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1 | INTRODUCTION

Accidental introductions of plant pests (e.g., fungi, bacteria, viruses,
animals, plants) into areas outside their place of origin have resulted

| Akif Eskalen?® | Gregory S. Gilbert!

Abstract

The phylogenetic signal of transmissibility (competence) and attack severity among
hosts of generalist pests is poorly understood. In this study, we examined the phy-
logenetic effects on hosts differentially affected by an emergent generalist bee-
tle-pathogen complex in California and South Africa. Host types (non-competent,
competent and killed-competent) are based on nested types of outcomes of inter-
actions between host plants, the beetles and the fungal pathogens. Phylogenetic
dispersion analysis of each host type revealed that the phylogenetic preferences of
beetle attack and fungal growth were a nonrandom subset of all available tree and
shrub species. Competent hosts were phylogenetically narrower by 62 Myr than the
set of all potential hosts, and those with devastating impacts were the most con-
strained by 107 Myr. Our results show a strong phylogenetic signal in the relative ef-
fects of a generalist pest-pathogen complex on host species, demonstrating that the
strength of multi-host pest impacts in plants can be predicted by host evolutionary
relationships. This study presents a unifying theoretical approach to identifying likely

disease outcomes across multiple host-pest combinations.

KEYWORDS
biological invasions, Euwallacea, Fusarium dieback, host specificity, infectious diseases,

invasive plant pests, invasive shot hole borers, phylogenetic signal

in novel species interactions that pose ecological and economic
threats to agricultural, urban and wildland landscapes (Donatelli
et al.,, 2017; Goodell et al.,, 2000; Parker & Hay, 2005; Pimentel
et al., 2000; Young et al., 2017). To respond appropriately to such
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threats and optimize the use of limited resources for management,
decision-makers require robust analytical tools that help determine
in which plant communities emergent pests are most likely to estab-
lish and cause damage during critical early stages of invasions. As a
necessary first step to developing predictive models of pest spread
in novel habitats, we take an evolutionary ecology approach and
examine how the host range structure of different pest-pathogen
combinations can be used to better understand mechanisms of their
establishment, spread and impacts.

Evolutionary tools show promise as a way to understand inva-
sions and predict host range of pests in novel locations (Briese, 2003;
Fountain-Jones et al., 2018; Gilbert et al., 2012). For plants and their
pathogens, evolutionary constraints in physiological, morphological
and chemical traits that confer host susceptibility or pathogen vir-
ulence produce a phylogenetic signal for host range; hence, closely
related plants are more likely to share pests and pathogens (Gilbert
& Webb, 2007; Young et al., 2017). Phylogenetic signal in host range
has been used to predict the likely host range of generalist plant
pests in local communities not yet invaded by such pests (Gilbert &
Parker, 2016; Parker et al., 2015). Patterns of phylogenetic signal in
host range have been well documented for plant-pest relationships
involving a single pest interacting with their host plants (e.g., plant-
pathogen, plant-insect), but not for those exhibiting multiple inter-
actions (e.g., pest-pathogen complexes) where the traits shaping
the relationships may differ among the multiple partners and their
interactions. As such, the patterns and strength of the signal as a
basis for risk analysis for more complex plant-pest problems are less
well understood. Here, we use an emergent invasive pest-pathogen
complex affecting a diversity of tree hosts in Southern California
to test the utility of this phylogenetic tool in evaluating host range
for novel plant-insect-pathogen interactions. Further, we assess
whether we can use information on the phylogenetic structure of
the pest-pathogen host range in California, where the complex has
been intensively studied, to guide an understanding of likely pat-
terns in South Africa and inform priorities for phytosanitary surveil-

lance, where the invaders have only recently established.

TABLE 1
Africa

Invasive shot hole borers

Species name Common name

Euwallacea Polyphagous shot Israel: 2005°¢
fornicatus®® hole borer (PSHB) CA:2003/2012
ZA: 2016
Euwallacea kuroshio® Kuroshio shot hole CA: 2014

borer (KSHB)

2Gomez et al. (2018).
PSmith et al. (2019).
‘Mendel et al. (2012).
dFreeman et al. (2013).
€Lynch et al. (2016).
Na et al. (2018).

Year detected/Established

Fusarium dieback-invasive shot hole borers (FD-ISHB) is a pest-
pathogen complex with a broad host range that involves two cryptic
ambrosia beetles (PSHB & KSHB, Table 1) in the Euwallacea species
complex (Coleoptera: Curculionidae: Scolytinae; Gomez et al., 2018;
Smith et al., 2019; Stouthamer et al., 2017) and the specific symbi-
otic fungal pathogens each beetle species carries (Table 1 and S1;
Freeman et al., 2013; Lynch et al., 2016; Na et al., 2018). The beetles
were introduced to California from Southeast Asia (Eskalen et al.,
2012; Stouthamer et al., 2017), presumably on packing material.
Since the appearance of ISHB in California in 2012, the combined
effects of ISHB and their fusaria symbionts have killed or caused
dieback on 77 tree species on which the beetles can reproduce, but
the beetles make attempted attacks on an additional 247 tree spe-
cies (Figure 1, Table S1; Eskalen et al., 2013). The two pest-pathogen
complexes that form FD-ISHB have indistinguishable host ranges.
Critically, the recent introduction of one of those complexes to
South Africa, the polyphagous shot hole borer (PSHB, Table 1; Paap
et al., 2018a) has been cause for concern given the severe damage
these invasive species have caused in California. The known host
range in California and South Africa continues to grow, pointing to
the need for a sound scientific understanding of the complexity of
the FD-ISHB host range to inform risk assessments and focus phy-
tosanitary actions in areas where the beetles have established, and
in noninvaded locations worldwide that have favourable conditions
for their establishment.

While a large body of work has established there is a phyloge-
netic signal in overall host ranges of pests and pathogens (Gilbert &
Parker, 2016), the phylogenetic signal of competence and severity
among hosts is much less well understood (Gilbert et al., 2015). In
addition to distinguishing between hosts that do not support repro-
duction of the beetle-pathogen (non-competent) and those that do
(competent), phylogenetic relatedness may also predict those hosts
that are killed by the beetle-pathogen (killed-competent; Figure 1).
For FD-ISHB, different host types (non-competent, competent, and
killed-competent) are based on nested types of outcomes of interac-

tions between host plants, the beetles and the fungi (Figure 1). Hosts

Insect vectors and corresponding fungal pathogens causing Fusarium dieback on tree hosts in California, Israel, and South

Fusaria pathogens Other weak mycangial pathogens

Paracremonium
pembeum®

Fusarium
euwallaceae®

Graphium
euwallaceae®

Fusarium kuroshium® Graphium kuroshium®
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All Examined Tree Species

FIGURE 1 Representation of the expected phylogenetic effects on different host types impacted by Fusarium dieback-invasive shot
hole borers. The left panel (a-e) depicts examples of nested types of outcomes of interactions between host plants, the beetles, and the
fungi. Non-competent hosts (a-c) represent tree species that do not support beetle reproduction or fungal transmission. For host types on
which the beetle attempts an attack (a-b), entry holes are observed but removal of the bark reveals healthy tissue and no signs of a gallery.
Removal of the outer bark on hosts susceptible to Fusarium colonization (c) reveals necrotic tissue caused by the pathogen, but no signs of a
gallery. On competent hosts (d), the beetle is able to establish a natal gallery and produce offspring and on some of these (e), the beetle and
pathogen can kill the host (i.e., killed-competent). Successfully established breeding galleries in competent hosts contain a “fungal garden”
and beetles at all life stages (eggs, developing larvae, adults), demonstrating the beetles’ ability to cultivate their nutritional symbiotic fungi
and complete their life cycle. Colours around each image correspond to the host type represented by the nested boxes in the middle panel
(f), the sizes of each which correspond to the relative proportion of tree species for each host type. The phylogenetic tree in the right panel
(g) depicts our hypothesis that hosts are a nonrandom, closely related, subset of all available tree species and that this phylogenetic signal

is more pronounced for each of the nested interaction outcomes. The icons represent the examples of the nested types of interaction

outcomes from most inclusive to least inclusive

that are competent for pest reproduction are the most important in
driving the spread of invasive enemies, and the lethality to different
hosts is the most important for ecological impact. Thus, assessing
the phylogenetic signal of host competency is key to evaluating the
potential for establishment, spread and damage from novel pests
and pathogens.

The apparent damage caused by complex novel pest invasions
such as FD-ISHB highlights the need to strategically apply, in early
response efforts, an understanding of the phylogenetic signal in
competence and severity among their hosts. The 77 currently recog-
nized competent host species occur across varied and complex land-
scapes, with important implications for the ecological and economic
vitality of a variety of systems. For example, the California avocado
industry, which produces 90% of the United States domestic crop,
has spent over $2.5 million to combat the problem. For urban for-
ests, initial estimates suggest that FD-ISHB has the potential to kill
roughly 27 million trees (38%) in Southern California's 10,992-square
kilometre urban region (McPherson et al., 2016). In Orange County,
California, the removal of 1524 infested trees and treatment of 2228
trees cost the county approximately $3 million between 2013 and
2017 (Parks, 2017). Costly large-scale tree removal efforts to man-
age the problem could have unintended consequences for the envi-
ronment and public health, given that urban forest trees in California
remove 567,748 t CO, annually, equivalent to the annual output of
120,000 cars (McPherson et al., 2016). FD-ISHB has also resulted
in the loss of hundreds of thousands of trees in riparian ecosystems
of Southern California (Boland, 2016; Parks, 2017), habitat critical

for breeding by endangered bird species and highly vulnerable to
encroachment of damaging invasive plant species.

In South Africa, the PSHB infestation is currently in a stage sim-
ilar to the situation in California in 2012. At that time, the beetle
was discovered in the Los Angeles basin on a backyard avocado tree
but had not yet established in commercial groves, and the damage
it caused was restricted to urban forests and botanical gardens
(van den Berg et al., 2019; Eskalen et al., 2012). A rapid monitor-
ing response uncovered the broad host range of the pest-pathogen
complex (Eskalen et al., 2013), but its ability to establish in native
vegetation was only gradually recognized. Similarly, in South Africa
today the most visible impact of the PSHB invasion is in urban for-
ests, and the beetle has not yet been detected in commercial av-
ocado groves (https://www.fabinet.up.ac.za/pshb). Given that
wildland habitats differ in vegetation composition in California and
South Africa, the impact of the invasion on South African native for-
ests is unclear. Reports of the beetle occurring in eight of the nine
provinces in South Africa and spreading from urban areas into na-
tive forests suggest those habitats are invadable (https://www.fabin
et.up.ac.za/pshb). However, which species will be affected, and to
what extent, is unknown. Understanding the influence of host range
on FD-ISHB impacts during this key phase of the infestation in South
Africa is therefore imperative.

In this study, we tested the hypothesis that hosts supporting
ISHB-Fusarium reproduction are more strongly phylogenetically
constrained than non-competent hosts. As such, we expect that

the probability of finding ISHB on two host species declines with
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phylogenetic distance between the hosts, and this decline is steeper
for competent hosts. Moreover, we expect that phylogenetic signal
in host range is stronger on competent hosts that are killed when
attacked.

2 | METHODS
2.1 | Hostrange assessment

The FD-ISHB host range comprises 77 host species that support
beetle reproduction (competent hosts), 18 of which are killed when
attacked (Figure 1, Table S1). The adult beetles make attempted
attacks on another 247 species in 61 families that do not support
their reproduction (non-competent hosts), although the fungi can
colonize and cause necrosis on 137 of these non-competent hosts
(Figure 1, Table S1; Eskalen et al., 2013). These non-competent hosts
are never killed when attacked. The specific definitions and details
for each of these categories are provided in Figure 1. The host range
in California was determined in a previous study of heavily infested
botanical gardens at the epicentre of the infestation in Los Angeles
County (Eskalen et al., 2013), and subsequent systematic surveys of
23,588 trees from 2012 to 2019 in a variety of habitats through-
out San Diego, Orange, Los Angeles, San Bernardino, Ventura, Santa
Barbara, Riverside and San Luis Obispo Counties (Lynch in prep;
https://ucanr.edu/sites/pshb/Map). The botanical gardens harbour
a wide range of plant species that represent unique and common
ecosystems worldwide and contain all the host species that occur
throughout urban and wildland forests in Southern California. Seven
competent and 25 non-competent hosts were similarly identified in
a separate survey of the national botanical gardens of South Africa
through the International Plant Sentinel Network tree health moni-
toring program (Paap et al., 2018a, 2018b) and preliminary surveys
of national nature reserves and urban forests throughout all nine
provinces in 2017-2019 (Wilhelm de Beer, personal communication;
https://www.fabinet.up.ac.za/pshb; Table S1). In California, surveys
were conducted by trained experts representing the University of
California (UC) Riverside, Santa Cruz, and Davis; UC Cooperative
Extension; Orange, San Diego, Los Angeles and Ventura County
Agriculture; USDA Forest Service, Forest Health Protection;
California Department of Forestry and Fire Protection; Disney;
the Huntington Library Art Collections and Botanical Gardens; and
the Los Angeles County Arboretum and Botanic Gardens. Experts
conducting surveys in South Africa represent the Forestry and
Agricultural Biotechnology Institute (FABI) at the University of
Pretoria; Stellenbosch University; Rhodes University; South African
National Biodiversity Institute; and the City of Johannesburg
Metropolitan Municipality.

For each individual tree, surveyors recorded at minimum the tree
location, species, and the presence or absence of FD-ISHB based
on the unique symptoms caused by the beetles and fungi as de-
scribed in Eskalen et al. (2013). Tree species not exhibiting FD-ISHB

symptoms, but in areas with active infestations, were classified as

apparent nonhosts. In all cases of new tree species exhibiting symp-
toms characteristic of FD-ISHB, fungal and beetle identities were
confirmed using morphological and molecular identification tech-
niques described in Eskalen et al. (2013). Suitability for reproduction
was confirmed by the presence of eggs, larvae, pupae or teneral fe-

males, or by the presence of males in the galleries of infested trees.

2.2 | Analyses

To estimate the time of independent evolution between plant
species (phylogenetic distance), we first created a hypothesis for
the phylogenetic relationships among tree and shrub species in
California and South Africa using the R2G2_20140601 supertree
of; see Data S1 for newick file). This tree includes dated nodes for
all angiosperm families given by the Angiosperm Phylogeny Group
classification Il (APG lll; Bremer et al., 2009) as well as gymnosperm
and monilophyte families; the tree was dated using Wikstréom ages
(Davies et al., 2004; Wikstrom et al., 2001) and additional consen-
sus dates from the literature, with all nodes in the tree given stable
dates (Parker et al., 2015). We used this tree rather than basing our
phylogenetic tree on APG IV (Byng et al., 2016) to be consistent with
and comparable to the validated work on phylogenetic signal in host
ranges in the previous studies. All 2717 taxa for which the beetles
could encounter in California or South Africa include native and non-
native trees and shrubs found across agricultural, urban and wild-
land landscapes, and were compiled using the CalFlora, West Coast
Arborists, The Plant List, and Dendrological Society of South Africa
curated databases (Data S1). We used Phylomatic version included
in Phylocom v4.2 (Webb et al., 2008) to create a pruned ultrametric
tree of all genera in the database, with branch lengths that reflected
the estimated time between branching events (Data S1).

In the absence of information about intrafamilial phylogenetic reso-
lution, relationships from the R2G2_20140601 supertree are modelled
as polytomies. To improve estimates of phylogenetic signal between
hosts exhibiting different levels of attack, we reviewed the literature
to resolve polytomies across taxa that interacted with the beetle and/
or the Fusarium pathogens. Taxa comprised genera in the Fabaceae in-
cluding Acacia (Gomez-Acevedo et al., 2010; Kyalangalilwa et al., 2013;
Miller et al., 2011; Miller & Seigler, 2012), Senegalia (Kyalangalilwa
et al.,, 2013), Vachellia (Kyalangalilwa et al., 2013), Prosopis (Catalano
et al, 2008), Erythrina (Bruneau, 1996; De Luca et al., 2018) and
Bauhinia (Hao et al., 2003; Meng et al., 2014; Sinou et al., 2009); gen-
era in the Lauraceae including Cinnamomum, Cryptocarya (Chanderbali
et al., 2001); and genera in the Salicaceae, including Salix and Populus
(Hamzeh & Dayanandan, 2004; Lauron-Moreau et al., 2015; Liu
et al,, 2016; Wang et al., 2014; Zhang et al., 2018; Zhou et al., 2018).
Topologies for Acer (Grimm et al., 2007; Harris et al., 2017; Li et al,,
2006, 2019; Suh et al., 2000; Tian et al., 2002), Platanus (Feng et al.,
2005; Grimm & Denk, 2008) and Quercus (Cavender-Bares & Gonzalez-
Rodriguez, 2015; Hipp et al., 2014, 2018; Manos et al., 1999, 2001)
were additionally resolved. Finer scale node ages were then estimated

by interpolation using the Phylocom bladj function in Phylomatic v4.2
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(Webb et al., 2008). From this finer resolution tree, we used the phy-
dist function in the R package Picante v. 1.2-0 (Kembel et al., 2010) to
calculate pairwise phylogenetic distances for each pair of plant species,
which is twice the time to the most recent common ancestor in Myr.
The case of zero phylogenetic distance (distance from a known host
species to itself) was included in the analysis.

We performed a phylogenetic dispersion analysis of phyloge-
netic distances for all examined tree species, confirmed nonhosts,
non-competent hosts (attempted host attack only and attacked hosts
suitable for fungal colonization), and all competent host species and
their subsets of those that are killed or not killed when attacked. We
followed approaches used in previous publications and inspected the
cumulative distribution of phylogenetic distances between species
pairs (CDPD), which provides useful information on the depth of trait
conservatism in plant-pathogen interactions (Gilbert & Parker, 2016;
Parker et al., 2015). Overlap of CDPD curves between all examined
tree species and host tree species indicates that hosts are a random
subset of all available tree species (no phylogenetic signal). A down-
ward shift in the host CDPD curve indicates that host species are a
more closely related subset of all available tree species than expected
at random, because the removal of more distantly related clades re-
tains shorter distances (phylogenetic signal). We expect these down-
ward shifts to be more dramatic with hosts that are increasingly more
severely impacted by the beetle-fungal interactions. Measures of
mean phylogenetic distance in pest host ranges across broad plant
phylogenies tend to be dominated by the influence of many long phylo-
genetic distance pairings (Gilbert & Parker, 2016). Additionally, nearest
phylogenetic distance measures can be unstable because they do not
reflect the plant community as a whole. In addition to examining the
overall CDPD, we follow Parker et al. (2015) and compare distances at
the 10th quantile, which were found to be more informative than mean
distances for plant-fungal interactions because it reduces the struc-
tural swamping effect of many distantly related pairs in phylogenies.

In addition to phylogenetic dispersion analysis, we measured
the strength of the phylogenetic signal (D) for binary traits using the
phylo.d function in the R package caper v.1.0.1. This measure devel-
oped by Fritz and Purvis (2010) is computed by scaling the observed
sum of sister-clade differences in a given phylogeny with the mean
values of simulated expected distributions under Brownian motion
and a random phylogenetic pattern. The given D statistic is scaled
between 0 and 1, where a value of 1 indicates phylogenetic random-
ness. All analyses were performed using R statistical framework,
with functions from the Picante v. 1.2-0, Vegan v. 1.17-8, Hmisc v.
4.3.0, phytools v. 0.6, phangorn v. 2.5.5, Geiger v. 2.0.6.2, caper v.
1.0.1 and Stats v. 2.12.2 packages (http://cran.r-project.org/).

3 | RESULTS
3.1 | Phylogenetic patterns of host-pest interactions

The distribution of non-competent and competent hosts exhibited

a nested pattern across the phylogeny of potential host species

T\ || £y

in California and South Africa. Species that were attacked by the
beetles clustered within 62 families and 170 genera within our geo-
graphic ranges (Figure 2). These taxa cover the range of angiosperm
and some gymnosperm tree species. For gymnosperms, beetle at-
tack attempts occurred on species within the “crown conifer” clade
(Cupressaceae, Podocarpaceae, Pinaceae) but not species within
other more distantly related groups (e.g., Ginkgoaceae or Cycadales;
Figure 2). Other groups containing species free from beetle attack
included families within the Caryophyllales (with the exception of
Tamaricaceae), Malpighiales (with the exception of Phyllanthaceae,
Salicaceae and Euphorbiaceae), and families within groups contain-
ing Huertales (Gerrardinaceae), Brassicales and Malvales (with the
exception of Malvaceae; Figure 2). The beetles’ fusaria symbionts
could colonize on a subset of 50 families and 122 genera of bee-
tle-attacked species across the phylogeny, including species within
Cupressaceae and Podocarpaceae (Figure 2). The 77 competent host
species clumped within 24 families and 48 genera of all attacked spe-
cies. These species were nested within angiosperm lineages ranging
from the most basal Magnoliids that diversified ~150 Mya to lineages
that originated as recently as ~35 Mya (e.g., Malvaceae). Notably,
59 of the 77 competent host species (77%) and 14 of the 18 killed-
competent host species (78%) clustered within the Rosids clade
(Figure 2). Within the Rosids, 43 competent (56%) and ten killed-
competent (55%) host species grouped within the Fabids; half of the
competent host species were further clustered within the Eurosid Il
clade (Figure 2). Only killed-competent hosts exhibited a significant
phylogenetic signal measured by the D statistic (D = 0.299) and the
strength of the signal indicated a clumped phylogenetic pattern con-

sistent with Brownian motion (Table 2).

3.2 | Phylogenetic dispersion analysis

The phylogenetic distances for all pairs of the 2717 observed tree
species and confirmed nonhosts from California and South Africa
ranged between 1.4 and 806 Myr (Figure S1). This range decreased
notably with increasingly severe nested types of outcomes of in-
teractions between host plants, the beetles, and the fungus (Figure
S1). We ranked the phylogenetic distances for all species pairs and
their respective subsets (Figure 3a and 52,53). Consistent with re-
sults in Parker et al. (2015), inspection of the full CDPD curves indi-
cated that affected phylogenetic distances tend to be much shorter
than the overall median because of the swamping effect of many
distantly related pairs (Figure S2). As such, we focused our analysis
at the scale of the 10th quantile of pairwise phylogenetic distances
between species, where the depth of conservatism of important
traits that confer host susceptibility is most informative (Figure 3b).
As phylogenetic distance represents time of independent evolution
(Myr), shorter distances indicate species are more closely related to
one another.

Species that were attacked by beetles were a nonrandom sub-
set of all the available hosts as indicated by a downward shift in

their CDPD curve; the phylogenetic distances among the attacked
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hosts are consistently much shorter than those among all available
species (Figure 3b). Shorter distances indicate a selectivity where if
one species of tree is attacked, close relatives are also more likely
to be attacked. The CDPD curves for beetle-attacked and Fusarium-
colonized hosts overlapped, suggesting that the phylogenetic
preferences for beetle attack and fungal growth are very similar.
Notably, within those attacked hosts, an even more phylogenetically
restricted subset of hosts was able to serve as competent hosts for
beetle reproduction. A very striking phylogenetic effect was seen
on the most severely affected competent hosts. Competent host
species that were killed by beetle/fungal attack fell into phyloge-
netic clusters that produced a much flatter CDPD. Consistent with
entire clades being lost from the host range with increasingly more
severe interactions, these hosts for which attack was lethal had a
decile phylogenetic distance of only 60 Myr, compared with 160 Myr
for all the hosts attacked by the beetles (i.e., killed host species are

TABLE 2 Phylogenetic signal for each host type measured by
D statistic, and the probability of E(D) resulting from Brownian
phylogenetic structure

Probability
Host type D of E(D)
Nonhost 0.8410635 0
Beetle only attacked 0.7404623 0
Fungus 0.7633496 0
Competent 0.7945735 0
Competent not killed 0.9098142 0
Competent killed 0.2993492 0.303
(a)
==+ Non-host
200 —{ Examined
~~~~~ Attack Attempt g
~= Fusarium Colonized P
Competent Host e
= = Competent Host (Not Killed) s
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much more closely related to each other than are all the species at-
tacked by the beetles). Removal of gymnosperms from the host data
revealed a shift in the CDPD for non-competent hosts, but distances
were still longer than competent hosts (Figure S3). Patterns were not
different when South African trees were removed from the analysis
(Figure S3).

4 | DISCUSSION

In this study, we quantified the degree of phylogenetic signal in the
host range of a new invasive generalist pest and pathogen complex
from southeast Asia that elicits different effects across different
host tree species. As we expected, the 327 tree species attacked by
Fusarium dieback-invasive shot hole borers (FD-ISHB) in California
and South Africa were phylogenetically constrained compared to
all examined tree and shrub species. Additionally, competent hosts
(those that support beetle reproduction) were more phylogeneti-
cally constrained than non-competent hosts. Finally, those com-
petent hosts that are killed when attacked exhibited the strongest
phylogenetic signal. Phylogenetic dispersion analysis of each host
type from the most inclusive (beetle attempts an attack) to most
restrictive (beetle and pathogen kill their host) revealed that the
phylogenetic preferences of beetle attack and fungal growth were
the same, nonrandom subset of all available tree and shrub species.
Competent host range was phylogenetically narrower than attacked
hosts by 62 Myr, and those with devastating impacts were the most
constrained, narrower by 107 Myr. As such, our results show a

strong phylogenetic signal in the relative effects of FD-ISHB on host
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FIGURE 3 Phylogenetic distances for all species pairs of each host type (a-b). Intervals represent the 95% confidence interval envelope
generated from 10,000 bootstrap simulations on a random sample of 90% of the species within each host type. (a) Cumulative distribution
of phylogenetic distances (CDPD) from quantiles 1%-15%. (b) Boxplots of phylogenetic distances at the 10th quantile. Grey dots represent

actual data from the simulations
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species, demonstrating that the strength of multi-host pest impacts
in plants can be predicted by host evolutionary relationships. These
findings form the basis for developing predictive models of multi-
host pest spread in novel habitats using tools in phylogenetic

ecology.

4.1 | Estimations of phylogenetic signal

Both phylogenetic dispersion analysis and the D statistical measure
of phylogenetic signal (Fritz & Purvis, 2010) detected a phylogenetic
effect on the most severely affected competent hosts. Phylogenetic
dispersion analysis was potentially more sensitive in detecting a sig-
nal for non-competent and all competent hosts than D because while
there are “jumps” in the signal (i.e., roughly 25% of competent hosts
occur outside the Rosids), we see high clustering within groups con-
taining competent host species. Within the Rosids, there is another
jump in the signal between the Fabids and Malvids, but a high de-
gree of clustering occurs within those two groups, particularly in the
Fabids (i.e., Salicaceae, Fagaceae and Fabaceae) and the Malvids (i.e.,
Sapindaceae). The D measure in phylogenetic signal is based on an
underlying threshold model, which assumes that patterns of a binary
trait across the phylogeny are based on one or more evolved, con-
tinuous traits (Fritz & Purvis, 2010). However, although many traits
important in plant-enemy interactions show a phylogenetic signal
(Agrawal, 2007; Boller & Felix, 2009; Gilbert & Parker, 2016; Pearse
& Hipp, 2009), there are exceptions (Becerra, 1997; Pichersky &
Lewinsohn, 2011; Wink, 2003). Thus, our results suggest there are
many ways for hosts to be susceptible. Those ways are moderately
constrained phylogenetically, but susceptibility clusters within phy-
logenetic groups and this clumping becomes more restricted with
more impactful interactions.

4.2 | Phylogenetic signal in multi-host pest
interactions

Quantitative measures that leverage an understanding of the evo-
lutionary ecology of host-pest interactions to assess the relative
impacts of generalist pests on their hosts provide important and
novel tools to predict threats to ecosystems. By utilizing multiple
invasion pathways, multi-host pests present inherently different
epidemiological dynamics than single host pests when introduced
to naive plant or animal communities. In particular, generalist pests
do not rely on density-dependent transmission of a single host
species, which thereby increases the likelihood of pest-induced
host extinction (De Castro & Bolker, 2005; Smith et al., 2006). As
the majority of plant and animal pests attack multiple host species
(Cleaveland et al., 2001; Gilbert et al., 2012; Gilbert & Webb, 2007,
Malpica et al., 2006; Novotny et al., 2002; Pearse & Hipp, 2009;
Weiblen et al., 2006), these essential evolutionary tools in species
conservation efforts are also broadly applicable. For domesticated

mammals, Farrell and Davies (2019) demonstrated that evolutionary

distance from an infected host to another mammal host species is a
strong predictor of multi-host disease-induced mortality. Similarly,
Gilbert et al. (2015) reported that the relative amount of damage
done by a natural enemy on plant species declines predictably with
increasing evolutionary distance from highly susceptible hosts.
Our study affirms that the use of host evolutionary relationships
presents a unifying theoretical approach to predicting disease out-
comes across multiple host-pest combinations.

4.3 | Epidemiological implications of host
evolutionary relationships

In addition to determining which species are prone to pest-induced
mortality, host evolutionary relationships can be used to under-
stand complex epidemiological outcomes and help prioritize surveil-
lance activities in vulnerable, naive communities. For FD-ISHB, the
stronger phylogenetic effects with increasingly severe host impacts
correspond to potential epidemiological outcomes. These outcomes
are likely consistent with stages of invasion in which non-competent
hosts may foster beetle arrival to a new area, competent hosts fa-
cilitate beetle-fungal establishment and pest-pathogen persistence,
and killed-competent hosts correspond to pest-pathogen spread
and ecosystems impact. Because FD-ISHB non-competent hosts
exhibit a phylogenetic signal, beetle arrival most likely corresponds
to a broad suite of polygenic traits that attract beetles to trees, but
other trait aggregates that confer induced defence can prevent bee-
tle establishment. This phenomenon has been demonstrated for two
conspecific cultivars of tea (Camellia sinensis) with different suscepti-
bilities to Euwallacea perbrevis in Sri Lanka (Karunaratne et al., 2009).
Both cultivars are equally attractive to beetle attack, but while bee-
tles established galleries in the susceptible cultivar, they abandoned
partly bored galleries the resistant cultivar, suggesting beetle attack
induced plant defences in the resistant cultivar. In systems with such
ecological stepping stones of hosts of different susceptibility, a larger
pool of closely related susceptible species in a local plant community
increases a beetle's chance of encountering a competent host indi-
vidual; non-competent hosts that do not kill the beetle may therefore
facilitate establishment in a new location through contact with indi-
viduals representing closely related competent host species.

The even more phylogenetically constrained competent hosts
that survive attack represent a low virulence interaction that pro-
motes pest-pathogen persistence in reservoir hosts. The most
severely affected competent hosts represent a high-virulence in-
teraction, show the most striking phylogenetic effect and largely
correspond to pest-pathogen spread. Young adult Euwallacea fe-
males emerging from native galleries prefer to produce and remain
in their natal galleries on the same individual tree (Calnaido &
Thirugnanasuntharau, 1966; Lynch et al., 2019). Population prop-
agules thus amplify over time until the dying host can no longer
support beetle reproduction and beetles escape the tree in a mass
dispersal event, aiding in the epidemic spread of the pest-patho-

gen complex. Thus, our study demonstrates that understanding
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epidemiological outcomes based on the phylogenetic structure of
the nested outcomes of multi-host pest interactions can help de-
termine which species contribute to different stages of an invasion
process.

To optimize the use of limited resources, an understanding of host
evolutionary relationships can be utilized to stratify survey efforts
and focus on areas with different combinations of species represent-
ing groups that appear to be most important in the arrival, estab-
lishment and spread of the pest-pathogen complex. For example,
surveys of wildland forests in South Africa could prioritize locations
comprising some combination of species in the Fabaceae, Salicaceae
and Sapindaceae, which are common in South Africa (http://pza.
sanbi.org/vegetation) and consist of many host species important
to all stages of an invasion. Common species in families with many
hosts important to beetle arrival (e.g., Podocarpaceae, Proteaceae,
Myrtaceae) or establishment (e.g., Myrtaceae, Arecaceae) could also
be prioritized. Another way to prioritize survey efforts could be to
target species belonging to the genus Dombeya (Malvaceae), given
that many naturally occur in South Africa but not California, and
D. cacuminum is a competent host. Targeting species belonging to
Annonaceae or Strelitziaceae would be of low priority since these
families do not contain host species and are found outside the more

susceptible Rosid clade.

4.4 | Caveats

One limitation to our analysis is that our information on which hosts
the Fusarium pathogens can grow is not independent of beetle at-
tack. Experimental inoculations of the fungi on confirmed nonhost
tree species (no symptoms of beetle attack) would indicate whether
the Fusarium host range is truly constrained phylogenetically.
However, the relationship between the beetles and their fungi is
tightly coupled. The Fusarium species belong to the monophyletic
Ambrosia Fusarium Clade (AFC; Kasson et al., 2013) and the ~22
Myr old mutualism between AFC members and beetles in the genus
Euwallacea represents 1 of 11 known evolutionary origins of fungi-
culture by ambrosia beetles (O’Donnell et al., 2015). These closely
related wood-inhabiting Fusarium species are transmitted in mycan-
gia and cultivated by females in galleries as a source of nutrition for
the beetle (Kasson et al., 2013; O’Donnell et al., 2015). Key survival
structures of the Fusarium species that aid in their dispersal have not
been observed on Fusarium-colonized non-competent hosts, which
suggests that their chance of spread without their beetle vector is
very low. Therefore, fungal colonization on artificially inoculated
plant species outside the phylogenetic constraints of beetle-at-
tacked species may not be as important as the beetle-fungal-host
interactions combined.

The strength of the phylogenetic signal seen between differ-
ent host types provides a working hypothesis as to which species
we expect to be new hosts prone to different levels of Fusarium-
ISHB attack in South Africa. Our California data set is based on

8 years of comprehensive and ongoing surveys throughout the
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infested region, representing the most complete host list avail-
able. However, the host list includes additional species in new
families based on preliminary surveys in South Africa, which
do not occur in California (Calflora, 2020); https://www.fabin
et.up.ac.za/pshb). New species include one new competent host
in a new Malvid family within the Rosid clade (Combretaceae:
Combretum kraussii), and three non-competent hosts representing
two new families outside the Rosids (Primulaceae: Rapanea mela-
nophloeos; Stilbaceae: Halleria lucida and Nuxia floribunda). Other
new families with non-competent host genera that do not occur
in California include Primulaceae (Rapanea), Boraginaceae (Cordia)
and Celastraceae (Gymnosporia); all but the latter occur outside
the Rosid clade. Interestingly, Aoki et al. (2018) observed attacks
by Euwallacea validus on tree species in the eastern USA that occur
within the same highly phylogenetically constrained Fabid and
Malvid groups as the ISHB beetles. Additionally, all three beetle
species (E. validus, E. fornicatus, E. kuroshio) share at least seven
orders containing competent hosts. Together with all seven new
competent host species clumping within the Rosids, and the re-
maining additional six competent and 19 non-competent host spe-
cies clustering within existing groups, we can conclude that the
overall phylogenetic patterns hold for the growing host list and
potentially for host ranges of other Euwallacea-AFC members.
Phylogenetic models based on evolutionary distances be-
tween hosts of generalist pests can be used to evaluate which
host species are potentially most vulnerable to pest impacts and
most important to their establishment and spread. Certainly, other
essential factors that drive host-pest interactions influence host
outcomes. Changes in environmental conditions, pathogen viru-
lence or the host microbiome can amplify or inhibit host suscepti-
bility or damage. In particular, the phylogenetic structure and host
abundance of local communities strongly influence the severity of
impact on focal hosts (Parker et al., 2015). Although phylogenetic
signal in host range cannot fully explain overall epidemic patterns,
it can be used as a first approximation to understanding complex
novel pest invasions, serving as a powerful tool to assess risk and

guide response priorities.

ACKNOWLEDGEMENTS

We thank our funders for supporting this research: San Diego
Association of Governments Land Management Grant (5004987
& 5005757); USDA APHIS Farm Bill (AP19PPQS&T00C242
& AP18PPQS&T00C162); California Department of Fish and
Wildlife Local Assistance Grant (in partnership with the Natural
Communities Coalition of Orange County; OC Parks; and Irvine
Ranch Conservancy; 17-01-NCC); California Department of Food
and Agriculture Specialty Crop Block Grant (CDFA-SCB16051); The
Nature Conservancy (P102283); Walt Disney Company; California
Native Plant Society; Southern California Botanists; Sigma Xi; Sea
and Sage Audubon Society; and Los Angeles Center for Urban
Natural Resources and Sustainability. Special thanks to A. Conover,
J. Detka, T. Farber, S. Philpott, and I. Parker for their critical com-

ments on this manuscript.


http://pza.sanbi.org/vegetation
http://pza.sanbi.org/vegetation
https://www.fabinet.up.ac.za/pshb
https://www.fabinet.up.ac.za/pshb

LYNCH ET AL.

1092
2 Lwiey- e m—

CONFLICT OF INTEREST
The authors confirm that they do not have any conflicts of interest
to declare.

DATA AVAILABILITY STATEMENT
The authors confirm that the data supporting the findings of this
study are available within the article and its Supporting information.

ORCID
Shannon Colleen Lynch https://orcid.org/0000-0003-0544-5749
Akif Eskalen https://orcid.org/0000-0002-8829-7413

Gregory S. Gilbert https://orcid.org/0000-0002-5195-9903

REFERENCES

Agrawal, A. A. (2007). Macroevolution of plant defense strategies. Trends
in Ecology and Evolution, 22(2), 103-109. https://doi.org/10.1016/j.
tree.2006.10.012

Aoki, T., Kasson, M. T., Berger, M. C., Freeman, S., Geiser, D. M., &
O’Donnell, K. (2018). Fusarium oligoseptatum sp. nov., a mycosymbi-
ont of the ambrosia beetle Euwallacea validus in the Eastern U.S. and
typification of F. ambrosium. Fungal Systematics and Evolution, 1(1),
23-39. https://doi.org/10.3114/fuse.2018.01.03

Becerra, J. X. (1997). Insects on plants: Macroevolutionary chemi-
cal trends in host use. Science, 276(5310), 253-256. https://doi.
org/10.1126/science.276.5310.253

Boland, J. M. (2016). The impact of an invasive ambrosia beetle on the ri-
parian habitats of the Tijuana River Valley, California. PeerJ, 4, e2141.
https://doi.org/10.7717/peerj.2141

Boller, T., & Felix, G. (2009). A renaissance of elicitors: Perception of mi-
crobe-associated molecular patterns and danger signals by pattern-
recognition receptors. Annual Review of Plant Biology, 60, 379-406.
https://doi.org/10.1146/annurev.arplant.57.032905.105346

Bremer, B., Bremer, K., Chase, M. W., Fay, M. F,, Reveal, J. L., Soltis, D. E.,
Soltis, P. S., Stevens, P. F., Anderberg, A. A.,, Moore, M. J., Olmstead, R.
G., Rudall, P. J., Sytsma, K. J., Tank, D. C., Wurdack, K., Xiang, J. Q.-Y.,
& Zmarzty, S. (2009). An update of the Angiosperm Phylogeny Group
classification for the orders and families of flowering plants: APG Il
Botanical Journal of the Linnean Society, 161, 105-121.

Briese, D. T. (2003). The centrifugal phylogenetic method used to se-
lect plants for host-specificity testing of weed biological control
agents: Can and should it be modernised? In H. S. Jacob, & D. T.
Briese (Eds.), Improving the selection, testing and evaluation of weed
biological control agents (pp. 22-33). CRC for Australian Weed
Management.

Bruneau, A. (1996). Phylogenetic and biogeographical patterns in
Erythrina (Leguminosae: Phaseoleae) as inferred from morphological
and chloroplast DNA characters. Systematic Botany, 21(4), 587-605.
https://doi.org/10.2307/2419617

Byng, J. W., Chase, M. W.,, Christenhusz, M. J. M., Fay, M. F,, Judd, W. S.,
Mabberley, D. J., Sennikov, A. N., Soltis, D. E., Soltis, P. S., Stevens, P.
F., Briggs, B., Brockington, S., Chautems, A., Clark, J. C., Conran, J.,
Haston, E., Moller, M., Moore, M., Olmstead, R., ... Weber, A. (2016).
An update of the Angiosperm Phylogeny Group classification for the
orders and families of flowering plants: APG IV. Botanical Journal of
the Linnean Society, 181, 1-20.

Calflora. (2020). Berkeley, California: The Calflora Database [a non-profit
organization]. In Calflora: Information on California plants for educa-
tion, research and conservation. [web application]. Retrieved from
https://www.calflora.org/

Calnaido, D., & Thirugnanasuntharau, K. (1966). Preliminary ecological
studies on the shot-hole borer and their relation to the control of the
pest (Xyleborus fomicatus). The Tea Quarterly, 37(1), 28-45.

Catalano, S. A., Vilardi, J. C., Tosto, D., & Saidman, B. O. (2008). Molecular
phylogeny and diversification history of Prosopis (Fabaceae:
Mimosoideae). Biological Journal of the Linnean Society, 93(3), 621-
640. https://doi.org/10.1111/j.1095-8312.2007.00907.x

Cavender-Bares, J., & Gonzalez-Rodriguez, A. (2015). Phylogeny and bio-
geography of the American live oaks (Quercus subsection Virentes):
A genomic and population genetics approach. Molecular Ecology,
2015(24), 3668-3687. https://doi.org/10.1111/mec.13269

Chanderbali, A. S., van der Werff, H., & Renner, S. S. (2001). Phylogeny
and historical biogeography of Lauraceae: Evidence from the chloro-
plast and nuclear genomes. Annals of the Missouri Botanical Garden,
88(1), 104-134. https://doi.org/10.2307/2666133

Cleaveland, S., Laurenson, M. K., & Taylor, L. H. (2001). Diseases of hu-
mans and their domestic mammals: Pathogen characteristics, host
range and the risk of emergence. Philosophical Transactions of the
Royal Society of London Series B, Biological Sciences, 356(1411), 991-
999. https://doi.org/10.1098/rsth.2001.0889

Davies, T. J,, Barraclough, T. G., Chase, M. W,, Soltis, P. S., Soltis, D. E., &
Savolainen, V. (2004). Darwin’s abominable mystery: Insights from a
supertree of the angiosperms. Proceedings of the National Academy of
Sciences of the United States of America, 101(7), 1904-1909. https://
doi.org/10.1073/pnas.0308127100

De Castro, F, & Bolker, B. (2005). Mechanisms of disease-induced ex-
tinction. Ecology Letters, 8(1), 117-126. https:/doi.org/10.1111/j.
1461-0248.2004.00693.x

De Luca, A., Sibilio, G., De Luca, P., & Del Guacchio, E. (2018). DNA bar-
coding to confirm the morphological identification of the coral trees
(Erythrina spp., Fabaceae) in the ancient gardens of Naples (Campania,
Italy). Plants, 7(2), 43. https://doi.org/10.3390/plants7020043

Donatelli, M., Magarey, R. D., Bregaglio, S., Willocquet, L., Whish, J. P. M,
& Savary, S. (2017). Modelling the impacts of pests and diseases on
agricultural systems. Agricultural Systems, 155, 213-224. https://doi.
org/10.1016/j.agsy.2017.01.019

Eskalen, A., Gonzalez, A., Wang, D. H., Twizeyimana, M., Mayorquin, J. S,
& Lynch, S. C. (2012). First report of a Fusarium sp. and its vector
tea shot hole borer (Euwallacea fornicatus) causing Fusarium die-
back on avocado in California. Plant Disease, 96(7), 1070. https://doi.
org/10.1094/PDIS-03-12-0276-PDN

Eskalen, A., Stouthamer, R., Lynch, S. C., Rugman-Jones, P. F,
Twizeyimana, M., Gonzalez, A., & Thibault, T. (2013). Host range of
Fusarium dieback and its ambrosia beetle (Coleoptera: Scolytinae)
vector in Southern California. Plant Disease, 97(7), 938-951. https://
doi.org/10.1094/PDIS-11-12-1026-RE

Farrell, M. J., & Davies, T. J. (2019). Disease mortality in domesticated
animals is predicted by host evolutionary relationships. Proceedings
of the National Academy of Sciences of the United States of America,
116(16), 7911-7915. https://doi.org/10.1073/pnas.1817323116

Feng, Y., Oh, S.-H., & Manos, P. S. (2005). Phylogeny and historical
biogeography of the genus Platanus as inferred from nuclear and
chloroplast DNA. Systematic Botany, 30(4), 786-799. https://doi.
org/10.1600/036364405775097851

Fountain-Jones, N. M., Pearse, W. D., Escobar, L. E., Alba-Casals, A.,
Carver, S., Davies, T. J., Kraberger, S., Papes, M., Vandegrift, K.,
Worsley-Tonks, K., & Craft, M. E. (2018). Towards an eco-phyloge-
netic framework for infectious disease ecology. Biological Reviews
of the Cambridge Philosophical Society, 93(2), 950-970. https://doi.
org/10.1111/brv.12380

Freeman, S., Sharon, M., Maymon, M., Mendel, Z., Protasov, A., Aoki, T., Eskalen,
A., & O'Donnell, K. (2013). Fusarium euwallaceae sp. nov.-a symbiotic fun-
gus of Euwallacea sp., an invasive ambrosia beetle in Israel and California.
Mycologia, 105(6), 1595-1606. https:/doi.org/10.3852/13-066

Fritz, S. A., & Purvis, A. (2010). Selectivity in mammalian extinction risk
and threat types: A new measure of phylogenetic signal strength
in binary traits. Conservation Biology, 24(4), 1042-1051. https://doi.
org/10.1111/j.1523-1739.2010.01455.x


https://orcid.org/0000-0003-0544-5749
https://orcid.org/0000-0003-0544-5749
https://orcid.org/0000-0002-8829-7413
https://orcid.org/0000-0002-8829-7413
https://orcid.org/0000-0002-5195-9903
https://orcid.org/0000-0002-5195-9903
https://doi.org/10.1016/j.tree.2006.10.012
https://doi.org/10.1016/j.tree.2006.10.012
https://doi.org/10.3114/fuse.2018.01.03
https://doi.org/10.1126/science.276.5310.253
https://doi.org/10.1126/science.276.5310.253
https://doi.org/10.7717/peerj.2141
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.2307/2419617
http://www.calflora.org/
https://doi.org/10.1111/j.1095-8312.2007.00907.x
https://doi.org/10.1111/mec.13269
https://doi.org/10.2307/2666133
https://doi.org/10.1098/rstb.2001.0889
https://doi.org/10.1073/pnas.0308127100
https://doi.org/10.1073/pnas.0308127100
https://doi.org/10.1111/j.1461-0248.2004.00693.x
https://doi.org/10.1111/j.1461-0248.2004.00693.x
https://doi.org/10.3390/plants7020043
https://doi.org/10.1016/j.agsy.2017.01.019
https://doi.org/10.1016/j.agsy.2017.01.019
https://doi.org/10.1094/PDIS-03-12-0276-PDN
https://doi.org/10.1094/PDIS-03-12-0276-PDN
https://doi.org/10.1094/PDIS-11-12-1026-RE
https://doi.org/10.1094/PDIS-11-12-1026-RE
https://doi.org/10.1073/pnas.1817323116
https://doi.org/10.1600/036364405775097851
https://doi.org/10.1600/036364405775097851
https://doi.org/10.1111/brv.12380
https://doi.org/10.1111/brv.12380
https://doi.org/10.3852/13-066
https://doi.org/10.1111/j.1523-1739.2010.01455.x
https://doi.org/10.1111/j.1523-1739.2010.01455.x

LYNCH ET AL.

Gilbert, G. S., Briggs, H. M., & Magarey, R. (2015). The impact of plant
enemies shows a phylogenetic signal. PLoS One, 10(4), e0123758.
https://doi.org/10.1371/journal.pone.0123758

Gilbert, G. S., Magarey, R., Suiter, K., & Webb, C. O. (2012). Evolutionary
tools for phytosanitary risk analysis: Phylogenetic signal as a predictor
of host range of plant pests and pathogens. Evolutionary Applications,
5(8), 869-878. https://doi.org/10.1111/j.1752-4571.2012.00265.x

Gilbert, G. S., & Parker, I. M. (2016). The evolutionary ecology of plant
disease: A phylogenetic perspective. Annual Review of Phytopathology,
54, 549-578. https://doi.org/10.1146/annurev-phyto-102313-045959

Gilbert, G. S., & Webb, C. O. (2007). Phylogenetic signal in plant
pathogen-host range. Proceedings of the National Academy of Sciences
of the United States of America, 104(12), 4979-4983. https://doi.
org/10.1073/pnas.0607968104

Gomez, D. F.,, Skelton, J., Steininger, M. S., Stouthamer, R., Rugman-Jones,
P., Sittichaya, W., Rabaglia, R. J., & Hulcr, J. (2018). Species delinea-
tion within the Euwallacea fornicatus (Coleoptera: Curculionidae)
complex revealed by morphometric and phylogenetic analyses. Insect
Systematics and Diversity, 2(6), 1-11. https://doi.org/10.1093/isd/
ixy018

Gomez-Acevedo, S., Rico-Arce, L., Delgado-Salinas, A., Magallén,
S., & Eguiarte, L. E. (2010). Neotropical mutualism between
Acacia and Pseudomyrmex: Phylogeny and divergence times.
Molecular Phylogenetics and Evolution, 56(1), 393-408. https://doi.
org/10.1016/j.ympev.2010.03.018

Goodell, K., Parker, I. M., & Gilbert, G. S. (2000). Biological impacts of
species invasions: Implications for policy makers. In J. Caswell (Ed.),
National Research Council (US), Incorporating science, economics, and
sociology in developing sanitary and phytosanitary standards in interna-
tional trade (pp. 87-117). National Academy Press.

Grimm, G. W., & Denk, T. (2008). Its evolution in Platanus (Platanaceae):
Homoeologues, pseudogenes and ancient hybridization. Annals of
Botany, 101(3), 403-419. https://doi.org/10.1093/aob/mcm305

Grimm, G. W., Renner, S. S., Stamatakis, A., & Hemleben, V. (2007). A
nuclear ribosomal DNA phylogeny of Acer inferred with maximum
likelihood, splits graphs, and motif analysis of 606 sequences.
Evolutionary Bioinformatics Online, 2, 7-22.

Hamzeh, M., & Dayanandan, S. (2004). Phylogeny of Populus (Salicaceae)
based on nucleotide sequences of chloroplast TRNT-TRNF region and
nuclear rDNA. American Journal of Botany, 91(9), 1398-1408. https://
doi.org/10.3732/ajb.91.9.1398

Hao, G., Zhang, D.-X., Zhang, M.-Y., Guo, L.-X., & Li, S.-J. (2003).
Phylogenetics of Bauhinia subgenus Phanera (Leguminosae:
Caesalpinioideae) based on ITS sequences of nuclear ribosomal
DNA. Botanical Bulletin of Academia Sinica, 44, 223-228.

Harris, A. J., Chen, Y., Olsen, R. T, Lutz, S., & Wen, J. (2017). On merging Acer
sections Rubra and Hyptiocarpa: Molecular and morphological evidence.
PhytoKeys, 86, 9-42. https://doi.org/10.3897/phytokeys.86.13532

Hipp, A. L., Eaton, D. A. R., Cavender-Bares, J., Fitzek, E., Nipper, R, &
Manos, P. S. (2014). A framework phylogeny of the American oak
clade based on sequenced RAD data. PLoS One, 9(4), e93975. https://
doi.org/10.1371/journal.pone.0093975

Hipp, A. L., Manos, P. S., Gonzalez-Rodriguez, A., Hahn, M., Kaproth, M.,
McVay, J. D., Avalos, S. V., & Cavender-Bares, J. (2018). Sympatric
parallel diversification of major oak clades in the Americas and the
origins of Mexican species diversity. The New Phytologist, 217(1),
439-452. https://doi.org/10.1111/nph.14773

Karunaratne, W. S., Subodhi Karunaratne, W., Kumar, V., Pettersson, J.,
& Savitri Kumar, N. (2009). Density dependence and induced resis-
tance or behavioural response of the shot-hole borer of tea, Xyleborus
fornicatus (Coleoptera:Scolytidae) to conspecifics and plant odours.
Acta Agriculturae Scandinavica, Section B - Plant Soil Science, 59(4),
357-361. https://doi.org/10.1080/09064710802240026

Kasson, M. T., O’Donnell, K., Rooney, A. P, Sink, S., Ploetz, R. C., Ploetz,
J. N., Konkol, J. L., Carrillo, D., Freeman, S., Mendel, Z., Smith, J. A,

T\ || £y

Black, A. W., Hulcr, J., Bateman, C., Stefkova, K., Campbell, P. R,,
Geering, A. D. W., Dann, E. K., Eskalen, A, ... Geiser, D. M. (2013).
An inordinate fondness for Fusarium: Phylogenetic diversity of fu-
saria cultivated by ambrosia beetles in the genus Euwallacea on avo-
cado and other plant hosts. Fungal Genetics and Biology, 56, 147-157.
https://doi.org/10.1016/j.fgh.2013.04.004

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon,
H., Ackerly, D. D., Blomberg, S. P., & Webb, C. O. (2010). Picante: R
tools for integrating phylogenies and ecology. Bioinformatics, 26(11),
1463-1464. https://doi.org/10.1093/bioinformatics/btql166

Kyalangalilwa, B., Boatwright, J. S., Daru, B. H., Maurin, O., & van der
Bank, M. (2013). Phylogenetic position and revised classification of
Acacia sl (Fabaceae: Mimosoideae) in Africa, including new combi-
nations in Vachellia and Senegalia. Botanical Journal of the Linnean
Society, 172(4), 500-523. https://doi.org/10.1111/b0j.12047

Lauron-Moreau, A, Pitre, F. E., Argus, G. W., Labrecque, M., & Brouillet,
L. (2015). Phylogenetic relationships of American willows (Salix L.,
Salicaceae). PLoS One, 10(4), e0121965. https://doi.org/10.1371/
journal.pone.0121965

Li, J., Stukel, M., Bussies, P., Skinner, K., Lemmon, A. R., Lemmon, E. M.,
Brown, K., Bekmetjev, A., & Swenson, N. G. (2019). Maple phylog-
eny and biogeography inferred from phylogenomic data. Journal of
Systematics and Evolution, 152, 767. https://doi.org/10.1111/jse.12535

Li, J., Yue, J., & Shoup, S. (2006). Phylogenetics of Acer (Aceroideae,
Sapindaceae) based on nucleotide sequences of two chloroplast
non-coding regions. Harvard Papers in Botany, 11(1), 101-115. https://
doi.org/10.3100/1043-4534(2006)11[101:POAASB]2.0.CO;2

Liu, X., Wang, Z., Wang, D., & Zhang, J. (2016). Phylogeny of Populus-
Salix (Salicaceae) and their relative genera using molecular data-
sets. Biochemical Systematics and Ecology, 68, 210-215. https://doi.
org/10.1016/j.bse.2016.07.016

Lynch, S. C., Gilbert, G. S., & Eskalen, A. (2019). Management and monitor-
ing of Fusarium dieback - Invasive shot hole borers complex. California
Department of Fish and Wildlife. Final Report.

Lynch, S. C., Twizeyimana, M., Mayorquin, J. S., Wang, D. H., Na, F., Kayim,
M., Kasson, M. T., Thu, P. Q., Bateman, C., Rugman-Jones, P., Hulcr,
J., Stouthamer, R., & Eskalen, A. (2016). Identification, pathogenicity
and abundance of Paracremonium pembeum sp. nov. and Graphium
euwallaceae sp. nov.-two newly discovered mycangial associates
of the polyphagous shot hole borer (Euwallacea sp.) in California.
Mycologia, 108(2), 313-329. https://doi.org/10.3852/15-063

Malpica, J. M., Sacristan, S., Fraile, A., & Garcia-Arenal, F. (2006).
Association and host selectivity in multi-host pathogens. PLoS One,
1, e41. https://doi.org/10.1371/journal.pone.0000041

Manos, P. S., Doyle, J. J., & Nixon, K. C. (1999). Phylogeny, biogeogra-
phy, and processes of molecular differentiation in Quercus subge-
nus Quercus (Fagaceae). Molecular Phylogenetics and Evolution, 12(3),
333-349. https://doi.org/10.1006/mpev.1999.0614

Manos, P. S., Zhou, Z., & Cannon, C. H. (2001). Systematics of Fagaceae:
Phylogenetic tests of reproductive trait evolution. International Journal
of Plant Sciences, 162(6), 1361-1379. https://doi.org/10.1086/322949

McPherson, E. G., van Doorn, N., & de Goede, J. (2016). Structure, func-
tion and value of street trees in California, USA. Urban Forestry and
Urban Greening, 17, 104-115.

Mendel, Z., Protasov, A., Sharon, M., Zveibil, A., Yehuda, S. B., O'Donnell,
K., Rabaglia, R., Wysoki, M., & Freeman, S. (2012). An Asian am-
brosia beetle Euwallacea fornicatus and its novel symbiotic fungus
Fusarium sp. pose a serious threat to the Israeli avocado industry.
Phytoparasitica, 40(3), 235-238. https://doi.org/10.1007/s1260
0-012-0223-7

Meng, H.-H., Jacques, F. M., Su, T., Huang, Y.-J., Zhang, S.-T., Ma, H.-J,
& Zhou, Z.-K. (2014). New biogeographic insight into Bauhinia s.l.
(Leguminosae): Integration from fossil records and molecular anal-
yses. BMC Evolutionary Biology, 14, 181. https://doi.org/10.1186/
s12862-014-0181-4


https://doi.org/10.1371/journal.pone.0123758
https://doi.org/10.1111/j.1752-4571.2012.00265.x
https://doi.org/10.1146/annurev-phyto-102313-045959
https://doi.org/10.1073/pnas.0607968104
https://doi.org/10.1073/pnas.0607968104
https://doi.org/10.1093/isd/ixy018
https://doi.org/10.1093/isd/ixy018
https://doi.org/10.1016/j.ympev.2010.03.018
https://doi.org/10.1016/j.ympev.2010.03.018
https://doi.org/10.1093/aob/mcm305
https://doi.org/10.3732/ajb.91.9.1398
https://doi.org/10.3732/ajb.91.9.1398
https://doi.org/10.3897/phytokeys.86.13532
https://doi.org/10.1371/journal.pone.0093975
https://doi.org/10.1371/journal.pone.0093975
https://doi.org/10.1111/nph.14773
https://doi.org/10.1080/09064710802240026
https://doi.org/10.1016/j.fgb.2013.04.004
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1111/boj.12047
https://doi.org/10.1371/journal.pone.0121965
https://doi.org/10.1371/journal.pone.0121965
https://doi.org/10.1111/jse.12535
https://doi.org/10.3100/1043-4534%282006%2911%5B101:POAASB%5B2.0.CO;2
https://doi.org/10.3100/1043-4534%282006%2911%5B101:POAASB%5B2.0.CO;2
https://doi.org/10.1016/j.bse.2016.07.016
https://doi.org/10.1016/j.bse.2016.07.016
https://doi.org/10.3852/15-063
https://doi.org/10.1371/journal.pone.0000041
https://doi.org/10.1006/mpev.1999.0614
https://doi.org/10.1086/322949
https://doi.org/10.1007/s12600-012-0223-7
https://doi.org/10.1007/s12600-012-0223-7
https://doi.org/10.1186/s12862-014-0181-4
https://doi.org/10.1186/s12862-014-0181-4

LYNCH ET AL.

1094
ot Lwiey- e —

Miller, J. T., Murphy, D. J., Brown, G. K., Richardson, D. M., & Gonzalez-
QOrozco, C. E. (2011). The evolution and phylogenetic placement of
invasive Australian Acacia species. Diversity and Distributions, 17(5),
848-860. https://doi.org/10.1111/j.1472-4642.2011.00780.x

Miller, J. T., & Seigler, D. (2012). Evolutionary and taxonomic relation-
ships of Acacia s.|. (Leguminosae: Mimosoideae). Australian Systematic
Botany, 25(3), 217-224. https://doi.org/10.1071/SB11042

Na, F., Carrillo, J. D., Mayorquin, J. S., Ndinga-Muniania, C., Stajich, J.
E., Stouthamer, R., Huang, Y.-T., Lin, Y.-T., Chen, C.-Y., & Eskalen,
A. (2018). Two novel fungal symbionts Fusarium kuroshium sp.
nov. and Graphium kuroshium sp. nov. of Kuroshio shot hole borer
(Euwallacea sp. nr. fornicatus) cause Fusarium dieback on woody host
species in California. Plant Disease, 102(6), 1154-1164. https://doi.
org/10.1094/PDIS-07-17-1042-RE

Novotny, V., Basset, Y., Miller, S. E., Weiblen, G. D., Bremer, B., Cizek,
L., & Drozd, P. (2002). Low host specificity of herbivorous in-
sects in a tropical forest. Nature, 416(6883), 841-844. https://doi.
org/10.1038/416841a

O’Donnell, K., Sink, S., Libeskind-Hadas, R., Hulcr, J., Kasson, M. T.,
Ploetz, R. C., Konkol, J. L., Ploetz, J. N., Carrillo, D., Campbell, A.,
Duncan, R. E., Liyanage, P. N. H., Eskalen, A., Na, F., Geiser, D. M,
Bateman, C., Freeman, S., Mendel, Z., Sharon, M., ... Rooney, A.
P. (2015). Discordant phylogenies suggest repeated host shifts
in the Fusarium-Euwallacea ambrosia beetle mutualism. Fungal
Genetics and Biology, 82, 277-290. https://doi.org/10.1016/j.
fgh.2014.10.014

Paap, T., De Beer, Z. W., Migliorini, D., Nel, W. J., & Wingfield, M. J. (2018a).
First report of the polyphagous shothole borer (PHSB) and its fungal
symbiont in South Africa. South African Journal of Botany, 115, 305.

Paap, T., De Beer, Z. W., Migliorini, D., Nel, W. J., & Wingfield, M. J.
(2018b). The polyphagous shot hole borer (PSHB) and its fungal
symbiont Fusarium euwallaceae: A new invasion in South Africa.
Australasian Plant Pathology, 47(2), 231-237. https://doi.org/10.1007/
s13313-018-0545-0

Parker, 1. M., Saunders, M., Bontrager, M., Weitz, A. P., Hendricks, R.,
Magarey, R., Suiter, K., & Gilbert, G. S. (2015). Phylogenetic structure
and host abundance drive disease pressure in communities. Nature,
520(7548), 542-544. https://doi.org/10.1038/nature14372

Parker, J. D., & Hay, M. E. (2005). Biotic resistance to plant invasions?
Native herbivores prefer non-native plants. Ecology Letters, 8(9),
959-967. https://doi.org/10.1111/j.1461-0248.2005.00799.x

Parks, O. C.(2017). Shot hole borer: Managing the invasive beetle. Retrieved
from https://oc-Parksgis.maps.arcgis.com/apps/Cascade/index.ht-
ml?appid=680fd0c9e73f4857a8477791f7ee796f

Pearse, I. S., & Hipp, A. L. (2009). Phylogenetic and trait similarity to a na-
tive species predict herbivory on non-native oaks. Proceedings of the
National Academy of Sciences of the United States of America, 106(43),
18097-18102. https://doi.org/10.1073/pnas.0904867106

Pichersky, E., & Lewinsohn, E. (2011). Convergent evolution in plant
specialized metabolism. Annual Review of Plant Biology, 62, 549-566.
https://doi.org/10.1146/annurev-arplant-042110-103814

Pimentel, D., Lach, L. Zuniga, R., & Morrison, D. (2000).
Environmental and economic costs of nonindigenous spe-
cies in the United States. BioScience, 50(1), 53-65. https://doi.
org/10.1641/0006-3568(2000)050[0053:EAECON]2.3.CO;2

Sinou, C., Forest, F., Lewis, G. P, & Bruneau, A. (2009). The genus Bauhinia
s.l. (Leguminosae): A phylogeny based on the plastid trnL-trnF region.
Botany-Botanique, 87(10), 947-960. https://doi.org/10.1139/B09-065

Smith, K. F., Sax, D. F.,, & Lafferty, K. D. (2006). Evidence for the
role of infectious disease in species extinction and endan-
germent. Conservation Biology, 20(5), 1349-1357. https://doi.
org/10.1111/j.1523-1739.2006.00524.x

Smith, S. M., Gomez, D. F,, Beaver, R. A,, Hulcr, J., & Cognato, A. . (2019).
Reassessment of the species in the Euwallacea fornicatus (Coleoptera:
Curculionidae: Scolytinae) complex after the rediscovery of the “lost”

type specimen. Insects, 10(9), 261-272. https://doi.org/10.3390/insec
ts10090261

Stouthamer, R., Rugman-Jones, P., Thu, P. Q., Eskalen, A., Thibault, T., Hulcr,
J., Wang, L., Jordal, B. H., Chen, C., Cooperband, M., Lin, C. S., Kamata,
N., Lu, S. S., Masuya, H., Mendel, Z., Rabaglia, R., Sanguansub, S., Shih,
H. H., Sittichaya, W., & Zong, S. (2017). Tracing the origin of a cryp-
tic invader: Phylogeography of the Euwallacea fornicatus (Coleoptera:
Curculionidae: Scolytinae) species complex. Agricultural and Forest
Entomology, 19(4), 366-375. https://doi.org/10.1111/afe.12215

Suh, Y., Heo, K., & Park, C.-W. (2000). Phylogenetic relationships of maples
(Acer L.; Aceraceae) implied by nuclear ribosomal ITS sequences. Journal
of Plant Research, 113(2), 193-202. https://doi.org/10.1007/PL00013914

Tian, X., Guo, Z. H., & Li, D. Z. (2002). Phylogeny of Aceraceae based on
ITS and trnL-F data sets. Acta Botanica Sinica, 44, 714-724.

van den Berg, N., du Toit, M., Morgan, S. W., Fourie, G., & de Beer, Z.
W. (2019). First report of Fusarium euwallaceae causing necrotic le-
sions on Persea americana in South Africa. Plant Disease, 103(7), 1774.
https://doi.org/10.1094/PDIS-10-18-1818-PDN

Wang, Z., Du, S., Dayanandan, S., Wang, D., Zeng, Y., & Zhang, J. (2014).
Phylogeny reconstruction and hybrid analysis of Populus (Salicaceae)
based on nucleotide sequences of multiple single-copy nuclear
genes and plastid fragments. PLoS One, 9(8), e103645. https://doi.
org/10.1371/journal.pone.0103645

Webb, C. O., Ackerly, D. D., & Kembel, S. W. (2008). Phylocom: Software
for the analysis of phylogenetic community structure and trait evo-
lution. Bioinformatics, 24(18), 2098-2100. https://doi.org/10.1093/
bioinformatics/btn358

Weiblen, G. D., Webb, C. O., Novotny, V., Basset, Y., & Miller, S. E.
(2006). Phylogenetic dispersion of host use in a tropical insect
herbivore community. Ecology, 87(7 Suppl), S62-S75. https://doi.
org/10.1890/0012-9658(2006)87[62:pdohui]2.0.co;2

Wikstrom, N., Savolainen, V., & Chase, M. W. (2001). Evolution of the
angiosperms: Calibrating the family tree. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 268(1482), 2211-2220.
https://doi.org/10.1098/rspb.2001.1782

Wink, M. (2003). Evolution of secondary metabolites from an ecological
and molecular phylogenetic perspective. Phytochemistry, 64(1), 3-19.
https://doi.org/10.1016/s0031-9422(03)00300-5

Young, H. S., Parker, I. M., Gilbert, G. S., Sofia Guerra, A., & Nunn, C. L.
(2017). Introduced species, disease ecology, and biodiversity-disease
relationships. Trends in Ecology and Evolution, 32(1), 41-54. https://
doi.org/10.1016/j.tree.2016.09.008

Zhang, L., Xi, Z., Wang, M., Guo, X., & Ma, T. (2018). Plastome phylog-
eny and lineage diversification of Salicaceae with focus on poplars
and willows. Ecology and Evolution, 8(16), 7817-7823. https://doi.
org/10.1002/ece3.4261

Zhou, A.-P.,, Zong, D., Gan, P.-H., Zou, X.-L., Zhang, Y., Dan, L., & He,
C.-Z. (2018). Analyzing the phylogeny of poplars based on molecular
data. PLoS One, 13(11), e0206998. https:/doi.org/10.1371/journal.
pone.0206998

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Lynch SC, Eskalen A, Gilbert GS.
Host evolutionary relationships explain tree mortality caused
by a generalist pest-pathogen complex. Evol Appl.
2021;14:1083-1094. https://doi.org/10.1111/eva.13182



https://doi.org/10.1111/j.1472-4642.2011.00780.x
https://doi.org/10.1071/SB11042
https://doi.org/10.1094/PDIS-07-17-1042-RE
https://doi.org/10.1094/PDIS-07-17-1042-RE
https://doi.org/10.1038/416841a
https://doi.org/10.1038/416841a
https://doi.org/10.1016/j.fgb.2014.10.014
https://doi.org/10.1016/j.fgb.2014.10.014
https://doi.org/10.1007/s13313-018-0545-0
https://doi.org/10.1007/s13313-018-0545-0
https://doi.org/10.1038/nature14372
https://doi.org/10.1111/j.1461-0248.2005.00799.x
https://oc-Parksgis.maps.arcgis.com/apps/Cascade/index.html?appid=680fd0c9e73f4857a8477791f7ee796f
https://oc-Parksgis.maps.arcgis.com/apps/Cascade/index.html?appid=680fd0c9e73f4857a8477791f7ee796f
https://doi.org/10.1073/pnas.0904867106
https://doi.org/10.1146/annurev-arplant-042110-103814
https://doi.org/10.1641/0006-3568%5282000%29050%5B0053:EAECON%5D2.3.CO;2
https://doi.org/10.1641/0006-3568%5282000%29050%5B0053:EAECON%5D2.3.CO;2
https://doi.org/10.1139/B09-065
https://doi.org/10.1111/j.1523-1739.2006.00524.x
https://doi.org/10.1111/j.1523-1739.2006.00524.x
https://doi.org/10.3390/insects10090261
https://doi.org/10.3390/insects10090261
https://doi.org/10.1111/afe.12215
https://doi.org/10.1007/PL00013914
https://doi.org/10.1094/PDIS-10-18-1818-PDN
https://doi.org/10.1371/journal.pone.0103645
https://doi.org/10.1371/journal.pone.0103645
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.1890/0012-9658%282006%2987%5B62:pdohui%5D2.0.co;2
https://doi.org/10.1890/0012-9658%282006%2987%5B62:pdohui%5D2.0.co;2
https://doi.org/10.1098/rspb.2001.1782
https://doi.org/10.1016/s0031-9422(03)00300-5
https://doi.org/10.1016/j.tree.2016.09.008
https://doi.org/10.1016/j.tree.2016.09.008
https://doi.org/10.1002/ece3.4261
https://doi.org/10.1002/ece3.4261
https://doi.org/10.1371/journal.pone.0206998
https://doi.org/10.1371/journal.pone.0206998
https://doi.org/10.1111/eva.13182



