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Abstract: Bark beetle species within the scolytid genera Dendroctonus, Ips, Pityogenes
and Tomicus are known to cause extensive ecological and economical damage in spruce
and pine forests during epidemic outbreaks all around the world. Dendroctonus ponderosae
poses the most recent example having destroyed almost 100,000 km® of conifer forests in
North America. The success and effectiveness of scolytid species lies mostly in strategies
developed over the course of time. Among these, a complex system of semiochemicals
promotes the communication and aggregation on the spot of infestation facilitating an
en masse attack against a host tree’s defenses; or an association with fungi that evolved
either in the form of nutrition (ambrosia fungi) or even by reducing the resistance of host
trees (blue-stain fungi). Although often specific to a tree genus or species, some bark
beetles are polyphagous and have the ability to switch on to new hosts and extend their
host range (i.e., between conifer genera such as Pityogenes chalcographus or even from
conifer to deciduous trees as Polygraphus grandiclava). A combination of these
capabilities in concert with life history or ecological traits explains why bark beetles are
considered interesting subjects in evolutionary studies. Several bark beetle species appear
in phylogeographic investigations, in an effort to improve our understanding of their
ecology, epidemiology and evolution. In this paper investigations that unveil the
phylogeographic history of bark beetles are reviewed. A close association between refugial
areas and postglacial migration routes that insects and host trees have followed in the last
15,000 BP has been suggested in many studies. Finally, a future perspective of how next
generation sequencing will influence the resolution of phylogeographic patterns in the
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coming years is presented. Utilization of such novel techniques will provide a more
detailed insight into the genome of scolytids facilitating at the same time the application of
neutral and non-neutral markers. The latter markers in particular promise to enhance the
study of eco-physiological reaction types like the so-called pioneer beetles or obligate
diapausing individuals.

Keywords: bark beetles; Scolytinae; phylogeography; Ips; Dendroctonus; Tomicus;
Pityogenes; host selection; glacial refugia; next generation sequencing

1. Introduction

Among the many subfamilies that belong to the class of Insecta, only few have gained as much
popularity, attracting the focus of the public, as have bark beetles [1]. Bark and ambrosia beetles, or
scolytids, comprise more than 6,000 species within about 225 genera [2], specialized in exploiting
mainly hardwood trees and conifers. They are small endophytic beetles boring galleries into their host,
in the phloem or wood, where larval development and most often also adult maturation take place.
They exhibit a highly diversified spectrum of associations with micro-organisms and especially
with fungi, either as the source of nutrition [3—5] or as an ally in overcoming host tree’s defence
mechanisms [6,7]. Most of them are qualified as pests, preferentially exploiting physiologically
weakened trees or timber and logging waste. However, after exceptional climatic events (i.e., storms,
snow or drought) that creates a surplus of highly susceptible wood and consequently promotes
population growth, bark beetles have been responsible for extensive and dramatic damage especially in
conifer forests [8,9], thus making them the most important forest pests in the temperate zones [10].

Since the early days of forest entomology, bark beetles have been the subject of numerous studies
focusing mainly on their physiological relationship with their host trees such as on host resistance [11-15]
or on chemical ecology [16—18] in order to better understand biology and their strategies to limit the
damage caused. In the middle of 1990s, the advent of Polymerase Chain Reaction (PCR) improved
DNA sequencing and led to the flourish of molecular markers for systematic and population genetic
studies. Many of these techniques have been applied to scolytid research and have helped not only
answering phylogenetic and phylogeographic questions but also facilitated the decision making in
sustainable forest management and forest protection. Indeed, genetic tools proved very helpful in
systematics characterising species when morphological identification is sometimes problematic [19].
Moreover, phylogenetic studies provide important information on the evolution of life history traits of
species, on the genetic structure of populations, dispersal ability or on the synthesis of evolutionary
forces that cause phenotypic divergence and speciation.

Behavioural and eco-physiological characteristics make bark beetle species good models to test
different evolutionary hypotheses and offer the opportunity to understand a variety of speciation
patterns and mechanisms. Bark beetles are mainly oligophagous species infesting tree species of one
genus or selecting tree species that belong to closely related genera [1,20]. It is well known that for
oligo-or polyphagous species, utilization of different host plants can be an isolating factor. Adaptations
to one host are often maladaptive on another one, resulting in host plant associated fitness trade-ofts [21]
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and consequently to specialized populations via selection pressure that may lead to sympatric
speciation and eventually to the formation of host races [22-26]. Moreover, bark beetles have an
endophytic life cycle; they spend almost their whole life under the bark, except during a short dispersal
flight. Thus, they have a high degree of intimacy with their hosts that could reinforce local adaptive
structure and consequently host differentiation, too [27]. Beetle populations having a wide host range
without losing any ability to exploit their main host or decreasing their fitness are generally not
expected to be genetically differentiated [28]. Therefore, host availability and distribution could also
be an important factor influencing the genetic structure of the bark beetle, since most of them develop
on weakened, freshly dead logs or logging waste. Consequently, the rarity and the high dispersion of
suitable hosts in the landscape could structure the population in space. On the other hand, bark beetles
are known to have good dispersal abilities and some species disperse several times per generation in
search of new suitable environments [29]. Such recurrent long-distance migration would result in low
levels of genetic structure. The hypothesis of behavioural specialization due to pheromone compounds
could also be tested in bark beetles. Chemical ecology plays a vital and essential role in the life cycle
of bark beetles, since beside finding a mating partner, bark beetles use volatiles to locate the most
suitable host [30-35] and to avoid non-hosts [36—40], to aggregate more individuals on the most
suitable host in order to easier overcome a host’s resistance [14,29,41-43] and finally to avoid inter- or
intraspecific competition by discouraging the further aggregation of other individuals [16,32,44-47].
These pheromone responses could vary geographically and are often associated with the genetic
structure of a population [48].

This review aims to give an overview of the phylogeographic studies that involve the main phloem
conifer bark beetles, focusing on the factors that shaped the current distribution pattern. Bark beetles
display a number of characteristics like host association and aggregation by pheromones that easily
promote populations’ differentiation. In addition to this aspect, the methods applied in each investigation
are critically evaluated and compared. Finally, promising new methods in phylogeographic studies
are presented in the last chapter of this review, indicating where the future of bark beetles’
phylogeography is leading to.

2. From Then to Now...

Direct sequencing of DNA loci is the prevailing approach to resolve phylogeographic patterns of
evolution [49]. Other techniques such as allozymes or Random Amplified Polymorphic DNA (RAPD)
used until the end of the 1990s were replaced by direct sequencing of DNA stretches to perform
phylogeographic studies, as in bark beetles [28,50-52]. As sequencing gradually became cheaper and
thus commonly available, the advantages of this method over allozymes and particularly RAPD led to
a prompt establishment of direct sequencing in phylogeographic studies [53]. In order to be able to
draw comparisons between the different studies, only investigations based on direct sequencing will be
included in the current review.
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2.1. Genus Dendroctonus

The genus Dendroctonus has over 20 species worldwide, most of which occur in North and Central
America, where they are considered major pests of conifer forests [1]. One of the most typical
examples of notorious Dendroctonus species is the mountain pine beetle Dendroctonus ponderosae.
The mountain pine beetle is responsible for extensive damages in the last decades [54,55], with the
most recent one devastating over 15,000 km? in Colorado and a total of more than 136,000 km? of
forest in British Columbia and northwestern Alberta [56,57]. In 2007, Mock et al. analysed North
American D. ponderosa populations across its range and on different Pinus species (Pinus contorta
and P. ponderosa) using both mtDNA Cox1 and Cox2 sequences and Amplified Fragment Length
Polymorphism (AFLP) [58]. Combined with mtDNA data, these markers revealed a significant genetic
structure among populations that followed a broad isolation-by-distance pattern. Interestingly, this
separation is congruent with the subdivision between D. ponderosae and D. monticolae, the two
species that were later on synonymized to D. ponderosae [59]. It was thus suggested that the
phylogeography of D. ponderosae is associated with and determined by its host species since the
phylogeographic pattern followed the core distribution of these pine species, particularly in the
northern portion of the range, which is related to Pinus contorta [60].

Beside D. ponderosae, the spruce bark beetle Dendroctonus rufipennis is an equally important pest
of North America with outbreaks causing mortality of spruce stands [55]. For this species, concepts of
a close association with its host species were already formulated because of the complex life cycle that
includes hibernation at both larval and adult stages [61]. In 2007, Maroja et al. analysed populations
with mtDNA sequences (Cox1) and nine microsatellites [62]. This dual approach revealed the
occurrence of three haplotype groups that are genetically distinct; two occur across North America
which are broadly sympatric on Picea glauca and one throughout the Rocky Mountains on
Picea engelmanni. Analyses of microsatellite data also suggested the existence of major population
groupings associated with different geographical regions. The two distinct clades reflect an apparent
disjunction of the main host tree. Thus, the geographical groups of D. rufipennis could be attributed to
the separation of host trees. Additionally, the deep divergence between groups was explained by the
combined effect of several glacial cycles [63,64], when beetles spread from at least three refugia.

Dendroctonus mexicanus is an endemic species of a recent origin in Mexico with a wide
geographical distribution infesting numerous Pinus species. A study based on mitochondrial Coxl
investigated by Anducho-Reyes ef al. determined the phylogeographic structure of D. mexicanus
populations collected in the mountain systems of Mexico and Guatemala on different Pinus species [65].
Phylogenetic analyses revealed 53 geographically structured haplotypes. It appears that D. mexicanus
population differentiation was determined first by the conformation of the Mexican mountain systems
and then by the dispersal ability of the beetle. Dendroctonus mexicanus experienced a rapid population
expansion during its dispersal across mountain systems within its current range. The emergence of
geographic barriers during the Pleistocene promoted isolation events facilitating D. mexicanus
populations to follow divergent evolutionary routes.

The Douglas-fir bark beetle Dendroctonus pseudotsugae is a monophagous species that colonizes
only Pseudotsuga menziesii from British Columbia to northern Mexico. Taxonomic reassessments
were done by Ruiz et al. combining the molecular marker (Cox1) and morphological characteristics to
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validate the existence of the two subspecies D. p. pseudotsugae and D. p. barragani [66,67]. The
phylogeographic study was also investigated by Ruiz et al. on D. pseudotsugae populations infesting
only P. menziesii var. glauca, to examine the effect of geographic isolation on the genetic structure [68].
The phylogenetic analyses based on the combination of mtDNA (Cox1) and RAPD markers revealed
that the genetic structure of D. pseudotsugae is strongly influenced by geographic distance. Northern
populations (Canada-USA) are clearly divergent from southern ones (Mexico). These genetic
differences between D. pseudotsugae populations from North America and those from Mexico on
P. menziesii var. glauca finally correspond to the two previously mentioned subspecies.

Dendroctonus valens, the red turpentine beetle (RTB) is generally considered a harmless bark
beetle species in its native range in the northern United States [61,69]. However, shortly after it was
first reported in China, D. valens attacked huge areas of native pine species and was thus rendered as a
primary tree-killer bark beetle species [70]. In continuation of a previous work that indicated the
Pacific northwest U.S. as a possible origin of the Chinese populations [71], Cai et al. conducted a more
exhaustive sampling of RTB individuals, which were screened by a mtDNA marker (Cox1) [72]. The
outcome of this elaborate investigation refined the previous results, showing that the Chinese
populations of D. valens originated from California. In addition, the phylogeographic analysis revealed
strong genetic structure at two discernible spatial scales in North America, something that was
attributed to recycled glacial events [72]. Finally, the distinct genetic separation of individuals from the
Mexican and Guatemalan populations confirmed previous scenarios regarding the occurrence of a
cryptic species in these regions (D. beckeri) [73], a finding that requires further investigation.

Finally, the structuring of the southern pine beetle Dendroctonus frontalis was investigated among
populations sampled from the Mississippi Forests [74]. For that reason, mtDNA markers in concert
with eight microsatellite loci [75] were employed. Phylogeographic analysis of these joint data failed
to detect high genetic differentiation among samples or to identify a clear pattern. However, the lack of
structuring among the populations of D. frontalis can be likely attributed to gene flow that occurs
among locations. This outcome implies that management of the southern pine beetle should be focused
on large scale, since infestations are apparently linked through dispersal, leading ultimately to the
observed level of homogeneity [74].

2.2. Genus Ips

The species within the genus Ips that concentrated the majority of studies is the European spruce
bark beetle, Ips typographus. This species is considered as one of the economically major forest pests
in Europe, mainly infesting Norway spruce stands [10,76]. In 1999, Stauffer et al. investigated the
phylogeography of . typographus throughout its European natural range using the mitochondrial
marker Cox1 [28]. The study revealed low haplotypic richness with only eight haplotypes found within
the entire European area with southern populations being the most polymorphic ones. While there is
evidence for strong gene flow among populations, founder effects could still be detected in
Scandinavia. Moreover, a specific haplotype was detected in Russia and Lithuania. Two main refugee
areas were suggested, one in the Apennines and the other in the Moscow region corresponding to two
refugee areas known for its host Picea abies [77]. Nuclear studies based on microsatellites also
highlighted a low genetic diversity in /. typographus, but revealed any past fragmentation of the host.
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It would appear that the high dispersal ability of the beetle is resulting in low genetic differentiation
among the European populations [78,79].

The pine engraver Ips pini ranges from the eastern to the western coasts of North America and from
Alaska to northern Mexico [1]. This beetle is known to include three different geographical
“pheromone races” all over its distribution based on specific differences in the production and
response to aggregation pheromones [80—82]. Populations in eastern North America produce and
respond to between 30 and 60% -(-)- ipsdienol (“New York” phenotype), whereas populations in
western North America produce and respond to >90% -(-)- ipsdienol (“California” phenotype) [83].
Pheromone variation also occurs within western North America leading to the “Idaho-Montana”
phenotype. The region with populations displaying this last pheromone phenotype was hypothesized as
a hybridation zone [83]. In order to investigate gene flow between the three different “pheromone
races”, a phylogenetic study based on Cox1 sequences was conducted by Cognato et al. [48]. Three
distinct geographical mtDNA lineages were observed including at all 34 haplotypes among the 217
individuals analysed. The distribution of the lineages was largely congruent with the geographical
ranges of the “New York”, “California” and “Idaho-Montana” pheromone phenotypes. In addition, a
female-controlled assortative mating between the “pheromone races” seemed to create a directional
gene flow from east to west reflecting incomplete pre-mating barriers.

Beside the two formerly described Ips species, which comprise major pests of conifer forests in the
Northern hemisphere, several other Ips species were also investigated in the course of time. The double
spined spruce engraver beetle, Ips duplicatus is frequently mentioned as an associate of . typographus
on their main host tree P. abies that causes damages mainly during local outbreaks [84-86]. However,
due to similarities regarding morphological characters, gallery construction and geographical
distribution between /. duplicatus and I. typographus, the damages caused by the double spined spruce
engraver beetle are often not recognised and thus its significance is underestimated [87]. In order to
solve this misidentification, Lakatos ef al. [88] conducted a phylogeographic study on different
European and Asian /. duplicatus populations based on Cox1 sequences including . typographus
sequence as reference. The analyses revealed first a clear genetic differentiation between the two Ips
species, but also a genetic divergence between the European and Asian /. duplicatus populations which
would be associated to behavioural differences in the pheromone bouquet [85,89-91].

The eight spined larch bark beetle, Ips cembrae is the only Palearctic Ips species with larch as its
main host. However, the taxonomy of Ips species attacking Larix spp. is still unclear. Separated on the
basis of their host plants, geographical distribution or morphological similarities several authors have
considered Ips fallax, Ips shinanonensis and Ips cembrae var. engadinensis as synonymous
designations of Ips cembrae. The Asian larch bark beetle has been considered as Ips subelongatus by
Russian and Chinese entomologists, whereas European colleagues treated this species name as a
synonym of I. cembrae [1,92]. A phylogeographic study by Stauffer ez al. investigated the relationship
of the Palearctic eight spined larch bark beetle based on mitochondrial Cox1 sequences [93]. The
results suggested that the I. cembrae complex includes at least two taxa, i.e., I. cembrae in Europe and
1. subelongatus in Asia. As highlighted by the comprehensive phylogenetic study on Ips species by
Cognato and Sun, /. subelongatus should be considered as a valid species designation for the Asian
larch bark beetle [94].
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The pinyon pine bark beetle Ips confusus is known to feed mostly on dead and dying pinyon pine
trees throughout the southwestern United States, but it has also been detected on other conifer species.
Cognato et al. conducted a phylogeographic study based on the Cox1 marker to test the influence of
past geologic events and host use on the genetic structure of 1. confusus populations [95]. The
phylogenetic analyses of the bark beetle populations from three different pine species (Pinus edulis,
Pinus monophylla and Pinus pungens) revealed 15 haplotypes and a weak host effect on the genetic
structure of 1. confusus populations. However, the Nested Clade Analysis (NCA; [96]) unveiled the
occurrence of three geographic clusters (eastern, southwestern and western) allowing to conclude that
past glaciation events better explain the current genetic structure of /. confusus populations.

2.3. Genus Tomicus

Throughout the Palearctic region the genus Tomicus is well known to cause considerable damage in
Pinus forests. Tomicus piniperda has a broad Eurasian distribution infesting different Pinus species.
Differences in biological characteristics are known for this species in different regions of its
geographical distribution. In the Mediterranean, a sub-species is described as 7. piniperda var.
destruens, linked to Mediterranean Pinus [97]. This species causes more damage and has an offbeat
life cycle compared to 7. piniperda. Moreover, T. piniperda is well known in the Chinese Province of
Yunnan, where it causes serious damage in Pinus yunnanensis [98]. In this region, beetles demonstrate
a considerably different behaviour compared to the European ones [99]. Different phylogenetic
analyses based on mitochondrial (Coxl and Cox2) and/or nuclear (ITS1, ITS2, 28S) markers
associated to new morphological characters had clearly separated 7. piniperda, T. destruens and
T. yunnanensis and confirmed that they are distinct species [19,100-105].

Concurrent with the validation of the specific status of Tomicus species, the genetic structure of
T. piniperda and T. destruens populations were investigated. The phylogenetic analyses conducted by
Kerdelhué ez al. [19] revealed first that 7. destruens exhibited lower genetic diversity than 7. piniperda
(9 vs. 21 haplotypes respectively). No genetic differentiation was observed for 7. destruens, whereas a
weak but significant host effect on the genetic structure of 7. piniperda populations was highlighted.
Pine species seemed to act as significant barriers to gene flow particularly during the host colonization
phase. Differences between the phylogeographic histories of 7. piniperda and T. destruens were
further investigated by Faccoli ef al. in a study that mainly focused on the genetic structure of the
populations occurring in Italy [104]. For the first time, Single Strand Conformation Polymorphism
SSCP and mtDNA (Cox1) analyses revealed that 7. piniperda and T. destruens were not found to be
sympatric. Conversely to Kerdelhué et al. [19] populations of 7. destruens showed a much stronger
phylogeographic structure within populations compared to 7. piniperda. It was hypothesized that the
genetic structure of 7. destruens was determined by the high fragmentation of host pine ranges. On the
other hand, 7. piniperda populations do not exhibit any genetic structure in Italy, most likely due to
continuous distribution of the main host, P. sylvestris.

In 2006, Vasconcelos ef al. analyzed populations of Tomicus destruens originating from the Iberian
Peninsula and southern France in an effort to investigate the origin of genetic diversity [106].
Phylogeographic analysis of mtDNA (Cox1 and Cox2) data revealed that 7. destruens populations
were restricted to at least two refugial areas during the last glaciation, resulting in the opposite
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frequency gradients of the two main mtDNA clusters. In each of these refugia, the bark beetle evolved
on separate pine species, P. pinaster in Portugal and P. halepensis-P. pinea in France and Spain, thus
confirming the strong association of 7. destruens with its host trees. The same year, Horn et al.
conducted the most comprehensive phylogeographic study to date of 7. destruens including populations
from the whole Mediterranean basin and the Atlantic coasts of North Africa and Portugal [107]. Analyses of
the mtDNA (Cox1 and Cox2) sequences revealed 53 haplotypes structured in two clades, eastern and
western clades, which diverged during the Pleistocene. Contrasting levels of genetic structure within
each clade were observed. The eastern group was characterised by a significant phylogeographic
pattern and low levels of gene flow, whereas the western group barely showed a spatial structure in
haplotype distribution. Moreover, the main pine hosts were different between groups, with the
Aleppo-brutia complex in the east and the maritime pine in the west. The potential role of host species,
climatic parameters and geographical barriers in the shaping of current distribution was discussed.

Ritzerow et al. re-assessed the phylogeography of Temicus piniperda from Europe, Asia and
America by sequencing a region of the mtDNA Cox1 gene [108]. A higher level of polymorphism was
found (25 haplotypes) compared to the other studies [19,102—-104], allowing the detection of possible
refugial areas and barriers that influenced the genetic structure of the pine shoot beetle during the
postglacial colonization. Finally, Horn et al. conducted the most recent investigation on the
phylogeographic pattern of 7. piniperda with a wider sampling in Europe [109]. In this study, analysis
of mtDNA (Cox1 and Cox2) revealed 36 haplotypes and indicated that the beetle had several refugia
within the Iberian Peninsula; undoubtedly the Pyrenees acted as a physical barrier that impeded the
northern expansion of these haplotypes. However, outside Iberia the joint effect of multiple refugia and
of repeated long-distance dispersal events favoured a more complex evolutionary history of the
species, and thus it was generally concluded that the phylogeographic pattern partly reflected the
postglacial history of the beetle’s main host tree P. sylvestris [110,111]. Nevertheless, a nuclear study
based on five microsatellites conducted by Kerdelhué ef al. showed that most French 7. piniperda
populations were not differentiated and no effect of host species could be detected [112].

2.4. Genus Pityogenes

The six toothed spruce bark beetle, Pityogenes chalcographus is one of the most commonly
observed bark beetles in Europe infesting mainly P. abies, although it is also recorded on other Pinacea
species [92]. Due to its great significance as a pest, P. chalcographus has been the subject of numerous
investigations. In the 1970s, after a thorough study based on morphological characters and crossing
experiments, P. chalcographus posed a unique case in European entomology as populations revealed
crossing incompatibility being divided into two geographic distinct “biological races”—Northeastern
and Central Europe [113-116]. The phylogeography study of 39 European P. chalcographus
populations based on the mitochondrial marker (Cox1) was investigated by Avztis et al. where the
genetic divergence of these two groups was confirmed [117]. The phylogenetic analyses revealed 58
haplotypes clustered in three major clades, named I to III. Almost 80% of all individuals showed
haplotypes that grouped either in clade I (mostly observed in the northern regions of Europe) or in
clade Illa (mostly observed in Central Europe). Four other mitochondrial entities within European
P. chalcographus populations were found: three situated in the Apennines (clades IIIb, Ilic and IT) and
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one located in the Dinaric Alps (clade IIId). The assumption that during the last glacial maximum
P. chalcographus populations probably had the same glacial refuge zones as P. abies (i.e., Apennine,
Dinaric Alps, Carpathians and Kostroma) was issued.

Due to its oligophagous character, P. chalcographus also provides an opportunity to test the
influence of host effect on its population genetic structure. Bertheau ef al. conducted a genetic study on
several French populations collected on eight native and exotic Pinaceae species using both the
mitochondrial marker Cox2 and the nuclear marker ITS2 [118]. The analyses revealed that host tree
species may not constitute an effective isolating barrier between P. chalcographus populations.
It seems as if its capacity to host shift allows the use of alternative hosts without losing any ability to
exploit its natural host P. abies.

3. Isolating Factors in Bark Beetles

Discussing the phylogeographic studies on bark beetles, it can be deduced that host selection has
shaped intraspecific population structure of several conifer bark beetle species (e.g., Dendroctonus
ponderosae, D. rufipennis). As they live intimately in their host(s), populations of bark beetles once
adapted to a specific host follow closely the evolutionary biogeography of this species. However, this
effect is not apparent only among populations that inhabit different hosts (e.g., D. ponderosae). Even
when only one host species is involved, slight differentiation among populations of the host can trigger
similar divergence among populations of the bark beetle (e.g., Pityogenes chalcographus). However,
host selection and adaptation do not always shape genetic structure [119]; a complementary factor that
promotes intraspecific divergence between bark beetle populations can be traced in geographic
isolation during Ice Ages. As already observed in a number of organisms, the decrease of temperature
in the glacial periods led populations of the same species to seek protection in refugial areas [64]. The
postglacial increase of temperature brought these populations in contact once again; nevertheless, in
most cases these populations had already diverged from one another, something imprinted on their
intraspecific structure. However, in bark beetles the glacial contraction and postglacial expansion of
populations were defined by their host(s), further confirming the close affinity between bark beetles
and host species. Finally, as already stated in the introduction, bark beetles exhibit a very sophisticated
chemical behavior that comprises highly specified pheromone mixtures [32]. A direct consequence of
this high specificity is that even slight alterations in the proportion of the components and/or their
stereochemistry, lead to variable reactions. North American populations of Ips pini were distinctly
separated by differences in the production of and response to pheromone compounds, something even
expressed as differentiation at nucleotide level, whereas the divergence among Ips duplicatus
populations is also quite likely attributed to differences in the chemistry of pheromones.

4. Choice of Markers—What has been and What’s Next?

Most phylogeographic studies used the mitochondrial Cox genes and only few investigations
employed nuclear markers; nevertheless, even on those occasions nuclear markers did not exhibit the
desired level of phylogenetic signal [19,58,62]. Particularly the nuclear conclusions from Sallé ez al. [78]
contradicted the hypotheses of genetic structure among the European I typographus populations
proposed by mtDNA data [28].



Insects 2012, 3 462

From careful examination of the progress of marker selection in the course of time, it is obvious that
at the onset of phylogeographic investigations, mtDNA markers were thought to be the most powerful
and reliable tool [120,121]. Small genome with simple structure and organization; ubiquitous presence
in almost all animals; high copy number; haploid genome; maternal inheritance; lack of recombination,
introns or other noncoding sequences rendered mitochondrial DNA the most popular for population
genetic and phylogeographic studies [120,122]. However, emerging studies question not only the
reliability of mtDNA as an ideal molecular marker but also its dominance among all others [122,123].
Firstly, the detection of recombination even in mtDNA genomes [124,125] together with leakage of
male-derived mtDNA into the otherwise isolated female cytoplasmic lineages [126,127] proved that
mtDNA markers cannot be used without any further complications. In addition, the presence of
nuclear copies of mtDNA (NUMTs or pseudogenes) was reported so far in two bark beetle species
1 typographus [128] and D. valens [129]. These NUMTs threaten the validity of phylogeographic
inferences by creating overestimation of genetic variability, misinterpretation in phylogeographic and
phylogenetic patterns and taxonomic misidentification [130—132]. This issue is now reinforced with
the recent detection of cryptic NUMTs in 1. fypographus differing only by 1-3 bp from authentic
mitochondrial haplotypes [128]. Even though novel protocols can be followed in order to rule out the
involvement of NUMTs in phylogeographic studies [128,133], it was made clear that the application of
mtDNA markers in phylogeographic studies should be governed with great precaution, decreasing the
ease of mtDNA employment in such investigations.

The most recent finding that indicated the weaknesses in the previously flawless application of
mtDNA markers in phylogeographic analyses was detection of Wolbachia. This intracellular
a-proteobacterion is transmitted through the maternal lineage (as is mtDNA) and is reported to be
infecting from 20% [134] to 65% [135] of insect species. Since highly sensitive methods revealed the
occurrence of Wolbachia in low-titre infections [136] that remained undetected by conventional
approaches, it can thus be expected that the actual infection rate of Wolbachia in insect species is even
greater. Until now, Wolbachia was detected in I #ypographus [137], P. chalcographus [136],
Coccotrypes dactyliperda [138], Xylosandrus germanus [139,140] and Hypothenemus hampei [141].
However, when the impact of Wolbachia on the phylogeography of a bark beetle was investigated by
elaborate techniques (in sifu hybridization), no direct correlation between the infection status and the
geographic dispersal of mtDNA haplotypes was detected [136]. Nevertheless, by manipulating the
reproductive success among the infected and uninfected individuals of a population the occurrence of
Wolbachia can lead to erroneous results [142]. In particular, the most common phenotype of
Wolbachia, namely cytoplasmatic incompatibility (CI) [143], can lead to mtDNA hitchhiking and thus
erroneously conclude a population bottleneck or even a founder effect [123].

The above-mentioned findings stressed the need for utilization of further markers in resolving
phylogeographic patterns, particularly markers located in the nucleus. Unfortunately direct sequencing
of the Internal Transcribed Spacer (ITS) did not really improve the phylogeographic resolution in the
case of Tomicus sp. [19] and also microsatellites got stuck and could not been widely employed.
Microsatellites, short repetitive DNA stretches, are steadily gaining wide acceptance as powerful
markers in resolving phylogeographic patterns [144,145]. In bark beetles, however, the application of
microsatellites exhibited the occurrence of multicopy microsatellite families or even the low abundance
of microsatellites in the genome in contrast to other insect families like Formicidae [146]. Thus, the
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aim to reach enough polymorphic microsatellite loci often needs two to three enrichment-isolation
procedures in bark beetles and, consequently, can be extremely demanding. However, even then these
few loci can be questionable for phylogeographic investigations due to low polymorphism as was
shown by various papers [58,112,147].

Recently, 18 new polymorphic microsatellite markers were obtained for /. #ypographus populations
identified and characterized by next generation sequencing (NGS) technology [148]. Eighteen
polymorphic loci were obtained by screening 3.1 MB of the genome (10,684 reads). Allelic richness
was high, reaching 38 alleles. These 18 loci, along with another five loci previously described [147],
provide effective analytical tools for analyzing the fine-scale genetic structure of bark beetle
populations. Next generation sequencing is a valuable method for isolating new microsatellites of bark
beetle species when the traditional techniques failed [146]. NGS generates large amounts of sequence
data in a very cost-effective way and molecular ecologists already take advantage, embracing the
discipline of “ecological genomics” [149]. With a growing number of non-model species with
sequenced genomes, the genomic survey on the population level will become more feasible [150]. And
this will soon be the reality for bark beetles, too.

Acknowledgments

We would like to thank Ryan Garrick for the kind invitation to contribute this manuscript for the
special issue of the journal, the two anonymous reviewers for their comments and suggestions on the
manuscript, as well as Raffaela Schaidreiter for linguistic proofreading. CS and CB are supported by
the Austrian Science Foundation FWF, ISEFOR (7. EU-FRP) and by the European Territorial
Co-Operation Austria-Czech 2007-2013, EU.

References

1.  Wood, S.L.; Bright, D.E. 4 Catalog of Scolytidae and Platypodidae (Coleoptera); Great Basin
Naturalist Memoirs No 13; Great Basin Naturalist: Provo, UT, USA, 1992; Volume B.

2. Knizek, M.; Beaver, R. Taxonomy and Systematics of Bark and Ambrosia Beetles. In Bark and
Wood Boring Insects in Living Trees in Europe, a Synthesis; Lieutier, F., Day, K.R., Battisti, A.,
Grégoire, J.-C., Evans, H.F., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
2004; pp. 41-54.

3. Farrell, B.D.; Sequeira, A.S.; O’Meara Normark, B.B.; Chung, J.H.; Jordal, B.H. The evolution
of agriculture in beetles (Curculionidae: Scolytinae and Platypodinae). Evolution 2001, 55,
2011-2027.

4. Klepzig, K.D.; Six, D.L. Bark beetle fungal symbiosis: Context dependency in complex
interactions. Symbiosis 2004, 37, 189-206.

5. Mueller, U.G.; Gerardo, N.M.; Aanen, D.K.; Six, D.L.; Schultz, T.R. The evolution of
agriculture in insects. Ann. Rev. Ecol. Evol. Syst. 2005, 36, 563-595.

6. Kirisits, T. Fungal Associates of European Bark Beetles with Special Emphasis on the
Ophiostomatoid Fungi. In Bark and Wood Boring Insects in Living Trees in Europe, a Synthesis;
Lieutier, F., Day, K.R., Battisti, A., Grégoire, J.-C., Evans, H.F., Eds.; Kluwer Academic
Publishers: Dordrecht, The Netherlands, 2004; pp. 181-235.



Insects 2012, 3 464

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lieutier, F.; Yart, A.; Sallé, A. Stimulation of tree defences by Ophiostomatoid fungi can explain
attack success of bark beetle species on conifers. Ann. For. Sci. 2009, 66, 801.

Williams, D.W.; Liebhold, A.M. Climate change and the outbreak ranges of two North American
bark beetles. Agric. For. Entomol. 2002, 4, 87-99.

Raffa, K.F.; Aukema, B.H.; Bentz, B.J.; Carroll, A.L.; Hicke, J.A.; Turner, M.G.; Romme, W.H.
Cross-scale drivers of natural disturbances prone to anthropogenic amplification: The dynamics
of bark beetle eruptions. BioScience 2008, 58, 501-517.

Grégoire, J.-C.; Evans, H. Damage and Control of BAWBILT Organisms, an Overview. In Bark
and Wood Boring Insects in Living Trees in Europe, a Synthesis; Lieutier, F., Day, K.R., Battisti, A.,
Grégoire, J.-C., Evans, H.F., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
2004; pp. 19-38.

Raffa, K.F.; Berryman, A.A. The role of host plant resistance in the colonization behavior and
ecology of bark beetles (Coleoptera: Scolytidae). Ecol. Mon. 1983, 53, 27-49.

Safranyik, L. Estimating attack and brood totals and densities of the mountain pine beetle in
individual lodgepole pine trees. Can. Entomol. 1988, 120, 323-331.

Franceschi, V.R.; Krokene, P.; Christiansen, E.; Krekling, T. Anatomical and chemical defenses
of conifer bark against bark beetles and other pests. New Phytol. 2005, 167, 353-375.

Lieutier, F. Host Resistance to Bark Beetles and Its Variations. In Bark and Wood Boring Insects
in Living Trees in Europe, a Synthesis; Lieutier, F., Day, K.R., Battisti, A., Grégoire, J.-C.,
Evans, H.F., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2004; pp. 135-180.
Cudmore, T.J.; Bjorklund, N.; Carroll, A.L.; Lindgren, S. Climate change and range expansion of
an aggressive bark beetle: Evidence of higher beetle reproduction in native host tree populations.
J. Appl. Ecol. 2010, 47, 1036—-1043.

Byers, J.A. Chemical Ecology of Bark Beetles in a Complex Olfactory Landscape. In Bark and
Wood Boring Insects in Living Trees in Europe, a Synthesis; Lieutier, F., Day, K.R., Battisti, A.,
Grégoire, J.-C., Evans, H.F., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
2004; pp. 89-134.

Faccoli, M.; Schlyter, F. Conifer phenolic resistance markers are bark beetle antifeedant
semiochemicals. Agric. For. Entomol. 2007, 9, 237-245.

Andersson, M.N.; Larsson, M.C.; Schlyter, F. Specificity and redundancy in the olfactory system
of Ips typographus: Single-cell responses to ecologically relevant odors. J. Insect Physiol. 2009,
55,556-567.

Kerdelhué, C.; Roux-Morabito, G.; Forichon, J.; Chambon, J.-M.; Robert, A.; Lieutier, F.
Population genetic structure of Tomicus piniperda (Coleoptera: Scolytinae) on different pine
species and validation of 7. destruens (Woll.). Mol. Ecol. 2002, 11, 483—-494.

Bertheau, C.; Sallé, A.; Roux-Morabito, G.; Garcia, J.; Certain, G.; Lieutier, F. Preference—performance
relationship and influence of plant relatedness on host use by Pityogenes chalcographus L.
Agric. For. Entomol. 2009, 11, 389-396.

Via, S. Ecological genetics and host adaptation in herbivorous insects: The experimental study of
evolution in natural and agricultural systems. Annu. Rev. Entomol. 1990, 35, 421-446.

Bush, G.L. Sympatric Speciation in Phytophagous Parasitic Insects. In Evolutionary Strategies of
Parasitic Insects and Mites; Price, P.W., Ed.; Plenum: New York, NY, USA, 1975; pp. 187-206.



Insects 2012, 3 465

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Diehl, W.R.; Bush, G.L. An evolutionary and applied perspective of insect biotypes. Ann. Rev.
Entomol. 1984, 29, 471-504.

Jaenike, J. Host specialization in phytophagous insects. Ann. Rev. Ecol. Syst. 1990, 21, 243-273.
Thompson, J.N. Trade-offs in larval performance on normal and novel hosts. Entomol. Exp.
Appl. 1996, 80, 133—139.

Dres, M.; Mallet, J. Host-races in plant-feeding insects and their importance in sympatric
speciation. Phil. Trans. R. Soc. Lond. B Biol. Sci. 2002, 357, 471-492.

Mopper, S. Adaptive genetic structure in phytophagous insect populations. Trends Ecol. Evol.
1996, 11, 235-238.

Stauffer, C.; Lakatos, F.; Hewitt, G.M. Phylogeography and postglacial colonization routes of Ips
typographus L. (Coleoptera, Scolytidae). Mol. Ecol. 1999, 8, 763—773.

Lieutier, F. Mechanism of Resistance in Conifers and Bark Beetle Attack Strategies.
In Mechanisms and Deployment of Resistance in Trees to Insects; Wagner, M.R., Clancy, K.M.,
Lieutier, F., Paine, T.D., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002;
pp. 31-77.

Pitman, G.B.; Vité, J.P.; Kinzer, G.W.; Fentiman, A.F., Jr. Bark beetle attractants: Trans-verbenol
isolated from Dendroctonus. Nature 1968, 218, 168—169.

Elkinton, J.S.; Wood, D.L. Feeding and boring behavior of the bark beetle Ips paraconfusus
(Coleoptera: Scolytidae) on the bark of a host and non-host tree species. Can. Entomol. 1980,
112,797-809.

Byers, J.A.; Wood, D.L. Antibiotic-induced inhibition of pheromone synthesis in a bark beetle.
Science 1981, 213, 763-764.

Schroeder, L.M.; Lindelow, A. Attraction of scolytids and associated beetles by different
absolute amounts and proportions of a-pinene and ethanol. J. Chem. Ecol. 1989, 15, 807-817.
Byers, J.A.; Zhang, Q.H.; Birgersson, G. Strategies of a bark beetle, Pityogenes bidentatus, in an
olfactory landscape. Naturwissenschaften 2000, 87, 503-507.

El-Sayed, A.; Byers, J. Inhibitory effect of monoterpenes on response of Pityogenes bidentatus
(Coleoptera: Scolytidae) to aggregation pheromone demonstrated using piezoelectric sprayer for
precision release of semiochemicals. J. Chem. Ecol. 2000, 26, 1795-1809.

Byers, J.A. Attraction of bark beetles, Tomicus piniperda, Hylurgops palliatus, and
Trypodendron domesticum and other insects to short-chain alcohols and monoterpenes. J. Chem.
Ecol. 1992, 18, 2385-2402

Schroeder, L.M. Olfactory recognition of non-hosts aspen and birch by conifer bark beetles
Tomicus piniperda and Hylurgops palliatus. J. Chem. Ecol. 1992, 18, 1583—-1593.

Schlyter, F.; Zhang, Q.H.; Anderson, P.; Byers, J.A.; Wadhams, L.; Lofqvist, J.; Birgersson, G.
Electrophysiological and behavioural responses of Tomicus piniperda and T. minor (Coleoptera:
Scolytidae) to non-host leaf and bark volatiles. Can. Entomol. 2000, 132, 965-981.

Zhang, Q.H. Interruption of aggregation pheromone in Ips typographus (L.) (Col. Scolytidae) by
non-host bark volatiles. Agric. For. Entomol. 2003, 5, 145—153.

Zhang, Q.H.; Schlyter, F. Redundancy, synergism, and active inhibitory range of non-host
volatiles in reducing pheromone attraction of European spruce bark beetle Ips typographus.
Oikos 2003, 101, 299-310.



Insects 2012, 3 466

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Vité, J.P.; Francke, W. The aggregation pheromones of bark beetles: Progress and problems.
Naturwissenschaften 1976, 63, 550-555.

Byers, J.A. Chemical ecology of bark beetles. Experientia 1989, 45, 271-283.

Raffa, K.F.; Klepzig, K.D. Tree Defense Mechanisms against Insect-Vectored Fungi. In Defense
Mechanisms of Woody Plants against Fungi; Blanchette, R.A., Biggs, A.R., Eds.; Springer:
Berlin, Heidelberg, Germany; New York, NY, USA, 1992; pp. 354-390.

Byers, J.A.; Wood, D.L.; Craig, J.; Hendry, L.B. Attractive and inhibitory pheromones produced
in the bark beetle, Dendroctonus brevicomis, during host colonization: Regulation of inter- and
intraspecific competition. J. Chem. Ecol. 1984, 10, 861-877.

Berryman, A.A.; Dennis, B.; Raffa, K.F.; Stenseth, N.C. Evolution of optimal group attack with
particular reference to bark beetles (Coleoptera: Scolytidae). Ecology 1985, 66, 898—903.
Schlyter, F.; Birgersson, G.; Leufvén, A. Inhibition of the attraction to the aggregation
pheromone by verbenone and ipsenol: Density regulation mechanisms in bark beetle Ips
typographus. J. Chem. Ecol. 1989, 15, 2263-2277.

Byers, J.A. Avoidance of competition by spruce bark beetles, Ips typographus and Pityogenes
chalcographus. Experientia 1993, 49, 272-275.

Cognato, A.L.; Seybold, S.J.; Sperling, F.A.H. Incomplete barriers to mitochondrial gene flow
between pheromone races of the North American pine engraver, Ips pini (Say) (Col., Scolytidae).
Proc. R. Soc. Lond. 1999, 266, 1843—1850.

Avise, J.C. Phylogeography: The History and Formation of Species; Harvard University Press:
Cambridge, MA, USA, 2000.

Sturgeon, K.B.; Mitton, J.B. Biochemical diversity of Pinus ponderosa Laws. and predation by
bark beetles Dendroctonus spp. (Coleoptera: Scolytidae). J. Econ. Entomol.1986, 79, 1064—1068.
Langor, D.W.; Spencer, J.R. Host effects on allozyme and morphological variation of the
mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae).
Can. Entomol. 1991, 123, 395-410.

Carter, M.C.A.; Robertson, J.L.; Haack, R.A.; Lawrence, R.K.; Hayes, J.L. Genetic relatedness
of North American populations of Tomicus piniperda (Coleoptera: Scolytidae). J. Econ. Entomol.
1996, 89, 1345—-1353.

Stauffer, C. Genetic Tools in Scolytid Research. In Bark and Wood Boring Insects in Living
Trees in Europe, a Synthesis; Lieutier, F., Day, K.R., Battisti, A., Grégoire, J.-C., Evans, H.F.,
Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2004; pp. 55-61.

Dale, V.H.; Joyce, J.A.; McNulty, S.; Neilson, R.P.; Ayres, M.P.; Flannigan, M.D.; Hanson, P.J.;
Irland, L.C.; Lugo, A.E.; Peterson, C.J.; ef al. Climate change and forest disturbances. Bioscience
2001, 517, 723-734.

Holsten, E.H.; Hennon, P.; Trummer, L.; Schultz, M. Insects and Diseases of Alaskan Forests,
Report, Alaska Region; USDA Forest Service: Washington, DC, USA, 2001.

Westfall, J.; Ebata, T. 2007 Forest Health Conditions in British Columbia, Pest Management
Report Number 15; British Columbia Ministry of Forests and Range: Victoria, BC, Canada, 2008.
Westfall, J.; Ebata, T. 2008 Forest Health Conditions in British Columbia, Pest Management
Report Number 15; British Columbia Ministry of Forests and Range: Victoria, BC, Canada, 2009.



Insects 2012, 3 467

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mock, K.E.; Bentz, B.J.; O’Neill, E.M.; Chong, J.P.; Orwin, J.; Pfrender, M.E. Landscape-scale
genetic variation in a forest outbreak species, the mountain pine beetle (Dendroctonus
ponderosae). Mol. Ecol. 2007, 16, 553—-568.

Wood, S.L. A revision of the bark beetle genus Dendroctonus Erichson (Coleoptera: Scolytidae).
Gt. Basin Nat. 1963, 23, 1-117.

Marshall, J.L.; Arnold, M.L.; Howard, D.J. Reinforcement: The road not taken. Trends Ecol.
Evol. 2002, 17, 558-563.

Wood, S.L. The Bark and Ambrosia Beetles (Coleoptera, Scolytidae) of North and Central
America, a Taxonomic Monograph; Great Basin Naturalist Memoirs No. 6; Great Basin
Naturalist: Provo, UT, USA, 1982.

Maroja, L.S.; Bogdanowicz, S.M.; Wallin, K.F.; Raffa, K.F.; Harrison, R.G. Phylogeography of
spruce beetles (Dendroctonus rufipennis Kirby) Curculionidae: Scolytinae) in North America.
Mol. Ecol. 2007, 16, 2560-2573.

Hewitt, G.M. Some genetic consequences of ice ages, and their role in divergence and speciation.
Biol. J. Lin. Soc. 1996, 58, 247-276.

Hewitt, G.M. The genetic legacy of the Quaternary ice ages. Nature 2000, 405, 907-913.
Anducho-Reyes, M.A.; Cognato, A.I.; Hayes, J.L.; Zufiiga, G. Phylogeography of the bark beetle
Dendroctonus mexicanus Hopkins (Coleoptera: Curculionidae: Scolytinae). Mol. Phyl. Evol.
2008, 49, 930-940.

Ruiz, E.A.; Hayes, J.L.; Rinehart, J.E.; Zufiiga, G. Phylogeographic analysis of the Douglas-Fir
beetle Dendroctonus pseudotsugae Hopkins (Coleoptera: Curculionidae: Scolyitnae). USDA For.
Serv. Proc. 2007, 29-32.

Ruiz, E.A.; Rinehart, J.E.; Hayes, J.L.; Zuniga, G. Effect of geographic isolation on genetic
differentiation in Dendroctonus pseudotsugae (Coleoptera: Curculionidae). Hereditas 2009, 14,
79-92.

Ruiz, E.A.; Victor, J.; Hayes, J.; Zuniga, G. Molecular and morphological analysis of
Dendroctonus pseudotsugae (Coleoptera: Curculionidae: Scolytinae): An assessment of the
taxonomic status of subspecies. Ann. Entomol. Soc. Am. 2009, 102, 982-997.

Owen, D.R.; Wood, D.L.; Parmeter, J.R. Association between Dendroctonus valens and black
stain root disease on ponderosa pine in the Sierra Nevada of California. Can. Entomol. 2005,
137,367-375.

Yan, Z.; Sun, J.; Don, O.; Zhang, Z. The red turpentine beetle, Dendroctonus valens LeConte
(Scolytidae): An exotic invasive pest of pine in China. Biod. Cons. 2005, 14, 1735-1760.
Cognato, A.L; Sun, J.-H.; Anducho-Reyes, M.A.; Owen, D.R. Genetic variation and origin of red
turpentine beetle (Dendroctonus valens LeConte) introduced to People’s Republic of China.
Agric. For. Entomol. 2005, 7, 87-94.

Cai, Y.-W.; Cheng, X.-Y.; Xu, R.-M.; Duan, D.-H.; Kirkendall, L.R. Genetic diversity and
biogeography of the red turpentine beetle Dendroctonus valens in its native and invasive regions.
Insect Sci. 2008, 15,291-301.

Thatcher, P.O. A new species of Dendroctonus from Guatemala (Scolytidae). Coleopt. Bull.
1954, 8, 3-6.



Insects 2012, 3 468

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Schrey, N.M.; Schrey A.W.; Heist, E.J.; Reeve, J.D. Fine-Scale population structure of southern
pine beetle (Coleoptera: Curculionidae) in Mississippi forests. Environ. Entomol. 2008, 37, 271-276.
Schrey, N.; Schrey A.; Heist, E.; Reeve, J. Microsatellite loci for the southern pine beetle
(Dendroctonus frontalis) and cross-species amplification in Dendroctonus. Mol. Ecol. Notes
2007, 7, 857-859.

Wermelinger, B. Ecology and management of the spruce bark beetle Ips typographus—A review
of recent research. For. Ecol. Manag. 2004, 202, 67-82.

Tollesfrud, M.M.; Kissling, R.; Gugerli, F.; Johnsen, @.; Skreppa, T.; Cheddadi, R.;
van der Knaap, W.O.; Latalowa, M.; Terhiirne-Berson, R.; Litt, T.; ef al. Genetic consequences
of glacial survival and postglacial recolonization in Norway spruce: Combined analysis of
mitochondrial DNA and fossil pollen. Mol. Ecol. 2008, 17, 4134-4150.

Sallé, A.; Arthofer, W.; Lieutier, F.; Stauffer, C.; Kerdelhué, C. Phylogeography of a host-specific
insect: Genetic structure of Ips typographus in Europe does not reflect the past fragmentation of
its host. Biol. J. Linn. Soc. 2007, 90, 239-246.

Gugerli, F.; Englisch, T.; Niklfeld, H.; Tribsch, A.; Mirek, Z.; Ronikier, M.; Zimmermann, N.E.;
Holderegger, R.; Taberlet, P.; IntraBioDiv, C. Relationships among levels of biodiversity and the
relevance of intraspecific diversity in conservation—a project synopsis. Perspect. Plant Ecol.
Evol. Syst. 2008, 10, 259-281.

Lanier, G.N.; Birch, M.C.; Schmitz, R.F.; Furniss, M.M. Pheromones of Ips pini: Variation in
response among three populations. Can. Entomol. 1972, 104, 1917-1923.

Lanier, G.N.; Burkholder, W.E. Pheromones in Speciation of Coleoptera. In Pheromones;
Birch, M.C., Ed.; North-Holland: London, UK, 1974; p. 161.

Piston, J.J.; Lanier, G.N. Pheromones of Ips pini (Coleoptera: Scolytidae): Relative attractiveness
of interpopulational hybrids and interpopulational response to males boring in two host species.
Can. Entomol. 1974, 106, 247-251.

Seybold, S.J.; Ohtsuka, T.; Wood, D.L.; Kubo, I. Enantiomeric composition of ipsdienol: A
chemotaxonomic character for North American populations of Ips spp. in the pini subgeneric
group (Coleoptera: Scolytidae). J. Chem. Ecol. 1995, 21, 995-1016.

Knizek, M.; Zahradnik, P. Mass Outbreak of Ips duplicatus Sahlberg (Coleoptera: Scolytidae).
In Proceedings of the XXth International Congress of Entomology, Firenze, Italy, 25-31 August,
1996; p. 527.

Zhang, Q.-H.; Liu, G.-T.; Schlyter, F.; Birgesson, G.; Anderson, P.; Valeur, P. Olfactory
responses of Ips duplicatus from Inner Mongolia, China to non-host leaf and bark volatiles.
J. Chem. Ecol. 2001, 27, 955-10009.

Grodzki, W. Distribution range of the double spined bark beetle Ips duplicatus C.R Sahlb
(Col.: Scolytidae) in the mountain areas of southern Poland (in Polish). Sy/wan 2003, 8, 29-36.
Schlyter, F.; Birgersson, G.; Byers, J.A.; Bakke, A. The aggregation pheromone of Ips duplicatus
and its role in competitive interactions with 1. typographus. Chemoecology 1992, 3, 103—112.
Lakatos, F.; Grodzki, W.; Zhang, Q.H.; Stauffer, C. Genetic comparison of Ips duplicatus
(Shalberg, 1836) (Coleoptera: Curculionidae, Scolytinae) populations from Europe and Asia.
J. For. Res. 2007, 12, 345-349.



Insects 2012, 3 469

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Schlyter, F.; Svensson, M.; Zhang, Q.H.; Knizek, M.; Krokene, P.; Ivarsson, P.; Birgersson, G.
A model for peak and width of signalling windows: Ips duplicatus and Chilo partellus
pheromone component proportions—does response have a wider window than production?
J. Chem. Ecol. 2001, 27, 1481-1512.

Schlyter, F.; Zhang, Q.H.; Liu, G.T.; Ji, L.Z. A successful case of pheromone mass trapping of
the bark beetle Ips duplicatus in a forest island, analysed by 20-year time-series data. Integr. Pest
Manag. Rev. 2001, 6, 185-196.

Zhang, Q.H.; Schlyter, F.; Liu, G.-T.; Sheng, M.L.; Birgesson, G. Electophysiological and
behavioral responses of Ips duplicatus to aggregation pheromone in Inner Mongolia, China:
Amitinol as a potential pheromone component. J. Chem. Ecol 2007, 33, 1303—1315.

Pfeffer, A. Zentral und Westpalaarktische Borken und Kernkafer; Pro Entomologia, c/o
Naturhistorisches Museum Basel: Basel, Swizerland, 1995.

Stauffer, C.; Kirisits, T.; Nussbaumer, C.; Pavlin, R.; Wingfield, M.J. Phylogenetic relationships
between European and Asian eight spined larch bark beetle populations (Coleoptera, Scolytidae)
inferred from DNA sequences and fungal associates. Eur. J. Entomol. 2001, 98, 99-105.
Cognato, A.L; Sun, J.H. DNA based cladograms augment the discovery of a new Ips species
from China (Coleoptera: Curculionidae: Scolytinae). Cladistics 2007, 23, 539-551.

Cognato, A.l.; Harlin, A.D.; Fisher, M.L. Genetic structure among pinyon pine beetle
populations (Scolytinae: Ips confusus). Mol. Ecol. Evol. 2003, 32, 1262—1270.

Templeton, A.R.; Boerwinkle, E.; Sing, C.F. A cladistic analysis of phenotypic associations with
haplotypes inferred from restriction endonuclease mapping: I basic theory and an analysis of
alcohol dehydrogenase activity in Drosophila. Genetics 1987, 117, 343-351.

Carle, P. Problemes Posés par les Ravageurs Xylophages des Coniferes en Foret
Mediterranéenne. Rev. Forest. Fr. 1975, 27, 283-296.

Lieutier, F.; Sauvard, D.; Brignolas, F.; Picron, V.; Yart, A.; Bastien, C.; Jay-Allemand, C.
Changes in phenolic metabolites of Scots pine phloem induced by Ophiostoma brunneo-ciliatum,
a bark beetle-associated fungus. Eur. J. For. Pathol. 1996, 26, 145-158.

Lieutier, F.; Yart, A.; Ye, H. Shoot damage by Tomicus sp. (Coleoptera: Scolytidae) and effect of
Pinus yunnanensis resistance to subsequent reproductive attacks in the stem. Agric. For.
Entomol. 2003, 5, 227-233.

Gallego, D.; Gallian, J. The internal transcribed spacers (ITS1 and ITS2) of the rdna differentiate
the bark beetle forest pests Tomicus destruens and T. piniperda. Insect Mol Biol. 2001, 10, 415—420.
Kohlmayer, B.; Riegler, M.; Wegensteiner, R.; Stauffer, C. Morphological and genetic
identification of the three pine pests of the genus Tomicus (Coleoptera, Scolytidae) in Europe.
Agric. For. Entomol. 2002, 4, 151-157.

Gallego, D.; Canovas, F.; Esteve, M.A.; Galian, J. Descriptive biogeography of Tomicus
(Coleoptera: Scolytidae) species in Spain. J. Biogeogr. 2004, 31, 2011-2024.

Duan, Y.; Kerdelhue, C.; Ye, H.; Lieutier, F. Genetic study of the forest pest Tomicus piniperda
(Col., Scolytinae) in Yunnan province (China) compared to Europe: New insights for the
systematics and evolution of the genus Tomicus. Heredity 2004, 93, 416-422.



Insects 2012, 3 470

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Faccoli, M.; Pisceda, A.; Salvato, P.; Simonato, M.; Masutti, L.; Battisti, A. Genetic structure
and phylogeography of pine shoot beetle populations (Tomicus destruens and T. piniperda,
Coleoptera Scolytidae) in Italy. Ann. For. Sci. 2005, 62, 361-368.

Kirkendall, L.R.; Faccoli, M.; Ye, H. Description of ther Yunnan shoot borer, Tomicus
yunnanensis Kirkendall & Faccoli sp. n. (Curculionidae, Scolytinae), an unusually aggressive
pine shoot beetle from southern China, with a key to the species of Tomicus. Zootaxa 2008,
1819, 25-39.

Vasconcelos, T.; Horn, A.; Lieutier, F.; Branco, M.; Kerdelhue, K. Distribution and population
genetic structure of the Mediterranean pine shoot beetle Tomicus destruens in the Iberian
Peninsula and Southern France. Agric. For. Entomol. 2006, 8, 103—111.

Horn, A.; Roux-Morabito, G.; Lieutier, F.; Kerdelhué, C. Phylogeographic structure and past
history of the circum-Mediterranean species Tomicus destruens Woll. (Coleoptera: Scolytinae).
Mol. Ecol. 2006, 15, 1603—-1615.

Ritzerow, S.; Konrad, H.; Stauffer, C. Phylogeography of the Eurasian pine shoot beetle Tomicus
piniperda (Coleptera: Scolytidae). Eur. J. Entomol. 2004, 101, 1-7.

Horn, A.; Stauffer, C.; Lieutier, F.; Kerdelhué, C. Complex postglacial history of the temperate
bark beetle Tomicus piniperda L. (Coleoptera, Scolytinae). Heredity 2009, 103, 238-247.
Cheddadi, R.; Vendramin, G.G.; Litt, T.; Francois, L.; Kageyama, M.; Lorentz, S.; Laurent, J.M.;
de Beaulieu, J.L.; Sadori, L.; Jost, A.; Lund, D. Imprints of glacial refugia in the modern genetic
diversity of Pinus sylvestris. Glob. Ecol Biogeogr. 2006, 15, 271-282.

Naydenov, K.; Senneville, S.; Beaulieu, J.; Tremblay, F.; Bousquet, J. Glacial vicariance in
Eurasia: Mitochondrial DNA evidence from Scots pine for a complex heritage involving
genetically distinct refugia at mid-northern latitudes and Asia Minor. BMC Evol. Biol. 2007, 7,
doi:10.1186/1471-2148-7-233.

Kerdelhué, C.; Magnoux, E.; Lieutier, F.; Roques, A.; Rousselet, J. Comparative population
genetic study of two oligophagous insects associated with the same hosts. Heredity 2006, 97, 38-45.
Fuhrer, E. Fortpflanzungsphysiologische unvertrdglichkeit beim kupferstecher (Pityogenes
chalcographus L.)-ein neuer ansatz zur borkenkéferbekdmptung? Forstarchiv 1976, 47, 114-117.
Fihrer. E. Studien iiber intraspezifische Inkompatibilitit bei Pityogenes chalcographus L.
(Col., Scolytidae). J. Appl. Entomol. 1977, 83, 286-297.

Fithrer, E. Rassendifferenzierung bei Pityogenes chalcographus (Col., Scolytidae). 1.
Morphologische Merkmale. J. Appl. Entomol. 1978, 86, 392—402.

Sturies, H.J.; Fuhrer, E. Rassendifferenzierung bei Pityogenes chalcographus L.
(Col., Scolytidae). II. Partnerdiskriminierung bei der Paarung. A/lg. Forst- Jagdz. 1979, 150, 99-101.
Avtzis, D.N.; Arthofer, W.; Stauffer, C. Sympatric occurrence of diverged mtDNA lineages of
Pityogenes chalcographus (Coleoptera, Scolytinae) in Europe. Biol. J. Linn. Soc. 2008, 94, 331-340.
Bertheau, C.; Bankhead-Dronnet, S.; Martin, C.; Lieutier, F.; Roux-Morabito, G. Lack of genetic
diversity after host range expansion argues for the generalist nature of Pityogenes chalcographus
(Curculionidae: Scolytinae). Ann. For. Sci. 2011, 69, 313-323.

Avtzis, D.N.; Knizek, M.; Helrigl, K.; Stauffer, C. Polygraphus grandiclava collected from pine
and cherry trees: A phylogenetic analysis. Eur. J. Entomol. 2008, 105, 789-792.

Avise, J.C. Phylogeography: Retrospect and prospect. J. Biogeogr. 2009, 36, 3—15.



Insects 2012, 3 471

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Hickerson, M.J.; Carstens, B.C.; Cavender-Bares, J.; Crandall, K.A.; Graham, C.H.;
Johnson, J.B.; Rissler, L.; Victoriano, P.F.; Yoder, A.D. Phylogeography’s past, present, and
future: 10 years after Avise, 2000. Mol. Phyl. Evol. 2010, 54, 291-301.

Zhang, D.X.; Hewitt, G.M. Nuclear integrations: Challenges for mitochondrial DNA markers.
Trends Ecol. Evol. 1996, 11, 247-251.

Hurst, G.D.D.; Jiggins, F.M. Problems with mitochondrial DNA as a marker in population,
phylogeographic and phylogenetic studies: The effects of inherited symbionts. Proc. R. Soc.
Lond. 2005, 272, 1525—-1534.

Saville, B.J.; Kohli, Y.; Anderson, J.B. mtDNA recombination in a natural population.
Proc. Natl. Acad. Sci. USA 1998, 95, 1331-1335.

Rokas, A.; Ladoukakis, E.; Zouros, E. Animal mitochondrial DNA recombination revisited.
Trends Ecol. Evol. 2003, 18, 411-417.

Lansman, R.A.; Avise, J.C.; Huettel, M.D. Critical experimental test of the possibility of
“paternal leakage” of mitochondrial DNA. Proc. Nat. Acad. Sci. USA 1983, 80, 1969—-1971.
Kvist, L.; Martens, J.; Nazarenko, A.; Orell, M. Paternal leakage of mtDNA in the great tit
(Parus major). Mol. Biol. Evol. 2003, 20, 243-247.

Bertheau, C.; Schuler, H.; Krumbock, S.; Arthofer, W.; Stauffer, C. Hit or miss in
phylogeographic analyses: The case of the cryptic NUMTs. Mol. Ecol. Res. 2011, 11, 1056—1059.
Cai, Y.; Cheng, X.Y.; Duan, D.H.; Xu, R.M. Mitochondrial COI gene transfers to the nuclear
genome of Dendroctonus valens and its implications. J. Appl. Entomol. 2011, 235, 302-310.
Bensasson, D.; Zhang, D.X.; Hartl, D.L.; Hewitt, G.M. Mitochondrial pseudogenes: Evolution’s
misplaced witnesses. Trends Ecol. Evol. 2001, 16, 314-321.

Bensasson, D.; Feldman, M.W.; Petrov, D.A. Rates of DNA duplication and mitochondrial DNA
insertion in the human genome. J. Mol. Evol. 2003, 57, 343-354.

Song, H.; Buhay, J.E.; Whiting, M.F.; Crandall, K.A. Many species in one: DNA barcoding
overestimates the number of species when nuclear mitochondrial pseudogenes are coamplified.
Proc. Natl. Acad. Sci. USA 2008, 105, 13486—-13491.

Arthofer, W.; Avtzis, D.N.; Riegler, M.; Stauffer, C. Mitochondrial phylogenies in the light of
pseudogenes and Wolbachia: Re-assessment of a bark beetle dataset. Zootaxa 2010, 56, 269-280.
Werren, J.H.; Windsor, D.M. Wolbachia infection frequencies in insects: Evidence of a global
equilibrium. Proc. R. Soc. Lond. 2000, 267, 1277-1285.

Hilgenbocker, K.; Hammerstein, P.; Schlattmann, P.; Telschow, A.; Werren, J.H. How many
species are infected with Wolbachia?—a statistical analysis of current data. FEMS Microbiol. Lett.
2008, 281, 215-220.

Arthofer, W.; Avtzis, D.N.; Riegler, M.; Stauffer, C. Low titre infection of mitochondrial defined
European Pityogenes chalcographus (Coleoptera, Scolytinae) populations. Environ. Microbiol.
2009, /1, 1923-1933.

Stauffer, C.; Lakatos, F.; Hewitt, G. Phylogenetic relationships of the bark beetle species of the
genus Ips DeGeer. Insect Mol. Biol. 1997, 6, 233-240.

Zchori-Fein, E.; Borad, C.; Harari, A.R. Oogenesis in the date stone beetle, Coccotrypes
dactyliperda, depends on symbiotic bacteria. Physiol. Entomol. 2006, 31, 164—169.



Insects 2012, 3 472

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Peer, K.; Taborsky, M. Outbreeding depression, but no inbreeding depression in haplodiploid
ambrosia beetles with regular sibling mating. Evolution 2005, 59, 317-323.

Kawasaki, Y.; Ito, M.; Miura, K.; Kajimura, H. Superinfection of five Wolbachia in the
Alnus ambrosia beetle, Xylosandrus germanus (Blandford) (Coleoptera: Curuculionidae).
Bull. Entomol. Res. 2010, 100, 231-239.

Vega, F.E.; Benavides, P.; Stuart, J.A.; O’Neill, S. Wolbachia Infection in the Coffee Berry
Borer (Coleoptera: Scolytidae). Ann. Entomol. Soc. Am. 2002, 95, 374-378.

Greenstone, M.H. Molecular methods for assessing insect parasitism. Bull. Entomol. Res. 2006,
96, 1-13.

Werren, J.H.; Baldo, L.; Clark, M.E. Wolbachia: Master manipulators of invertebrate biology.
Nat. Rev. Microbiol. 2008, 6, 741-751.

Burford, M.W.; Wayne, R.K. Microsatellite and their application to population genetic studies.
Curr. Opin. Genet. Dev. 1993, 3, 939-943.

Bowcock, A.M.; Ruiz-Linares, A.; Tomfohrde, J.; Minch, E.; Kidd, J.R.; Cavalli-Sforza, L.L.
High resolution of human evolutionary trees with polymorphic microsatellites. Nature 1994, 368,
455-457.

Arthofer, W.; Schlick-Steiner, B.C.; Steiner, F.M.; Avtzis, D.N.; Crozier, R.H.; Stauffer, C.
Lessons from a beetle and an ant: Coping with taxon-dependent differences in microsatellite
development success. J. Mol. Evol. 2007, 65, 304-307.

Sallé, A.; Kerdelhué, C.; Breton, M.; Lieutier, F. Characterization of microsatellite loci in the
spruce bark beetle Ips typographus (Coleoptera: Scolytinae). Mol. Ecol. Notes 2003, 3, 336-337.

Stoeckle, B.C.; Kuehn, R. Identification of 18 polymorphic microsatellite loci in the spruce bark
beetle Ips typographus (Coleoptera: Scolytidae) using high-throughput sequence data. Eur. J.
Entomol. 2011, 108, 169—171.

Gilad, Y.; Pritchard, J.K.; Thornton, K. Characterizing natural variation using next generation
sequencing technologies. Trends Genet. 2009, 25, 463-471.

Ekblom, R.; Galindo, J. Applications of next generation sequencing in molecular ecology of
non-model organisms. Heredity 2011, 107, 1-15.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



