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Cascading speciation is predicted to occur when multiple interacting species

diverge in parallel as a result of divergence in one species promoting adap-

tive differentiation in other species. However, there are few examples where

ecological interactions among taxa have been shown to result in speciation

that cascades across multiple trophic levels. Here, we test for cascading spe-

ciation occurring among the western pine beetle (Dendroctonus brevicomis),

its primary host tree (Pinus ponderosa), and the beetle’s fungal mutualists

(Ceratocystiopsis brevicomi and Entomocorticium sp. B). We assembled gen-

omes for the beetle and a fungal symbiont and then generated reduced

representation genomic data (RADseq) from range-wide samples of these

three interacting species. Combined with published data for the host tree,

we present clear evidence that the tree, the beetle, and the fungal symbionts

are all genetically structured into at least two distinct groups that have

strongly codiverged with geographical isolation. We then combine our geno-

mic results with diverse population and laboratory-based data to show

evidence for reproductive isolation at each level of the cascade and for co-

evolution of both antagonistic and mutualistic species interactions within

this complex network.
1. Introduction
Speciation, the splitting of one lineage into two, is the fundamental process that

underlies the evolution of biodiversity. While our understanding of speciation

has increased dramatically over the last few decades [1], most research has

focused on understanding the evolution of reproductive isolation between

pairs of diverging taxa. Far fewer investigations have looked at how interacting

complexes of species may promote or constrain processes that lead to diversifi-

cation [2–4]. Recently, the idea that increases in species diversity itself may

promote speciation by creating new ecological niches has gained renewed atten-

tion [5,6]. So-called examples of ‘sequential’ or ‘cascading’ divergence and

speciation have primarily been described in systems where a herbivorous

insect shifts to a new host plant, diverges, and becomes reproductively isolated

from its progenitor. In turn, parasitoids specialized on the herbivore also

diverge and become reproductively isolated [7,8]. The end result of this

dynamic process of codifferentiation is speciation that cascades across multiple

trophic levels.

Cascading speciation among multiple interacting species probably extends

beyond antagonistic plant–herbivore–parasitoid systems. Plant–herbivore–

microbe systems are ubiquitous multi-trophic interactions where cascades

could be common. Many plant-feeding insects are involved in endosymbiotic

relationships with bacteria that are sequestered within their body and vertically

transmitted from mother to offspring. These intimate interactions often play

critical roles in adaptation to specific ecological niches [9–11] and it is easy

to envision how speciation in the host insect could result in speciation in the

endosymbiont [12]. Both theoretical and empirical studies have demonstrated
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Figure 1. The ponderosa pine – western pine beetle – fungal symbiont interaction. (a) Ponderosa pine is an iconic tree widely distributed across the western USA.
The western pine beetle kills ponderosa pine by constructing tunnels and reproducing in the phloem and bark. After successful tree colonization and inoculation of
fungal symbionts, developing larvae leave the phloem and tunnel into the nutrient-poor outer bark where they feed heavily on symbiotic fungi that provide critical
nutrients to the developing insect [16]. (b) The beetle – fungal symbiosis is maintained via an exoskeletal structure in the female (mycangium; its location high-
lighted with an ellipse) that harbours glands and excretes unknown substances thought to nurture and promote specificity [16]. After pupation, adult beetles
incorporate spores into the mycangium for transport to the next host tree. (c) Shown is a scanning electron microscope image (see the electronic supplemental
material, figure S1 for additional images) of symbiotic fungi and spores lining the pupal chamber. (d ) Schematic of the complexity of the tree – beetle – fungi
interaction. Arrow widths scaled to represent the strength of the interaction.
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insect and endosymbiont cospeciation [13,14], including mul-

tiple endosymbiotic taxa associated with a single host insect

[15]. However, many insect–microbe associations are ecto-

symbioses with bacteria and/or fungi [9] which tend to

have looser associations, with the symbiont more likely to

be lost, swapped or added over evolutionary time. Further,

how adaptation to diverging host plants might result in

divergence in the insect–ectosymbiont system has not been

fully explored. The extent to which adaptation and coevolu-

tion (i.e. reciprocal adaptation between interacting species)

results in stable long-term ectosymbioses that may drive

cascading speciation remains largely unknown.

The ponderosa pine–western pine beetle–fungi symbio-

sis affords the opportunity to study the phenomena of

cascading speciation among interacting species across differ-

ent trophic levels. The host tree, ponderosa pine (Pinus
ponderosa), is broadly distributed across the western USA

(figure 1a). Within this species there exist two genetically dis-

tinct subspecies [17] that formed in isolated southern glacial

refugia [18–21] during the Pleistocene [22]. As the climate

warmed, the two subspecies expanded their distributions north-

wards, forming a narrow zone of secondary contact [18,22]. The

western pine beetle (Dendroctonus brevicomis) is one of the

most significant pests of ponderosa pine [23] (figure 1b).

Except in a very small portion of the beetle’s range where it

also reproduces in the closely related Pinus coulteri, the

western pine beetle only attacks and reproduces in ponderosa
pine [24]. Therefore, any host-associated adaptation and

differentiation in the western pine beetle is likely to be

driven by interactions with this tree species. The ability of

the beetle to recognize and colonize host trees is intimately

linked to host tree chemistry [25]. Once a host tree is located,

the beetle stages a pheromone-mediated attack wherein hun-

dreds to thousands of individuals overcome the tree’s

physical and chemical defences. After exhausting these

defences, the beetle reproduces within the tree, first feeding

in the phloem and then later moving into the outer bark

(figure 1b). There are a number of phenotypic differences

within and between the two subspecies of ponderosa pine

(summarized in [19]), including extensive variation in their

defensive chemicals [26]. Likewise, previous studies have

identified substantial levels of mitochondrial DNA sequence

divergence (approx. 7–9%) between beetles broadly associ-

ated with the two ponderosa pine lineages, suggesting

parallel plant–herbivore divergence in this system [27,28].

The beetle is involved in an obligate mutualism with two

species of symbiotic fungi [16,29–31]. The beetle sup-

plements its nutrient-poor diet through feeding on fungi

inoculated into the tree during the initial stages of attack,

while the fungi benefit from the interaction by gaining

transportation and access to host trees (figure 1c). This

symbiosis is maintained by vertical transmission of the sym-

biont from mother to offspring via specialized structures in

the adult integument called mycangia (figure 1b). One
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Figure 2. Geographical distribution and codifferentiation in the tree – beetle – fungi system. (a) Ponderosa pine comprised two subspecies (var. ponderosa and var.
scopulorum) thought to have formed in isolation in southern refugia during the Pleistocene. The distribution of the beetle currently follows its primary host tree,
except where absent in the central and northern portion of the P. ponderosa var. scopulorum range. The northern range limits of the beetle (and fungi) in the var.
scopulorum range is broadly coincident with a shift in tree defensive monoterpenes [26]. Tree, beetle and fungal collection locations are shown, and when present at
a location, are represented in the pie chart. (b) STRUCTURE and ADMIXTURE results for the tree, beetle and two symbiotic fungi and the posterior probability of assignment
for each individual (vertical bar) to the optimal number of genetic clusters (K ) for each species.
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species, Ceratocystiopsis brevicomi, is from an order of Ascomy-

cetes (Ophiostomatales) commonly associated with bark

beetles as well as mites [29]. The other, Entomocorticium sp.

B, is in a group of mostly uncharacterized Basidiomycetes

that all appear to be facultative or obligate symbionts of

bark beetles [30]. Both fungi (hereafter ascomycete or basidio-

mycete) show morphological adaptations that aid in beetle

feeding and dispersal [32]. The basidiomycete appears to be

the more frequent and beneficial partner, although both

fungi are found in most if not all populations [33]. The ability

of either fungus to colonize host tree tissues is also intimately

linked to host tree chemistry [34,35].

The ponderosa pine–western pine beetle–fungal symbiosis

presents a network of antagonistic and mutualistic species

interactions across three taxonomic kingdoms and three trophic

levels (figure 1d). Population genetic structure of the symbionts

in relation to genetic structure in the host beetles (or trees) has

not been clearly resolved and shared geographical isolation

may have played a role in promoting differentiation [27].

Fungal-swapping experiments have shown that beetles from

the northwestern portion of the range failed to incorporate a

basidiomycete isolated from southeastern portion of the range

into their mycangia, suggesting coevolution [16]. Here we com-

bine extensive population genomic data of the beetle,

basidiomycete and ascomycete with published genetic data

for the tree to resolve the evolutionary history of these interact-

ing species. Integration of these novel genomic data with

diverse population and laboratory-based experiments reveal a

species interaction network consistent with cascading specia-

tion driven by interspecific interactions.
2. Results
(a) Beetle and basidiomycete reference genome

assemblies
It can be difficult to fully isolate symbionts from hosts. This

issue is particularly worrisome for genome partitioning-
based analyses that rely on de novo assemblies (i.e.

RADseq and related approaches) where contamination from

one or more of the species could confound patterns of

codifferentiation. To overcome this issue we first generated

whole-genome assemblies for the beetle and the basidiomy-

cete (the ascomycete genome was recently published [36])

using ILLUMINA sequencing and the ALLPATHS-LG assembler

[37]. Our assembled beetle genome had a scaffold N50 of

5 kb and consisted of 35 469 scaffolds, with the maximum

scaffold size of 540 064 bp. The total length of the assembly

was 130 Mb (electronic supplementary material, table S1).

Sequencing of the basidiomycete, resulted in a 36 Mb assem-

bly with a scaffold N50 of 54 kb, a total of 1248 scaffolds, and

a maximum scaffold size of 302 230 bp (electronic supplemen-

tary material, table S1). However, this assembly represents

only approximately 50% of the estimated genome size (electronic

supplementary material, table S1), suggesting the basidiomycete

genome contains many repetitive elements that were collapsed

during assembly. Completeness of the beetle and ascomycete

genome assemblies, estimated by identifying single copy ortho-

logues [38], was moderately high and comparable to closely

related species (electronic supplementary material, table S2).

(b) Codivergence of the tree, beetle and fungal
symbionts

To characterize the genetic structure of the four interacting

species, we obtained range-wide genetic data for the tree,

beetle, and the two fungal symbionts. For the tree, we reana-

lysed microsatellite data from a previously published analysis

(n ¼ 428 trees, seven simple sequence repeats (SSRs) [19]). We

generated genome-wide reduced representation (RADseq)

data for the beetle (n ¼ 156) and three closely related species

(Dendroctonus approximatus, Dendroctonus adjunctus and

Dendroctonus frontalis), the ascomycete symbiont (n ¼ 22)

and an outgroup (Ceratocystiopsis ranaculosus) and the basi-

diomycete symbiont (n ¼ 36, including a reference isolate of

E. sp. B (B1037)) and four outgroups (E. sp. A, C, G and

H); electronic supplementary material, table S3; figure 2a).
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Figure 3. Fine-scale population structuring and relationships among sites. Results of PCA for the (a) tree, (b) beetle and symbiotic, (c) ascomycete and (d ) basi-
diomycete. Highlighted in green are West sites, and in blue are East sites. Colours correspond to those used in figure 2b. Dense clusters of points are highlighted in
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rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20180694

4

We sequenced the beetles to a mean coverage of 13� (min ¼

4.4�, max ¼ 40.1�), the ascomycete isolates to a mean

coverage of 53� (min ¼ 28.6�, max ¼ 76.7�) and the basi-

diomycete isolates to a mean coverage of 39� (min ¼

10.3�, max ¼ 78.5�). We then mapped the RADseq data to

the de novo assembled or published [36] reference genomes

for each species. On average, 87%, 95% and 80% of cleaned

RADseq reads mapped to the basidiomycete, ascomycete,

and beetle genome assemblies, respectively. This fairly high

mapping rate indicated that our genome assemblies and

RADseq data were both of high quality. After filtering and

excluding outgroups (see the electronic supplementary

material), we identified 65 624, 6874 and 6424 single nucleo-

tide variants (SNVs) in the ascomycete, basidiomycete and

beetle, respectively.

To test for concordant genetic structure among the four

species we first performed STRUCTURE [39] and ADMIXTURE [40]

analyses independently for the tree, beetle and the two

fungal mutualists. The optimal number of genetic clusters (K)

was two in three of the four taxa (tree, beetle and ascomycete;

figure 2b). These clusters split individuals into groups consist-

ent with previously described host tree subspecies boundaries

(hereafter referred to as East and West groups; figure 2a). For

the basidiomycete, we found support for three groups with

clear clustering of individuals into East and West groups

with individuals from the West group being further partitio-

ned into two subgroups. The West basidiomycetes were

unambiguously assigned into two broadly distributed

groups that co-occurred at two localities (SB and CQ).

Next, we used principal component analyses (PCA) to

further visualize fine-scale genetic structure. Consistent with
STRUCTURE and ADMIXTURE results, PCA clearly resolved East

and West groups for the tree, beetle, ascomycete and basidio-

mycete (figure 3). The second principal component (PC2) for

the West tree (figure 3a; green ellipse), beetle (figure 3b;

green ellipse) and ascomycete (figure 3c; green ellipse)

showed some evidence of a south-to-north cline in genetic vari-

ation with the most southern population (SB) showing strong

differentiation (figure 3). For the basidiomycete (figure 3d),

PC2 split the two clusters of individuals identified in previous

STRUCTURE analyses.

To directly test for codivergence between the tree, beetle

and ascomycete (here excluding the basidiomycete, see

below), we tested for correlations among the three genetic

distance matrices using a framework [41] that has been

used to detect correlated genetic structure in other bark

beetle–fungus symbioses [42,43]. This analysis was restricted

to nine sites (six West and three East) where we had genetic

data for the tree, beetle and ascomycete. Using this approach,

we strongly rejected the global null hypothesis of incongru-

ence among the distance matrices (W ¼ 0.82, Friedman’s

x2¼ 86.44, p ¼ 0.001). A posteriori permutation tests of the

influence of individual distance matrices on overall concor-

dance indicated the strongest correlation was between

beetle and ascomycete (r ¼ 0.78, p ¼ 0.001), followed

by beetle and tree (r ¼ 0.76, p ¼ 0.010), and then tree and

ascomycete (r ¼ 0.66, p ¼ 0.007).

Our population genomic analyses revealed geographical

structuring within species and strongly correlated East–

West genetic differentiation for all species with the strongest

associations occurring between beetle and ascomycete. Next,

we estimated rooted maximum-likelihood trees for the beetle
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and the two fungi to better resolve the evolutionary history of

codivergence (figure 4). The East and West populations parti-

tioned into reciprocally monophyletic groups defining the

deepest phylogenetic split within both the beetle and

the basidiomycete. Finer scale geographical structuring

within East and West was largely absent within the beetle.

Consistent with our population genetic analyses, three phylo-

genetically distinct basidiomycete lineages (previously

identified as haplotypes A, B and C [33], and hereafter desig-

nated as B1, B2 and B3, respectively) were identified. We

found very strong support for more recent ancestry between

the two overlapping and broadly distributed West lineages

(figure 4). The pattern of reciprocal East–West monophyly

was somewhat more ambiguous for the ascomycete. We

found strong bootstrap support (figure 4) for East ascomycetes

being nested within the West group (i.e. paraphyletic) and

being more closely related to the most southern West popu-

lation (SB). However, the only available outgroup for this

analysis is quite distant, resulting in low internode certainty

values for this relationship (figure 4c) and many genomic

partitions exhibited topologies consistent with East/West reci-

procal monophyly. Regardless, all East isolates are found in

one well-supported clade (figure 4c).

(c) Population genetics of East and West lineages
Given the presence of genetically differentiated East and West

groups in the tree, beetle and fungal mutualists, we sought to

characterize the levels of genetic diversity, differentiation and

level of DNA sequence divergence. Of particular interest

were the three distinct basidiomycete lineages. The presence

of more than one West lineage was suggested in a previous

study [33], but genome-wide resolution of two distinct

lineages with no clear geographical association was a sur-

prise. Further, both lineages were found to co-occur. For
example, beetles collected at SB and CQ harboured one or

the other basidiomycete lineage (figure 3d ). To characterize

genetic differentiation, we calculated Weir & Cockerham’s

Fst [44] and found universally high levels of differentiation

approaching complete isolation between the three basidiomy-

cete lineages (B1 versus B2, Fst ¼ 0.92; B1 versus B3, Fst ¼ 0.96;

B2 versus B3, Fst ¼ 0.97). The three lineages also showed

exceptionally low levels of nucleotide diversity (table 1)

with the vast majority of SNVs corresponding to fixed differ-

ences between lineages. Nonetheless, overall levels of

absolute sequence divergence were low for these taxa (B1

and B2, Dxy ¼ 0.17%; B1 and B3, Dxy¼ 0.33%; B2 and B3,

Dxy¼ 0.32%). Thus, the western pine beetle harbours three

distinct lineages of the basidiomycete characterized by low

levels of divergence and diversity.

We found moderate differentiation between East and

West ascomycetes (Fst ¼ 0.33) and low levels of absolute

divergence (Dxy ¼ 0.43%). Further, we found that nucleotide

diversity for ascomycete was substantially higher in West

than in East, with an excess of rare alleles in West ascomy-

cetes (Tajima’s D ¼ 21.249; table 1) consistent with a recent

population expansion. Absolute (Dxy ¼ 1.37%) and relative

divergence (Fst ¼ 0.51) was high between East and West

beetles. We also found evidence of reduced diversity in

East compared to West beetles (table 1), mirroring patterns

of ascomycete genetic diversity. The lower nucleotide

diversity in East for both beetle and ascomycete suggest

that similar forces (e.g. a bottleneck or founder event)

may have historically reduced diversity in both species.

(d) Fungal symbiont recombination
Fungal mutualists that are vertically transmitted from parent

to offspring are often assumed to reproduce asexually [9].

Contrary to this expectation, we found clear evidence of



Table 1. Mean nucleotide diversity and Tajima’s D estimates (þ1 s.d.) for East and West beetles (5 kb nonoverlapping windows) and their symbiotic fungi
(2.5 kb nonoverlapping windows).

organism region (East or West) number of individuals nucleotide diversity p (%) Tajima’s D

basidiomycete (E. sp. B) West (B1) 17 0.015 (0.014) 20.532 (0.783)

West (B2) 8 0.011 (0.015) 20.239 (0.671)

East (B3) 11 0.011 (0.013) 20.390 (0.730)

ascomycete (C. brevicomi) West 18 0.373 (0.154) 21.249 (0.393)

East 4 0.100 (0.116) a

beetle (D. brevicomis) West 14 0.805 (0.166) 21.064 (0.747)

East 14 0.577 (0.165) 20.866 (0.797)
aToo few individuals to estimate.
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recombination in the ascomycete (pairwise homoplasy index

(PHI), p , 0.005, and four-gamete test). This result was not

altogether surprising given previous work describing sexual

structures [29]. For the basidiomycete, we also found evi-

dence of recombination occurring within the three distinct

lineages (PHI test p , 0.005, and four-gamete test) but no evi-

dence of recombination occurring between the lineages or

significant reticulation in phylogenetic networks (electronic

supplementary material, figure S2). Taken together with the

low genetic diversity observed, our results suggest the basi-

diomycete is highly selfing or primarily asexual, with

infrequent bouts of recombination. Although sexual struc-

tures (basidia) have not been identified in the

basidiomycete, a closely related species does produce basidia

[45]. Infrequent bouts of recombination may be advantageous

for a fungus in a tightly linked symbiosis to maintain favour-

able genotypic combinations that promote stability. Rare

recombination events may help avoid the accumulation of

deleterious mutations [46].
Figure 5. Model for cascading speciation in the ponderosa pine – western
pine beetle – fungal symbiont system. Ancestors (black) were subdivided
over time into geographically isolated populations. In isolation, strong antag-
onistic and mutualistic interactions occurred among partners and pushed
species along unique evolutionary trajectories resulting in differentiated
and unique tree – beetle – fungi systems (blue and green). An additional spe-
ciation event occurred in West basidiomycetes (light green and dark green).
Levels of divergence among partners ultimately leads to heightened repro-
ductive isolation because mismatched interspecific interactions break down
the interaction network.
3. Discussion
The idea that that divergence in one organism can drive

divergence across other tightly linked organisms is intuitive.

However, clear demonstrations of this phenomenon across

multiple trophic levels are rare and have been primarily

restricted to plant–herbivore–parasitoid systems [4,7,8].

Our phylogenomic results reveal a striking history of codiver-

gence between East and West populations of the tree, beetle,

and their fungal symbionts. While codivergence may be an

inevitable outcome of shared geographical isolation, a

wealth of population and laboratory data in this system pro-

vide compelling evidence that adaptation and coevolution is

also probably occurring between these interacting lineages.

When considered in the context of genome-wide resolution

of population histories, functional integration of these antag-

onistic and mutualistic interactions appears to have further

cascaded into multiple instances of incompatible interactions

within and across trophic levels (figure 5). Below we syn-

thesize the available data for cascading speciation in this

system and discuss how these data fit with general conditions

observed in other systems (table 2).

At the center of this system is the host tree. East and West

ponderosa pine have evolved qualitative and quantitative

differences in tree defensive chemistry. These differences
are thoroughly characterized and have long been hypo-

thesized to be the result of selection by bark beetles, and

primarily by the western pine beetle [26,49]. For the beetle,

host tree chemical profiles are important for host tree recog-

nition, and particular components of the tree’s defensive

chemical cocktail are used by the beetle to make aggregation



Table 2. Conditions often present during cascading speciation as outlined in Abrahamson & Blair [4], Hood et al. [8] and Brodersen et al. [3], and available
evidence for those conditions in the ponderosa pine – western pine beetle – symbiotic fungi system.

condition
generalization for upward adaptive radiation cascade in a predator –
prey system [3]

evidence in the ponderosa pine – western pine
beetle – symbiotic fungi system

1 ecological speciation and ecotype formation in prey involves a shift to a new

habitat or resource and genetic differentiation

[27,33]

2 species or ecotypes of prey as well as individual predators exhibit habitat

preferences

[34,47]

3 predators have distinct preferences among alternative prey unclear but likely [34,47]

4 predator – prey phenology match or overlap sufficiently n.a.

5 significant predator trait � prey type interactions determine fitness variation

among predators

[16]

6 mate choice among predators is mediated by habitat or is affected by

feeding related behavioural, ecological or morphological traits

[47,48]

7 Populations of prey and predators at least partly overlap in their geographical

ranges

n.a.

8 ecological diversification among predators is at least to some degree

associated with genetic differentiation

([19,27,33], present study)
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pheromones during tree colonization [50]. The direct link

between the chemicals that underlie host defence and their

co-option in pheromone-mediated beetle attacks is predicted

to drive an evolutionary arms race between tree and beetle.

Consistent with this, tree defensive chemicals that play a

key role in host tree colonization [50] differ in quality and

quantity between West and East trees [26]. For example, a-
pinene and myrcene both play roles in host tree attractiveness

and a-pinene has been found to be more prevalent in East

trees while myrcene more prevalent in West trees [26]. Myr-

cene is an important component of the beetle’s pheromones

[51] but is undetectable in some East trees [26]. Evolved

differences in beetle response to tree chemistry are likely to

exist as lures developed to monitor East beetles were found

to perform poorly in the West until modified to better

match West tree chemistry [47]. East and West beetles also

appear to have evolved dramatic differences in the compo-

sition of their pheromones [48]. In summary, chemical

defences appear to be coevolving with beetle detection and

aggregation pheromones, and these differences would prob-

ably lead to difficulties finding suitable hosts and

attracting mates and conspecifics for mass attack.

Additional genomic analyses are needed to further clarify

the evolutionary history of divergence between populations

of ponderosa pine.

In an interesting twist, recent sampling has led to the dis-

covery that the western pine beetle may exist in very low

population densities in northern and central Mexico [52].

These rarely encountered beetles differ anatomically from

East and West and also have a more broad host range [52].

The available evidence suggests these beetles probably

constitute a third cryptic species in the western pine

beetle system [52]. Studies of this putative third cryptic

species and identification of its mycangial fungi will

undoubtedly further our understanding of how host tree

use can influence beetle – fungal divergence.

The obligate mutualism between the beetle and the two

species of symbiotic fungi probably are the strongest drivers
of cascading speciation in this system. Mycangial incorpor-

ation and vertical transmission of fungi is essential for

beetle development and survival. Using fungal-swapping

experiments, we previously demonstrated that West beetles

were incapable of incorporating the East lineage of the basi-

diomycete into their mycangia [16]. These experiments

indicate rapid coevolution between beetle and fungal geno-

types. This specificity has the potential to act as a strong

barrier to reproductive isolation; even if East and West bee-

tles are able to successfully attack West and East trees,

respectively, genotypic mismatches between the beetle and

fungal symbionts could result in a loss of symbiont prior to

dispersal, thereby dooming subsequent beetle offspring

[16]. Our understanding of the beetle–ascomycete interaction

is less clear, but given the tight association [33], and the

importance of closely related ascomycetes in other beetle

symbioses [53], it is highly likely that there is coevolution

of this interaction as well.

How differences in tree defensive chemistry could pro-

mote divergence in the symbiotic fungi has not been

directly explored. However, fungal symbionts must contend

with host tree defences much like the beetle and there is evi-

dence that differences in tree defensive chemistry can impact

the growth of the basidiomycete [34]. Little is known about

how the ascomycete responds to tree defences. Recent evi-

dence has challenged the idea that vertically transmitted

fungal symbionts are exclusively asexual [54] and indeed,

recombination has been found to occur in the few bark

beetle symbionts thus far investigated [43,55]. We found

clear genetic evidence of recombination in these systems,

indicating that both fungal partners can reproduce sexually.

However, the lack of recombination between basidiomycete

B1 and B2, the two less divergent and broadly co-occurring

West lineages, argues that all three basidiomycete lineages

are completely reproductively isolated from one another.

The presence of two co-occurring, reproductively isolated

basidiomycetes in the absence of clear population structure

suggest that diversification in the basidiomycete may evolve
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rapidly, perhaps in the absence of allopatry. It is unclear if

both West lineages can occur with a single beetle host.

An important distinction between cospeciation and the

special case of cascading speciation is that the former can

be owing to a purely ‘passive’ process of genetic differen-

tiation (i.e. mutation and drift) of co-isolated species, while

the latter is a direct result of interspecific adaptation driving

speciation [2,8,56]. The most convincing evidence for cascad-

ing speciation has been from systems where the interacting

organisms are in sympatry [7,8] because many of the con-

ditions facilitating speciation are more easily identified

(outlined in table 2). However, sympatry is not a requirement

for cascading speciation [8,56]. One prediction of purely ‘pas-

sive’ cospeciation owing to shared geographical isolation is

that although reproductive isolation may evolve solely

between species A and B, interspecific interactions and adap-

tation to a separate trophic level would not necessarily lead to

increased reproductive isolation between A and B. Therefore,

evidence of adaptation or coevolution with a separate trophic

level that increases the extent of reproductive isolation

between A and B, even if aided by geographical isolation,

supports the existence of cascading speciation because adap-

tation itself is helping to promote diversification. Therefore,

the tightly linked nature of this tree–beetle–fungi system,

along with evidence of adaptation/coevolution, and our gen-

etic data indicating codivergence at all levels of the system,

strongly supports the hypothesis of cascading speciation

and emphasizes how geographical isolation and adap-

tation/coevolution can promote diversification across

multiple trophic levels.
4. Material and methods
(a) Beetle/fungal collections, DNA extractions

and RADseq
Beetles and fungi were collected in the summer of 2011 (elec-

tronic supplementary material, table S3). We isolated

Ceratocystiopsis from single spores and Entomocorticium from

hyphal tips and all fungal collections were from Bracewell and

Six [33]. DNA was extracted from beetles using an Omega

E.Z.N.A tissue DNA kit (Prod. no. D3396-01, Omega Bio-Tek,

Norcross, GA, USA). For fungi, tissue was bead-beat (Geno/

Grinder 2000, Spex Certiprep, Metuchen, NJ) prior to DNA

extraction with a Qiagen DNeasy Plant Mini Kit (Cat. no.

69104). Our RADseq methods followed Etter et al. [57], with

slight modifications (see the electronic supplementary material).

Libraries from each species were pooled and ILLUMINA sequenced.

RADseq read mapping, filtering and SNV identification are

described in the electronic supplementary material.

(b) Genome sequencing and assembly
Draft genomes were assembled using ALLPATHS-LG [37] and ILLU-

MINA overlapping and mate pair libraries for beetles from the OL

population and a basidiomycete from SierraII (SierraII_2, acces-

sion CBS 137838). Genome assembly completeness was

determined using BUSCO v. 1.22 [38]. Additional details on

genome sequencing and assembly are available in the electronic

supplementary material.

(c) Ponderosa pine population genetic data
We downloaded microsatellite data for seven SSRs from

Potter et al. [19] and analysed 13 sites in close geographical
proximity (mean¼ 28.9 K, min ¼ 3 K, max¼ 66 K) to our collec-

tion locations.

(d) Genetic analyses
To identify population genetic structure we used STRUCTURE

v. 2.3.2.1 [39] and ADMIXTURE v. 1.23 [40]. STRUCTURE was used

on the fungal and tree data because it can handle both haploid

and diploid data. Owing to computation limitations, STRUCTURE

analyses were run on 3000 SNVs pulled at random from the

two fungal datasets. For the tree and fungal analyses, the

burnin was set at 20 000 with 50 000 Markov chain Monte

Carlo replicates after burn-in. We tested K values from one to

eight with eight replicates per K. The best K for each species

was determined by visualizing the likelihoods in STRUCTURE HAR-

VESTER [58] and based on the Evanno method [59]. Results for

different runs for each species were averaged using CLUMPP

1.1.2 [60]. For the beetle SNV data, we used ADMIXTURE v. 1.23

[40] on 6424 SNVs. We tested K values of one through to 19

with 10-fold cross-validation. The K value with the lowest

cross-validation standard error was considered the best K [40].

PCA were done using EIGENSOFT [61]. To perform PCA on the

tree microsatellite data, we used GENALEX [62] and the covari-

ance matrix of the allele frequencies with data standardization.

To test for congruence among the genetic distance data

matrices of the four species, we used CADM [41] in the R pack-

age ape [63]. Genetic distance matrices were generated for the

tree, beetle and C. brevicomi datasets using GENALEX [62]. Ana-

lyses were done using nine sites where we had data for all

three species and included three East sites (MTC, FL, RO) and

six West sites (SB, OL, CQ, LA, LF, DA). In CADM, 1000 permu-

tations were used to compute a posteriori tests and we used the

Holm correction (default) to account for the multiple testing of

distance matrices.

To infer phylogenetic relationships, we used supertree and

supermatrix approaches to analyse the resulting concatenated

(above) and subdivided alignments (20 kb for beetle and 10 kb

for fungi). For the supertree approach, a best fitting nucleotide

substitution model was selected for each alignment using MODEL-

FINDER with free rate heterogeneity implemented in IQ-TREE 1.6.1

[64,65]. Maximum-likelihood phylogenies [66] with 2000 ULTRA-

FAST (UF) bootstrap replicates [67] were generated for each

locus. We used the –minsup flag in IQ-TREE to collapse poorly

supported nodes in bootstrap consensus trees for each loci (less

than 95% UF bootstrap support). Internode certainty (IC)

values were then calculated for an extended majority rule con-

sensus tree constructed from the maximum-likelihood

phylogeny for each subsequence using only the well-supported

nodes with RAXML 8.2.9 [68,69]. For the supermatrix analysis,

a maximum-likelihood phylogeny with 2000 UF bootstrap repli-

cates was estimated using IQ-TREE 1.6.1. IC values were

calculated for the supermatrix topology using the well-supported

bootstrap trees from the supertree analysis.

For C. brevicomi and E. sp. B, we calculated Weir and Cocker-

ham’s weighted Fst [44] using VCFTOOLS and nucleotide diversity

(p), absolute sequence divergence (Dxy), and Tajima’s D using

DNAsp v. 5.10.1 [70]. For the beetle the above statistics were esti-

mated using PopGenome [71]. SPLITSTREE4 [72] and the PHI test

and the four-gamete test [73] as implemented in PopGenome
were used to test for recombination.
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