tab.4 (see also Supplementary S6).
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Original Dataset Optimal Threshold Dataset Final Dataset
Species Min inter| Max Correct | Ambiguous | Incorrect | No | Correct | Ambiguous | Incorrect | No | Correct | Ambiguous | Incorrect | No
dist intra dist id id id
Longitarsus 0.2 6.3 64 0 1 2 66 0 1 0 66 0 0 0
atricillus
Longitarsus 0.2 0.9 0 0 2 0 0 0 2 0 0 0 2 0
bedeli
Longitarsus 13.8 1.4 2 0 0 1 3 0 0 0 3 0 0 0
brisouti
Longitarsus 12.0 1.7 4 0 0 1 5 0 0 0 5 0 0 0
isoplexidis
Longitarsus 0 0.6 1 2 1 0 1 2 1 0 42 0 0 0
juncicola
Longitarsus 6.8 9.0 8 0 0 1 9 0 0 0 9 0 0 0
minusculus
Longitarsus 9.8 2.8 2 0 0 1 3 0 0 0 3 0 0 0
nigrocillus
Longitarsus 10.4 4.8 14 0 0 1 15 0 0 0 15 0 0 0
obliteratus
Longitarsus 2,8 15.2 29 0 0 1 29 0 1 0 29 0 0 0
ochroleucus
Longitarsus 0 8.8 152 15 0 0 152 15 0 0 129 0 0 0
ordinatus
Longitarsus 10.6 10.9 31 0 0 1 31 0 0 1 31 0 0 1
parvulus
Longitarsus 11.8 13.7 5 0 0 1 5 0 0 1 5 0 0 1
pinguis
Longitarsus 0 8.5 145 18 1 2 146 18 2 0 146 18 2 0
pratensis
Longitarsus 15.2 3.3 2 0 0 2 4 0 0 0 4 0 0 0
refugiensis
Longitarsus 0 5.1 3 0 1 0 3 0 1 0 3 0 1 0
reichei
Longitarsus 11.5 17.2 8 0 0 1 8 0 0 1 8 0 0 0
salviae
Longitarsus 0 0.9 0 1 3 0 0 1 3 0 0 1 3 0
scutellaris
Longitarsus 9.2 2.0 14 0 0 1 15 0 0 0 15 0 0 0
succineus

Tab.3 Results of the best close match analyses. Taxonomic inconsistency for each species are reported as minimum intraspecific (Min

inter dist) and maximum interspecific (Max intra dist) genetic distance, and the number of correct, ambiguous, incorrect, and non-

identify (No id) sequences, for the original dataset, the optimal thresholds dataset, and final dataset.
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Original Dataset Optimal Threshold Dataset Final Dataset
Species tci clhet | sp.split | other.homog tei clhet | sp.split | other.homog tei clhet | sp.split | other.homog
L. aeneicollis 0 8 8 0 0 8 0 0 0 8 0 0
L. apicalis 0 1 1 0 0 0 0 0 0 0 0 0
L. atricillus 67 67 67 0 67 67 67 0 67 67 0 0
L. bedeli 2 2 2 0 2 2 0 0 2 2 0 0
L. curtus 0 0 0 0 0 2 0 0 0 0 0 0
L. erro 48 48 0 48 48 45 45 0 48 45 45 0
L. exsoletus 0 89 0 89 0 0 0 0 0 0 0 0
L. juncicola 4 4 4 0 4 4 4 0 0 0 0 0
L. kutscherae 0 3 3 0 0 3 0 0 0 3 0 0
L. lateripunctatus 0 5 0 5 0 0 0 5 0 0 0 5
L. lycopi 0 15 0 15 0 0 0 15 0 0 0 15
L. melanocephalus 34 34 8 26 34 34 0 0 34 34 0 0
L. minusculus 9 9 0 9 9 0 0 9 9 0 0 9
L. nasturtii 0 0 0 0 0 3 0 0 0 3 0 0
L. nigrocillus 0 3 0 3 0 0 0 0 0 0 0 0
L. nigrofasciatus 26 26 0 26 26 0 0 26 26 0 0 26
L. obliteratus 0 15 0 15 0 0 0 0 0 0 0 0
L. ochroleucus s.str. 25 25 24 0 025 25 25 0 24 24 0 0
L. ochroleucus lindbergi 5 5 5 0 0 5 0 0 5 5 0 0
L. ordinatus 167 167 15 152 167 167 38 0 0 0 0 0
L. parvulus 0 32 0 32 0 0 0 32 0 0 0 32
L. pellucidus 0 22 0 22 0 0 0 0 0 0 0 0
L. pinguis 0 6 0 6 0 0 0 6 0 0 0 6
L. pratensis 166 166 151 15 166 166 166 0 166 166 0 0
L. refugiensis 0 4 0 4 0 0 0 0 0 0 0 0
L. reichei 4 4 1 0 4 4 4 0 4 4 0 0
L. salviae 9 9 0 9 9 9 0 9 0 0 0 0
L. scutellaris 4 4 4 0 4 4 4 0 4 4 0 0
L. suturellus 0 7 0 7 0 0 0 0 4 4 0 0
L. tabidus 0 25 0 25 0 0 0 0 0 0 0 0

Tab.4 Results of the TaxCl analyses. Taxonomic inconsistency for each species are reported as the number of: individuals of a given
species not grouped as monophylum (tci), individuals of heterogeneous distance-based cluster (cl.het), individuals of a species found
in more than one cluster (sp.split) and all individuals of a species in a homogeneous cluster with members in at least one other
homogeneous cluster.

Optimal Threshold Dataset

The optimal distance threshold for Longitarsus was estimated at 5.4% (Fig. 12). Ten singleton sequences have
been identified and removed [L. apicalis (Beck, 1817), L. fallax Weise, 1888, L. fulgens (Foudras, 1860), L.
linnaei (Duftschmid, 1825), L. nanus (Foudras, 1860), L. niger (Koch, 1803), L. nigripennis Motschulsky,
1866, L. rubellus (Foudras, 1860), L. saulicus Gruev & Daoberl, 2005 and L. vilis Wollaston, 1864]. Once the
optimal threshold has been set and the singletons removed, the barcoding identification efficiency of
Longitarsus evaluated through the best close match analysis, increased to 96% of correct identification (1442
out of 1492). Remaining sequences resulted in 36 ambiguous sequences, 11 incorrect sequences and a net
decrease in the number of no id sequences (3 sequences) (Tab. 3). Consistent with the other analyses, following
threshold optimization, TaxCl results show a decrease in heterospecific clusters, from 28 of the original

dataset, to 16 cases (Tab. 4 and Supplementary S7).
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Fig.12 Results of the threshold optimisation analysis. The best threshold is identified as the dip in the density of genetic distances that
indicates a transition between intra- and inter-specific distances. The optimised threshold is indicated by the red vertical line.

Final dataset

As a last step, available voucher material relative to ambiguous and incorrect identification sequences was
assessed by Maurizio Biondi to confirm or not the identification error. Thanks to this procedure we were able
to identify at least 69 incorrect specimen identifications. Among these, based on morphological assessment of
voucher materials we identified several L. juncicola (Foudras, 1860) that had been wrongly identified as L.
ordinatus (Foudras, 1860).Three outlier sequences belonging to L. atricillus, L. salviae Gruev, 1975 and L.
ochroleucus (Marsham, 1802) were removed from the final dataset because they failed taxonomic validation.
These three sequences have a large genetic divergence relative to conspecific sequences (L. atricillus: 6.3%;
L. ochroleucus: 15,2%; L. salviae: 17,2%). The sequences of L. ochroleucus and L. salviae do not cluster with
conspecific sequences, but rather they form singletons (a single branch with no affinity to other species)
suggesting ambiguous identification (sensu Meier et al. (2006)); the sequence of L. atricillus clusters within
an allospecific clade (within the L. aeneicollis clade), suggesting a misidentification (sensu Meier et al. (2006)).
On the other hand, all remaining sequences of L. atricillus, L. salviae, L. ochroleucus and L. aeneicollis form
well-defined and homogeneous clusters and their identification was validated by our sequenced vouchers.
After the taxonomic revision step, barcoding gap analysis, best close match analysis and TaxCl analysis were
repeated to verify if the elimination and correction of erroneous sequences improved the identification
accuracy of the barcoding tool. The difference between the maximum intraspecific distance and the minimum
interspecific distance calculated for the remaining 1489 sequences indicates 361 cases in which the barcoding

gap is not present (24% of sequences) (Fig. 11). Overall, there was an average reduction in the absence of
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barcode gaps per species (24%). Furthermore, the barcoding identification efficiency, evaluated through the
best close match analysis, resulted in 98.1% of correct identifications (1460 out of 1489). Most of the
ambiguous and incorrect sequences (93%) belong to the L. pratensis group. The remaining cases regard two
sequences of L. bedeli Uhagon, 1887; this species according to (Baselga et al. (2013), at the mitochondrial
DNA level is not differentiated from L. atricillus (Linnaeus, 1761) (Tab. 3). Also TaxCl analysis found an
improvement in the taxonomic consistency of the final dataset, with 13 heterospecific clusters. The L. pratensis
group represented 48% of the sequences belonging to non-monophyletic species. Seven species are identified
as heterogeneous distance-based clusters by TaxCl: L. aeneicollis, L. atricillus, L. bedeli, L. erro, L.
kutscherae (Rye, 1872), L. melanocephalus (Geer, 1775) and L. nasturtii (Fabricius, 1793) (Tab. 4 and
Supplementary S8). The significant increase of sequences per species identified as correct after taxonomic
revision was confirmed by ANOVA results. While the increase of correct identifications from the original
dataset to the dataset with the set threshold (F-value =2.138, p-value=0.159) was not significant, the increase
of correct identifications from the original dataset to the final dataset was statistically significant (F-value
=3.38, p-value<0.05) (Fig. 13).

Status

Original Dataset
E Optimised Threshold Set
5 Final Dataset

Correct Identification

. ——

Original Dataset Optimised Threshold Set Final Dataset

Fig.13 Results of the ANOVA analyses comparing the correct species identification ratio of the original dataset (red), the optimised
threshold dataset (green), and the final dataset (blue).
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Discussion

DNA barcoding is a molecular tool for species identification, and like for any tool, it is essential to know its
potential as much as its limits. In this study we focused on identifying errors that affect the accuracy of DNA
barcoding, distinguishing between tool extrinsic errors, i.e. those relative to the quality of the reference dataset,
and intrinsic errors, i.e. those due to all those biological processes that generate a mismatch between mtDNA
groups and species boundaries, thus making the barcoding tool unreliable in identifying specimens to the
species level. While intrinsic errors to be solved require an integrative taxonomic and evolutionary study
approach, which goes beyond the idea of barcoding as identification tool, extrinsic errors are due to human
mistakes and can be corrected much more easily. Thus, in a reference dataset free of extrinsic errors it would
be easy to spot species identification inconsistencies that require further taxonomic research.

In this study we identified the extrinsic errors occurring in the available cox1 sequence dataset of the
taxonomically complex genus Longitarsus. Barcoding gap analyses of this dataset showed several instances
of overlap between intra- and interspecific genetic distance within this genus. The use of an ad hoc distance
threshold, optimised for this dataset, resulted in an improvement of the quality of identification in agreement
with previous studies (Lefébure et al., 2006; Puillandre et al., 2012; Sonet et al., 2013). However, the use of
an optimal threshold did not significantly reduce the taxonomic uncertainty of the barcoding tool that was
mostly associated to the extrinsic errors occurring in the reference datasets. These kinds of errors were readily
identified using bioinformatic pipelines such as TaxCl, amended through a taxonomic revision carried out by
the group specialist, and implemented in the reference database. The correct assignment of these misidentified
sequences significantly increased the barcoding identification accuracy up to 98.1%. This identification rate is
comparable to that found in other studies on Alticini (Coral Sahin et al., 2019) or Chrysomelidae (Magoga et
al., 2018), showing the utility of DNA barcoding as molecular identification tool of taxonomically diverse
groups.

Once the extrinsic errors were removed, we have been able to identify those areas of the dataset
affected by intrinsic errors. Taxonomic uncertainty within the L. pratensis species group account for 93% of
such intrinsic errors. This group is represented in the dataset by L. pratensis (Panzer, 1794), L. scutellaris
(Rey, 1874) and L. reichei (Allard, 1860). All the analyses showed that specimens assigned to these species
are genetically undifferentiated one each other. The high morphological similarity of these species and their
sympatric distribution makes them extremely difficult to identify (Gruev and Merkl, 1992; Warchatowski,
2013). Species boundaries within this group are not well defined due to the lack of a comprehensive and
integrative taxonomic assessment combining morphological and molecular approaches. The remaining
intrinsic errors identified in this study regard the species pair L. atricillus and L. bedeli and has been already
discussed in a previous work (Baselga et al., 2013). These two species show morphological differences on
elytral coloration and female genitalia, with no morphological intermediates, but mtDNA does not detect any
distinguishable phylogenetic structure that allows to separate these two species (Baselga et al., 2013). Also in

this case an integrative approach will be required to reach a firm taxonomic conclusion; the use of multiple
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nuclear loci would allow disentangling lineage sorting or mitochondrial introgression as the processes
responsible for the observed mitochondrial pattern.

On the other hand, we identified different species that, despite being monophyletic in the TaxCl
analyses, are characterized by (i) a high intraspecific divergence such as L. pinguis Weise, 1888, L. parvulus
(Paykull, 1799), L. lateripunctatus Rosenhauer, 1856 and L. lycopi (Foudras, 1860); or by (ii) a low
interspecific divergence such as between, L. nasturtii and L. erro, L. atricillus and L. aeneicollis. (i) In L.
pinguis high genetic distance was observed between specimens collected in northern Italy (Lombardia region)
and specimens from central Italy. As for L. parvulus, high genetic distance is found between the unique Greek
specimen and specimens from central-western Europe. In L. lateripunctatus a high genetic distance is observed
between specimens from the opposite sides of the Apennine mountains in central Italy. For these three species
the high genetic distance seems to be associated to a geographic structure. Instead, genetic variation within L.
lycopi, does not seem to have geographical structure. (ii) The species within the two pairs L. nasturtii/L. erro
and L. atricillus/L. aeneicollis form two reciprocally monophyletic sister clades with limited genetic distance,
suggesting a recent divergence. This analysis also confirms the monophyly of L. ochroleucus lindbergi (Madar,
1963) within the Longitarsus ochroleucus clade, supporting the validity of this subspecies that is endemic to
Madeira (Portugal).

Moreover, TaxCl results identified some non-monophyletic species that deserve taxonomic attention.
Sequences belonging to L. kutscherae (Rye, 1872) are nested within the clade of L. melanocephalus. These
two species are morphologically very similar and have a sympatric distribution (Warchatowski, 2013).
However, due to the absence of metadata associated to these sequences, we were unable to verify whether this
phylogenetic pattern is due to an incorrect specimen identification, to a poorly established taxonomy of these
species, or because of any biological processes causing intrinsic type errors. L. minusculus (Foudras, 1860),
L. nigrofasciatus (Goeze, 1777) and L. erro are polyphyletic species. All these species present a large
distribution and the reasons for the absence of monophyly can be manifold and should be explored.

The importance of a dataset free of extrinsic error for the accuracy of the DNA barcoding tool cannot
be overstated. Depositing only high-quality sequences correctly annotated with correct species names in public
repositories would be the “golden standard” and is crucial for keeping the global barcode library functional
and reliable (Floyd et al., 2002; Hajibabaei et al., 2006; Rulik et al., 2017). The high number of taxonomists
required to avoid any error in morphological identification of species should not be an impediment of large-
scale DNA barcoding campaigns (Adamowicz et al., 2019), especially in a period of risk for biodiversity that
calls for a rapid assessment of species identification. On the other hand, this should not coincide with the risk
of large but low-quality data production, thus it is fundamental maintaining a standard that allows a posteriori
verification of identifications via morphological analysis (Ebach and Holdrege, 2005; Porco et al., 2010;
Lehmann et al., 2017). In this regard we proved the efficacy of a non-invasive DNA extraction protocol that
allows successful amplification of the barcoding gene fragment in flea beetle specimens as small as 1.5 mm.
Using this non-invasive extraction methods has allowed us to maintain a reference voucher sample for future

taxonomic assessments.
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In conclusion, results of this study show that while taxonomic inconsistencies in reference sequence
databases greatly affect the DNA barcoding accuracy, they can be readily identified using bioinformatic
pipelines, and resolved through a posteriori re-assessment by an expert taxonomist based on available
metadata, vouchers, or newly generated sequences (Lipscomb et al., 2003; Stoeckle, 2003; Ebach and
Holdrege, 2005). Once again, this study underlines the key role of taxonomists in any step of the DNA
barcoding pipeline, from the initial association of DNA sequences with morphologically identified species to
the a posteriori revision of the inconsistencies identified in the reference database. Furthermore, such step of
taxonomic revision on existing data allows identifying hot research areas for Longitarsus taxonomy, further

corroborating the intimate link between the accuracy of the DNA barcoding tool and taxonomic knowledge.
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S1 Table. List of cox1 Longitarsus sequences retrieved from GenBank and BOLD and used in this study.
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S2 Table. List of specimens sequenced in this study.

For each specimen are reported voucher info, place and date of collection, coordinates, collectors, BOLD and
GenBank accession numbers. All specimens have been identified by Maurizio Biondi (University of
L’Aquila).
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S1 Fig. Photographs of habitus and aedeagus or spermatheca of (a) Longitarsus albineus &; (b) L. exsoletus
d; (c) L. juncicola J; (d) L. ochroleucus lindbergi &; (e) L. laureolae ; (f) L. luridus . Scale bar 0.5 mm.

10.1371/journal.pone.0233573.s003

S2 Fig. Photographs of habitus and aedeagus or spermatheca of (a) Longitarsus ordinatus & (b) L.
nigrofasciatus J'; (c) L. melanocephalus &'; (d) L. pinguis & (e) L. parvulus &; (f) L. rectilineatus J'. Scale
bar 0.5 mm.

10.1371/journal.pone.0233573.5004

S3 Fig. Photographs of habitus and aedeagus or spermatheca of (a) Longitarsus salviae &'; (b) L. strigicollis
& (c) L. springeri 4; (d) L. succineus J; (e) L. tabidus J; () L. zangherii &. Scale bar 0.5 mm.

10.1371/journal.pone.0233573.s005

S4 Fig. Linear regression models showing () the relationships between yield of DNA extraction and time of
permanence in alcohol of the specimens, tp; and (b) the body size of the specimens, bs. For each species two
specimens were selected and DNA extracted either with the invasive method, IM, or with the non-invasive
method, NIM (bs-IM: R2 = 0.1053, p-value = 0.1407; bs-NIM: R2 = 0.0155, p-value = 0.581; tp-IM: R2 =
0.07261, p-value = 0.2252; tp-NIM: R2 = 0.1191, p-value = 0.1156).

10.1371/journal.pone.0233573.s006
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S5 Fig. Comparison of DNA extraction yield, amplification and sequencing success between the invasive
DNA extraction method, IM, and the non-invasive DNA extraction method, NIM. (a) ANOVA results
comparing the final amount of the DNA extracted with the two methods. (b) Amplification success and (c)
Sanger sequencing success of the cox1 gene fragment using DNA templates obtained with the two DNA
extraction methods. Bands obtained with DNA templates extracted with the NIM are marked on the
electrophoretic gel. Sequencing success rate for PCR products obtained using DNA templates extracted with
the two methods: IM, 90% good, 10% poor and 0% failed; NIM, 91% good, 6% poor and 2% failed.

10.1371/journal.pone.0233573.s007

S6 Fig. Tree output from TaxCl analysis on the original dataset.

10.1371/journal.pone.0233573.s008

S7 Fig. Tree output from TaxCl analysis on the optimised threshold dataset.
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S8 Fig. Tree output from TaxCl analysis on the final dataset.

10.1371/journal.pone.0233573.s010

S1 Raw images.
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CHAPTER 4
Case study 11

Cryptic, sibling, or neither of the two? Systematics and taxonomic identification
of Psylliodes ruffoi and P. kiesenwetteri (Chrysomelidae, Galerucinae, Alticini)
based on a combined morphological and phylogeographic assessment

Introduction

Species discovery and description is crucial for documenting biodiversity patterns and understanding processes
underlying the diversification of organisms on Earth (Agapow et al., 2004; Schlick-Steiner et al., 2010). For
centuries comparative morphology has played a fundamental role in the taxonomy of plants and animals
(Wheeler, 2007; Padial et al., 2010). However, relying only on morphological characters presents shortcomings
that, in many cases, prevent the delimitation and, consequently, the identification of species (Xiao et al., 2010;
Montagna et al., 2017). Indeed, various biological processes such as recent origin of species (Egea et al., 2016),
extensive intraspecific variability (Memon et al., 2006), hybridization (Mallet, 2007) or convergent evolution
(Nevo, 2001), make morphological characters not predictive of species boundaries (Bickford et al., 2007). In
the last twenty years, the increasing use of integrative taxonomic approaches, which combine different lines
of evidence (e.g. genetic, morphological, ecological) and methodologies (e.g. phylogenetic inference,
ecological models), has led to significant advances in species discovery and delimitation (Sites Jr and Marshall,
2003; Dayrat, 2005; Schlick-Steiner et al., 2010).

Irrespective of the approach used for species delimitation, species description on the basis of intrinsic
characters, typically morphological, is a well-established taxonomic practice (ICZN, 1999; Bauer et al., 2011).
This procedure provides a comparative framework for the identification of specimens and is particularly
effective when the characters used have a discrete, not-overlapping, variation across closely related species
and when the examined material is representative of the intraspecific variation at these characters. However,
given the complex biological reality of species these expectations are not always met. For example, complexes
of species which are morphologically very similar, challenge this approach due to the limited availability (or
the lack in the case of cryptic species) of diagnostic variation to serve for species discrimination (Bickford et
al., 2007). In other cases, characters used for the species diagnosis, and assumed to have a discrete variation,
when further assessed across a wider geographic and population scope they revealed a pattern of continuous
variation that is overlapping with closely related species. This is especially likely for wide-ranging species
whose descriptions are based on a few individuals from a low number of localities covering a limited portion
of the species range (Tessens et al., 2021). This is quite a common case for species described in the old times
or from poorly sampled areas (McBride et al., 2009; Darwell and Cook, 2017; Deng et al., 2019; Morek et al.,

2019). Therefore, to overcome these potential difficulties and uncertainties in species discrimination, not only
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an integrative taxonomic approach combining independent characters is required but also a comprehensive

assessment of the geographic variation of these characters.

While combining molecular and morphological data is now a well-established taxonomic practice, it
is far less common for these data to be assessed across comprehensive geographical scales. In this respect, a
phylogeographic approach combined with morphological assessment offers several advantages as it allows
delimiting independent evolutionary lineages and their ecogeographic distributions and delimit the spatial
boundaries of intraspecific morphological variability (Raxworthy et al., 2007), offering further support for the
delimitation of species (Espindola et al., 2016; Sites Jr and Marshall, 2003; Struck et al., 2018; Templeton,
2001; Yeates et al., 2011). Moreover, this approach allows for a backward morphological taxonomy process
to re-evaluate the morphology in light of phylogenetic lineages and to identify, even in complexes of species
considered cryptic, morphological differences that have not previously emerged (Blanquer and Uriz, 2008;
Ramasindrazana et al., 2011; Martinsson et al., 2015; Leavitt et al., 2016; Grebennikov, 2019; Jossart et al.,
2021).

The case of P. kiesenwetteri and P. ruffoi (Coleoptera, Chrysomelidae) offers an ideal experimental
setting for testing the utility of a combined integrative and phylogeographic approach for taxonomic
delimitation and identification of morphologically similar and geographically overlapping species. These two
species belongs to the Psylliodes gibbosa complex, a group of species distributed in the Mediterranean region,
which has a long and eventful taxonomic history (Leonardi, 1975; Nadein, 2008). The member species of this
complex are generally distinguishable only based on subtle morphological differences, mainly in the shape of
the spermatheca and aedeagus and, in general, no single character taken individually can be considered
sufficient for species identification (Leonardi, 1975). For this reason, the discrimination of species using a
morphological approach is challenging, and misidentifications are frequent by inexperienced specialists.
Whitin this species complex, populations belonging to P. ruffoi have been confused for a long time with P.
gibbosa or P. kiesenwetteri (Leonardi, 1975). Morphological characters of P. ruffoi are somewhat intermediate
between P. kiesenwetteri and P. gibbosa, with several traits being shared among all three species. Not only
morphological variation seems overlapping among these species but also their geographic range show a wide
area of overlap in south Italy. While recent molecular data support the phylogenetic distinction between P.
gibbosa and P. kiesenwetteri (Gikonyo, 2021), the phylogenetic relationship between P. kiesenwetteri and P.
ruffoi is still unclear. Psylliodes ruffoi and P. kiesenwetteri can be found in close sympatry along the mountain
range of the south Apennines in association with semi-arid meadows in clearings of xerophilous woods. In
locations where they are syntopic, it is very common to find individuals of both species on the same plant.
Overlapping morphological variation and geographic range with strict syntopy on several mountains, cast the
guestion on whether these taxa represent two species or a single polymorphic species. The clarification of their
systematics and distinctiveness also has conservation implications since Psylliodes ruffoi represent an endemic

species to southern Italy with a narrower range than P. kiesenwetteri.

67



The main aims of this study are to assess genetic and morphological differentiation between the two
species in sympatric and allopatric populations, test for the hypothesis of a cryptic or sibling species complex,
and assess the diagnostic value of morphological characters for their discrimination. By extending the taxon
set to closely related species of the Psylliodes gibbosa complex we also want to provide a multi-locus
phylogenetic framework for their systematics. Finally, the utility of a combined phylogeographic and

morphological approach for the systematic assessment of species complex is discussed.

Materials and methods
Study System

The flea beetle genus Psylliodes Latreille comprises over 200 species worldwide (Gikonyo et al. 2019). Adults
are easily distinguished from other flea beetle genera based on their 10-segmented antennae and tarsi inserted
pre-apically on the metatibia of the hind legs. Most Psylliodes species have a restricted host plant range (35%
are monophagous and 51% are oligophagous), and only 14% are polyphagous. Of all Psylliodes species with
known host plants, 50% are specialised on Brassicaceae, followed by 13% feeding on Poaceae, 10% on
Solanaceae and 10% on Fagaceae (Gikonyo et al. 2019).

The species-group of Psylliodes gibbosa was proposed by Leonardi (1970) based on the shape of the
spermatheca, frontal tubercles and frontal lateral sulci, including the species P. gibbosa Allard, P. kiesenwetteri
Kutschera (reported as P. latifrons Weise) and P. inflata Reiche. Later, Leonardi (1975) attributed to this
species-group also the new species P. ruffoi, from southern Italy and Sicily, and P. gougeleti Allard, from the
Iberian peninsula. Based on the morphological analysis of Nadein (2008), the Psylliodes gibbosa group
includes eight species with a West Palaearctic distribution, divided into two subgroups: the P. gibbosa
subgroup, composed of P. gibbosa, P. kiesenwetteri, P. gougeleti, and P. ruffoi Leonardi, occupies the northern
part of the range and is present in France and in the Iberian, Italian, Balkan and Anatolian peninsulas; the P.
inflata subgroup, composed of P. inflata, P. fageli Bechyné, P. tenuidentatus Nadein and P. ridendus Nadein,
with a more southern distribution, is extended in North Africa, southern Mediterranean islands and in Middle
East, from Morocco to Iran. Moreover, the Palaeartic species Psylliodes cucullata (Illiger), which was already
considered similar to the P. gibbosa group based on morphological character (Nadein, 2008), has been
confirmed to be a species belonging to the group on the basis of a recent molecular study (Gikonyo, 2021).
Four species belonging to the Psylliodes gibbosa group are present in Italy, namely: P. gibbosa, P.
kiesenwetteri, P. ruffoi and P. inflata. While the latter is present only in Sicily and Sardinia, Psylliodes gibbosa,
P. kiesenwetteri, and P. ruffoi, as reported above, share part of their range of distribution, with a close sympatry

in the southern part of the peninsula (Fig. 14).
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Fig.14 The geographical distribution of the two species in Europe (A), in yellow the range of P. kiesenwetteri and in red that of P.
ruffoi. The dashed box is the focus on the study area (B), which shows the sampling locations in sympatry and allopatry of the two
species.

Sampling

Specimens of P. ruffoi and P. kiesenwetteri were collected from 15 different locations in central and southern
Italy along a transect of about 720 km, in order to cover the entire range of P ruffoi including sites of sympatry
with P kiesenwetteri as well as in areas of allopatry between the two species. Sampling design was based on
historic distribution data (Latella et al., 2005); material from entomological collections and bibliographic
records (Baviera and Biondi, 2015; Biondi, 1988; Leonardi, 1975, 1970; Urbani et al., 2015). Specimens were

collected from their host plant by sweep net and the aid of aspirator and then stored in 95% ethanol.

DNA Extraction, Amplification, and Sequencing

Total genomic DNA of 130 specimens was extracted using the protocol presented in Chapter 2. For these
specimens we amplified the standard barcode region of the mitochondrial cytochrome c oxidase | (cox1) gene.
For selected individuals of P. ruffoi and P. kiesenwetteri, one from sympatric and one from allopatric locality,

and for one representant of P. gibbosa from Morocco, one additional mitochondrial gene fragment, the 3* end
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fragment of coxl, and five protein-coding single copy nuclear genes from Gikonyo et al. (2021) were
amplified: Carbamoylphosphate synthase (CAD), Crossveinless 2 (Cv2), Methyl methanesulfonate-sensitivity
protein 22-like (MMS22), Rad 50 protein (Rad50) and Short gastrulation (Sog). These nuclear markers were
selected based on their high evolutionary rate (Gikonyo et al. 2021). Two fragments of the mitochondrial gene
cytochrome oxidase subunit I (cox1) were amplified using the conditions described in Salvi et al. (2019): the
standard barcode region, using the universal primers LCO1490 and HC02198 (Folmer et al., n.d.), and the 3’
fragment, using primers C1-J-2183 and TL2-N-3014 (Simon et al., 1994). The five protein-coding single copy
nuclear genes were amplified using primers and amplification conditions described in Gikonyo (2021).
Successful amplification was determined by gel electrophoresis and PCR products were purified and
sequenced by an external service (Genewitz, UK). The obtained chromatograms of each sequence were
manually edited and assembled into a consensus sequence using Geneious Prime 2021 (Biomatters Ltd.,
Auckland, New Zealand).

Molecular Species Delimitation

Newly generated sequences of the standard barcode region of cox1 were aligned with MAFFT v7.450 using
the G-INS-I progressive method algorithm (Katoh et al., 2002) together with one sequence of P. kiesenwetteri
from Croatia with GenBank accession humber MW254865 (Gikonyo et al., 2021).

Sequence divergences were calculated using the Kimura two parameter (K2P) distance model to
explore the extent of overlap between intraspecific variation and interspecific divergence (Kimura, 1980; Nei
and Kumar, 2000). A neighbor-joining (NJ) tree of K2P distances was created to provide a graphic
representation of the patterning of divergence between species and a reference framework for species
delimitation. In this tree building methods Psylliodes vehemens Wollaston, 1854 was used as outgroup based
on phylogenetic affinity (Gikonio et al., 2021). The NJ tree was constructed using MEGAX (Kumar et al.,
2018) with Kimura-two parameters (K2P) (Kimura, 1980). The bootstrap support for a NJ tree for the branch
nodes was estimated through bootstrapping with 1000 replicates.

We performed two species delimitation analyses to infer the number of species clusters and their
correspondence to morphospecies: (i) a nucleotide distance with thresholds estimated ad hoc on the data set
and (ii) Assemble Species by Automatic Partitioning (ASAP) (Puillandre et al., 2021). Nucleotide distance-
based methods resulting in high efficiency for species delimitation on Chrysomelidae (Magoga et al., 2021).
The pairwise nucleotide distance matrices required for ad hoc nucleotide distance threshold methods were
estimated using the R library ape v5.3 (Paradis and Schliep, 2019). A pairwise distance matrix of intraspecific
and interspecific genetic distance was calculated using the K2P substitution model with the pairwise deletion
option. With the R package spider v1.5.0 (Brown et al., 2012) we performed a threshold optimization analysis
using the localMinima function. Finally, we cluster nucleotide sequences with the ad hoc threshold using the
function tclust . ASAP analyses were run using the program web-interface (https://bioin fo.mnhn.fr/abi/publi

c/asap); K2P was selected as nucleotide substitution model and other parameters were left as default.
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Dataset and Sample preparation for morphological analysis

Morphological characters were assessed on a comprehensive set of specimens collected in localities from both
areas of sympatry between P. kiesenwetteri and P. ruffoi and allopatric areas. Examined material consists of
20 33 and 20 Q2 for each species, previously extracted for DNA with non-invasive method. These samples
were dissected and subsequently dried and mounted on an entomological card with visible median lobe of the
aedeagus or spermatheca, this last one included in Euparal. The specimens were examined, measured, and
dissected using a Leica M205C stereomicroscope. Photographs were taken using a Leica DMC5400 camera
and composed using Zerene Stacker software version 1.04. Scanning electron micrographs were taken using a
Hitachi TM- 1000.

Morphological assessment

First, we used the diagnostic characters proposed by Leonardi (1975) and Nadein (2008) for a preliminary
species identification of the collected specimens. Specifically, the characters used were shape of the median
lobe of the aedeagus and spermatheca, as they are more reliable for the determination of species. Second, we
performed a comprehensive morphometric analysis based on a wide set of characters in order to assess (i) the
morphological variation of the target species, and (ii) the diagnostic power of character-sets to correctly assign
specimens to molecularly delimited species. Fifteen morphometric variables were selected as predictors: length
of elytrae (LE), width of elytrae (WE), length of pronotum (LP), width of pronotum (WP), length of antennae
(LAN), length of median lobe of aedeagus (LAED); length of spermatheca (LSP); LE/LP; WE/WP; WP/LP;
WE/LE; LE+LP; LAN/(LE+LP); LE/LAED; LE/LSP. No data standardization or normalization were
performed for these measures. Terminology follows D’Alessandro et al. (2016) for the median lobe of
aedeagus, and (Furth and Suzuki, 1992) for the spermatheca. A forward stepwise discriminant function analysis
was performed separately on males and females (Tabachnick and Fidell, 1989), with a P-level to enter = 0.05,
was performed. To assess the discrimination power of the 15 morphometric variables considered for the four
groups analyzed (kiesenwetteri &', kiesenwetteri @9, ruffoi 3, ruffoi 29) and to compute the relative
discriminant functions, a Canonical Analysis was performed. Analysis was performed using the package NCSS

version 11 for Windows.

Phylogenetic analyses

To investigate the phylogenetic relationship between the Western Paleartic species P. kiesenwetteri and the
Italian endemic P. ruffoi and with the other representatives of the Psylliodes gibbosa group, we used a multi-
locus approach based on DNA sequences of the 7 gene fragments amplified on representative individuals of

each species or retrieved from GenBank from Gikonyo et al., 2021 (Tab. 5).
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Cox1 CAD Cv2 MMS22 Rad50 Sog

Psylliodes cucullata MW254859  MW254447  MW254623  MW254682 ; MW254741
Psylliodes gibbosa MW254858  MW254446  MW254622  MW254681  MW254799 MW254740
Psylliodes inflata MW254862  MW254450  MW254626  MW254685  MW254802 MW254744

Psylliodes kiesenwetteri Mw254865 MW254453  MW254629  MW254688  MW254805 MW254747

Psylliodes vehemens MW254889  MW254477  MW254653  MW254712  MW254829  MW254771

Tab.5 GenBank accession numbers of the sequences used in this study.

Sequences of each gene were aligned separately with MAFFT v7.450 using the G-INS-I progressive
method algorithm. Then, we build a concatenated sequence alignment and inferred phylogenetic relationships
using both Maximum likelihood (ML) and Bayesian Inference (Bl) methods using Psylliodes vehemens
Wollaston, 1854 as an outgroup (Gikonyo et al., 2021). ML trees were inferred in IQ-TREE 1.6.12 (Nguyen
et al., 2015) using the W-IQ-TREE webserver (Trifinopoulos et al., 2016). The best substitution models of
each partition in our concatenated matrix of all genetic markers were determined by the ModelFinder module,
including flexible rate heterogeneity across sites models (Kalyaanamoorthy et al., 2017), based on the Bayesian
Information Criterion. We used the Edge Linked partition model to allow each partition to have its own
evolutionary rate. Branch support was assessed by 1000 replicates of ultrafast bootstrapping (UFboot) (Hoang
et al., 2018; Minh et al., 2013) and SH-like approximate likelihood ratio test (SH- aLRT) (Guindon et al.,
2010). BI analyses were performed with two independent MCMC runs, with four chains each, on Mr Bayes
v3.2.6 (Ronquist et al., 2012) for 10 million generations with a burn-in of 1 million generations (10%). Trees
were sampled every 1000 generations and Tracer v1.7 (Rambaut et al., 2018) was used to assess convergence.

FigTree v1.3.1 (Rambaut and Drummond, 2009) was used to depict the trees.

Results

Molecular species delimitation and preliminary morphological identification

We obtain 126 cox1 sequences: 86 sequences for P. kiesenwetteri and 40 sequences for P. ruffoi. The NJ tree
inferences produced a topology with two distinct clades (both with 100% bootstrap support) coherent with the
two species delimitation analysis (Fig. 15). The frequency distributions of pairwise K2P distances estimated
using the R library ape v5.3 and ASAP highlighted the existence of a clear barcoding gap in the cox1 dataset.
Intraspecific K2P distance values ranged from 0 to 4.1% (mean= 0.5%) and interspecific K2P distances ranged
from 14.3% to 16.4 % (mean= 15.5%). The optimal distance threshold identify by localMinima function was

estimated at 9%. With these threshold value set as distance cut off for clustering, tclust function divided the
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sequences into two clusters, coherently with the two clusters delimited by the best ASAP-score partitions
(asap-score: 1.00; P-val (rank): 1.00e-05 (1); W (rank): 1.19e-03 (1)).

The preliminary assignment of collected individuals to P. kiesenwetteri and P. ruffoi achieved through
the assessment of shape of the median lobe of the aedeagus and spermatheca as described by Leonardi (1975)
and Nadein (2008) revealed multiple instances of mismatch, especially in immature specimens, between

morphological identification and molecular species delimitation.
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Fig.15 The NJ tree with schematic representation of results of species delimitation methods compared (ASAP, ad hoc). In yellow the

P. ruffoi group and in red the P. kiesenwetteri group identify by the two species delimitation methods.

Morphometric results and new morphological diagnostic characters
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Morphometric analyses based on discriminant function shows that the variables LAED (for 3@, LSP (for
Q9), LE/LAED (for &3), LE/LSP (for 29), LAN, and LAN/(LE+LP) discriminate between the two species
with highly significant support (Tab. 6).

Lambda F p-value
LSP 91.03 | 385.75 | <0.01
LE/LSP 81.91 172.10 <0.01
LAN/(LE+LP) 81.36 110.62 <0.01
LAN 79.11 95.96 <0.01
LAED 33.14 18.34 <0.01
LE/LAED 9.27 10.24 <0.05

Tab.6 Discriminant Stepwise Analysis for males and females: variables in the model, Wilk’s Lambda, F to enter and p-level.

The classification matrix returns 100% of corrected attributions for every species analysed (Tab. 7).
In addition, squared Mahalanobis distances matrix (SMD) suggests that the following pairs are well
discriminated: 33 ruffoi - 33 kiesenwetteri (SMD = 52.46), and 99 ruffoi - 99 kiesenwetteri (SMD =
115.66).

% | kiesenwetteri & | Kiesenwetteri @ ruffoi & ruffoi @
kiesenwetteri 3 | 100 20 0 0 0
kiesenwetteri ¢ | 100 0 20 0 0
ruffoi & 100 0 0 20 0
ruffoi ¢ 100 0 0 0 20

Tab.7 Discriminant Stepwise Analysis: classification matrix for males and females. Rows: observed classifications; columns:

predicted classifications.

The first two functions identify by the Canonical Analysis (CV1 and CV2), representing 98.6% of total
explained variance, were considered, and the group centroids are reported in (Fig. 16). The first discriminant
function accounts for 94.3% of EV and allows to easily discriminate the males of kiesenwetteri from those of

ruffoi. The second function (4.3% of EV) is mainly useful to discriminate the females of the two species.
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Fig.17 (A) Psylliodes kiesenwetteri, habitus; (B) Psylliodes ruffoi, habitus; (C) Psylliodes kiesenwetteri, median lobe of the aedeagus;

(D) Psylliodes ruffoi, median lobe of the aedeagus; (E) Psylliodes kiesenwetteri, spermatheca; (F) Psylliodes ruffoi, spermatheca.
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Phylogenetic relationship

Phylogenetic analyses based on ML and Bl methods gave consistent results and identified the same two highly
supported clades (BS = 100, PP = 1) within the Psylliodes gibbosa complex: clade A including P. ruffoi, P.
gibbosa from Morocco and P. infalta from Turkey, and clade B composed by P. cucullata from Spain and P.
kiesenwetteri (Fig. XX). Within clade A, P. ruffoi is sister of the subclade Al of P. gibbosa and P. infalta (BS
=100, PP = 1). Two specimens of Psylliodes ruffoi, one from Sicily and one from Calabria, for a supported
clade (subclade A2; BS = 100, PP = 1). Within Clade B, the three specimens of P. kiesenwetteri from Calabria,
Abruzzo and Croatia formed a well-supported clade (subclade B1; BS = 100, PP = 1) (Fig. 18).

Psylliodes cucullata Spain

B
100/1 Psylliodes kiesenwetteriltaly Calabria
B1
10071} psyilliodes kiesenwetteri Croatia
40/0.
Psylliodes kiesenwetteriltaly Abruzzo
Psylliodes inflata Turkey
Al
100/ Psylliodes gibbosa Africa
A 1001 |
Psyilliodes gibbosa Africa2
T 100/1
A Psylliodes ruffoi Italy Calabria
100/1
L Psyilliodes ruffoi Italy Sicily
Psylliodes vehemens

Fig.18 Maximum Likelihood and Bayesian phylogenetic tree of Psylliodes gibbosus complex based on concatenated DNA sequences
of cox1 and 5 nuclear genes. In correspondence of nodes are reported the bootstrap support (BS, left) from Maximum Likelihood and

posterior probability (PP, right) from Bayesian analysis. Locality of the specimens are reported on the right of the name of species.

Discussion

In many animal groups the identification and description of new species is still based on morphological

characters. The exclusive use of these characters can, however, lead to the wrong delimitation of the species
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when the interspecific morphological variability is absent, as in cryptic species, or the intraspecific
morphological variability is too large. Precisely for this reason, the use of a comprehensive phylogeographic
survey is the only way to evaluate the congruence between morphological and genetic variation of species,
allowing to have a complete view of the interspecific limits of such variability. The case of P. kiesenwetteri
and P. ruffoi demonstrated how the use of an integrative taxonomy approach within a phylogeographic
framework allowed to evaluate the intra and interspecific morphological and genetic variability, leading to the
delimitation of the lineages corresponding with the two species and the assessment of the discrimination
capacity of morphological characters. In particular, this approach pointed out how traditional morphological
characters might lead to ambiguous species identification, unless combined with additional characters in a
solid statistical framework. This combined with the phylogenetic pattern allows the delimitation of two well

distinct evolutionary and taxonomic units.

Through a classic morphological assessment, some male of P. kiesenwetteri have been identified as P.
ruffoi. From a morphological point of view, P. ruffoi is considered similar to P. kiesenwetteri by Leonardi
(1975) in its original description, while according to Nadein (2008) P. ruffoi has an intermediate morphology
between P. gibbosus and P. kiesenwetteri. The lack of discrete characters and the high morphological
variability makes it very complex to morphologically identify these species. In particular, the results obtained
highlighting how the variability of the aedeagus makes the two species analyzed cryptic relative to this
character alone. This result, however, could also be influenced by the presence of individuals of the two species
at different stages of adult development, which could lead, in particular in the aedeagus, to greater variability
of this character. Indeed, the phylogenetic, species delimitation and morphometric analyses based on multiple
characters, coherently identify two evolutionary and taxonomic units. The analysis included specimens of P.
ruffoi and P. kiesenwetteri from 15 different locations in central-southern Italy including the sympathetic and
allopatric sites of the two species. This allowed us to have a more precise idea of the genetic and morphological
variability of the two species. Analyses of neighbor-joining trees have recovered two well-supported clades.
The two identified clades are also supported by the two species delimitation analyses (ASAP and tclust). The
level of divergence at the cox1 gene fragment shows a clear gap between the intra and the interspecific levels,
which allows for a straightforward molecular identification of these species. Furthermore, the interspecific
cox1 divergence between P. kiesenwetteri and P. ruffoi is higher than that found in other studies on Alticini
(Coral Sahin et al., 2019) or Chrysomelidae (Magoga et al., 2018). Morphometric analysis also identified two
groups clearly distinguished by different variables, specifically LAED, LE / LAED (for 33) , LSP (for 99),
LE / LSP (for 29), LAN and LAN/ (LE + LP) (for & and 22). This result, obtained from the analysis of
40 mature adults of both species from different locality in sympatry and parapatry, demonstrates how genital
characters can discriminate between the two species. This result strengthens the hypothesis that the incorrect
assignment of species of some specimens was due to the presence of immature adults, but also that a

guantitative morphometric analysis, which further investigates the possible morphological differences between
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different species, is a more reliable method than a classic qualitative morphological assessment (Mutanen and
Pretorius, 2007).

The Bayesian and Maximum Likelihood phylogenetic analysis of the Psylliodes gibbosa group
demonstrates that P. kiesenwetteri and P. ruffoi are two distinct, and highly divergent, species, and these two
species are not sisters. In fact, P. ruffoi appears to belong to a clade (clade A) in which it is sister of P. gibbosa
from Morocco and P. inflata; whereas Psylliodes kiesenwetteri belong to a distinct clade (clade B) in which it
is sister of P. cucullata.

While phylogenetic results demonstrate that P. ruffoi and P. kiesenwetteri are two distinct species, and
are not sister, the morphometric approach demonstrate that these two species are not cryptic either. These
results confirm that the use of an integrated taxonomy approach is useful for untangling complex cases such
as that of the two species examined here. What initially appeared to be a pair of cryptic, possibly sibling,
species, turned out to be two distinct species neither sibling, nor cryptic. These differences were present both
for the samples present in sympatric and in allopatric locality, showing how even by sampling a wider
morphological and genetic variability, the distinction of the two taxa is maintained. Finally, it is confirmed
that a morphometric approach, supported by a robust molecular analysis, is more reliable in discriminating the
species than through a nonmetric, subjective, visual comparisons of morphological traits.

This study allowed better defining the systematic and the variability of P. ruffoi and P. kiesenwetteri and
provide an integrative and geographically explicit framework that can be applied to other putative cryptic
species complex with overlapping distribution.
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CHAPTER 5
Case study 111

A phylogeographic and morphological assessment of the Psylliodes springeri
species complex (Chrysomelidae, Alticini) uncovers new endemic diversity from
the Majella mountains (southern Apennine)

Introduction

Mountain are among the areas with the greatest environmental heterogeneity (Rahbek et al., 2019). The
complexity of these environments has produced a marked effect on the evolutionary processes, making
mountains reservoirs of biodiversity and one of the richest environments in endemic species (Hewitt, 1996;
Schmitt, 2007; Kenyeres et al., 2009; Svenning et al., 2015; Smyc¢ka et al., 2017; Amori et al., 2019).

In ltaly, the Apennine range remains relatively under-studied as regards the biodiversity and
phylogeographic patterns, and this is especially true for invertebrates. The Apennines is the southernmost
mountain system in Europe, crossing the Italian peninsula for over thousand kilometers from north to south.
The geological conformation of this mountain range and its position made it the scene for an eventful history
of evolutionary and biogeographic processes. As a consequence, the Apennine, despite a relatively small size,
represent a hot spot of diversity on a par with more extensive mountain ranges such as Alps and Pyrenees
(Canestrelli et al., 2006, 2008; Bogdanowicz et al., 2015). In particular, the central sector of the Apennines
consists of highest peaks, characterized by a geological history largely modeled by the Quaternary glaciations
(Giraudi and Frezzotti, 1997; Giraudi et al., 2004). These characteristics have made this area of the Apennines
a refugia for various cold adapted species and it is among the mountain areas that host the highest number of
species in the entire Italian peninsula area (Maiorano et al., 2006; Biondi et al., 2013; Urbani et al., 2015;
Menchetti et al., 2021).

Since the second half of the twentieth century, several new species of the genus Psylliodes Latreille
have been described from the Apennine (Leonardi, 1975; Leonardi, 2007; Biondi and D’Alessando, 2017).
Among these, two new species are associated to high-altitude environments of the central Apennines:
Psylliodes springeri, micro endemic of the valley of the Pilato Lake, in the Sibillini mountains, and P. biondii,
with a wider distribution that comprehends almost all the high peaks of the central Apennine mountain ranges,
from the Gran Sasso massif to the Matese mountains. Both these species have a very similar ecology, live in
the same high mountain environments (above 1500 m of altitude) and share the same host plants, such as
Brassicaceae of the genus Isatis and Erysimum. These species are also morphologically similar one each other,
and with the alpine species P. picipes (Leonardi, 2007). However, despite the morphological affinity between
the species within this complex, a high morphological variability was observed within P. biondii. The

populations of the northern part of the range of this species are distinguishable from those of the southern part.
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Indeed, the individuals of the Maiella massif, even if considered as P. biondii by Leonardi (2007) they have
been considered by this same author as requiring further investigations given their morphological peculiarities.
However, the evolutionary (and taxonomic) significance of these subtle morphological differences is not clear,
and it remains to be investigated whether the peculiarities of the Majella population represent local phenotypes

or instead an independent evolutionary lineage relative to the widespread P. biondii.

To tackle these questions, we implemented an integrative taxonomic approach based on a
comprehensive assessment of the morphological variation and the phylogenetic structure of the P. springeri/P.
biondii complex across the Apennines. The main aims of this study are to: (i) established a systematic
framework for the P. springeri complex and identify evolutionary and taxonomic units and (ii) among them,
identify those that are suitable for the phylogeographic investigation of this thesis project.

Materials and Methods

Sample collection and morphological identification
Specimens analyzed in this chapter were collected and identified on a morphological basis as explained in
Chapter 2.

DNA extraction

Total genomic DNA was extracted using non-invasive DNA extraction method as described in Chapter 1. Six
different gene fragments were amplified through polymerase chain reaction (PCR). Two fragments of the
mitochondrial gene cytochrome oxidase subunit 1 (coxl) were amplified from 104 individuals using the
conditions described in Salvi et al. (2019): the standard barcode region, using the universal primers LCO1490
and HC02198 (Folmer et al., n.d.), and the 3’ fragment, using primers C1-J-2183 and TL2-N-3014 (Simon et
al., 1994). Three protein-coding single copy nuclear genes were amplified for a subsample of individuals
representing the main mitochondrial clades: Carbamoylphosphate synthase (CAD), Crossveinless 2 (Cv2), and
Rad 50 protein (Rad50), using primers and amplification conditions described in Gikonyo (2021). Successful
amplification was determined by gel electrophoresis and PCR products were purified and sequenced by an

external service (Genewitz, UK).

The obtained chromatograms of each sequence were edited and assembled into a consensus sequence
using Geneious Prime 2021 (Biomatters Ltd., Auckland, New Zealand). Sequences of each gene were aligned
separately using MAFFT v7.450 with the G-INS-I progressive method algorithm (Katoh et al., 2002) and then

used for the downstream phylogenetic and specie delimitation analysis.
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Species Delimitation

Species delimitation analyses were performed using the standard barcode fragment of cox1. First, we estimated
the pairwise nucleotide distance matrices, required for ad hoc nucleotide distance threshold methods, using the
R library ape v5.3 (Paradis and Schliep, 2019), with the K2P substitution model and the pairwise deletion
option. With the R package spider v1.5.0 (Brown et al., 2012) we performed a threshold optimization analysis.
The best threshold was identified with the localMinima function and used to cluster sequences with the
function tclust of package spider. Second, we applied the Assemble Species by Automatic Partitioning (ASAP;
Puillandre et al., 2021) approach, using the program web-interface (https://bioin fo.mnhn.fr/abi/publi c/asap);
with K2P as nucleotide substitution model and other parameters left as default (Puillandre et al., 2021).

Phylogenetic analyses

Phylogenetic tree analyses were performed on the concatenated sequence alignment of the two fragment of
cox1 using the Maximum likelihood (ML) method. ML trees were inferred in IQ-TREE 1.6.12 (Nguyen et al.,
2015) using the W-1Q-TREE webserver (Trifinopoulos et al., 2016). The best substitution models of each
partition in our concatenated matrix of the two gene fragments were determined by the ModelFinder module,
including flexible rate heterogeneity across sites models (Kalyaanamoorthy et al., 2017), under the Bayesian
Information Criterion. We used the Edge Linked partition model to allow each partition to have its own
evolutionary rate. Branch support was assessed by 1000 replicates of ultrafast bootstrapping (UFboot; Hoang
etal., 2018; Minh et al., 2013) and SH-like approximate likelihood ratio test (SH- aLRT; Guindon et al., 2010).

FigTree v1.3.1 (Rambaut and Drummond, 2009) was used to depict the trees using a mid-point root.

Phylogenetic networks were used to infer genealogies of each nuclear marker and to assess the
occurrence of nuclear haplotype sharing between mitochondrial lineages. Haplotype phase of nuclear
sequences was determined using the PHASE algorithm (Stephens et al., 2001; Stephens and Donnelly, 2003)
as implemented in DnaSP v5 (Librado and Rozas, 2009), with 1000 initial iterations discarded as burn-in, 1 as
thinning interval, and 1000 post-burnin iterations. The phylogenetic relationships among phased haplotypes
were inferred through the median-joining distance method (Bandelt et al., 1999) using the PopArt 1.7 software
(Leigh and Bryant, 2015).

Results

Phylogenetic and species delimitation analysis
We obtained 104 sequences for both the two fragment of cox1 (the standard barcode region of 608 bp and the
3’ fragment of 767 bp), 45 sequences for Psylliodes springeri, 39 sequences for P. biondii and 20 for the

population from Maiella. Results of the species delimitation analyses based on ASAP and tcclust discriminate
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P. springeri and P. biondii and the Maiella specimens as three separate clusters. In particular, both the first
(1.50) best ASAP score and tcclust with the optimal distance threshold (3%) identified three congruent clusters
(Fig. 19).

Phylogenetic analyses based on ML recovered the three species cluster inferred by ASAP as three
supported clades: the P. springeri clade (SH- aLRT = 100; UFboot = 100), the P. biondii clade (SH- aLRT =
99.4; UFboot = 100), and the Maiella clade (SH- aLRT = 99.5; UFboot = 100). The two latter clades have a
sister relationship (Fig. 19).

For the three nuclear markers we obtained 204 phased sequences, 74 sequences of CAD, 74 of Cv2
and 56 of Rad50. All three mitochondrial clades identified by the ML tree were represented for the three
nuclear markers with at least 14 sequences (and up to 46 sequences). The phylogenetic relationships between
haplotypes of each nuclear marker, as inferred by the median-joining approach, show a clear segregation of
the haplotypes belonging to the three taxa, with a complete lack of haplotype sharing (Fig. 20). Haplogroups

representing distinct taxa are separated by at least 7 mutational steps in any nuclear marker.
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Psylliodes biondii

100/100

Psylliodes spp. Maiella

e Psylliodes springeri

Fig. 19 Maximum Likelihood tree of Psylliodes springeri complex based on two concatenated fragments of cox1. In correspondence
of nodes are reported the bootstrap support (SH- aLRT on the left; UFboot on the right) from Maximum Likelihood. The bar plot
represents the result of species delimitation analyses based on the cox1 barcode fragment. Results of species delimitation analyses

using ASAP and tclust.
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Fig.20 Haplotype networks of Psylliodes springeri complex based on three nuclear markers. The network of each nuclear marker
reveals a clear lack of haplotype sharing among the three mitochondrial lineages. In blue the haplotypes of P. springeri from Pilato

Lake, in green the haplotype of the Maiella lineages and in orange the haplotypes of P. biondii from different localities of Central

Apennine.
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Discussion

The high peaks of the central Apennines served as a refuge for various cold adapted species and are among the
areas with the highest number of endemic species within the Italian peninsula. There are many groups of insects
that present endemic species or relict lines in this area. For example, for the Lepidoptera, Apennines functioned
as an ex situ refugium, as indicated by the presence of several cold-adapted species and because mountain
areas host the richest butterfly communities of the Peninsula-Sicily center (Menchetti et al., 2021). The same
also applies to the Orthoptera (Kenyeres et al., 2009) and several families of beetles such as Tenebrionidae
(Fattorini, 2010), Carabidae (Brandmayr et al., 2003) and Chrysomelidae (Biondi et al., 2013). Specifically,
the latter family has several cryophilic species in the central Apennines beyond those studied in this work,
such as Longitarsus springeri, Luperus fiorii and Oreina sibylla. However, the systematics and genetic
diversity of many of these species has not yet been investigated, leaving many questions about the evolutionary

processes that took place in the central Apennines unanswered.

This study documented cryptic diversity within the Psylliodes springeri complex and identified the
populations from the Maiella mountains as a separate evolutionary unit. The molecular species delimitation
analysis based on mitochondrial data clearly indicate that this population is not conspecific of P. biondii and
that genetic differentiation among these two lineages is similar to the interspecific distance observed between
P. biondii and P. springeri and consistent with values reported for other species of Alticini (Magoga et al.,
2018) or Chrysomelidae (Magoga et al., 2021). This pattern is strongly supported also by nuclear genealogies
that showed a complete lineage sorting among P. springeri, P. biondii and the Maiella lineage (Fig. 20). These
three lineages do not share any haplotype both in fast evolving nuclear markers such as Cv2 as well as in
markers with lower substitution rates such as Rad50 and CAD. From a morphological point of view the Majella
lineage is more similar to P. biondii. This is in agreement with molecular data as these two species are siter in

the phylogenetic tree (Fig. 2).

The three lineages show an allopatric distribution and a high level of divergence, which suggest a
diversification process mediated by geographic isolation in distinct mountains during a prolonged time. Such
a scenario is consistent with the ecology of these beetles that are strongly associated to high altitude
environments, have a strong association with host plant and low dispersal ability. Similar patterns can be found
in other insects living in high altitude environments of the Italian peninsula, such as in the case of leaf beetles
of the genus Oreina (Borer et al., 2010), in several Alpine butterflies (Haubrich and Schmitt, 2007; Huemer
and Hebert, 2011) and in the caddisfly, Drusus discolor (Pauls et al., 2006). In these cases the divergence
between endemic strains of distinct mountain ranges seems to be due to survival in refugial habitats during the
Pliocene period (Schmitt, 2009). In the case of the Apennine Psylliodes analyzed in this study, comparisons
with the closely related Alpine species Psylliodes picipes will allow a deeper understanding of the evolutionary
and biogeographic history of this group of altitude flea beetles as well as to clarifying the taxonomic status of

the Maiella population.
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This study demonstrates that our knowledge on the Apennine biotas is still far from being exhaustive
and that the high mountain environments within this ranges are key target for biodiversity assessments. Our
comprehension of the evolutionary and biogeographic process underlying the assembly of the Appenine biota
is therefore highly limited and will require further research. In this respect, the integrative morphological and
phylogenetic approach used in this study (and in the previous chapter) proved to be effective even for the study
of species complex with extensive, and shared, morphological variation. In the case of the Psylliodes biondii
complex, this study allowed disentangling the three evolutionary units that are part of this complex. Among
them the P. biondii populations from Central Apennines (excluding the Maiella population) represent a
cohesive phylogenetic unit that will be selected for the phylogeographic investigations of the Part 11 of this

thesis project.
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CHAPTER 6

Refugia within refugia — assessing the link between Late Quaternary climate
stability and spatial patterns in endemism and genetic divergence in the Italian

peninsula

Introduction

Quaternary climatic oscillations have played an important role in shaping the current geographic distribution
of species and their genetic diversity (Hewitt, 2004a, 2004b). During these period of strong climatic and
environmental changes, species have undergone contractions and expansions of ranges following different
routes and patterns based on their ecology, environmental tolerances, and adaptations (Stewart et al., 2010).
Therefore, multiple and diverse species response to quaternary climatic changes have been documented, and
different refugial areas have been identified for different species in which they have survived during
unfavorable climatic periods. In Europe, temperate taxa were forced to repeated cycles of retreat within refugia
during the glaciations and underwent range expansion during the subsequent interglacial phases, whereas
alpine and cryophiles species experienced expansion during glacial periods and contractions during post-
glacial phases (Hewitt, 1996, 2000). The three European peninsulas as Iberia, Italy and the Balkans, served as
important southern Quaternary glacial refugia, due to their geographical position and topographical
characteristics. In addition to the greater diversity of species, these peninsulas also retain greater intraspecific
genetic diversity (Hewitt, 1996; Taberlet et al., 1998; Hewitt, 1999, 2000). This diversity, however, cannot
always be explained by the classic scenario with three southern Mediterranean refuges. Multiple studies
revealed more complex scenarios called "refugia-within-refugia" (Gémez and Lunt, 2007) according to which,
within each southern peninsular refugium there were more distinct refugia areas. This implies that the main
factors that shaped the genetic diversity of current species would be the allopatric differentiation that took
place in these "refugia-within-refugia” settings, followed by demographic expansions of populations with
secondary contacts and consequent mixing of distinct lineages (Bella et al., 2007; Canestrelli et al., 2007; Grill
et al., 2009; Abellan and Svenning, 2014).

As for the Italian peninsula, the complex scenario of the "refugia-within-refugia™ has been documented
in the genetic patterns of various species of the Italian Apennines (Canestrelli et al., 2007; Vega et al., 2010;
Mezzasalma et al., 2018). This mountain range, as already mentioned in Chapter 4, crosses the entire Italian
peninsula. The Apennine landscapes is heterogeneous and extremely complex as it alternate mountains with
peaks over 2000 m to valleys, with areas of abrupt transition from high peaks to sea level. Furthermore, despite
the Apennines being one of the southernmost ranges in Europe, during the glacial periods, various mountain

ranges were covered by glaciers (Giraudi and Frezzotti, 1997; Giraudi et al., 2004). All these characteristics
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have made these mountains a reservoir of specific diversity and intraspecific genetic diversity, allowing the
coexistence of different ecological groups, from species adapted to high mountain environments, to more
thermophilic species linked to the temperate belt. Precisely for this reason, the Apennines are a perfect
laboratory to study how past climate changes have influenced and structured the current genetic diversity in

the different ecosystems present on this mountain range.

Despite the diversity of environments and species, however, most of the phylogeographic studies
carried out in the Apennines so far include a few vertebrate species linked to temperate environments. Little is
known on patterns and processes relative to non-temperate species and on invertebrate groups. Alticini have a
high number of endemic species in the central-southern Apennines, with a fairly homogeneous distribution
between the different environments present in this region (D’ Alessandro and Biondi, 2007; Biondi et al., 2013;
Urbani et al., 2015). In fact, as reported in Chapter 1, there are endemic species linked to high mountain
environments, such as Longitarsus springeri and Psylliodes biondii, species of temperate environments, such
as Longitarsus laureolae and Longitarsus zangherii, and species of xerophilous environments, such as
Psylliodes ruffoi. In this chapter, we investigate the genetic structure of the populations of different target
species selected for the PhD project, through a phylogeographic and phylogenetic analysis. The main aim is to
study the historical processes that have shaped current patterns of genetic diversity within different species
and to compare how species with different ecological requirements have responded to Quaternary climate
change. We will also try to verify whether the current intraspecific diversity of the target species is comparable
with a scenario of multiple refugia and whether the observed patterns are similar between ecologically similar

species.

Materials and Methods

Sample collection and morphological identification
Specimens analyzed in this chapter were collected and identified on a morphological basis as explained in

Chapter 2. Geographic information on samples used in this study are reported in table Tab. 8.
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Genus Specie ID Locality Region Locality Coordinates Altitude COlI-5' | COI-3'
Longitarsus springeri 393 Marche (AP) Lago di Pilato 42°49'24.7"N13°16'00.0"E 2054 m 4 4
Longitarsus springeri 395 Marche (AP) Lago di Pilato 42°49'36.6"N13°15'56.2"E 1958 m 4 4
Longitarsus springeri 24 Abruzzo (AQ) Gran Sasso 42°26'55"N13°32'24"E 2140 m 4 4
Longitarsus springeri 318 Abruzzo (AQ) Gran Sasso 42°27'12.29"N13°33'32.11"E 2293 m 4 4
Longitarsus springeri 324 Abruzzo (AQ) Monte Camicia 42°26'22.24"N13°43'4.49"E 2560 m 5 5
Longitarsus springeri 325 Abruzzo (AQ) Monte Camicia 42°26'26.46"N13°43'29.03"E 2345 m 2 2
Longitarsus springeri 317 Abruzzo (AQ) Monte Velino 42°9'31.53"N13°21'45.37"E 2153 m 4 4
Longitarsus springeri 403 Abruzzo (AQ) Punta Trento 42°10'01.5"N 13°24'07.1"E 2198 m 3 3
Longitarsus springeri 323 Abruzzo (AQ) Monte Sirente 42°9'0.05"N13°36'6.94"E 2232 m 5 5
Longitarsus springeri 322 Abruzzo (AQ) Monte Sirente 42°8'49.90"N13°36'32.46"E 2276 m 6 6
Longitarsus springeri 391 Lazio (FR) Monte Viglio 41°53'16.88"N13°22'29.06"E 2065 m 6 6
Longitarsus springeri 398 Abruzzo (CH) Maiella, Monte Focalone 42°06'47.9"N14°06'57.9"E 2537 m 2 2
Longitarsus springeri 399 Abruzzo (CH) Maiella, Monte Focalone 42°06'01.5"N14°06'32.9"E 2602 m 2 2
Longitarsus springeri 401 Abruzzo (CH) Maiella, Secondo Portone 42°05'55.9"N14°05'39.6"E 2537 m 2 2
Longitarsus springeri 400 Abruzzo (PE) Maiella, Monte Amaro 42°05'33.4"N14°04'58.4"E 2639 m 1 1
Longitarsus springeri 321 Abruzzo (AQ) Monte Marsicano 41°48'7.22"N13°52'3.10"E 2232 m 5 5
Longitarsus springeri 405 Abruzzo (AQ) Monte Meta 41°41'30.9"N 13°56'44.3"E 1925 m 1 1
Longitarsus springeri 407 Lazio (FR) Monte Meta 41°41'20.0"N 13°56'15.5"E 2217 m 4 4
Longitarsus springeri 319 Molise (CB) Matese, La Gallinola 41°26'3.10"N14°25'17.80"E 1923 m 9 9
Longitarsus springeri 320 Molise (CB) Matese, La Gallinola 41°26'4.60"N14°25'32.60"E 1721 m 1 1
Longitarsus zangherii 366 Emilia-Romagna (FC) Foreste Casentinesi, Campigna 43°52'14.7"N11°44'35.8"E 1087 m 10 10
Longitarsus zangherii 369 Marche (AP) Sentiero per lago di Pilato da Foce 42°51'03.8"N13°15'45.6"E 1376 m 6 6
Longitarsus zangherii 373 Marche (AP) Montemoncao 42°52'10.9"N13°20'10.6"E 941m 2 2
Longitarsus zangherii 365 Marche (AP) Faete 42°46'05.6"N13°18'03.0"E 767 m 4 4
Longitarsus zangherii 364 Lazio (RI) Poggio D'api 42°43'31.4"N13°18'25.7"E 1032 m 3 3
Longitarsus zangherii 357 Abruzzo (TE) Vallinquina 42°43'54.1"N13°32'08.2"E 856 m 2 2
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Longitarsus zangherii 355 Abruzzo (TE) Lago di Sbraccia_1 42°43'29.3"N13°32'44.6"E 1148 m 4 4
Longitarsus zangherii 356 Abruzzo (TE) Lago di Sbraccia_2 42°43'13.5"N13°32'44.3"E 1131 m 2 2
Longitarsus zangherii 276 Abruzzo (TE) Ceppo_1 42°40'17.4"N13°27'55.9"E 1341 m 2 2
Longitarsus zangherii 285 Abruzzo (TE) Frazione Alvelli 42°39'59.17"N13°29'28.56"E 889 m 4 4
Longitarsus zangherii 281 Abruzzo (TE) Ceppo_2 42°39'45.6"N13°27'46.8"E 1412 m 5 5
Longitarsus zangherii 345 Abruzzo (TE) Pietracamela 42°31'17.2"N13°33'51.9"E 1201 m 1 1
Longitarsus zangherii 47 Abruzzo (TE) Prati di Tivo_1 42°30'26.40"N13°33'14.46"E 1344 m 1 1
Longitarsus zangherii 348 Abruzzo (TE) Prati di Tivo_2 42°30'09.7"N13°33'41.7"E 1450 m 6 6
Longitarsus zangherii 349 Abruzzo (TE) Presso Fonte del Peschio 42°27'31.7"N13°40'11.6"E 1387 m 6 6
Longitarsus zangherii 351 Abruzzo (PE) Colle Mesole 42°26'49.7"N13°45'11.3"E 1422 m 6 6
Longitarsus zangherii 352 Abruzzo (PE) Vado di Sole 42°24'07.5"N13°47'33.0"E 1591 m 6 6
Longitarsus zangherii 360 Abruzzo (PE) Bosco di Lama Bianca 42°05'39.5"N14°02'30.6"E 1323 m 5 5
Longitarsus zangherii 359 Abruzzo (AQ) Valle di Fonte Romana 42°02'52.6"N14°02'52.7"E 1244 m 6 6
Longitarsus zangherii 361 Abruzzo (AQ) Bosco di Sant'Antonio 41°58'10.7"N 14°01'05.4"E 1377 m 4 4
Longitarsus zangherii 358 Abruzzo (CH) Quarto di Santa Chiara 41°56'54.8"N14°05'03.4"E 1377 m 6 6
Longitarsus zangherii 363 Abruzzo (AQ) Coppo dell'Orso 41°50'15.5"N14°02'46.8"E 1480 m 6 6
Longitarsus laureolae 362 Abruzzo (AQ) Bosco di Sant'Antonio 41°56'54.8"N14°05'03.4"E 1377 m 10 10
Longitarsus laureolae 387 Calabria (CS) Lungro, Santuario S. Maria del Monte 39°45'04.6"N16°05'32.7"E 1241 m 10 10
Longitarsus laureolae 390 Calabria (CZ) Monte Mancuso 39°00'38.3"N16°12'34.8"E 1066 m 8 8
Longitarsus laureolae 327 Calabria (RC) Aspromonte, Piano della Limina 38°25'10.3"N16°10'36.0"E 955 m 8 8
Longitarsus laureolae 388 Calabria (RC) Aspromonte, Zervo 38°13'19.4"N15°59'49.4"E 1187 m 7 7
Longitarsus laureolae 330 Sicilia (ME) Bosco di Malabotta 37°58'19.3"N15°03'14.4"E 1248 m 1 1
Longitarsus laureolae 310 Sicilia (ME) Bosco di Malabotta 37°5822.8"N15°03'04.5"E 1238 m 8 8
Longitarsus laureolae 328 Sicilia (ME) Rocche dell'Argimusco 37°59'35.0"N15°02'10.9"E 1151 m 1 1
Longitarsus laureolae 329 Sicilia (ME) Nebrodi, Monte Soro 37°55'31.8"N14°40'25.4"E 1632 m 2 2
Longitarsus laureolae 389 Sicilia (ME) Nebrodi, Villa Miraglia 37°54'51.8"N14°39'18.3"E 1520 m 8 8
Longitarsus laureolae 447 Sicilia (AG) Nebrodi, Portella dell'Obolo 37°53'57.8"N 14°30'05.6"E 1506 m 8 8
Psylliodes biondii 367 Abruzzo (AQ) Monte Corvo 42°28'29.7"N13°29'51.5"E 2387 m 5 5
Psylliodes biondii 375 Abruzzo (TE) Sella dei due Corni 42°28'29.6"N13°33'43.8"E 2517 m 3 3
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Psylliodes biondii 104 Abruzzo (AQ) Gran Sasso, Passo della Portella 42°26'56.1"N13°3224.4"E 2246 m 7 7
Psylliodes biondii 368 Abruzzo (AQ) Pizzo Trento 42°09'48.1"N13°25'45.3"E 2054 m 8 8
Psylliodes biondii 353 Abruzzo (AQ) Neviera del Sirente 42°08'13.4"N13°37'51.6"E 1800-2000 m 8 8
Psylliodes biondii 374 Abruzzo (AQ) Sopra Aremogna 41°49'02.6"N14°00'50.5"E 2111 m 6 6
Psylliodes biondii 446 Molise (IS) Monte Miletto 41°26'59.8"N 14°22'19.9"E 2047 m 2 2
Psylliodes ruffoi 335 Basilicata (MT) Accettura, Piccole Dolomiti Lucane 40°32'46.5"N 16°05'45.2"E 484 m 3 3
Psylliodes ruffoi 378 Campania (SA) Parco Nazionale del Cilento, San Biase 40°12'04.8"N 15°17'59.8"E 723 m 3 3
Psylliodes ruffoi 381 Calabria (C2) Girifalco 38°47'27.6"N 16°25'01.7"E 777 m 1 1
Psylliodes ruffoi 338 Calabria (VV) Parco Regionale delle Serre, Ninfo 38°32'07.7"N 16°18'19.2"E 1035 m 11 11
Psylliodes ruffoi 382 Calabria (RC) Piano della Limina 38°23'33.8"N 16°11'17.4"E 820 m 2 2
Psylliodes ruffoi 383 Calabria (RC) Piano della Limina 38°25'25.5"N 16°09'41.2"E 940 m 7 7
Psylliodes ruffoi 339 Calabria (RC) Aspromonte 38°22'55.2"N 16°09'39.0"E 899 m 1 1
Psylliodes ruffoi 384 Calabria (RC) Piano della Limina 38°22'55.2"N 16°09'39.0"E 899 m 5 5
Psylliodes ruffoi 385 Calabria (RC) Aspromonte, vista sui due mari 38°1520.7"N 16°03'27.0"E 1011 m 9 9
Psylliodes ruffoi 386 Sicilia (ME) Pizzo Impegna 38°10'27.2"N 15°28'22.3"E 874 m 11 11
Psylliodes ruffoi 340 Sicilia (ME) Fiumedinisi e Monte Scuderi 38°02'32.0"N 15°21'31.7"E 495 m 1 1
Psylliodes ruffoi 341 Sicilia (ME) Bosco di Malabotta 37°58'22.8"N 15°03'04.5"E 1238 m 3 3
Psylliodes ruffoi 342 Sicilia (ME) Bosco di Malabotta 37°58'41.8"N 15°02'55.1"E 1238 m 1 1
Psylliodes ruffoi 343 Sicilia (ME) Rocche dell'Argimusco 37°59'35.0"N 15°02'10.9"E 1151 m 2 2

Tab.8 Information on collection sites and sequence data for the 5 target species used in this study.
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DNA extraction and amplification

DNA of specimens of target species was extracted using non-invasive DNA extraction methods describe in
Chapter 1. Two fragments of the cytochrome oxidase subunit I (cox1) gene were amplified through polymerase
chain reaction (PCR): the standard barcode region was amplified using universal primers LCO1490 and
HC02198 (Folmer et al., n.d.) and the 3’ fragment using primers C1-J-2183 and TL2-N-3014 (Simon et al.,
1994). Amplification conditions were those described in Salvi et al. (2019). Successful amplification was
determined by gel electrophoresis and PCR products were purified and sequenced by an external service

(Genewitz, UK). Sequence data information on samples used in this study are reported in table Tab. 8.

DNA sequence data analysis

The obtained chromatograms of each sequence were manually edited and assembled into a consensus sequence
using Geneious Prime 2021 (Biomatters Ltd., Auckland, New Zealand). Sequences of two gene fragments
were aligned separately using MAFFT v7.450 with the G-INS-I progressive method algorithm (Katoh et al.,
2002), concatenated in a single matrix and then used for the following analysis. Phylogenetic relationships
were inferred using the Maximum Likelihood (ML) method using 1Q-TREE 1.6.12 (Nguyen et al., 2015) as
implemented in the W-1Q-TREE webserver (Trifinopoulos et al., 2016). The best substitution models of each
partition in our concatenated matrix of all genetic markers were determined by the ModelFinder module,
including flexible rate heterogeneity across sites models (Kalyaanamoorthy et al., 2017), based on the Akaike
information criterion. We used the Edge Linked partition model to allow each partition to have its own
evolutionary rate. Branch support was assessed by 1000 replicates of ultrafast bootstrapping (UFboot) (Hoang
et al., 2018; Minh et al., 2013) and SH-like approximate likelihood ratio test (SH- aLRT) (Guindon et al.,
2010). FigTree v1.3.1 (Rambaut and Drummond, 2009) was used to depict the trees.

The genealogical relationships between haplotypes were also estimated by a phylogenetic network
approach, using both the statistical parsimony algorithm described by Templeton et al. (1992), and
implemented in the software tcs 1.13 (Crandall et al., 2000) and the median-joining distance method (Bandelt
et al., 1999) using the PopArt 1.7 software (Leigh and Bryant, 2015).

To estimate the divergence time of major mitochondrial lineages, we performed a Bayesian MCMC
analysis in Beast 1.8.2 (Drummond and Rambaut, 2007). BEAUTI 1.8.2 (part of the Beast 1.82 package) was
used to create the XML format input files for BEAST. The HKY + | + G model of nucleotide substitution was
selected for the two coxl gene fragments. Calibration was based on a strict molecular clock model and a
lognormal prior (mean in real space = 0.0168, stdev = 0.06) on the 3' fragment of the cox1 clock rate based on
the available substitution rate estimated by Papadopoulou et al. (2010) in Coleoptera, already used for
Chrysomelidae (Brunetti et al., 2019; Kubisz et al., 2020; Gomez-Zurita and Cardoso, 2021). Clock models
were unlinked between the two mitochondrial gene fragments whereas the tree topology was linked. A

coalescent model was used, in particular an Extended Bayesian Skyline Plot (Heled and Drummond, 2008),
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with a linear model. Default values were used for the other priors. MCMC chains were of 300 million
generations, sampling every 30,000 generations. TRACER 1.7 was used to verify the posterior distribution
and the effective sample sizes (ESSs) from the MCMC output (Rambaut et al., 2018). TreeAnnotator v1.8.4
was used to summarize tree data according to the “mean height”, and the first 25% of trees were discarded to
represent the “burn-in” period, which ended well after the stationarity of the chain likelihood values had been
established. The tree and divergence time are displayed in FigTree 1.4.2 (Rambaut and Drummond, 2009).

Results

Longitarsus laureolae

The ML tree and haplotype network reconstructions (TCS and MJ) were congruent and revealed seven
reciprocally monophyletic groups (haplogroups) within L. laureolae whose geographical distribution is shown
in Fig. 21b (see also Fig. S9). The Sicilian haplogroup has a high diversity with 14 haplotypes (about half of
the 27 identified haplotypes in the species) with the populations from Villa Miraglia and Portella dell’Olobo
having the highest number of haplotypes (four haplotypes in Villa Miraglia and five haplotypes in Portella
dell’Olobo). In Calabria, there are four haplogroups: two in the Aspromonte massif (one in the southern region
and another one in the northern region); one haplogroup in the southern Sila (Mount Mancuso), and one in the
southern Pollino (Lungro). In Abruzzo we find two haplogroups and a high diversity, with six haplotypes
present in Maiella. In general, the divergence between haplogroups is low, with one or at most two
substitutions. The haplogroups of the Limina plane are an exception, as they have six substitution steps from
the closest haplotypes. The parsimony analysis done with TCS did not split the haplotypes into subnetworks
(Fig. 21a)

The divergence time between major mitochondrial lineages is shown as a chronogram in Fig. 21. The
oldest split within the entire group was estimated to have occurred in the early Middle Pleistocene (170
thousand years ago, Kya) between the northern clade (the most recent common ancestor (TMRCA) 85 Kya),
including haplogroups from the Limina plain to Abruzzo, and the southern clade (TMRCA 105 Kya), with the
Sicilian and southern Calabria haplogroups. The subsequent splits among the haplogroups fell within the

period of the last glaciation (i.e from 80Kya to 20Kya; Fig. 21b).
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Fig. 21 (a) Longitarsus laureolae MJ haplotype network based on the two cox1 gene fragments and with TCS sub-networks marked

with a dashed line (b) Geographic distribution of haplotypes. (¢) Time-calibrated BEAST phylogenetic tree of the major mitochondrial

lineages of Longitarsus laureolae. Nodes with a posterior probability > 0.7 are reported. On each nodes the 95% High Posterior Density
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Longitarsus zangherii

The ML tree and haplotype network reconstructions (TCS and MJ) were congruent and revealed six
reciprocally monophyletic haplogroups within L. zangherii whose geographical distribution is shown in Fig.
22b (see also Fig. S10). The five haplogroups are divided into two main clades. Clade A has one haplogroup
in the area of the Sibillini mountains and in the northern area of Laga mountains and one in the southern part
of the Gran Sasso (Vado di Sole). Clade B has four haplogroups: the northernmost haplogroup of the
Casentinesi forest, one in south area of Laga and Gran Sasso with the highest number of haplotypes (15
different haplotypes) and, separated by the Tirino and Pescara valleys, the two southern haplogroups of the
Maiella massif and Aremogna plain. The divergence between haplogroups ranges from a minimum of three
substitutional steps between the two haplogroups of the Maiella, to a maximum of 50 substitutional steps
between the haplogroups of Gran Sasso and the haplogroups of the Sibillini mountains and the northern area
of Laga mountains. The parsimony analysis done with TCS identified three subgroups (Fig. 22a).

The divergence time between major mitochondrial lineages is shown as a chronogram in Fig. 22c. The
oldest split within the entire group was estimated to have occurred in the late Early Pleistocene (1.65 Mya)
between the northern clade A and clade B. In clade A, the subsequent split among the Vado di Sole haplogroup
and the Sibillini and Northern Laga haplogroups (TMRCA 110 Kya) occurred in the penultimate glacial period
(250 Kya). The subsequent splits among the haplogroups of clade A fell within the period of the last glaciation
(between 80 Kya and 40 Kya). In clade B, the split event among northern haplogroup of the Casentinesi forests
and the remaining central-south haplogroups occurred in the late Middle Pleistocene (630 Kya). The
subsequent split event among the haplogroup of Gran Sasso and Monti della Laga and Maiella-Aremogna
haplogroups occurred in the Middle Pleistocene (450 Kya). Finally, even in clade B, the subsequent splits
among the haplogroups were estimate to the period of the last glaciation (between 80 Kya and 40 Kya) (Fig.
22¢).
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Psylliodes ruffoi

The ML tree and haplotype network reconstructions (TCS and MJ) were congruent and revealed eight
reciprocally monophyletic groups (haplogroups) within P. ruffoi whose geographical distribution is shown in
Fig.23b (see also Fig.S11). In Sicily there are four haplogroups and three in Calabria, in the Aspromonte
massif. In the northernmost part of the range there is a haplogroup in the Piccole Dolomiti Lucane and an
haplogroup in Cilento massif. In general, each haplogroup presents a high level of diversity, with a mean of
five haplotypes each. The divergence between the various haplogroups is marked, with a minimum of ten
substitutional. The parsimony analysis done with TCS split the haplotypes into six subnetworks (Fig. 23a).

The divergence time between major mitochondrial lineages is shown as a chronogram in Figure (Fig.
23c). The oldest split within the entire group was estimated to have occurred in the late Early Pleistocene (1,15
Mya) between northern haplogroups and Calabrian/Sicilian haplogroups. The subsequent split among the
Sicilian and Calabrian haplogroups took place in the early Middle Pleistocene (750 Kya). In Sicilian clade
(TMRCA 630 Kya) subsequent splits occurred in the late Middle Pleistocene (from 370 Kya to 160 Kya). In
Calabrian clade (TMRCA 610 Kya) subsequent split among Mount Scudieri clade and southern Aspromonte
took place in Middle Pleistocene (550 Kya) (Fig. 23Db).
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Longitarsus springeri

The ML tree and haplotype network reconstructions (TCS and MJ) were congruent and revealed ten
reciprocally monophyletic haplogroups within L. laureolae whose geographical distribution is shown in Fig.
24b (see also Fig. S12). In this species, each haplogroup is associated with a single mountain group. The
Matese and Sirente haplogroup has the highest diversity with six and five haplotypes respectively (representing
about half of the of the 28 identified haplotypes in the species). The divergence between haplogroups ranges
from a minimum of three substitutions and a maximum of 35. The TCS parsimony analysis split haplotypes
into four subnetworks (Fig. 24a).

The divergence time between major mitochondrial lineages is shown as a chronogram in Figure (Fig.
24c). The oldest split within the entire group was estimated to have occurred in the Early Pleistocene (700
Kya) between the haplogroup of Monte Viglio and all the other haplogroups. The subsequent splits among the
Matese haplogroup and the Lake Pilate haplogroup occurred in the Middle Pleistocene (from 430 Kya to 380
Kya). Finally, the subsequent splits of the haplogroups of Abruzzo took place in the Middle Pleistocene (250
Kya) (Fig. 24c).
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Psylliodes biondii

The ML tree and haplotype network reconstructions (TCS and MJ) were congruent and revealed ten
reciprocally monophyletic haplogroups within P. biondii whose geographical distribution is shown in Fig. 25b
(see also Fig. S13). In this species each mountain system has its own unique haplogroups. The Pizzo Trento
and Aremogna have two haplogroups each and a total of nine different haplotypes, reflecting a high diversity.
In the Gran Sasso (Passo della Portella and Sella dei Due Corni) there are three different haplogroups. The
Sirente, Monte Corvo and Monte Miletto have one haplogroups each. The divergence between haplogroups is
of at least five substitutions. The TCS parsimony analysis did not split the haplotypes into subnetworks (Fig.
253).

The divergence time between major mitochondrial lineages is shown as a chronogram in Fig. 25c. The
oldest split within the entire group was estimated to have occurred in the late Middle Pleistocene (320 Kya).
The subsequent splits leding to the separation of the current haplogroups occurred during the Late Pleisotcene
ice ages (from 260 Kya to 160 Kya) (Fig. 25c).
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Discussion

The five studied species are associated to three different environments of the central Apennines: (i) temperate
forests (beech forests), (ii) mesophilic environments (mixed woods or oak) and (iii) high altitude environments.
As such one might expect shared response to past climatic changes between species with similar ecological
requirements. In contrast we observed mainly idiosyncratic patterns underlying individualistic species
response, with marked differences in terms of geographic distribution and of time of divergence of intra-

specific lineages.

L. laureolae and L. zangherii are the two species related to beech forest environments and present a
portion of their ranges in syntopy. Despite this, the phylogeographic patterns of the two species are very
different. In fact, L. laureolae has a low divergence between the various haplogroups suggesting a recent
diversification between the main lineages, with the most ancestral split dating back less than 200 Kya. This
splitting led to the formation of two main lineages, a southern one with the Sicilian haplogroups and the Zervo
haplogroup (southern part of Calabria), and a northern one in which the remaining haplogroups of Italian
peninsula are present. All the subsequent cladogenetic events, that led to the formation of remaining lineages
of L. laureolae, occurred during the last glaciation, suggesting that the last glacial phase had an important
impact on the genetic diversity of this species. The geographic distribution of lineages indicates an important
role of the Strait of Messina and the Catanzaro plain as prominent biogeographical barriers that promoted the
allopatric diversification of the main lineages of this species. This pattern corroborate previous finding of
studies on southern temperate fauna (Canestrelli and Nascetti, 2008; Stock et al., 2008; Mezzasalma et al.,
2018). On the contrary, L. zangherii presents much more ancient splitting events, with the oldest event dated
to about 1.60 Mya. Regarding differences in time of divergence, we emphasize that due to the intrinsic
inaccuracies of the molecular clock (Ayala, 1997; Gibbons, 1998; Ayala, 1999; Welch and Bromham,
2005; Ho and Larson, 2006), caution is needed when using molecular data to date historical processes.
The estimates reported are therefore to be considered indicative of approximate time windows of the
inferred events. However, given the shared calibration approach significant differences between
species in terms of time of intraspecific cladogenetic events can be considered as indicative of
processes occurring during distinct climatic periods of the Plio-Pleistocene. The oldest split within L.
zangherii led to the separation of the two main clades (clades A and B). The same clades then had a different
evolutionary story. The clade A has undergone the main events of diversification in the last c 250 Kya, whereas
within the clade B the separation of lineages leading to the main haplogroups occurred between 600 and 700
Kya. However, also for this species, a high number of split events clusters during the period of the last
glaciation, giving rise to the current genetic diversity. It should be emphasized that both the clades have a
lineage that is isolated with respect to the others and that is interposed within the range of the other clade.
Given the origin of the two clades in the Early Pleistocene, this peculiar phylogeographic pattern is probably

the result of multiple glacial cycles that occurred in the last 2 Mya. Following multiple glacial-interglacial
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cycles repeated events of contraction and expansion took place, resulting in extinctions and colonization
processes that generated the particular pattern we see today. Furthermore, the disjoint range observed in both
L. laureolae and L. zangherii, with the isolated populations of L. laureolae in Abruzzo and of L. zangherii in
the Casentinesi region, is probably due to the absence of environmentally suitable areas along the Apennines.
The ecological barrier represented by the lower altitude of the Umbrian-Marche (Bologna, 1994) and
Campania sectors (D’Alessandro and Biondi, 2007) may have played an important role in determining the

isolation, and the consequent divergence, between the populations of the northern, central and southern sectors.

P. ruffoi is a more mesophilic species, often found in clearing environments of mixed woods or oak.
While P. ruffoi has a distribution pattern very similar to that of L. laureolae, it shares the phylogeographic
pattern with L. zangherii. In fact, also P. ruffoi shows ancient splits, occurring since 1 Mya separating the
northernmost lineages from the Sicilian/Calabrian ones. The subsequent splitting events leading to current
haplogroups date back between 750 Kya and 500 Kya. The Sicilian and Calabrian haplogroups represent two
separate lineages originated about 750 Kya, likely because of the geographical barrier of the Strait of Messina.
However, unlike L. laureolae in which the Sicilian and Calabrian haplogroups present relatively low
divergences, in this species the divergence that exists between the different lineages is more ancient. In
Calabria, for example, within the region of the Serre Calabresi and Aspromonte it is possible to identify three
lineages with an origin around 500 Kya. Paleogeographic reconstructions for the Calabria region support a
scenario of allopatric fragmentation at different time scales during the Plio — Pleistocene (Ghisetti, 1979;
Ghisetti and Vezzani, 1981; Tortorici, 1981; Caloi et al., 1989; Bonfiglio et al., 2002). In this period, in fact,
the main mountain massifs of Calabria suffered repeated and prolonged isolation due to marine introgression.
The sea basins located between these massifs ultimately emerged asynchronically, due to uplifting tendency
of the area, until the Late Pleistocene. These events have left detectable footprints in in the distribution of
species, as documented by the paleontological record, and in the pattern of intraspecific genetic diversity (Caloi
et al., 1989; Bonfiglio et al., 2002; Podnar et al., 2005; Canestrelli et al., 2006, 2007; Vega et al., 2010). Also
in Sicily the two haplogroups identified within P. ruffoi show an ancient divergence dating back to about 600
Kya, thus suggesting that the Peloritani and Nebrodi mountains played a similar role of biogeographic barrier
like the Calabrian massifs (Bonfiglio et al., 2002). Unlike many temperate species, P. ruffoi show an ancient
diversification that largely predates the last glacial period.

The two cryophilic species analyses in this study, L. springeri and P. biondii, have a sympatric
distribution across the same mountain systems and often in the same localities. However, they have distinct
and non-overlapping periods of activity and are almost never found together. Despite that, the phylogeographic
patterns observed in these two species are quite similar to each other, with a recent intraspecific diversification
that took place during the last glaciation. In L. springeri the splits that led to the formation of the main clades
almost all occurred before the last interglacial (before 130 Kya) with the only exception of the lineages present

in the Sirente-Velino and Monte Marsicano group, which appear to have a more recent separation linked to the
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last glacial period. In general, the lineages of the Abruzzo mountains appear to have a greater genetic affinity,
while the lineages with greater divergence are those of the haplogroups of Monte Viglio, Matese and Sibillini.
Populations on each mountain relief have its own haplotype, with a low haplotypic diversity (on average one,
maximum two haplotypes). Also in P. biondii the formation of the main clades took place before the last
interglacial and each mountain hosts an endemic haplogroup. In this species, the haplotypic diversity of each
haplogroup is greater than in L. springeri. Both these two cryophilic species show a strong phylogeographic
structure into distinct mountain peaks, suggesting a scenario of isolation due to the fragmentation of high
altitude habitats during Pleistocene climatic oscillations. Indeed, the areas of the central Apennines have
undergone strong environmental changes between the interglacial and glacial periods, with the presence of
glaciers in many of the mountain systems present (Giraudi and Frezzotti, 1997; Giraudi et al., 2004; Hughes
et al., 2006). This could explain the present patterns, in which ancient haplotypes are still present on each
mountain thanks to in situ survival on small ice-free islands of habitat surrounded by the ice-sheet, so-called
nunataks or sky islands (Janetschel, 1956; Stehlik, 2000; Knowles, 2001; Tribsch and Schonswetter, 2003;
McCormack et al., 2009; Lohse et al., 2011).

This study allowed to shed light on the evolutionary processes that have affected the Apennine biota,
with a focus on understudied fauna such as insects. We found that species associated to temperate and
mesophilic environments show different evolutionary histories. This finding corroborates that species often
have individualistic response to environmental changes (Stewart et al., 2010; Hornsby and Matocq, 2012). As
regards the two cryophilic species, a similar pattern was observed for the two species, which seems to confirm
a process of isolation in suitable mountain areas typical of the so-called Sky islands. In general, for all species
it can be observed that, regardless of when the split events of the main lineages occurred, each mountain
complex has its own unigque haplogroups, confirming the importance of the Apennines and in general of

mountain systems as catalysts of evolutionary processes and unique reservoirs of biodiversity.
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S9 Fig. Maximum Likelihood tree of Longitarsus laureolae based on two concatenated fragments of cox1. In correspondence of nodes
are reported the bootstrap support (BS, left) from Maximum Likelihood. The nodes supported is reported only for BS>60.
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Longitarsus zangherii
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S10 Fig. Maximum Likelihood tree of Longitarsus zangherii based on two concatenated fragments of cox1. In correspondence of
nodes are reported the bootstrap support (BS, left) from Maximum Likelihood. The nodes supported is reported only for BS>60.
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S11 Fig. Maximum Likelihood tree of Psylliodes ruffoi based on two concatenated fragments of cox1. In correspondence of nodes are
reported the bootstrap support (BS, left) from Maximum Likelihood. The nodes supported is reported only for BS>60.
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Longitarsus springeri

B3
kL
Lsprallg
lspr3008
lspral0A
lspr300A
a7 LsprallA -
il spr
L Lspr308e ’
Lspr3dall
lspradad
Lspr3g3l
lspr3d3A
o0 'lspr35aB
i
spr
i [spraeaL
Lsprdldl
Lspr3laF
Lspr3lik
Lspr3! 36
Lspr3!H
—Lspral3E
: s
t— Lspr
|99 ' Lsprdl80
IsprdZlA
[sprddiF
Lspr3g10
Lspr3d(C
Lspr39IE
100
ILspr3aia

0.005

Lspr38iB

S$12 Fig. Maximum Likelihood tree of Longitarsus springeri based on two concatenated fragments of cox1. In correspondence of nodes
are reported the bootstrap support (BS, left) from Maximum Likelihood. The nodes supported is reported only for BS>60.
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S13 Fig. Maximum Likelihood tree of Psylliodes biondii based on two concatenated fragments of cox1. In correspondence of nodes
are reported the bootstrap support (BS, left) from Maximum Likelihood. The nodes supported is reported only for BS>60.
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CHAPTER 7

Effect of Quaternary climatic oscillations on temperate and alpine biotas: insights
from comparative phylogeography and historical demography of Italian endemic
Alticini along the Apennine mountains

Introduction

In the previous Chapter we used a phylogeographic approach to analysed the relationships between
intraspecific mitochondrial lineages. Results indicated that the genetic structure of the studied species was
strongly influenced by the environmental changes induced by the glacial and interglacial cycles of the
Quaternary and their interplay with Apennine topography. The different species, even those sharing a similar
ecology and distribution, responded differently to these changes, each presenting its own pattern. The observed
genetic structure is suggestive of cycles of range contraction towards refugia. Such spatial contraction
processes have been accompanied by demographic contractions and bottlenecks. Some taxa underwent to
population size decrease (Mapelli et al., 2012) even close to extinction (Nogués-Bravo et al., 2010), whereas
others have remained relatively more stable by persisting in widespread suitable environments (Davis and
Shaw, 2001) or migrating to more suitable areas (Hewitt, 2000; Davis and Shaw, 2001). Following climatic
amelioration most of these organisms experience spatial and demographic expansion (Hewitt, 1996, 2000,
2004a, 2004b) .

The signature of these demographic changes can be detected from genetic data by applying coalescent
models to the inference of intraspecific gene genealogies (Ho and Shapiro, 2011). The coalescent framework
has contributed important information about the demographic history of species (Shapiro et al., 2004; Atkinson
et al., 2008; Campos et al., 2010; Lorenzen et al., 2011). The reconstruction of historical trend of population
size has improved our understanding of the factors that have affected past ecosystems, either climatic or
anthropogenic, recent or ancient. Indeed, trends in effective population size (Ne) over time can be associated
with climatic or geological phenomena that have impacted the size and structure of populations (Kingman,
1982; Avise et al., 1987, 1998; Edwards and Beerli, 2000; Wang, 2005). Demographic inference methods
based on the coalescent usually assumes panmixia, i.e. the absence of population structure, although this is not
a realistic assumption in many biological situations. A number of recent studies have investigated the effect of
violating the panmixia assumption for inferring population size changes (Stadler et al., 2009; Chikhi et al.,
2010; Peter et al., 2010). These studies suggest that population structure can lead to erroneous conclusions
about demographic changes in a population that in fact has remained stationary through time (Heller et al.,
2013).

Furthermore, the use of a single locus, for example only mitochondrial markers, for demographic

analysis could generate unreliable results. The non-recombinant nature of this genome and maternal
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inheritance means that it tracks only one genealogical realization within a population's history (Ho and Shapiro,
2011). Furthermore, the use of a single marker, if there has been a selection on that particular gene region,
risks not being representative of the demographic history of the population (Brito and Edwards, 2009; Ruane
et al., 2015). Since the last decade, it has been demonstrated how the use of multiple unrelated markers

increases the reliability of the demographic reconstruction (Galtier et al., 2000; Heled and Drummaond, 2008).

In this chapter we built on results of the previous chapter on the phylogeographic structure of
intraspecific lineages of the studied species to reconstruct the historical demography in order to investigate the
effect of past climate changes on the populations of the target species. To avoid problems due to population
structure, demographic reconstructions were inferred separately for each lineage identified in the previous
chapter. Finally, the results of the analyses will be seen in a comparative perspective between species and

across environments.

Materials and Methods

Sample collection and morphological identification
Specimens analysed in this chapter were collected and identified on a morphological basis as explained in
Chapter 1 and 2.

DNA extraction

DNA of specimens of target species was extracted using non-invasive DNA extraction methods described in
Chapter 2. Six different gene fragments, both mitochondrial and nuclear, were amplified through polymerase
chain reaction (PCR): two cox1 fragments (sequences analysed in chapter 7); and four protein-coding nuclear
genes were amplified for a subsample of individuals, Carbamoylphosphate synthase (CAD), Crossveinless 2
(Cv2), Rad 50 protein (Rad50) and Wingless (Wg). The first three nuclear markers were amplified using
primers and amplification conditions described in Gikonyo (2021). The Wg was amplified using primers
Wg550F and WgAbRZ-R (Wild and Maddison, 2008) and condition described in Riccieri et al. (2020).
Successful amplification was determined by gel electrophoresis and PCR products were purified and
sequenced by an external service (Genewitz, UK). The obtained chromatograms of each sequence were
manually edited and assembled into a consensus sequence using Geneious Prime 2021 (Biomatters Ltd.,
Auckland, New Zealand). Sequences of each gene were aligned separately using MAFFT v7.450 with the G-
INS-I progressive method algorithm (Katoh et al., 2002) and then used for the following analysis.

The gametic phase of nuclear sequences was determined using DnaSP v5 (Librado and Rozas, 2009).
using the PHASE algorithm (Stephens et al., 2001; Stephens and Donnelly, 2003), with the initial 1000

iterations discarded as burn-in, 1 as thinning interval and 1000 post-burn-in iterations.
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To investigate the demographic variations through time it was performed an Extended Bayesian Sky-
line Plot analysis (EBSP) implemented in BEAST 1.8.2 (Drummond and Rambaut, 2007). BEAUTI 1.8.2 (in
the BEAST package) was used to create the XML format input files for BEAST. The EBSP model is based on
the genetic information from multiple loci and it incorporates stochastic differences between gene genealogies
in the estimation of the population parameter. As a further advantage over previous skyline methods, the EBPS
approach is not constrained a priori to a specific model of historical population size change (Heled and
Drummond, 2008; Ho and Shapiro, 2011; Drummond et al., 2012). This was ensured using a Poisson prior
with mean A = 0.693 for the number of population changes (), which put an equal probability (50% prior
weight) to a constant and to a nonconstant population size (Drummond et al., 2012). To allow for continuous
population size dynamics, a piecewise linear model was used. Analyses were based on mtDNA and nuDNA
and, separately for each intraspecific phylogenetic group identified in chapter 7, in order to avoid the potential
biases generated by population structure (Heller et al., 2013). Tree models of the mtDNA fragments were
linked, whereas substitution and clock models were unlinked across all genes. The HKY + | + G model of
nucleotide substitution was selected. The EBSP analysis was run using strict clock models and the substitution
rate was set on the rate estimated for the 3’ fragment of the cox1 gene by Papadopoulou et al. (2010) and used
as a reference to guide rate estimates for the other gene fragments. The calibration was implemented with a
lognormal prior (mean in real space = 0.0168, stdev = 0.06). Markov chain length were set from 3 x 108 to
5x 10® generations depending on the runs convergence assessed examining the effective sample size of
parameters (ESSs) and a visual inspection of the likelihood with TRACER (Rambaut et al., 2018). Trees and
parameters were sampled every 30,000 to 50,000 generations depending on the total number of generations.
The EBS plots were generated using the Python scripts provided in Heled (2010). To assess the time frame at
which the EBSP reconstructions have high reliability, we generated a detailed demographic function
description following Heled (2010) and we inspected the number of demographic functions which had an X

point at each interval of time.
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Results

Longitarsus laureolae

For the lineage of L. laureolae from the southern Italian Peninsula we obtained 43 sequences for both the cox1
fragments and 178 phased nuclear sequences (52 sequences of CAD, 46 sequences of Cv2, 42 sequences of
Rad50 and 38 sequences of Wq); for the Sicilian lineage: 23 sequences for both the two fragment of cox1 and
for the four nuclear markers we obtained 96 phased sequences (24 sequences of CAD, 32 sequences of Cv2,
32 sequences of Rad50 and 8 sequences of Wg). The EBSP showed historical demographic trends with a
marked population expansion for both the Sicilian and the Peninsular lineages, starting right after the LGM
(15-20 Kya). Inspection of the number of demographic functions for each time interval of the EBSPs indicates
that the demographic inferences can be deemed as reliable backward in time until ¢. 100 Kya the peninsular

lineage and c. 80 Kya for Sicilian (Fig. 26).
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Fig. 26 Extended Bayesian skyline plots based on combined cox1, CAD, Cv2, Rad50 and Wg sequences for the main lineages
identified within L. laureolae. Population assignment to lineages is based on results obtained in the previous chapter and is shown in

the maps by the blue circles.
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Longitarsus zangherii

For the lineage of L. zangherii we obtain for the lineages A 23 sequences for both the cox1 fragments and 60

phased nuclear sequences (10 sequences of CAD, 28 sequences of Cv2, 6 sequences of Rad50 and 16

sequences of Wg); (ii) for lineage B 58 sequences for both cox1 fragment and 198 phased nuclear sequences
(64 sequences of CAD, 60 sequences of Cv2, 22 sequences of Rad50 and 52 sequences of Wg). The EBSP

showed historical demographic trends with a constant population size for both the Northern and Central-South

lineages. Inspection of the number of demographic functions for each time interval of the EBSPs indicates that

the demographic inferences can be deemed as reliable backward in time until c. 60 Kya for both lineages (Fig.

27).
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Fig.27 Extended Bayesian skyline plots based on combined cox1, CAD, Cv2, Rad50 and Wg sequences for the main lineages identified

within L. zangherii. Population assignment to lineages is based on results obtained in the previous chapter and is shown in the maps

by the blue circles.
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Psylliodes ruffoi

For the Calabrian lineage of P. ruffoi we obtained 40 sequences for both cox1 fragment and 176 phased nuclear
sequences (52 sequences of CAD, 48 sequences of Cv2, 32 sequences of Rad50 and 44 sequences of Wg); for
the Sicilian lineage, 17 sequences for both cox1 fragment and 86 phased nuclear sequences (20 sequences of
CAD, 26 sequences of Cv2, 12 sequences of Rad50 and 28 sequences of Wg). The EBSP showed historical
demographic trends with a weak population expansion for both the Sicilian and the Calabrian lineages, starting
at the end of the last glacial period (45-20 Kya). Inspection of the number of demographic functions for each
time interval of the EBSPs indicates that the demographic inferences can be deemed as reliable backward in
time until c. 100 Kya for both lineages (Fig. 28).
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Fig.28 Extended Bayesian skyline plots based on combined cox1, CAD, Cv2, Rad50 and Wg sequences for the main lineages identified
within P. ruffoi. Population assignment to lineages is based on results obtained in the previous chapter and is shown in the maps by the

blue circles.
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Longitarsus springeri

For the lineage of L. springeri we obtain for the whole species 73 sequences for both cox1 fragment and 282
phased nuclear sequences (70 sequences of CAD, 94 sequences of Cv2, 22 sequences of Rad50 and 96
sequences of Wg); for Abruzzo lineages 49 sequences for both coxl fragment and 184 phased nuclear
sequences (46 sequences of CAD, 56 sequences of Cv2, 14 sequences of Rad50 and 68 sequences of Wg). The
EBSPs showed relatively stationary historical demographic trends, with an imperceptible demographic
decrease both for the whole species and for the Abruzzo subclade, starting from c. 50 and 25 Kya respectively.
Inspection of the number of demographic functions for each time interval of the EBSPs indicates that the
demographic inferences can be deemed as reliable backward in time until c. 400 Kya for both lineages (Fig.
29).
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Fig.29 Extended Bayesian skyline plots based on combined cox1, CAD, Cv2, Rad50 and Wg sequences for the main lineages identified
within L. springeri. Population assignment to lineages is based on results obtained in the previous chapter and is shown in the maps by

the blue circles.

131



Psylliodes biondii

For the lineage of P. biondii we obtain 39 sequences for both cox1 fragment and 154 phased nuclear sequences
(44 sequences of CAD, 46 sequences of Cv2, 32 sequences of Rad50 and 32 sequences of Wg). The EBSP
showed historical demographic trends with a marked population expansion starting at ¢. 300 Kya. After this
phase of expansion, the demographic trend changes, with a population decrease starting at c. 75 Kya.
Inspection of the number of demographic functions for each time interval of the EBSPs indicates that the

demographic inferences can be deemed as reliable backward in time until ¢. 500 Kya (Fig. 30).
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Fig.30 Extended Bayesian skyline plots based on combined cox1, CAD, Cv2, Rad50 and Wg sequences for the main lineages identified
within P. biondii. Population assignment to lineages is based on results obtained in the previous chapter and is shown in the maps by
the blue circles.

Discussion

The climatic oscillations of the Pleistocene have strongly affected the range dynamics of temperate species,
both by shifting their optimal bioclimatic conditions, and by influencing the geography of the physical
availability of the habitat (Hewitt, 1996; Taberlet et al., 1998; Hewitt, 2000, 2004a; Schmitt, 2007). These
processes had a strong impact on the genetic variation of the target species analyzed, as already seen above. In
this study, we showed how these processes have also influenced the population demographic patterns. Results
corroborate that also historical demographic trends indicate an individualistic response of species to past

environmental changes.

As for the two temperate species, L. laureolae and L. zangherii, historical demographic reconstructions

showed that changes in population size followed distinctive trends in the two species. Both the Sicilian and
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the Peninsular lineages of L. laureolae underwent a sudden postglacial expansion in population size, likely
due to the post-glacial increase of habitat availability. In this period, the climatic amelioration led to an
expansion of the temperate forest belts, which were fragmented into small isolated populations during the last
glaciation (Blondel et al., 2010; Thompson, 2020). This increase in environmental availability is probably the
reason for the demographic increase of this species, as already observed in other Mediterranean endemic
temperate species (Salvi et al., 2016). In contrast, the two lineages of L. zangherii showed an historical
demographic trend with a relatively stable population size. This species lives in the same environments as L.
laureolae but has a more northern distribution. The observed historical demographic stability suggests that late
Quaternary climatic oscillation had no discernible effect on population size in these lineages. Or, perhaps, the
structure of the mountain system of the central part of the Apennines is such that it has allowed a large space
of suitable environments even during the last glacial period. These hypotheses will deserve future studies at a
smaller geographical scale.

Also for the mesophilic species P. ruffoi, the historical demographic reconstruction shows a relatively
stable trend trough time, with a weak population expansion for both the Sicilian and the Calabrian lineages
prior to the last interglacial. This is a pattern already seen in other Mediterranean species although it is usually
observed in coastal or island species (Salvi et al., 2014; Senczuk et al., 2019). Another possibility is that this
effect is given by the presence of a population structure internal to the two lineages since, as seen in the
previous chapter, the Sicilian and Calabrian haplogroups of this species present very deep divergences.
However, the analysis of individual haplogroups faces the limitation of small sample size and are thus not

suitable to disentangling the effect of population structure on demographic reconstructions.

Finally, the two Alpine species, showed diverging historical demographic trends. For L. springeri the
analyses considering the whole species, or the Abruzzo lineages gave similar results, with a not significant
demographic decrease in both lineages since the beginning of the last interglacial. These results suggest that
the temperature rise due to the interglacial had the effect of decreasing the population size of these lineages
due to the reduction of suitable environment availability. This is in line with the sky island isolation pattern
observed for this species in the previous chapter. A different case is that of P. biondii endemic to the central
Apennine, which presents a marked population expansion starting at c. 300 ka followed by a population
decrease starting at c. 75 ka. This pattern may indicate that the central Apennine region acted as a refugium

for this species (see also Loughlin et al., 2008).

Historical demographic reconstructions fully corroborate results of the previous chapter and underline
how the studied species had an individualistic response to environmental changes associated with Pleistocene
climatic cycles. Some species, such as L. laureolae and L. springeri, seem to show demographic histories that
can be explained by the habitat expansion and contraction driven by the climatic oscillations of the Pleistocene
(Hewitt, 1996; Taberlet et al., 1998; Hewitt, 2000, 2004a; Provan and Bennett, 2008). On the other hand, the

other species analysed show patterns that cannot be explained by the classic processes of expansion and
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contraction, and which probably derive from species-specific response that took place at a regional scale.
Further studies will certainly be necessary to investigate these patterns. Our results allowed understanding how
the Apennines have been the scene of multiple processes that have led species to follow distinctive

evolutionary, demographic and biogeographic trajectories that gave rise to the high diversity of this biota.
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CONCLUSION

Results of this thesis allowed documenting phylogeographic patterns and underlying evolutionary processes
that have determined the high genetic structure and diversity of Apennine fauna. This mountain system that
crosses from north to south the Italian peninsula for over a thousand kilometres is a well-known diversity
hotspot on a par with more extensive mountain ranges such as the Alps and the Pyrenees (Canestrelli et al.,
2006, 2008; Bogdanowicz et al., 2015). In particular, the central sector of the Apennines, characterized by a
geological and environmental history shaped by the Quaternary glaciations (Giraudi and Frezzotti, 1997;
Giraudi et al., 2004) has been a refuge for various cold-adapted species. As a consequence this region is among
the mountain areas that host the largest number of species in the entire area of the Italian peninsula (Maiorano
et al., 2006; Biondi et al., 2013; Urbani et al., 2015; Menchetti et al., 2021). However, the phylogeographic
studies focused on the evolutionary processes that took place on these mountains have been mainly focused
on vertebrate taxa. In this thesis, a fine scale phylogeographic study of the Apennine mountain systems was
carried out for the first time using a comparative multi-taxa approach on five endemic species of Alticini
beetles as a reference system (Coleoptera, Chrysomelidae, Galerucinae). This tribe, in terms of number of
species and ecological diversity, proved to be an excellent study model to unveil the complexity of species

response to past climatic and environmental changes, which was the main aim of this thesis.

Thanks to a carefully thought sampling design, it was possible, over the three years of the PhD, to
cover the whole range of selected target species by sampling a large number of populations and, in some cases,
also expanding the known range of species. Thanks to the joint study of molecular and taxonomic analyses, it
was possible to solve some methodological and taxonomic problems related to the systematic complexity of
the examined group. In particular, for the genus Longitarsus, the revision of the sequences from the public
database of GenBank and BOLD, through a posteriori taxonomic revision of those erroneous or ambiguous
sequences, it was possible to improve the effectiveness of the DNA barcoding tool and reach a reliable species
identification based on molecular data. The use of an integrative taxonomy approach within a phylogeographic
framework allowed to delimit the two species P. ruffoi and P. kiesenwetteri from a molecular and
morphological point of view, clarifying their phylogenetic and taxonomic relationship. Finally, molecular
analyses also allowed to identify a new lineage (possibly a new species) endemic to the Maiella mountains
within the high-altitude species complex of Psylliodes springeri. These results not only demonstrate the
importance of an integrative approach when addressing the study of complex groups such as that of the
Alticini, but also allowed us to identify the evolutionary units on which to apply phylogeographic and

demographic analyses to answer the main questions of this thesis project.

Phylogeographic analysis have shown that species have an individualistic response to environmental
changes, showing different evolutionary histories and individualistic adaptations to local environmental

factors (Hornsby and Matocq, 2012; Stewart et al., 2010). The geographic distribution and time of origin of
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mitochondrial lineages indicate a greater effect of the last glacial period on temperate species compared to
species linked to mesophilic environments. In contrast, cryophilic species have undergone a process of
isolation in suitable mountain areas that closely match the so-called Sky islands model. For each of these
species, the reconstruction of the historical demography through the EBSP corroborates how these species
had an individualistic response to the past glaciations. Some species, such as L. laureolae and L. springeri,
appear to exhibit demographic histories that can be explained by the glacial contraction and postglacial
expansion typical of temperate species (Hewitt, 1996; Taberlet et al., 1998; Hewitt, 2000, 2004; Provan and
Bennett, 2008). The other species, on the other hand, showed different trends, which cannot be explained by
the classic processes of expansion and contraction, and which have probably derived from species-specific

processes occurring on a regional scale.

These results confirmed that the Apennines are an important reservoir of genetic and endemic
diversity. It has been shown how the geographical and ecological heterogeneity of this region, in synergy with
the climatic changes of the past, has led ecological similar species, currently living in close sintopy, to undergo
distinct evolutionary and demographic processes under the same past environmental changes. This allowed
us to add one more piece of knowledge on the evolutionary and demographic dynamics of understudied fauna
of this region. This also allowed us to improve our understanding of the processes that generated a biodiversity
hotspot within this region and that determined the assembly of its biota. These results are crucial for planning

informed strategies for the long-term conservation and management of the Apennine biodiversity.
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