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Ambrosia beetle fungiculture represents one of the most ecologically and evolutionarily successful
symbioses, as evidenced by the 11 independent origins and 3500 species of ambrosia beetles. Here
we document the evolution of a clade within Fusarium associated with ambrosia beetles in the genus
Euwallacea (Coleoptera: Scolytinae). Ambrosia Fusarium Clade (AFC) symbionts are unusual in that
some are plant pathogens that cause significant damage in naïve natural and cultivated ecosystems,
and currently threaten avocado production in the United States, Israel and Australia. Most AFC fusaria
produce unusual clavate macroconidia that serve as a putative food source for their insect mutualists.
AFC symbionts were abundant in the heads of four Euwallacea spp., which suggests that they are
transported within and from the natal gallery in mandibular mycangia. In a four-locus phylogenetic
analysis, the AFC was resolved in a strongly supported monophyletic group within the previously
described Clade 3 of the Fusarium solani species complex (FSSC). Divergence-time estimates place
the origin of the AFC in the early Miocene �21.2 Mya, which coincides with the hypothesized adap-
tive radiation of the Xyleborini. Two strongly supported clades within the AFC (Clades A and B) were
identified that include nine species lineages associated with ambrosia beetles, eight with Euwallacea
spp. and one reportedly with Xyleborus ferrugineus, and two lineages with no known beetle associa-
tion. More derived lineages within the AFC showed fixation of the clavate (club-shaped) macroconidial
trait, while basal lineages showed a mix of clavate and more typical fusiform macroconidia. AFC lin-
eages consisted mostly of genetically identical individuals associated with specific insect hosts in
defined geographic locations, with at least three interspecific hybridization events inferred based on
discordant placement in individual gene genealogies and detection of recombinant loci. Overall, these
data are consistent with a strong evolutionary trend toward obligate symbiosis coupled with second-
ary contact and interspecific hybridization.
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1. Introduction

With the exception of humans, the only animals known to en-
gage in ecologically significant agriculture are higher attine leaf-
cutting ants, termites, some bark beetles and ambrosia beetles
(Mueller et al., 2005). Ambrosia beetles are wood-inhabiting, obli-
gate mutualistic insects that construct galleries within which they
cultivate fungi for food (Hulcr et al., 2007). One of the most ecolog-
ically successful groups of ambrosia beetles are Xyleborini (Coleop-
tera: Scolytinae). The spectacular adaptive radiation of their 1200
species over the past 20 million years is attributed to their obligate
mutualism with xylem-inhabiting ambrosia fungi, their extreme
inbreeding resulting from obligate sib-mating and haplodiploidy,
and a sex-ratio highly skewed towards females (Farrell et al.,
2001; Jordal et al., 2000). Almost all known ambrosia beetles pos-
sess specialized pockets called mycangia within which they trans-
port fungi from their natal galleries to newly colonized trees (Hulcr
and Cognato, 2010).

Beetles infest dying or dead trees, but they may damage or in-
cite dieback and/or mortality in apparently healthy trees following
inoculation of their symbiotic fungi (Hulcr and Dunn, 2011; Kuhn-
holz et al., 2001). For example, the invasive Asian ambrosia beetle
Xyleborus glabratus, whose nutritional symbiont Raffaelea lauricola
causes a lethal wilt in American Lauraceae, has decimated redbay
(Persea borbonia) populations in the coastal regions of the south-
eastern United States (Fraedrich et al., 2008). Recently, severe die-
back and mortality of avocado and other tree hosts has been
observed in Israel and in California caused by another Asian
ambrosia beetle, which was originally reported as the tea shot-hole
borer Euwallacea fornicatus, and its novel Fusarium symbiont (Esk-
alen et al., 2012; Mendel et al., 2012). The latter two studies estab-
lished that the Fusarium species alone is capable of causing disease
when inoculated on avocado in sufficient density. Although mor-
phologically similar beetles have been recovered from avocado in
Australia and Florida, different symbionts and less damage have
been observed than in the above situations (Ploetz et al.,
unpublished). In contrast, E. fornicatus is known to damage tea in
plantations in India (Gadd and Loos, 1947) and Sri Lanka (Danthan-
arayana, 1968), and the muga silkworm host Persea bombycina in
India (Kumar et al., 2011), but their Fusarium symbionts have not
been tested as a factor in damaging the plant host.

Symbionts of ambrosia beetles are mostly ascomycetous fungi in
the orders Ophiostomatales and Microascales (Alamouti et al.,
2009); however, several ambrosia beetle associations with Fusarium
(Hypocreales) have been documented (Brayford, 1987; Gadd and
Loos, 1947; Norris and Baker, 1967). The first known Fusarium sym-
biont of ambrosia beetles was originally misclassified as Monacros-
porium ambrosium because it produces clavate rather than iconic
fusiform macroconidia (Gadd and Loos, 1947). Unaware of the origi-
nal description, Brayford (1987) described this species four decades
later as Fusarium bugnicourtii based on collections from E. fornicatus
galleries in tea in India and rubber tree and cacao in Malaysia. F. bug-
nicourtii was later recognized as the same fungus as M. ambrosium,
and synonymized under the new combination Fusarium ambrosium
(Nirenberg, 1990), which remains typified based on Gadd and Loos’
collections from the shot-hole borer on tea. Multilocus phylogenetic
analyses later showed that despite its morphological distinctive-
ness, F. ambrosium was strongly supported as a member of the Fusar-
ium solani species complex (FSSC; O’Donnell et al., 2008). The FSSC
includes three clades encompassing over 60 species recognizable
by genealogical concordance phylogenetic species recognition
(GCPSR; Taylor et al., 2000). In the alphanumeric system for identi-
fying species and multilocus sequence types in the FSSC, F. ambro-
sium was designated phylogenetic species FSSC 19; however, only
two isolates from shot-hole borer galleries in tea from India were
included in this analysis (haplotypes FSSC 19-a and 19-b). Two spe-
cies with no known connection to ambrosia beetles are closely re-
lated to F. ambrosium, namely Fusarium pseudensiforme NRRL
46517 and F. cf. ensiforme NRRL 22354 (Nalim et al., 2011). F. pseu-
densiforme was isolated from perithecia on a recently killed tree in
Sri Lanka. In contrast to the clavate conidia produced by F. ambro-
sium and several other taxa within the AFC, both species produce
symmetrical macroconidia typical of Fusarium and specifically the
FSSC (Nalim et al., 2011).

The present study was initiated in response to the growing
threat that invasive fungus-farming Euwallacea ambrosia beetles
pose to forest ecosystems (Hulcr and Dunn, 2011), urban land-
scapes (Eskalen et al., 2013), and avocado production worldwide
(Eskalen et al., 2012; Mendel et al., 2012). The primary research
objectives were to (i) elucidate incidence and prevalence of ambro-
sia fusaria and other fungi in several invasive Euwallacea species
within the United States, (ii) develop a phylogenetic framework
for assessing the evolutionary origins of the ambrosia fusaria and
their phylogenetic diversity based on analyses of a four-gene data
set, (iii) formulate hypotheses of reproductive mode from DNA se-
quence analyses of MAT1-1-1 and MAT1-2-1 amplicons, and (iv)
determine whether ambrosia fusaria evolution coincided with
the adaptive radiation of Euwallacea. The work was facilitated by
the discovery of infestations of the ambrosia beetle Euwallacea val-
idus within dying stands of the invasive Ailanthus altissima (tree-of-
heaven) killed by Verticillium wilt in Pennsylvania (Schall and Da-
vis, 2009).
2. Materials and methods

2.1. Sampling and isolation

Forty of the 44 fusaria analyzed were isolated from beetles,
their galleries, or from trees showing extensive borer damage
and dieback (Supplemental Table S1). Several Euwallacea species
present in the United States were targeted: E. validus (Pennsylva-
nia), E. interjectus (Gainesville, Florida), and at least two Euwall-
acea spp. (southern Florida and southern California) that
resemble E. fornicatus but appear to comprise cryptic phyloge-
netic species. Beetles were surface disinfested for 15 s in 70%
ethanol and then washed three times in sterile deionized water.
Whole beetles or heads were macerated using sterile Tenbroek
grinders (Pyrex), or pellet pestles (Fisher), diluted 1:10 and
1:100, and spread evenly over half-strength Potato Dextrose Agar
(PDA: Difco) amended with 100 ppm streptomycin sulfate (Sig-
ma–Aldrich). Plant tissue was surface disinfested for 15 s in
70% ethanol, 2 min in 10% household bleach, and washed three
times in sterile deionized water and plated either in whole
pieces or macerated as described above on half-strength PDA.
In addition, 11 ambrosia fusaria or close relatives within the
FSSC were obtained from culture collections (Supplemental
Table S1). All isolates are available from the U.S. Department
of Agriculture, Agricultural Research Service Culture Collection
(NRRL) at the National Center for Agricultural Utilization Re-
search (NCAUR) in Peoria, Illinois (http://nrrl.ncaur.usda.gov).

2.2. DNA sequence acquisition and analysis

Portions of the following four genes were PCR amplified and
sequenced based on their proven utility for resolving phylogeneti-
cally distinct members of the F. solani species complex (O’Donnell
et al., 2008): a portion of the nuclear ribosomal RNA gene repeat
(rDNA) comprising the internal transcribed spacer region (ITS) plus
domains D1 and D2 of the nuclear ribosomal large subunit (LSU,

http://nrrl.ncaur.usda.gov
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1004 bp total alignment); translation elongation factor 1a (EF-1a,
687 bp alignment); DNA-directed RNA polymerase II subunit 1
(RPB1, 1588 bp alignment) and DNA-directed RNA polymerase
subnit 2 (RPB2, 1635 bp alignment). PCR primers and conditions,
sequencing and phylogenetic analyses were performed as re-
ported in O’Donnell et al. (2013). Mating-type determination
was performed as reported in Short et al. (2013), except MAT1-
1 and MAT1-2 PCR reactions were performed separately; multi-
plex PCR combining primer pairs targeting both idiomorphs pro-
duced inconsistent results. In addition, several analysis methods
in RDP4 ver. 4.16 (Martin et al., 2010; http://darwin.uvigo.es/
rdp/rdp.html) were implemented to detect possible recombina-
tion breakpoints in sequences of putative interspecific hybrids
and identify their parents from analyses of a concatenated 14-
taxon data set that included one sequence of each of the 12 spe-
cies together with putative hybrid isolates F. ambrosium NRRL
46583 and 62605. The concatenated 40-taxon four-locus NEXUS
file and the most parsimonious tree were deposited in TreeBASE
(Accession number S13974, tree number Tr61840) and the
nucleotide sequence data was deposited in GenBank (Accession
Numbers KC691528–KC691674). Divergence times were esti-
mated as described in O’Donnell et al. (2013), with Sphaerostil-
bella aureonitens sequences added as an additional calibration
point.
2.3. Conidial morphology

Isolates were cultured on synthetic low-nutrient agar (SNA:
0.2 g glucose, 0.2 g sucrose, 1 g KH2PO4, 1 g KNO3, 0.5 g MgSO4�7
H2O, 0.5 g KCl, 20 g Difco agar per liter; Nirenberg, 1990) at 28 �C
in the dark for 7–10 days to investigate conidial morphology. Con-
idia were suspended in 0.25% Tween 60 and examined with a Zeiss
Axio Imager A1 upright microscope fitted with Nomarski differen-
tial interference contrast optics, utilizing a Plan-Neofluar 40�/0.75
Ph2 objective, and an AxioVision ver. 4.6 LE Canon module for im-
age acquisition.
2.4. Characterization of Euwallacea spp. and the fungi they vector

To assess the presence of mandibular mycangia (Nakashima,
1982), six females and two males of E. validus collected in Penn-
sylvania (for collection sites see Supplemental Fig. S1) were
embedded in paraffin as described in Fraedrich et al. (2008). A
rotary microtome was used to take 10 lm transverse sections
through each of the eight heads. Sections were double stained
with Harris-hematoxylin and eosin–phloxine and then examined
and photographed using an Olympus BX51 compound micro-
scope equipped with a Jenoptik ProgRes CFscan CCD Research
camera.

All beetle identifications were performed using morphological
criteria (see http://www.ambrosiasymbiosis.org/northamericanxy
leborini/). Fungal isolations and quantifications were performed
in separate laboratories, using comparable protocols. For E. validus,
fungi were isolated from 84 live female adults, 16 male adults, four
immature females, 10 pupae, and 10 larvae. Fungi from separated
heads, thoraces and abdomens were isolated from 36 adult female
E. validus and only from heads for the remaining 48. Heads from 16
Euwallacea sp. from galleries in symptomatic avocado in Florida, 4
Euwallacea sp. from galleries in symptomatic avocado in California,
and 13 E. interjectus from galleries in water-stressed box elder in
Florida were also selected for fungal isolation and quantification.
Colony forming units (CFUs) representing unique morphotypes
were counted from platings on PDA performed as described in
Section 2.1.
3. Results

3.1. Phylogenetic diversity of fusaria associated with Euwallacea

All three methods of phylogenetic inference resolved all ambro-
sia fusaria in a strongly supported monophyletic group, designated
the Ambrosia Fusarium Clade (AFC), within which nine of the 11
lineages were isolated exclusively from ambrosia beetles, their gal-
leries, or heavily infested plant material. In the absence of formal
names, a numeric system is used to distinguish the eight unde-
scribed lineages associated with ambrosia beetles, with F. ambro-
sium as AF-1 and unnamed genealogically exclusive lineages
designated AF-2 through AF-9. The phylogeny resolved a basal split
between an early diverging Clade A (Fig. 1F), in which two of four
taxa were associated with xyleborines (i.e., AF-8 ex Euwallacea sp.
in southern Florida and AF-9 ex Xyleborus ferrugineus in Costa Rica),
and Clade B in which all seven lineages were recovered from vari-
ous Euwallacea species or their galleries, or from a rubber tree with
extensive shot-hole borer damage and dieback symptoms in
Malaysia (i.e., AF-5). Only two of the 11 species-level lineages
within the AFC have been described formally: F. pseudensiforme
from a dead tree in Sri Lanka within Clade A (Nalim et al., 2011)
and F. ambrosium (AF-1) from the tea shot-hole borer E. fornicatus
and its galleries from Sri Lanka and India within Clade B. Thus,
eight of the nine fusaria associated with ambrosia beetles or their
galleries appear to represent novel phylogenetically distinct
lineages.

MP and ML bootstrap analyses of the individual partitions
(Fig. 1A–E, Supplemental Table S2) revealed RPB1 (Fig. 1B) and
the RPB2 5–7 region (Fig. 1C) possessed the highest proportion of
parsimony informative characters (both at 9.7% PIC/bp) and sup-
ported the largest number of nodes (13 and 10–11 at P70% MP/
ML BS, respectively). By contrast, the ITS+LSU rDNA partition was
the least informative (Fig. 1E), with 2.3% PIC/bp and five nodes
receiving P70% MP/ML BS. MP and ML bootstrapping and Bayesian
analysis of the combined four-locus data set provided support for
the largest number of nodes: 15 with P70% MP-BS, 17 with
P70% ML-BS, and 19 with P95% B-PP (Fig. 1F).
3.2. Interspecific hybridization within the AFC

Three isolates of F. ambrosium possessed RPB2 or EF-1a alleles
that suggested hybrid ancestry (Figs. 1 and 2). NRRL 62605 showed
evidence for tripartite ancestry. It possessed an RPB2 allele that ap-
peared to be a recombinant of sequences from an AF-4-like parent
and an unknown Clade B species (Fig. 1C and D and 2A, Supple-
mental Table S3), whereas its EF-1a, RPB1 and rDNA alleles were
either identical to or phylogenetically nested within F. ambrosium.
NRRL 22345 and 46583 possessed EF-1a alleles that were nearly
identical to all known isolates of AF-4, but alleles at all other loci
clearly resolved with F. ambrosium (Figs. 1A and 2B, Supplemental
Table S3). Because of the hybrid ancestry of these alleles, F. ambro-
sium and AF-4 do not resolve as genealogically exclusive in the
multilocus phylogeny unless the hybrid alleles are removed. Sev-
eral methods implemented in RDP4 ver. 4.16 (Martin et al., 2010)
were used to identify recombination breakpoints in the NRRL
62605 RPB2 and NRRL 22345/46583 EF-1a alleles in a concatenated
alignment (50 > RPB1-EF-1a-RPB2-rDNA) that also included one iso-
late of the 12 species (Fig. 2). The GENECONV, BootScan and 3Seq
methods detected putative recombination breakpoints within
EF-1a of NRRL 22345 and 46583. NRRL 20438 F. ambrosium was
identified as the major parent, but the minor parent could not be
identified. Seven of the methods implemented in RDP4 identified
NRRL 62605 as a recombinant and NRRL 20438 F. ambrosium as
the major parent. However, recombination breakpoints were

http://darwin.uvigo.es/rdp/rdp.html
http://darwin.uvigo.es/rdp/rdp.html
http://www.ambrosiasymbiosis.org/northamericanxyleborini/
http://www.ambrosiasymbiosis.org/northamericanxyleborini/
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Fig. 1. (A–E) One most-parsimonious tree (MPT) inferred from each of the four genes sequenced. Eight fusaria [AF-1 through AF-8] associated with Euwallacea spp. are
highlighted in gray. Darker gray highlight with black border is used to identify six isolates of Fusarium ambrosium. Bold font indicates three putative hybrid isolates of the
latter (i.e., NRRL 22345, 46583 and 62605); note their discordant placement in the EF-1a (A), RPB2 5–7 (C) and RPB2 7–11 (D) genealogies. The latter two regions were
analyzed separately to highlight discordant placement of triparental hybrid NRRL 62605 F. ambrosium. Numbers above nodes represent maximum parsimony and maximum
likelihood bootstrap values P70% (MP-BS/ML-BS) based on 1000 pseudoreplicates of the data. Phylograms were rooted on sequences of F. neocosmosporiellum (formerly
known as Neocosmospora vasinfecta). (F) One of two MPTs inferred from combined four-gene data set. Bold internodes identify two strongly supported early diverging sister
lineages designated Clades A and B. MP-BS/ML-BS bootstrap values P70% are indicated above nodes; Bayesian posterior probabilities P0.98 (B-PP) are indicated below
nodes. Note the phylogeny was nearly fully resolved by the Bayesian analysis. CI, consistency index; RI, retention index.
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Fig. 1. (continued)
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Fig. 2. Putative interspecific hybrids of Fusarium ambrosium. Alleles are color-coded as follows: yellow = F. ambrosium, pink = Fusarium sp. only represented by introgressed
RPB2 allele in NRRL 62605 F. ambrosium, blue = Fusarium sp. AF-4-like parent. Only variable nucleotide positions within the alignments are shown. (A) Evidence of
interspecific hybridization and intragenic recombination within RPB2 of triparental hybrid NRRL 62605 F. ambrosium. An arrow identifies the location of the recombination
breakpoint between nucleotide positions 536–593 within the 5–7 region. The red triangle identifies a polymorphism at nucleotide position 900 within the 7cf and 7cr
priming site. (B) Evidence suggesting the EF-1a allele in NRRL 22345 F. ambrosium may have been acquired from an AF-4-like parent.
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detected within the RPB2 region by only three of the methods
implemented in RPB4 (i.e., GENECONV, Bootscan and 3Seq). In each
of these analyses, the minor parents of the RPB2 5–7 and 7–11
regions were identified, respectively, as an unknown species and
AF-4.

After the three putative hybrid F. ambrosium alleles were ex-
cluded from the analyses, MP and ML bootstrapping of the individ-
ual genes showed strong genealogical concordance. Monophyly of
the eight fusaria putatively cultivated by Euwallacea spp. was
strongly supported by one to all four individual partitions and/or
the combined data set (Supplemental Table S3). Within the early
diverging Clade A, AF-8 from Euwallacea sp. on avocado cv. Nesbitt
in southern Florida was resolved as a basal sister to a moderately
supported subclade (MP-BS <70%, ML-BS 91%, B-PP 1) that con-
tained AF-9 from the ambrosia beetle X. ferrugineus in Costa Rica
two sister taxa (i.e., F. pseudensiforme and F. cf. ensiforme) not
known to be associated with ambrosia beetles. F. pseudensiforme
was the only species within the AFC isolated from perithecia.

Support for the branching order of the three earliest diverging
lineages within Clade B was significantly supported only in Bayes-
ian analysis of the combined data set (Fig. 1F). Although the earli-
est diverging lineage within Clade B was supported by a B-PP of
0.98, a sister-group relationship between AF-6 from Euwallacea
sp. and their galleries in avocado cv. Nesbitt in southern Florida



Fig. 3. Maximum clade credibility (MCC) tree showing divergence-time estimates for the Ambrosia Fusarium Clade (AFC) generated using an uncorrelated lognormal relaxed
molecular clock with a birth–death model as the tree prior. Numbered circles identify 12 nodes for which divergence times are reported. Calibration taxa were pruned from
the chronogram in order to focus attention on ambrosia fusaria (see Supplemental Fig. S3 for MCC tree with calibration taxa). We speculate that production of clavate
macroconidia by seven of eight fusaria (=AF-1-AF-5 and AF-7-AF-8) associated with Euwallacea spp. may represent an adaptation for the symbiosis. Geological time scale is in
millions of years before present (Mya, Walker et al., 2009). HPD = highest probability density interval, Paleo = Paleocene, Pl = Pliocene, P = Pleistocene. Scale bar, 25 lm.
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and AF-7 from a Euwallacea sp. and its gallery in avocado in
Queensland, Australia received no statistical support. Triparental
hybrid F. ambrosium strain NRRL 62605 nests within this early
diverging lineage in analyses of the combined data set; however,
this placement is discordant with the species phylogeny inferred
from a combined three-locus data set, excluding the RPB2 partition,
which strongly placed it in F. ambrosium (100% MP-BS, 100% ML-
BS; result not shown). Similarly, putative hybrids NRRL 22345
and 46583 were strongly supported as part of a genealogically
exclusive F. ambrosium (100% MP-BS, 100% ML-BS; result not
shown) when the EF-1a partition and NRRL 62605 were excluded
from the analyses. The three terminal-most nodes along the back-
bone of the phylogeny and the genealogical exclusivity of the seven
Euwallacea-associated fusaria within Clade B (Fig. 1F) received
modest to strong clade support in analyses of the four-locus data
set (Supplemental Table S3).

To address the possibility that interspecific hybridization be-
tween Fusarium ambrosium and two other species within the AFC
was mediated by a sexual process, all 44 AFC isolates were
screened for mating type to obtain a preliminary estimate of
whether they might be self-sterile (i.e., possess only one MAT1 idi-
omorph) or self-fertile (i.e., possess both MAT1 idiomorphs). Re-
sults of a uniplex PCR assay targeting a portion of the MAT1-1-1
and MAT1-2-1 genes (Supplemental Table S1) indicated both were
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present in all of the species within Clade A except for NRRL 46517
F. pseudensiforme, where only MAT1-1-1 was detected. This result
was confirmed via DNA sequencing of the MAT1-1-1 amplicons (re-
sult not shown). Of the seven species within Clade B, the presence
of potential homothallics was detected where both idiomorphs
were amplified and confirmed in one of nine isolates of AF-2 in Cal-
ifornia/Israel, two of six isolates of AF-3 from E. interjectus in
Gainesville, Florida, one of five isolates of AF-4 from E. validus in
Pennsylvania, and the two isolates of AF-6 tested from Euwallacea
sp. in southern Florida, (Supplemental Table S1). Three isolates of F.
ambrosium AF-1 from India, two isolates of AF-5 from Malaysia,
and one isolate of AF-2 from California also produced PCR results
indicating the presence of both idiomorphs, but only one of the
amplicons in each of these strains was successfully confirmed by
DNA sequencing. Of the 19 remaining strains within Clade B,
amplicons could not be obtained for one isolate (Supplemental
Table S1); the 18 remaining strains were typed as mating type
MAT1-1 (one putative hybrid isolate of F. ambrosium and all
remaining isolates of AF-2 and AF-5) or MAT1-2 (all remaining iso-
lates of AF-1, AF-3 and AF-4).

3.3. Evolution of clavate macroconidia and divergence-time estimates
within the AFC

Seven of the nine fusaria associated with ambrosia beetles pro-
duce clavate (club-shaped) macroconidia (Fig. 3). The only two
exceptions were AF-6 from Euwallacea sp. in southern Florida
and AF-9 from X. ferrugineus in Costa Rica, which only produced
fusiform macroconidia in culture. AF-8 is also exceptional because
it is the only Euwallacea-associated species that produced both cla-
vate and fusiform macroconidia from colonies derived from single
microconidia (Fig. 3). The transition to exclusive production of cla-
vate macroconidia is equivocal due to the unresolved branching or-
der of AF-6 and AF-7 (Fig. 2F). However, because the five most
derived species within Clade B only produced clavate macroco-
nidia, this character appears to be fixed in the most recent common
ancestor of AF-5 from Malaysia. Topological constraints conducted
in PAUP� (Swofford, 2003) forcing the monophyly of fusaria associ-
ated with Euwallacea, Xyleborini or lineages that produce clavate
macroconidia were nine to 34 steps longer and significantly worse
than the unconstrained MPTs when subjected to the Kishino–Hase-
gawa likelihood test (P < 0.05, Supplemental Table S4).

Bayesian-derived divergence time estimates obtained using
BEAST ver. 1.7.1 (Drummond and Rambaut, 2007) suggest the
Fig. 4. Female Euwallacea validus beetles possess mycangia containing novel
Fusarium and Raffaelea symbionts. Transverse section through paraffin-embedded
head of female Euwallacea validus showing paired mandibular mycangia (arrows)
double-stained with Harris-hematoxylin and eosin–phloxine.
AFC diverged in the early Miocene 21.2 Mya [95% HPD interval:
13.3, 31.6] (Fig. 3, node 1) and the split between Clades A and B oc-
curred during the middle Miocene 12.5 Mya [95% HPD interval:
7.8, 19.1] (Fig. 3, node 2). Subsequent evolutionary diversification
of both clades was dated to the late Miocene, with Clade A
[10.0 Mya, 95% HPD interval: 5.8, 15.5] estimated to be roughly
twice as old as Clade B [6 Mya, 95% HPD interval: 3.5, 9.6]. The
short internodes subtending the seven ambrosia fusaria within
Clade B (Figs. 1 and 3) suggests that they radiated rapidly over
the past 6 million years.

3.4. Female Euwallacea spp. harbor novel fungal symbionts within
cephalic mycangia

Serial transverse sections taken through the heads of six paraf-
fin-embedded adult female E. validus beetles recovered from gal-
leries in A. altissima confirmed the presence of one set of paired
mandibular mycangia (sensu Six, 2003) containing yeast-like cells
in all sampled individuals (Fig. 4) similar to those in other ambro-
sia beetles (for example, the redbay ambrosia beetle, X. glabratus;
see Fig. 7 in Fraedrich et al., 2008). By comparison, sections
through the heads of two males indicated that cephalic mycangia
were absent (results not shown). Colony counts of the mycobiota
associated with E. validus life stages (i.e., larvae, pupae, adult
males, and immature females) and adult female body regions
(i.e., head, thorax, and abdomen), as well as the heads of female
E. interjectus (Gainesville, Florida), Euwallacea sp. (southern Flor-
ida), and Euwallacea sp. (southern California) showed that AFC
fusaria were consistently and abundantly found in adult female
heads (Supplemental Table S5) Adult female E. validus heads
(N = 84) harbored two phenotypically different colony morpho-
types with nearly equal proportions: Morphotype 1 (473 CFUs/
head) and Morphotype 2 (504 CFUs/head) (Supplemental Fig. S2).
Morphotypes recovered from E. validus heads were identified
through blastn searches of GenBank with EF-1a and LSU sequence
data. Morphotype 1 was identified as a Fusarium sp. based on 99%
identity of its EF-1a sequence with GenBank accession DQ247552
Fusarium sp. NRRL 22231 from rubber tree (Hevea brasiliensis) in
Sabah, Malaysia exhibiting dieback symptoms, a host reported
for E. fornicatus (Danthanarayana, 1968). Morphotype 2 was iden-
tified as a putatively novel species of Raffaelea, an ophiostomatoid
anamorph and a well-known genus of ambrosia symbionts, based
on 95% identity of its LSU sequence with GenBank accession
EU177467 Raffaelea sp., associated with the ambrosia beetle Platy-
pus externedentatus from South Africa. Importantly, plating of indi-
vidual body regions for 36 adult female E. validus revealed that the
Fusarium sp. AF-4 and Raffaelea sp. were abundant in heads but not
observed in thoraces or abdomens (Supplemental Fig. S2). Despite
nearly equal proportions of the two species in E. validus, Raffaelea
sp. was not recovered from 13 (15%) of 84 adult female beetle
heads sampled, whereas Fusarium sp. was not recovered from only
2 (2%) of 84 beetle heads. Fusarium sp. and a third colony morpho-
type (Morphotype 3) accounted for 80% (646) and 20% (170),
respectively, of the CFUs from E. validus larvae (Supplemental
Fig. S2). Morphotype 3 was identified as Graphium sp., a microasca-
lean synnematous fungus, based on 99% identity of its ITS sequence
with Graphium penicillioides and Graphium sp. (GenBank accessions
FJ914670.1 and FJ914689.1, respectively). Graphium sp. was recov-
ered from the thoraces (�X = 98 CFUs, N = 5) and abdomen
(�X = 81 CFUs, N = 6) of adult female E. validus and adult male heads
(�X = 21 CFUs, N = 4). Raffaelea sp. was never recovered from larvae.
By contrast, adult male E. validus heads (N = 16) and pupae (N = 10)
contained only �30 CFUs that were mostly Fusarium sp. and Graph-
ium sp., respectively (Supplemental Fig. S2).

Mean CFUs from the heads of adult female Euwallacea spp. pro-
duced abundant Fusarium colonies as follows: Euwallacea sp. from
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southern Florida: 2683 CFUs (N = 16); E. interjectus from Gaines-
ville, Florida: 1475 CFUs (N = 13); E. validus from Pennsylvania:
473 CFUs (N = 84); and Euwallacea sp. from southern California:
67 CFUs (N = 4) (Supplemental Table S5). The proportion of Fusar-
ium in total fungal CFUs was consistent across all insect hosts
(44–63%) (Supplemental Table S5). Similar to E. validus, fusaria
recovered from the heads of Euwallacea sp. from Florida and south-
ern California were absent from the abdomens and thoraces of all
individuals examined, with the exception of one Euwallacea sp. col-
lected in Florida, from which 2 CFUs were recovered. Heads of the
Euwallacea sp. from California had nearly equal proportions of
Fusarium and a synnematous fungus similar to Morphotype 3
(Graphium sp.) from E. validus larvae and pupae (Supplemental
Table S5). Raffaelea sp. was found only in E. validus.
4. Discussion

4.1. Phylogenetic diversity of fusaria associated with Euwallacea

A key finding of the present study is the discovery that at least
nine morphologically cryptic fusaria are associated with ambrosia
beetles, including four with Ewallacea spp. vectors that threaten
avocado production in Israel, Australia, and the United States.
Fusarium fungiculture by Euwallacea was initially discovered and
characterized in the shot-hole borer of tea, E. (Xyleborus) fornicatus,
in Sri Lanka (Gadd and Loos, 1947) and recently on avocado exhib-
iting wilt and dieback symptoms in Israel (Mendel et al., 2012) and
California (Eskalen et al., 2012). GCPSR-based analyses of multilo-
cus DNA sequence data indicate the symbiont on avocado in Israel
and California, designated AF-2, is phylogenetically distinct from F.
ambrosium AF-1 (Eskalen et al., 2012; Mendel et al., 2012).
Although the beetle was identified phenotypically as E. fornicatus
in the latter two studies, DNA analyses suggest it may be a novel
species (R. Stouthamer et al., http://www.avocadosource.com/).
Morphological crypsis within the Xyleborini, which makes it diffi-
cult to distinguish between closely related species, has been attrib-
uted to their rapid adaptive radiation over the past 20 My and lack
of selection on secondary sexual characteristics (Farrell et al., 2001;
Jordal et al., 2000). Fusarium symbionts within Clade B, which are
also morphologically cryptic, appear to have radiated rapidly over
the past 6 My, judging from the short internodes and weak support
for the branching order for the early diverging lineages (Figs. 1F
and 3).

Results of the present study indicate that, in addition to AF-2 in
Israel and California, at least three other ambrosia fusaria are cul-
tivated by Euwallacea spp. in avocado, and these include AF-6 and
AF-8 in southern Florida, and AF-7 in Queensland, Australia. Of the
three remaining known ambrosia fusaria, AF-3 was recovered from
E. interjectus colonies in water-stressed box elder (Acer negundo) in
Gainesville, Florida, AF-4 was cultivated by E. validus in Verticillium
wilt-stressed tree-of-heaven (A. altissima) in south-central Penn-
sylvania (Schall and Davis, 2009), and AF-5 was isolated from
borer-damaged rubber trees (H. brasiliensis) exhibiting extensive
dieback in Sabah, Malaysia (northern Borneo; Brayford, 1987).
Phenotypically similar fusaria were isolated from symptomatic
Theobroma cacao in Sabah, but these isolates are no longer viable.
Additionally, ‘F. solani’ has been associated with sudden death of
T. cacao in Papua New Guinea (Prior, 1986). Although Danthanara-
yana (1968) lists H. brasiliensis and T. cacao as hosts of the tea
shot-hole borer (E. fornicatus), molecular phylogenetic analyses of
fusaria and beetle vectors associated with these plant hosts are
needed to determine their identity, given the widespread morpho-
logical crypsis within Fusarium and Euwallacea.

The mutualistic relationship suggests the AFC lineages are
reproductively isolated species. This is based on the overall pattern
of genealogical exclusivity observed, and known biological forces
maintaining predominantly vertical transmission, such as the obli-
gate feeding requirement of Euwallacea sp. in Israel for its AF-2
symbiont (Freeman et al., 2012). However, almost all of the intra-
specific genetic variation observed in this study is better explained
by inter-lineage hybridization events rather than intraspecific alle-
lic diversity. An alternative hypothesis is that the strong symbiotic
relationship between the fungi and their xyleborine mutualists has
driven rapid molecular evolution without biological reinforcement
of reproductive isolation, reflected in the evidence for hybridiza-
tion observed in this study. Phylogenomic data are expected to
not only help better define species-level lineages, but also eluci-
date the forces that drive evolution of the invasive beetles and
their potentially pathogenic symbionts.

4.2. Interspecific hybridization within the AFC

The non-monophyly of F. ambrosium within the EF-1a and RPB2
phylogenies appears to reflect interspecific hybridization rather
than incomplete lineage sorting or ancient paralogy followed by
gene loss (Schardl and Craven, 2003). Evidence in support of
hybridization includes (i) the EF-1a allele in NRRL 22345 and
46583 F. ambrosium is closely related to one found in AF-4, (ii)
the recombinant RPB2 allele in NRRL 62605 F. ambrosium suggests
this isolate has a tripartite ancestry, given that the 5–7 and 7–11
regions appear to have been acquired, respectively, from an un-
known parent within Clade A of the AFC and an AF-4-like parent,
and (iii) F. ambrosium, AF-4 and the unknown donor of the RPB2
5–7 allele do not appear to be sisters. We hypothesize that AF-4,
or a close relative, and a second novel Fusarium sp., from which
the divergent RPB2 5–7 region was acquired, introgressed into F.
ambrosium on a common host in India and/or Sri Lanka, or perhaps
in secondary contact after introduction elsewhere. Given the tripa-
rental origin of F. ambrosium NRRL 62605, it is possible that the
beetle from which it was isolated may cultivate multiple phyloge-
netically distinct fusaria on the same plant host in Asia. An alterna-
tive though not mutually exclusive explanation is that several
species of Euwallacea cultivate different fusaria on the same host.
In addition to phylogenetic evidence of genetic exchange between
species, several substitution methods (i.e., MAXCHI, GENECONV,
3SEQ) and the BOOTSCAN phylogenetic method implemented in
RPB4 (Martin et al., 2010) detected recombination blocks within
EF-1a and RPB2 in the concatenated alignment and identified the
parental and recombinant sequences. These findings are notewor-
thy because the overall pair wise sequence divergence was well be-
low the 5% minimum threshold required to obtain statistical power
using these methods (Posada and Crandall, 2001).

The evidence suggests that both MAT1-1 and MAT1-2 mating-
types are present in F. ambrosium and AF-4, either in homothallic
or heterothallic forms, possibly providing a sexual basis for the inter-
specific hybridization. However, their highly clonal population
structure, as in the asexual Neotyphodium grass endophytes (Schardl
and Craven, 2003), indicates that it most likely involved somatic fu-
sion of vegetative hyphae followed by a parasexual cycle. Results of
the mating type assay (Supplemental Table S1) raised a number of
questions that require further study, including: (i) Do any of the
ambrosia fusaria reproduce sexually? And if so, (ii) do some species
(i.e., AF-2, AF-3, AF-4 and AF-6) contain heterothallic and homothal-
lic isolates, as suggested by the detection of both idiomorphs in the
same individuals (Supplemental Table S1)? Exhaustive attempts to
induce sexual reproduction in culture have not been performed,
but perithecia have not been observed either in putative MAT1-1/
MAT1-2 cultures or in pairings of MAT1-1 and MAT1-2 isolates. At
the present time, the heterothallic F. pseudensiforme NRRL 46517 is
the only species within the ambrosia clade that is known to repro-
duce sexually (Nalim et al., 2011).

http://www.avocadosource.com/
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If some or all of the fusaria cultivated by Euwallacea spp. only
reproduce clonally, as is generally assumed for ambrosia fungi
(Mueller et al., 2005), then interspecific hybridization, as elegantly
demonstrated in the asexual mutualistic Neotyphodium endo-
phytes of grasses (Moon et al., 2004; Tsai et al., 1994), might pro-
vide a means by which they counteract Muller’s ratchet
(Felsenstein, 1974). The enigmatic results of the mating type assay
emphasize the need for integrative studies to resolve the questions
raised above. Comparative phylogenomic studies are also needed
to fully assess how much and what regions of the F. ambrosium
genome have been impacted by introgression; such efforts will
be greatly aided by the complete genome sequence of F. solani f.
sp. pisi (Coleman et al., 2009).

4.3. Evolution of clavate macroconidia and divergence-time estimates
within the AFC

Results of the current study date the evolutionary origin of the
AFC to the early Miocene �21.2 Mya (Fig. 3), which coincides with
the adaptive radiation of the Xyleborini (Jordal et al., 2000). Our
working hypothesis is that the Euwallacea–Fusarium mutualism
evolved early in the origins of the monophyletic AFC, as did the tran-
sition to production of clavate macroconidia, which we speculate
may represent an adaptation for the symbiosis. Gongylidia and nod-
ules appear to represent analogous adaptations in agaricalean fungi
farmed, respectively, by higher attines (Schultz and Brady, 2008)
and termites (Aanen et al., 2002). The inferences that four of the
early diverging lineages within Clade A of the AFC do not produce
clavate conidia, and two of these are not known to be associated with
xyleborines, suggest the mutualism may have been asymmetrical
initially (i.e., obligate for beetles, facultative for Fusarium) as in the
basal lineages of attines (Schultz and Brady, 2008). Several lines of
evidence, however, indicate the symbiosis within Clade B evolved
into a mutually obligate association (i.e., symmetrical), given that
these fusaria have only been found on or in close association with
Euwallacea and the clavate conidial phenotype appears to have be-
come fixed in the most recent common ancestor of AF-5 from Malay-
sia (Fig. 3, node 7, 4.9 Mya). These findings highlight three
interesting parallels between the Euwallacea–Fusarium and higher
attine–Leucocoprinus symbioses. In both agricultural systems, (i)
nutritious, highly adapted fungal cells (i.e., clavate macroconidia
and gongylidia) are produced exclusively within the terminal clades,
(ii) beetles and ants cultivate specific symbionts that are mostly
transmitted vertically, and (iii) the mutualisms appear to be obligate
(Aanen et al., 2002). An alternative hypothesis is that the mutually
obligate association evolved in the most recent common ancestor
of the AFC (Fig. 3, node 2, 12.5 Mya). If this scenario is correct, then
F. pseudensiforme NRRL 46517 and F. cf. ensiforme NRRL 22354 are
probably cultivated cryptically by ambrosia beetles because, once
obligate mutualisms have been established in insects, reversal to a
free-living state appears to be highly unlikely (Aanen et al., 2002;
Farrell et al., 2001). Based on the apparent success of the Euwalla-
cea–Fusarium symbiosis, it is reasonable to assume that comparative
phylogenomic analyses will reveal, as in the attine leaf-cutters
(Schiøtt et al., 2010) and FSSC 6 gut symbiont of the Asian longhor-
ned beetle (Scully et al., 2012), that they possess the metabolic
capacity to extract nutrients from living and dead wood and degrade
lignocellulose. AF-9 isolate NRRL 22643, for example, was able to
utilize lignin as its sole carbon source, and to break down the aro-
matic acids that result from lignin degradation (Norris, 1980).

4.4. Female Euwallacea spp. harbor novel fungal symbionts within
cephalic mycangia

The present study confirms an earlier report by Nakashima
(1982) that female E. validus possess one pair of mandibular
mycangia within which they transport fungal symbionts in and
from the natal gallery. The flightless xyleborine males, by contrast,
lack mycangia and apparently do not disperse from the natal tree
host. The exclusivity of AF-6 and AF-8 from the heads of Euwallacea
sp. in Florida and AF-2 from the heads of Euwallacea sp. in Califor-
nia provides evidence that this type of mycangium may be fixed
within this genus of haplodiploid ambrosia beetles (Jordal et al.,
2000). However, this must be confirmed, especially given the re-
cent confirmation of Euwallacea polyphyly (Cognato et al., 2011;
Jordal, 2002). The present study adds to our growing knowledge
of ambrosia beetle associates by establishing that E. validus and
other Euwallacea beetles are vectors of novel species of Fusarium
from their natal galleries to their respective plant hosts.

Other fungi were abundant in adult Euwallacea spp. An unde-
scribed Raffaelea species was found in both immature and mature
E. validus females, but never in adult males, larvae or pupae (Sup-
plemental Fig. S2). Raffaelea spp. are common symbionts of ambro-
sia beetles, including the redbay laurel ambrosia beetle, where its
symbiont R. lauricola causes a lethal wilt disease of its plant host
(Fraedrich et al., 2008). However, neither the Raffaelea sp. associ-
ated with E. validus and tree-of-heaven nor its Fusarium associate
AF-4 cause disease when inoculated into healthy tree-of-heaven
plants (Kasson, unpubl.). The recovery of AF-4 in all life stages of
E. validus except pupae is consistent with a role as a primary nutri-
tional symbiont, as is the absence of Raffaelea sp. from 15% of adult
E. validus females sampled. Whether E. validus, like other obligate
mutualistic ambrosia beetles, is dependent on one or both of these
symbionts to complete its life cycle remains to be determined. Fur-
thermore, external factors, including plant host and environmental
conditions, may determine the relative roles of different fungal
symbionts in a given beetle species, and have effects on their host
and geographic distribution (Six, 2012).

The present study suggests that shared host trees not only serve
as reservoirs of potential pests and pathogens in and around areas
where avocado is cultivated but also as a potential source of hy-
brids. Given the close phylogenetic relationship of these symbi-
onts, the likelihood of an olfactory mismatch between insects
and their respective symbionts may foster co-habitation (Hulcr
and Dunn, 2011). The rapid expansion of E. validus’ range from
its point of introduction in New York to areas further south to
Georgia and Alabama (Miller and Rabaglia, 2009) towards key avo-
cado-producing areas may pose similar risks for an ‘olfactory mis-
match’ in avocado and likewise for other Euwallacea spp. in
Ailanthus.

Our working hypothesis is that vertical transmission of the
Fusarium symbionts has driven obligate mutualism and diversifica-
tion within this system. However, our data suggest that occasional
secondary contact events, particularly with human-mediated
spread of the beetles (Haack, 2006), may have facilitated interspe-
cific hybridization events and introgression. While most ambrosia
fungi from temperate regions are nested within the Ophiostoma-
tales and Microascales (Alamouti et al., 2009), preliminary data
suggest Fusarium may be one of the dominant symbionts in ambro-
sia galleries in tropical Malaysia and Papua New Guinea (Hulcr and
Cognato, 2010). The present results suggest that additional Fusar-
ium symbionts remain undetected. Given the significant threat that
these invasive pests pose to forest ecosystems (Rabaglia et al.,
2008), urban landscapes (Eskalen et al., 2013), and agronomically
important crops such as avocado, tea and cacao, it is critical that
the identity of these novel pathogens and their insect vectors is
established. Here we show that the association with Fusarium
may have allowed some Euwallacea to exploit trees in non-native
ecosystems. We also show that only carefully chosen molecular
markers allow for distinguishing ubiquitous yet innocuous Fusar-
ium species, which are commonly transported phoretically, from
destructive associates of aggressive woodborers. The phylogenetic
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framework developed herein will be used in future studies to test
hypotheses of transmission mode of these agronomically impor-
tant symbionts.
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