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Abstract
Long-term symbiotic associations often lead to reciprocal adaptation between the involved entities. One of the main
challenges for studies of such symbioses is differentiating adaptation from neutral processes and phylogenetic background.
Ambrosia fungi, cultivated by ambrosia beetles as their sole food source, provide an excellent model to study evolutionary
adaptation in a comparative framework because they evolved many times, and each origin bears features seemingly
convergently adapted to the symbiosis. We tested whether the symbiotic lifestyle of unrelated ambrosia fungi has led to
convergence in the key feature of the symbiotic phenotype—nutrition provisioning to the vector beetles. We compared
conidia and mycelium content in three phylogenetic pairs of ambrosia fungi and their closely related nonambrosia relatives
using an untargeted metabolomic assay. Multivariate analysis of 311 polar metabolites and 14063 lipid features revealed no
convergence of nutrient content across ambrosia lineages. Instead, most variation of the metabolome composition was
explained by phylogenetic relationships among the fungi. Thus the overall metabolome evolution of each ambrosia fungus is
mostly driven by its inherited metabolism rather than the transition toward symbiosis. We identified eight candidate lipid
compounds with expression levels different between the swollen ambrosia spores and other tissues, but they were not
consistently elevated across ambrosia fungi. We conclude that ambrosia provisions consist either of nonspecific nutrients in
elevated amounts, or of metabolites that are specific to each of the ambrosia symbioses.

Introduction

Partnering with microbes is a common strategy for insects
to deal with nutritional challenges. Complementary bio-
synthetic pathways of associated microbes increase insect
fitness by providing, for example, nutrients lacking in their
food [1], symbiont-mediated protections [2], or competitive
advantages over conspecifics or other insect species [3].
Some of the most intriguing examples are fungus-farming
systems—nutritional symbioses where insect partners cul-
tivate fungal symbionts for nourishment of their progeny.

The fungus-farming behavior has evolved multiple times in
independent insect lineages including ants, woodwasps,
termites, and ambrosia beetles [4, 5]. These fungal sym-
bionts assist the insects by enzymatically extracting nutri-
ents from abundant but recalcitrant plant substrates such as
wood and leaves; in turn, the fungi benefit from protection
and/or dispersal by the agile insect partners.

Despite the fact that the nutritional roles of these fungal
symbionts have long been recognized, the metabolites that
underpin the relationship remain entirely unknown. A per-
sistent, obligately nutritional dependence can lead to ela-
borate evolutionary transitions manifested at the genomic,
biochemical, and morphological levels [6]. In many fungus-
farming systems, the fungal symbionts have convergently
evolved swollen fungal cells that are consumed by the
insects, i.e., the gongylidia (swollen hyphal tips) in higher
attine ant symbionts, the nodules (swollen spores) in termite
symbionts, and the ambrosia cells in ambrosia fungi [7–9].
The swollen fungal cells contain large vacuoles for
accommodation of more nutrients such as nitrogenous
compounds, lipids, carbohydrates [8, 10, 11], and essential
enzymes [12]. Many of these fungal-mediated nutrients are
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advantageous or even indispensable for the normal devel-
opment of their associated insects [13–15]. These enlarged
fungal cells are presumably a result of long-term coa-
daptation with their insect partners. Intriguingly, these
fungal symbionts are all derived from free-living fungal
lineages, i.e., species that live saprophytically or para-
sitically in plant tissues, and there is no known reversal
from mutualism back to the free-living ecology [16, 17].
The absence of an evolutionary reversal of symbiotic
lineages suggests the presence of evolutionary constraints
that might enforce the fixation of the symbiotic associations
[18]. The inquiry into physiological transitions of these
fungal symbionts should, therefore, be considered in a
phylogenetic framework to understand the extent to which
they are metabolically adapted as nutritional symbionts.

There are few symbiotic systems that manifest a phylo-
genetic spectrum as diverse as that in ambrosia beetle-
fungus symbiosis (hereafter ambrosia symbiosis)—a feature
that makes it an excellent model to investigate ecologically
adaptive traits in a phylogenetically comparative frame-
work. Ambrosia beetles are an ecological assemblage
comprised of over 3400 species [19], with at least 12–16
independent origins which have arisen in two subfamilies of
weevils (Curculionidae: Scolytinae and Platypodinae) [20].
Analogously, ambrosia fungi have repeatedly evolved in
over ten known distant lineages in Dikarya (Fungi: Asco-
mycota and Basidiomycota), including the two most studied
families that include ambrosia fungi, Ophiostomataceae and
Ceratocystidaceae, but also species in Nectriaceae, Bio-
nectriaceae, Saccharomycetaceae, and in two basidiomycete
lineages, Peniophoraceae and Meruliaceae [16, 21, 22].
Ambrosia fungi are cultivated by ambrosia beetles as food
sources on the walls of their breeding tunnels (galleries)
that are usually excavated within declining or recently
dead trees. Although ambrosia fungi colonize wood sub-
strates, they do not decompose cellulose (with one known
exception, see [23]). Instead, they target more readily
available components remaining in freshly dead trees as
their carbon sources (including hemicellulose in at least one
case) [24].

A recent study has shown that each ambrosia fungus
clade possesses a significant catabolic legacy of its own
ancestral lineage [25]. This reflects the remarked poly-
phyletic origins of ambrosia symbiosis as well as the
diverse habitats with varied microclimates occupied by the
various ambrosia symbioses [22]. This phylogeny-driven
catabolism of ambrosia fungi led us to hypothesize that each
phylogenetic origin of the ambrosia fungi may synthesize
compounds—the beetle provisions—in distinct ways.
Consequently, the alternative hypothesis is that of con-
vergent evolution, predicting that the long-term coadapta-
tion between the fungi and the beetles led to convergent
metabolic signatures or beetle-preferred compounds among

independent ambrosia fungi, just as it led to the morpho-
logical convergence of enlarged ambrosia cells.

A limited number of studies have addressed the nutri-
tional contents of beetle-associated fungi [26, 27], among
which sterols [27–29] and nitrogenous compounds [10]
were inferred as important for the beetles’ development. Yet
most studies focused on a single-phylogenetic clade and no
metabolite comparison of ambrosia fungi conducted in a
phylogenetic framework has been published. Here we uti-
lize the multiple independent evolutionary origins of the
ambrosia symbiosis as a natural experiment to explicitly test
for metabolomic modifications that transcend phylogenetic
relationships. We conducted comparative bioassays of
ambrosia fungi and their most closely related nonambrosia
species on two types of tissues: ambrosia cells (the swollen
asexual spores) and somatic hypha. Four questions were
addressed as follows: (1) Have distantly related ambrosia
fungi converged on a similar overall metabolome profile?
(2) Have ambrosia fungi converged on a similar metabo-
lome profile in the ambrosia cells? (3) What is the relative
contribution of phylogeny and lifestyle (ambrosia versus
nonambrosia) to the metabolomic profiles of fungi? (4) Are
there specific compounds that are consistently increased or
decreased in the ambrosia cells across the different origins?

Materials and methods

Fungal isolates

To compare the metabolomic profiles between ambrosia
fungi and their nearest available nonambrosia relatives,
three phylogenetically independent fungal pairs were
selected, listed here with the ambrosia fungus first in each
pair: Raffaelea lauricola T.C. Harr., Fraedrich & Aghayeva
and Leptographium procerum (W.B. Kendr.) M.J. Wingf.
(Ascomycota: Ophiostomataceae); Ambrosiella roeperi
T.C. Harr. & McNew and Huntiella moniliformis (Hedgc.)
Z.W. de Beer, T.A. Duong & M.J. Wingf. (Ascomycota:
Ceratocystidaceae); Flavodon ambrosius D.R. Simmons,
You Li, C.C. Bateman & Hulcr and Flavodon flavus
(Klotzsch) Ryvarden (Basidiomycota: Meruliaceae). Isola-
tion information for each isolate is listed in Table 1.

Fungal inoculation and sampling

Fungal isolates were inoculated on freshly severed branches
of American sweetgum (Liquidambar styraciflua), a tree
species that supports regular growth of all our assayed
fungi. We emulated the way that ambrosia beetles inoculate
fungal isolates on a tree branch by using a sterile toothpick
to insert fungal inocula scraped from 2–4-week-old colonies
on MEA (malt extract agar, BD Difco) into small holes
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drilled into autoclave-sterilized sweetgum branches
(0.5–1.5 cm in diameter). The inoculated toothpick was
tightly wedged into the hole and a flamed metal clipper was
used to aseptically remove all of it but the ca. 0.5 cm of the
tip inside the inoculation hole. The inoculated branches
were put in a sterile jar capped with sterile aluminum foil
and were incubated at 25 °C until branches were fully
colonized, which took 1–2 months depending on the
growth rate of each fungal isolate.

For fungal tissue sampling, the fully colonized branches
were placed under an Olympus SZX16 dissecting microscope
and fungal tissues were harvested with a sterile microfine
tweezer to ensure the separation of fungal spores and somatic
hypha. For A. roeperi, ambrosia swollen cells were produced
in aggregated form and could be picked up manually to
separate from its somatic hypha. For other fungal isolates,
inoculated twigs were submerged in sterile deionized water in
a 9 cm sterile petri dish. Fungal spores were suspended in the
fluid with gentle pipetting and then were collected in 1.5 mL
Eppendorf tubes. Somatic hypha was manually collected into
1.5 mL tubes containing 1mL sterile deionized water using
microfine tweezers under a microscope. The suspended
spores or suspended hyphal tissues were centrifuged at
14,000 g for 5 min and the supernatant was discarded leaving
tissue pellets of fungal spore or hyphal samples. Each tissue
sample was redistributed from the tissue pellet and weighed
for 30mg (wet weight) into three technical replicates. All
samples were immediately stored in −80 °C for subsequent
metabolomic analysis.

Liquid chromatography–tandem mass spectrometry

To obtain the ex vivo metabolomic profiles of assayed
fungi, the samples were processed for metabolomic ana-
lysis conducted in the Department of Chemistry Mass
Spectrometry Research and Education Center at the Uni-
versity of Florida. Samples (10 mg) were resuspended
using water and transferred to 2.0 mL homogenization
tubes, prefilled with 0.5 mm zirconium beads (TriplePure
M-Bio Grade; Midsci; St. Louis, MO). A total volume of
300 µL water was added to the homogenization tubes.
Samples were homogenized using a BeadBug microtube
homogenizer at five 30-s bursts at 400 rpm. Homogenized
fungal material in water was then transferred to a tapered
glass centrifuge tube for extraction. A total volume of 1800
μL of 2:1 chloroform:methanol was added to the extraction
tube, and thoroughly mixed. The sample was then placed in
a freezer (−20 °C) for ~12 h, after which the sample was
centrifuged. The bottom layer (lipid layer) was transferred
to a fresh 2 dram glass vial. A total volume of 800 μL 2:1
chloroform:methanol was added to the top layer and mixed.
The extraction tube was then placed in the freezer (−20 °C)
for ~30 min. Then the sample was centrifuged. The topTa
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layer (polar metabolite layer) was transferred to a 1.5 mL
Eppendorf tube and dried to completeness using a Speed-
Vac concentrator. The bottom layers were combined in the
2 dram glass vial and dried to completeness under nitrogen.
Both layers were reconstituted in 100 µL methanol prior to
analysis and transferred to 1.5 mL tapered glass autosampler
vials for LCMS analysis.

Capillary-liquid chromatography–mass spectrometry
(Cap-LC–MS) was performed on a Bruker Impact II
quadrupole time-of-flight mass spectrometer equipped with
an Apollo II ion funnel ESI source (Bruker) operated in
positive ion mode. The instrument was calibrated using
Tune mix purchased from Agilent. The Apollo ESI source
was operated at spray voltage of 4.5 kV, capillary tem-
perature of 200 °C, and dry gas at 4.0 L min−1. A full scan
was recorded between 150 and 3000 Da at a scan rate of
2 Hz. Data dependent MS/MS spectra were acquired with
an inclusion mass of m/z 500–1000 with as many MS/MS
acquired in 3 s (dynamic exclusion applied for 3 min).
Collision energies were: base m/z 500 CE= 45 eV, base
700 CE base 30 eV, and base m/z 900 CE= 25 eV.

Molecule feature extraction was conducted using MS
Convert from Proteowizard 3.0 software followed by ana-
lysis by XCMS; binning and alignment tolerances were set
to: retention time= ±0.1%+ 0.1 min; mass window=
±20 ppm+ 5 mDa. Allowed ion species: +H, +Na, +NH4.
The output from this processing generated a list of m/z
ratios, retention times, and area under the curve values.
Polar metabolites and lipid features were identified based on
their fragmentation pathways in MS/MS data and against
public chemical databases including METLIN [30] and
Lipid MAPS [31]. In polar metabolite profiles, two mycelial
samples (one H. moniliformis and one F. ambrosius sample)
and two spore samples (one L. procerum. and one A. roe-
peri sample) were discarded following quality control
screening, resulting in 32 samples for analysis. In nonpolar
profiles (lipid), two mycelial samples (one F. ambrosius and
one F. flavus sample) were discarded following quality
control screening, resulting in 34 samples for analysis.

Statistical analysis

All analyses were performed using R v.3.5.3. The peak
intensities of polar metabolite and lipid profiles of all
samples were compiled respectively based on the m/z ratio
and retention time of each compound. Compound features
that were detected in fewer than half of the sample in the
compiled dataset were excluded, resulting in 311 features
for polar metabolite profiles and 14,063 features for lipid
profiles for analysis. The metabolome of each sample was
normalized by calculating the sum of the intensities of all
compound features in each sample and then dividing all
intensities associated with that sample by its sum. The

metabolome of samples was analyzed with a Bray–Curtis
dissimilarity matrix using the vegan package for R [32]. The
dissimilarity matrix was then projected with NMDS to
visualize metabolome similarities among samples.

Convergence of overall metabolite profile test

We hypothesized that ambrosia fungi converged on an
overall similar metabolome as a result of having similar
ecological strategies (ambrosia lifestyle). To test this
hypothesis, we conducted a dissimilarity-based test of
homogeneity in multivariate dispersion between ambrosia
and nonambrosia isolates [33]. Specifically, this test deter-
mines if groups differ in how variable they are among
observations within each group. From our hypothesis that
ambrosia fungi have converged on a similar metabolome,
we predicted that ambrosia fungi would show reduced
variability in metabolome when compared with non-
ambrosia fungi. The test was implemented on a Bray–Curtis
dissimilarity matrix using the betadisper function of the
vegan package for R [32]. This function identified spatial
medians of metabolomic variations of samples between
groups (ambrosia and nonambrosia). Mean distances were
compared between groups using an analysis of variance.

Convergence of spore metabolite profile test

Given the morphological convergence of swollen spores
across all ambrosia fungal lineages, we hypothesized that
convergence might also manifest as greater similarity of
specific spore metabolomes of the ambrosia fungi, rather
than of the overall tissue. To test this hypothesis, we con-
ducted a distance-based, permutational multivariate analysis
of variance (PERMANOVA) between ambrosia and non-
ambrosia isolates. This test measures if groups of observa-
tions differ in their composition. From our hypothesis that
ambrosia fungi have converged on a similar spore meta-
bolome, we expected to see a significant difference of spore
metabolome composition between ambrosia and non-
ambrosia groups. The test was implemented on a
Bray–Curtis dissimilarity matrix using the adonis function
of the vegan package for R [32]. We further conducted a
homogeneity test on the spore metabolite profiles using
betadisper function. Because the betadisper method is less
sensitive to the variances among groups, it can help justify
any significant result from PERMANOVA that was a result
of composition differences of the metabolome.

Metabolome variations attributed to phylogenetic
origin versus lifestyle

We conducted a variation partitioning analysis to separate
the effects of lifestyle from those of phylogenetic
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relationships on the metabolome profiles of fungi. Pairwise
phylogenetic distances were obtained based on the aligned
28S large subunit rDNA sequences of assayed fungi using
the dist.ml function in the phangorn package for R with
default settings [34]. The phylogenetic distance matrix was
then decomposed to phylogenetic eigenvectors by principal
coordinates analysis, using the pcoa function in the ape
package for R [35]. Phylogenetic eigenvectors are ortho-
gonal vectors that describe relationships among taxa at
various phylogenetic scales [36] and can be used as inde-
pendent predictor variables in univariate and multivariate
modeling [37]. The response variables were the lipid
and polar metabolite metabolome values which were aver-
aged for all replicates per tissue (mycelium or spore)
and per isolate. The averaged values were Wisconsin
double-standardized. To identify significant phylogenetic
eigenvectors and to avoid overfitting our final model, we
conducted forward multivariate model selection [38] using
the forward.sel function of the packfor package for R [39].
We then used variation partitioning to partial out the
amount of variation explained by all phylogenetic eigen-
vectors retained by model selection from the variation
explained by lifestyle (ambrosia versus nonambrosia).
Variation partitioning was conducted using the varpart
function in the vegan package for R [32].

Do ambrosia fungi synthesize or lack unique
compounds?

Even if ambrosia fungi do not converge on their overall or
spore metabolome, it is still possible that they have con-
verged to synthesize specific compounds to meet a parti-
cular nutritional requirement of the beetles. Alternatively,
ambrosia fungi may have convergently lost the production
of specific compounds that are toxic to insects. We tested
for the presence of compounds that were significantly
higher or lower in amounts in the spores of ambrosia phe-
notypes compared with their free-living relatives. To obtain
the magnitude of the difference in intensity values, the
difference between group means (log2 expression values)
was calculated for each compound comparing ambrosia and
nonambrosia isolates in each phylogenetic clade (i.e.,
Ophiostomataceae, Ceratocystidaceae, and Meruliaceae).
To investigate whether ambrosia fungi yield significantly
different amount of each metabolite feature, we conducted
Welch’s t-test on the intensity values of each feature
between ambrosia and nonambrosia fungi. To account for
the issue of recovering false positives resulting from the
multiple hypothesis testing, we estimated the false dis-
covery rate using the q-value function of the q-value
package for R [40, 41]. Compound features that were sig-
nificantly higher (p < 0.05 and q < 0.05; significance judged
as log2 fold change > 2) or lower (log2 fold change <−2) in

amount in ambrosia lineages were cross-compared with
examine if they are shared by the three ambrosia fungi.
Heatmaps were constructed using pheatmap package for R
[42] to visualize the shared metabolite features.

Results

Convergence of the overall metabolome

Testing of homogeneity in multivariate dispersion revealed
no convergence among ambrosia fungi, that is, no sig-
nificant difference in variability among isolates between
ambrosia and nonambrosia fungi in lipid profiles, (beta-
disper, df= 1, F= 0.905, P= 0.348). The polar metabolite
profiles showed a marginal significant difference in varia-
bility among ambrosia and nonambrosia species (betadis-
per, df= 1, F= 4.244, P= 0.048), however this appears to
be driven by the highly divergent samples of F. flavus
mycelia. Both results suggested that ambrosia fungi have
not converged on a similar metabolome. Instead, ordina-
tions revealed a strong phylogenetic signal in their meta-
bolome, showing that metabolomes are conserved within
lineages throughout the evolutionary transition to the
ambrosia lifestyle (Figs. 1 and 2). The technical replicates
of each assayed sample were clustered in NMDS ordination,
validating our technical methodologies of tissue separation
as well as the precision of the mass spectrometry analysis.
The ambrosia and nonambrosia fungi within each phylo-
genetic pair almost fully overlapped in their distribution on
the plots (Figs. 1 and 2), with the exception of the mycelial
samples of F. flavus in polar metabolite profiles (Fig. 2a).
Multivariate analysis also revealed the significant differ-
ences of the metabolic compositions between species in
each phylogenetic pair (lipids, adonis: df= 2, F= 8.401,
r2= 0.351, P= 0.001; polar metabolites, adonis: df= 2,
F= 5.824, r2= 0.28657, P= 0.001).

Convergence of spore metabolites

There was no significant difference in spore metabolome
compositions between ambrosia and nonambrosia isolates
(lipids, adonis: df= 1, F= 2.017, r2= 0.112, P= 0.093;
polar metabolites, adonis: df= 1, F= 1.644, r2= 0.105,
P= 0.153). An additional homogeneity test indicated no
dispersion effect in the spore metabolome (lipids, betadis-
per: df= 1, F= 0.2068, P= 0.655; polar metabolites,
betadisper: df= 1, F= 1.142, P= 0.303), validating
that the results in the composition test (adonis) resulted
from compositional dissimilarity of the metabolome. These
findings show that ambrosia fungi have spore metabolomes
that are more similar to their nonambrosia relatives
than unrelated ambrosia fungi, refuting the hypothesis of
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convergence in spore metabolomes among ambrosial
lineages. The spore metabolic similarities were also indi-
cated by the clear clustering of samples in the same phy-
logenetic group on the NMDS plots (Figs. 1b and 2b).

Metabolome variations attributed to phylogenetic
origin versus lifestyle

Both lipid and polar metabolite profiles of assayed fungal
species were mostly structured by phylogenetic relations
among species rather than their lifestyle (ambrosia versus
nonambrosia). Model selection retained the first two phy-
logenetic eigenvectors to explain variation in lipid

metabolomes among isolates. These eigenvectors cumula-
tively explained 15.5% of the variation in lipid profiles
among all fungi (Table 2). Of the polar metabolomes, model
selection retained only the first phylogenetic eigenvector
which explained ~9% of the variation of all fungi (Table 2).
A subsequent analysis partitioning the variables of phylo-
genetic eigenvectors and lifestyle indicated that, in lipid
profiles, 16.4% of the metabolome variations were inde-
pendently explained by phylogenetic eigenvectors, 0% by
lifestyle, and 0% by variation shared by both variables. Of
the polar metabolome, 10.3% of the metabolite variations
were independently explained by phylogenetic eigenvec-
tors, 0% by lifestyle, and 0% by variation shared by both

Fig. 2 NMDS ordination showing the dissimilarities of polar
metabolite features of assayed fungi. a Similar profiles were
observed within ambrosia (green) and nonambrosia (red) fungal pairs.
b Fungal lineages varied in polar metabolite profiles. Acronyms refer

to Fig. 1. Letters in parentheses after symbol names represent sample
types: spore (S) and mycelium (M). Symbols represent technical
replicates of each fungal isolate.

Fig. 1 NMDS ordination showing the dissimilarities of lipid fea-
tures of the assayed fungi. a Phylogenetic pairs, not ambrosia fungi,
shared similar profiles. Ambrosia: green, nonambrosia: red. b Fungal
lineages varied in lipid profiles. Acronyms: Rla (R. lauricola),

Lpr (L. procerum), Aro (A. roeperi), Hmo (H. moniliformis), Fam
(F. ambrosius), and Ffl (F. flavus). Letters in parentheses after symbol
names represent sample types: spore (S) and mycelium (M). Symbols
represent technical replicates of each fungal isolate.
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variables. The unexplained residuals were 87.5% and 91.9%
in metabolomes of the lipid and polar metabolite,
respectively.

Do ambrosia fungi synthesize or lack unique
compounds?

We detected compounds that were significantly higher or
lower in abundance in spores of ambrosia fungi when
compared with nonambrosial lineages. There were eight
compound features in lipid profiles shown to be sig-
nificantly different between ambrosia and nonambrosia
fungi across phylogenetic pairs (Table 3 and Fig. 3). In
contrast, we found no evidence of shared, significantly
different compound features in polar metabolite profiles.
Within individual ambrosia fungus species, we recovered
207, 1122, and 187 lipid compounds that were significantly
higher in amount in ambrosia fungi in R. lauricola, A.
roeperi, and F. ambrosius, respectively. Conversely, 560,
813, and 205 lipid compounds were significantly lower in
amount in the same respective ambrosia lineages. Of the
polar metabolomes, we recovered 3, 8, and 16 metabolites
which were significantly higher in amount in ambrosia
lineages in R. lauricola, A. roeperi, and F. ambrosius. Only
one ambrosia fungus, A. roeperi, displayed any significantly
lower in amount of polar metabolites than in its

nonambrosial counterpart (nine features); there was no
analogous reduction of polar metabolite detected in the
ambrosial Ophiostomataceae and Meruliaceae.

By matching the mass and fragmentation pathways of
compound features in MS/MS data, we putatively identified
the function classes of the eight shared, significantly dif-
ferent features in the ambrosia lipid metabolome. They
included two glycerophospholipids and a sphingolipid.
However, the expression levels were not consistent across
phylogenetic lineages (Table 3 and Fig. 3). A glyceropho-
spholipid [CL(54:6), GP12] and a sphingolipid [Cer(t44:0
(OH)), SP02] were detected higher in ambrosia species in
the ambrosial Ophiostomataceae and Ceratocystidaceae, but
lower in Meruliaceae. The glycerophospholipids [PC(30:4),
GP01] were reduced in ambrosia lineages of Ophiostoma-
taceae and Meruliaceae, but expressed higher in Cer-
atocystidaceae. We were unable to identify the other five
shared lipid compounds as they were not detected in the

Table 3 Fold changes and P values of lipid compounds that differed between ambrosia and nonambrosia relatives across all phylogenetic pairs.

Compound m/z Retention time Ophiostomataceae Ceratocystidaceae Meruliaceae

log2 fold changea P value log2 fold change P value log2 fold change P value

Cer(t44:0(OH)) 1187.75 73.32 4.11 0.0097 2.89 0.0061 −2.28 0.0235

CL(54:6) 712.93 73.33 3.1 0.0042 7.85 0.0098 −2.04 0.0006

PC(30:4) 719.88 73.32 −4.87 0.0498 6.36 0.0048 −2 1.88E−05

M1752T46 1752.35 46.01 2.49 0.0148 −6.44 0.0246 2.49 0.0307

M658T73 657.91 73.32 3.5 0.0203 5.93 0.0003 −2.09 0.004

M714T73 713.93 73.33 Inf 0.0108 Inf 0.0315 −2.64 0.0136

M773T73 772.9 73.33 Inf 0.0335 4.93 0.0183 −2.56 0.0122

M825T73 824.96 73.32 Inf 0.0484 4.62 0.0039 −2.98 0.0004

aFold change of ambrosia lineage to nonambrosia lineage.

Fig. 3 Heatmap showing the shared, significantly different [higher
(red) or lower (blue) in amount] features in lipid profiles of
assayed fungi. Columns represented technical replicates of fungal
isolates. Categories and main classes of identified lipids referred to
LIPID MAPS online database. SP02 represents ceramides, GP12
represents glycerophosphoglycerophosphoglycerols, GP01 represents
glycerophosphocholines. Acronyms on columns represent phyloge-
netic groups of samples: Oph (Ophiostomataceae), Cer (Cer-
atocystidaceae), and Mer (Meruliaceae).

Table 2 Determination coefficients, F values and P values of
phylogenetic eigenvectors in forward model selection in lipid and
polar metabolite metabolomes.

R2 adjusted F value P value

Lipid

PE#1 0.099 2.203 0.001

PE#2 0.057 1.677 0.014

Polar metabolite

PE#1 0.094 2.137 0.016
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MS/MS identification step and not present in public data-
bases. These five compound features also showed no con-
sistent pattern of expression pattern across the three
phylogenetic pairs (Fig. 3).

We further examined features putatively identified as
ergosterols and their derivatives as their importance in
beetles’ development was implied in Norris et al. [26] and
Bentz and Six [29]. However, no shared ergosterols and
derivatives were found to be consistently highly expressed
in all ambrosial lineages (Fig. 4).

Discussion

Ambrosia fungi displayed no convergence of the overall
metabolome. Even the adaptative apparatus, ambrosia cells,
displayed greater similarity to metabolomes of tissues
(spores and mycelia) of phylogenetically related free-living
fungi than to other ambrosia fungi. Therefore, in terms of
the overall metabolome, ambrosia symbiosis does not seem
to require substantial changes to the fungal cell contents on
the evolutionary pathway to the symbiotic lifestyle. Each
origin of ambrosia fungus retains a considerable metabolic
legacy from its ancestor and synthesizes metabolites in its
distinct way. Thus, ambrosia symbioses are an ecologically
diverse suite of many functionally distinct, mutualistic
associations.

Several nonpolar compounds (lipids) were repeatedly
different in abundance in ambrosia species compared with
their nonambrosia relatives across phylogenetic ranges.
Although these shared compounds were elevated in only
two of the three assayed ambrosia lineages, they warrant
further research as candidate compounds for the main-
tenance of the mutualism.

Conserved metabolome of each ambrosia fungus

Based on lipid and polar metabolomes, we found that
phylogenetic relatedness of assayed fungi was a strong
predictor of the metabolic variation. The ambrosia lifestyle
does not indicate common metabolome profiles between
phylogenetic lineages. If there are any features of the
metabolome modulated by the symbiotic adaptation, they
do not seem to be detectable in the metabolome profiles of
our assayed fungi, even inside the adaptative ambrosia cells.
Although surprising, these results were in line with the
recent findings based on variation in carbon source utili-
zation which showed that each origin of the ambrosia
symbiosis has followed a distinct evolutionary trajectory
[25]. From the perspective of ambrosia ecology, most
ambrosia beetles are the early colonizers of freshly dead
trees, where many readily accessible nutrients are available
and pose a relatively less competitive environment to their
fungal symbionts. The longevity of each individual gallery
is relatively short, typically several months, making the
proliferation of symbionts in such a short while the priority
to ensure entering the transportation organ (mycangium) of
the new beetle generation [43]. It appears that, rather than a
metabolism convergent on nutrient provisioning, the
ambrosia fungi may have metabolism optimized for their
ecological niches.

If fungal provisioning to the beetle does not occur via
any specific metabolite(s), it may occur via an overall
increased volume of many generic nutritional compounds,
or compounds not assayed in this study. Termitomyces, the
fungus cultivated by termites, exceeds free-living mush-
rooms primarily in the overall content of protein which were
not assayed here [44]. In mushrooms eaten by humans, the
most nutritious species are also characterized by overall
high-protein content and essential amino acid content,
rather than by individual compounds [45]. Therefore, we
recommend testing for protein content, amino acid content,
and overall-nutrition content in ambrosia fungi in future
studies.

The phylogeny-dependent metabolomes of ambrosia
fungi may also highlight the diverse ecological contexts of
ambrosia fungi. The three phylogenetic pairs utilized here
represent diverse ambrosia ecologies. Flavodon ambro-
sius is the only ambrosia fungus known to degrade the
structural components of wood [23]. Raffaelea lauricola
is specialized on freshly dead Lauraceae and is rarely
sampled from any other plant family [46]. Ambrosiella
roeperi specializes on small-diameter branches with
reduced water content [22]. These three distinct ecological
contexts are likely to drive the metabolism of the fungi in
very different directions, which may make it difficult to
detect subtle changes by our exploratory metabolomic
investigation.

Fig. 4 Heatmap showing the expression levels of shared, putatively
identified ergosterols, and derivatives across assayed fungi. Che-
mical common names and compositions referred to MS/MS data
retrieved from LIPID MAPS online database. Acronyms on columns
refer to Fig. 3. Chemical composition: episteryl palmitoleate=
C44H74O2+H, ergosteryl palmitoleate=C44H72O2+Na, episteryl
oleate1=C46H78O2+H, ergosteryl oleate=C46H76O2+NH4, episteryl
oleate2=C46H78O2+NH4, 16:3-Glc-Campesterol=C50H82O7+NH4,
18:3-Glc-Campesterol=C52H86O7+NH4, 18:2-Glc-Campesterol=
C52H88O7+NH4, and 22:2-Glc-Campesterol=C56H96O7+NH4.
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Although the paired sampling design is one of the main
strengths of our study, the number of phylogenetic repli-
cates is limited. There are at least eight other origins of the
ambrosia phenotype in fungi, and some of them inhabit very
different ecological contexts [22]. Metabolomes of such
diverse fungi might be deeply affected by the phylogenetic
origins and ecological requirements, which can be seen in
the portion of unexplained residuals of metabolome varia-
tions. To reach a greater statistical strength, future studies
should cover the ambrosia diversity more comprehensively,
with a deeper sampling within each phylogenetic clade, and
with focus on clades that also occupy the same niche.

Specific compounds in ambrosia tissues

Although a clear pattern of expression levels of compounds
was not present in our assayed fungi, we have recovered
eight lipids (nonpolar compounds), consistently diverging
in the three ambrosia and nonambrosia phylogenetic pairs.
The putatively identified three shared lipids belong to two
lipid classes, sphingolipid and glycerophospholipid, both of
which play key roles in cell membrane formation as well as
other biological characters [47, 48]. Any potential biologi-
cal relevance of these compounds to the ambrosia beetles
requires further investigation. The other five unidentified,
shared lipids have highlighted the difficulty of metabolome
annotation, which represents one of the major obstacles in
untargeted metabolomics research [49].

The shared eight lipid compounds may indicate the
importance of carbon and energy-rich compounds to the
ambrosia symbiosis. The few available studies of the
metabolism of the ambrosia symbiosis inferred that ergos-
terols and nitrogenous compounds might be the ‘metabolic
currency’ of this symbiosis [10, 26, 28, 29]. Our results
suggested that the effect of these ‘currencies’ on ambrosia
symbiosis might exist, but perhaps not in the form of being
a trait that is unique to fungi involved in the symbiosis.
Several classes of sterols were detected in the lipid meta-
bolome of all our assayed fungi, including ergosterols and
their derivatives. None of these sterols were preferentially
up- or down-expressed across ambrosia lineages (Fig. 4).
Ergosterol is a ubiquitous, vital component of fungal cell
membrane; it exists in almost all fungi but is absent in
animals and plants [50]. The acquisition and utilization of
ergosterol by insects, especially for most ambrosia beetles
living in the nutrient-poor xylem, is indispensable for their
normal growth [51]. Concentration of ergosterol in fungi
generally ranges from 2.6 to 42 μg/ml [52], which should
readily meet the nutritional need of ergosterol for most
scolytine beetles as suggested in [27] and [29].

One previous nutritional study of fungal isolates of
Xyleborus suggested that the tested fungi could sustain the
growth of their beetle partners [53]. The study design is

questionable because of the unclear symbiont identity (the
genus Xyleborus is not known to culture Fusarium species).
However, even a potential symbiont mismatch would
indicate that beetles may be sustained by compounds found
in many fungal lineages recovered from the surrounding
environment, even in vitro. In addition, it has been
demonstrated that ergosterol contents were not significantly
different between symbiotic and nonsymbiotic fungi of
Dendroctonus [29]. These findings, coupled with the
absence of any shared, significantly increased sterols across
the ambrosia fungi in our sample, imply that a strong
selection of the overexpressed phenotype of ergosterol and/
or a specific type of ergosterol might not be a prerequisite
for fungi to give rise to the ambrosia symbiosis.

Conclusion

Disentangling phenotypic adaptations from neutral pro-
cesses of evolution remains a challenge for most symbiosis
studies. The ambrosia symbiosis, one of the most ecologi-
cally and phylogenetically diverse symbiotic systems, is an
exceptional natural model to empirically test for phenotypic
modifications that transcend phylogenetic relationships. Our
results highlighted an emerging notion that each ambrosia
symbiosis represents a functionally distinct symbiosis. We
believe that each of the ambrosia symbioses will be best
understood within its specific ecological context and phy-
logenetic origin.

Very few invasive ambrosia beetles and fungi have had
noticeable negative impacts, but those few pestiferous
species have been notably destructive, even catastrophic
[54, 55]. It is difficult to make biosecurity decisions when
the impactful species are not distinguished from the harm-
less ones. With the increasing accessibility of ‘omics’
technologies, more information is becoming available about
the relationships between the vector beetles and their fungal
associates including the pathogens. A greater understanding
of these life forms is critical for effective, evidence-based
decisions of agencies.
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