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Preface

In the city of Uppsala, in Sweden, there was a bar with a thick wooden counter. The upper
part where beverages were placed was polished and smooth, but on large part of the lateral
surface, towards the guests, the wood was covered by a fine system of dark-stained grooves.
The drawings were the remnants of the galleries created by several broods of bark beetles with
a polygynous mating system. The main pattern of the tunnels consisted of a series of single
slightly curved central lines with a star-like configuration, from which departed
perpendicularly other tightly packed small galleries created by larvae. Considering that in
Sweden, the Norwegian spruce (Picea abies) is the main tree species used for wood
construction and internal design, I could tentatively guess the beetle species. The tunneling
system might have been created by Pityogenes chalcographus, the six toothed spruce bark
beetle, one of the most common bark beetles in Europe, infesting mainly P. abies and other
members of Pinaceae. At that time, a broader knowledge of these beetles would have
probably helped me to support better the theory that the engraved drawings were made by
beetles and disprove the antagonist less fascinating theory, suggested by other clients, who
considered the drawings as the result of the work of a time-wasting human artist.

In those days, I was considering the possibility to move to Norway for working at the
University Museum of Bergen on a PhD project in molecular systematics of bark and
ambrosia beetle. At that time, my knowledge of this fascinating beetle group was limited to a
few species causing coordinate tree-killing over large areas of North American forests or
consistent economic loss in coffee production worldwide. However, reading the extensive
literature on different biological and ecological aspects of Scolytinae and Platypodinae
beetles, [ was growing a mesmerizing interest for these insects.

As you can guess, I decided to accept this PhD project which largely consisted in a search for
additional molecular markers in Scolytinae, but also in Platypodinae and other weevils; a real
challenge, considering the scarce number of markers developed for beetle phylogenetics in the
last decades, despite the large interest in the systematics of this extremely diversified insect
order (Coleoptera). When I started working on the project in 2012, the rapid progresses of the
Next Generation Sequencing technology required to be carefully considered as well. Indeed,
the advantages, in terms of costs and benefits, of mining nuclear genes using a genome-scale
Sanger sequencing approach were not so obvious. On the other hand, the majority of NGS
options were still not tuned to deal efficiently with routine phylogeny matters. Nevertheless,

genome assembly-free methods were emerging as a preferential choice in the systematics



field. It is worth mentioning that the first papers on genomic ultra-conserved elements and
highly conserved anchor regions of genomes (also referred to as anchored hybrid enrichment)
were published in the 2012. At the time of writing (2017), it seems clear that few protein
coding genes could still represent a valuable alternative in phylogenetic studies, although
NGS based data are more and more ready to claim their hegemony in insect molecular
systematics.

This PhD research project was designed with the aim to remedy the lack of ready-to-use
nuclear markers in ‘classic’ beetle phylogenetics. Here, 1 report on the multiple level
optimization procedure to select nuclear protein coding genes and test their phylogenetic
utility within the weevil superfamily Curculionoidea, with emphasis on the wood boring
lineages grouped in the subfamilies Scolytinae and Platypodinae (family Curculionidae).
According to the results obtained in this study and to the experience acquired during this
research project, I can vouch for and encourage researchers in beetle systematics to test the 16

selected markers or some of the less characterized 18 markers.



Abstract

Bark and ambrosia beetles are grouped into two different subfamilies (Scolytinae and
Platypodinae), within the superfamily Curculionoidea (more than 60,000 described species).
These insects constitute a large part (circa 8,000 species) of the advanced weevils (family
Curculionidae). The subfamilies Scolytinae and Platypodinae were traditionally considered
closely related, due to anatomical affinities and similar ecological behavior of their members.
Indeed, these beetles present morphological modifications which allow them to spend almost
all the entire lifecycle in tunnels constructed mainly in dead wood, though showing
extraordinary variation in ecological adaptations to thrive in different niches. Despite the large
interest focused on Scolytinae and Platypodinae which include economically important pests,
the evolutionary history of these two groups is largely unclear (especially for Scolytinae) as
well as their precise placement in the weevil tree. Due to the high number of species and the
lack of molecular markers, obtaining high phylogenetic resolution for framing the timing and
ecological circumstances under which each of the largest radiations originated still represent a
great challenge. Even though this is one of the beetle taxa where more efforts were
concentrated in collecting molecular data, the low phylogenetic resolution at deeper nodes has
not been markedly improved adding only a few protein coding genes. Morphological
characters in larvae, pupae and adults together with few mitochondrial and nuclear molecular
markers clarified only a limited number of important evolutionary issues in Scolytinae, while
Platypodinae phylogeny is significantly more resolved.

This PhD research project focused on the development and standardization of nuclear protein
coding genes as phylogenetic markers for weevils. One hundred genes were tentatively PCR
amplified and sequenced with ‘classic’ Sanger technology for different species of Scolytinae,
Platypodinae and other weevils. After this preliminary screening, unsuitable genes were
discarded and the most promising ones were further tested in their capacity to recover
monophyly for well-supported tribes. A total of sixteen protein coding genes emerged as first
choice markers for reconstructing the phylogeny of Scolytinae, a subset of them were tested in
other members of Curculionoidea and additional eighteen markers were shown to present
different degree of utility for shallow level phylogenetics in weevils (e.g. tribes, genera and at
population level).

In the first section of this study (paper I), the procedure of development and optimization of
each selected marker was described. Information on the intron length and number were

reported for all the sixteen nuclear genes. Problems of unspecific amplification or primer



failure in particular taxa were also emphasized. Finally, the novel genes were tested under
different methods of phylogeny reconstruction (NJ, maximum parsimony and Bayesian
inference), for their ability to recover well-established relationships among closely related
species. The integrative knowledge provided by comparison among the different analyses
allowed ranking the selected markers according to their utility for higher level phylogenetics
in Scolytinae.

In the second section of this work, a total of 18 markers (five previously defined and 13 out of
the 16 developed in this study) were used to reconstruct the phylogeny of the subfamily
Scolytinae applying two different phylogenetic methods: maximum parsimony and Bayesian
inference. Among the major findings, the tribe Scolytini and the genus Microborus were
confirmed to be early divergent lineages. However, their placement at the base of the
Scolytinae tree or close to other subfamilies in the weevil tree remains to be clarified. The
tribe Hypoborini was recovered as the sister lineage to a group containing the species-rich
Dryocoetini and Ipini. Better resolution was achieved within different tribes and the
placement of a few enigmatic species was unambiguously solved, but the relationships among
older tribes remained elusive (paper II).

Finally, ten genes (five developed in this study) were used to reconstruct the phylogeny of
different weevil families and subfamilies (paper III). All the analyses placed the subfamily
Platypodinae as the sister lineage to Dryophthorinae with high node support, therefore more

distantly related to Scolytinae.



1 Introduction

1.1 The changing landscape of insect molecular systematics

Comparative analyses of homologous morphological structures represented for a long time the
only strategy for resolving the insect tree of life (Wille, 1960, Crampton, 1938, Hennig,
1969). However, the utility of morphological characters can be limited in species-rich taxa
where sometimes convergent evolution has masked true indicators of relationships (Haas and
Kukalova-Peck, 2001). Therefore, in morphology-based phylogenies, obtaining a high degree
of confidence for relationships among and especially within hyper-diverse insect families and
subfamilies can be difficult. Molecular systematics emerged as a more promising tool to
disentangle such relationships and achieve high resolution at different taxonomic levels
(Mardulyn and Whitfield, 1999, Field et al., 1988, Cognato and Sperling, 2000, Russo et al.,
1995). Whereas decades of morphological studies in insects have intensely explored a vast
assortment of different character systems, we are only in an early phase of exploring genomic
regions at large scale for insect phylogenetics. So far, the majority of PCR and sequencing
based phylogenetic studies have largely relied on RNA sequences from both mitochondrial
and nuclear genomes, and a few protein coding genes. Resolution of insect relationships has
not been without problems, with results often highly influenced by the choice of markers, in
addition to suboptimal use of search algorithms and evolutionary models. Since a large
amount of molecular data can be required to resolve ancient divergences in highly variable
groups, the selection of an adequate number of markers maintains a key importance, but this
requisite was not always easy to fulfill. For the majority of the insect orders, only a limited
number or protein coding genes were tested and developed as molecular markers for
reconstructing phylogenetic relationships.

From a couple of decades ago, ribosomal, mitochondrial and to some extent nuclear protein
coding genes started to be explored for insect systematics, with a slow but continuous
development of phylogenetically informative gene fragments (Baker et al., 2001, Fang et al.,
1997, Friedlander et al., 1998, Friedlander et al., 1992, Pelandakis et al., 1991). Certainly, a
large amount of works on mitochondrial genes (Weirauch and Munro, 2009, Maekawa et al.,
2001, Liu and Beckenbach, 1992, Howland and Hewitt, 1995, Scheffer and Wiegmann, 2000)
and ribosomal structural RNAs (Weller et al., 1992, Shull et al., 2001, Whiting et al., 1997,
Carmean et al., 1992) paved the way of insect phylogenetics, but more recent studies which

included nuclear protein coding genes provided further advancements in the field (Gibson et

10



al., 2011, Winkler et al., 2015, Wild and Maddison, 2008, Sahoo et al., 2016, Wahlberg and
Wheat, 2008, Regier et al., 2013, Wahlberg et al., 2016).

Ribosomal and mitochondrial genomic regions are still widely used in insect systematics, but
only a limited number of nuclear protein coding genes (e.g. EF-1a, CAD, ArgK, PEPCK and
wingless), can be considered as ‘common’ markers used across several insect orders
(Maddison, 2012, Jordal and Cognato, 2012, Kim and Farrell, 2015, Riedel et al., 2016, Jordal
et al., 2011). Beside this limited number of well-characterized phylogenetic markers, other
nuclear genes were implemented in different insect taxa, often following independent routes
for marker selection and optimization (Cruaud et al., 2013, Senatore et al., 2014). Noticeably,
several groups in Lepidoptera and Hymenoptera received much more attention in this
perspective and as a consequence, these orders currently have the highest number of
standardized protein coding genes (more than 20) that can be selected for phylogeny
reconstruction at various ranks (Regier et al., 2013, Mutanen et al., 2010, Danforth et al.,
2004, Danforth et al., 2013, Hedtke et al., 2013, Wahlberg et al., 2016).

More than fifteen years ago, Caterino et al. (2000) highlighted a tendency for lack of
coordinated efforts among different research groups to define a set of common nuclear genes
for insect systematics. The few ‘standard’ genes (e.g. mitochondrial genes, structural RNAs
and EF-1o) were often amplified and sequenced with different primer pairs according to the
PCR amplification and sequencing success in different groups (Caterino et al., 2000). As a
result, protein coding genes for insect phylogenetics are currently organized in a sort of ‘tower
of Babel’ of markers which makes it difficult or impossible to compare or to predict the
phylogenetic utility of such genes in various insect orders. Different degrees of complexity in
gene structure, intron pattern, hypervariable regions and/or presence of paralogous copies are
other factors that seriously complicate routine sequence production across different taxa
(Yenerall et al., 2011, Hardy, 2007). Therefore, marker-specific intricacy, together with
technical problems such as inconsistent or unspecific PCR amplification might be likely
reasons behind an irregular development of protein coding genes in insect phylogeny
(Wahlberg and Wheat, 2008).

Although the lack of nuclear markers remains a considerable limit for studying the evolution
of several insect groups, the growing number of sequenced genomes provides a good source
for selecting novel genes. With the huge amount of molecular data currently available in the
public databases both in terms of genomes and transcriptomes, the scarceness of standardized

nuclear markers could be potentially overcome. Nevertheless, gene exploration, testing, and
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phylogenetic utility evaluation is a long and complex procedure, often with results that are
difficult to predict ‘a priori’ as demonstrated during this PhD research project.

It is generally accepted that confidence in phylogenetic reconstruction can be obtained only
through analyses of a large amount of molecular data. However, phylogenetic studies which
combine information from five or more protein coding genes (excluding Next Generation
Sequencing based study) are not common in insects (Wiegmann et al., 2009, Winkler et al.,
2015, Maddison, 2012). Sanger sequencing applied to phylogenetic studies started more than
two decades ago, and since the early application of this technology in phylogenetics,
increasing the amount of data has always been one of the major concerns. On the other hand,
molecular studies which include few mitochondrial and nuclear genes continue to provide
more resolution in several insect taxa (Baca et al., 2016, Vuataz et al., 2016).

Consequently, there is still no consensus on the optimal number of nuclear genes required for
resolving relationships, especially among old and species rich insect lineages. Thus, even if
the primary goal of entomologists working in insect systematics is still to increase the number
of characters to obtain more robust phylogenetic inference, the question is: how many nuclear
genes are necessary to resolve such relationships?

Different studies seem to suggest that a ‘PCR based’ molecular strategy should be based on
15-20 genes to solve phylogenies at family and subfamily level; even if such datasets still
represent a small fraction of the entire genome, they are more resistant to large fluctuations in
tree topology and node support that are otherwise observed with fewer markers (Rokas et al.,
2003, Ruane et al., 2015, Rokas and Carroll, 2005, Edwards et al., 2007). On the other hand,
the fact that few genes with strong phylogenetic signal can be more useful than quantitative
information is lately getting strong support (see Shen et al., 2017). However, the number of
genes required for achieving good resolution and node support is largely dependent on the
rank at which a particular phylogeny is investigated, the number of taxa included and the age
of diversification of the group. Remarkably, a relatively small multiple-gene nucleotide
dataset (6 genes) was capable of recovering deep divergences among Holometabola orders
with high node support (Wiegmann et al., 2009). Another study based only on three nuclear
genes showed that they were sufficient to support monophyly of major insect lineages with
robust node support (Sasaki et al., 2013). Furthermore, it has been demonstrated that a small
gene dataset of four nuclear markers resolved Halictidae subfamilies relationships in bees
(Danforth et al., 2004). Finally, the combination of ribosomal genes, COI and CAD, resolved
relationships in the Diptera infraorder Bibionomorpha (Sevcik et al., 2016). Hence, the debate

on the essentiality of large genetic data volumes in insect phylogenetics is far from settled.
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Phylogenomics is rapidly changing the need for an elaborate and time-consuming selection of
protein coding genes (Trautwein et al., 2012, Misof et al., 2014, Kawahara and Breinholt,
2014, Crampton-Platt et al., 2015). Next Generation Sequencing technology can provide large
amount of data that enable higher level of phylogenetic resolution compared to phylogenies
based on few genes obtained with Sanger sequencing technology. As an example, NGS
mitogenomics is rapidly gaining insights into weevil phylogeny (Gillett et al., 2014, Haran et
al., 2013). Anchored hybrid enrichment (AHE) targeting ultra-conserved elements (UCEs) is
an NGS technique that uses oligonucleotide probes to capture conserved regions of the
genome flanked by less conserved areas in order to acquire useful data for phylogenetic
inference from a broad range of taxa. Once a probe kit is developed, such approach is superior
to traditional PCR-based Sanger sequencing in terms of both the amount of genomic data that
can be recovered and effective cost (Young et al., 2016, Haddad et al., 2017). Therefore, such
genome assembly-free methods are becoming preferential choices in the systematics field,
especially in large-scale phylogenetics projects. In addition, high-throughput NGS sequencing
of genomes and transcriptomes allowed a cost-effective way for the rapid development of
phylogenetic markers for later Sanger sequencing (Rutschmann et al., 2017). In fact,
Rutschmann et al. (2017) offers an interesting and uncommon example of how NGS and
Sanger sequencing can be combined in an effective way.

For the large majority of researchers working in insect systematics, Sanger sequencing based
phylogenetics can still be a relatively fast, economic and informative strategy. As a final
consideration, it was recently demonstrated that a limited number of genes (15-20) can
generate a phylogenetic tree highly congruent (with similar node support for several clades)
with UCE based analyses (Ruane et al., 2015, Blaimer et al., 2015).

1.2 Molecular markers in beetles

Hitherto, exploring nuclear protein coding genes, using a PCR and Sanger sequencing
approach, with the ultimate goal to evaluate and select such kind of markers for beetle
molecular systematics has not been an easy task. David Maddison, co-author of the research
article ‘Evaluating nuclear protein-coding genes for phylogenetic utility in beetles’ (Wild and
Maddison, 2008) summarized the main findings of their study with a short sentence: ‘Hey
guys! New genes! (https://myrmecos.wordpress.com/2008/08/13/new-genes-for-studying-
beetle-evolution-or-blogging-my-own-research/). This short slogan was more than sufficient
to communicate the importance of such article to researchers working on beetle phylogeny.
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With the development of lab protocols for PCR amplifying and sequencing eight nuclear
genes in Coleoptera (three genes previously unused in beetles — five already in use), this study
represents the most important and successful attempt of ‘developing’ new genes for beetle
phylogenetics (24 genes were considered and tested in the genus Bembidion and in other
beetle groups).

The limited availability of nuclear markers is a relatively common situation in several insect
taxa, especially in Coleoptera. Application of molecular markers in phylogenetic studies of
beetles has not yet lead to a deep understanding of the evolutionary history of this order.
Indeed, phylogenetic resolution in some part of the beetle tree such as for the weevils is still
relatively low. More in general, the relationships among the four suborders are currently
debated and the phylogeny of the extremely species rich suborder Polyphaga remains
incompletely resolved, with medium-low resolution for several families and subfamilies
(Yuan et al., 2016, Zhang et al., 2016, Lawrence et al., 2011). Understanding the phylogeny
of the main beetle taxa represents a great challenge in phylogenetics.

Nevertheless, important advancements were recently achieved, especially in those groups on
which more attention was focused, with studies including a large number of species and
several markers (Maddison, 2012, Gunter et al., 2014, Jordal, 2015, Kim and Farrell, 2015).
Although the number of protein coding genes for beetle phylogenetics has increased over the
last years, studies which include multiple nuclear genes are uncommon (Maddison, 2012, Sota
and Vogler, 2001, McKenna et al., 2015). Large-scale studies, where combinations of
morphological and molecular data were used, are also relatively rare (Bernhard et al., 2009,
Whiting et al., 1997).

The early phase of molecular systematics of Coleoptera was largely based on mitochondrial
and ribosomal markers (Sikes and Venables, 2013, Maddison, 2012, Maddison et al., 2013,
Maus et al., 2001). Two cytochrome oxidase genes (COI and COII) are among the most
frequently used genes and they are useful mainly to resolve recent divergences (Cognato and
Sperling, 2000, Dobler and Muller, 2000, Martinez-Navarro et al., 2005). In several studies,
both mitochondrial and ribosomal genes were combined, or they were often used in
combination with protein coding genes (Cryan et al., 2001, Maddison, 2012, Bernhard et al.,
2009, Ahrens et al., 2011, Ruiz et al., 2010, Sequeira et al., 2000). However, only five nuclear
genes can be considered frequently implemented phylogenetic markers across this hyper
diverse order, and they are the same genes with large utility in other insect groups. The gene
wingless is quite popular in beetle phylogenetics and it was included in studies on different

taxonomic groups often in combination with mitochondrial and ribosomal genes (Kim and
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Farrell, 2015, Maddison, 2012, Zhang and Zhou, 2013, Tarasov and Dimitrov, 2016).
Schubert et al. (2000) suggest extreme caution when analyzing wingless sequences which
might occur in multiple copies (at least three) in insects. Similar paralog-related problems can
potentially affect a number of low copy genes. Widely used markers in beetle phylogenetics
such as elongation factor 1 o (EF-1a) and enolase are present in multiple copies in insect
genomes. Nevertheless, they have been proven to be suitable for elucidating relationships
between weevil genera, either alone or in combination with mitochondrial and nuclear genes
(Farrell et al., 2001, Sequeira and Farrell, 2001, Normark et al., 1999, Jordal, 2002). More
specifically, paralogy for EF-1a genes - two copies in beetles (Jordal, 2002), bees (Danforth
and Ji, 1998) and flies (Hovemann et al., 1988) — is not particularly problematic because the
paralogs can be distinguished for the presence of copy-specific introns (this is also true for the
enolase gene). CAD and ArgK were used in bark and ambrosia beetle phylogenetic studies, in
carabids and in staphylinid beetles (Jordal and Cognato, 2012, Maddison, 2012, Song and
Ahn, 2017).

Other genes were sporadically included in beetle phylogenetics: fopoisomerase I, Histone IlI,
DDC, white, opsin, period, hunchback and others (Tarasov and Dimitrov, 2016, Cameron and
Mardulyn, 2003, Polak et al., 2016, Fang et al., 1997, Caterino et al., 2000, Regier et al.,
1998, Danforth et al., 2003, Baker et al., 2001, Tatarenkov et al., 1999, Tanzler et al., 2014).

1.3 The phylogeny of the superfamily Curculionoidea

The most easily recognized characteristic of weevils is the presence of a long rostrum, though
it can be reduced or absent in some lineages (e.g. Entiminae, Cossoninae, Scolytinae and
Platypodinae). The rostrum represents a key innovation that has been implicated in the
evolutionary success of this group (Davis, 2014). Apart from a striking and unparalleled
diversification, weevils have a tremendous economic impact on worldwide agriculture, wood
trade and vegetal food transport and storage (Marifio et al., 2017a, Correa et al., 2013, Fettig
et al., 2007).

The weevils constitute one of the largest superfamilies (Curculionoidea) in the animal
kingdom, and increasing phylogenetic resolution at different ranks continues to be a great
challenge. High species diversity, limited lineage extinction and the simultaneous origin of
some families and subfamilies are all plausible reasons for such complexity (Gillett et al.,
2014, McKenna et al., 2015, Marvaldi et al., 2002, Jordal et al., 2011). The low number of
highly-informative phylogenetic markers constitutes another complicating factor, at least for
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the classic PCR based phylogenetics. Despite two decades long effort in collecting molecular
data, the phylogeny of weevils is still debated at higher ranks and resolution at shallow level
(among tribes and genera) is highly variable. Key advancements were obtained within some
groups such as Scolytinae, Cryptorhynchinae and Platypodinae. However, large dataset,
comprehending multiple molecular markers and high number of species, were still not enough
to solve the majority of late-Cretaceous nodes (Jordal and Cognato, 2012, Riedel et al., 2016,
Jordal et al., 2011). Platypodinae represents an exception, and a comparatively more resolved
phylogeny at deeper nodes was obtained using only five markers (see Jordal, 2015).

The uncertainty regarding the placement and rank of several subfamilies was emphasized by
recent works (Alonso-Zarazaga and Lyal, 1999, Oberpricler et al., 2007). Lately,
morphological character based analyses, supported by increasingly larger amount of
molecular data allowed moving towards a gradually unified classification (Marvaldi et al.,
2002, Gillett et al., 2014, McKenna et al., 2009, Gunter et al., 2015). Among the early
diverging weevil lineages, the beetles possessing straight antennae in the families Antribidae,
Attelabidae, Caride, Brentidae, Belidae and Nemonychidae constitute a grade. The phylogeny
of the advanced weevils (with geniculate antennae) in the family Curculionidae remains
unclear. The basal positions are currently occupied by some of the broad-nosed lineages
(Brachycerinae sensu latu), monocot-associated taxa (Dryophthorinae) and the contended
Platypodinae, potentially sharing pedotectal male genitalia (orthocerous-type). The remaining
subfamilies are classified in the Curculionidae sensu stricto, with pedal genitalia
(gonatocerous-type), and represent a derived lineage (Kuschel, 1995, Thompson, 1992).

The phylogenetic placement and current classification of the wood boring lineages, especially
Platypodinae and Scolytinae, remains one of the more problematic issues (see Kuschel, 1995,
Kuschel et al., 2000, Wood, 1986, Wood and Bright, 1992, Jordal et al., 2014). While several
studies clearly indicate a nested position of Scolytinae within a narrowly defined
Curculionidae (sensu Alonso-Zarazaga and Lyal, 1999), the placement of Platypodinae is
more uncertain. Two contrasting hypotheses place these two families as sister-groups, or
alternatively as more distantly related clades (Figure 1). Scolytinae as sister to Platypodinae,
within Curculionidae, is one of the hypotheses suggested by a large number of morphological
and by some molecular studies (Kuschel, 1995, Farrell et al., 2001, Marvaldi and Morrone,
2000, Jordal et al., 2011, Alonso-Zarazaga and Lyal, 1999, Lawrence et al., 2011, Marvaldi et
al., 2002, Crowson, 1955, May, 1993, Zherikhin and Gratshev, 1995, Lawrence and Newton,
1995). In addition, some authors suggested a close relationship between Scolytinae and

Platypodinae to the subfamily Cossoninae (Marvaldi, 1997, Kuschel et al., 2000).
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Occasionally, these subfamilies were also elevated at family rank outside all other
Curculionidae without solid evidence (Bright, 2014, Morimoto and Kojima, 2003, Wood,
1986, Wood, 1993, Wood and Bright, 1992). Finally, more recent molecular studies based on
larger data volumes support the fact that Scolytinae and Platypodinae, even though they are
adapted to similar life styles, they might be more distantly related, with the letter being the
sister group to Dryophthorinae (Gillett et al., 2014, Gunter et al., 2015, McKenna et al., 2009,
Haran et al., 2013).

Morphological and ecological similarities among Platypodinae and the ambrosia beetles in the
subfamily Scolytinae suggest a relationship between these subfamilies. Platypodinae features
such as the elongated body shape, the long tarsal segment 1 (relative to tarsae 2-5) different
male genitalia and different larval morphology point towards a case of convergent evolution

driven by similar niche utilization.

Scolytinae Scolytinae
B)
Curculioninae Platypodinae
Entiminae Curculioninae
Platypodinae Entiminae
Dryophthorinae Dryophthorinae
Brachycerinae Brachycerinae
Brentidae Brentidae
Marvaldi 1997 - larval morphology Kuschel 1995 - morphology
McKenna et al., 2009 - 6 genes Farrel et al., 1998
Haran et at al., 2013 - mt genome Marvaldi et al., 2002 - 18s rDNA + morphology
Gillet et al., 2014 - mt genome Lawrence et al., 2001 - morphology

Jordal et al., 2011 - 5 genes + morphology (in part)

Figure 1 — The two main hypotheses regarding the possible relationships among Scolytinae and Platypodinae.
A) Platypodinae as sister group to Dryophthorinae is mainly supported by larval morphology and molecular
studies based on multiple genes or mithocondrial genomes; B) Scolytinae and Platypodinae as sister groups is

supported by adult morphology and mainly ribosomal genes, sometimes associated with other markers.
1.4 Bark and ambrosia beetles

Bark and ambrosia beetles are an extraordinarily diverse group of insects which represent an
interesting and ecologically variable model system for studying diversification processes
(Jordal and Cognato, 2012, Gohli et al., 2017). These wood boring beetles are grouped in two
of the most species-rich taxa within the advanced weevils. More than 6,000 described species
currently belong to the subfamily Scolytinae and more than 1,500 species were described in

the subfamily Platypodinae (McKenna et al., 2009, Kirkendall et al., 2015).
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Outbreaks and damage to timber and to other forest products are typical for few species, but
have nevertheless made these beetles known to a broader audience (Linnakoski et al., 2012).
The evolution of various lifestyles, in general associated with decomposition of (mainly) dead
plant material, originated from a phytophagous feeding behavior common in the large
majority of weevils (Oberprieler et al., 2007).

The unstable classification of these two weevil subfamilies can still create some taxonomic
confusion for non-experts due to the use of the same term ‘ambrosia beetles’ for taxa in two
different subfamilies. The term denotes an ecological adaptation associated with the
cultivation of fungal gardens for feeding, but does not define a taxonomic group. ‘Ambrosia
feeding’ indicates a highly specialized and irreversible feeding mode which evolved
independently in Platypodinae and, independently, in a minimum of ten lineages in
Scolytinae. Obligate fungus feeding has also evolved in a single clade of ants (subfamily
Mpyrmicinae - Attini tribe) and in termites (subfamily Macrotermitinae). In all three insect
groups, the fungi are transported, actively cultivated and propagated as clones with some
degrees of similarity (Farrell et al., 2001, Mueller and Gerardo, 2002).

Ambrosia beetles show strict mycophagy, derived from an obligate mutualistic symbiosis
where fungi serve as the only food source for larvae and adults. Ambrosia fungi are mainly
species in the orders Ophiostomatales, Microascales, and occasionally Hypocreales
(Ascomycota) — but fungi in Basidiomycota can be involved in the symbiosis as well, e.g.
Flavodon ambrosius, which was lately found to dominate the symbiotic community in certain
Ambrosiodmus species (Kostovcik et al., 2015, Li et al., 2017). In different species, the
relationship between the beetle and the community of fungi can range from stringent to
promiscuous (Hulcr and Stelinski, 2017). In general, a diet based entirely on fungi allows
ambrosia beetles to be ecological generalists in host plant selection compared to true bark
beetles. Since these beetles do not feed directly on the host tissues, they can more easily
attack and successfully colonize different plant species (Hulcr et al., 2007). Therefore, some
ambrosia beetles are considered important pests and others may easily turn into invasive
species when accidentally introduced to new areas (Carrillo et al., 2016, Rassati et al., 2016a,
Jordal, 2002, Rassati et al., 2016b). These beetles are not able to survive and develop on a
fungus-free diet composed only of plant tissue (Kok et al., 1970, Beaver, 1989).

The most striking morphological characteristic of ambrosia beetles is the presence of
mycangia, structures which can be located in different part of the insect cuticula (e.g.

mesonotum, mandibles, coxae) and form pockets to protect and transport fungal spores (Six,
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2012, Mayers et al., 2015). Ambrosia beetles actively transport symbiotic fungi to new hosts,
inoculate them into the colonized trees where these fungi are actively cultivated.

True bark beetle species are also somehow associated with fungi, but are not forming obligate
symbioses, even though relatively advanced mycangia can be found (Six et al., 2003, Beaver,
1989). Sometimes wood boring beetles, irrespective of the level of symbiosis, can benefit
from a transient association with phyto-pathogenic or other fungi which can weaken the host
plant, overcome chemical and mechanical defenses and facilitate beetle colonization as well
(Persson et al., 2009, Miller et al., 2016). Bark beetles are mainly phloem feeders that live and
develop within the cambium layer of secondary phloem (a relatively richer food source) just
under the outer bark of trees. In these beetles, fungi can provide nutrients (e.g. nitrogen and
sterol) supplementing deficient compounds in an unbalanced diet. Fungi were also shown to
have positive fitness effects in these beetles, with higher offspring survival rates when
ophiostomatoid fungi were intermixed with phloem (Six and Paine, 1996, Ayres et al., 2000,
Six et al., 2003). The two partners in the symbiotic relationships display a wide-range of
associations, from entirely mutualistic to merely commensal and from facultative to obligate.
The importance of fungal microbes for bark and ambrosia beetles is clear, nonetheless, we
still have a poor understanding of the evolutionary processes that shape most of these

interactions.

1.5 The subfamily Scolytinae

The subfamily Scolytinae is currently divided into 26 tribes. Only a minority of these tribes,
as defined by Wood (1986), was monophyletic in recent molecular studies (Jordal and
Cognato, 2012, Jordal and Kaidel, 2016, Jordal et al., 2011). Well-defined subgroups were
recognized and to a certain extent correlated with hosts preference, feeding and mating
strategies (Kirkendall et al., 2015). Several tribes are suspected to be paraphyletic (Jordal and
Cognato, 2012).

Bark and ambrosia beetles are highly adapted to a life in tunnels (Figure 2). They have a
quite small (0.1-12 mm) cylindrical and compact body with robust appendages. Legs often
present robust spine for securing to the wood substrate, the rostrum is markedly reduced and
the eyes are flat and elongated (Hulcr et al., 2015). All these characteristics confer advantages
to thrive in concealed plant niches such as deep inside wood, under the bark, but also in other

plant parts (e.g. seeds, petioles, root and fruits).
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Figure 2 — Morphological diversity in Scolytinae: A) Scolytodes pelicipennis; B) Dolurgocleptes malgassicus;

C) Microborus brevisetosus; D) Dolurgocleptes punctifer.

Only a limited number of species in the subfamily Scolytinae are capable of attacking and
killing leaving trees. These species can be extremely invasive when introduced to non-native
areas such as well-known pests with a vast economic impact (e.g. Hypothenemus hampei,
Euwallacea spp.). Scolytinae have advanced abilities for detecting plant-produced (host)
compounds and pheromones for mate location or aggregation which have important
implications for coordinated tree killing as well.

Certain scolytine beetles are also vectors of plant-pathogenic fungi that can have considerable
impacts on timber industry and agriculture (Hulcr and Dunn, 2011). Bark and especially
ambrosia beetle associations with fungi extend far beyond a simple vector role (section 1.5).
The symbiosis with multicellular fungi delineates one of the two different feeding modes
(ancestral and derived) which can be recognized within the subfamily. Fungal symbiosis not
only opened up a whole range of new ecological opportunities for bark beetles, it also made
the foundation for the development of more advanced interactions — from collective feeding to

complex division of labour - among individuals. Parental care towards larvae might have been

20



promoted by aggregation close to the food source (fungi) that also keep siblings together for
efficient mating (Kirkendall, 1997). Spending the entire lifecycles in such restricted and
hidden niches, was probably another key factor in the evolution of such sub-social behavior.
As one of most unusual mating systems found in Scolytinae, regular inbreeding by sibling
mating (and haplodiploidy) is the most successful in terms of extant species. The evolutionary
transition from ordinary outbreeding to regular inbreeding in these lineages is not known in
detail. Bark and ambrosia beetles also exhibit a wide array of other complex mating strategies
and genetic systems which probably flourished after the colonization of concealed niches

(Kirkendall, 1983, Kirkendall, 1997).

1.6 The subfamily Platypodinae

Platypodinae are ambrosia beetles commonly referred to as ‘pinhole borers’ with more than
1,400 species grouped into 34 genera in two tribes, Platypodini and Tesserocerini (Wood,
1993, Wood and Bright, 1992, Jordal, 2015). With the exclusion of Schedlarius and
Mecopelmus ,the core Platypodinae are characterized by a strict association with symbiotic
fungi which allow several species to have a relatively large host range, including different
plant families (Hulcr et al., 2007, Hulcr and Dunn, 2011). All core Platypodinae are
monogamous. The male initiates the gallery excavation, mates with a single female and
remains with her during brood development (Kirkendall, 1983). With an origin of the
ambrosia symbiosis more than 80 Ma, Platypodinae is likely the oldest known group of
fungus-cultivating insects. Pinhole borers are restricted to tropical or subtropical regions and
only a minority of species has been able to colonize temperate areas. Furthermore, almost all
genera in this subfamily have a distribution restricted to a single continent, demonstrating a
high degree of endemism. Only a few species in the genera Euplatypus, Megaplatypus, and
Crossotarsus are distributed more widely, possibly by recent introductions into new areas due
to wood trade (Kirkendall and Faccoli, 2010). Although the group is about the same age as
Scolytinae, is possible to reconstruct their evolutionary history and biogeography with limited

molecular data (Jordal, 2015).
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2 Aims of this study

This PhD research project describes the procedure of selection, optimization and
standardization of novel protein coding genes for phylogenetics of Scolytinae and related
beetles. Primers for amplification of selected fragments of nuclear genes were tested in
different weevil species. Good quality sequences were aligned and each successful marker
was tested for reconstructing relationships across species, weevil families and subfamilies.

The main goals of this project were:

a) to increase the number of nuclear protein coding genes available for beetle
phylogenetics;

b) to increase resolution and node support in the phylogeny of the family Scolytinae
using newly selected markers;

¢) to confirm the utility of these markers in other weevil families and subfamilies,
focusing on the placement of Platypodinae in the weevil tree and testing hypotheses on

its sister group.

The main approach was mining of nuclear protein coding genes and characterizing these
markers in terms of copy number, intron borders and phylogenetic signal. Therefore, one of
the most innovative aspects of this study was a more restrictive approach to phylogenomics,
focusing on a limited number of more properly characterized gene sequences. Scolytinae
represent one of the few beetle groups were molecular markers were developed regularly,
often adapting them from other insect taxa. Genes previously optimized, includes COI
(mtDNA), 28S rRNA, EF-la, ArgK, CAD and Enolase (Jordal et al., 2011). Recent
optimization efforts have focused on other genes previously used in insect phylogenetics such
as Histone H3 and Polymerase II which proved problematic in terms of paralogous copies
(Jordal, 2007). Other genes were also considered by the same author: NaK, TPI, PEPCK,
wingless, gadh, RpS5, aats, IDH, LWR, and ddc. With the exclusion of a few markers (e.g.
TPI, NaK, aats and IDH), the nuclear genes developed in this study were not previously
developed and used for Scolytinae (and beetles) phylogenetics. The final goal of this PhD
research project was to define novel nuclear markers for Scolytinae and other weevils. We
aimed at obtaining higher resolution for deeper nodes in Scolytinae and to clarify
relationships at tribal levels and the placement of some particularly enigmatic species.
Furthermore, our goal was to investigate the utility of these markers in non-Scolytinae beetles

in an attempt of defining the sister group of Platypodinae.

22



3 Materials and Methods

3.1 Taxon selection

Most of the species selected for this study were previously collected by Bjarte Jordal,
Lawrence Kirkendall and other members of the staff at the University of Bergen (Norway)
and some specimens were donated by collaborators (J. Hulcr, A. Cognato, M. Knizek). All
specimens used in this project derived from previous field collections in USA and Canada,
Mexico, Costa Rica, Guyana, Argentina, Scandinavian countries, Russia Far East, Morocco,
Sierra Leone, Ghana, Cameroon, Uganda, Tanzania, South Africa, China, Laos, Thailand,
Malaysia including Borneo, Papua New Guinea and Australia. Colleagues donated some
important specimens from field collections in New Zealand (M. Knizek), New Caledonia (R.
Mecke), Western Russia, Ukraine (M. Mandelshtam), Malawi (S. Roth) and Bolivia (A.
Petrov). Some species were collected during field work in Madagascar (Ranomafana National
Park) at the beginning of this PhD project (September — October 2012).

Eight beetle species belonging to seven tribes within the subfamily Scolytinae and one species
of Platypodinae were initially selected for testing primers and sequencing genes. Additionally,
18 selected species (ten Scolytinae species plus seven species belonging to four different
curculionid subfamilies: Platypodinae (3), Molytinae (2), Cossoninae (2) and Lixinae (1), and
one individual representing the family Brentidae) were used to test the recovery of ‘known’
phylogenetic relationships among closely related species. These 26 species were selected for
preliminary primer testing and evaluation of PCR and sequencing success, to test the capacity
of these markers to reconstruct phylogenetic relationships within Scolytinae tribes and to test
the correct amplification of the same targeted genes in other weevils (paper I). For
investigating weevil phylogeny, 72 species were added to the original 26 (paper II), while a
total of 186 species were used for reconstructing the large scale phylogeny of Scolytinae

(paper III).

3.2 DNA extraction, PCR and Sanger sequencing

DNA was extracted from individual specimens using DNeasy Blood & Tissue kit (Qiagen)
following the manufacturer’s instructions. The PCR reaction mixture contained 2.5 pl 10x
PCR buffer (Qiagen), in which the final concentration of MgCl, was 2.0 mM, 200 pM of each
dNTP (Sigma Aldrich), 0.5 uM of each primer, 0.125 units Hot Start Taqgl DNA polymerase
(Qiagen), 2 ul DNA, with water added to a final volume of 25 pul. A negative control (sterile
water) was included in each test. The PCR was performed using a S1000TM Thermal Cycler
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(BIO-RAD Laboratories, Inc.). Three standard cycle programs were used for the initial
screening: denaturation step at 95°C for 5 minutes, 35 cycles of 30 seconds at 95°C, 30
seconds at 48, 52 and 58°C, 60 seconds at 72°C, and finally 5 minutes extension at 72°C.
Further optimization included a gradient of annealing temperatures in the range of 44—62°C,
modulating the extension time depending on the expected PCR product length, and MgCl,
concentration. All PCR products were tentatively sequenced with the same primers as those
used for amplification. DNA sequences of both strands were obtained using the BigDye
Terminator cycle sequencing ready reaction kit (Applied Biosystems Inc.) using an automated
DNA sequencer (Applied Biosystems Prism 3700). Sequencing was carried out at the
sequencing facility of the Heyteknologisenteret i Bergen, at the University of Bergen —

Norway (http://www.uib.no/en/seqlab).

3.3 Data analyses and phylogeny estimation

Amplified and sequenced gene fragments were blasted in the GenBank database for orthology
verification, accepting a minimum threshold of E-value=1E-4. The genes were further
investigated for possible theoretical indication of paralogy and/or multiple copies in the
OrthoDB database. The majority of selected genes were confirmed to be single or low copy in
other insect and in many arthropod genomes as well (paper I). Sequences were aligned using
BioEdit v.7.2.5 with manual adjustments, locating intron borders based on GT-AG
nucleotides or alternative splicing sites. MAFFT v.7 was used to align protein coding genes
with indels-rich regions and the ribosomal gene 28S rRNA. Gblocks v.0.91b was used to trim
ambiguously aligned regions in 28S rRNA. Introns were removed from protein coding genes
before all phylogenetic analyses.

Three different methods were used to reconstruct phylogenetic trees: Neighbour-joining (NJ),
Maximum Parsimony (MP) and Bayesian inference (BI). Beetle phylogenies were inferred in
a Bayesian framework in the software MrBayes v3.2.5. Phylogenetic analyses using MP and
NJ were performed using PAUP* v4b10 with heuristic searches using TBR branch swapping
for parsimony based analyses. Two preferential partition schemes were used: a) by gene; b)
by codon position. The best evolutionary model for each data partition was estimated using
jModelTest and MrModeltest v2.3 (for larger dataset) according to AIC criterion (paper I-
III). For the complete Scolytinae data set (18 genes for 186 species) the final alignment was
also examined in PartitionFinder v1.1.1 which defined partitions (29) and best-fitting models

for each of them (paper II). The divergence times for Scolytine beetles were estimated using
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the software BEAST v1.8.2, with input files generated in BEAUti. Biogeographical inference
was obtained by applying statistical DEC Lagrange (S-DEC) analysis and by Bayesian binary
MCMC (BBM) analyses as implemented in RASP - Reconstruct Ancestral State in
Phylogenies (details and references in paper I-III).

NIJ based phylogenies were used in the preliminary analyses of the sequences to identify gene
duplication or paralogous copies. MP and BI were used for large-scale analyses and for
reporting the main findings (paper I-III). In general, Bayesian Inference was more
informative compared to Maximum Parsimony when applied to our data sets in terms of
obtaining more resolved trees. Our main conclusions are largely based on Bayeasian Inference
which also provided resolution for some deeper nodes; recent relationships and node support
within monophyletic tribe are frequently supported by Maximum Parsimony analyses as well.
Different genes can have variable degree of utility for specific time frames in accordance with
their evolutionary rate; hidden phylogenetic signal can emerge when such genes are
concatenated (Olmstead and Sweere, 1994).

In order to evaluate the ability of different analyses to recover phylogenetic information from
different data partitions, we analyzed each gene separately, and concatenated, applying the
selected models for each partition (BI). Contradictory tree topologies, for some taxa, were
observed when different analytical approaches (MP and BI) were used on the same data set.
However, the comparison of clades, branch lengths and support values obtained with the two
different methods allowed testing for congruent results. Those clades resilient to changes,
with maximum or high node support under the two methods applied (MP and BI) and
partition scheme used, were considered more reliable.

A Bayesian MCMC approach present higher sensitivity to phylogenetic signal, as
demonstrated by simulation studies which showed the capacity of BI to detect small amounts
of signal in a data set (Alfaro et al., 2003). Indeed, phylogenetic information in data sets
which may contain homoplasious characters can be more easily used by appropriate models of
DNA evolution in Bayeasian Inference, compared with simpler models underlying Maximum

Parsimony (Alfaro et al., 2003, Brandley et al., 2009, Ronquist and Huelsenbeck, 2003).
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5 Abstract of scientific articles

Paper 1

Deep level insect relationships are generally difficult to resolve, especially within taxa of the
most diverse and species rich holometabolous orders. In beetles, the major diversity occurs in
the Phytophaga, including charismatic groups such as leaf beetles, longhorn beetles and
weevils. Bark and ambrosia beetles are wood boring weevils that contribute 12 percent of the
diversity encountered in Curculionidae, one of the largest families of beetles with more than
50,000 described species. Phylogenetic resolution in groups of Cretaceous age has proven
particularly difficult and requires large quantity of data. In this study, we investigated 100
nuclear genes in order to select a number of markers with low evolutionary rates and high
phylogenetic signal. A PCR screening using degenerate primers was applied to 26 different
weevil species. We obtained sequences from 57 of the 100 targeted genes. Sequences from
each nuclear marker were aligned and examined for multiple copies, pseudogenes and introns.
Phylogenetic informativeness (PI) and the capacity for reconstruction of previously
established phylogenetic relationships were used as proxies for selecting a subset of the 57
amplified genes. Finally, we selected 16 markers suitable for large-scale phylogenetics of

Scolytinae and related weevil taxa.

Paper 11

The phylogeny of the large weevil subfamily Scolytinae has been difficult to resolve based on
a limited number of genetic markers. With more than 6,000 nominal species in the subfamily,
the general lack of resolution at deeper nodes indicates that large sequence volumes are
needed to solve this problem. We have therefore assembled a large molecular dataset
consisting of more than 10 kb of nucleotides from 18 gene fragments, for 182 species.
Nucleotide and amino acid translated data were analyzed using Bayesian and parsimony
based approaches, which gave largely congruent results. Compared to previous analyses, we
obtained greater resolution for some of the deeper nodes, and detected many unexpected
relationships that were strongly supported by our data. The tribe Scolytini was recovered as
the earliest divergent lineage in Scolytinae, sometimes placed together with the hexacoline
genus Microborus. Among the currently 26 recognized tribes, 15 were monophyletic, whereas
the remaining tribes were largely paraphyletic. The majority of species in the tribe Hypoborini

was recovered as the sister lineage to a large group containing the species-rich tribe
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Dryocoetini, which includes the recently radiated ambrosia beetles in Xyleborini, and Ipini,
which includes another recent group of ambrosia beetles in Premnobiina. Cryphalini,
Hylesinini and Hylurgini were strikingly polyphyletic tribes each consisting of several
independent lineages. Subgroups were to a large degree defined by geographical affinities,
showing a clear distinction between the northern and southern hemispheres. The affiliation of
the inbreeding genus Hypothenemus was revealed with strong support, as the sister group to
the Malagasy and East African species of the genus Cosmoderes. Cryptocarenus was
previously assumed to be the sister lineage of Hypothenemus, but was here found to be part of
Corthylini, near Araptus. These and many other findings document the need for a thorough
revision of the current classification of genera and tribes, including a systematic re-evaluation

of morphological characters.

Paper 111

The precise phylogenetic position of the weevil subfamily Platypodinae continues to be one of
the more contentious issues in weevil systematics. Morphological features of adult beetles and
similar ecological adaptations point towards a close relationship with the wood boring
Scolytinae, while some recent molecular studies and larval morphology have indicated a
closer relationship to Dryophthorinae. To test these opposing hypotheses, a molecular
phylogeny was reconstructed using 5,966 nucleotides from ten gene fragments. Five of these
genes are used for the first time to explore beetle phylogeny, i.e. the nuclear protein coding
genes PABPI1, UBAS, Arr2, TPI, and lap2, while five markers have been used in earlier
studies (28S, COI, CAD, ArgK and EF-1a). Bayesian, maximum likelihood and parsimony
analyses of the combined data strongly support a monophyletic Curculionidae (the advanced
weevils with geniculate antennae), where Brachycerinae, Platypodinae and Dryophthorinae
formed the earliest diverging groups. Dryophthorinae and core Platypodinae were sister
groups with high support, with the contentious genera Mecopelmus Blackman, 1944 and
Coptonotus Chapuis, 1873 placed elsewhere. Other lineages of wood boring weevils such as
Scolytinae, Cossoninae and Conoderinae were part of a derived, but less resolved, clade
forming the sister group to Entiminae. Resolution among major curculionid subfamilies was
ambiguous, emphasizing the need for large volumes of data to further improve resolution in

this most diverse section of the weevil tree.
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6 Discussion

6.1 Experimental design

Nuclear protein coding genes offer an ideal source of informative data for phylogenetic
studies. Although difficult to develop and standardize, the wide variability in evolutionary
rates render such molecular markers very useful to resolve phylogenies at different ranks.
Therefore, new nuclear markers for molecular phylogenetics were developed to achieve the
main goal of this research project which was to increase resolution in bark and ambrosia
beetle phylogeny. Almost the entire set of novel protein coding genes (13 out of 16
developed), in combination with the previously defined markers (5), was used to explore
phylogenetic relationships within Scolytinae. A subset of the selected protein coding genes (5)
were used in association with previously developed markers to investigate the weevil
phylogeny and to test the monophyly of Scolytinae and their placement in the weevil tree,
particularly with respect to Platypodinae and other wood boring taxa.

The entire research project was conceived as a multistep unidirectional workflow. A small
number of selected representative species (26) were used for primer testing. Although the
initial taxon sample was quite broad, it did not represent the entire variability encountered in
weevils. As a consequence, the number of sequences obtained and hence the missing data for
each gene were highly variable. Therefore, the phylogenetic trees based on single protein
coding genes were often rather difficult to compare with each other and to evaluate for
predicting the utility of these markers. Nevertheless, sixteen protein coding genes were
selected based on an evaluation of the advantageous and unfavorable properties. Thus, these
markers were tentatively amplified for a large number of species (more than 250) and then
used to investigate phylogenetic relationships in Scolytinae and in other weevils. This
constitute a sort of paradox, since only after extensive primers testing, sequences analyses,
paralogy evaluation and reconstruction of single-gene phylogeny including a large number of

species, more reliable information can be obtained.

6.2 The development of novel nuclear genes for beetle phylogenetics

With the selection and optimization of 16 nuclear protein genes for phylogeny reconstruction
in Scolytinae and weevils, the main goal of this PhD project was realized. Sixteen new
markers with potential broad application in beetle phylogenetics contribute a modest
improvement. Nonetheless, this study more than doubled both the number of nuclear genes
and nucleotides ever used in reconstructing molecular phylogenies in Coleoptera using a PCR
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and Sanger sequencing approach. Similar large-scale gene screening on beetles has only
occurred in a few studies, but not with a similarly high number of genes and species
investigated (Wild and Maddison, 2008, Tarasov and Dimitrov, 2016). During this PhD
project, 57 markers (100 genes were screened) resulted in one or more sequences showing
high homology with expected target genes in nucleotide BLASTn searches (E-value = 1E-4).
On the contrary, the remaining 43 genes tested, were discarded in the early phase due to lack
of PCR amplification, sequencing failure and/or non-specific amplification. Several other
genes were previously screened and only a few of these were selected and optimized in bark
and ambrosia beetles during the past years (Jordal and Cognato, 2012, Jordal et al., 2011,
Jordal, 2007). Therefore, this large-scale study largely confirmed that the development of
protein coding genes for phylogenetic analyses in these beetle taxa is an arduous task (paper
I). In addition, using only one or two potentially suboptimal primer pairs to amplify the target
genes may have excluded ‘phylogenetically informative’ markers from the screening
procedure at an early stage. Gene fragment length, the number of introns and the variability of
the intron pattern in different species were additional criteria for marker selection. However,
as a result of this strategy, useful and informative genes might have been excluded.

In order to cover the genetic variability within the different Scolytinae tribes and other
Curculionidae, degenerate primers were designed on conserved exons. The use of degenerate
primers, offered the advantage to amplify and sequence a wider array of diverse beetle
species, although causing frequent unspecific amplification problems. Some of these
sequences were ascribed to non-targeted genomic regions of the beetles, but also to different
organisms (e.g. fungi, nematode and bacteria) — both with and without gene specificity.

In addition, preliminary data showed the complexity of weevil genomes, with high levels of
inter- or intra-specific genetic variability, especially in terms of non-conserved intron patterns,
hypervariable regions and paralogous copies (Figure 3). This implies that considerable effort
was required for PCR optimization and efficient Sanger sequencing. Obtaining good quality
sequences is the first important requisite that must be fulfilled before any further phylogenetic
evaluation of the gene can be attempted. Thus, this preliminary step represented the first

bottleneck in the gene selection procedure.
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Figure 3 — Graphical representations of different degrees of complexity in four of the selected genes. The
number and length of an intron is highly variable between closely related species. The shaded areas (light blue)
indicate hyper variable regions or indels within the exon (dark blue) which can be translated into proteins with

different amino acid length.

Concordance, defined as the capacity to recover relationships previously established by
morphology or other molecular markers, remains a valuable method to evaluate the
phylogenetic utility of new markers (Cho et al., 1995, Mardulyn and Cameron, 1999). Low
phylogenetic signal from single gene phylogenetic analyses can generate polytomies for well-
established clades and therefore such results must be carefully interpreted. Indeed, single-gene
analyses are expected to provide just an indication of the gene performance; phylogenetic
signal of a gene in a dataset can be perhaps more easily tested only under more exhaustive
taxon sampling or in combined analyses with other genes.

Although the orthology assessment for the selected protein coding genes could be evaluated in
several ways (e.g. OrthoDB database and taxa-monophyly recovery in test phylogenies -

paper I) and it is strongly supported for the majority of the genes, the possibility that

31



undetected paralogs might have been included in the phylogenetic analyses cannot be entirely
excluded. However, the presence of paralogous copies was unambiguously demonstrated only
for one of the 16 selected nuclear genes. The heat shock protein 70 (hsp70) is reported to be
present in multiple copies in the large majority (97.7%) of arthropod genomes in orthoDB
database. This information made us suspect paralogy, and was later confirmed by our analyses
of sequences that revealed presence of a single amino acid insertion in only some
phylogenetically unrelated species. These taxa grouped together in a well-defined cluster in
the test phylogeny for this particular gene (paper I). The fact that a gene is present in multiple
copies is not necessarily problematic for phylogenetic inference. Understanding gene
variability (e.g. paralogs and pseudogenes) between species can be time-consuming and the
development and optimization of copy-specific primers require much effort (Danforth and Ji,
1998, Jordal, 2002). Nonetheless, such kind of nuclear markers were successfully developed
for insect phylogenetics (i.e. EF—Ia, enolase and wingless).

Even if a deep knowledge of insect genomes in a comparative perspective is currently rather
limited (Krauss et al., 2008), a higher number of introns seem to be present in beetles than in
other insect groups (Dolezelova et al., 2006, Wild and Maddison, 2008). In our study, the
sequences of the amplified genes showed large variability in the number and length of introns
(Figure 3). Nevertheless, a high degree of interspecific variability in gene structure is not
always equivalent to problems in phylogenetic inference, especially if such variability is
highly informative (e.g. clade defining indels - paper I - III).

What will be the next step in Scolytinae phylogenetics? Is it time to abandon multiple genes
approach based on Sanger sequencing? At the time of writing, a ground-breaking paper which
defined novel protein coding genes with proved utility in beetle phylogenetics was published
(Che et al., 2017). The authors applied a whole-genome scan to investigate several insect
genomes for selecting useful single copy nuclear genes. They were able to define 95 markers
with an impressive amplification and sequencing success rate (90%). In order to select these
markers, 1489 genes which showed the desired features were initially considered. In my
opinion, the reasons behind the success of this study compared to my PhD project based on
Sanger sequencing which achieve less outstanding accomplishments might be traced in the
decision of targeting and design primers only on single exons, amplify these regions through a
more specific and sensitive nested-PCR and use NGS technology for sequencing. In
particular, NGS might have guaranteed the solution to one of the main problems in Sanger
sequencing approach, namely, the reduction of missing data though a more efficient detection

and removal of unspecific sequences.
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6.3 Adding resolution to Scolytinae phylogeny with 18 molecular markers

A large-scale phylogenomic approach which includes several protein coding genes should
secure sufficient data to enable reconstruction of phylogenies where inference of evolutionary
transitions at different hierarchical levels is possible. This study included the largest number
of molecular markers ever used in Sanger-based beetle phylogeny. Sixteen nuclear protein
coding genes were used for reconstructing the phylogenetic branching pattern in the
Scolytinae subfamily, including a high number of taxonomic representative species as well.
However, a total of 18 markers was shown to be insufficient for obtaining maximum
phylogenetic resolution of this species-rich, old and hypervariable group. Nevertheless,
important events in the evolutionary history of Scolytinae were clarified and previous findings
were supported by the new data. On the other hand, the early evolution and diversification of
Scolytinae remained unclear and the relationships among the majority of the tribes were not
resolved. This suggests that certain relationships may be inherently difficult to resolve or that
more data will be required, or both (paper II).

All the analyses pointed out that the widely used current classification of Scolytinae (Wood,
1982, Wood, 1986) is wrought with para- and polyphyletic genera and tribes. While the
monophyly of fifteen tribes (sensu Wood) was confirmed, paraphyly and polyphyly were
clearly demonstrated for several of the remaining tribes, in particular Hylurgini, Hylesinini
and Cryphalini (paper III - Figure 4). Two early diverging lineages which were
monophyletic and stable at the base of the tree (e.g. tribe Scolytini and the genus Microborus—
currently in Hexacolini) were recognized. The tribe Scolytini is characterized by
morphological characters not shared by other bark and ambrosia beetles which might justify
the placement of this tribe as an early diverging or even a separate lineage. For the first time,
the tribes Hypoborini, Dryocoetini (with nested Xyleborini), and Ipini (with nested
Premnobiina) were shown to share a common origin, with divergences among the main
groups which were dated to more than 80 million years ago (paper II). More precisely,
Hypoborini were recovered as the sister lineage to (Ipini + Premnobiina) + (Dryocoetini +
Xyleborini) in all the analyses and in general with high or maximum support values.
Therefore, a sister relationship between Hypoborini and Micracidini, as previously suggested
both based on molecular data and morphological similarities in protibial, antennal and
proventricular characters, was not confirmed in this study (Jordal and Kaidel, 2016).

However, the findings of this recent phylogenetic analysis, namely a single trans-Atlantic
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disjunction for Micracidini and the inclusion of Cactopinus and their closely related genus
Phloeocleptus in the American clade, were here confirmed and strongly supported (paper II).
The general resolution within tribes increased as well. Some examples of advancements in
Scolytinae classification can be found in the recognition of the sister relationship of the
inbreeding genus Hypothenemus and a Madagascar genus near Cosmoderes, and in the new
placement of the genus Cryptocarenus in Corthylini, near the genus Araptus. These new
findings have important implication on our understanding of Scolytinae evolution, for
example in the origin of inbreeding. Further analyses at tribal level will probably require the
inclusion of more taxa rather than more characters for resolving other contentious
relationships. On the other hand, the resolution remained rather low at deeper nodes which
could be interpreted as an indication of lack of sufficient molecular data (i.e. phylogenetic
signal) in rapidly evolving genes (see paper I). In general, tribes of Cenozoic age were easier
to resolve — also with fewer genes — while older splits will necessarily require much more
molecular markers. Young groups such as Ipini and their sister group Dryocoetini were well
resolved also in previous studies based on five molecular markers. In our study, the
inadequacy of the novel genes for resolving ancient divergences could be considered the most
logical explanation for the low resolution at deeper nodes in the Scolytinae tree. However,
considering that the phylogeny of Platypodinae - a group of comparable age to Scolytinae -
was considerably more resolved based only on data from the same five markers previously
used for Scolytinae, the new markers could only be part of the problem. In addition to the
high evolutionary rate of the majority of the novel genes (paper I), deep coalescence could be
a major challenge in resolving relationships between Scolytinae tribes with similar stem ages
(paper I1.). Therefore, it is quite possible that the polytomy observed in Scolytinac deep
nodes might derive from rapid radiation events (hard polytomies). Further studies should
focus on testing the hard polytomy hypotheses in Scolytinae which imply that deeper nodes
might be intrinsically difficult to resolve even with considerable data accumulation. On the
contrary, phylogenetic studies in other insect taxa have confirmed that the addition of a
handful of new nuclear genes increased both resolution and node support in phylogenetic
trees, often solving polytomies that were previously present due to low amount of data
(Kodandaramaiah et al., 2010, Ruiz et al., 2009). With all these considerations, the question
is: why are Scolytinae so difficult to resolve phylogenetically using 16 markers? Is the
evolutionary history of this group particularly complex? Or do the novel protein genes have

high evolutionary rates which cause reduced phylogenetic signal for ancient divergences? Or
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in other terms, as presented in a recent molecular phylogeny of Diptera, are we dealing with
an explosive radiation or uninformative genes (Winkler et al., 2015)?

In general, a more careful evaluation of paraphyletic groups (e. g. Hylurgini, Hylesinini and
Cryphalini) will be required. Discrepancies among current classification and phylogeny were
quite evident, and emerged even more strikingly when the results of biogeographic analyses
were considered. In the pre-molecular era of insect systematics, researchers were occasionally
misled by convergent morphological characters which lead to an incorrect classification. The
previous placement of Premnobius in Xyleborini and the definition of Hylurgini and Hylastini
as independent lineages represent two of the issues that were recently changed (Cognato,
2013, Jordal et al., 2014). The presumed sister relationships among Hypoborini and
Micracidini  suggested by recent molecular analyses was apparently supported by
morphological characters (Jordal and Kaidel, 2016). The phylogeny based on 18 markers
showed that the previous finding was probably based on limited data and therefore convergent
evolution could more easily explain morphological similarities (paper II). A long history of
incorrect classification due to the intrinsic limits of morphology based taxonomy should also
be considered to get a better explanation of part of the highly supported results in the latest
analyses. The genus Cryptocarenus represents another example of such obvious taxonomic
mistakes, but similar cases can also be found in the tribe Hylurgini and Hylesinini where the
relationships among few species are largely in agreement with our biogeographic analyses
resulting in northern or southern hemisphere groups (paper II). Additionally, a high level of
complexity describes the biogeographic history of this beetle group, which includes frequent
occurrences of long distance dispersal and a general lack of endemism.

Stability in tree topology in different analyses can be considered a strong confidence measure
for a phylogenetic hypothesis - a long debated philosophical approach to phylogenetic
consensus (see Miyamoto and Fitch, 1995). Changing the analysis assumptions can provide
information about the strength of phylogenetic signal in a data set. Data sets with weak
phylogenetic signals can be strongly influenced by such changes. Congruence in tree topology
and similar node support values when using different methods of analysis (e.g. Bayesian
analyses and parsimony) or different partition schemes can be considered as a sign of a
predictable dataset for phylogenetic inference. In the same way, contentious or weakly
supported relationships can be easily highlighted by changes in topology.

Missing data, which almost always was less than 50% (close to 70% only for two genes), are
expected to have a negligible negative effect on tree resolution (Wiens and Morrill, 2011).

The unstable placement of some species (e.g. Acacicis and Halystus), might have been caused
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by low amplification rate for several genes (missing data), but in general problematic taxa
could not be explained by low quality or missing data.

Many deep level branching patterns are still difficult to reconstruct, the resolution of which
will require further data. Therefore, taxonomic changes can only be tentatively suggested and
additional studies, including morphological analyses and more molecular markers will be

required before a proper re-classification of taxa can be made.
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Figure 4 - Phylogenetic tree based on Bayesian analyses of the concatenated dataset (10156bp) partitioned by
gene. Several tribes are monophyletic and highly supported under different partition schemes. Paraphyly and
polyphyly is also evident, especially for Hylurgini (with subclades composed by some of the genera currently in

Hylesinini and Hylastini) and Cryphalini (see paper II).

Scolytinae beetles represent a unique system for testing hypotheses on the origin and
evolution of unusual ecological and behavioral adaptations. Among the most fascinating
aspects, permanent inbreeding, host plant association and fungus farming have been
previously investigated from a phylogenetic perspective (Farrell et al., 2001, Jordal and
Cognato, 2012, Gohli et al., 2017). An intricate pattern can now be more clearly derived for
the origin and directionality of such key evolutionary events in Scolytinae (Figure 5). The

host plant preference is still one of the most difficult traits to track and follow in the different
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lineages. With the exception of a few groups such as the conifer feeding Ipini and the
Dendroctonus clade, which represent species-rich conifer associations, the evolution of this
trait in other lineages is more enigmatic. Same species within a genus can be polyphagous and
feed also on angiosperm hosts or this feeding preference can be present only in one or few
genera within a tribe - e.g. Hylocurus, Pityophthorus and Scolytus (Gohli et al., 2017, Avtzis
et al., 2012). Obtaining a well resolved phylogeny of Scolytinae, in particular a better
understanding of relationships within Hylurgini, Hylesinini and Hylastini, will be an
important step in clarifying the evolution of host preference (Figure 5).

In general, the multiple origins of fungus farming (10) and inbreeding (6) are somewhat easier
to date since many of these evolved in more recent times and therefore in more resolved
clades. In some lineages, these two innovative traits originated together, such as in Xyleborini
(circa 16 Ma) and in the subtribe Premnobiina (uncertain, but recent). There are also
exceptions where the origin of the irreversible adaptation to ‘ambrosia feeding’ characterizing

entire tribes (e.g. Scolytoplatypodini and Xyloterini) could be dated back to more than 50 Ma

(Figure S - paper II).

W gymnosperm host preference
M fungus farming

inbreeding

Figure 5 — Phylogenetic tree showing the distribution of three ecological adaptations (conifer host plant use,

fungus farming and permanent inbreeding) which evolved multiple times in different lineages of Scolytinae.
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6.4 Nuclear genes confirmed the phylogenetic placement of Platypodinae
Resolution of the weevil phylogeny at family and subfamily level represents a great
challenge, also for mitochondrial genome studies (Gillett et al., 2014, Haran et al., 2013). At
present, the phylogenetic relationships within Curculionidae remain the most controversial
(see Chapter 1 — Section 1.5). How many nuclear genes are required to obtain a reliable
phylogeny that can be used to trace patterns of evolution in the advanced weevils?
Relationships within Curculionidae was difficult to estimate based on /8s rRNA alone
(Farrell, 1998, Marvaldi et al., 2002). The lack of resolution was inferred as a result of
explosive radiation in weevils, predicting that further phylogenetic resolution would have
required a much more extensive sampling of characters (more genes and/or additional
morphological data) and taxa (Marvaldi et al., 2002). This prediction was largely
demonstrated to be correct by a recent study that included more nuclear genes, which obtained
better resolution, albeit with modest node support (McKenna et al., 2009).

Despite a continuous improvement in weevil classification based partly on molecular
systematics, one of the long-lasting problems remains the relationship among Scolytinae and
Platypodinae. In order to investigate this and other related phylogenetic issues, the weevil
phylogeny was reconstructed using five newly developed markers (lap2, Arr2, TPI, UBAS
and PABPI) in combination with the five ‘standard’ markers (28s ¥rRNA, COI, CAD, EF-la
and ArgK) previously used in other weevil groups. Results, based on these 10 markers,
showed that the general placement of two major clades remained consistent inside the family
Curculionidae under different analyses and partition schemes. The first clade grouped the core
Platypodinae (excluding Mecopelmus zeteki and Coptonotus cyclopus) and Dryophthorinae,
as highly supported sister lineages, and a second clade included Entiminae as the sister group
to all other Curculionidae sensu stricto (Figure 6). The placement of Platypodinae, was
consistent and highly supported, while the remaining phylogeny of advanced weevils was less
resolved. However, all subfamilies sensu Alonso-Zarazaga and Lyal (1999) were largely
monophyletic, with lack of structure between them, with the exception of Entiminae separated
from the other Curculionidae sensu stricto (paper III).

The relationship among Platypodinae and Dryophthorinae was not so unexpected and it was
already hypothesized based on morphology and more recently on large-scale molecular data
(Gillett et al., 2014, Haran et al., 2013, Marvaldi et al., 2002). To a certain extent, it was

surprising that this relationship was solved and maximally supported by using only 10 genes,
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while a previous study using larger amount of molecular data (complete mitochondrial
genomes), recovered this relationship with low node support (Gillett et al., 2014).

Scolytinae are not closely related to Platypodinae, closing a long debate on their hypothetical
sister relationship, repeatedly proposed in weevil classification (Schedl, 1962, Bright, 2014,
Kuschel, 1995, Kuschel et al., 2000, Wood, 1986). The recognition of Scolytinae and
Platypodinae as unrelated subfamilies emphasize that probably wood boring evolved
independently in other weevil groups (e.g. Cossoninae and Conoderinae). The monophyly of
Scolytinae is well supported and generally not questioned, but according to results of the
phylogenetic analyses based on the 10 markers, this subfamily might consist of at least two
paraphyletic groups (paper III; see also Gillett et al., 2014). The paraphyly of Scolytinae
might be due to low phylogenetic signal in the molecular markers, or it could indicate an
independent origin of the two lineages (see paper II).

Primers were designed for PCR amplification and sequencing in species belonging to the
subfamily Scolytinae, but were also demonstrated to be useful in closely related weevil
families and subfamilies: this finding indicates a high or moderate level of conservation for
the selected protein coding genes across the weevils (paper I and paper III). The initial
predicted utility of the primer was empirically demonstrated as well as the utility of the genes
in investigating phylogenies of beetle taxa at various ranks. Therefore, the degenerate primers
might potentially be useful in solving phylogenetic relationships in other Curculionoidea
families and subfamilies. However, taxon-specific primers can certainly increase PCR and

sequencing success and therefore decrease the missing data in the final alignments.
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Figure 6 — Phylogenetic tree based on the Bayesian analysis of 10 molecular markers using seven partitions
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(paper III). Family and subfamily names follow Oberprieler et al. (2007).

40

Platypodinae



7 Concluding remarks and future perspectives

7.1 Next frontiers in bark and ambrosia beetles phylogenetics and evolution
An updated and more resolved phylogeny of bark and ambrosia beetles will provide a reliable
framework to better test hypotheses on the origin of mating systems, host plant preference and
fungus farming. Improving our understanding of Scolytinae evolution allows introduction to
the next level of complexity, attempting to elucidate the possible role that different microbes
could have played in the diversification process. Bark and ambrosia beetles show variable
degree of association with diverse organisms, including bacteria, yeast, and mycelial fungi.
While the symbiotic multicellular fungi contribute an important but variable component of the
diet of these wood boring insects, the role of other microbes remains more unclear. As an
example of the complexity of possible interactions, the mycangia of ambrosia beetles host
diverse communities of vertically transmitted bacteria (Hulcr et al., 2012), but the intimate
relationships of these bacteria with the host and the symbiotic fungi are still far from being
completely understood. This research line certainly deserves more attention, since the beetle-
associated microbiome might have had a prominent role in the evolutionary success of
Scolytinae and other wood boring lineages. Bacteria were implicated in the modification of
mating systems, degradation of plant compounds, synthesis of vitamins and amino acids in
different insect species (Sudakaran et al., 2017, Werren et al., 2008, Nikoh et al., 2014). On
the contrary, a limited number of studies investigated the role of bacterial microorganisms in
promoting ecological specialization and refining metabolic capacity in Scolytinae and
Platypodinae (Fabryova et al., 2017, Hernandez-Garcia et al., 2017, Popa et al., 2012).

Bacterial endosymbiosis (intracellular symbiosis) is extremely common in insects, where it
has been shown to be implicated in the evolutionary success of groups with specialized diets
(e.g. sap and phloem feeders and hematophagous insects) and some of these host-bacteria
interactions have been widely studied (Kikuchi, 2009, Clark et al., 2010, Skidmore and
Hansen, 2017). In beetles, microscopy and molecular analyses confirmed the presence of
symbiotic bacteria in many species from different families and in particular in the weevils
(Sontowski et al., 2015, Kellner, 2002, Masson et al., 2015a, Kuriwada et al., 2010, Lefevre et
al., 2004). Specialized symbiotic organs (bacteriome or mycetome) harboring bacterial
endosymbionts have also been described (Toju et al.,, 2013, Masson et al., 2015b). The
endosymbiotic bacteria reported in weevils generally grouped in the alpha-proteobacteria

(genera Wolbachia and Rickettsia) and gamma-proteobacteria (genera Nardonella, Sodalis,

41



Curculioniphilus and Arsenophorus) (Lefevre et al., 2004, Conord et al., 2008, Kuriwada et
al., 2010).

The ubiquitous microorganisms of the genus Wolbachia are one of the bacteria more widely
investigated in bark and ambrosia beetles (Kawasaki et al., 2016, Arthofer et al., 2009,
Lachowsky et al., 2015). Wolbachia are the endosymbionts most frequently reported in
insects, but also present in other arthropod taxa such as spiders, mites and crustaceans and in
filarial nematodes (Ilinsky and Kosterin, 2017, Comandatore et al., 2015, Werren et al., 2008).
In general, Wolbachia preferentially reside inside the cells of the gonads where they are
capable of manipulating the reproduction of their hosts (e.g. cytoplasmic incompatibility,
parthenogenesis), ensuring their vertical transmission as well. A phylogenetic study on
Wolbachia in Scolytinae beetles investigated the presence of these bacteria in 23 species
detecting PCR positivity for eight (mainly haplodiploid) species and a role in the development
of such reproductive strategy was hypothesized (Kawasaki et al., 2016). The coffee berry
borer (Hypothenemus hampei) is another haplodiploid and inbreeding species where
Wolbachia was shown to play an essential role in beetle reproduction and fitness (Marifio et
al., 2017b).

Occasionally, during the PCR and Sanger sequencing of the protein coding genes in this
project, amplification by our primers produced unspecific sequences which showed high
identity (>90%) with alpha- (Wolbachia and Rickettsia) and gamma-proteobacteria (Sodalis
spp., Arsenophonus spp.) as identified by BLASTn database search. Frequently, the low
identity with uncharacterized regions of bacterial genomes in the databases did not allow a
proper identification of the bacteria.

Based on preliminary evidence for the presence of Wolbachia and other bacteria in
Scolytinae, a molecular screening for Wolbachia was carried out using specific primes
targeting the two genes /6 rRNA and Wolbachia surface protein — wsp (Werren and Windsor,
2000, Baldo et al., 2005). The presence of Wolbachia in different lineages was mapped on the
phylogeny of Scolytinae (Figure 7). This preliminary screening constitutes the first large
scale analysis on the distribution of Wolbachia in bark and ambrosia beetles, with the
possibility for testing of co-evolution or horizontal transmission patterns. The prevalence of
Wolbachia was 16.4% (30 out of 182) in the Scolytinae species screened in this study (17.5%
when two other species previously reported as infected with Wolbachia are included). Thirty
species were PCR positive for 16s 7RNA gene, fourteen of them were confirmed positive for
wsp and three additional species (Eupagiocerus dentipes, Gymnochilus reitteri and Xyleborus

affinis) were positive only for this second marker (unpublished data — Figure 7).

42



A PCR screening cannot be considered a solid proof for the presence of these bacteria in
beetles since positivity might derive from other sources such as parasitoids or other
invertebrates (Plantard et al., 2012, Brown et al., 2016). The distribution of Wolbachia in bark
beetles seems to follow a rather casual pattern in most lineages, but a non-random distribution
is hypothesized for Xyleborina (two species — both positive) and Dryocoetini (7/13 positive
species to /6s YRNA and/or wsp). However, since this molecular screening was not carried out
at the population level, it is not possible to determine whether these bacteria were strictly
associated with the beetles or occasional tenants (non-primary endosymbionts normally show
less than 100% prevalence) and any speculation on the role of these bacteria in driving to
haplodiploidy would be premature. On the other hand, considering that this molecular survey
most likely represents an underestimation of the real prevalence — assuming an infection rate
lower than 100% for the large majority of the investigated species — Wolbachia seems to be
widespread in Scolytinae. These results are particularly striking when compared to a previous
study which found Wolbachia to be rare in the bark beetle Pityogenes chalcographus where it
is present at the limit of PCR detection level and a nested PCR was required (Arthofer et al.,
2009). Further development of the current screening program must involve different
populations of the same hosts to achieve a better understanding of Wolbachia prevalence and
patterns of co-evolution.

The presence of Wolbachia in arthropods has attracted the interests of entomologist for
decades, but nevertheless is very little known about the role of this symbiont in this group of
wood boring insects. The bacterial community associated with Scolytinae represents an
extremely interesting research theme that can be explored more efficiently applying NGS
technology. Such studies will gather preliminary information on the distribution and
abundance of endosymbionts and the interaction with other members of the microbial

community such as bacteria and fungi.
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Figure 7 - Phylogenetic tree (BI - paper II) showing the presence of Wolbachia in Scolytinae species belonging
to different tribes. The molecular screening targeting the 16s rDNA gene and wsp protein of Wolbachia resulted
positive for 32 species (red); Dendroctonus ponderosae and Coccotrypes dactyliperda (green) are two of the

several species — not used in our study - which were previously reported to be infected with Wolbachia bacteria.
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7.2 Final considerations

This PhD project contributed to the field of weevil molecular systematics by characterizing
novel protein coding genes for phylogenetic analyses. These genes provide different degrees
of phylogenetic signal for resolving phylogenies at various ranks. Indeed, with the selection
and optimization of 16 novel protein coding genes for Scolytinae, and at least five of them
more broadly tested in weevils, this work significantly increases the number of available
markers for PCR based weevil phylogenetics (paper I — paper III).

Thirteen of these nuclear markers were used to test phylogenetic relationships between tribes
and genera in the subfamily Scolytinae. From a strictly systematics perspective, this PhD
project achieved advances in understanding Scolytinae evolution and pointed out a series of
mistakes in the current classification. More specifically, the majority of relationships within
tribes were well resolved and highly supported, confirming fifteen of them as monophyletic,
but also highlighting paraphyletic assemblages. However, a general lack of resolution
persisted at deeper nodes and inter-tribal relationships remained largely unclear. Nevertheless,
this study provides a new phylogenetic framework, highlighting taxonomic groups in need of
revision.

Furthermore, the newly selected nuclear protein coding genes were also used to investigate
family and subfamily level relationships within the superfamily Curculionoidea. A subset of
these new markers (5 new genes + 5 previously defined), were useful for phylogenetic
inference among different taxa. Indeed, Platypodinae were unambiguously placed as the sister
clade to Dryopthorinae, although the selected markers were not sufficient to solve other
problematic divergences in the weevil tree.

This study examined and characterized the highest number of protein coding genes in weevils
using a PCR and Sanger sequencing approach. A priori, we expected to optimize at least 30
markers with sufficient phylogenetic signal, after screening 100 genes. We also predicted that
15-20 genes would be sufficient to solve relationships between tribes in Scolytinae. Although
the results did not meet the expectations, this PhD project has made a substantial step forward
in PCR and Sanger-based sequencing in weevil phylogenetics. However, the possibility that
the addition of few more protein coding genes will provide enough phylogenetic signal to
guarantee the resolution of ancient divergences in Scolytinae remains doubtful. If, as we now
anticipate, some of the polytomies in deep nodes are due to rapidly diverging lineages, it

might also provide a challenge for NGS technology.
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In conclusion, PCR and Sanger sequencing based approach still claim a relevant place in
insect molecular systematics given a proper availability of effective PCR primers. Other
important advantages such as low costs and the possibility to amplify DNA from deteriorated
and old samples, could guarantee even a longer survival of this popular technique. When the
first NGS solutions appeared on the market, it could be tempting to predict that the Sanger
sequencing period had its days, however many years later, it seems that this long-standing

technology is not yet ready to step aside.
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Abstract

Deep level insect relationships are generally difficult to resolve, especially within taxa of the
most diverse and species rich holometabolous orders. In beetles, the major diversity occurs
in the Phytophaga, including charismatic groups such as leaf beetles, longhorn beetles and
weevils. Bark and ambrosia beetles are wood boring weevils that contribute 12 percent of
the diversity encountered in Curculionidae, one of the largest families of beetles with more
than 50000 described species. Phylogenetic resolution in groups of Cretaceous age has
proven particularly difficult and requires large quantity of data. In this study, we investigated
100 nuclear genes in order to select a number of markers with low evolutionary rates and
high phylogenetic signal. A PCR screening using degenerate primers was applied to 26 dif-
ferent weevil species. We obtained sequences from 57 of the 100 targeted genes.
Sequences from each nuclear marker were aligned and examined for detecting multiple
copies, pseudogenes and introns. Phylogenetic informativeness (PI) and the capacity for
reconstruction of previously established phylogenetic relationships were used as proxies
for selecting a subset of the 57 amplified genes. Finally, we selected 16 markers suitable
for large-scale phylogenetics of Scolytinae and related weevil taxa.

Introduction

In the postgenomic era, obtaining well resolved and highly supported molecular phylogenies of
hyper-diverse eukaryotic lineages continues to represent a major challenge. Previous attempts
on investigating phylogenetic relationships in beetles have demonstrated recurrent problems in
resolving deeper relationships such as those between the four beetle suborders, but also much
younger divergences [1-4]. One of the most problematic groups includes the weevils, where
the majority of tribes and subfamilies remain unresolved despite considerable efforts in assem-
bling molecular data [5-8]. Bark and ambrosia beetles in the subfamily Scolytinae represent a
weevil lineage where much effort has been invested in developing molecular markers for phylo-
genetic analysis [9, 10]. Nevertheless, resolution between many Cretaceous relationships
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remains rather low [11], emphasizing the scarceness of molecular markers to resolve this par-
ticular phylogeny.

So far, the vast majority of phylogenetic studies on beetles were based on markers such as
ribosomal RNAs and mitochondrial cytochrome oxidase I and II genes [8, 12-15]. With the
exception of nuclear ribosomal genes (18s and 28s rRNAs) are most markers useful for the reso-
lution of Cenozoic divergences, showing lack of phylogenetic signal for Cretaceous time frames
[10]. In the last years, a growing number of phylogenetic studies on beetles have started to
include nuclear protein coding genes, especially EF-1a, CAD, ArgK, and wingless [11, 16, 17],
which are also widely used in other insect taxa [18-21]. However, a relatively limited amount
of work has been done to discover and select additional nuclear genes for beetle systematics
[22,23-25], and all studies to date were based on less than 10 molecular markers [26, 27].
Therefore, obtaining a high degree of phylogenetic resolution in beetles is difficult; a direct con-
sequence of high species diversity and a limited number of informative markers.

The first studies on the utility of protein coding genes in insect systematics date back to
more than 20 years ago [28-30]. The advancement of insect phylogenies has largely been
driven by the development of new markers in Lepidoptera [31]. At present, dozens of nuclear
markers can be chosen to investigate Lepidoptera phylogeny at various ranks [18, 32-36].
Hymenoptera is another group where a consistent number of nuclear markers have been devel-
oped [37-39]. Although similar studies have been carried out in other insect groups such as
Diptera [40-42], the majority of the remaining insect orders present a situation more similar to
Coleoptera with few published markers conserved across different families [43, 44]. Thus,
increasing the number of phylogenetic characters from protein coding nuclear genes is of man-
datory importance for achieving robust phylogenetic hypotheses in beetle systematics.

Recently, the advent of next generation sequencing (NGS) technologies has contributed to
additional ground-breaking advancements in the systematics field, profoundly increasing the
level of resolution compared to previous phylogenies based on single or few genes [45]. Geno-
mic and transcriptomic data obtained from NGS based research has led to predictive insect
phylogenies, which now more clearly reveal key events in insect evolutionary history [46-50].
New developments based on ultra-conserved elements (UCEs) or RAD-sequencing will
increase resolution also at lower taxonomic ranks in insects [51, 52]. However, the benefits of
NGS are generally counterbalanced by the high cost and computationally demanding analyses
of such high throughput data. The utility of few well-characterized markers should not be
underestimated as they represent a rapid and cost effective approach for resolving small scale
phylogenies.

Bark and ambrosia beetles in the subfamily Scolytinae constitute a group of highly derived,
small wood boring weevils capable of excavating galleries into different parts of dead trees,
shrubs and bushes, as well as in lianas and other plant tissues in different forest habitats
throughout the world [53]. Scolytinae is generally regarded as a well-supported clade of more
than 6000 described species representing approximately 12 percent of the entire diversity in
the family Curculionidae [5, 54, 55]. A tremendous variability in life cycles, reproductive strate-
gies, mating systems, host plants interactions, feeding behavior and ecology has been docu-
mented [56, 57], which makes this group of beetles particularly interesting to study in a
phylogenetically comparative context. Phylogenies of Scolytinae have so far relied on a combi-
nation of five molecular markers (one mitochondrial and four nuclear genes) and eventually
morphological characters. Given the high diversity of Scolytine species, additional data are
needed to obtain sufficient resolution at deeper nodes.

In order to select new phylogenetic markers, 100 different nuclear genes were screened by
PCR using degenerate primers and tested in a restricted but representative group of Scolytinae
and other weevils. With the aim of developing slowly evolving genes, the properties of each gene
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fragment were evaluated based on PCR amplification and sequencing success and their phyloge-
netic performance. This study reports on the development and utility of 16 novel markers for
weevils, with a particular focus on bark and ambrosia beetles in the subfamily Scolytinae.

Materials and Methods

We included 18 species of bark and ambrosia beetles and 8 additional weevils from other sub-
families for primer screening (Table 1 and S1 Table). These beetles were collected by one of the
authors (BHJ) during fieldwork in tropical forests (1998-2012). Collection permits were
requested from authorities in Uganda, Tanzania, Cameroun, South Africa and Madagascar.
Ethical guidelines were followed. Voucher specimens are deposited in the Coleoptera collection
of the University Museum of Bergen, University of Bergen, Norway. All weevils, Platypodinae
and Scolytinae species used in this study were previously described in other phylogenetic stud-
ies [7, 11, 58].

The procedure for primer selection can be summarized as follows: 1) putatively single copy
expressed sequence tags (ESTs) longer than 800 base pairs were selected in GenBank for two
different beetle species, Tribolium castaneum and Dendroctonus ponderosae; 2) preliminary

Table 1. Weevil species included in this study.

Species

Brentidae sp.

Mesites fusiformis
Pselactus sp.

Larinus sp.

Porthetes hispidus

Platypus impressus
Triozastus marshalli
Chaetastus tuberculatus
Pityophthorus micrographus
Diamerus inermis / D. hispidus
Dryocoetes autographus
Ozopemon uniseriatus
Hylastes attenuatus
Hylesinus varius
Kissophagus hederae
Chaetoptelius vestitus
Dendroctonus terebrans / D. micans
Tomicus piniperda
Acanthotomicus sp.
Pityogenes quadridens
Premnobius cavipennis
Camptocerus aenipennis
Cnemonyx vismiacolens
Scolytus intricatus
Xyleborus affinis

Xyleborus monographus

Code Subfamily Tribe Country

BrBre05 Brentidae (familiy) Brentinae Cameroon
CsMes01 Cossoninae Cossonini Spain

CsPse01 Cossoninae Onycholipini Portugal (Madeira)
ClLar01 Lixinae Cleonini Russia

MoPor01 Molytinae Amorphocerini South-Africa
PIP1a07 Platypodinae Platypodini Tanzania

PITri02 Platypodinae Platypodini Cameroon
TsCha02 Platypodinae Tesserocerini Cameroon
CoPit01 Scolytinae Corthylini Norway

DiDia03 / DiDia04 Scolytinae Diamerini Tanzania / Madagascar
DrDry01 Scolytinae Dryocoetini Russia

DrOzo02 Scolytinae Dryocoetini Papua New Guinea
HtHyt06 Scolytinae Hylastini Sweden

HiHyl02 Scolytinae Hylesinini Sweden

HIKis01 Scolytinae Hylesinini Austria

ToChaO1 Scolytinae Hylurgini Morocco
ToDen02/ ToDen01 Scolytinae Hylurgini USA

ToTomO1 Scolytinae Hylurgini Norway

IpAca01 Scolytinae Ipini Cameroon

IpPit03 Scolytinae Ipini Sweden

PrPre01 Scolytinae Premnobiini Sierra Leone
ScCam02 Scolytinae Scolytini Guyana

ScCne01 Scolytinae Scolytini Guyana

ScSclo2 Scolytinae Scolytini Czech Republic
XyXyl0oO Scolytinae Xyleborini Cameroon
XyXyl03 Scolytinae Xyleborini Czech Republic

Degenerate primers were designed on conserved regions in the alignment of insect nucleotide sequences that were available from genomic and
transcriptomic sources. Two or more consecutive degenerate sites were preferentially avoided as well as the use of completely degenerate sites (N). A total
of 274 primers were designed (Table 2 - only successful primers reported).

doi:10.1371/journal.pone.0163529.t001
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BLAST searches were performed to discard unsuitable markers, based on the evidence for mul-
tiple paralogous copies (e.g. large gene families) or ambiguous genomic characterization (e.g.
similar matching values for different proteins); 3) available sequences for each selected gene
were aligned, including annotated genomic and transcriptomic sequences from model organ-
isms (e.g. Drosophila melanogaster, Apis mellifera and Bombyx mori) to determine intron-exon
structure; 4) degenerate primers were designed; 5) a PCR screening was run and products with
the expected correct size (albeit highly variable due to presence of introns) were sequenced; 6)
markers reaching a minimum PCR and sequencing success of 20% were used to reconstruct
single gene phylogenies (Bayesian) and trees were compared to previously established and
well-supported clades [5, 7, 10, 11].

DNA was extracted from individual specimens using DNeasy Blood & Tissue kit (Qiagen)
following the manufacturer’s instructions. The PCR reaction mixture contained 2.5 ul 10x PCR
buffer (Qiagen), in which the final concentration of MgCl, was 2.0 mM, 200 uM of each ANTP
(Sigma Aldrich), 0.5 uM of each primer, 0.125 units Hot Start Taq™ DNA polymerase (Qia-
gen), 2 ul DNA, with water added to a final volume of 25 pl. A negative control (sterile water)
was included in each test. The PCR was performed using a S1000™ Thermal Cycler (BIO-RAD
Laboratories, Inc.). Three standard cycle programs were used for the initial screening: denatur-
ation step at 95°C for 5 minutes, 35 cycles of 30 seconds at 95°C, 30 seconds at 48, 52 and 58°C,
60 seconds at 72°C, and finally 5 minutes extension at 72°C. Further optimization included a
gradient of annealing temperatures in the range of 44-62°C, modulating the extension time
depending on the expected PCR product length, and MgCl, concentration. We also considered
two different touch-down PCR protocols for two of these genes (see Table 2 for details).

PCR products were sequenced with the same primers as those used for amplification. DNA
sequences of both strands were obtained using the BigDye Terminator cycle sequencing ready
reaction kit (Applied Biosystems Inc.) using an automated DNA sequencer (Applied Biosys-
tems Prism 3700) following the manufacturer’s instructions.

All obtained sequences were submitted to BLAST analyses, accepting a correct gene target if
the cutoff value was below 1E-4. All sequences for each gene were aligned with other insect
sequences for a preliminary NJ analysis in PAUP * 4.0 [59] to detect deviant sequences. The
sequences were checked by eye and using Bioedit 7.2.5 [60] and MAFFT [61] to align gene frag-
ments with complex structure, caused either by to the presence of indels of coding triplets, or
less frequently by long introns marked by unusual exon-intron borders such as the most com-
mon alternative splice site GC—AG [62].

Introns were trimmed and the coding fragments were translated into amino acid sequences
using Bioedit 7.2.5 to check for translational errors (stop codons). All these preliminary analy-
ses had the purpose of detecting pseudogenes or early signs of possible paralogs (e.g. high
degree of amino acid substitutions). In addition, the amino acid sequences of the selected
markers were examined in OrthoDB v9 to assess gene orthology [63, 64]. The orthology for
each gene was confirmed by cluster of orthologous groups (COGs) comparison among arthro-
pod sequences in the database. Ambiguous nucleotide positions in the coding region that were
difficult to align were tentatively excluded (in Arr2 and Iap2) to create an alternative alignment
for comparisons (see results and discussion).

Phylogenetic analyses were performed on unambiguously aligned sequences obtained from a
minimum of 5 species. Phylogenetic inference was based on Bayesian and maximum parsimony
analyses, the latter as implemented in PAUP * 4.0. Node support in the parsimony analyses was
estimated by bootstrap analyses using 20 random additions of heuristic searches for each of 200
bootstrap replicates. Bayesian phylogenetic analyses were performed in MrBayes 3.2 [65]. The
most appropriate model for base frequencies and substitution rates was determined by jModelT-
est [66], using the Akaike information criterion (AIC). MrBayes searches were run for each gene
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Table 2. Primer sequences and annealing temperature for the nuclear markers selected in this study. Furthermore, primers for additional genes for

lower level phylogenetics are reported.

Gene acronym Primer forward (5’-3’) Primer reverse (5’-3’) Annealing T°'C
EF2 CGTTTCTAYGCBTTYGGHCGTG CCYTCYTTRGTGGCCCAYTGG TD 58 (10 cy) 44 (25cy)
ATGATGGGYCGTTAYGTWGARGC TD 58 (10 cy) 44 (25cy)
Hsp70 CAAGCYGACATGAAGCAYTGGCC CGGGTGATGGAGGTGTAGAARTC 58
GAYGGTATCTTYGARGTMAAGTC CGRCCYTTGTCRTTRGTGATGG 55
CCNC ATGGCTGGMAAYTTTTGGCARAG TCGAGCAGATARAAYTCRCAYTC 52
HDAC Rpd3 ATGAARCCSCACMGSATAMGSATGAC GTAGTCGTTRTARGGSAGYTCRTTGGC 53
GCCACSGAAGTYTCRTASGTCCA 53/50
Arr2 CGYGARGAGGAYGARGTYATGGG ACCATSGTRACYTCGCAATGYTGCAC 52
CTCAAARRACKATRTTGTCGTCRTCGTC 52
lap2 TGGAAYTAYGGRGACCAAGTRATGGC CCATCKGGCRTGYTCYGTCCAWGGATC 52
PABP1 CCRATTCGYATYATGTGGTC GAARGCRACAAAWCCRAAWCC 50
Prp1 ATGTCSGCKACTYTRGAYGCWGG GGRTASGTGTTRTCYTGCATYTC 44
CTR9 GAAGGYGATAARATGGAWCARGC TCGARACAYTGKGCKGCATTTTC 52
RCC1 GGKTGYAATGACGARGGSGC CGGCCCAATTGTCCYTGYTC 52
SOD1 TCCACATYCAYGARTTYGGGG CCTTKKCCCAAATCATCMGG TD 52 (10 cy) 46 (25cy)
TPI CGHARATTCGTWGTYGGWGGHAACTGG CKGARCCYCCRTATTGRATTC 50
GGTGGHAACTGGAARATGAACGG 52
ADA2 GAYATGYTDGAYGTVCATGC ACAGGRCCRGCTTCRCCRCAATG 52
AARTTYAATGCCAAATAYAAYCC GGWCCRGCTTCACCRCARTGWGG 48/52
UBA5 TTGGKAGYGTAACWGCRGAAATG ATATGGCCWGARACSGCRTITTTC 52
Cda4 TACGARGARTGGGTKGGRGARATG AACCAATTMGTRTGRAASGGCATC 48
FEN1 GARGCCCCYTGYGARGCKGARGC TCACCATGCCYTCYTCRTCMGG 48
ACTB CTGAAGCCCCMTTGAACCCMAAGGC GAGATCCACATCTGYTGGAARGTGG
CXorf56 GAAGYATTGCRTGTTCSGAYAC GTCACMGAACTGAAYTTKCCC
eRF1 GTTGGCAGATGAATTTGGAACRGC CCRAABAGAGCTCCRTTACCATCC
U2AF ATYGCTGGATTWAAYGGRATGC TCTCKTCTRTGRTACTTRTCSGGWTC
MAD YAAYTTYCCWGCYATGRTWCC ACACCRTGRTTYTTWGCWCC
mp20 GACAAGGARGCCCARGARTGGATCG TCCCACAGRTCAACTGTYTGGAARAC
GGTCCGGGCCCAYTCRGRGTGCYTGTTAGG
5MP CATGACKTTTATGMGKGCKTTC CTTCYTCRGCGTTTTGWAGCC
Pidk TGYTGYCCKTGYTGYTTYGG TGGTAYGGRTASGCYCGCC
Gel GAYGAGGGCSGGWTCSGCWGC AGGATRAAGCARTCRCCTTTGTTC
C1-THF CATYTRACYGGYGAYATYCATGC ACAGCYCCYGTKGCYCCCAAATC
alpha-Spec CAYGCHAATGCWTTCCATCARTGG GGYTGKCCYTCYTCWACCATYGG
AATS CATCAYACGTTTTTTGAGATG GCATGRTCNGCTAARACNCGRTARGCC
Hsp90 GATCATCAATATSTTCTACTC TCTCCGGTGATGWARTAGATG
dldE3 GGRGAYTGTATWCATGGRCC GCYTCRTTRATBARTTCRCC
CATCCWGAAGTKGGMTGGGTKGG
Mpgt ARACCSCTGTTYCCMGTTGCKGG GCMGTTTTYAACTGSGACCACC
NaK GGYGGTTTCGCSWTGYTGYGTGGATCGG GCGACGATGATACCGATCARGAAGATGACAGC
Fbox11 AATGCWTTRGCTGGWATYTGGG CCRCCRTGYTGACCRTGRTG
UDE ARGCCRGACACCGTWCCCGG CTGGCWTCRGGRCTGTACGCCC
GTPbp ATTARAAYGTAKCCATCGTTRCCCC GTGTTGATAATWGASGACTTGCC
CatlL CACATTTACACTTTYAACCCRATG ACCARCTGTTYTTMACCARCCAGTA
TpC CTTCCCSCMGARCARATYGCCG CCTCSCCRGTCATCATCTCCATG
PGI GGCCCSCTKATGGTRACCGAAGC CCCAGCTCCACKCCCCATTGGTC
(Continued)
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Table 2. (Continued)

Gene acronym Primer forward (5°-3’) Primer reverse (5°-3’) Annealing T'C

AcCoA GGTGTACTGCKGAYATTGGYTGGATCAC GGAAACSCAGCMGCKCCWGGYTTCAT
CATCAGRTGYCCKGASACGTTYARCAT

Ucdk GAGCACKGTWTGCAARCGYATWATGG CCYCTWGGAATRATRACATCAGC

PPO1 AAYCTSCACCAYTGGCAYTGGC CGGAASGTSCKCTCRAASGG

Prp6 AATCCSAATCATCCWCCGGCKTGG TTCTTCCAGYTTRGCSGCRGTWGTCC

Mxp TAMGSACRGCSTAYACSAACAC CGCTTGTGYTTCATSCKCCG

Npl4 CTCGYTGYGTSCAYTGCTC TCGCGCACYAGCGCCATRCAYTG

Cam1 GAYGGMGATGGCACRATYACTACC TCRTAATTGACCTGACCGTCRCC

STX1A ATGACYAARGAYAGATTRGCRGC GCCATRTCCATRAACATRTCRTG

TP120b TWGGRAATGTCAAYGTYTC AAGCTCAACCCKCKCCACATCC

CHS1 CATATMTTYTTCGAYGAYGC CAACGATCYTCKCCYTGATC

DDX49 AARGCTATACGARGAYCCWTATGG TGCCTGCYCTAGCWGTYCTYCC

GTF2H3 CTCGCATTTGATGCAGAAGGC CARATYGGRCTAAACTTGCA

IF3 ACTCGCTYTACAAAATGTTGGG CTTTSGTRTCGGCRATATGRATC

TIF6 GACACRATWCCSGTGGTSCATGC CTACCWCARTTWACYGTTCC

IDH TACAAYGTWGGAATWAARTGTGC CAMACAAARCCYCCYTCMGATTTC

Ecr GAAGTKATGATGTTCMGRATGGC GAWGCACATYTCDGARTTYTG

doi:10.1371/journal.pone.0163529.1002

separately and for concatenated datasets (8109 bp- 2702 aa) using the suggested models for
each gene partition and a mixed model for amino acid substitution. In both cases, the search
consisted of 2000000 generations with two independent runs, each with four simultaneous
chains, and trees sampled every 1000 generations. The convergence diagnostics (SDSF, PSRF)
and parameter sample plots were evaluated using the software Tracer 1.6 [67].

An indirect measure of the phylogenetic signal in each marker was assessed through topo-
logical congruence with previously well documented clades [5-7, 10, 11, 68] which were used
to derive a scheme of the current classification of Curculionoidea (Fig 1). These clades belong
to six tribes of Scolytinae (A = Dryocoetiniincluding Xyleborini, B = Ipini, C = Hylurgini
+ Hylesinini, D = Scolytini) and the subfamily Platypodinae (E). Rooting of the trees was

Brentidae (family)
———mmm Platypodinae (subfamily)
Dryocoetini + Xyleborini
Ipini
Hylurgini + Hylesinini
Scolytini
other Curculionidae (subfamilies)

Fig 1. Schematic tree showing well supported relationships between tribes within the subfamily Scolytinae and other
weevil families and subfamilies considered in this study.

doi:10.1371/journal.pone.0163529.9001
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dependent on the sequences available, and used in the following order: 1) Brentidae, 2) Platy-
podinae, 3) Cossoninae, Molytinae and Lixinae, 4) Scolytini [5, 6].

Basic properties of each gene, including the overall mean divergence of sequences (p-dis-
tance) and the variation in first, second and third positions, were calculated for each gene frag-
ment using MEGA 6.0 [69]. Parsimony informative sites were calculated together with the
homoplasy and retention indices (respectively HI and RI-S2 Table) using PAUP * 4.0. A phylo-
genetic informativeness profile (PI) was obtained for each gene using PhyDesign [70], an on-
line program developed from a previous study [71]. Substitution rates for each position were
calculated using HyPhy implemented in PhyDesign, selectinga K2P model (base frequen-
cies = 0.25, transitions = 2, transversions = 1). The input time tree was obtained using Beast
v1.8.2 [72], with topology constraints following previously published phylogenies of weevils
and Scolytinae [5, 6, 11]. The tree was reconstructed using a concatenated dataset of 16 genes,
using a GTR+I+I" model for each gene partition, and a Yule speciation process. We selected an
uncorrelated lognormal relaxed molecular clock and used default priors as suggested by the
authors (see XML S1 file in Supplementary information). Two calibration points were used:
116 Ma for the node subtending Scolytinae and other weevil subfamilies, and 30 Ma for clade
A (Dryocoetini+Xyleborini).

Results

Sequences were obtained for 57 different genes, whereas 43 primer sets never amplified the cor-
rect gene. A total of 798 sequences were obtained, but only 510 of these (64%) were unambigu-
ously characterized as beetle orthologs in BLASTN search. Among the remaining 288
sequences, 53 were identified as non-beetle sequences (mainly from bacteria, fungi or nema-
todes associated with beetles) with different degree of confidence in gene identity. The remain-
ing 235 sequences resulted in unreadable or poor quality sequences without a clear match in
GenBank (E value > 1E-4, query coverage < 30% and/or less than 30% identity).

The evaluation of the 57 markers with readable sequences was based on the number of
sequences obtained and their phylogenetic performance. When only one or two sequences
were obtained for a gene (e.g. cathepsin L, troponin C, acetyl coenzima A synthetase, maxillope-
dia, calmodulin 1), the phylogenetic utility was not possible to assess. Other excluded markers
produced a higher number of sequences, such as odorant binding protein (8 sequences) and gly-
coside hydrolase family 31 (11), but these were largely unalignable. Another group of failed
markers produced sequences from non-target organisms, such as 6-phosphogluconate dehydro-
genase of fungi, or phosphoglucose isomerase of bacteria. A total of 23 genes were discarded due
to low amplification rates, high levels of non-beetle amplification, or generally low degree of
gene orthology.

The remaining 34 genes showed differing degree of PCR and sequencing success (from 5 to
26 sequences obtained), and were further evaluated based on their capacity to recover known
relationships at various taxonomic levels. Eighteen of these markers were found insufficiently
informative for higher level phylogenetics, because no more than two of the predefined clades
were reconstructed correctly. However, most discarded markers nevertheless revealed some
phylogenetic utility at lower taxonomic level; including populations (see S3 Table for further
details).

We selected 16 genes that revealed a relatively high and stable PCR and sequencing success
(from 50 to 100%) as the best candidates for Scolytinae phylogenetics (Table 3). All the verified
sequences obtained in this study were deposited in GenBank database under the accession
numbers KX160539—KX160803 (S1 Table). The species Xyleborus affinis was the most suc-
cessful in PCR and sequencing (15 out of 16 possible sequences obtained); the other samples
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Table 3. PCR and sequencing success for 16 selected genes.

GENE ACRONYM A c D E F G H Total (%)
PABP1 4 3 6 3 3 4 2 1 26 (1 00%)
TPI 4 2 6 - 2 2 2 - 8 (69%)
UBA5 3 3 5 3 2 2 1 1 20 (77%)
lap2 3 3 1 2 1 4 2 - 6 (62%)
sop1 2 1 4 3 2 3 1 - 6 (62%)
Prp1 3 3 5 1 3 1 2 - 8 (69%)
ADA2 3 2 2 2 3 2 - 4 (54%)
CTR9 2 2 4 2 1 2 - 3 (50%)
CCNC 4 2 5 2 2 2 2 1 20 (77%)
Cdad 2 1 4 3 1 1 1 13 (50%)
HDAC Rpd3 3 1 4 2 2 1 - 13 (50%)
Arr2 4 2 4 3 3 2 2 - 20 (77%)
FEN1 3 2 4 2 1 2 1 15 (58%)
EF2 2 2 3 2 3 2 - 14 (54%)
Hsp70 1 1 5 2 1 1 2 1 14 (54%)
Rcct 2 2 4 - 2 2 1 - 13 (50%)

The number of sequences obtained was reported for the following groups: A = Xyleborini + Dryocoetini, B = Ipini, C = Hylurgini + Hylesinini, D = Scolytini,
E = Platypodinae, F = other Curculionidae subfamilies, G = other Scolytinae, H = Brentidae.

doi:10.1371/journal.pone.0163529.t003

varied considerably in this respect with only 4 sequences obtained for Larinus sp. (S1 Table).
The total fragment length, the presence of length-variable regions, and the number and posi-
tion of introns, were mapped on the annotated genomes of T. castaneum and D. ponderosae
(eventually transcriptomic and genomic data of other insect species) to create a map of the
gene structure (Fig 2; see also Table 4).

OrthoDB analyses showed that 12 out of 16 genes selected in this study are present in single
copy in more than 70% of the arthropod species currently in the database (133). PABPI and
UBAS are in single copy in 96% of these species, followed by HDAC Rpd3 (95%), CCNC (94%),
Prp1(92%), TPI, CTR9 and FENT (90%), Cdad (89%), EF2 (84%), RCCI (81%) and ADA2
(74%). Only five genes are frequently in multi-copy status in arthropod genomes: Hsp70 (single
copy only in 2% of the species in the database), Arr2 (4.5%), Iap2 (8.3%) and SOD1 (22%).

The best evolutionary model for the majority of the genes was GTR+I+T’, except for SOD1
and Iap2 in which SYM+I+I" and GTR+T were selected. Bayesian analysis of the concatenated
nucleotide and amino acid data from 16 genes showed a well resolved tree topology (S1 Fig)
with all expected clades recovered with maximum support, except Scolytini (pp = 0.75). The
overall tree topology was correct with the exception of four weevil species that were nested
inside Scolytinae as the sister lineage to Hylurgini (weakly supported in the amino acid analy-
sis). Parsimony analyses of the concatenated dataset revealed similar results both for the nucle-
otide and amino acid datasets, with all major clades recovered with medium to high bootstrap
support. However, the sub-family Scolytinae was not monophyletic in respect to the other
advanced weevil species (S2 Fig).

Single gene analyses resulted in partially resolved phylogenies, mainly recovering a mono-
phyletic Scolytinae, the majority of the predefined subgroups of Scolytinae (A-B-C-D), and the
subfamily Platypodinae (Fig 3). All selected genes enabled the correct reconstruction of the
most recent clade (A), with 3 genes obtaining the correct sister group (B). None of the selected
genes showed high degree of incongruence that received high node support. Overall mean
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doi:10.1371/journal.pone.0163529.9002
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Table 4. Gene information.

Acronym nucs aa Intron Intron range (per intron)
PABP1 435 145 0 -

TPI 547 182 0-2 (457-51)(237-48)

UBA5 348 116 1 (94-48)

lap2 672* 224* 1 (1131-50)

SoD1 213 7 0 -

Prp1 582 194 0-1 (258-55)

ADA2 624 208 2 (70-39) (105-53)

CTR9 627 209 0-1 (81-59)

CCNC 384 128 3 (200-69)(134-49)(71-58)
Cda4 410 136 0-3 (68-51)(63-56)(53)
HDAC Rpd3 858 286 3-5 (69-53)(70-54)(165-48)(564-54)(66-55)
Arr2 501* 167* 0-3 (110-51)(84-53)(158-55)
FEN1 417 139 1-3 (63-46)(55—42)(93-44)
EF2 621 207 1-2 (398-183)(702-84)
Hsp70 567 189 0-2 (61-7)(317-187)

RCC1 303 101 0-1 (250-51)

For each marker, the length of the sequenced coding region is given as the number of nucleotides and
amino acids, together with the number and length of intron(s). The symbol * indicates genes with sequence
length variability due to exonic indels.

doi:10.1371/journal.pone.0163529.t004

divergence in nucleotide sequences was reported for each codon position for each gene (S3
Fig).

Selected genes for Scolytinae phylogeny

Polyadenylate binding protein 1 (PABP1). PABPI was the most successful marker, with
sequences obtained from all 26 species. The amplified fragment was 435 bp long, contained no
introns, and translated into 145 amino acids. The phylogenetic analyses recovered almost all
pre-defined clades (Fig 3a), but only two of them were highly supported (B, pp = 0.98;

E, pp = 1). The tribe Scolytini was placed outside a polytomy including the remaining species
of Scolytinae, the subfamily Platypodinae and the various other weevil subfamilies. No clear
evidence of paralogs emerged from the analyses. Preliminary studies indicated increased phylo-
genetic performance with broader taxon coverage.

Triose-phosphate isomerase (TPI). A combination of two primer pairs (two forward, one
reverse) resulted in 67% PCR amplification and sequencing success. The aligned fragments
consisted of 547 bp after removal of introns, which translated into 182 amino acids. Two
introns were located in this gene fragment (Fig 2, Table 4). The phylogeny based on this marker
confirmed the monophyly of Platypodinae (pp = 1), while Scolytinae formed a large polytomy
including two advanced weevil species. Furthermore was Cossoninae monophyletic (pp = 1),
in addition to one scolytine subgroup (A, pp = 1), and subgroup C almost so (Fig 3b).

Ubiquitin-like modifier activating enzyme 5 (UBA5). The UBA5 gene fragment is 348
bp long and translated into 116 amino acids. It was amplified from 20 different species (77%)
in all main clades and contained one short intron in all species. The phylogeny recovered the
monophyly of clades A and E with high node support (pp = 0.99 and 1, respectively) while
clade D (pp = 1) had Scolytus intricatus excluded. Clade B and C were weakly supported
(pp<0.95) and Kissophagus hederae was not included in Hylurgini (Fig 3c).
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marker. Posterior probabilities are given to the left of the nodes. Sequences of D. ponderosae (ToDen00) were obtained from GenBank.

doi:10.1371/journal.pone.0163529.g003

Inhibitor of apoptosis 2 (Iap2). A total of 16 sequences (62%) were obtained from partial
Iap2. This gene was amplified for only one species in Hylurgini (Chaetoptelius vestitus). The
amplified fragments contained one long intron and a coding region of variable length up to
672 bp. Two hypervariable regions in the first exon were characterized by a series of indels of
up to a maximum of six and ten triplets, respectively, consisting of serine-rich strings of amino
acids. The intron range is within 50-80 bp in the majority of the species, but D. ponderosae
(obtained from GenBank) contained a very long intron (1131 bp). BLASTN search indicated
that a baculoviral Iap repeat is located between the two hypervariable regions. The phylogenetic
analyses resulted in four monophyletic groups (clade A, pp = 0.94; clade B, pp = 0.99; D and
E pp<0.95), with no phylogenetic evidence of paralogs (Fig 3d).

Cu-Zn superoxide dismutase 1 (SOD1). We amplified a short fragment (213 bp) of the
cytoplasmic copper/zinc superoxide dismutase (SOD1), which contained no intron. We
obtained 14 orthologous beetles sequences (54%) and five non-beetle sequences, but also
amplified other genomic regions, suggesting non-specificity for this primer pair. The
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phylogeny contained several polytomies, with only one clade (A) receiving maximum support.
Two internal nodes in the C and D clades were also recovered (pp>0.95). The tree was rooted
with a monophyletic Platypodinae (Fig 3e).

Pre-mRNA-splicing factor ATP-dependent RNA helicase PRP1 (Prpl). A fragment of
the PrplI gene with the length of 582 bp (intron excised) corresponding to 194 amino acids, was
amplified from 18 different species (70%). The presence of a single intron was observed in the
majority of the species except three unrelated Scolytinae species and one Platypodinae. The
phylogeny revealed two monophyletic groups (A, pp = 1; E, pp<0.95) and three groups which
contained highly supported internal nodes (B, C and E), and a series of weakly supported
incongruent relationships (Fig 3f). The tree was rooted on a monophyletic Platypodinae.

Adenosine deaminase 2 (ADA2). We amplified and sequenced the ADA2 gene from 14
species (54%). Failures were most frequent in weevils other than Scolytinae and Platypodinae.
The tree topology (Fig 3g) was largely congruent with our predefined clades (A, C, D, E;
all pp>0.95), except Ipini (clade B). The tree was rooted on a monophyletic Platypodinae.

RNA-associated protein CTR9 (CTR9). A single primer pair resulted in the amplification
and sequencing of 13 sequences (50%), mainly in Scolytinae, with much lower amplification
rates in other weevil subfamilies (1 sequence). The amplified gene fragment revealed a simple
structure with a single intron in many species, but was absent in the entire tribe Scolytini and a
few other Scolytinae species. The two exons presented a total sequence length of 627 bp (209
amino acids). The phylogeny recovered three pre-defined clades (A, B and D), two of them
highly supported (A and D) while resolution at deeper nodes was generally low (Fig 3h).

Cyclin-C (CCNC). A 384 bp fragment (introns excised) was amplified for 20 species
(77%), with relatively good taxon coverage among the different groups. The alignment
included three long introns which may cause amplification and sequencing problems. The phy-
logeny based on this marker revealed a monophyletic Platypodinae (pp = 1) that formed the
sister group to the advanced weevils (Curculionidae sensu Alonso-Zarazaga and Lyal
1999, pp = 1). All smaller clades were congruent with previous phylogenies, albeit only three
clades were strongly supported (A, D and E, pp = 1), whereas the larger group of Scolytinae
was paraphyletic with respect to two other weevil species (Fig 3i).

Chitin deacetylase4 (Cda4). Cda4 sequences were obtained from a total of 13 beetle spe-
cies (50%). This marker amplified few weevils other than Scolytinae (2 sequences) and failed to
amplify species in the tribe Scolytini. The gene structure was relatively simple with 3 short
introns (<100bp), with the first and the third intron present in the majority of the species,
while the second one was absent in all Platypodinae and Hylurgini species. The phylogeny
based on a 410 bp long coding fragment (136 amino acids) showed monophyly for group A
(pp = 1) and E, while Hylurgini (group C) was paraphyletic (Fig 3j).

Histone deacetylase Rpd3 (HDAC Rpd3). HDAC Rpd3 represents the longest gene frag-
ment selected in this study. This gene was amplified and sequenced for 13 species (50%), with
the longest fragments reaching more than 1700 bp due to the presence of introns. A total of 5
introns were present in one species (Platypus impressus), while the other species showed a high
variability in intron numbers (1-4) with intron 4 particularly long in Kissophagus hederae (571
bp). The final alignment, with introns removed, resulted in 858 nucleotide positions coding for
286 amino acids. We did not amplify any species in the tribe Scolytini (clade D) and we had
limited success with Ipini (B) and in weevils other than Scolytinae and Platypodinae (Fig 3k).
The phylogeny based on these sequences showed a largely unstructured tree, with only clades
A and F recovered (pp = 1 and pp = 0.94 respectively), and partially so in Hylurgini (clade C:
Hylastes attenuatus, Tomicus piniperda and D. ponderosae, pp = 0.98).

Arrestin 2 (Arr2). Arr2 showed high degree of PCR and sequencing success in Scolytinae
and in some other weevils, obtaining a total of 20 sequences (77%). The alignment of our new
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Arr2 sequences contained three introns. At the beginning of the second exon, the coding region
varied in length due to triplet indels. One example of atypical intron borders was encountered
in the first intron (GC-AG), in Premnobius caevipennis. Three predefined clades were recov-
ered (A, pp = 1; B, pp = 0.96; E, pp = 1), with two other groups only partly resolved (clade

C, pp =0.98; D, pp = 0.99). The overall tree topology was largely congruent with established
phylogenies, where clades A and B were recognized as sister lineages with maximum node sup-
port (Fig 31). The tree was rooted on a monophyletic Platypodinae.

Flap endonuclease 1 (FEN1). FENI sequences were obtained from 15 different species
(58%). The alignment of nucleotide sequences revealed three introns that were present in the
majority of the species. The coding region was 417 bp long and translated into 139 amino
acids. The phylogeny was well resolved and recovered highly supported monophyletic groups
corresponding to the clades A, B, C, and D (Fig 3m). In addition, the sister clades A and B were
correctly reconstructed (pp = 0.98), and Platypodinae (one species) was, in the absence of other
advanced weevils, placed as sister to Scolytinae.

Elongation factor 2 (EF2). We obtained EF2 sequences from 14 species (54%), but only
from species in Scolytinae and Platypodinae. Additional unspecific amplifications of EF2 were
also obtained (7 sequences), mainly from fungi and nematodes. The amplified fragment con-
tained two long introns up to 300 bp, but occasionally longer in a few species (Table 2). Bayes-
ian analysis of 621 aligned nucleotides (207 amino acids) showed a partially correct phylogeny
that included several highly supported clades (A, D and E, all with pp = 1). The monophyly of
Hylurgini (clade C) was only weakly supported (Fig 3n). The tree was rooted on a monophy-
letic Platypodinae.

Heat shock protein 70 (Hsp70). Partial Hsp70 gene was amplified in 14 species (54%) and
contained one or two introns. Only the second intron was present in the majority of amplified
species. With introns excised, the alignment consisted of 567 nucleotides coding for 189 amino
acids. This marker performed particularly well in Hylurgini and Hylesinini (clade C) with 5
out of 6 samples amplified. The phylogeny contained a well resolved clade C (pp = 0.91) and D
(Scolytini, pp = 1), while the remaining parts of the tree topology formed largely a polytomy
(Fig 30). Unspecific PCR amplification and sequencing of fungi and nematodes occurred in
four samples. Furthermore, paralogous copies, characterized by a triplet insertion in weevils,
were identified based on phylogenetic analysis of all available sequences (S3 Fig).

Regulator of chromosome condensation 1 (RCC1). A short fragment consisting of 303
bp (intron excised) was amplified for 13 species (50%). The sequenced gene fragment con-
tained one intron in all species, except Hylesinus varius, and the exons could be translated into
101 amino acids. The primers showed very low success in weevils other than Scolytinae, ampli-
fying only two species in group E (Platypodinae) and one species of Cossoninae. The primers
did not amplify this gene in the tribe Scolytini (D). Occasional unspecific amplifications were
observed (4 sequences, from fungi and nematodes). The phylogeny based on this marker was
mainly congruent with established relationships and showed no evidence of multiple copies
(Fig 3p). Platypodinae (E, pp = 1), Dryocoetini (A, pp = 0.91) and a subclade of Hylurgini
(C, pp = 1) were recovered.

Phylogenetic signal

Phylogenetic informativeness (PI) profiles varied considerably between the selected markers,
showing different degrees of signal across the more than 100 Ma of weevil evolutionary history
(Fig 4). The net PI values showed a marked decline for all markers towards the Cretaceous era.
Iap2 displayed the highest PI peak in recent times, followed by four other markers with lower
PI profiles (TPI, PrpI and Arr2, FENI). The gene EF2 showed a diverse profile, having lower PI
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for recent times but relatively more PI than FEN1 and Arr2 at more ancient times. PABPI,
which presented the highest homoplasy level among the selected genes (S3 Table), showed an
intermediate PI profile, following the same trend of Hsp70, Cda4, CCNC and almost identical
to UBAS5. Cda4 and CCNC showed higher PI in recent times while Hsp70 maintained margin-
ally higher PI for ancient times. The gene with the lowest PI value was SODI. Four markers
(HDAC Rpd3, ADA2, RCCI and CTR9) were not included in the analysis due to missing data.

Additional genes for lower level phylogenetics

One of the main characteristics shared by several of the 18 genes that were not selected was the
generally low, and sometimes clade-specific, PCR and sequencing success (S3 Table). These
genes also exhibited many problems in phylogeny reconstruction when sufficient data were
obtained, including failure to recover well-established clades (Fig 5). For example, very few
sequences were acquired for a-spectrin, with no sequences obtained for three of the groups (B,
Cand D), producing a tree topology with only one correct clade recovered (A, pp = 1) and
therefore difficult to evaluate (Fig 5a). A similar situation was reported for phosphatidylinositol
4-kinase type 2-alpha (Pi4k) where no sequences were obtained for the clades D and E, but two
clades (A, pp = 1 and C, pp = 0.97) were recovered correctly (Fig 5b), and a third group was
nearly monophyletic (B, excluding Pityogenes quadridens, pp = 0.96). For muscular protein 20
(mp20) we obtained a higher number of sequences (12), with two monophyletic groups recov-
ered (clade A, pp = 1 and B, pp<0.95), but with group D (Scolytini) not monophyletic (Fig 5¢).
In the case of the beta-actin gene (ACTB), sequences were obtained from 18 different species,
including 5 species of Hylurgini. However, the phylogeny recovered only one of the youngest
clades (B, pp = 1), while all other groups were largely paraphyletic (Fig 5d). In the chromosome
X open reading frame 56 gene (CXorf56), only the youngest group (clade A, pp = 0.99) was cor-
rectly recovered (Fig 5¢) whereas closely related species did not group together. Another poorly
performing gene was MAD, with a phylogenetic tree showing a large polytomy that included a
highly paraphyletic Hylurgini (clade C). This gene nevertheless distinguished Platypodinae
(pp = 0.96) from all other advanced weevils at the root of the tree (Fig 5f). A similar situation
was also observed for the eukaryotic peptide chain release factor subunit 1 (eRFI) gene. The
phylogeny largely formed a polytomy (Fig 5g), and included many paraphyletic groups, includ-
ing Platypodinae (clade E). The phylogeny for splicing factor U2F showed a largely unstruc-
tured tree with generally low support (Fig 5h), with only Scolytini monophyletic (clade

D, pp<0.95).

The remaining 10 of the 18 genes with shallow level phylogenetic utility generally exhibited
low PCR and sequencing success (5-9 sequences), and showed clade-specific amplification (see
S3 Table). A correct tree topology was recovered for dihydrolipoamide dehydrogenase E3
(dIdE3) which showed a congruent and well supported phylogeny for three clades (A, B and C,
all with pp>0.95) and also recovered a node including A+B (pp = 0.99). The low number of
sequences obtained (7) was the main reason to exclude this gene. Alanyl-tRNA synthetase
(AATS), F-box only protein 11 and Na+/K+ ATPase alpha subunit (NaK) displayed very low
PCR and sequencing success. The first of these recovered clade A (pp = 1), the second clade A
and B (pp = 1 and pp = 0.99 respectively) while the third one did not produce enough
sequences to enable hypotheses testing. Hsp90 revealed amplification of eight species in Scolyti-
nae, but not other weevils. The phylogeny was consistent with clade A (pp = 0.97) and partially
so for clade C (3 species pp<0.95). The alignment of Hsp90 revealed no intron but the coding
region presented variable length due to the presence of indels. Primers for the two genes man-
nose-1-phosphate guanyltransferase o C1-tetrahydrofolate synthase (C1-THF) and uracil-DNA
degrading factor amplified well in Hylurgini. Finally, gelsolin and elongation initiation factor

PLOS ONE | DOI:10.1371/journal.pone.0163529  September 26, 2016 15/26



Genomic Mining in Bark and Ambrosia Beetles

[ COPit01
DrOzo02
1 DrDry01
DIDia03
ToDen00
MoPor01
085
CsPse01
0s1
ClLar01
PITi02
; o1
a) a-spectrin
IpAca01
o5 1pPit3
PrPre01
1 am02
CoPit01
051
PIPIa07
007
c) mp20
HiHyl02
o7 HIKis01
ToDen00
08 082 PiPre0t
, o7) L IpAca01
i HtHyt06
CoPit01
DIDia03
IpPit03
DrDry01

XyXyl0o
XyXylo3
CsPse01

TsCha02

€) CXorf56 oz

07 ClLaro1
ScCne0t
CsPse01

'— HiHyl02
MoPor01

056

PITri02
ToDen02
221 ToTom01

q HtHyt06

DiDia04

oPit1

PIPIa07

TsCha02

BrBre05
g) eRF1 L

oPil01
ToDen00
097
085 ToTomo1
3 i DIDia04
IpAca01
036 RS
PrPre0t
XyXyl03
055 e
1| Lxyxyioo
DIDRO1
1pPi03
CsPse0t
) 3
b) Pidk
XyXyloo
0,53 == DiDia03
PITr02
MoPor01
034
.
ScCamo2
CsPse0t
ToCha0t
CoPitO1
— ToDen00
11— IpPi03
PrPre0t
07— DDyt
o
BrBre0S
3
d) ACTB
CoPitO1
IpAca0t
DiDia04
L DrDry01
—WT ToDen0d
ToTomo1
HIKis01
MoPor01
Hikytos
ToChaot
PrPre0t
PIPIa07
PITr02
TsChao2

f) MAD o8

—WI_ ScCne01

CoPito1

IpAca01
PrPre01
HIKis01
083 1pPit03
il |: ToCha1
DiDia04
1
XyXyloo
ToDen00
HiHyl02
ToTom01
CsPse01
h) U2AF 02

Fig 5. Phylogenetic trees resulting from Bayesian analyses of 8 excluded gene fragments.

doi:10.1371/journal.pone.0163529.g005
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5C (also known as krasavietz - 5MP) revealed unstructured tree topologies. The first gene
recovered only clade D (pp = 1) while the second supported clade E (pp = 1) and in part clade
C. Additional information on suggested subfamily/tribe/genus specific markers were reported
in supplementary material (S3 Table).

Discussion

Phylogenetic studies on insects have generally suffered from a lack of coordination in establish-
ing a common set of nuclear markers [73]. Most efforts were invested in butterflies and bees
[31, 37], with other related groups occasionally taking advantage of such developments [74].
Beetles are one of the many groups lagging behind in terms of phylogenetic marker availability.
With the presentation of 16 protein coding genes, which are here shown to be informative in
weevil phylogenetics, and the suggestion of 18 additional, but less developed, genes as potential
phylogenetic markers at various taxonomic levels, we have at least partly remedied this situa-
tion. Indeed, many of the 16 best markers were relatively easy to amplify with one or two
primer pairs, with a PCR success ratio between 50 and 100%. Direct sequencing was facilitated
by the high proportion of single bands produced in the PCR of these genes. Only occasional
events of unspecific amplification occurred and most sequences could be aligned unambigu-
ously and translated into amino acids.

Further optimization of primers is required to enable amplification across a broader range
of weevils and other beetle groups. This is particularly relevant to the many unsuccessful genes
that we screened, which may amplify with a better design of primers. In such a brief screening
of candidate genes it is likely that promising markers were overlooked. The gene a-spectrin, as
one example, may deserve further attention as one of very few genes previously screened for
beetles [23]. Unfortunately, the primers designed in this study amplified mainly Xyleborini and
Dryocoetini, but not the majority of other tribes. We also continued our previous screening of
the NaK gene [9], which again was particularly positive for Ipini, Dryocoetiniand Xyleborini,
with potential application at lower level phylogeny.

Only one marker amplified in all samples (PABPI). This gene, and three additional ones
(TPI, UBAS5 and Prp1) with comparable high amplification rates, shared a pattern of simple
intron structure, which may facilitate the amplification process. Other genes could be almost as
easily amplified (Arr2, Iap2, CCNC), but required more efforts in the alignment procedure due
to the presence of highly variable regions and/or introns. For all the other genes, improved
primer design seems required to obtain PCR and sequencing regularity at appreciable levels
such as in nymphalid butterflies [32] or dolichoderine ants [39]. Suboptimal primer design was
most evident in cases where failures in amplification were taxon-specific, for instance TPI,
HDAC Rpd3, Cda4 and RCCI in species of the tribe Scolytini. Other genes such as ADA2,
Hsp70, FENI and CTRY were amplifying Scolytinae, which was our main target group, but
failed in most other weevils.

Degenerate primers tend to amplify non-targeted regions for several of the screened genes.
However, only two genes with short amplified fragments (SOD1 and RCCI) were regularly
affected by this kind of problem, and occurred less frequently in CXorf56, Hsp90 and eRF1. The
amplification of other gene copies is a relatively common problem in PCR based methods and
at least three routinely used markers (COL EF-1a, enolase) in bark and ambrosia beetles are
occasionally burdened with such complexity [10, 68, 75]. In other cases, such as EF2 and
Hsp70, the same gene copy was unintentionally amplified from other beetle-associated organ-
isms (fungi and nematodes), probably due to the conserved nature of these genes [68]. When
we tested nuclear markers for orthology assessment in arthropods (OrthoDB v9), Hsp70 was
one of the few genes which resulted present in multiple copies in the large majority of the
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species in the database (98%). In our study, the presence of Hsp70 paralogs was clearly demon-
strated based on BLAST search, strongly deviating amino acid substitution patterns and long
phylogenetic branches of paraphyletic groups (54 Fig). Although three other genes (Iap2, Arr2
and SODI) are rarely in single copy in the arthropod genomes, our study did not provide any
clear evidence of paralogy in beetles.

Two markers (HDAC Rpd3 and CCNC) were particularly problematic due to the many long
introns they contained (up to 5 in HDAC Rpd3) and they require internal primers for more
effective amplification and sequencing. The presence of long and/or numerous introns seems
widespread in beetles. This insect order has generally a higher number of introns compared to
other insects [76], particularly so in the phytophagan beetles [23]. For example, a 300 bp short
fragment of the gene Wingless, which is widely used in insect phylogeny, contains three compli-
cated introns in weevils, but it is intron free in adephagan beetles and most other insect orders.
On the other side are weevil sequences of TPI simpler than those of coccoidean Hemiptera
which have two extra introns and one hypervariable indels region [77]. Only two introns were
present in the majority of weevils, although highly variable in Hylurgini and four additional
species. Similar situations, with lack of conserved intron patterns within clades, were observed
for genes such as CTR9, HDAC Rpd3 and Cda4, contrasting the long held argument that intron
structure is a conserved and therefore useful phylogenetic marker [78, 79].

A further complicating feature in the alignments of Arr2 and Iap2 involved variable coding
regions that contained different numbers of triplet nucleotide indels. Because indel-rich regions
are difficult to align, they could potentially introduce unwarranted noise in the phylogenetic
signal. However, the removal of these ambiguous regions did not affect tree topologies resulting
from independent analyses of each of these genes. Indel-rich regions of Arr2 occur in species
from other insect orders (BLAST analyses), which further document natural and widespread
variation in this trait. Iap2 is much less known in terms of indels variation and our data were
only comparable to other GenBank sequences in the second more conserved exon.

The process of evaluating and ranking different markers in terms of phylogenetic utility is a
complex task. Rates are not always inversely correlated with phylogenetic resolution and clade
support [80] and only the implementation in large taxonomic samples represents the ultimate
test of a phylogenetic marker performance. Our gene classification based on phylogenetic util-
ity that was assessed according to clade congruence and phylogenetic informativeness (PI)
must therefore be taken as a preliminary proxy for a marker’s phylogenetic signal [81, 82, 83].
It will be particularly interesting to observe the contribution of Iap2 in a larger data set given its
much higher PI compared with other markers. Iap2 is a fast evolving gene which, likewise TPI,
Prpl, FENI and Arr2, showed a high peak for the Miocene epoch, but it differs from the other
genes by maintaining a stronger phylogenetic signal over time. Even though this marker has
two variable regions that could have biased the PI profile estimate, the average level of homo-
plasy was also the lowest for this gene. On the other hand, the tree topology resulting from the
phylogenetic analyses was not particularly congruent with previously established relationships.

Only one gene (FENI) produced a tree topology that was largely congruent with all prede-
fined clades, and only three genes (PABPI, FENI, Arr2) were congruent with the most recent
split—between Ipini and Dryocoetini/Xyleborini (Paleocene age)—indicating high substitution
rates for most genes in our screening. However, a perfect match between a gene tree and the
species tree is rarely observed [84]. Dense taxon sampling and simultaneous analyses of many
genes will usually overcome such limitations, building on the hidden support from many genes
not visible in single gene analyses [85, 86].

Large amounts of data are usually required to obtain resolution between more ancient
groups such as insect orders and families. It is therefore a possibility that 15-20 markers are
not sufficient to resolve the weevil phylogeny, including relationships among bark and
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ambrosia beetles. Data volume is by itself useful as demonstrated by studies on the complete
mitochondrial genome of weevils that resolve certain parts of the tree topology [6, 87]. Limiting
mitochondrial data to a handful of genes illustrates this point well as resolution fades rapidly
[8]. Larger data volumes are now available from nuclear genome sequencing, either in terms of
entire genomes [88-90], or transcribed genomes [91, 92]. Each of these approaches has their
own disadvantages with respect to high cost and labor intensity. Transcriptome data are fur-
thermore burdened with highly biased gene expressions, for instance the overexpression of
ribosomal proteins in ESTs of beetles [93]. A targeted PCR-based approach to sequencing has
on these grounds been recommended in phylogenetic analyses [94].

New NGS technologies have lately enabled more specific amplification of conserved
sequence regions, bypassing complete genomic or transcriptomic assembly, and thereby reduc-
ing the dataset to a core of comparable informative sequences which are more suitable for phy-
logenetics [95, 96]. Sequence capture of ultra-conserved elements (UCEs) has enabled high
sequence homology [51, 97, 98] and hence, these results are more directly comparable to PCR
based sequences. UCEs have a phylogenetic information potential comparable to protein cod-
ing genes at the per nucleotide level; however, the large volume of data involving hundreds of
loci and more than 100,000 nucleotides provide better resolution and higher support at deep
phylogenetic level [99, 100].

It is increasingly being argued that PCR-based methods are becoming redundant in the age
of NGS, but this is largely an overstatement. Most sequencing, in fact, occurs at a routine basis,
as a tool in integrative taxonomy where a handful of sequences from established markers are
sufficient to place a new species in the tree of life. Most laboratories in the world are not yet
rigged for the latest NGS in terms of equipment, labor and budgetary concerns. As long as the
monthly turnaround rate involves less than 10 genes and 100 taxa, the time and cost doing tra-
ditional PCR and sequencing is much lower [100]. Recognizing that small data sets are not
only less expensive, but also can be sufficiently informative, the reliance on PCR and Sanger
sequencing will continue as the best option for many small scale studies also in the future. In
fact, modest data sets of a few thousands of nucleotides (5-10 genes) can be almost as informa-
tive as large collections of UCEs [100, 101]. With approximately 80-90% congruence in topol-
ogy, one may reconsider if sequencing of UCE:s is always the best option despite the generally
higher node support obtained for this type of data.

Conclusion

This study has revealed the many difficulties in selecting and optimizing new markers for wee-
vil phylogenetics. Other beetle groups may be less problematic than weevils [23], but beetles in
general are much more challenging in this respect as compared to Hymenoptera and Lepidop-
tera [32, 36, 86, 102]. Nevertheless, this study provides a step forward in PCR-based sequencing
of beetles and we hope that these new markers will provide a useful toolbox for beetle phyloge-
netics, particularly in studies on more recent divergences where a limited amount of genetic
data can enable accurate inference of past evolutionary events.

Supporting Information

S1 Fig. Phylogenetic tree based on Bayesian analyses of 16 concatenated genes both for
nucleotides and amino acids. Posterior probability values are reported below the node for the
nucleotides analysis (8109 bp), while the pp values above the node refer to the amino acids
analysis (2702 aa).

(TIF)

PLOS ONE | DOI:10.1371/journal.pone.0163529  September 26, 2016 19/26



@’PLOS ‘ ONE

Genomic Mining in Bark and Ambrosia Beetles

S2 Fig. Phylogentic tree based on parsimony analyses of 16 concatenated genes both for
nucleotides and amino acids. Bootstrap support values are reported below the node for the
nucleotides analysis (8109 bp), while the values above the node indicate the bootstrap support
for amino acids analysis (2702 aa).

(TIF)

S3 Fig. Average genetic variation for each marker. p-distance values for each position and for
each gene were calculated across the entire sample, excluding Brentidae to avoid missing data.
(TIF)

S4 Fig. Phylogenetic tree based on a fragment of the gene Hsp70. Results of Bayesian analysis
based on Hsp70 sequences of weevils and Scolytinae; three different copies of D. ponderosae
Hsp70 were included in order to test for paralogs. Six more species were also included in the
analysis (CuSib01 = Sibinia sp. CgAph02 = Aphanarthrum capense, MiLanO1 = Lanurgus xylo-
graphus, MoAmoO1 = Amorphocerus rufipes, DrCyr02 = Acanthotomicus sp. and TsCen01 =
Cenocephalus sp.). Three different Hsp70 groups were identified. One group consisted of para-
logous copies of Hsp70 (A), plus two clusters of sequences from fungi (B) and nematodes (C).
(TIF)

S1 File. XML file used for analyses in BEAST v1.8.2. The file was generated using BEAUTI v
1.8.2.
(XML)

S2 File. Additional information on 16 PCR amplified and sequenced genes.
(DOCX)

S1 Table. GenBank accession numbers for each of the 16 selected genes sequenced in this
study.
(DOCX)

S2 Table. Estimates of evolutionary divergence (p-distance) between sequences. For each of
the 16 genes, the proportion of different nucleotide sites between sequences was calculated.
The most frequently PCR amplified species (Xyleborus affinis) was compared with members of
the other tribes and subfamilies and the lower value was reported. PIC = Parsimony informa-
tive characters, HI = Homoplasy index and RI = Retention index.

(DOCX)

$3 Table. Information on markers not developed for higher level phylogenetics. The main
problems for further development are reported, together with data on fragment length, and
number and length of introns for 18 of these markers. The same information could not be
derived for markers with low number of sequences.

(DOCX)
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Abstract. The phylogeny of the large weevil subfamily Scolytinae has been difficult
to resolve based on a limited number of genetic markers. With more than 6000 nominal
species in the subfamily, the general lack of resolution at deeper nodes indicates that
large sequence volumes are needed to solve this problem. We have therefore assembled
a large molecular dataset consisting of more than 10kb of nucleotides from 18 gene
fragments, for 182 species. Nucleotide and amino acid translated data were analysed
using Bayesian and parsimony-based approaches, which gave largely congruent results.
Compared with previous analyses, we obtained greater resolution for some of the deeper
nodes, and detected many unexpected relationships that were strongly supported by our
data. The tribe Scolytini was recovered as the earliest divergent lineage in Scolytinae,
sometimes placed together with the hexacoline genus Microborus. Among the 26
currently recognized tribes, 15 were monophyletic, whereas the remaining tribes were
largely paraphyletic. The majority of species in the tribe Hypoborini were recovered as
the sister lineage to a large group containing the species-rich tribe Dryocoetini, which
includes the recently radiated ambrosia beetles in Xyleborini, and Ipini, which includes
another recent group of ambrosia beetles in Premnobiina. Cryphalini, Hylesinini and
Hylurgini were strikingly polyphyletic tribes, each consisting of several independent
lineages. Subgroups were to a large degree defined by geographical affinities, showing
a clear distinction between the northern and southern hemispheres. The affiliation of the
inbreeding genus Hypothenemus was revealed with strong support as the sister group
to the Malagasy and East African species of the genus Cosmoderes. Cryptocarenus was
previously assumed to be the sister lineage of Hypothenemus, but was here found to
be part of Corthylini, near Araptus. These and many other findings document the need
for a thorough revision of the current classification of genera and tribes, including a
systematic re-evaluation of morphological characters.

Introduction

The weevil subfamily Scolytinae Latreille constitutes a highly
diversified group of beetles with more than 6000 described
species, currently grouped into 26 tribes and 246 genera (Hulcr
et al., 2015). These insects are found in fairly equal proportions
on all forested continents, with the highest diversity in the
tropics. Commonly referred to as bark and ambrosia beetles,
they are among the most important wood-decomposing insects
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© 2017 The Royal Entomological Society

in any forests, making characteristic wood burrows deep into
the wood or fine engravings just under the bark of dead trees.
Only a few species are capable of attacking living trees (Hulcr
& Dunn, 2011; Ranger eral., 2015), whereas most species
colonize woody substrates of dead plants. Some species of bark
beetles are not found in logs and branches, but instead feed and
reproduce in seeds, petioles, or seedlings of trees, occasionally
in woody herbs and ferns, adding to the broad range of host plant
relationships in this group of beetles (Jordal & Kirkendall, 1998;
Kirkendall et al., 2015).

A complete life cycle inside dead plant tissue makes life
relatively protected in concealed niches, and has resulted in

1



2 D. Pistone et al.

the evolution of many different kinds of reproductive systems
(Kirkendall, 1983). Guided by advanced pheromone attractants
or sound production in the establishment of new nests, these
insects have among the most advanced mating systems in ani-
mals. Subsocial life in tunnels and caves is characterized by
interactions between parents and their offspring (Kirkendall
etal., 1997), where diverse microbial communities potentially
play an important role (Six, 2012; Dohet et al., 2016; Kawasaki
et al., 2016; Marino et al., 2017). A range of symbiotic rela-
tionships between microbes and bark beetles has evolved since
Cretaceous times, particularly the cultivation of fungi seen in at
least 10 independent lineages of Scolytinae (Farrell et al., 2001;
Massoumi Alamouti et al., 2009; Jordal & Cognato, 2012; Kirk-
endall et al., 2015; Li et al., 2015). The adaptation to symbiosis
by carrying fungal spores in special cavities in the beetle body
(mycangia), and the obligate dependence on the fungal con-
stituents for larval development, makes a strong case for coevo-
lution. Repeated evolution of these fascinating traits therefore
makes bark and ambrosia beetles ideal for testing evolutionary
hypotheses in a phylogenetic context (Gohli & Jordal, 2017;
Gohli et al., 2017).

However, the phylogenetic framework for testing evolution-
ary hypotheses in Scolytinae has remained poorly developed,
despite substantial attention from forest entomologists, and
several attempts on resolving the molecular phylogeny of the
group (Farrell et al., 2001; Jordal & Cognato, 2012). The most
recent and well sampled study was based on one mitochondrial
and four nuclear genes for nearly 200 taxa, but nevertheless
showed a widespread lack of resolution between tribes and
deeper relationships (Jordal & Cognato, 2012). Although
monophyly in eight of the tribes is currently supported by
both morphological and molecular data, the majority of tribes
and many genera seem paraphyletic, although this is not yet
sufficiently supported to justify changes in the classification.
Much more data are therefore needed to obtain better resolution
and increased node support.

As a means of improving phylogenetic resolution in bark
and ambrosia beetles, we add 13 new markers (Pistone et al.,
2016) to the previous five standard markers used for weevil sys-
tematics (McKenna er al., 2009; Jordal et al., 2011). Our main
hypothesis implies that morphologically defined tribes as pro-
posed by Wood (1986) are monophyletic, except for recently
resolved groups including Micracidini LeConte, Ipini Bedel and
Dryocoetini Lindemann (Jordal et al., 2002; Jordal & Cognato,
2012; Cognato, 2013; Jordal & Kaidel, 2016). Our alternative
hypothesis states that paraphyletic tribes are structured geo-
graphically between continents, such as Micracidini (Jordal &
Kaidel, 2016), as opposed to the traditional classification (Wood,
1986), which indicates very little geographical structure within
or between tribes.

Material and methods
We included 182 species, from 24 of the 26 currently recognized

tribes (Table S1, Table 1, Fig. 1). As many genera as possible
were represented, except for the previously well sampled

Table 1. The number of genera and species included in this study,
compared to the total diversity in the subfamily.

Included Included

Tribe Genera Species genera species
Amphiscolytini 1 1 - -
Bothrosternini 6 131 4 4
Cactopinini 1 21 1 3
Carphodicticini 3 5 - -
Corthylini 30 1211 11 11
Cryphalini 25 702 18 20
Crypturgini 5 55 5 6
Diamerini 7 132 4 6
Dryocoetini 18 474 12 14
Hexacolini 4 242 4 7
Hylastini 3 55 2 2
Hylesinini 14 164 11 14
Hylurgini 14 130 14 21
Hyorrhynchini 2 19 2 2
Hypoborini 9 74 6 11
Ipini 9 230 4 5
Micracidini 14 298 9 10
Phloeosinini 15 227 8 9
Phloeotribini 3 110 2 3
Phrixosomatini 1 25 1 2
Polygraphini 9 154 6 8
Scolytini 6 209 3 4
Scolytoplatypodini 2 53 2 5
Xyleborini 34 1168 2 2
Xyloctonini 5 78 4 6
Xyloterini 3 22 3 4

Xyleborini. Some genera were occasionally represented by
two or three species when paraphyly was suspected (Jordal
& Cognato, 2012; Jordal & Kambestad, 2014). Four species
in three different subfamilies of Curculionidae were used as
outgroup (Lixinae, Cossoninae and Molytinae). A fragment
of the mitochondrial gene cytochrome oxidase I (COI), the
D2-D3 segment of the nuclear large ribosomal subunit (285
rRNA), elongation factor 1 alpha (EF-la), arginine kinase
(ArgK) and carbamoyl-phosphate synthase 2-aspartate tran-
scarbamylase — dihydroorotase (CAD) were amplified and
sequenced using previously published protocols (Jordal et al.,
2011). Furthermore, we obtained sequences from 13 additional
gene fragments (Table S2): poly-A binding protein (PABPI),
triosephosphate isomerase (7PI), inhibitor of apoptosis 2
(Iap2), adenosine deaminase 2 (ADA2), ubiquitin-like modifier
activating enzyme 5 (UBA5), RNA polymerase-associated
protein CTR9 (CTRY), cyclin C (CCNC), chitin deacety-
lase 4 (Cda4), histone deacetylase Rpd3 (HDAC Rpd3),
arrestin 2 (Arr2), Cu-Zn superoxide dismutase 1 (SODI),
pre-mRNA-splicing factor ATP-dependent RNA helicase PRP1
(Prpl) and Flap endonuclease 1 (FENI). DNA extraction,
PCR reaction and sequencing followed recently developed
protocols (Pistone et al., 2016). We designed additional primers
for FENI and HDAC Rpd3 to increase PCR and sequencing
success — FEN1 ~ forward GCCACHGCHACYGARGAY-
ATGG, and reverse TCACCATGCCYTCTTCGTCCGG, and

© 2017 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12281
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Fig. 1. Morphological diversity in Scolytinae represented by 18 genera in 18 tribes: (A) Scolytini — Scolytus intricatus (Ratzeburg); (B)
Hylesinini — Hylesinus eos Spessivtsev; (C) Scolytoplatypodini — Scolytoplatypus permirus Schaufuss: (D) Hexacolini — Scolytodes fraterni-
atratus Jordal; (E) Hylastini — Hylastes salebrosus Eichhoff; (F) Xyloterini — Trypodendron lineatum (Olivier); (G) Ipini — Ips sexdentatus
(Borner); (H) Hylurgini — Hylurgus ligniperda (Fabricius); (I) Cryphalini — Cryphalus asperatus (Gyllenhal); (J) Dryocoetini — Dryocoetes auto-
graphus (Ratzeburg); (K) Phrixosomatini — Phrixosoma concavifrons Jordal; (L) Crypturgini — Crypturgus subcribrosus Eggers; (M) Xyleborini
(—a) — Xyleborinus saxeseni (Ratzeburg); (N) Cactopinini (—a) — Cactopinus nasutus Wood; (O) Xyloctonini — Stephanopodius dispar (Eggers); (P)
Polygraphini — Polygraphus proximus Blandford; (Q) Micracidini — Phloeocleptus cristatus Wood; (R) Phloeotribini — Phloeotribus lecontei Schedl.

© 2017 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12281
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HDAC Rpd3_forl GARTAYAAYAARCARATGC and HDAC
Rpd3_for2 CRGARATYTGYATHAAYTGGGG - to use with
previously published reverse primers (Pistone et al., 2016). The
optimal annealing temperature for these primers was 52°C for
FENT1 and 62°C for HDAC Rpd3. Nucleotide sequences were
blasted in GenBank for gene target verification, accepting a
minimum E value threshold of 1E—4. All genes considered
in this study were previously examined for paralogy and/or
multiple copies in the OrthoDB database (Waterhouse et al.,
2013) and the majority of them (with the exclusion of Arr2, Iap2
and SOD1) were frequently present in single copy in arthropod
genomes (Pistone et al., 2016). Careful phylogenetic analyses
of each of the three genes with potential multiple copies did not
indicate signs of anomalous relationships between sequences
(Pistone et al., 2016). Sequences with simple intron-exon pat-
terns were aligned using BIOEDIT v. 7.2.5 (Hall, 1999) with
manual adjustments, locating intron borders based on previ-
ously published alignments (Pistone ef al., 2016). MAFFT V.7
(Katoh et al., 2002) was used to align protein coding genes
with complicated structures, such as indel-rich regions, and the
ribosomal gene 28S. GBLOCKS v. 0.91b (Castresana, 2000) was
used to trim ambiguously aligned regions in 28S, applying the
following settings: less strict flanking positions, gap positions
allowed within blocks, allow smaller final blocks. The resulting
28S alignment contained 670 positions. Introns were removed
from protein coding genes before phylogenetic analyses. The
final alignment of all 18 gene fragments consisted of 10156
nucleotides. We also analysed a dataset consisting of 3162
amino acids from the 17 protein coding genes, excluding 28S
rRNA. All the new sequences of Scolytinae species used in this
study were deposited in GenBank under the accession number
MF771267-MF772316 (Table S2).

In order to assess the best partition scheme, the align-
ment was examined in PARTITIONFINDER vl1.1.1 (Lanfear
etal., 2012), which defined 29 partitions and best-fitting
models for each of them: 28S rRNA (SYM+I1+G);
COlIposl (SYM+1+G); COIpos2 (GTR +I1+G); COlIpos3
(HKY +1+G); EF-1lapos1(TtN + 1+ G); ArgKpos2,
EF-lapos2  (SYM+1+G); EF-lapos3 (TIM+1+G);
ArgKposl, CADposl (SYM+I+G); Arr2pos2, CADpos2,
Endolpos2, PyApos2, SODpos2 (GTR+I+G); CAD-
pos3, Endolpos3 (TrN+I1+G); ArgKpos3 (SYM+1+G);
Dea2pos1, PABPIposl, UBA5posl, CCNCposl (SYM +G);
PABPlpos3 (TIM+1+G); Prplposl, TPIposl (GTR+G);
Dea2pos2, TPIpos2, CCNCpos2 (GTR+G); Prplpos3,
Tpipos3 (TVM+1+4G); Arr2posl, SODposl, UBA5pos2
(TVMef +1+G); IAP2pos3, UBAS5pos3 (GTR+I1+G);
IAP2posl (TVMef+1+ G); IAP2pos2 (GTR +1+G); SOD-
pos3 (TrN + G); RNAelpos2 (TrNef + G); Dea2pos3, HDAC-
pos3 (TIMef+1+G); CTR9posl, HDACposl (SYM+G);
CTRO9pos2, Cdadpos2 (TrN+1+G); CTR9pos3, Cdadpos3,
CCNCpos3 (GTR + 1+ G); Cdadposl, FEN1posl (SYM + G);
HDACpos2 (JC+G); Arr2pos3 (TIM+1+G). GTR+I1+G
was used for those models that could not be implemented in
MRBAYES.

Two alternative partition schemes were also used: (i) based
on genes (18 partitions), and (ii) based on 28s rRNA, plus

codon positions for each genome (seven partitions: 28 s RNA,
first, second and third position for mitochondrial COI and
nuclear genes). Furthermore, we assessed topological stability
by excluding putatively problematic genes, and by excluding
third codon positions for COI. The best nucleotide substitution
model for these partitions was selected using the Akaike infor-
mation criterion (AIC) in MRMODELTEST 2.3 (Nylander, 2004).
The GTR + I+ G model was selected for all partitions.

‘We ran the 29 partition analysis in MRBAYES v3.2 (Ronquist &
Huelsenbeck, 2003) using two parallel runs of four chains run-
ning for 100 million generations, sampling every 10 000 genera-
tion. The first 50% of the tree sample were discarded as burn-in.
For all other analyses (partition by gene and codon position) we
used 50 million generations as sufficient based on parameter
analyses in TRACER V1.6 (Rambaut & Drummond, 2007).

Parsimony analyses were conducted in pAUP* 4.0 (Swofford,
2011) and consisted of 1000 heuristic searches with 20 random
additions and tree bisection and reconnection swapping for each
search. Node support was estimated by 100 bootstrap replicates
of 20 random addition replicates each.

Analyses of the amino acid dataset were made in MRBAYES
v3.2 and pauP* 4.0 using parsimony settings specified for
the nucleotide dataset, and a mixed model for the Bayesian
analysis. The amino acid dataset was also run in PHYLOBAYES
v4.1 (Lartillot ef al., 2009) using a CAT + GTR model. This
model is usually the model with the highest fit for the data
among all models implemented in PHYLOBAYES (except for
small datasets) and is more robust against long-branch attraction
artifacts compared with all other models. Two independent
chains were run until the maxdiff parameter was less than 0.3
and the minimum effective size was higher than 50. Convergence
of the chains was checked using the bpcomp command and a
consensus tree was built, discarding the first 1000 generations
as burn-in. We analysed the ap2 and Arr2 nucleotide sequences
(100 and 89 species, respectively) separately to assess the
influence of including hypervariable regions, and to examine the
phylogenetic utility of clade defining indels (CDIs). Analyses
were run in MRBAYES for 50 million generations, sampling every
10000 generations, discarding the first 50% of the tree sample as
burn-in after assessment of chain convergence in TRACER V1.6.

We estimated divergence times using the software BEAST
v1.8.2 (Drummond et al., 2012), with input files generated
in BEAUTI. Three different partition schemes were used: per
gene (18 partitions), codon positions per genome plus 28 s (7
partitions), or 29 partitions as defined by PARTITIONFINDER.
The tree was calibrated with four fossils, using a normal
distribution for fossil age. The following calibration points
were used: 116+20Ma (Lebanese amber), stem Scolyti-
nae (Kirejtshuk et al., 2009); 100 +20Ma (Burmese amber),
stem Microborus Blandford (see Cognato & Grimaldi, 2009);
40 + 10 Ma (Baltic amber), stem Hylastini LeConte (Hylurgops
LeConte + Hylastes Erichson); and 20+5Ma (Dominican
amber), stem Lymantor Perris + Xylocleptes Olivier (see Jordal
et al., 2011). The analysis was run for 200 million generations,
using recommended priors, a GTR + 1+ G model, an uncorre-
lated lognormal relaxed clock with estimated rates, and a Yule
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speciation prior, with a total of 50000 trees sampled, deleting
the first 25 000 trees as burn-in.

Biogeographical inference was obtained by applying statisti-
cal Dispersal-Extinction-Cladogenesis (S-DEC, Lagrange) and
Bayesian binary Markov chain Monte Carlo (BBM) analyses
as implemented in RASP — ‘Reconstruct Ancestral State in Phy-
logenies” (Yu et al., 2015). Because very little is known about
biogeographical relations in Scolytinae, we used two relatively
simple analyses to make a first basic interpretation of the main
patterns for the group as a whole. For the BBM analysis we used
50000 cycles of 10 Markov chain Monte Carlo chains sampling
every 100 generations, implementing an estimated F81 model
and allowing for a maximum of two ancestral areas. Broadly
defined biogeographical hypotheses were tested, based on six
areas defined by major geographical affinities: A, Afrotropical;
B, Palearctic; C, Nearctic; D, Neotropical; E, Indomalayan and
F, Australasian.

Results

Bayesian analysis of the nucleotide data divided into 29 par-
titions resulted in a tree topology which was well resolved
within genera and tribes, but considerably less so between tribes
and older lineages (Fig. 2). The monophyletic tribe Scolytini
Latreille [posterior probability (PP) = 1] was the first diverging
lineage in the subfamily Scolytinae and represented, together
with the molytine genus Larinus Schaller, the sister clade to all
remaining Scolytinae (PP =1). One of the most well resolved
tribal-level relationships was Dryocoetini and its sister lineage
Ipini (PP=1), with the inbreeding Xyleborini LeConte and
Premnobiina Browne as nested subclades in each of these
tribes. These well-supported groups were the closest relatives to
the Hypoborini LeConte (PP =1), which all together made the
sister group to Micracidini sensu lato (Jordal & Kaidel, 2016)
and the genera Phrixosoma Blandford, Sphaerotrypes Blandford
and Glostatus Schedl (including Stephanopodius Schedl).
Monophyly was recovered completely, or nearly so, for 15
tribes: Scolytini, Crypturgini LeConte, Phloeotribini Chapuis,
Bothrosternini  Blandford, Hyorrhynchini Hopkins, Scoly-
toplatypodini Blandford, Hylastini, Phrixosomatini Wood,
Micracidini (sensu lato, including Cactopinus Schwarz —
Cactopinini Chamberlin), Hypoborini Niisslin (excluding
Chaetophloeus LeConte and Zygophloeus Schedl), Dryocoetini
(sensu lato, including Xyleborini), Ipini (sensu lato, including
Premnobiina), and Xyloterini LeConte. The majority of these
clades were recovered with maximum or high node support
(PP >0.95). The core Hypoborini was furthermore joined by
two undescribed species which grouped together with maximum
node support and which represent new genera in this tribe.
Nine tribes (Phleosinini Niisslin, Xyloctonini Eichhoff, Cor-
thylini LeConte, Diamerini Hagedorn, Cryphalini Lindemann,
Hexacolini Eichhoff, Polygraphini Chapuis, Hylesinini Erich-
son and Hylurgini Gistel) were not recovered as monophyletic.
Genera in Hylurgini were distributed mainly in one northern
hemisphere and two southern hemisphere clades and each
was highly supported. The first group included 13 species in
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Hylurgini, Hylastini and Hylesinini, all with boreal distribution
(PP=1), including a subclade of Dendroctonus Erichson and
five other conifer associated genera (PP=1), with Hylastini
(Hylurgops and Hylastes) as part of the Dendroctonus clade. A
large group of Araucaria-associated species related to Hylur-
gonotus Eggers was recovered with maximum support, separate
from a second Araucaria-associated linage consisting of Hylur-
drectonus Schedl species and Xylechinus araucariae Schedl.

Species in two paraphyletic genera — Xylechinus Chapuis
and Chaetoptelius Fuchs — were associated with species of
other genera from the same geographical area. The New World
Xylechinus maculatus Schedl grouped with species of the New
World genera Chramesus LeConte, Pseudochramesus Schedl
and Phloeotribus Bernard, including the recently erected Dry-
otomicus Wood. A clade of southern hemisphere broadleaf-
associated beetles (Ficicis Blandford, Chaetoptelius tricolor
Schedl and Zygophloeus australis Schedl) was recovered
(PP =0.84), and the single Palearctic species of Chaetoptelius
grouped with northern boreal species of Hylesinini. Several
other genera in the southern hemisphere, such as Hylurgonotus
and Pachycotes Chapuis, were also paraphyletic.

Xyloctonini was paraphyletic with respect to Glostatus
Schedl (and Stephanopodius Schedl). The two Phrixosoma
Blandford species represent a monotypic tribe that grouped
with Sphaerotrypes hagedorni Eggers (Diamerini). Three other
genera in Diamerini were separated into three independent
lineages. Strombophorus Eggers was strongly supported as a
part of a Hylesinini subclade, as sister group to Rhopalopse-
lion Hagedorn (PP =0.99), both clustering with Hapalogenius
Hagedorn. Two genera in Hexacolini (Scolytodes Ferrari and
Gymnochilus Eichhoff) were recovered as the sister lineage
to Scolytoplatypodini (Remansus Jordal and Scolytoplatypus
Schaufuss), but with low node support.

The tribe Corthylini was paraphyletic with respect to the gen-
era Microborus and the cryphaline genus Cryptocarenus Eggers,
with Dendroterus defectus Wood grouping with Microborus
in a basal position (PP=0.99). Cryptocarenus diadematus
Eggers was closely related to the genera Araptus Eichhoff and
Dacnophthorus Wood (PP=1). Other genera in Cryphalini
were distributed on three main clades, the largest clade included
species of Ernoporus Thomson, Scolytogenes Letzner and
allies; a second clade included only Cryphalus Hopkins and
Hypocryphalus Stebbing; and a third clade included Hypothen-
emus Westwood and part of the otherwise strongly polyphyletic
Ptilopodius Hopkins and Cosmoderes Eichhoff.

Comparison among different analyses and partition schemes

Bayesian analyses using different partition schemes did not
result in large differences in tree topology, except a few clades
that were generally poorly supported in each analysis (Table 2).
Analysis of 18 partitions (genes) placed the tribe Scolytini and
the genus Microborus at the root of Scolytinae (Figure S1).
Furthermore, the Cryphalus-Hypocryphalus clade grouped with
Xyloterini, albeit weakly supported (PP =0.8). Node support
was overall lower in the gene partitioned analysis compared with
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Fig. 2. Tree topology resulting from the Bayesian analysis of 29 partitions as defined by PARTITIONFINDER (standard deviation of split frequen-
cies =0.07, potential scale reduction factor = 1). Posterior probabilities > 0.9 are shown above branches, parsimony bootstrap (BS) values > 70 below
(the first BS value refers to the analysis of all nucleotides, and the second BS value to the analysis with third codon position excluded).
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Table 2. Node support for selected taxon groups based on Bayesian and parsimony analyses of the different data sets and partitioning schemes.

Bayesian posterior probability

Parsimony bootstrap values

Clades 29 partitions 18 partitions 7 partitions  aa alldata  3rdsexcl. aa
Scolytinae, ex Scolytini 1 0.87 0.89 055 - - -
Hylurgini — Dendroctonus clade 1 1 1 099 89 75 -
Phloeotribus clade 1 1 1 054 - - -
Ipini 4+ Dryocoetini/Xyleborini 1 1 1 099 80 88 -
Hypoborini, ex Chaetophloeus 1 1 1 1 82 75 83
Ipini + Dryocoetini/Xyleborini + Hypoborini 1 1 1 - - - -
Northern hemisphere Phleosinini + Hyorrhynchini 0.8 0.67 - - - - -
Hypothenemus clade 1 1 1 099 92 - 75
Strombophorus clade 1 1 1 0.89 - - -
Hexacolini + Scolytoplatypodini 0.88 0.5 0.68 - - 75 -
Corthylini (including Cryptocarenus) - 1 1 099 - - -
Micracidini 1 0.99 1 0.79 64 63 -
Bothrosternini 1 0.87 1 1 88 100 58

3rds, third positions; aa, amino acids.

the analysis of 29 partitions (Table 2). The analysis based on
seven partitions (28 s rDNA, codon positions for mitochondrial
and nuclear genes) recovered much of the same relationships,
including Microborus as the sister lineage to the Scolytini tribe
(PP=1). In both cases Cryptocarenus was deeply nested in
Corthylini, with Dendroterus forming the first diverging lineage
in that tribe.

The parsimony analyses resulted in lower resolution, and
fewer tribes were monophyletic. Exclusion of nucleotides in the
third position of protein coding genes did not provide better
resolution, and node support was generally similar (Table 2).
The only well-established relationship at tribe level that was

recovered in this analysis was the Dryocoetini—Ipini affiliation
(BS =80; with third positions excluded, BS = 88); in the remain-
ing parts of the tree, most tribes formed a polytomy. Never-
theless, tribes such as Bothrosternini, Xyloterini, Crypturgini,
and Hypoborini (excluding Chaetophloeus) were recovered with
maximum or medium bootstrap values (> 70%; see Table 3). In
both analyses, Scolytini and Micracidini were not monophyletic
and Dendroterus defectus grouped with the genus Microborus,
although weakly supported (BS <70%).

The tree based on the analysis of the amino acid dataset
obtained in PHYLOBAYES confirmed most nodes found in the
nucleotide analyses (Fig. 3). Some noteworthy changes from

Table 3. Average estimates and their 95% highest posterior density intervals for the crown and stem age based on three different partition schemes.

Estimates from Jordal and Cognato (2012) are included for comparison.

PARTITIONFINDER Genes Codon position Jordal & Cognato (2012)

(29 partitions) (18 partitions) (7 partitions) (7 partitions)
Clade  Stemage Crown age Stem age  Crown age Stem age  Crown age Stem age Crown age
A 96+ 11 78+£9(37x£6) 108 +4 89+10(39+10) 102+3 88+10(38+9) 110+8(38+12) 81+18(35+12)
B 97+5 85+6 96 + 4 92 +4 94 +3 82+4 83+ 10 79+ 10
C 104 +9 78 + 11 97 +8 74 + 10 101 +4 68 + 11 79+9 62+ 13
D 94 +4 71 +7 96 + 4 73 +4 88 +3 72+5 82+ 10 71+ 10
E 71+6 55+9 73+6 61 +8 5+5 - 68 + 10 56 + 12
F 65+5 38+3 64+5 37+6 62+5 37+4 58+8 46 £ 10
G 57+5 - 68 +4 - 41+ 12 - - -
H 59+4 20+9 56+5 19+8 57+6 19+6 54+ 14 23+8
1 16+ 1 15+1 18+1 15+1 16+2 14+1 23+5 21 x4
J 57+6 12+2 577 12+2 55+3 10+2 37+9 8+4
K 81+£6 50+5 70+ 16 48 +9 79+8 45+ 4 709 42+9
M 101 +4 50+ 12 89+ 10 44+ 17 90+ 6 33+ 19 72+ 14 -
N 81+3 52+5 84 +5 52+4 80+ 4 50+4 56+ 10 37+9
(6] 66+ 6 46+5 74+7 53+4 707 52+5 53+8 50+8
P 54+4 36+5 52+4 317 48 + 4 32+4 37+8 24+ 10

Clades: A, Scolytini (Camptocerus); B, Micracidini; C, Crypturgini; D, Dendroctonus clade (boreal distribution); E, Pachycotes, Hylurgonotus,
Sinophloeus; F, conifer feeding Ipini (Ips, Pityogenes, Orthotomicus); G, Cryptocarenus; H, Hypothenemus; 1, Xyleborini; J, Premnobiina (Premnobius,
Premnophilus); K, Xyloterini; M, Hyorrynchini, N, Scolytoplatypodini; O, Corthylini subclade — Corthylus, Amphicranus; P, Bothrosternus,
Eupagiocerus. D—F, conifer feeding; G-J, inbreeding; K—P, fungus farming.
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the 29-partition analysis included Microborus at the base
of tree close to the tribe Scolytini, the position of Glosta-
tus and Stephanopodius together with the remaining genera
of Xyloctonini (PP =0.97), Gnathotrichus materiarius Fitch
together with the two other fungus-farming genera in Corthylini,
and Kissophagus Schmitt together with the Hylesinus Fabricius
clade rather than the Hylurgus Fabricius clade. A large portion
of the Hylurgini and Hylastini were, on the other hand, poorly
resolved and generally formed a polytomy.

When analysing the amino acid dataset by maximum par-
simony or Bayesian analysis in MRBAYES, a lower number of
tribes was recovered as monophyletic (Figure S2; Table 2). The
tribes Scolytoplatypodini, Bothrosternini, Hypoborini (exclud-
ing Chaetophloeus), Crypturgini, Hyorrhynchini, Ipini and
Xyloterini were monophyletic with maximum or high node sup-
port and/or Bayesian PP (BS > 70 and PP > 0.95). Other groups
were also monophyletic but weakly supported in either the par-
simony analysis (e.g. Corthylini with Cryptocarenus, BS = 65;
Xyloctonini, BS =56) or the Bayesian analysis (e.g. Dryocoe-
tini, PP =0.67, and Micracidini, PP =0.87).

Excluding gene markers

The Bayesian tree based on a reduced gene sample of 13 new
markers resulted in lower resolution and generally lower node
support for the majority of clades (Figure S3). At the tribe level,
only Hyorrhynchini, Xyloterini and Hypoborini (excluding
Chaetophloeus) received high node support (PP =0.97-0.99).
Other tribes, e.g. Scolytini, Scolytoplatypodini, Dryocoetini and
Ipini, received much lower node support in these analyses. By
comparison, the analysis of the five established gene markers
resulted in high support (>0.95) in 10 tribes (Figure S4). We
also explored the effect of removing the five least informative
genes according to Pistone et al. (2016; low amplification and
sequencing rate, short length of the gene fragment, low phy-
logenetic signal: HDAC Rpd3, DEA2, SOD1, CDA4, CCNC),
together with the third codon position of COI. The tree topol-
ogy experienced minimal changes compared with the analyses
of the full dataset, with maximally supported clades obtained for
16 tribes (tree not shown), and Microborus as the sister lineage
to Scolytini at the root of the tree (PP < 0.95).

Clade defining indels

The genes lap2 and Arr2 contained length variable regions
(Pistone et al., 2016). These were aligned and examined for
CDIs. Two variable regions were encountered in the first exon
of Iap2 (Fig.4). The first variable region had a maximum
length difference of 72 nucleotides (24 amino acids). The
second region varied by 75 nucleotides (25 amino acids). Both
variable regions in lap2 contained serine-rich repeats, with
three to 11 consecutive serines in the first and most serine-rich
region.

Arr2 contained only a single variable region located at the
beginning of the second exon, just after the intron border. This
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region contained a maximum of 21 nucleotides, but insertion
of only three or six nucleotides was the most prevalent pattern.
Due to limited length variation, few consistent CDIs were found
in this gene.

Several CDIs were identified in the lap2 gene, with the sec-
ond variable region being more informative (Figs 4, 5). Clade
defining indels were unambiguously identified in Corthylini
(including Cryptocarenus), Ipini, subtribe Premnobiina, Xyle-
borini (with the haplodiploid species in Dryocoetini) and Hyor-
rhynchini. One subclade in Dryocoetini (Lymantor coryli Perris,
Taphrorychus bicolor Herbst, Triotemnus subretusus Wollaston,
Xylocleptes bispinus Duftschmid) was further characterized by
a shared CDI sequence. A conserved motif was shared by a
Cryphalini clade consisting of Hypothenemus and its sister clade
of Cosmoderes-like genera. Furthermore, a specific insertion of
the four amino acids LGAR was shared between two genera of
Hypoborini only, congruent with the paraphyly of Liparthrum
Wollaston in the combined analyses (Fig. 1).

Phylogenetic analysis of Iap2 recovered several clades with
high node support, congruent with the concatenated analyses
(Fig. 5). By contrast, the phylogenetic tree based on the gene
fragment of Arr2 was largely unresolved, with fewer resolved
tribes (Xyloterini, Crypturgini and Hypoborini), but some
clades of closely related genera were recovered with high node
support (Figure S5). Individual phylogenies based on Arr2 and
Iap?2 received higher node support for expected clades when
the hypervariable regions were included rather than excluded
(trees not shown), and were therefore included in all combined
analyses.

Timing of evolutionary novelties

BEAST analyses under the three different partition schemes
were largely congruent and similar to the Bayesian analysis
of 29 partitions (Fig. 6). The three different analyses produced
similar time estimates, with mean stem and crown ages in one
analysis generally ranging well within the 95% highest posterior
density intervals (HPD) of the other two analyses. We used the
analyses based on seven partitions to present our findings for
a direct comparison with Jordal & Cognato (2012) where the
same partition scheme was used (Table 3). The oldest split in
Scolytinae, equivalent to the stem age of the tribe Scolytini
and Microborus, was 112Ma, with an HPD of 108—116 Ma.
Lineages classified as tribes differed four-fold in age, ranging
from > 80Ma in Scolytini, Corthylini and Micracidini to <
20 Ma in Xyleborini (Table 3).

The many origins of conifer feeding were derived within
angiosperm-associated clades and occurred at the earliest possi-
ble age around 101 +4 Ma (stem age) in Crypturgini, 88 + 3 Ma
in boreal Hylurgini (Dendroctonus clade), and a stem age of
62 + 5 Ma in boreal Ipini. The oldest crown age for any of these
clades was 68 + 11 Ma for Crypturgini (Table 3).

The first origin of permanent inbreeding by sibling mating
was Hypothenemus with a stem age of 57+ 6Ma, with a
minimum age indicated by its crown age of 19 + 6 Ma. All other
inbreeders evolved much later, including the haplodiploid clade

© 2017 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12281
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in Dryocoetini (Ozopemon Strohmeyer, Coccotrypes Eichhoft,
Dryocoetiops Schedl and Xyleborini) at 22 + 3 Ma.

The age of eight fungus-farming lineages could be estimated
and five of them defined well-supported clades. Scolyto-
platypodini, Xyloterini and Corthylina revealed crown ages
of 50-45Ma, representing minimum ages for the oldest
origins of this peculiar feeding mode in Scolytinae. The
tribe Corthylini showed two different origins for xylemyce-
tophagy, with Gnothotrichus occurring slightly later than
other fungus-farming Corthylina (Corthylus Erichson and
Amphicranus Blandford). The youngest fungus-farming
clade was Xyleborini, radiating no earlier than 16+2Ma,
while all other potential young clades such as the Ipini sub-
tribe Premnobiina (crown age 10Ma) and the Bothrosternus
Eichhoff—Eupagiocerus Blandford clade (crown age 26 Ma)
had unreliably long stem ages.

Biogeographic analyses

Analyses by two different methods of ancestral area recon-
struction (S-DEC Lagrange and BBM) were largely congru-
ent; hence we report the results from the BBM analyses only
(Fig. 7). Estimates for many of the deepest nodes were highly
ambiguous, while many of the more recent nodes corresponding
to tribes or younger categories were resolved with high proba-
bility (> 85%). The Afrotropical region was the most common
ancestral region with two major Cretaceous origins: (i) Scoly-
toplatypodini, Hexacolini, Xyloterini and parts of Cryphalini;
and (ii) a large clade consisting mainly of Xyloctonini, parts of
Cryphalini and Polygraphini in one subclade, and Micracidini,
Hypoborini, Dryocoetini and Ipini in another. Repeated colo-
nization of the Palearctic occurred in each of these primarily
Afrotropical clades, with characteristic elements evolving in the
boreal region such as the conifer-associated Ipini, Cryphalini
(part) and Polygraphini (part).

Two colonizations of the New World from the Afrotropical
region were particularly well supported, including Hexacolini
(minimum age of origin 74 Ma) and the New World clade of
Micracidini (68 Ma). A younger Neotropical origin occurred in
Phrixosoma (50 Ma). Several other Neotropical clades, such as
Corthylini, Bothrosternini and Scolytini, were much older, and
their ancestral history could not be reconstructed with certainty.

Species in the southern and northern hemispheres formed
separate clades, with very few faunal connections between
the two parts of the world. However, reconstructions of the
geographical origin within each of these restricted clades were
uncertain, except for the southern, mainly conifer-feeding,
Hylurgini lineage that includes Pachycotes, Hylurgonotus,
Sinophloeus Brethes and Dendrotrupes, which revealed a
definite Neotropical origin. A second large southern, mainly
Australasian, group contained a paraphyletic assemblage
of Hylurdrectonus (Hylurgini), Ficicis and Chaetoptelius
(Hylesinini), Zygophloeus (Hypoborini), Microditica Jordal
and Phloeosinopsioides Schedl (Phloeosinini), which shared
a mainly Australian distribution indicative of their ancestral
origin.
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Discussion

This study constitutes the most comprehensive phylogenetic
assessment of Scolytinae to date, in terms of both taxon
and gene sampling. Our data included 18 molecular mark-
ers sequenced for 182 species, which represent 24 of the
currently recognized 26 Scolytinae tribes. With the addition
of 20 new genera (Dendrotrupes, Zygophloeus, Dryotomi-
cus Wood, Cryptocarenus, Phelloterus Wood, Dacnophtho-
rus, new genus near Cosmoderes, Remansus, Halystus Schedl,
Hyorrhynchus Blandford, Kissophagus, Phloeocleptus Wood,
Micracisella Wood, Dendrochilus Schedl, Mimiocurus Schedl,
Stephanopodius Schedl, Dacryostactus Schaufuss, Cryphyoph-
thorus Schedl, Premnophilus Browne, Eidophelus Eichhoff)
across 10 different tribes, we have tested the phylogenetic posi-
tion of nearly 80% of the Scolytinae diversity at the tribal and
genus levels (Hulcr et al., 2015). However, despite the addition
of 13 new molecular markers, the resolution was still ambigu-
ous for some of the deepest nodes. The new data confirmed
several previous results that suggest a basal or possibly sep-
arate position of the tribe Scolytini, clearly isolated from the
remaining genera of Scolytinae (Jordal & Cognato, 2012; Gillett
etal., 2014; Mugu et al., 2018). This is perhaps not surprising
given that several deviant morphological features characterize
this tribe (Smith & Cognato, 2014). A broader sample of wee-
vils is nevertheless needed to test whether they form the sister
group to other bark and ambrosia beetles, or if they form a sep-
arate and potentially unrelated lineage (Mugu et al., 2018). A
separate standing of Scolytini would have nomenclatural con-
sequences for the usage of the name ‘Scolytinae’ (Jordal et al.,
2014).

Our new data supported a great number of relationships
already suggested in previous molecular studies that were based
on more limited sampling (Farrell et al., 2001; Jordal et al.,
2002, 2008; Jordal & Cognato, 2012). This means that these
relationships are predictable with increased data and therefore
not supposed to change with additional genome-wide sequenc-
ing. Most notable in this respect was the solid relationship
between Ipini and Dryocoetini, where the fungus-farming and
permanently inbreeding species of Premnobiina and Xyleborini
were nested in each of these clades. Other characteristic and
well-supported relationships involved the nested position of
Cactopinus in Micracidini (Jordal & Kaidel, 2016), the close
relationship between Hylastini and genera affiliated with Den-
droctonus, the sister relationship between Phloeotribini and
Chramesus/ Pseudochamesus, between Scolytoplatypodini and
part of Hexacolini, and the nested position of Strombopho-
rus in African Hylesinini. The similarity between the original
five-gene dataset and the current one suggests that a rather lim-
ited dataset can be equally adept at solving certain parts of the
bark beetle tree as more substantial datasets.

A series of exciting new relationships was discovered with
the addition of many new taxa, with significant implications
for our understanding of bark beetle evolution (Gohli & Jordal,
2017; Gohli et al., 2017). For the first time, we were able
to reliably assess the sister group to the pygmy borers in
the genus Hypothenemus. Famous for the world coffee pest
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H. hampei (Brun et al., 1995), the genus is also highly diverse
in terms of species, all of which inbreed by sibling mating.
This is a very old lineage of permanent inbreeders which, since
the split from an outbreeding Afrotropical genus about 57 Ma,
has continued to produce many lineages containing some of
the most abundant and omnipresent bark beetle complexes on
earth (Kambestad et al., 2017). The Malagasy sister group of
Hypothenemus typically breeds in small-diameter lianas and
twigs, but differs from Hypothenemus by having a normal
monogamous mating system (B. H. Jordal, unpublished data;
Schedl, 1977). Previous taxonomic treatments have placed
the sib-mating genus Cryptocarenus as the closest relative of
Hypothenemus (Wood, 1957, 1986); however, this genus shares
the same ancestral lineage as Araptus and related genera in
Corthylini. Araptus also contain a small clade of permanent
inbreeders, typically breeding in petioles and twigs (Kirkendall
et al., 2015). It is noteworthy that many origins of inbreeding
evolved lineages where species breed in twigs and lianas,
including the inbreeding genera Bothrosternus and Sueus Eggers
(Kirkendall, 1983).

Bad taxonomy, bad data, or just very old radiations?

One of the more peculiar incongruences with the current
classification was the reciprocal paraphyly of Hylurgini and
Hylesinini. Morphological differences between the two tribes
are not very precisely defined (Wood, 1986) and many mor-
phological features are even erroneously described for several
genera (e.g. Mecke, 2004; Jordal et al., 2011; Jordal & Kaidel,
2016). It is therefore not entirely unexpected to observe incon-
gruence between molecular data and the current classification of
these bark beetles.

Future revisions will result in several new and thereby less
inclusive tribes, largely restricted to specific biogeographical
regions, with a clear distinction between the northern and south-
ern hemisphere faunas. Even though biogeographical patterns
are overall not as stringent in Scolytinae as in the extremely
endemic Platypodinae (Jordal, 2015), there are several other
indications that biogeography is a stronger factor in bark beetle
classification than was previously anticipated. Recent stud-
ies have demonstrated a strict separation of Afrotropical and
Neotropical genera in Micracidini (Jordal & Kaidel, 2016) and
Phrixosomatini (Jordal, 2012), and a similarly conservative
pattern was revealed for Asian versus Afrotropical species of
Scolytoplatypodini (Jordal, 2013). These examples fall in line
with other groups that are restricted in distribution, such as the
monophyly of tribes that are largely endemic to a single area
or closely situated continents. Hence, the distinction between
northern and southern clades of mixed Hylurgini and Hylesinini
genera is probably illustrating insufficient taxonomic practice
in the past rather than misleading molecular data in the current
study. Detailed morphological studies must nevertheless be
made to distinguish between insufficient taxonomic work and
possible parallel evolution of similar morphotypes.

Some of the groups that are geographically restricted to one of
the hemispheres are associated with conifers in the boreal zone.
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Most, if not all, of such clades are of Tertiary age and nested
within much older angiosperm-associated lineages. Hence, the
origin of conifer feeding did not generally stem from primitive
associations as previously suggested (Sequeira et al., 2000),
but instead documented multiple recent radiations on these
host plants (Gohli & Jordal, 2017; Gohli et al., 2017). Another
specialized feeding trait involved fungus farming — a factor
associated with the largest and most recent large-scale species
radiations in Scolytinae — in Xyleborini. Other fungus-farming
lineages are older, albeit no more than 40—60 Ma, appearing
with dramatically extended tropical forests at the onset of
thermal maximum (Zachos et al., 2003; Westerhold et al.,
2009). Estimates for some of these lineages (e.g. Hyorrhyn-
chini, Scolytoplatypodini and Camptocerus Dejean) were older
than in previous analyses (Jordal & Cognato, 2012), as they
were moved back in time more than 20 Ma. Still, there are no
fungus-farming lineages in Scolytinae comparable to the much
older Platypodinae Shuckard (see Jordal, 2015).

Because deep divergence in Scolytinae was not associated
with particular changes in ecology or biogeography of the group,
it seems likely that deep coalescence, and thereby age, is the
major explanation for the low resolution obtained for the deepest
nodes. It is a well-known problem that phylogenetic resolution
is particularly difficult for Cretaceous relationships (Cameron &
Mardulyn, 2001; Moulton, 2003). Large data volumes may not
necessarily overcome these problems, particularly in the face
of high evolutionary rates typical for many of the new genes
included (Pistone et al., 2016). Lack of deep resolution could
also be caused in part by irregularities in the amplification of
one or several of the new genes included here. However, the
existence of paralogous gene copies is rather unlikely for these
genes based on OrthoDB analyses, and individual gene analyses
did not indicate particular anomalies in branch lengths or
relationships (Pistone et al., 2016; Mugu et al., 2018). Missing
data could therefore have a more negative influence on tree
resolution, even though c. 60% of the taxa were sequenced
for more than half of the genes. Nevertheless, missing data
did not appear to be particularly troublesome, because less
inclusive gene sampling with a gradually increased focus on
the best sampled genes did not increase resolution or node
support. The highest average node support was obtained with
all data included, although exclusion of some of the less
well-performing gene fragments produced similar results. Many
studies support the inclusion of all data, showing that high levels
of missing data usually have negligible effect on tree resolution
(Fulton & Strobeck, 2006; Wiens & Morrill, 2011).

Implications for revised classification

The updated phylogeny presented here, together with several
previous studies, provides a new foundation to revise the
classification of Scolytinae. However, several critical nodes are
still insufficiently supported by molecular data and more data
are needed to resolve some of the older groups in this subfamily.
A formal reclassification is therefore not yet advisable and we
will continue to use Wood’s (1986) classification until such data

© 2017 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12281



16  D. Pistone et al.

become available, hopefully in the near future. In the following
section, we are pointing towards the most likely changes that
will emerge in the next reclassification.

Tribe Scolytini. This tribe is characterized by morphological
characters not shared by other bark and ambrosia beetles (Smith
& Cognato, 2014), which agree with the placement as an early
diverging lineage. These beetles represent a highly supported
and morphologically well-defined tribe (Jordal & Cognato,
2012; Smith & Cognato, 2014). Most previous studies, including
this one, place Scolytini at the root of Scolytinae. However,
some studies also indicate the possibility that this group is
not even member of the subfamily (Gillett ez al., 2014; Mugu
etal., 2018). If additional molecular data continue to support
the separate standing of Scolytini, it will require a name shift
for the bark and ambrosia beetle subfamily to Hylesininae.

Tribes Hylurgini, Hylastini and Hylesinini. The classifica-
tion of each of these tribes needs substantial changes to reflect
their true evolutionary history. Hylastes and Hylurgops are
clearly nested in a boreal subclade of Hylurgini (Fig. 2), reflect-
ing a much more recent origin than for other tribes (Fig. 6).
Hylastini can therefore only be regarded as a subtribe, or dis-
solved altogether. Hylurgini and Hylesinini were paraphyletic
with respect to each other and to genera in other tribes. The
name-bearing genus Hylurgus defines the tribe, and in this study
included in the same clade Hylastes, Hylurgops, Dendroctonus,
Tomicus Wollaston and Pseudohylesinus LeConte. Hylesinini
included in the same clade the name-bearing genus Hylesi-
nus, and the closely related Pteleobius Fabricius, Hylurgopinus
Eichhoff and the Palearctic species of Chaetoptelius. Southeast
Asian and Australian species of Chaetoptelius and other gen-
era in these regions grouped separately from the northern boreal
taxa, warranting description of new tribes. A similar situation
occurs in Hylurgini in which two different subclades associated
with Araucaria hosts emerged, although some analyses placed
these two lineages together. The genus Xylechinus is clearly a
non-sense genus where a revision must take geographic dis-
tribution into consideration (Fig. 7). Some genera which are
currently in Hylurgini or Hylesinini, such as Rhopalopselion,
Hapalogenius, Hylesinopsis Eggers and Dactylipalpus Cha-
puis, grouped with members of different tribes. It is clear
from several molecular studies (Jordal & Cognato, 2012) and
morphology (Jordal & Kaidel, 2016) that Strombophorus is
closely related to Rhopalopselion, Hapalogenius and will be
the foundation of a new tribe. The observation of the primar-
ily Neotropical Phloeotribus as nested in a southern hemisphere
clade indicates a strong biogeographical influence on future
classifications.

Tribe  Phrixosomatini. The monotypic genus formed
a well-defined clade divided in two main Eocene-aged
clades — one in the Neotropics and one in the Afrotropics
(Jordal & Cognato, 2012). The characteristic morphology
of tibiae in this genus (Jordal, 2012) shows similarity with
Sphaerotrypes, an otherwise unexpected sister group in our

analyses. Although not conclusive, there may be reasons to
place the two genera closer in a revised classification.

Tribe Hyorrhynchini. A close relationship between Hyor-
rhynchus and Sueus was confirmed by genetic data for the first
time. The third genus Pseudohyorrhynchus Murayama is sup-
posedly very closely related (Beaver & Gebhardt, 2004), which
makes the tribe a coherent group. Affinities with other tribes
remain unresolved.

Tribe Diamerini. This tribe is highly polyphyletic, as cur-
rently defined. The name-bearing genus Diamerus Erichson
grouped occasionally with Acacicis Lea, but never with other
genera in that tribe, and relationships with other genera were
weakly supported. Sphaerotrypes may be the sister group to
Prixosoma, whereas Strombophorus (and the morphologically
nearly identical Pernophorus Strohmeyer) is a very close relative
of the hylesinine genera Rhopalopselion and Hapalogenius, as
firmly documented in all molecular studies to date (Farrell et al.,
2001; Jordal et al., 2008; Jordal & Cognato, 2012). These three
genera are obviously misplaced in the current classification, as
they — in addition to molecular data — are supported by a range
of morphological characters, particularly in the proventriculus
(Nobuchi, 1969).

Tribe Bothrosternini. The species included in this study
represent the full range of morphological variation for the tribe
and were monophyletic. It is apparently not closely related to
any other tribes, although a very distant and weakly supported
relation to Scolytini has been suggested (Jordal & Kaidel, 2016).

Tribe Phloeotribini. This tribe currently contains three gen-
era, which are defined by a characteristic lamellate antennal
club. Our molecular data for two of the genera, and morpho-
logical data (Cognato & Smith, 2010), support monophyly of
the tribe. Because Dryotomicus appeared nested in the genus,
a thorough revision of Phloeotribus seems necessary. A revi-
sion also needs to consider the closely related phloeosinine gen-
era Chramesus and Pseudochramesus (see Jordal & Cognato,
2012), especially because the sister group to these four genera
was a Neotropical species of Xylechinus, belonging to a group of
closely related Xylechinus species previously placed in the now
synonymized phloetribine genus Phtorophloeus Rey (Wood &
Bright, 1992).

Tribe Phloeosinini. The eight genera included in this study
grouped into six separate lineages and the tribe therefore appears
highly polyphyletic as currently classified. Only Hyledius Samp-
son was placed close to the type genus Phloeosinus as expected
(Jordal & Cognato, 2012), and Chramesus and Pseudochrame-
sus grouped together, but with Phloeotribini. This tribe is clearly
an artificial group including species with very different mor-
phologies, which were probably grouped together in the current
classification because they had no obvious relation to other tribes
(Wood, 1986; Jordal, 2010).
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Tribe Hypoborini. A well-defined and nearly monophyletic
tribe, except for the genera Chaetophloeus and Zygophloeus
which represent independent lineages. On the other hand, two
additional and putatively undescribed genera (vouchers PhCla01
and ChChOl) were unambiguously assigned to the tribe as
successive sister groups to the remaining genera of Hypoborini.
Desciption of new genera will be treated in a separate taxonomic
publication. Furthermore, Liparthrum was paraphyletic with
respect to Hypoborus Erichson, possibly also Styracoptinus
Wood and Dacryostactus, which require a thorough revision of
this genus. Hypoborini share several morphological traits with
Micracidini (see Jordal & Kaidel, 2016), but our new molecular
data suggest a sister relation to the well-resolved Dryocoetini
and Ipini.

Tribe Polygraphini. The tribe Polygraphini is a highly poly-
phyletic assemblage of genera which encompasses at least
four lineages of distantly related genera (Fig. 1), and therefore
requires substantial revision. Preliminary data (B. H. Jordal,
unpublished data) indicate that Carphobius Blackman is unre-
lated to the polygraphine genera included here. It seems likely
that Serrastus Nunberg is nested in Polygraphus Erichson and
therefore requires synonymy of this genus in Polygraphus. This
is an unexpected outcome on the basis that very little morpho-
logical variation occurs in the large genus Polygraphus and its
sister genus Dolurgocleptes Schedl (see Jordal, 2009).

Tribes Hexacolini and Scolytoplatypodini. All recent phy-
logenetic studies have supported a sister relationship between
Scolytoplatypodini and at least two genera in Hexacolini
(Scolytodes and Gymnochilus). A third genus — Pycnarthrum
Chapuis — did not group with other Hexacolini in this study,
as in other studies (Jordal et al., 2011; Jordal & Kaidel, 2016);
however, low data coverage for this taxon may indicate that
this is a spurious result. The genus Microborus, on the other
hand, has frequently been placed outside of the core Hexa-
colini in molecular analyses, usually at the base of Scolytinae
(Jordal & Cognato, 2012). Microborus is also quite unique
biologically, and uses the entrance holes of other bark beetles
or cossonines (Jordal, 2017), similar to genera in Crypturgini
and in Liparthrum (Jordal, 2006).

Tribe Micracidini. Several new taxa have recently been added
to Micracidini, including Cactopinus and Dendrochilus (see
Jordal & Kaidel, 2016). This is the oldest group of scolytines
that are currently defined as a tribe, about the same age as
Scolytini, and begun diversifying more than 80 Ma (cf. Fig. 5).
Several Afrotropical genera are almost as old as the tribe and are
therefore difficult to define. A revision of Afromicracis Schedl,
Lanurgus Eggers and Pseudomicracis Eggers is currently in
progress (B. H. Jordal, unpublished data)

Tribe Ipini. With the recent addition of Premnobiina and its
two containing genera (Cognato, 2013), Ipini is a well-defined
sister group to Dryocoetini. The tropical genera Acanthotomi-
cus Blandford, Premnophilus and Premnobius Eichhoff form a
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clade separate from Pityogenes Linnaeus, Pityokteines LeConte,
Orthotomicus Wollaston and Ips Boerner, while Pseudips Cog-
nato may belong to either clade. The tropical genus Acantho-
tomicus appears to be much older than the recently evolved
boreal conifer associates of the tribe (Jordal & Cognato, 2012),
and hence probably requires multiple genera.

Tribe Dryocoetini. One of the first clear results of molecular
studies of Scolytinae was the recent origin of xyleborine genera
inside Dryocoetini (Jordal et al., 2000, 2002, 2008; Farrell
et al., 2001; Jordal & Cognato, 2012; Jordal & Kaidel, 2016).
Xyleborini was therefore demoted by many authors to the
subtribe Xyleborina (Rabaglia et al., 2006; Hulcr et al., 2007).
The only defining feature of this subtribe is the fungus-farming
behaviour which distinguishes the xyleborine genera from
Coccotrypes, Dryocoetiops and Ozopemon in a more inclusive
clade of permanently inbreeding and haplo-diploid species
(Normark et al., 1999). Dryocoetes Ratzeburg constitutes at
least two successive sister groups to the inbreeding clade, and
hence needs revision (Jordal & Kambestad, 2014). A second
and strongly supported clade in Dryocoetini includes Thamnur-
gus Bach, Triotemnus Wollaston, Lymantor, Xylocleptes and
Dactylotrypes Wollaston, and, to a lesser degree, Taphrorychus
Dufour and Cyrtogenius Blandford (weakly supported). Almost
all of these genera need taxonomic revision as the generic limits
are uncertain in light of molecular and morphological data (B.
H. Jordal, unpublished data).

Tribe Crypturgini. The monophyly of this tribe has not been
disputed and is strongly supported by molecular data (see also
Jordal & Cognato, 2012). Coleobothrus Enderlein was syn-
onymized with Aphanarthrum Wollaston by Bright (2014) based
on Jordal & Hewitt (2004). Several recent molecular studies
furthermore indicate that Cisurgus Eichhoff is nested in Cryp-
turgus LeConte with the potential for synonymy provided that
more complete species sampling will produce the same result.

Tribe Xyloctonini. Molecular and morphological data provide
very few indications as to the affinity of this tribe. Only one
of the analyses resulted in monophyly, with most analyses
placing Glostatus elsewhere. This genus is morphologically
variable and includes all species described in the cryphaline
genus Stephanopodius (B. H. Jordal, unpublished data).

Tribe Xyloterini. This is a morphologically and ecologically
homogeneous group of beetles, strongly supported by molecular
data. Previous analyses of molecular (Jordal & Cognato, 2012)
as well as morphological data (Jordal & Kaidel, 2016) have
indicated a sister relationship to Cryphalus and Hypocryphalus,
but this was only supported by some of the current analyses.
The presumption that Xyloterini is sister lineage to Xyleborini
(Wood, 1986) is false.

Tribe Cryphalini. Genera currently classified as Cryphalini
occurred in six independent lineages in our analyses,
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representing a taxonomic problem that needs to be solved
soon. Trypophloeus Hopkins is the most atypical of the crypha-
line genera and is difficult to relate to any other scolytine
genus (Jordal & Cognato, 2012). The name-bearing genus
Cryphalus and the possibly synonymous genus Hypocryphalus
were similarly isolated, although previous studies and some of
our analyses related these genera to Xyloterini. Most, if not all,
species of Stephanopodius will become synonyms of Glostatus
in the next taxonomic revision (all types examined; B. H. Jordal,
unpublished data).

The largest clade of cryphaline genera included typical Hol-
arctic genera such as Procryphalus LeConte, Ernoporus and
Ernoporicus Lindemann, but also some tropical genera such as
Scolytogenes, and one species of Dryocoetiops which is clearly
not a member of that genus (Beaver, 1990). However, it is dif-
ficult to see how D. petioli fits within the current circumscrip-
tion of Procryphalus where its position is strongly indicated by
molecular data (Figs 1, 2).

Many species of Cosmoderes and Ptilopodius are reciprocally
misplaced in the current classification, and furthermore need
many of the species assigned to these genera in Madagascar and
Eastern Africa a new genus (B. H. Jordal, unpublished data).
These species are particularly interesting because they form the
sister lineage to the permanently inbreeding Hypothenemus and
thereby indicate the geographical origin of sibling mating and
paternal genome elimination (Brun e al., 1995). Hypothenemus
was previously (Wood, 1982, 1986) placed close to another
group of species that permanently inbreed — the Neotropical
genus Cryptocarenus (Kirkendall, 1983). However, this genus
is closely related to Araptus in Corthylini.

Tribe Corthylini. This tribe is characteristically defined by an
oblique locking suture on the mesanepisternum (Wood, 1986),
except for Dendroterus which split early from the other mem-
bers of the tribe. Morphological examination of Cryptocarenus
diadematus and Cryptocarenus seriatus Eggers revealed the
typical corthyline locking suture in these species. This genus
and other Corthylini also share a conserved nucleotide indel
motif in the second variable region of lap2 (Fig. 4), which
together with all phylogenetic analyses strongly support a
placement of Cryptocarenus in Corthylini, close to the genera
Araptus and Dacnophthorus. It is a mystery to us why Wood
(1982, 1986) excluded Cryptocarenus from Corthylini, partic-
ularly because, he was the one that established this character
as a useful synapomorphy for corthylines. Cryptocarenus then
represents a second origin of permanent inbreeding in Cor-
thylini, unless the subclade of 13 inbreeding Araptus species
(Kirkendall et al., 2015) form the sister group to Cryptocarenus.

Conclusion

This study highlights a complex and intricate relationship among
the oldest tribes of the subfamily Scolytinae. Adding new data
from 13 protein-coding gene fragments (6456 bp) to a pre-
viously used molecular dataset (c. 3700 aligned nucleotides)

contributed some, but still limited, resolution for ancient diver-
gences. However, many new and interesting relationships were
strongly supported, whereas several tribes — as currently classi-
fied — were significantly rejected due to poly- and paraphyly. As
aconsequence, a revision of these tribes is critically needed. The
use of additional molecular data and a thorough survey of mor-
phological characters will be of major importance to increase
our understanding of the evolutionary history of Scolytinae.
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