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Abstract

Aim: The Rosalia longicorn ( ) is an internationally protected icon ofRosalia alpina

biodiversity associated with old trees and dead wood. Although the beetle regu-

larly exploits several hosts, its preferred host is European beechmarginal main

( s.l.). Moreover, the geographical ranges of and beechFagus sylvatica R. alpina

closely overlap. To assess whether their spatial association is mirrored in the

genetic patterns of both species, we investigated the phylogeography of Rosalia

alpina over its entire geographical range and compared it with the known genetic

patterns of its hosts.

Location: Europe and western Asia.

Methods: Using both mitochondrial (COI) and nuclear (14 microsatellite loci)

markers, we analysed 148 (444, respectively) individuals from 31 (30, respec-

tively) sites. We constructed a Bayesian Inference tree and a haplotype network,

calculated the spatial analysis of molecular variance and assessed the population

structure of our dataset using two Bayesian clustering methods (STRUCTURE

and BAPS).

Results: Mitochondrial markers suggested existence of five clades in popu-R. alpina

lations. Two of them were endemic to the Italian mainland, one to Sicily, and

another to southern Turkey. The remaining clade probably originated in the Balkans

and colonized the rest of the species range. Nuclear markers supported this divi-’

sion. They also suggested two main recolonization routes from the Balkans; one

heading north and then both west and east, the second expanding eastwards as far

as the Caucasus. The observed genetic patterns were largely congruent with those

of European beech.

Main conclusions: The results of both markers were mostly congruent, suggesting

at least four potential refugia for located in the southernmost parts of itsR. alpina

geographical range. Its populations from a large part of Europe and western Asia,

however, were genetically poor, dominated by a single haplotype. Phylogeographies

of the beetle and its host seem to be tightly matched, reflecting their commonmain

history.
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1 | INTRODUCTION

Host specific organisms, such as many parasites, symbionts, or phy-‐

tophages, are forced to react to environmental changes within the

frame set by their hosts (Ahern, Hawthorne, & Raupp, 2009;

Nieberding, Morand, Libois, & Michaux, 2004). If the relationship

between a specialist and its host is long term, the population genetic‐

structure of the specialist should be strongly influenced by its host,

likely mirroring its phylogeographical structure. Numerous studies

have already documented this relationship for host parasite systems‐

(Blouin, Yowell, Courtney, & Dame, 1995; Nadler, 1995; Nieberding

& Morand, 2006), but comparative studies investigating the role of

the host in shaping phytophage phylogeographical structures are still

rather rare (but see Avtzis, Bertheau, & Stauffer, 2012).

This is particularly regrettable as phytophages are among the

most diverse and ecologically important organisms in terrestrial sys-

tems (Hamilton et al., 2013). In this group, insects are by far the

most numerous herbivores, and are often highly specialized (Novotny

et al., 2010). Evolution of insect herbivore diet breadth has therefore

received substantial attention (reviewed in Jaenike, 1990). Ecological

monophagy is a specific type of specialization where local popula-

tions are highly host specific, but the species as a whole exploits dif-‐

ferent hosts over its range (Fox & Morrow, 1981; Scriber, 1986).

This phenomenon is surprisingly common among insects (e.g., Jermy

& Szentesi, 2003; Scriber, Allen, & Walker, 2006). Some suggestions

to explain the occurrence of locally narrowed host use include strong

ecological selection, natural enemies (Murphy, 2004), and the

absence of host plant species used elsewhere (Scriber, 1986).–

The Rosalia longicorn (Rosalia alpina; Linnaeus, 1758) is a xylopha-

gous beetle that represents a specific example of ecological mono-

phagy. It is able to exploit a wide range of distantly related hosts

(e.g., Cizek, Schlaghamersky, Borucky, Hauck, & Helesic, 2009), but it

is mainly associated with just one, European beech ( spp.). ThisFagus

host is preferred whenever present, although many populations also

exploit hosts including maple ( spp.), ash ( spp.),marginal Acer Fraxinus

lime ( spp.), and elm ( spp.). In the absence of the host,Tilia Ulmus main

R. alpina marginalpopulations are able to survive solely on the hosts

(Cizek et al., 2009; Picard, 1929; Shapovalov, 2012). Development of

the beetle has also been recorded in a wide range of hosts,occasional

including e.g., hornbeam ( spp.), horse chestnut (Carpinus Aesculus hip-

pocastanum Junglans), and walnut ( spp.) (Hovorka, 2011; Merkl,

Hegyessy, & Kovács, 1996). The and hosts includemain marginal

members of Fagales, Sapindales, Lamiales, Rosales, and Malvales

(Apg, 2009). s host range thus encompasses trees asRosalia alpina'

phylogenetically distant as possible for a beetle developing in the

wood of broad leaved trees in Europe and western Asia.‐

Despite the wide use of different host species, the distribution of

R. alpina main Fagus sylvaticaclosely overlaps with the host, s.l. (i.e.,

the complex of the European beech s.str. L. and the Orien-F. sylvatica

tal beech .F orientalis Lipsky; Greuter & Burdet, 1981). Within the geo-

graphical range of beech, the beetle is absent from Great Britain and

most of NW Europe; it has recently disappeared from Scandinavia,

most of Germany, Poland, and the Czech Republic (Lindhe, Jeppsson,

& Ehnström, 2011; Michalcewicz & Ciach, 2015). Several lowland pop-

ulations inhabit forests where beech is locally absent (Drag et al.,

2015). Outside the beech range, the beetle is known from the Urals

and several sites along major rivers of E Europe (Shapovalov, 2012).

In this study, we examined whether the close association

between and beech is reflected in similar genetic patternsR. alpina

of both species. To do this, we studied the geographical pattern of

genetic variation in over its entire geographical range. UsingR. alpina

both mitochondrial (cytochrome c oxidase subunit I) and nuclear (14

microsatellite loci) markers, we analysed 148 (444, respectively) indi-

viduals from 31 (30, respectively) localities across Europe and west-

ern Asia. Furthermore, we compared the phylogeographic structure

and demographical history of to patterns of known geneticR. alpina

variation for its and host species.main marginal

2 | MATERIALS AND METHODS

2.1 | Sampling

Previously published data from Central and South eastern Europe‐

(Drag et al., 2015) were supplemented by data from new populations

originating from various parts of the species range in Europe (Alps,’

Pyrenees, Italy) and western Asia (Urals, Caucasus). We also included

one population that is considered a separate subspecies, Rosalia

alpina syriaca (Pic, 1894), from the Hatay province in southern Tur-

key (for more details see Table 1). In total, beetles were sampled

from 31 localities across most of the geographical range of .R. alpina

Part of a middle leg from all sampled specimens was taken in the

field and stored in vials containing 96% ethanol for molecular analy-

ses. Genomic DNA was extracted from the sampled tissue using the

Genomic DNA Mini Kit Tissue (Geneaid Biotech Ltd., Taiwan) follow-

ing the manufacturer s instructions.'

2.2 | COI

2.2.1 | Amplification, sequencing, and alignment

A partial (766 bp) fragment of the mitochondrial gene cytochrome c

oxidase subunit I (COI) was amplified and sequenced for 68
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individuals of Together with 80 COI sequences previouslyR. alpina.

published in Drag et al. (2015), we analysed 148 sequences from 31

localities across Europe and western Asia. As outgroups, we used

one individual of (Semenov, 1911) and one individualRosalia coelestis

of (Brogn, 1890). We used universal forward andRosalia lameerei

reverse primers (Appendix S1 in Supporting Information). Sequencing

was performed by Macrogen Inc. The sequences from each individ-

ual were edited and aligned (MUSCLE, default settings) in GENEIOUS,

6.1.6 (Biomatters).

2.2.2 | Phylogenetic analysis

Phylogenetic relationships among individual haplotypes were recon-

structed using Bayesian Inference analysis (BI) in BEAST 1.8.4 (Drum-

mond, Suchard, Xie, & Rambaut, 2012) and Maximum Likelihood

analysis (ML) in PHYML 3.1 (Guindon & Gascuel, 2003). The GTR G+

model was identified as the best fitting model by the J ODEL ESTM T

2.1.7 (Darriba, Taboada, Doallo, & Posada, 2012) using the Akaike

information criterion (AIC). For the BI analysis we used the strict

TABLE 1 Sampled populations of the Rosalia longicorn ( ) including information about their host tree, GPS coordinates, and theRosalia alpina

number of individuals analysed for cytochrome c oxidase I (COI) and 14 nuclear microsatellite loci. In total, 148 individuals from 31 sites were

analysed for COI. For microsatellites, 444 individuals from 30 sites were grouped to 25 populations

Country Locality Code Host tree Latitude Longitude

Number of individuals

analysed

COI Microsatellites

Albania Deje Mts AL1 FS 41.7094 20.158686 1 0

Austria Kalkalpen AT1 FS 47.805571 13.950015 5 20

Bulgaria Stara planina II BG1 FS 42.784421 23.790154 5 20

Bulgaria Strandja BG2 FO 42.08869 27.750227 5 20

Croatia Lonsko Polje HR1 FS 45.196004 17.128523 5 18

Czech R Bezdez CZ1 FA 50.539185 14.720318 5 20

France Marais Poitevin FR1 FE 46.301939 0.604017 4 20‐ −

France Rhone Alpes FR2 FS, APs 44.953561 5.268031 4 20

France Ferrette FR3 FS 47.449193 7.325025 5 15

Georgia Lagodekhi GE1 FO 41.848 542 46.301536 8 20 A

Georgia Kvetera GE2 FO 42.056 733 45.098442 1 1 A

Georgia Omalo GE3 FO 42.242 475 45.495175 1 1 A

Greece Olymp GR1 FS 40.108456 22.460764 5 20

Greece Pindos GR2 FS 39.959 741 20.906086 6 16

Greece Vermio GR3 FS 40.589685 22.042605 5 7

Greece Rhodope GR4 FS 40.921661 24.189622 5 20

Greece Evros GR5 FS 41.109798 25.962128 5 9

Hungary Borzsony HU1 FS 47.917 322 18.977368 5 20

Italy Livata IT1 FS 41.922 908 13.174433 5 7 B

Italy Abruzzo IT2 FS 41.798529 13.770105 4 5 B

Italy Alumiere IT3 FS 42.151 168 11.90679 3 3 B

Italy Sicily IT4 FS 37.957 662 15.044074 7 27

Romania Comana forest RO1 AC, T, F 44.15751 26.100216 5 18

Romania Apuseni RO2 FS 46.461244 23.374803 5 20

Russia Urals RU1 APl, UG 52.555806 56.165222 8 21

Serbia Stara planina I SR1 FS 44.173172 22.123664 5 9

Slovakia Vihorlat SK1 FS 48.886894 22.242261 5 20

Spain Aralar ES1 FS 42.984417 2.12885 7 17−
C

Spain San Sebastian ES2 FS 43.24897 1.821457 1 1−
C

Turkey Hatay TR1 FO 36.840639 36.36629 6 21

Crimea Crimea CR1 FO 44.74788 34.333431 7 8

A,B,C in microsat ellites populations from Georgia (A), Italy (B), and Spain (C) were merged togethe r as GE1 3, IT1 3, and ES1 2; FS: ; FO:‐ ‐ ‐ Fagus sylvatica

Fagus orientalis Acer camp estre Acer pseudoplatanus Acer platanoi des Ulmus glabra Fraxinus angustif olia Fraxinus excelsior; AC: ; APs: ; APl: ; UG: ; FA: ; FE: ; F :

Fraxinus Tiliasp.; T: sp.
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molecular clock model and for tree prior the coalescent model with

constant size. The analyses were performed with several indepen-

dent runs for 10 million generations with trees sampled every 3,000

generations. The analyses were run at the freely available The

CIPRES Science GATEWAY 3.3 (www.phylo.org). Runs were checked

for convergence diagnostics with TRACER 1.8 (Rambaut, Drummond,

Xie, Baele, & Suchard, 2018). Four well converged runs were com-‐

bined in LOG OMBINERC 1.8 with a burn in of 10% for each of the data‐

partition schemes. The final tree was produced from these data with

TREE NOTATORA 1.8.

In the ML analysis, the tree searches were performed with the

NNIs search option and a parsimony initial tree. Branch support for

the resulting tree was evaluated by the nonparametric bootstrap

method with 1,000 replicates. The final phylogenetic tree was visual-

ized in FIG REET 1.4.2 (Rambaut, 2014).

A haplotype network was produced using the statistical

parsimony method (95% connection limit) implemented in TCS, 1.21

(Clement, Posada, & Crandall, 2000).

2.2.3 | Genetic diversity and differentiation

Standard genetic indices such as the number of haplotypes ( ), theH

haplotype ( ) and nucleotide ( ) diversities, and the number of poly-h π

morphic sites ( ) were computed for each clade, as well as for bothP

subclades within the clade C5 (see below) using DNASP, 5.10

(Librado & Rozas, 2009). Divergence, expressed as the uncorrected

p distance, within and among clades and two outgroups was mea-‐

sured in MEGA, 6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013).

A spatial analysis of molecular variance (SAMOVA; Dupanloup, Sch-

neider, & Excoffier, 2002) was used to investigate the geographical

structure of studied populations. SAMOVA 1.0 (Dupanloup et al., 2002)

was run for K = 2–15 with 1,000 permutations from 100 initial con-

ditions. To examine signs of past population size changes, we calcu-

lated two commonly used indices for each clade as well as for both

subclades within the clade C5 in ARLEQUIN 3.5.1.3 (Excoffier & Lis-

cher, 2010): Tajima s (Tajima, 1989) and Fu s' D ' FS (Fu, 1997). The

significance of both values was tested by 10,000 permutations.

According to Tajima (1989) and Fu (1997), andD FS indices are sen-

sitive to population demographical expansion, which normally leads

to significantly negative values.

2.3 | Microsatellites

2.3.1 | Amplification

Microsatellite analyses comprised a total of 444 individuals, geno-

typed for 14 polymorphic loci. Eight loci were previously used in

Drag et al. (2015). The additional six loci were newly developed for

this species using the same method and PCR protocol as described

in Drag, Zima, and Cizek (2013) (Appendix S2). All 444 individuals

were collected from the same populations as the individuals used for

COI analyses, except for one individual from the AL1 population.

Unlike COI, some geographically close sampling localities had to be

merged to one population for the microsatellite analyses in order to

maintain sufficient sample sizes resulting in 25 populations (Table 1).

PCR products were analysed with the automated sequencer ABI

3730XL (Applied Biosystems, USA) by Macrogen Inc., Korea. Allelic

patterns were scored using GENEMAPPER, 3.7 (Applied Biosystems).

2.3.2 | Loci characteristics and genetic diversity

The occurrence of null alleles was investigated by FreeNA (Chapuis

& Estoup, 2007). For each population, we calculated the number of

alleles (N A), the number of effective alleles (NE), the number of poly-

morphic loci ( ), observed (P HO) and expected (HE) heterozygosity,

and the number of private alleles (NPA) using ALE , 6.5 (Peakall &GEN X

Smouse, 2012). Linkage disequilibrium (LD) between all pairs of loci,

as well as the Hardy Weinberg equilibrium (HWE) across loci and–

populations were tested with GENEPOP, 4.1.3 (Rousset, 2008) using

default settings.

2.3.3 | Population structure

The population structure of our dataset was assessed using two

Bayesian clustering methods. STRUCTURE 2.3.4 (Pritchard, Stephens, &

Donnelly, 2000) attempts to minimize departures from HWE and LD,

while BAPS 6.0 (Corander & Marttinen, 2006) seeks genetically homo-

geneous clusters employing information on geographic coordinates

of individuals. In both programs, the single outlying population from

Hatay was excluded from the analysis because of its remote genetic

and geographic position (for more information, see COI results). First,

STRUCTURE (assuming an admixture model and correlated allele fre-

quencies) was run for values of ranging from 1 to 15 withK

100,000 burn in and 1,000,000 Markov chain Monte Carlo (MCMC)‐

steps with 10 replicates for each . Each resulting value of ln ( | )K P D K

was plotted against and the best value of was chosen to corre-K K

spond to the point at which the curve plateaus. The best valueK

was also chosen according to Evanno, Regnaut, and Goudet (2005),

using STRUCTURE HARVESTER Web 0.6.94 (Earl & vonHoldt, 2012). The

results obtained for a given were then processed with the GreedyK

algorithm in CLUMPP 1.1.2 (Jakobsson & Rosenberg, 2007) and visual-

ized as barplots in DISTRUCT 1.1 (Rosenberg, 2004). Results for K = 5

that seemed to be the most informative were used to generate pie

charts, illustrating the geographical structure of each population.

Since it is recommended to use different Bayesian clustering

approaches (e.g., Pearse & Crandall, 2004), we also used BAPS to

infer the population structure with the inclusion of spatial data. We

ran BAPS for 100 runs, assuming the spatial clustering models with

fixed (fixed clustering) ranging from 2 to 15.K ‐K

2.3.4 | Genetic differentiation

To construct a phylogenetic tree of populations, we performed an

evolutionary analysis of allele frequencies using the neighbour join-‐

ing (NJ) method as implemented in POPTREE2 (Takezaki, Nei, &

Tamura, 2010). As a genetic measure, we used the DA distance
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values (Nei & Chesser, 1983) that appear to be more suitable for

microsatellite data than other distance measures (Takezaki & Nei,

2008). As three loci (RA_08, RA_40 and RA_37) had missing data for

all individuals within one population (see results), they were excluded

from this analysis, thus leaving eleven loci. Finally, we edited the

constructed NJ tree in MEGA, 6 (Tamura et al., 2013).

Gene flow among populations was estimated as pairwise FST val-

ues calculated in ARLEQUIN, 3.5.1.3 (Excoffier & Lischer, 2010). The

significance of the derived genetic distances was tested by 10,000

permutations.

3 | RESULTS

3.1 | COI

3.1.1 | Phylogenetic analysis

We identified 37 different haplotypes based on 148 sequences of

the 766 bp fragment of the mitochondrial gene COI (Appendix S3).

Both phylogenetic analyses, Bayesian Inference (Figures 1a and 2)

and Maximum Likelihood (Appendix S4) revealed five clades (C1, C2,

C3, C4, C5), which corresponds with the results gained from the sta-

tistical parsimony analysis (Figure 1b). The strongly differentiated

clade C1 was formed by the six individuals from the Hatay province

in southern Turkey (TR1). Clade C2, also markedly different from all

other clades, consisted of a single individual sampled in the Abruzzo

region in Italy (IT2). Clade C3 included all individuals from Sicily (IT4)

while clade C4 grouped all individuals from mainland Italy (IT1, IT2,

IT3). Clade C5 included all remaining individuals. This geographically

widely distributed and haplotypically heterogeneous clade C5 was

subdivided in two subclades. The heterogeneous subclade C5a con-

tained mostly individuals from the three western and central Greek

populations (GR1, GR2, GR3) and from Albania (AL1), whose haplo-

types were separated by three or more mutations from the central

haplotype HT_1; the genetically poor but geographically differenti-

ated subclade C5b embraced remaining individuals carrying the hap-

lotypes differentiated by one or two mutations from HT_1

(Figure 1b). The division of the C5 clade was thus admittedly arbi-

trary in order to allow for distinguishing the genetically rich popula-

tions of the SW Balkans from the rest of the clade.

3.1.2 | Genetic diversity and differentiation

Overall haplotype diversity ( ) was 0.687 and nucleotide diversity ( )h π

was 0.0061 (Table 2). Subclade C5b, represented by 109 individuals

distributed over a substantial part of the species range, had a com-’

paratively low number of haplotypes (16). Also its haplotype

( = 0.429) and nucleotide ( = 0.00071) diversity were the lowesth π

of all clades represented by more than one individual. By contrast,

C5a was the most diverse clade, despite being restricted to western

and central Greece and Albania. The 14 individuals sampled repre-

sented eleven haplotypes and had the highest diversity indices of all

clades ( = 0.967, = 0.00374).h π

The proportion of sequence differences (p distance) among the‐

clades ranged from 0.009 (between C4 and C5) to 0.03 (between C1

and C5) (Table 3). The percentage of differences between the basal

Hatay population (C1) and all other clades were always about 3%.

The genetic divergence between and other species of theR. alpina

same subgenus ( . , . ) was 10% and 14%.R lameerei R coelestis

Congruent results were obtained from the spatial analysis of

molecular variance (SAMOVA; Appendix S5). The highest FCT value

(0.8614, 0.05) was recorded for the division into two clustersp <

( = 2), which separated clade C1 from all other populations. Never-K

theless, a similar FCT value was recorded for = 6 (0.8613,K

p K p< 0.01) closely followed by = 8 (0.8603, < 0.01). Calculated

for each clade, Tajima s and Fu s' D ' FS had significantly negative val-

ues only for clade C5. Concerning the subclades within C5, C5b had

a significant negative value for both parameters, while C5a had sig-

nificant value only for Fu s' FS, but not for Tajima s (Table 2).' D

3.2 | Microsatellites

3.2.1 | Loci characteristics and genetic diversity

In total, 444 individuals from 25 populations were genotyped for 14

microsatellite loci. All analysed loci were polymorphic with the total

number of alleles per locus ranging from 3 to 16 (mean 7.1 ± 4.2).

Some loci could not be genotyped for some populations (locus

RA_08 and RA_40 for Hatay; RA_37 for the Urals), probably due to

long term isolation resulting in the changes of the primer sequences.‐

The overall occurrence of null alleles was low, and the mean esti-

mated frequency per locus across all populations never exceeded

10% (except for RA_15, with 16.5%). No linkage disequilibrium was

found between any pairs of loci for each population after Bonferroni

correction for multiple tests. Five loci (RA_08, RA_15, RA_40,

RA_37, and RA_28) deviated from HWE in at least one population

(after Bonferroni correction),) probably as a consequence of the vio-

lation of some assumptions (Frankham, Ballou, & Briscoe, 2010).

The mean number of alleles per locus and population ranged

from 1.4 in CR1 to 4.1 in GR1 and GR2 (Appendix S6). These values

corresponded with the ones for the expected heterozygosity (HE),

with the lowest in CR1 (0.095) and the highest in GR1 (0.455) and

GR2 (0.523). The HE values also significantly correlated with both

mitochondrial diversity indices (haplotype diversity: R2 = 0.243,

p R< 0.05; nucleotide diversity: 2 = 0.330, 0.005). Private allelesp <

were recorded for thirteen populations, with the highest number in

GR2 and TR1 (four private alleles each).

3.2.2 | Population structure

According to the best number of clusters in (excludingΔK, STRUCTURE

the Hatay population) was two ( = 2, but see Janes et al., 2017)K

(Appendix S7A). Such division separated Italy (IT1 3), including Sicily‐

(IT4), from all other populations, and the three Greek populations

(GR1, GR2 and GR3) had an intermediate assignment (Figure 3a). For

K = 3, these Greek populations were assigned as an independent
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cluster as well as the Italian ones. This division was also obtained for

all subsequent s. The third group, represented by the rest of theK

analysed populations, largely remained homogeneous only until

K K= 4. For = 5, it was divided into a more eastern and a more

western lineage meeting in the Carpathians. These two lineages,

however, were not well separated geographically and the Carpathian

F IGURE 1 (a) Bayesian Inference tree ( ; Drummond et al., 2012) of Rosalia longicorn ( ) based on mitochondrialBEAST Rosalia alpina

cytochrome c oxidase I (COI) sequence data. and were used as outgroups. The scale bar represents 1.6% ofRosalia coelestis R. lameerei

pairwise divergence. The five identified clades are marked with different colours. Clade C5 was further divided into two subclades (C5a and

C5b). The posterior probabilities are shown for each branch. Branch lengths of some groups were shortened (values in the brackets). (b) Three

haplotype networks constructed using the statistical parsimony method (TCS; Clement et al., 2000) with 95% connection limit. Each haplotype

is represented by a circle whose size is proportional to the haplotype frequency. Small black circles indicate missing haplotypes necessary to

link all observed haplotypes to the network [Colour figure can be viewed at wileyonlinelibrary.com]
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populations represented a mixture of both. Further phylogeographi-

cal structures were unravelled with increasing . For example, theK

Urals (RU1), as the most distant population, represented a separate

cluster for 5. Unexpectedly, the Crimea (CR1) population clus-K ≥

tered together with populations in the Pyrenees (ES1 2) and the‐

western Alps (FR2) for 6. However, this grouping might be anK ≥

artefact, due to the limited number of individuals from Crimea. At

K = 7, the population from the Caucasus (GE1 3) and a substantial‐

number of individuals from eastern Bulgaria (BG2) also indicated a

separate group.

BAPS detected = 10 as the best supported. Nevertheless, weK

also performed analyses for smaller s to detect gradual clusteringK

and to compare these results with those from STRUCTURE

(Appendix S8). Generally, the results obtained from BAPS were

mostly in accordance with the STRUCTURE assignments. Most clus-

ters suggested for any given included the same populations inK

both analyses, with the exception that BAPS analysis split the Italian

and Sicilian populations into two separate clusters for 5.K ≥

3.2.3 | Genetic differentiation

A neighbour‐joining (NJ) tree, based on DA distances between all

populations (Figure 4), was similar to the Bayesian Inference tree

based on COI sequences. Correspondingly, the NJ tree showed the

same main clades (i.e. C1, C3, C4, C5; the C2 mtDNA clade was rep-

resented by a single individual and, therefore, was combined with

C4 in this analysis), although relationships between clades were

F IGURE 2 Geographical distribution of

five clades (with two subclades of clade

C5) across 31 sampled populations (full

names are listed in Table 1) of Rosalia

longicorn ( ) based on COIRosalia alpina

sequences. Colours correspond with

Figure 1a,b. The circle sizes are

proportional to the number of individuals

from each population. The green colour in

the background represents the distribution

range of [Colour figure can beR. alpina

viewed at wileyonlinelibrary.com]

TABLE 2 Genetic diversity indices of Rosalia longicorn (Rosalia

alpina) calculated for each clade and both subclades within C5.

Results derived from cytochrome c oxidase I (COI)

Clade N H h π P D FTajima s' Fu s' S

C1 6 2 0.533 0.00209 3 1.124 2.506

C2 1 1 — — — — —

C3 7 4 0.81 0.00385 7 0.173 0.627

C4 11 3 0.564 0.0009 2 0.036 0.113−

C5 123 27 0.552 0.00179 26 2.094* 26.755*− −

C5a 14 11 0.967 0.00374 12 0.956 6.598*− −

C5b 109 16 0.429 0.00071 15 2.214* 19.179*− −

Note. N H: number of individuals within each clade; : number of haplo-

types; : haplotype diversity; : nucleotide diversity; : number of poly-h π P

morphic sites.

* 0.01.p <

TABLE 3 Estimates of genetic divergences within and between five clades of Rosalia longicorn ( ) and its two outgroupsRosalia alpina

( and ). Results derived from mitochondrial cytochrome c oxidase I (COI)R. coelestis R. lameerei

Clade Within clade

Between clades

C1 C2 C3 C4 C5 R. coelestis

C1 0.0021

C2 n.c. 0.023

C3 0.0039 0.029 0.024

C4 0.0009 0.028 0.023 0.010

C5 0.0018 0.030 0.025 0.012 0.009

R. coelestis n.c. 0.108 0.102 0.102 0.100 0.102

R. lameerei n.c. 0.144 0.142 0.141 0.140 0.145 0.146

Note. n.c.: the clade C2 and two outgroups were represented by a single individual, hence genetic divergence within the clade could not be calcula ted.
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slightly distinct. In agreement with the mtDNA BI tree, the nuclear

tree also showed that populations from western and central Greece

(i.e. C5a) were not monophyletic and that the populations from

north eastern Greece (GR4, GR5) were closely related to the popula-‐

tions occupying large parts of the species distribution (C5b).’

The pairwise FST values indicated a large range of genetic differ-

entiation, from values close to zero to 0.79 (between the popula-

tions in Crimea and Sicily) (Appendix S9). In general, the lowest FST

values were found between many populations within the clade C5b,

and the highest values were present between Hatay (TR1), Sicily

(IT4) and mainland Italy (IT1 3) [on one side], and any of the other‐

populations [on the other side].

4 | DISCUSSION

We present a new phylogeographical reconstruction for the Rosalia

longicorn (Rosalia alpina) across its geographical range. Information

about the genetic structure of both the beetle and its main host, the

European beech (Fagus sylvatica s.l.), allowed us to make a direct com-

parison of their phylogeographical patterns and infer conclusions regard-

ing their common history. To our knowledge, this is the first such study

of an invertebrate species restricted to European broad‐leaved forests.

4.1 | Rosalia alpina phylogeography

The mtDNA based clade C1 formed by the Hatay population from‐

southern Turkey (TR1) is well supported, and together with C2 is the‐

most basal. There is no indication of recent gene flow between the

Hatay population and other populations. However, the genetic dis-

tance of the Hatay population to other clades (p distance ~3%) was‐

lower than is usually considered for a species limit among

taxonomically or ecologically related taxa (Audisio et al., 2009; Naka-

mine & Takeda, 2008; Solano et al., 2013). The average genetic dis-

tance between and other species from the same subgenusR. alpina

( . , . ) used as outgroups ranged from 10% to 14%.R lameerei R coelestis

The small enclave in southern Turkey therefore represents a highly

differentiated, most likely endemic, group of associatedR. alpina

with . The high degree of differentiation has probablyFagus orientalis

accumulated due to long term isolation over several glacial intergla-‐ ‐

cial cycles and well justifies its subspecific status as .R. alpina syriaca

The mtDNA and nuclear microsatellite analyses clearly distin-

guished the Italian populations (including Sicily) from the rest of Eur-

ope, implying that neither of the studied populations was involved in

postglacial colonization of Europe. However, the high genetic differen-

tiation between Sicily and central Italy in both marker systems support

two separate gene pools, calling for at least two different centres of

differentiation: one in mainland Italy and one in Sicily, both most likely

having represented glacial refugia following the refugia within refugia‐ ‐

theory (Gómez & Lunt, 2007). Other studies also revealed endemic lin-

eages for Sicily, thus supporting its importance as a differentiation

centre and refugium (e.g., Santucci, Emerson, &Erinaceus europaeus:

Hewitt, 1998; s.l.: Audisio et al., 2009;Osmoderma eremita Melanargia

galathea: Habel, Lens, Rödder, & Schmitt, 2011).

The provenances of mainland Italy embraced two mtDNA clades

C2 and C4. The clade C2, represented by a single individual, was

strongly differentiated from all other clades, being similar to the

genetic distance between . (C1) and other clades. ToR alpina syriaca

rule out any possibility of a mistake, the single C2 individual was

sequenced again. However, its nuclear DNA was not exceptional in

the context of the mainland Italian populations. Therefore, the exis-

tence of the clade C2 most likely points to the survival of an ancient

mtDNA lineage that is still detectable owing to the nonrecombinant

nature of mtDNA.

F IGURE 3 Bayesian clustering analysis ( ; Pritchard et al., 2000) of 24 populations (full names are listed in Table 1) of RosaliaSTRUCTURE

longicorn ( ) based on 14 nuclear microsatellite loci. (a) Barplots illustrate the estimated assignment of each individual into clustersRosalia alpina K

(K = 2–8). According to the method of Evanno et al. (2005), the best number of clusters was two ( = 2; Appendix S7). Solid black lines define theK

boundaries between the same populations as in the map. (b) Geographical distribution and the genetic structure of 24 studied populations. Each

pie chart represents the proportion of membership of individuals from a given population in each of five clusters ( = 5) as revealed byK STRUCTURE.

The green colour in the background represents the distribution range of [Colour figure can be viewed at wileyonlinelibrary.com]R. alpina
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One monophyletic clade (C5) inhabited the remainder of the

geographical range of . The paraphyletic subclade C5aR. alpina

restricted to the SW Balkans had the highest genetic diversity, with

numerous unique haplotypes. The genetically poor subclade C5b

occupied the eastern Balkans and the rest of the species’ geo-

graphical range from Spain to the Urals. A single haplotype (HT1)

dominated most populations throughout this range. Our data thus

corroborate the hypothesis that the mountains of the Balkans

served as a glacial refugium for (Drag et al., 2015). TheR. alpina

high amount of unique haplotypes in the southern Balkans supports

the assumption of a structured refugium and long term continuous‐

persistence in this region. Similar findings exist for many species,

indicating a refugia within refugia structure in the Balkans during‐ ‐

glacial periods (e.g., Pinceel, Jordaens, Pfenninger, &Arion fuscus:

Backeljau, 2005; : Alexandri et al., 2012;Sus scrofa Lissotriton vul-

garis: Pabijan et al., 2015).

Since we found no indication that survived in an extraR. alpina ‐

Mediterranean glacial refugia (e.g., the Alps, Pyrenees, or Caucasus;

Schmitt, 2007; Schmitt & Varga, 2012), it is likely that the Balkans

acted as the only source for postglacial recolonization of most of

Europe and western Asia. Because the GR4 and GR5 populations in

the eastern Balkans are very similar to the populations from the

postglacially colonized region, a colonization mostly originating from

that region is the most parsimonious scenario. If so, populations in

north eastern Greece or southern Bulgaria would represent the lead-‐

ing edge, while the central and western Greek populations GR1,

GR2 and GR3 would be rear edge populations (Hampe & Petit,

2005) that did not contribute to postglacial recolonization.

Based on the microsatellite pattern and previous findings (Drag

et al., 2015), two main recolonization routes can be proposed. One

probably went north and then split west and east as far as Spain

and the Urals. The second expanded eastwards to the Caucasus,

possibly following the southern coast of the Black Sea. The Carpathi-

ans represents a mixture of both. However, it still remains unclear if

both routes originated from a single refugium in north eastern‐

Greece, or if another refugium, probably in the mountains along the

east coast of the Adriatic Sea, was involved.

4.2 | Comparative phylogeography

To assess whether was historically closely associated withR. alpina

its hosts, we compared the phylogeographical patterns of R. alpina

to those of its hosts ( , , and ) andmarginal Fraxinus Ulmus Acer, Tilia

the host ( s.l ). Even though information aboutmain Fagus sylvatica .

some of the hosts is rather fragmentary, some basic pat-marginal

terns can be inferred (Grimm & Denk, 2014; Heuertz et al., 2006;

Myking & Yakovlev, 2006; Phuekvilai, 2014; Whiteley, 2004).

Unlike , the hosts consist of several geneticallyR. alpina marginal

diversified lineages surviving in multiple refugia throughout Europe.

Since these refugia were often involved in subsequent recoloniza-

tions of Europe, the current genetic structure of any of the mar-

ginal hosts does not seem to be congruent with the patterns found

for the beetle.

The best correspondence was thus found between the beetle

and its host ( s.l.; Figure 5). Oriental beech (main Fagus sylvatica F. ori-

entalis Fagus sylvatica) is ancestral to European beech ( s.str.) (Gömöry

& Paule, 2010), and the only population ancestrally exploit-R. alpina

ing Oriental beech (the Hatay population) is a sister clade to all

remaining populations. Virtually the whole range of Fagus orientalis

currently inhabited by was most likely colonized by the lin-R. alpina

eage originally exploiting s.str. (Figure 5). InF. sylvatica F. sylvatica

s.str., three main haplotype groups exist for chloroplast markers

(Demesure, Comps, & Petit, 1996; Magri et al., 2006). One group

was observed in the Apennine Peninsula, the second in the Balkans,

and the third over the rest of Europe. These results are complemen-

tary to those obtained for from mitochondrial (COI)R. alpina

sequences. The recorded haplotype diversity observed for cpDNA in

beech also corresponds with the beetle s distribution pattern, show-'

ing that the southernmost parts of the natural range of beech had

higher diversity than the central and northern populations (Magri et

al., 2006). A comparison between nuclear markers of the beetle and

F IGURE 4 Unrooted neighbour joining tree of 25 populations of‐

Rosalia longicorn ( ) based onRosalia alpina DA distance values gained

from 11 nuclear microsatellite loci in POPTREE2 (Takezaki et al., 2010).

The scale bar represents 0.05 of DA values. Full names of the

locations are listed in Table 1. Colours indicate five clades and two

subclades gained from the Bayesian Inference tree in Figure 1

[Colour figure can be viewed at wileyonlinelibrary.com]
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its host (microsatellites and isozymes) was less clear, yet themain

main patterns were also congruent (Comps, Gömöry, Letouzey, Thié-

baut, & Petit, 2001; Magri et al., 2006). The highest discrepancy

exists in south western Europe, where the beech populations appear‐

to be more differentiated than those of the beetle (De Lafontaine,

Ducousso, Lefevre, Magnanou, & Petit, 2013).

F IGURE 5 (a) Distribution range of s.str. (green) and (yellow) and the tentative location of refugia and theFagus sylvatica Fagus orientalis

main postglacial recolonization routes for s.str. based on Magri et al., 2006. (b) Approximate distribution range of Rosalia longicornF. sylvatica

( ) and its tentative location of refugia and the postglacial recolonization routes. The dashed area represents the approximateRosalia alpina

historical distribution [Colour figure can be viewed at wileyonlinelibrary.com]
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To conclude, the main congruent phylogeographical patterns

between and s.str. are that populations of bothR. alpina F. sylvatica

species survived the last glaciation in the Apennine Peninsula, but

did not cross the Alps; the south western Balkans served as an‐

important refugium displaying the highest genetic diversity; and that

populations over a large part of Europe are dominated by a single

haplotype. The phylogeographies of and its host thusR. alpina main

seem to be tightly matched in many aspects.

Unlike the beetle, the biogeography of its host can be studied

through additional methods. Paleobotanical analyses, including pollen

and macrofossils records, indicated the existence of further refugia

located north of the typical Mediterranean refugia, e.g., southern

France, the eastern Alps Slovenia Istria, the Carpathian Basin and– –

possibly even further north (De Lafontaine, Amasifuen Guerra,

Ducousso, & Petit, 2014; Magri et al., 2006; Magyari et al., 2014).

The available genetic data do not support the existence of such refu-

gia for . The potential beech refugia at more northern lati-R. alpina

tudes were probably small and scattered in favourable locations

(Allen et al., 2010; Tzedakis, Emerson, & Hewitt, 2013), as is typical

for many extra Mediterranean refugia (Schmitt & Varga, 2012). They‐

likely did not offer favourable conditions allowing for the long term‐

survival of , which seems to be unable to persist in small,R. alpina

isolated populations (Drag et al., 2015). Hence, the absence of evi-

dence for such extra Mediterranean refugia for does not‐ R. alpina

mean that such refugia did not exist for beech. Similarly, the pro-

posed beech refugia in the Pyrenees and their vicinity (Magri et al.,

2006) were probably too small to sustain the beetle through an ice

age, although samples of from other parts of the IberianR. alpina

Peninsula would be required to substantiate any possible refugium in

this part of their current range.

4.3 | Ecological monophagy

Rosalia alpina is apparently able to maintain viable populations on a

phylogenetically wide range of trees. While potentially a polypha-

gous species, it nevertheless does exhibit a close association with its

main Fagushost (European beech complex). Today, serves as the

main host in the regions geographically matching the assumed glacial

refugia of (Hatay, SW Balkans, Sicily, mainland Italy). Conse-R. alpina

quently, it is highly unlikely that the host has been incorporatedmain

into the diet of a previously polyphagous beetle only recently.

Our data do not allow a conclusion on whether the marginal

hosts were always part of the species diet or whether their host list’

has broadened relatively recently. However, related speciesRosalia

inhabiting eastern parts of Asia exploit spp. as their main hostAcer

(Cherepanov, 1981). Further, many of the hosts probablymarginal

shared glacial refugia with beech. thus probablyRosalia alpina

exploited both the and the hosts during the last glacia-main marginal

tion. Nevertheless, beech was one of the last tree species to spread

across Europe in the Holocene, while many hosts such asmarginal

elm, lime, and ash spread earlier, together with trees such as birch

and hazel (Giesecke, Brewer, Finsinger, Leydet, & Bradshaw, 2017;

Tinner & Lotter, 2006).

The question remains why was not able to follow theR. alpina

spread of its hosts for several thousand years, but instead fol-marginal

lowed the much slower spread of beech. Possible explanations include

the nutritional qualities of beech wood for the beetle larvae, or shared

ecological requirements of both species. Since individuals from mar-

ginal mainhosts were not smaller than those from the host (Michal-

cewicz & Ciach, 2012), the nutrition hypothesis seems unlikely,

although further data would be required. The most likely explanation

of the close relationship between and beech thus seems to beR. alpina

their shared ecological requirements for climatic or habitat conditions.

To conclude, our analyses suggest that has a close andR. alpina

long lasting, but not currently exclusive, relationship with its host,‐ main

the European beech ( s.l.). Despite the fact that beechFagus sylvatica

and are widespread in Europe and western Asia, most of theR. alpina

genetic diversity of is found in rather small enclaves of beechR. alpina

forest in the extreme south of this tree s range, including the moun-'

tains of Sicily, Greece, and the Hatay province in southern Turkey.

These forests are, however, vulnerable to climate change and human

pressure due to their limited size, isolation, and high humidity require-

ments in otherwise relatively dry regions. The patterns of genetic

diversity observed in are likely to be shared by many speciesR. alpina

in European broad leaved forests. Conservation of beech forest in the‐

extreme south of its range should thus be given a high priority.
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