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Abstract
Salicinoid phenolic glycosides are common defence substances in salicaceous trees and specialist leaf beetles use these com-
pounds for their own defence against predators. Salicinoids vary qualitatively and qualitatively in aspen (Populus tremula) 
and this variation has a genetic basis. The foliar endophyte mycobiome is plentiful and we hypothesised that it is related to 
plant genotype, potentially mediated by salicinoid composition, and that interactions with the leaf beetle Chrysomela tremula 
may alter this relationship. We studied these three-way interactions in controlled greenhouse experiments. Endophytic fungi 
were isolated from sterilised leaf tissues with and without beetle damage, and from beetles. We confirmed that endophyte 
composition was influenced by host genotype. Beetle activity added generalist morphs to the mycobiome that overrode the 
initial host association. Yeast-like genera (Cryptococcus and Rhodotorula) were isolated only from beetle-damaged tissues 
and from beetles, whereas fast-growing filamentous fungi dominated beetle-free control plants. Competition experiments 
between filamentous fungi of plant origin and beetle-related yeasts suggested interaction of both stimulating and inhibiting 
modes of action amongst the fungi. As a result, we detected examples of amensalism, commensalism, parasitism and competi-
tion between the morphs tested, but we found no evidence of mutualism, and consequently no co-evolutionary relationship 
could be demonstrated, between yeasts carried by beetles, host genotype and associated filamentous morphs. Endophyte 
studies are method-dependent and high-throughput sequencing technology best define the fungal mycobiome, culturing how-
ever continues to be a cheap way to provide fundamental ecological insights and it is also required for experimental studies.

Keywords Herbivory · Arboreal endophytes · Salicinoid · Bipartite graphics · Competition

Introduction

Horizontally transferred fungal endophytes live hidden lives 
in plants (Petrini and Fisher 1990; Hyde and Soytong 2008). 
Composition and abundance vary among tissues (Partida-
Martínez and Heil 2011), in their host specificity, and by 
environment (e.g. Carroll 1995; Elamo et al. 1999; San-
tamaria and Diez 2005; Martín-García et al. 2011; Albrect-
sen et al. 2010a; Unterseher et al. 2016; Lamit et al. 2014; 
Siddique and Unterseher 2016). Increasing evidence also 
suggests that endophytes can manipulate consumers of their 
host (e.g. Herre et al. 2007; Gange et al. 2012; Hammer and 
Van Bael 2015; Hiscox and Boddy 2017) supporting the 
hypothesis that host–endophyte interactions may be mutual-
istic (Schulz and Boyle 2005; Saikkonen et al. 1998).

Defensive mutualism has been attributed to systemic 
endophytes (Epichloë spp.) in cold season grasses (Clay 
1988), whereas endophytes of woody plants are considered 
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non-systemic random dispersers that establish when they 
encounter appropriate hosts (Saikkonen et al. 1996, 1998, 
2007; Sieber 2007; Rodriguez et al. 2009). Since trees typi-
cally have long generation times and slow rates of molecular 
evolution, it has been proposed that the presence of a diverse 
mycobiota could add a layer of phenotypic diversity, which 
might “assist” the tree in manipulating its enemies (Albrect-
sen and Witzell 2012; Christian et al. 2017). In support of 
this, rust infections became less severe in Populus leaves 
that had previously been inoculated with certain endophytes 
(i.e. belonging to Cladosporium, Penicillium, Tricoderma 
and Chaetomium; Raghavendra and Newcombe 2013; Busby 
et al. 2016), and gall-forming cynipid wasps on oak avoided 
to oviposit on leaf parts that were prone to endophyte colo-
nisation (Wilson and Carroll 1997). Moreover, in support 
of endophyte anti-herbivore effects, galling aphids appear 
to alter and proliferate the endophytic mycobiota surround-
ing their galls (Lawson et al. 2014), and leaf cutting ants 
clean their leaves of endophytes before they plant them in 
their fungal garden (Van Bael et al. 2009; Coblentz and van 
Bael 2013).

However, insect herbivores and endophytes can also 
be positively correlated (Wilson and Faeth 2001), or they 
may negatively affect higher order parasitism (Preszler 
et al. 1996), both resulting in an overall negative (neutral to 
antagonistic) effect on the host plant. Endophytes may thus 
be essential for ecosystem functioning (Arnold 2007; Wilson 
2000; Albrectsen and Witzell 2012; Unterseher et al. 2016). 
Moreover, like pathogens, the endophytes must overcome 
protective barriers produced by the host (Petrini and Fisher 
1990; Lappalainen and Helander 1997; Elamo et al. 1999; 
Santamaria and Diez 2005; Bailey et al. 2005), which indi-
cates that at least some endophytes may have evolved from 
plant pathogens (Vega and Dowd 2005). Association with 
animal life further suggests that other endophytes evolved 
from entomopathogens (Graham 1967; Vega and Dowd 
2005).

Twig endophytes in hybrid cottonwoods correlate with 
condensed tannin concentrations (Bailey et al. 2005) but 
not with the content of salicinoid compounds. Black yeasts 
(Aureobasidium spp.) in Populus tremula have also been 
related to the presence of phenolic compounds across grow-
ing environments (Albrectsen et al. 2010a), and salicinoids 
deter generalist herbivores from eating leaves of P. tremu-
loides (Donaldson and Lindroth 2007). Salicinoids on the 
other hand attract specialist herbivores such as leaf beetles 
(Chrysomelidae) that can use the compounds for their own 
protection (e.g. Pasteels et al. 1983; Termonia et al. 2001; 
Boland 2015). In fact, most of the arthropods that feed on 
aspen are specialists (Robinson et al. 2012) but the rela-
tionships with the foliar phenolic profile in field studies are 
mostly weak (Albrectsen et al. 2010b). Salicinoid phenolic 
profiles are relatively heritable and stable within genets and 

across environments (Keefover-Ring et al. 2014). Environ-
mental factors such as nitrogen addition, however, affect 
the biosynthesis of most phenolic classes (Decker et al. 
2017). None of these factors systematically associates with 
any attacker, but host growth influences the composition of 
arthropod communities (Robinson et al. 2012).

Chrysomela tremula leaf beetles are plentiful on juvenile 
aspen suckers (Robinson et al. 2009). Due to their preference 
for salicinoid compounds, we hypothesised that these bee-
tles would directly or indirectly interfere with the endophyte 
community in the foliar endosphere of P. tremula, which we 
initially expected to be associated with genotype (Albrect-
sen et al. 2010a, b). Furthermore, we looked for evidence 
of competitive relationships between fungi of, respectively, 
plant and potential herbivore origin.

Materials and methods

Plant material

For this study, we used eight aspen genotypes (genets) from 
the SwAsp collection (Luquez et al. 2008; 7, 14, 18, 23, 
52, 60, 65, 100). The SwAsp individuals have been catego-
rized based on foliar salicinoid composition (Keefover-Ring 
et al. 2014) that varies qualitatively and quantitatively with 
genotype, and of which ca. 40% of the SwAsp collection 
produces predominantly salicin, salicortin, tremulacin, and 
tremuloidin, analogous to the salicinoid profiles reported 
in P. tremuloides (Lindroth et al. 1988, see also Keefover-
Ring et al. 2014). Additional salicinoids in P. tremula have 
characteristic functional groups adhered to the glucose mol-
ecule, for example a cinnamoyl moiety, which is present at 
detectable levels in ca. 50% of the SwAsp collection but 
undetected in P. tremuloides. The genets used in this experi-
ment can be classified by the production of the cinnamoyl 
moiety: genotypes 7, 18, 60, 100 are tremuloides-like (TL), 
and genotypes 14, 23, 52, 65 produce salicinoids with cin-
namoyl moieties (CN).

Beetle material

A colony of Chrysomela tremula was established in the 
summer 2011, using leaf beetles originating from one site 
of recently cut aspens at Mariehem, Umeå (63.844879°N, 
20.339819°E). Five hundred beetles representing both larval 
and adult stages (a minimum of 200 adults) were reared in 
the laboratory on a diet of mixed P. tremula genotypes. The 
mixed diet and mixed larval/adult stages were used to try 
to avoid effects of diet that might otherwise have caused 
conditioning of certain aspen genets for feeding or oviposi-
tion preference. An even sex ratio was considered (Hamilton 
1969), and no attempt was made to separate the herbivores 
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according to sex. To obtain information about the fungi that 
the beetles might introduce to the plants, surface-sterilised 
beetles (using the same procedure as for leaves) were left on 
PDA plates to detect the fungi they might host.

Isolation of cultivable endophytes

Cultivable fungal endophytes were isolated from leaves as 
follows. Fully expanded leaves similar to those harvested 
for chemistry were picked and first submerged in 70% etha-
nol for 5 s, then in 2% sodium hypochlorite for 4 min and 
thereafter rinsed twice in distilled water for 10 s. Under the 
laminar hood (KOJAIR, 0.50 m/s airflow) and under sterile 
conditions, leaves were then cut into ca. 1 cm2 pieces that 
were placed on PDA plates. Samples were incubated in a 
growth chamber (Leec) and the colonies that appeared on 
the plates were described and their growth assessed every 
second day for 2 weeks. Fungal colonies were morphotyped 
on the basis of colour, morphology, and growth patterns 
(ESM1).

The experiments

Two fungal isolation experiments were conducted. The first 
one was performed with a full setup of eight genotypes. The 
second experiment with only two genotypes (18, 65) was 
performed to confirm initial patterns of association with 
genotype and beetle effects on richness and abundance of 
fungal morphs.

Experiment 1. The aspen genets were propagated from 
in vitro culture, and on October 7th 2011 transferred to soil 
with K-jord potting compost (Hasselfors Garden, Örebro, 
Sweden) in 1-L pots. The plants were grown in the green-
house (Umeå) at 70% RH and under 21-h light conditions. 
Plants were then placed randomly on tables and positions 
rotated bi-weekly, and watered manually until October 17th, 
after which they were drip irrigated.

On November 14th, eight plants per genotype were ran-
domly selected and exposed to the beetles inside a mous-
seline tent (area 4 m × 3; height 2 m). The rest of the plants 
(the controls) stayed outside the tent in the same room under 
similar growing conditions.

During the first week of December 2011 two leaves per 
plant were harvested and kept at 4 °C (maximum 4 days) 
before surface sterilisation. For practical reasons fungal 
morphotypes from the control plants were isolated first 
and thereafter from beetle-damaged plants. On the dam-
aged plants, less damaged mature leaves were sampled 
from between six to eight replicates of each of the eight 
SwAsp genotypes under test ensuring that the leaves were 
of the same age and developmentally alike. Six leaf pieces 

per plant were then arranged on potato dextrose agar after 
sterilisation (PDA Merck KGaA, Germany).

Experiment 2. Due to the temporal sampling bias in the 
first experiment, a second experiment was initiated (July 
10th 2012) to confirm that beetles might indeed cause an 
increase in endophyte richness and diversity. We used avail-
able small plants (~ 60 cm tall) generated from SwAsp tis-
sue culture (genotype 18 initially hosting, and genotype 
65 initially not hosting endophytes). These plants were 
individually covered with fine meshed mousseline fabric 
(height ~ 80 cm and diameter ~ 15 cm) and three randomly 
chosen plants per genet were subjected to beetle feeding (two 
beetles per plant). The first isolation event of fungal endo-
phytes took place on August 1st 2012.

Foliar chemical analyses

As part of Experiment 1, at the age of 5 weeks when the 
plants were ca. 70 cm tall the first fully expanded leaf 
from five randomly selected control plants per genet was 
harvested immediately into liquid nitrogen for salicinoid 
analyses. Leaves were lyophilised and stored at − 20 °C 
until they were ground to powder using a Retsch bead mill 
(Retsch GmBH, Haan, Germany). Leaf sample extracts 
were prepared and salicinoids quantified in the samples fol-
lowing methods described in Abreu et al. (2011). Briefly, 
10.00 ± 1.00 mg ground leaf tissue was extracted in 1 ml 
methanol:chloroform:water (v:v:v) at 4 °C. Deuterated sali-
cylic acid  [2H6] (Isotec, Miamisburg, USA) was included 
as an internal standard in all samples. Samples were cen-
trifuged at 4 °C and 100 µl of the resulting supernatant 
was vacuum dried. Prior to analysis, each dried sample 
was resuspended in 25 µl of methanol and 25 µl of 0.1% 
v/v aqueous formic acid. Injections of 2 µl of each sample 
were separated on a C18 UPLC™ column (2.1 × 100 mm, 
1.7 µm) and analysed with a LCT Premier TOF/MS in nega-
tive mode (Waters, Milford, MA, USA), as described by 
Abreu et al. (2011). The following standard compounds were 
included in the analyses: salicin (Sigma-Aldrich, Stockholm, 
Sweden); cinnamoyl-salicortin (Keefover-Ring et al. 2014) 
and tremulacin were isolated from aspen at Umeå Plant Sci-
ence Centre, and salicortin, tremuloidin and HCH–salicortin 
were provided by Prof. Lindroth (University of Wisconsin, 
USA). Single-ion chromatograms were extracted using 
MassLynx 4.1 software package (Waters Corp., USA) and 
salicinoids were quantified from single-ion chromatographic 
peaks using an in-house script in the Matlab environment 
at the Swedish Metabolomics Centre (SMC, Umeå, Swe-
den). Peak areas normalised by extracted sample weight and 
salicinoid compounds were identified from analytical stand-
ards and masses of either or both of the deprotonated ion 
([M−H]−) and the formate adduct ([M−H + FA]−), based 
on molecular weights according to Abreu et al. (2011) and 
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Keefover-Ring et al. (2014) and guided by retention times 
where available.

Competition observation and experimentation

During the isolation event, evidence of interaction between 
common morphotypes was evaluated through growth meas-
urements. After isolation, all plates contained filamentous 
morphs whereas yeasts only appeared on some. Thus, the 
first growth assessment of filamentous fungi could be related 
to random growth of yeasts from the isolation event. To 
investigate fungal interactions further, a competition experi-
ment was setup with two plant-related filamentous morpho-
types together with two beetle-related yeasts. In a compe-
tition experiment, inoculums of one filamentous and one 
yeast fungal isolate were then placed 2.5 cm apart on plates, 
and single morphs inoculated together as controls. Initially, 
five plates were setup for each yeast–filamentous fungi com-
bination, thereafter an additional 40 plates were arranged 
with combinations of fungi for which additional replication 
(with 40 plates) promised significant insight (according to 
power analyses and calculations of least significant sample 
numbers, LSN, Table 3). Colony sizes were assessed using 
ImageJ (an open source image processing programme https 
://image j.net/Welco me).

Fungal DNA extraction and sequencing

Fungal mycelium from colonies that had been selected to 
get the most complete coverage of the diverse fungal mate-
rial was carefully scraped from the PDA plates and ground 
in 2-ml Ep-tubes in liquid nitrogen. DNA extraction was 
performed with “E-Z 96 fungal DNA kit” (Qiagen) fol-
lowing the manufacture’s protocol. Nano-drop spectrom-
etry was used to establish DNA yield and quality, and all 
DNA samples with a 260/280 ratio higher than 1.8 were 
used for the following PCR steps (Thermo scientific). Oli-
gos were synthesised in Cybergene (http://www.cyber gene.
se) including: ITS-F (CTT GGT CAT TTA GAG GAA GTAA) 
paired with ITS-R (TCC TCC GCT TAT TGA TAT GC), and 
nuSSU-F (TTA GCA TGG AAT AAT RRA ATA GGA ) paired 
with nuSSU-R (TCT GGA CCT GGT GAG TTT CC).

Each PCR reaction mixture contained 50 μl of 10xPCR 
buffer, 1 μM primer, 0.2 mM dNTPs, 1.5 mM MgCl2, 1.25 U 
Taq polymerase and 1 ng/μl fungal DNA. PCR steps were 
programmed as 95 °C for 5 min, 33 cycles of 95 °C for 30 s, 
51 °C for 30 s, 72 °C for 30 s and 72 °C for 10 min. PCR 
products were kept at 4 °C before analysing via gel electro-
phoresis on 1.5% Agarose (BIO-RAD) gel and visualising 
under UV light with 0.1% GelRed (GelRedTM Nucleic Acid 
Gel Stain, 10,000X in DMSO). PCR products were purified 
when specific bands were detected, using QIAquick PCR 
purification kit (Qiagen). The purified PCR products were 

delivered to Eurofins/mwg operon (http://ecom2 .mwgdn 
a.com) for sequencing. The resulting sequence data were 
blasted against the NCBI database (http://www.ncbi.nlm.nih.
gov/) and against the yeast genome database (http://www.
yeast genom e.org/cgi-bin/blast -funga l.pl). The search stand-
ard was “nucleotide collection nr/nt”. No filtre was used 
and the best blast hit and maximum percentage of matching 
(> 95%) for a ITS region was used as a standard to identify 
fungal taxon as presented in (ESM2).

Statistics

Likelihood ratio tests were used to compare fungal composi-
tion, and together with t tests and ANOVA models analysed 
with the software JMP or R (R Core Team 2013). Simpson’s 
Index was calculated to compare the diversity of endophyte 
morphotypes. The Simpson’s index is based on D = sum 
p_i^2 (where p_i is the proportional abundance of species 
i); thus, the index increases with decreasing diversity. The 
Simpson’s Index was calculated for each individual plant 
using the R package “vegan” (Oksanen et al. 2017), and 
averages were calculated per genotype. Bipartite interaction 
matrices were calculated, and bipartite network interactions 
visualised, using the bipartite package in R (R Core Team 
2013).

Results

The total concentration of salicinoids in the leaves was 
184–378 mg/g DW depending on genet (Table 1). Fifteen 
salicinoids were isolated from the chromatograms based 
on peak area when isomers of cinnamoyl-containing com-
pounds were integrated together as suggested by Abreu et al. 
(2011) and Keefover-Ring et al. (2014). After isolation, mor-
photypes were characterised based on colour, texture and 
growth (Table 2). No significant relationship was detected 
between the mean values of total salicinoids of the control 
plants and the number of fungal morphotypes (ESM3). 
Fungal richness could also not be related to any specific 
salicinoid profile (ESM1). The best fit between any aver-
age concentration of an individual salicinoid in the control 
leaves and the number of fungal species was detected for 
acetylsalicortin (ANOVA, R2 = 0.09; F7.1 = 0.62; P < 0.46). 
The significance was not improved by separating the effect 
of CN genets (N = 4) from TL genets (N = 4), although 
the explanatory value substantially increased for that model 
(ANOVA, R2 = 0.41; F7.1 = 0.91; P < 0.51).

Determination of fungi

In total, 86 plates representing 22 morphotypes from over 
250 leaf segments were collected from experiments 1 and 

https://imagej.net/Welcome
https://imagej.net/Welcome
http://www.cybergene.se
http://www.cybergene.se
http://ecom2.mwgdna.com
http://ecom2.mwgdna.com
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.yeastgenome.org/cgi-bin/blast-fungal.pl
http://www.yeastgenome.org/cgi-bin/blast-fungal.pl


539Oecologia (2018) 187:535–545 

1 3

Table 1  Aspen (P. tremula) 
genets were propagated from 
the Swedish Aspen collection 
(SwAsp, Luquez et al. 2008)

Average salicinoids content in the aspen genets of the experiment (mean ± SE in mg per g leaf DW, N = 5) 
are presented by genotype. The entire list of 15 salicinoids are detailed in ESM1 for all plant replicates
Cin. Cinnamoyl, Sal. Salicortin, HCH hydroxy-6-oxo-2-cyclohexene

Genotype Salicortin Tremulacin 2′Cin.Sal. AcetylSal. HCH_Sal. Total

7 122.6 ± 7.5 63.0 ± 4.1 0.1 ± 0.0 1.7 ± 0.1 27.5 ± 2.7 249.3 ± 10.5
14 176.0 ± 10.2 15.3 ± 2.0 9.1 ± 0.5 2.2 ± 0.2 81.6 ± 15.2 327.4 ± 20.8
18 157.5 ± 12.1 108.2 ± 13.7 0.1 ± 0.0 2.5 ± 0.2 75.1 ± 14.2 377.9 ± 14.6
23 162.5 ± 4.3 29.7 ± 1.9 8.4 ± 0.6 2.8 ± 0.1 25.3 ± 5.9 274.1 ± 7.7
52 105.3 ± 6.3 19.0 ± 1.4 6.6 ± 0.3 1.3 ± 0.1 13.3 ± 2.3 183.6 ± 8.4
60 160.2 ± 14.6 83.9 ± 5.0 0.1 ± 0.0 2.4 ± 0.1 26.8 ± 8.1 312.7 ± 24.1
65 117.2 ± 11.8 6.1 ± 0.9 6.8 ± 0.8 0.7 ± 0.1 41.5 ± 5.7 218.2 ± 17.5
100 172.5 ± 10.6 88.8 ± 4.1 0.1 ± 0.0 2.0 ± 0.1 25.6 ± 4.5 327.0 ± 5.6

Table 2  An overview of the 
fungi that were isolated for 
this study after tissue origin 
and putative taxon for ITS 
sequenced samples (please see 
SEM1 for a detailed list)

N indicates the number of successfully sequenced morphotypes of fungi for a certain tissue type: aspen 
(P. tremula) leaves grown in the absence (controls) or in presence (damaged) of C. tremula leaf beetles for 
15 days. Beetle-associated fungi are included under “Beetle” Tissue. Kind distinguishes the isolates after 
appearance as either filamentous- or yeast-like, and a short hand description is included with codes appear-
ing at the bottom of the table. ID Competition details the origin and putative taxon of the isolates that were 
used to test interactive strength in the competition experiments
Kind of morph: Fi filamentous, Y yeast-like; Description, colour: blk black, blu blue, brw brown, gre green, 
gry grey, or orange, r red, wh white, yl yellow; Growth development: F fast, S slow, additional surface 
characteristics: sp sporulating, po powdery, t transparent, f fluffy, m milky. ID for isolates that were used in 
the competition experiment, corresponds to ESM2

Tissue N Kind Description Putative taxon ID competition

Leaves, undamaged 8 Fi blu–gre, S n.a.
Fi gry–blu, F, sp Cladosporium sp.
Fi gry–blk, F, sp Pezizomycotina
Fi gry–gre, F, sp Penicillium brevicompactum ID: A4 = colony E
Fi or–yl, F Hypocreales

Leaves, damaged 20 Fi blk, S Cladosporium cladosporioides
Fi blu–gre, F n.a.
Fi brw, S, po n.a.
Fi gre–blk/or, F Penicillium
Fi gry–blu, S Penicillium sp.
Fi gry–gre/gre, F Penicillium expansum ID: B4 = colony C
Fi wh/gre, F Arthrinium
Fi wh–blk, S n..a.
Fi wh–blk, F Trichocomaceae
Y Wh, F Cryptococcus sp. ID: C10 = colony S
Fi wh, S n.a.
Y yl–wh, F Basidiomycota ID: C1 = colony L

Beetle 17 Y R Rhodotorula sp.
Fi F Trichoderma
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2, in addition to eight morphotypes that were directly iso-
lated from the beetles. Eight genera and 14 distinct species 
were determined on the basis of nucleotide matching in 
the NCBI database (http://www.ncbi.nlm.nih.gov/) and in 
the yeast genome database (http://www.yeast genom e.org/
cgi-bin/blast -funga l.pl (Table 2).

Fungal relationship with host genotype

Four fungal morphotypes were isolated from control plants 
in experiment 1 (Table 2). Endophyte richness initially dis-
played a genotype-specific pattern (Likelihood ratio: N = 32, 
df = 7, χ2 = 18.643, P = 0.0094) with no fungi emerging 
from genotypes 65 and 23. The most abundant morphotype 
E (identified as Penicillium brevicompactum) grew on 25% 
of the plates.

From beetle-damaged plants, colonies emerged within 
2 days on all plates and fourteen distinct fungal morpho-
types were rescued and determined (Table 2). Abundance 
varied between 1–4 colonies per leaf piece, and unlike the 
control plants, the impact of genet could no longer be distin-
guished by the morphotypes that grew from beetle-chewed 
plant samples (ANOVA F (61, 7) = 0.83, P = 0.57). Spe-
cific fungal morphotypes were, however, associated with 
certain genotypes when analysed one by one: morphotype L 
(Basidiomycota) grew only from genotypes 14, 18, and 100 
(Likelihood ratio: N = 62, df = 7, χ2 = 25.48, P = 0.0006). 
Morphotype ν (Arthrinium phaeospermum) was only iso-
lated from the genotypes 18, 52, and 100 (Likelihood ratio: 
N = 62, df = 7, χ2 = 14.1, P = 0.049). Morphotype S (Cryp-
tococcus sp.) was restricted to genotypes 100 and 65 but 
without any strong evidence of genotype preference (Likeli-
hood ratio: N = 62, df = 7, χ2 = 12.29, P = 0.09). The most 
abundant morph, morphotype C (P. expansum) that emerged 
on 86% of the plates, did not show any genotype preference 
(Likelihood ratio: N = 62, df = 7, χ2 = 7, 96, P = 0.34).

Host–endophyte relationships

Experiment 1. Bipartite graphs were prepared to show how 
the mycobiome is related to genotype (Fig. 1). The num-
ber of links between hosts and endophytes increased in the 
presence of Chrysomela beetles, supporting the change 
from a simple relationship between genet and the associ-
ated endophyte community in the absence of the beetles, 
to a generalistic and more antagonistic web after beetles 
had interacted with the plants. Simpson indices, calculated 
per genotype, averaged 0.618 ± 0.142 (mean ± standard 
error) in controls and 0.339 ± 0.088 in beetle-damaged 
plants (N = 80). ANOVA analyses confirmed that endo-
phyte diversity was significantly affected by aspen genotype 
(F78,7 = 3.9, P < 0.001**), beetle treatment (F78,1 = 19.7, 

P  <  0.0001***), and their interaction (F78,7  =  3.1, 
P < 0.001**). These results also agree with the lower con-
nectance values (calculated as the proportion of all possible 
links between genotype and endophyte richness) that were 
calculated for host and endophyte community and similar 
linkage density levels for control plants, as visualised in the 
bipartite webs (Fig. 1).

Experiment 2. We repeated the isolation experiment to 
secure simultaneous sampling of leaves from control and 
damaged plants. We used SwAsp clones 18 and 65 that at 
the time were available in the propagation facility at UPSC, 
Umeå. We expected more fungal morphotypes on beetle 
plants than on controls and, therefore, used a one-tailed t test 
to analyse the data. On average, we found 9 ± 1.08 fungal 
morphotypes on control trees (~ 2.54 colonies per segment) 
and 12.67 ± 1.38 morphotypes on damaged plants (1.8 colo-
nies per segment). The difference in number of morpho-
types per genotype was on average − 1.74 morphotypes per 
tree (Welsh t test, assuming unequal variances, one-tailed 
t = 2.09; df = 7.99; P = 0.035).

Beetle‑associated fungi and their interaction 
with the plant mycobiome

Yeast-like morphotypes were not observed in leaf tis-
sues of control plants, but they were isolated from 

Fig. 1  Bipartite graph of the relationship between the SwAsp genets 
and the endophyte community that they associated with, respectively, 
in absence (upper panel) and presence (lower panel) of Chrysomela 
tremula leaf beetles. Thicknesses of lines that connect genets 
with morphotypes are scaled to the abundance with a morphotype 
occurred in the samples. The fungal morphotypes are listed in Table 2

http://www.ncbi.nlm.nih.gov/
http://www.yeastgenome.org/cgi-bin/blast-fungal.pl
http://www.yeastgenome.org/cgi-bin/blast-fungal.pl
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Chrysomela-damaged plants and were also isolated directly 
from the beetles. During the isolation, growth of filamen-
tous fungi dominated the mycobiome of the beetle-damaged 
plants. Several of these isolates were later characterised as 
belonging to the Penicillium spp. During the isolation event, 
this morphotype on average grew to only 53.7% of its poten-
tial size when it co-occurred with yeast-like morphotypes 
such as Basidiomycota and Cryptococcus sp. (t test; N = 54; 
df = 52, t = − 5.36; P < 0.0001; R2 = 0.36, Fig. 2).

Morphotype E (P. brevicompactum) from the control 
plants and morphotype C (P. expansum) from the damaged 
plants were challenged in competition experiments with 
yeast-like morphotypes, L (Basidiomycota) and S (Cryp-
tococcus sp.). The growth of the filamentous morph E line 
(P. brevicompactum) from the control plants appeared to be 
stimulated by both yeasts, but only significantly by yeast 
S. Filamentous morph C from damaged plants grew less in 

combination with yeast S (Cryptococcus sp.) than with yeast 
L (Basidiomycota). One yeast morph (L) was not affected 
by the presence of any of the filamentous morphs, whereas 
the other yeast (S) was generally limited by the filamen-
tous fungi, mostly by C from the beetle-damaged plants. 
Power analysis suggested that it would demand more than 
300 plates (least significant numbers) to verify the potential 
stimulating effect S had on E, and this combination was not 
repeated. An organism may theoretically affect another in 
three fundamentally different ways (positive, neutral, and 
negative) and the interaction outcome may then be described 
in terms of amensalism (−/0, as for C/L), commensalism 
(+/0, as for E/L), competition (−/−, as for C/S) and parasit-
ism (± as for E/S) (as detailed in Table 3). No examples of 
neutralism (0/0) or mutualism (+/+) between the challenged 
fungi were detected in the competition experiments of this 
study.

Discussion

Here, we demonstrate a genotype-specific association 
between young aspen plants from the Swedish Aspen col-
lection and the endophyte mycobiome they host. Salicinoid 
phenolic compounds attract Chrysomela leaf beetles but we 
found no relationship between endophytes and the salicinoid 
profiles of control plants. Herbivory by the leaf beetles led 
to richer fungal assemblages and increased abundance of 
leaf-associated endophytic fungi. This resulted in a less spe-
cialised endophyte community that could no longer be asso-
ciated with host genotype. Yeast morphs could be related to 
the presence of beetles, but competition experiments did not 
point to any systematic interaction related to fungal origin, 
which could support the existence of a stable three-way asso-
ciation between plant genotype, herbivory and mycobiome 
composition.

Salicinoid phenolic glycosides are diverse in the Swedish 
Aspen collection because of functional groups attached to 
the glucose molecule in various configurations (Abreu et al. 

Growth of filamentous morphs during isola�on 
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Fig. 2  Penicilium sp. grew less vigorously when cultured from aspen 
leaves together with yeast colonies (average colony diameter, average 
size  ±  SE in  cm2; for genet number 7, yeast was only appeared on 
one petri dish and no SE is included). Host trees had been propagated 
from the Swedish Aspen bio resource at Umeå Plant Science Centre 
and the numbers on x-axis refer to SwAsp genet number. Competition 
studies reported in Table 3 were setup to test the generality of the ini-
tial inhibition yeast appeared to have on growth of filamentous fungi 
during isolation

Table 3  In a series of two experimental setups, interactions between the filamentous morphs (C ~ Penicillium brevicompactum and E ~ Penicil-
lium expansum) were tested against the yeast-like morphs (L ~ Basidiomycota and S ~ Cryptococcus)

Pilot tests were setup with five replicates (N) and repeated when an effect was to be expected from enhancing the sample size to 40. The effect of 
the various combinations are listed for each morph by column, and values less than 100% means that growth was restricted by the co-existence, 
whereas a value higher than 100% indicates a stimulated growth effect. Significant values are indicated by asterisks; * at the 5% level, and ** at 
the 1% level, “~” refers to tentative determination of isolate after blasting of ITS sequences in the European Nucleotide Archive (http://www.ebi.
ac.uk/ena) as also listed in ESM2

Effect on C N Effect on E N Effect on L N Effect on S N

Filamentous C 77.7%n.s. 40 2.6%** 40
Filamentous E 91.5%n.s. 5 50.1%* 5
Yeast L 85.7%** 40 249.3%** 5
Yeast S 52.7%** 40 153.3%n.s. 5

http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
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2011; Keefover-Ring et al. 2014). Among salicinoids reported 
for P. tremuloides, more complex (higher molecular weight) 
compounds may determine toxicity and palatability mainly to 
generalist herbivores (Ayres et al. 1997; Donaldson and Lin-
droth 2007). Clausen et al. (1989), for example, found a greater 
reduction in herbivore survival and performance caused by 
tremulacin (compared to the less complex salicin) and sug-
gested that the benzoyl group on the molecule may enhance 
the toxic effect of the HCH (hydroxy-6-oxo-2-cyclohexene) 
group. For fungal endophytes in cottonwood hybrids, Bailey 
et al. (2005) reported a negative effect of condensed tannins on 
endophyte richness and abundance, but they found no effect of 
foliar salicinoid compounds (salicortin and HCH–salicortin). 
Although this study comprised too few genotypes to disentan-
gle a potential relationship with salicinoid diversity, we did 
not detect any correlation that suggested that any one of the 
sixteen salicinoids individually shaped the mycobiome, which 
was also not correlated with the sum of salicinoids (ESM2).

Beetle‑associated fungi and network consequences

Chrysomela leaf beetles are specialist herbivores, many of 
which sequester the salicinoids of salicaceous trees for their 
own defence (Pasteels et al. 1983; Termonia et al. 2001; 
Boland 2015). Endophytes may enter the tissues of their hosts 
through stomatal openings or through wounds and damaged 
cells (Wilson 2000). Insect vectors may help fungi to disperse 
between plants and facilitate colonisation of host tissues; dis-
ruption of the plant epidermis breaks the physical barrier to 
render the interior tissues accessible for spores and hyphae of 
the fungi. Chewing damage will further elicit a JA (jasmonic 
acid) response in the plant that can result in a lowered SA 
(salicylic acid) response, which is likely to weaken the patho-
gen defence pathway (Verhagen et al. 2004; Herre et al. 2007). 
The symptomless endophytes may interact in complex and 
strain-specific ways as shown by Navarro-Meléndez and Heil 
(2014) for lima beans with the endogenous levels of SA and 
JA and with the defence traits up- and downstream of these 
controlling defence hormones. In this study, we found that 
Chrysomela beetles enriched the leaf mycobiome with endo-
phytic morphotypes that were not cultured from the control 
leaves. The abundance of fungal morphotypes also increased 
after herbivory. To ensure that the increase in richness and 
abundance was not an artefact caused by biased sampling, we 
repeated the experiment in a smaller setup where we harvested 
leaves from control and damaged plants simultaneously. We 
could then confirm that morphotype richness indeed increased 
after the plants had been exposed to herbivory.

The isolated fungi

Three-way relationships that involve trees, insects and 
fungi are well established for wood-dwelling species 

(Graham 1967) in which the interactions between the 
insect and fungus may indeed range from mutualistic to 
antagonistic (Kopper et al. 2004). Interactions between 
insects and foliar endophytic fungi are less studied 
(Albrectsen and Witzell 2012), but there are indications 
that insects may actively avoid leaves with high abundance 
of endophytic fungi (Van Bael et al. 2009; Coblentz and 
Van Bael 2013), although this is not always the case (Faeth 
and Hammon 1996).

Phylloplane fungi may serve as biocontrol agents against 
fungal pathogens through competition, antibiosis, or para-
sitism, and among endophytes the more host-specific and 
vertically transferred they appear to be, the more likely 
they are to exist in a mutualistic relationship with the host 
(Albrectsen and Witzell 2012; Christian et al. 2017). The 
isolated fungal endophyte associations in this study included 
several filamentous fungi belonging to Penicillium and 
Cladosporium (characterised as dominant cosmopolitans, 
Christian et al. 2017). These taxa will often participate in 
processes affecting decay resistance or decomposition (Zam-
bell and White 2017). Isolated yeasts included Cryptococ-
cus sp. (from leaves) and Rhodotorula sp. (from beetles). 
Cryptococcus can be strong niche occupants and competitors 
that may out-compete selected pathogens including Botrytis 
cinerea that causes grey mould in fruits such as apples and 
strawberries (Zambell and White 2017). During the isola-
tion event, we found signs of interference among the isolates 
of certain fungal morphotypes. We observed slower growth 
of filamentous morphs in the presence of non-filamentous 
morphs (Table 2). Many endosymbiotic fungi of insects are 
yeast-like (Vega and Dowd 2005) and they are known to be 
unevenly distributed in leaf tissues (Solis et al. 2015).

In particular, we looked for evidence of competitive rela-
tionships among isolates with diverse isolation histories. 
Under the assumption that mutualism favours higher host 
specificity compared to antagonism (Kawakita et al. 2010), 
network analyses may suggest which qualities exist in a 
bipartite community (Bascompte et al. 2006). We found that 
the mycobiome that had formed in the leaves after herbivory 
was less associated with the genetic background of the host, 
which thus suggests that the relationship between these 
young aspen trees and the endophytic mycobiome developed 
into an increasingly common and potentially antagonistic 
structure (Bascompte et al. 2006).

Competition studies confirmed unbalanced effects 
between the tested endophytes. The two yeasts that we used 
for competition tests both reduced P. expansum but stimu-
lated growth of P. brevicompactum. One yeast (L) was never 
affected by competition, whereas the other (S) was strongly 
reduced in growth, suggesting a true competitive situation 
in which both parts were negatively affected (−/−). P. brevi-
compactum always appeared to benefit from yeast presence 
either without reducing its counterpart (L, as commensalist) 
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or at the expense of its counterpart (S, as parasite). This 
small experiment of four species, that were challenged pair-
wise, thus suggested that interactions (also in the leaf endo-
sphere) may be highly complex and that its outcome may 
highly depend on the involved fungal strains.

We observed examples of amensalism, commensalism, 
competition and parasitism not typical of potentially co-
evolved relationships (Kawakita et al. 2010). Some stud-
ies also suggest that a community will adapt according to 
the order in which its members arrive, and succession order 
is a potential mechanism by which endophyte inoculation 
may interfere with pathogens and affect later development 
of diseases (Raghavendra and Newcombe 2013; Busby 
et al. 2016), with the operating mechanism being pre-empt 
competition.

Choice of detection method

As the study of endophytes is method-dependent (Hyde and 
Soytong 2008; Unterseher and Schnittler 2009; Sun and Guo 
2012), the exact composition of the mycobiota is almost 
impossible to identify. Culturing methods are labour-inten-
sive and biased (Solis et al. 2015): the nutrient-rich PDA 
plates used in this study, for example, have a tendency to 
oversample fast-growing filamentous morphs. An exhaust-
ing screening with the use of metagenomics methods will 
also be biased, for example, by including epiphytes (e.g. 
Hyde and Soytong 2008). A dilution-to-extinction cultur-
ing method that eliminates the effect of fast-growing fungi 
can be adopted (Collado et al. 2007; Unterseher and Schnit-
tler 2009; Siddique et al. 2017). This method increases the 
chance of detecting rare morphs, speed up handling time 
(Shokralla et al. 2012; Lindahl et al. 2013), and NGS or 
HTS (high-throughput sequencing) technology that gener-
ates millions of fungal reads may also simultaneously and 
precisely test multiple effectors (Siddique and Unterseher 
2016; Siddique et al. 2017). Phenotype microarrays (Blu-
menstein et al. 2015) further provide complementary infor-
mation about fungal-defined substrate requirements. These 
new techniques are still rather expensive to use and they are 
equipment demanding (Porras-Alfaro and Bayman 2011). 
Although new techniques refine our ability to define the 
mycobiome, culturing continues to be a cheap way to pro-
vide fundamental insights.

Conclusion

Our study supports that the foliar endophytic mycobiome 
of aspen is potentially a highly diverse and dynamic inter-
face, which may indeed be shaped by direct and indirect 
interactions, between herbivores and fungal associates, and 
between aspen genotypes and associated organisms. We 

found no evidence that foliar salicinoids shape the geno-
typic associations for this set of undamaged greenhouse-
grown plants. However, we cannot exclude that associations 
are so complex that a larger number of host genotypes are 
needed to explore potential effects of salicinoid profiles. In 
future studies, substrate requirements and niche overlap by 
the use of microtiter plates (Blumenstein et al. 2015) could 
also resolve effects of specific phenolic compounds; however 
at present with the selection of fungi found in this study, 
we cannot directly relate any leaf phenolic property to the 
presence or performance of any particular member of the 
mycobiome.

Acknowledgements This work was supported by funds from the 
Swedish Foundation for Strategic Research (Project no. RBb08-0003) 
awarded to BRA, VHGD and KMR. The European COoperation in 
Science and Technology is acknowledged for its support through the 
COST action: FA1405 to BRA, VHGD and ABS.

Author contribution statement ABS, BRA, VHGD, KMR were active 
in designing the experiments. ABS and VHGD performed the experi-
ments. VHGD, BRA, ABS analysed and prepared the data and artwork. 
KMR analysed the leaf salicinoids. BRA wrote the manuscript, and all 
authors provided editorial advice that improved the manuscript.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Abreu IN, Ahnlund M, Moritz T, Albrectsen BR (2011) UHPLC-ESI/
TOFMS determination of salicylate-like phenolic glycosides in 
Populus tremula leaves. J Chem Ecol 37:857–870. https ://doi.
org/10.1007/s1088 6-011-9991-7

Albrectsen BR, Witzell J (2012) Disentangling functions of fungal 
endophytes in forest trees. In: Adolfo Paz Silva, María Sol (eds) 
Fungi: types, environmental impact and role in disease, Nova sci-
ence publishers, pp 235–246, https ://www.novap ublis hers.com/
catal og/produ ct_info.php?produ cts_id=36345 

Albrectsen BR, Bjorken L, Varad A, Hagner A, Wedin M, Karlsson J, 
Jansson S (2010a) Endophytic fungi in European aspen (Populus 
tremula) leaves-diversity, detection, and a suggested correlation 
with herbivory resistance. Fungal Divers 41:17–28. https ://doi.
org/10.1007/s1322 5-009-0011-y

Albrectsen BR, Witzell J, Robinson KM, Wulff S, Luquez V, Ågren 
R (2010b) Large scale geographic clines of parasite damage to 
Populus tremula L. Ecography 33:483–493. https ://doi.org/10.11
11/j.1600-0587.2009.05982 .x

Arnold AE (2007) Understanding the diversity of foliar endophytic 
fungi: progress, challenges, and frontiers. Fungal Biol Rev 21:51–
66. https ://doi.org/10.1016/j.fbr.2007.05.003

Ayres MP, Clausen TP, MacLean SF Jr, Redman AM, Reich-
ardt PB (1997) Diversity of structure and antiherbivore 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10886-011-9991-7
https://doi.org/10.1007/s10886-011-9991-7
https://www.novapublishers.com/catalog/product_info.php%3fproducts_id%3d36345
https://www.novapublishers.com/catalog/product_info.php%3fproducts_id%3d36345
https://doi.org/10.1007/s13225-009-0011-y
https://doi.org/10.1007/s13225-009-0011-y
https://doi.org/10.1111/j.1600-0587.2009.05982.x
https://doi.org/10.1111/j.1600-0587.2009.05982.x
https://doi.org/10.1016/j.fbr.2007.05.003


544 Oecologia (2018) 187:535–545

1 3

activity in condensed tannins. Ecology 78:1696–1712. https ://
doi.org/10.1890/0012-9658(1997)078[1696:DOSAA A]2.0.CO;2

Bailey JK, Deckert R, Schweitzer JA, Rehill BJ, Lindroth RL, Gehring 
C, Whitham TG (2005) Host plant genetics affect hidden ecologi-
cal players: links among Populus, condensed tannins, and fungal 
endophyte infection. Can J Bot Rev Canadienne De Botanique 
83:356–361. https ://doi.org/10.1139/b05-008

Bascompte J, Jordano P, Olesen JM (2006) Asymmetric coevolutionary 
networks facilitate biodiversity maintenance. Science 312:431–
433. https ://doi.org/10.1126/scien ce.11234 12

Blumenstein K, Albrectsen BR, Martín JA, Hultberg M, Sieber TN, 
Helander M, Witzell J (2015) Nutritional niche overlap potentiates 
the use of endophytes in biocontrol of a tree disease. Biocontrol 
60:655–667. https ://doi.org/10.1007/s1052 6-015-9668-1

Boland W (2015) Sequestration of plant-derived glycosides by leaf 
beetles: a model system for evolution and adaptation. Perspect Sci 
6:38–48. https ://doi.org/10.1016/j.pisc.2015.06.001

Busby PE, Peay KG, Newcombe G (2016) Common foliar fungi of 
Populus trichocarpa modify Melampsora rust disease severity. 
New Phytol 209:1681–1692. https ://doi.org/10.1111/nph.13742 

Carroll G (1995) Forest endophytes: pattern and process. Can J Bot 
73:1316–1324. https ://doi.org/10.1139/b95-393

Christian N, Whitaker BK, Clay K (2017) A novel framework for 
decoding fungal endophyte diversity In: Dighton J, White JF (eds) 
The fungal community: its organization and role in the ecosystem. 
4th edn. CRC Press, Taylor & Francis Group, pp 65–79. ISBN 
9781498706650

Clausen TP, Reichardt PB, Bryant JP, Werner RA, Post K, Frisby K 
(1989) Chemical model for short-term induction in quaking aspen 
(Populus tremuloides) foliage against herbivores. J Chem Ecol 
15:2335–2346. https ://doi.org/10.1007/BF010 12085 

Clay K (1988) Fungal endophytes of grasses: a defensive mutual-
ism between plants and fungi. Ecology 69:10–16. https ://doi.
org/10.2307/19431 55

Coblentz KE, Van Bael SA (2013) Field colonies of leaf-cutting ants 
select plant materials containing low abundances of endophytic 
fungi. Ecosphere 4:1–10. https ://doi.org/10.1890/es13-00012 .1

Collado J, Platas G, Paulus B, Bills GF (2007) High-throughput cul-
turing of fungi from plant litter by a dilution-to-extinction tech-
nique. FEMS Microbiol Ecol 60:521–533. https ://doi.org/10.111
1/j.1574-6941.2007.00294 .x

Decker VHG, Bandau F, Gundale MJ, Cole CT, Albrectsen BR (2017) 
Aspen phenylpropanoid genes’ expression levels correlate with 
genets’ tannin richness and vary both in responses to soil nitrogen 
and associations with phenolic profiles. Tree Physiol 37:270–279. 
https ://doi.org/10.1093/treep hys/tpw11 8

Donaldson JR, Lindroth RL (2007) Genetics, environment, and their 
interaction determine efficacy of chemical defence in trembling 
aspen. Ecology 88:729–739. https ://doi.org/10.1890/06-0064

Elamo P, Helander ML, Saloniemi I, Neuvonen S (1999) Birch family 
and environmental conditions affect endophytic fungi in leaves. 
Oecologia 118:151–156. https ://doi.org/10.1007/s0044 20050 713

Faeth SH, Hammon KE (1996) Fungal endophytes and phytochem-
istry of oak foliage: determinants of oviposition preference of 
leafminers? Oecologia 108:728–736. https ://doi.org/10.1007/
BF003 29049 

Gange AC, Eschen R, Wearn JA, Thawer A, Sutton BC (2012) Dif-
ferential effects of foliar endophytic fungi on insect herbivores 
attacking a herbaceous plant. Oecologia 168:728–736. https ://doi.
org/10.1007/s0044 2-011-2151-5

Graham K (1967) Fungal-insect mutualism in trees and timber. 
Annu Rev Entomol 12:105–126. https ://doi.org/10.1146/annur 
ev.en.12.01016 7.00054 1

Hamilton WD (1969) Extraordinary sex ratios a sex-ratio theory for 
sex linkage and inbreeding has new implications in cytogenetics 
and entomology. Science 156:477–488

Hammer TJ, Van Bael SA (2015) An endophyte-rich diet increases 
ant predation on a specialist herbivorous insect. Ecol Entomol 
40:316–321. https ://doi.org/10.1111/een.12186 

Herre EA, Mejia LC, Kyllo DA, Rojas E, Maynard Z, Butler A, Van 
Bael SA (2007) Ecological implications of anti-pathogen effects of 
tropical fungal endophytes and mycorrhizae. Ecology 88:550–558

Hiscox J, Boddy L (2017) Armed and dangerous—chemical warfare 
in wood decay communities. Fungal Biol Rev 31:169–184. https 
://doi.org/10.1016/j.fbr.2017.07.001

Hyde KD, Soytong K (2008) The fungal endophyte dilemma. Fungal 
Divers 33:163–173

Kawakita A, Okamoto T, Goto R, Kato M (2010) Mutualism favours 
higher host specificity than does antagonism in plant–herbivore 
interaction. Proc R Soc Lond B Biol Sci 277:2765–2774. https 
://doi.org/10.1098/rspb.2010.0355

Keefover-Ring K, Ahnlund M, Abreu IN, Jansson S, Moritz T, 
Albrectsen BR (2014) No evidence of geographical structure 
of salicinoid chemotypes within Populus tremula. PLoS One 
9(10):e107189. https ://doi.org/10.1371/journ al.pone.01071 89

Kopper BJ, Klepzig KD, Raffa KF (2004) Components of antagonism 
and mutualism in Ips pini–fungal interactions: relationship to a 
life history of colonizing highly stressed and dead trees. Environ 
Entomol 33:28–34. https ://doi.org/10.1603/0046-225x-33.1.28

Lamit LJ, Lau MK, Sthultz CM, Wooley SC, Whitham TG, Gehring 
CA (2014) Tree genotype and genetically based growth traits 
structure twig endophyte communities. Am J Bot 101:467–478. 
https ://doi.org/10.3732/ajb.14000 34

Lappalainen JH, Helander ML (1997) The role of foliar microfungi 
in mountain birch—insect herbivore relationships. Ecography 
20:116–122. https ://doi.org/10.1111/j.1600-0587.1997.tb003 
53.x/abstr act

Lawson SP, Christian N, Abbot P (2014) Comparative analysis of the 
biodiversity of fungal endophytes in insect-induced galls and 
surrounding foliar tissue. Fungal Divers 66:89–97. https ://doi.
org/10.1007/s1322 5-013-0268-z

Lindahl BD, Nilsson RH, Tedersoo L, AbarenkovK Carlsen T, 
Kjøller R, Kõljalg U, Pennanen T, Rosendahl S, Stenlid J, Kau-
serud H (2013) Fungal community analysis by high-throughput 
sequencing of amplified markers—a user’s guide. New Phytol 
199:288–299. https ://doi.org/10.1111/nph.12243 

Lindroth RL, Scriber JM, Hsia MTS (1988) Chemical ecology of 
the tiger swallowtail—mediation of host use by phenolic gly-
cosides. Ecology 69:814–822

Luquez V, Hall D, Albrectsen BR, Karlsson J, Ingvarsson P, Jansson 
S (2008) Natural phenological variation in aspen (Populus trem-
ula): the SwAsp collection. Tree Genet Genomes 4:279–292. 
https ://doi.org/10.1007/s1129 5-007-0108-y

Martín-García J, Espiga E, Pando V, Diez JJ (2011) Factors influenc-
ing endophytic communities in poplar plantations. Silva Fenn 
45:169–180. https ://silva fenni ca.fi/pdf/artic le40.pdf

Navarro-Meléndez AL, Heil MJ (2014) Symptomless endophytic 
fungi suppress endogenous levels of salicylic acid and interact 
with the jasmonate-dependent indirect defense traits of their 
host, Lima Bean (Phaseolus lunatus). Chem Ecol 40:816. https 
://doi.org/10.1007/s1088 6-014-0477-2

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn 
D, Minchin PR, O’Hara RB, Simpson GL, Solymos P, Henry 
M, Stevens H, Szoecs E, Wagner H (2017) Package ‘vegan’ 
Cran RCommunity ecology package, version 2.4-5 (2017-12-
01 r73812)

Partida-Martínez LP, Heil M (2011) The microbe-free plant: fact or 
artifact? Plant Sci Front. https ://doi.org/10.3389/fpls.2011.00100 

Pasteels JM, Rowell-Rahier M, Braekman JC, Dupont A (1983) Salicin 
from host plant as precursor of salicylaldehyde in defensive secre-
tion of Chrysomeline larvae. Physiol Entomol 8:307–314. https ://
doi.org/10.1111/j.1365-3032.1983.tb003 62.x

https://doi.org/10.1890/0012-9658(1997)078[1696:DOSAAA]2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078[1696:DOSAAA]2.0.CO;2
https://doi.org/10.1139/b05-008
https://doi.org/10.1126/science.1123412
https://doi.org/10.1007/s10526-015-9668-1
https://doi.org/10.1016/j.pisc.2015.06.001
https://doi.org/10.1111/nph.13742
https://doi.org/10.1139/b95-393
https://doi.org/10.1007/BF01012085
https://doi.org/10.2307/1943155
https://doi.org/10.2307/1943155
https://doi.org/10.1890/es13-00012.1
https://doi.org/10.1111/j.1574-6941.2007.00294.x
https://doi.org/10.1111/j.1574-6941.2007.00294.x
https://doi.org/10.1093/treephys/tpw118
https://doi.org/10.1890/06-0064
https://doi.org/10.1007/s004420050713
https://doi.org/10.1007/BF00329049
https://doi.org/10.1007/BF00329049
https://doi.org/10.1007/s00442-011-2151-5
https://doi.org/10.1007/s00442-011-2151-5
https://doi.org/10.1146/annurev.en.12.010167.000541
https://doi.org/10.1146/annurev.en.12.010167.000541
https://doi.org/10.1111/een.12186
https://doi.org/10.1016/j.fbr.2017.07.001
https://doi.org/10.1016/j.fbr.2017.07.001
https://doi.org/10.1098/rspb.2010.0355
https://doi.org/10.1098/rspb.2010.0355
https://doi.org/10.1371/journal.pone.0107189
https://doi.org/10.1603/0046-225x-33.1.28
https://doi.org/10.3732/ajb.1400034
https://doi.org/10.1111/j.1600-0587.1997.tb00353.x/abstract
https://doi.org/10.1111/j.1600-0587.1997.tb00353.x/abstract
https://doi.org/10.1007/s13225-013-0268-z
https://doi.org/10.1007/s13225-013-0268-z
https://doi.org/10.1111/nph.12243
https://doi.org/10.1007/s11295-007-0108-y
https://silvafennica.fi/pdf/article40.pdf
https://doi.org/10.1007/s10886-014-0477-2
https://doi.org/10.1007/s10886-014-0477-2
https://doi.org/10.3389/fpls.2011.00100
https://doi.org/10.1111/j.1365-3032.1983.tb00362.x
https://doi.org/10.1111/j.1365-3032.1983.tb00362.x


545Oecologia (2018) 187:535–545 

1 3

Petrini O, Fisher PJ (1990) Occurrence of fungal endophytes in twigs 
of Salix fragilis and Quercus robur. Mycol Res 94:1077–1080. 
https ://doi.org/10.1016/S0953 -7562(09),81336 -1

Porras-Alfaro A, Bayman P (2011) Hidden fungi, emergent properties: 
endophytes and microbiomes. Annu Rev Phytopathol 49:291–315. 
https ://doi.org/10.1146/annur ev-phyto -08050 8-08183 1

Preszler RW, Gaylord ES, Boecklen W (1996) Reduced parasitism of 
a leaf-mining moth on trees with high infection frequencies of an 
endophytic fungus. Oecologia 108:159–166

R Core Team (2013) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. 
URL http://www.R-proje ct.org/

Raghavendra AK, Newcombe G (2013) The contribution of foliar endo-
phytes to quantitative resistance to Melampsora rust. New Phytol 
197:909–918. https ://doi.org/10.1111/nph.12066 

Robinson KM, Closset, M Albrectsen BR (2009) Young Chrysomela 
larvae prefer lower phenolics in their diet (Coleoptera, Chrysomel-
idae) Skörvnöpparn 1:32–34. http://www.norre nt.se/image s/stori 
es/uploa d/Skorv noppa rn/2009/SN_2009A _32-34.pdf

Robinson KM, Ingvarsson PK, Jansson S, Albrectsen BR (2012) 
Genetic variation in functional traits influences arthropod com-
munity composition in Aspen (Populus tremula L.). Plos One. 
https ://doi.org/10.1371/journ al.pone.00376 79

Rodriguez RJ, White JF Jr, Arnold AE, Redman RS (2009) Fungal 
endophytes: diversity and functional roles. New Phytol 182:314–
330. https ://doi.org/10.1111/j.1469-8137.2009.02773 .x

Saikkonen K (2007) Forest structure and fungal endophytes. Fungal 
Biol Rev 21:67–74. https ://doi.org/10.1016/j.fbr.2007.05.001

Saikkonen K, Helander M, Ranta H, Neuvonen S, Virtanen T, Suomela 
J, Vuorinen P (1996) Endophyte-mediated interactions between 
woody plants and insect herbivores? Entomol Exp Appl 80:269–
271. https ://doi.org/10.1111/j.1570-7458.1996.tb009 32.x

Saikkonen K, Faeth SH, Helander M, Sullivan TJ (1998) Fungal endo-
phytes: a continuum of interactions with host plants. Annu Rev 
Ecol Syst 29:319–343. https ://doi.org/10.1146/annur ev.ecols 
ys.29.1.319

Santamaria O, Diez JJ (2005) Fungi in leaves, twigs and stem bark of 
Populus tremula from northern Spain. For Pathol 35:95–104. https 
://doi.org/10.1111/j.1439-0329.2004.00389 .x/abstr act

Schulz B, Boyle C (2005) The endophytic continuum. Mycol Res 
109:661–686. https ://doi.org/10.1017/s0953 75620 50027 3x

Shokralla S, Spall JL, Gibson JF, Hajibabaei M (2012) Next-genera-
tion sequencing technologies for environmental DNA research. 
Mol Ecol 21:1794–1805. https ://doi.org/10.1111/j.1365-
294X.2012.05538 .x

Siddique AB, Unterseher M (2016) A cost-effective and efficient 
strategy for Illumina sequencing of fungal communities: a case 
study of beech endophytes identified elevation as main explana-
tory factor for diversity and community composition. Fungal Ecol 
20:175–185. https ://doi.org/10.1016/j.funec o.2015.12.009

Siddique AB, Khokon AM, Unterseher M (2017) What do we learn 
from cultures in the omics age? High-throughput sequencing and 
cultivation of leafinhabiting endophytes from beech (Fagus syl-
vatica L.) revealed complementary community composition but 
similar correlations with local habitat conditions. MycoKeys 20: 

1–16 https ://doi.org/10.3897/mycok eys.20.11265  http://mycok 
eys.penso ft.net

Sieber TN (2007) Endophytic fungi in forest trees: are they mutu-
alists? Fungal Biol Rev 21:75–89. https ://doi.org/10.1016/j.
fbr.2007.05.004

Solis MJL, Yurkov A, dela Cruz TE, Unterseher M (2015) Leaf-
inhabiting endophytic yeasts are abundant but unevenly distrib-
uted in three Ficus species from botanical garden greenhouses 
in Germany. Mycol Prog 14:1019. https ://doi.org/10.1007/s1155 
7-014-1019-6

Sun X, Guo LD (2012) Endophytic fungal diversity: review of tradi-
tional and molecular techniques. Mycology 3:65–76. https ://doi.
org/10.1080/21501 203.2012.65672 4

Termonia A, Hsiao TH, Pasteels JM, Milinkovitch MC (2001) Feeding 
specialization and host-derived chemical defense in Chrysome-
line leaf beetles did not lead to an evolutionary dead end. PNAS 
98(7):3909–3914. https ://doi.org/10.1073/pnas.06103 4598

Unterseher M, Schnittler M (2009) Dilution-to-extinction cultivation 
of leaf-inhabiting endophytic fungi in beech (Fagus sylvatica 
L.)–different cultivation techniques influence fungal biodiversity 
assessment. Mycol Res 113:645–654. https ://doi.org/10.1016/j.
mycre s.2009.02.002

Unterseher M, Siddique AB, Brachmann A, Peršoh D (2016) Diversity 
and composition of the leaf mycobiome of beech (Fagus sylvatica) 
are affected by local habitat conditions and leaf biochemistry. 
PLoS One 11(4):e0152878

Van Bael SA, Fernández-Marín H, Valencia MC, Rojas EI, Wcislo 
WT, Herre EA (2009) Two fungal symbioses collide: endophytic 
fungi are not welcome in leaf-cutting ant gardens. Proc R Soc 
Lond B Biol Sci 276(1666):2419–2426. https ://doi.org/10.1098/
rspb.2009.0196

Vega FE, Dowd PF (2005) The role of yeasts as insect endosymbi-
onts. In: Vega FE, Blackwell M (eds) Insect-fungal associations: 
ecology and evolution. Oxford University Press, New York, pp 
211–243. ISBN 9780195166521

Verhagen BW, Glazebrook J, Zhu T, Chang H-S, Van Loon L, Pieterse 
CM (2004) The transcriptome of rhizobacteria-induced systemic 
resistance in Arabidopsis. Mol Plant Microbe Interact 17:895–
908. https ://doi.org/10.1094/MPMI.2004.17.8.895

Wilson D (2000) Ecology of woody plant endophytes. In: Bacon CW, 
White J (Eds) Microbial endophytes, CRC Press, Taylor & Francis 
Group, pp 389–420 ISBN 9780824788315

Wilson D, Carroll GC (1997) Avoidance of high-endophyte space 
by gall-forming insects. Ecology 78:2153–2163. https ://doi.
org/10.1890/0012-9658(1997)078[2153:AOHES B]2.0.CO;2

Wilson D, Faeth SH (2001) Do fungal endophytes result in selection for 
leafminer ovipositional preference? Ecology 82:1097–1111. https 
://doi.org/10.1890/0012-9658(2001)082[1097:DFERI S]2.0.CO;2

Zambell CB and White JF (2017) Community assembly of phyllo-
sphere endophytes: a closer look at fungal life-cycle dynamics, 
competition and phytochemistry in the shaping of the fungal com-
munity. In: Dighton J, White JF (eds) The fungal community: 
its organization and role in the ecosystem. 4th edn. CRC Press, 
Taylor & Francis Group, pp 95–109, ISBN 9781498706650

https://doi.org/10.1016/S0953-7562(09),81336-1
https://doi.org/10.1146/annurev-phyto-080508-081831
http://www.R-project.org/
https://doi.org/10.1111/nph.12066
http://www.norrent.se/images/stories/upload/Skorvnopparn/2009/SN_2009A_32-34.pdf
http://www.norrent.se/images/stories/upload/Skorvnopparn/2009/SN_2009A_32-34.pdf
https://doi.org/10.1371/journal.pone.0037679
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1016/j.fbr.2007.05.001
https://doi.org/10.1111/j.1570-7458.1996.tb00932.x
https://doi.org/10.1146/annurev.ecolsys.29.1.319
https://doi.org/10.1146/annurev.ecolsys.29.1.319
https://doi.org/10.1111/j.1439-0329.2004.00389.x/abstract
https://doi.org/10.1111/j.1439-0329.2004.00389.x/abstract
https://doi.org/10.1017/s095375620500273x
https://doi.org/10.1111/j.1365-294X.2012.05538.x
https://doi.org/10.1111/j.1365-294X.2012.05538.x
https://doi.org/10.1016/j.funeco.2015.12.009
https://doi.org/10.3897/mycokeys.20.11265
http://mycokeys.pensoft.net
http://mycokeys.pensoft.net
https://doi.org/10.1016/j.fbr.2007.05.004
https://doi.org/10.1016/j.fbr.2007.05.004
https://doi.org/10.1007/s11557-014-1019-6
https://doi.org/10.1007/s11557-014-1019-6
https://doi.org/10.1080/21501203.2012.656724
https://doi.org/10.1080/21501203.2012.656724
https://doi.org/10.1073/pnas.061034598
https://doi.org/10.1016/j.mycres.2009.02.002
https://doi.org/10.1016/j.mycres.2009.02.002
https://doi.org/10.1098/rspb.2009.0196
https://doi.org/10.1098/rspb.2009.0196
https://doi.org/10.1094/MPMI.2004.17.8.895
https://doi.org/10.1890/0012-9658(1997)078[2153:AOHESB]2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078[2153:AOHESB]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[1097:DFERIS]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[1097:DFERIS]2.0.CO;2

	Both plant genotype and herbivory shape aspen endophyte communities
	Abstract
	Introduction
	Materials and methods
	Plant material
	Beetle material
	Isolation of cultivable endophytes
	The experiments
	Foliar chemical analyses
	Competition observation and experimentation
	Fungal DNA extraction and sequencing
	Statistics

	Results
	Determination of fungi
	Fungal relationship with host genotype
	Host–endophyte relationships
	Beetle-associated fungi and their interaction with the plant mycobiome

	Discussion
	Beetle-associated fungi and network consequences
	The isolated fungi
	Choice of detection method

	Conclusion
	Acknowledgements 
	References




