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Abstract 

The mycobiome, comprising fungi inhabiting plants, potentially plays a crucial role in tree health and survival 
amidst environmental stressors like climate change and pathogenic fungi. Understanding the intricate relationships 
between trees and their microbial communities is essential for developing effective strategies to bolster the resilience 
and well-being of forest ecosystems as we adopt more sustainable forest management practices. The mycobiome 
can be considered an integral aspect of a tree’s biology, closely linked to its genotype. To explore the influence of host 
genetics and environmental factors on fungal composition, we examined the mycobiome associated with phloem 
and roots of Norway spruce (Picea abies (L.) Karst.) cuttings under varying watering conditions. To test the “mycobi-
ome-associated-fitness” hypothesis, we compared seedlings artificially inoculated with Heterobasidion parviporum 
and control plants to evaluate mycobiome interaction on necrosis development. We aimed to 1) identify specific 
mycobiome species for the Norway spruce genotypes/families within the phloem and root tissues and their interac-
tions with H. parviporum and 2) assess stability in the mycobiome species composition under abiotic disturbances 
(reduced water availability). The mycobiome was analyzed by sequencing the ribosomal ITS2 region. Our results 
revealed significant variations in the diversity and prevalence of the phloem mycobiome among different Norway 
spruce genotypes, highlighting the considerable impact of genetic variation on the composition and diversity 
of the phloem mycobiome. Additionally, specific mycobiome genera in the phloem showed variations in response 
to water availability, indicating the influence of environmental conditions on the relative proportion of certain fungal 
genera in Norway spruce trees. In the root mycobiome, key fungi such as Phialocephala fortinii and Paraphaeosphaeria 
neglecta were identified as conferring inhibitory effects against H. parviporum growth in Norway spruce genotypes. 
Furthermore, certain endophytes demonstrated greater stability in root ecosystems under low water conditions 
than ectomycorrhizal fungi. This knowledge can contribute to developing sustainable forest management practices 
that enhance the well-being of trees and their ecosystems, ultimately bolstering forest resilience.
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Introduction
The hidden mycobiome of ecosystems may represent 
one of the key solutions for increasing resilience in forest 
trees during climate change. In the field of evolutionary 
ecology, the “insurance hypothesis” proposes that a wide 
variety of species maintains the cohesion of an ecosys-
tem while there are alterations in both biotic and abiotic 
environmental conditions [1–5]. Similarly, competitive 
exclusion ensures that beneficial fungi have the potential 
to overcome pathogens in the same habitat [6, 7]. In the 
plant roots, dark septate endophytes (DSE) can improve 
water balance and increase resistance to drought [8], 
and foliar endophytes have been shown to protect their 
host against fungal pathogens [9] and pests [10–12]. In 
that sense, diverse mycobiomes can act as part of tree 
resistance, enabling trees to respond to new stress [13]. 
We hypothesize that the hidden mycobiome biodiversity 
provides a link between more diverse mycobiomes and 
certain biological processes (function) needed to increase 
tree resilience (fewer disease symptoms/more adapted 
to environmental stress). We term this the “mycobiome-
associated-fitness” hypothesis. This kind of extended 
tree resistance can be crucial in the near future as latent 
pathogens/saprotrophs can switch from symptomatic 
to a pathogenic lifestyle under abiotic disturbance, for 
instance, drought [14, 15].

One of the important pathogens of Norway spruce 
(Picea abies (L.) Karst.) is the species complex H. anno-
sum sensu lato, a group of fungi that cause root rot and 
stem decay [16, 17]. Heterobasidion parviporum Niemelä 
& Korhonen belongs to the H. annosum species com-
plex recognized in Europe and is associated with Nor-
way spruce. However, it can also be associated with some 
other conifers, such as Abies and Pinus species [16]. The 
primary infection by Heterobasidion species takes place 
when the windborne basidiospores are deposited onto 
fresh stump surfaces or wounds on the tree stem and 
roots. H.  parviporum can continue spreading through 
root networks and infect healthy neighbouring trees 
[16]. The continuous threat of root and stem rot to Nor-
way spruce leads to severe economic losses to the forest 
industry. There is currently no treatment available for 
infected trees, and the control strategies for this fungus 
can only be implemented after the harvest, and there are 
no measures in place for dealing with it in living trees.. 
Further, selecting more tolerant trees through breeding 
could improve resistance as Norway spruce genotypes 
vary in their susceptibility to H. parviporum [18]. The 
host plant genotype has been noted to be also one fac-
tor defining the fungal endophytic composition [19–22]. 
In that sense, the mycobiome is an integral part of a 
tree’s overall biology and can be seen as an extension of 
its genotype. Similarly, a few Norway spruce root fungal 

endophytes, such as Phialocephala sphaeroides, have 
been noted to suppress H. parviporum growth [23, 24] 
and Phytophthora citricola s.l. [25] under in vitro condi-
tions. It can be hypothesized that choosing specific tree 
genotypes with preferred mycobiome could lead to pro-
longed resistance against H. parviporum in diseased sites.

Norway spruce is an essential tree species for ecologi-
cal and economic reasons. The mycobiome associated 
with Norway spruce includes various groups of fungi, 
such as mutualistic, saprotrophic, and pathogenic fungi. 
The composition of these fungal communities can vary 
depending on factors such as soil properties [26], tree 
genotypes [21, 27, 28] and environmental conditions 
[20]. Mycorrhizal fungi form a well-known mutualistic 
symbiotic relationship with the tree host. Part of trees’ 
mycobiome are also fungal endophytes that live non-
symptomatically within plant tissues throughout their 
whole life cycle or at substantial period of time without 
inflicting any visible detrimental effects to the host [29, 
30]. The extensive range of fungal endophytes found 
within individual hosts has prompted a surge in research 
focused on investigating the beneficial roles of fungal 
endophytes in forest trees [13].

In Norway spruce roots, Phialocephala fortinii – 
Acephala applanata species complex (PAC), which are 
dark septate endophytes (DSE), are the most abundant 
fungal endophytes [23, 31, 32]. DSE have high melanin 
concentrations and microsclerotia in their hyphae, which 
could be why they are able to offer protection to the host 
roots in extreme habitats [8, 33], as they are hydrophobic, 
drought-resistant, and capable of withstanding repeated 
freeze-thaw cycles [34].

Previous studies have demonstrated the increased posi-
tive effects of endophytes on the growth and protection 
against pathogens in forest trees [35–37]. One DSE, Phi-
alocephala sphareoides, has been shown to enhance the 
Norway spruce root and seedling growth [24] and disturb 
the infection capability through roots of the pathogen in 
Norway spruce [37].

Trees are directly impacted by climatic extremes such 
as higher temperatures and drought, leading to water 
scarcity. These extremes indirectly render trees more 
vulnerable to pathogens [38, 39]. This affects host-
microbiome (pathogens included) interactions, resulting 
in increased occurrence of disease outbreaks caused by 
previously harmless fungi [40]. The warming climate also 
allows fungi to emerge in more northern regions, result-
ing in unexpected new outbreaks [41, 42]. Overall, the 
distribution and evolvement of forest pests and patho-
gens are being changed as a result of climate change. 
There is particular concern about the effects of a warmer 
climate and drought on the interactions between plants 
and pathogens [43, 44].
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Besides the increased interest in mycobiomes and their 
impact on tree health, understanding the relationship 
between plants and mycobiome remains challenging. It 
is hypothesized that the phloem endophytic mycobiome 
is mainly horizontally transmitted [45] and that the root 
mycobiome may change after seedlings are planted in 
field [46]. Overall, the fungal community associated with 
Norway spruce is complex and dynamic. Elucidating the 
specific fungal species and their interactions that con-
tribute to the resistance of Norway spruce can deepen 
the understanding of the multiple interactions between 
plants and fungi. Further studies are required to fully 
understand mycobiome’s role in tree health and develop-
ment. Taken together, the composition of the mycobiome 
is shaped by factors such as host plant genotype, environ-
mental conditions, and interactions with other micro-
organisms. By studying how these factors contribute to 
the mycobiome’s makeup, we can better understand the 
intricate relationships between plants and their micro-
bial communities. This knowledge can then be applied to 
develop more effective strategies to promote tree health 
and combat forest diseases.

To test the “mycobiome-associated-fitness” hypothesis, 
we compared control seedlings and seedlings artificially 
inoculated with H. parviporum for necrosis development 
and mycobiome composition under well-watered and 
drought-stressed conditions. Our aims were to determine 
the phloem and root tissue-specific mycobiomes and 
core species at Norway spruce genotype/family levels and 
the changes in mycobiome composition upon H. parvi-
porum challenge and drought stress.

Materials and methods
Fungal and plant material
Fungal material consisting of two heterokaryotic strains 
of H. parviporum was obtained from the strain collec-
tion of Natural Resources Institute Finland. The strains, 

collected by Dr. Tuula Piri, include Hpa 1 (strain num-
ber: SB 2005 9.16), isolated from a Norway spruce stump 
in Solböle, Finland, and Hpa 2 (strain number: SB 2014 
2.69), isolated from a Norway spruce seedling in Solböle, 
Finland [18]. Prior to the inoculations, the strains were 
cultured for 2 weeks at 21 °C, in darkness, on 1.5% Malt 
Extract Agar (MEA) in a growth chamber (Memmert 
HPP 750 constant climate chamber).

Three-year-old Norway spruce rooted cuttings used in 
this study originated from the Haapastensyrjä field unit 
(60°37′34.9“ N 24°27’34.9”E) of the Natural Resources 
Institute Finland (Luke). The rooted cuttings were ini-
tially grown outside in the field of Haapastensyrjä field 
unit before being collected and sent to Göttingen, Ger-
many. On March 5, 2020, the plants were planted in 3-l 
plastic pots filled with 2.5 L of fertilized peat (Floragard, 
TKS®2 Instant Plus, PERLIGRAN® Extra 2–6 mm, Her-
mann Meyer KG, Rellingen, Germany) and placed in 
the greenhouse facilities at the University of Göttingen, 
Germany (51°33′28.4“ N 9°57’30.5”E). Plant material 
consisted of seven genotypes from four half-sib families: 
genotypes 38–3 and 38–8 (from family ID 38); genotype 
40–41 (from family ID 40); genotypes 41–36 and 41–44 
(from family ID 41); and genotypes 43–12 and 43–15 
(from family ID 43) (Table 1).

Half of the genotypes (38–8, 41–44 and 43–15) were 
optimally watered for 16 weeks, while the other half 
(genotypes 38–3, 41–36 and 43–12) were subjected to 
drought stress by receiving half of the optimal watering 
amount (details on the watering amount are described 
in [18]). The watering quantity varied based on the soil 
moisture content (see [18]), which was constantly meas-
ured using a tensiometer (Supplementary Fig. S1A). 
Moreover, 10 ramets per genotype were used as biologi-
cal replicates for inoculation treatments: three replicates 
were inoculated with the H. parviporum strain 1 (Hpa 1), 
another three replicates with strain 2 (Hpa 2), and, finally, 

Table 1 Family ID, genotype ID, average starting height, average diameter (measurement taken ~ 5 cm from stem base), number of 
cuttings in each genotype and treatments for Norway spruce. Hpa 1 presents the strain H. parviporum no 1, and Hpa 2 H. parviporum 
no 2. Control refers to mock control (Malt), and NT refers to non-treated

Family ID Genotype ID Average starting 
height (cm)

Average 
diameter (mm)

No. of cuttings 
per genotype

Watering
treatment

Number of cuttings per inoculation

F38 38–3 44 7 10 Lower Hpa1 (3), Hpa2 (3), Control (3), NT (1)

F38 38–8 37 7 10 Optimum Hpa1 (3), Hpa2 (3), Control (3), NT (1)

F40 40-41O 40 6 3 Optimum Non-treated

F40 40-41D 40 8 4 Lower Non-treated

F41 41–36 44 7 10 Lower Hpa1 (3), Hpa2 (3), Control (3), NT (1)

F41 41–44 42 7 10 Optimum Hpa1 (3), Hpa2 (3), Control (3), NT (1)

F43 43–12 34 5 10 Lower Hpa1 (3), Hpa2 (3), Control (3), NT (1)

F43 43–15 38 7 10 Optimum Hpa1 (3), Hpa2 (3), Control (3), NT (1)
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another three replicates were mock-inoculated with 1.5% 
Malt Extract Agar. The remaining ramet for each geno-
type was non-treated. Moreover, a seventh genotype (40–
41, from family ID 40) was used as internal control, with 
three ramets being optimally watered and four subjected 
to drought stress, and no inoculation treatment was 
applied. The experiment was conducted under standard 
ambient lighting, and temperatures in the greenhouse 
averaged 31.8 °C in July, 25.9 °C in August, 23.2 °C in Sep-
tember, 15 °C in October, and 11.8 °C in November (Sup-
plementary Fig. S1B).

Inoculation and sampling
Inoculation was done by boring with a 5 mm cork borer 
through the bark of the seedlings (at the lower stem 
region) to reach the sapwood surface and placing equal-
sized 1.5% MEA plugs of the inoculum (H. parviporum) 
on the exposed surface before wrapping it with parafilm 
to prevent falling off or drying out. The exact process was 
carried out also for the mock control with the inoculum 
replaced with sterile 1.5% MEA plugs. For each of the 67 
trees, the phloem tissue was harvested in tubes, immedi-
ately frozen in liquid nitrogen, and transferred to − 80 °C 
for storage. The bark was scraped with a scalpel (after 
freezing) to measure the necrosis. The vertical and hori-
zontal lesions in the phloem and sapwood were measured 
with a digital caliper.

Additionally, from the root tissues, twelve samples 
were collected from mock-inoculated control seedlings 
of families 38 and 41 and six from the non-treated seed-
lings (Family 40) (Table 1).

DNA extraction, amplification and sequencing
The root samples were washed to remove the soil and 
other debris, the bark was removed from the stem, and 
the phloem was collected from and around the inocula-
tion point. One hundred fifty (150) mg of the phloem or 
root material was ground into powder in liquid nitro-
gen with a sterile mortar and pestle. The genomic DNA 
(gDNA) was extracted using the modified cetyltrimeth-
ylammonium bromide (CTAB) method [47], and the 
gDNA concentration was measured using Qubit fluorim-
eter (Life Technologies) quantification. The PCR amplifi-
cation of the internal transcribed spacer 2 (ITS2) region 
was performed with primer pair ITS3F and ITS4R. The 
amplicons were sequenced with the Illumina Sequenc-
ing platform to generate paired-end raw reads of 250 bp 
length. The PCR, library preparation and sequencing 
were carried out by Novogene (Cambridge Science Park, 
United Kingdom). The DNA amplicons were run on a 
1.5% agarose gel at 60 V for 90 min.

Raw data processing
Paired-end reads were allotted to the samples based on 
their unique barcodes and truncated by cutting off the 
barcode and primer sequences. The reads were merged 
using FLASH (V1.2.7) [48] and spliced where there was 
an overlap between the reads and those generated from 
the opposite ends of the same DNA fragment. The raw 
sequences pre-processed by Novogene with the barcodes 
and primers removed were used for further analysis. The 
bioinformatic platform Quantitative Insights into Micro-
bial Ecology (QIIME2–2021.8) [49] was used to analyze 
the mycobiome composition and diversity associated 
with the samples. The raw sequences were imported 
into QIIME2 and processed using the DADA2 pipeline 
to denoise and infer the exact amplicon sequence vari-
ants (ASVs). To study the microbial community com-
position in each sample, the ASVs were aligned and 
annotated using the UNITE QIIME release for fungi 
(Version 10.05.2021) [50] database. Aligning sequences 
with 99% similarity were assigned to the same ASV. The 
sampling depth was normalized using the sample with 
the minimum sequencing depth, and the normalized 
sampling depth was sufficient enough for the subse-
quent analysis. Alpha rarefaction curves were generated 
using QIIME2 to assess sample coverage and whether 
the normalized sampling depth was enough to capture 
fungal diversity. The datasets produced and/or exam-
ined in the present research are accessible at NCBI under 
BioProject PRJNA990335; SRA number SUB13564759 
(SRR25109452 - SRR25109534).

Statistical analysis
Necrosis analysis was carried out for samples across fam-
ilies and genotypes. The data distribution was assessed 
employing the Shapiro–Wilk test [51]. The Bartlett 
test was employed to evaluate the homogeneity of vari-
ances for normally distributed data. Analysis of variance 
(ANOVA) analysis was carried out, followed by a Tukey 
HSD post hoc. Homogeneity of variance for not-nor-
mally distributed data was assessed using Levene’s test; 
due to the homoscedasticity of the data, a Kruskal-Wallis 
analysis was carried out.

Mycobiome analysis was carried out separately for 
phloem and root samples, and this was assessed against 
family/genotypes and water treatments. Analysis was 
performed, excluding ASV values from inoculated Het-
erobasidion. The normal distribution of our data was 
evaluated using the Shapiro-Wilks normality test [51]. 
To analyze the non-normally distributed data, the non-
parametric Kruskal-Wallis test was employed to identify 
and compare the differences in diversity and prevalence 
among fungal communities with variables greater than 
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two. Post hoc analysis was carried out using Dunn Bon-
ferroni. The non-parametric Wilcoxon rank sum test was 
used for factors with two variables. The p-value adjust-
ment method employed was Bonferroni. For normally 
distributed data, the standard t-test was used for factors 
with two variables, while the ANOVA was used for fac-
tors with more than two variables. This was followed by a 
Tukey HSD when factors significantly varied.

Alpha diversity was assessed using the observed fea-
tures/ASVs, Simpson and Shannon-Wiener diversity 
indices with the R package vegan [52, 53], and using the 
adonis function to perform a permutational analysis of 
variance (PERMANOVA) based on Bray-Curtis with 
999 permutations. Bonferroni post hoc analysis was 
done when the fungal taxa significantly differed. Princi-
pal coordinate analysis (PCoA) was used to visualize the 
fungal community structure. This was performed using 
vegan [52] and ggplot2 [54] packages in R. A correlation 
analysis was carried out between the necrosis and growth 
variables and the most abundant identified fungal gen-
era. All reads for each genus were combined, and the 50 
most abundant identified genera were used for the corre-
lation using Spearman’s rank correlation. The taxonomic 
classification / fungal diversity for the top 50 species was 
visualized in a tree format using the heat tree function in 
the Metacoder package in R [55]. Functional annotation 
of the resulting fungal communities in roots was assessed 
using the FungalTrait database [56]. We analyzed the 
stability between dark septate endophytes (DSEs) and 
ectomycorrhiza fungi (ECM) between water treatments 
using the frequency of the major DSEs and ECMs present 
in our samples. Indicator species for each family were 
identified with the R package indicspecies [57]. A p-value 
below 0.05 was considered statistically significant in this 
study.

Correlation between genetic distance and distance 
among taxa
Using genomic information of the seven genotypes used 
in this study (data not shown; Chano et  al., in prepara-
tion), we performed a Mantel test [58] to infer the cor-
relation between pairwise genetic distance and the 
calculated pairwise distances from taxa abundance. As 
the genotypes were split into two sets subjected to dif-
ferent water regimes (genotypes 38–8, 40–41, 41–44 and 
43–15 for optimum watering and genotypes 38–3, 40–41, 
41–36 and 43–12 for drought condition), two separate 
Mantel tests were performed to avoid the effect due to 
watering. In addition, just three of the four genotypes 
from each set were used for inoculation experiments, so 
just untreated plants were considered. Distance matri-
ces were generated with the function dist() in R [53] 
and Mantel test was performed by using the function 

mantel.rtest() from the R package ade4 [59], including 
9999 permutations.

Fungal isolation, identification, and dual‑culture testing
Based on data analysis, fungal endophytes were recovered 
from the three Norway spruce families (38, 41, 43). The 
soil was removed from the roots under running tap water. 
The roots were cut into small pieces (1 cm) and surface 
sterilized (70% ethanol 1 min, 2% sodium hypochlorite 
(NaOCl) 30 sec, rinsed in sterile  ddH2O). The surface-
sterilized roots were plated on 1.5% malt extract (MEA). 
The plates were stored in darkness at 19 °C with 75% 
relative humidity. Based on morphology, we chose one 
endophyte from each family for dual-culture-inocula-
tion against H. parviporum. The DNA was extracted as 
described in [60], and species of endophytes were con-
firmed with ITS regions with primer pair ITS1-F [61] and 
ITS4 [62]. Purified PCR products were sequenced using 
the ITS4 at Microsynth SEQLAB (Germany).

The chosen three endophytes and H. parviporum were 
plated on a 1.5% MEA at 0.5 cm from the edge of 8.5 cm 
Petri plates for a dual culture antagonisms assay (paired 
growth assay). The growth of H. parviporum was meas-
ured on days 7 and 10. The sequences for the isolates 
are available under the ascension numbers: OR167041, 
OR167042, and OR167043.

Results
After denoising and quality filtering of the phloem sam-
ples, 7629 features/ASVs were obtained with a total fre-
quency of 7,973,147. Frequency per sample ranged from 
64,507 to 167,468. Normalization was carried out using 
the sample with the minimum sampling depth (64,507) 
to include all our samples in the analysis - such that all 
samples have the same sequencing depth. The 7629 fea-
tures/ amplicon sequence variants (ASVs) were obtained 
from phloem samples and clustered into 1181 identified 
ASVs. From root materials, two samples were excluded 
due to bad quality. From the remaining 16 samples, 1793 
features/ASVs were obtained with a total frequency of 
2,290,039. Frequency per sample ranged from 109,538 
to 165,187. Sample normalization was done with a mini-
mum sampling depth of 109,538. The total of 1793 fea-
tures obtained was clustered into 454 identified ASVs.

The clustered ASVs were used for further analysis. The 
data were explored to see whether specific taxa differed 
between the genotypes and water treatment.

The soil moisture content differed significantly between 
the treatments from the fifth week (p = 2.79e− 06, Supple-
mentary Fig. S1A). In phloem, the highest percentage of 
the phloem taxa belongs to the Ascomycota phylum with 
72 % (72%), followed by Basidiomycota with 24 (24%) per-
cent. Mortierellomycota had 2 %, while Chytridiomycota 
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and Mucoromycota each had 1% of the total fungal com-
position. Other negligible taxa include Aphelidiomycota, 
Basidiobolomycota, Glomeromycota, and Rozellomycota. 
In roots, Ascomycota also occupied the largest percent-
age of the mycobiome (75%), followed by Basidiomycota 
(18%). The other taxa included Mortierellomycota (3%), 
Mucoromycota (2%) and Chytridiomycota (1%). Other 
negligible root taxa include Aphelidiomycota, Basidiobo-
lomycota, Glomeromycota, and Rozellomycota. A com-
parison of the most abundant fungi in the phloem and 
the root shows some uniqueness and overlap, as some 
fungi are found both in the stems and roots but with dif-
ferences in their abundances/expression levels (Table 2).

There were variations among relative proportions of 
taxa across all samples; certain species or genera were 
more abundant in some genotypes and treatments than 
others. Overall, Amphinema sp. were the most abun-
dant in roots (Table  2). Paraphaeosphaeria neglecta, 
followed by Setomelanomma holmii, were the most 
abundant fungi in phloem samples (Table  2, Fig.  1). 

Paraphaeosphaeria and Setomelanomma genera dis-
played a similar pattern in their response to water treat-
ment in the phloem. There was a higher abundance in 
plants that were optimally watered than in plants with 
low water availability (Fig. 2A). This pattern was consist-
ent across the different families and genotypes, except 
for family 40, where Setomelanomma holmii showed the 
opposite trend between the different water treatments, 
with higher presence in low-watered plants (Fig.  2B). 
Genotype 40–41 (low-watered) had a higher presence of 
Paraphaeosphaeria neglecta than the optimally watered 
plants with the same genotype (Fig.  2B). Phialocephala 
fortinii has the lowest abundance in family 40, which was 
non-treated (Fig. 2C).

Results for phloem mycobiome
Genotype variation
Alpha diversity differed significantly (p < 0.05) among 
genotypes in phloem samples (Fig.  3). There were 
significant differences in the alpha diversity among 

Table 2 Top 12 identified Amplicon Sequence Variants in phloem and root tissues

ASV_ID Phylum Species Total reads Relative 
abundance 
(%)

Phloem

    ASV_1 Ascomycota Paraphaeosphaeria neglecta 1,584,628 19.9

    ASV_2 Ascomycota Setomelanomma holmii 1,466,026 18.4

    ASV_3 Ascomycota Lachnum virgineum 626,774 7.9

    ASV_4 Ascomycota Angustimassarina acerina 493,135 6.2

    ASV_5 Ascomycota Phialocephala fortinii 272,659 3.4

    ASV_6 Ascomycota Lachnum sp. 216,555 2.7

    ASV_7 Basidiomycota Heterobasidion parviporum 208,438 2.6

    ASV_8 Ascomycota Phialocephala sp. 168,709 2.1

    ASV_9 Ascomycota Brunnipila fuscescens 98,498 1.2

    ASV_10 Ascomycota Cadophora sp. 78,448 1.0

    ASV_11 Basidiomycota Amphinema sp. 76,332 1.0

    ASV_12 Ascomycota Xenochalara sp. 44,594 0.6

Roots

    ASV_1 Basidiomycota Amphinema sp. 312,469 13.6

    ASV_2 Ascomycota Trichophaea sp. 282,120 12.3

    ASV_3 Basidiomycota Amphinema byssoides 253,470 11.1

    ASV_4 Ascomycota Phialocephala fortinii 224,494 9.8

    ASV_5 Basidiomycota Thelephora terrestris 222,772 9.7

    ASV_6 Ascomycota Wilcoxina sp. 174,489 7.6

    ASV_7 Ascomycota Hyaloscypha finlandica 92,689 4.0

    ASV_8 Ascomycota Dactylonectria macrodidyma 65,356 2.9

    ASV_9 Ascomycota Dactylonectria anthuriicola 58,814 2.6

    ASV_10 Ascomycota Ilyonectria mors-panacis 30,738 1.3

    ASV_11 Ascomycota Hyaloscypha_variabilis 24,039 1.0

    ASV_12 Ascomycota Lecanicillium_primulinum 16,814 0.7
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genotypes based on Kruskal-Wallis tests, observed 
ASVs (p = 0.02), Shannon (p = 0.004) and Simpson indi-
ces (p = 0.005) (Fig. 3). Based on observed ASVs, there 
were significant differences between genotypes 40-41O 
and 38–3 (p = 0.02) (Fig. 3A). Simpsons and Shannon’s 
diversity indices showed significant differences only 
between genotypes 43–12 and 43–15 (p = 0.02) (Fig. 3B, 
C).

Results from the PERMANOVA analysis showed sig-
nificant differences  (R2 = 0.23, F = 2.52, p = 0.001) among 
the genotypes in the phloem mycobiome (Supplementary 
Fig. S2). To test the impact of the water treatment, we 
compared the dispersion of fungal communities (disper-
sion genotypes) inside the corresponding group. Based on 
the permutational analysis of variance (PERMANOVA) 
of dispersion genotypes for each water treatment, mean-
ingful differences were found between dispersion geno-
types for lower water conditions (p = 0.001), but not for 
the optimally watered plants (p = 0.07) (Fig.  4). Geno-
type 38–3 seems located further away from the other 
genotypes (Fig. 4a), and genotypes 41–36 and 43–12 also 
appeared to cluster further apart from each other.

The results of the taxonomic classification of the 
phloem mycobiome for genotypes were visualized 
using the heat tree matrix (Supplementary Fig. S3). 
Taxa are represented as nodes, and sizes and colours 
indicate their abundance. Each taxon is coloured by the 
log-2 ratio of the median phloem ASV counts observed 
at each genotype. The colouring also shows significant 
differences between the median proportions of ASV 
counts for samples from the different genotypes. The 
colour intensity is proportional to the log2 ratio of the 
differences. For instance, differentially expressed taxa 
were different between water treatments between geno-
types of family 43. There were more abundant species 
specific to Genotype 43–12 than 43–15. Family Ven-
turiaceae and Paraphaeosphaeria neglecta were more 
abundant in genotype 43–15, while some of the taxa 
more abundant in genotype 43–12 included Amphin-
ema sp., Thelephora terrestris, Mycena plunipes, 
Neonectria tsugae and Spirophaera floriformis (Supple-
mentary Fig. S3).

Fig. 1 The relative abundance of the top 10 taxa of the 67 phloem samples from different genotypes labelled D1-D67, ordered according 
to genotypes (38–3, 38–8, 40-41D, 40-41O, 41–36, 41–44, 43–12, 43–15. D1-D67; Supplementary table S1)
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Water treatments
Alpha diversity also differed significantly between water-
ing treatments across all indices in the phloem mycobi-
ome (Supplementary Fig. S4). Observed features had 
a p-value of = 0.007, while both Shannon and Simpson 
indices had p-values of = 0.0002 (Supplementary Fig. S4). 
There was higher fungal diversity in the drought-treated 
plants than in the optimally watered plants. The permu-
tation analysis of variance among the phloem mycobiome 
also showed slightly significant differences  (R2 = 0.04, 
F = 2.60, p = 0.01) among the watering treatments (Fig. 5).

Using the heat tree function in the Metacoder package, 
the taxonomic classification of the phloem mycobiome 
(water treatment) was visualized (Fig. 6). The taxa are also 
represented here as the nodes, and the sizes and colours 
represent the abundances associated with the taxa. Taxa-
coloured tan are more abundant in optimally watered 
plants, while those coloured cyan were more abundant 
in low-watered plants, although the significance level is 
not considered here. Low-watered plants are generally 
associated with more taxa than in the optimally watered 

plants. They contain genera such as Phialocephala, Thel-
ephora, Mycena, Tylospora, Amphinema, Neonectria, and 
Hyaloscypha. The largest genera in the optimally watered 
group include; Paraphaeosphaeria, Setomelanomma, 
Diaporthe, Xenochalara, and Brunnipila (Fig. 6).

Results for roots
Roots (genotype and water treatment)
No significant differences were observed in the myco-
biome alpha diversity with the indices used (Shannon, 
Simpson and observed ASVs) for any factors (water 
treatment, family and genotypes). Also, no significant 
differences were observed in the permutation analy-
sis of variance among the root mycobiomes (Supple-
mentary Fig. S5). Taxa-coloured including Thelephora, 
Trichophaea, Cadophora, and Angustimassarina gen-
era showed higher relative abundance in well-watered 
plants, while taxa such as Amphinema, Phialocephala, 
and Mortierella, among others, showed higher relative 
abundance in the drought-treated plants (Supplemen-
tary Fig. S5). Major dark septate endophytes (DSEs) 

Fig. 2 Relative abundance differences of the top eight taxa in the phloem along A) water treatment, B) genotypes, C) family. 40-41D are 
with low-water treated genotypes in family 40, while 40-41O are optimally watered (Connecting lines are included to visualize common patterns)
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genera in our samples included Acephala, Cadophora, 
Cladophialophora, Exophiala, Gyoerffyella, and Phialo-
cephala. According to the FungalTraits database used for 
this study, the Cadophora genus was not stated to have 
DSE capabilities. We included it because it was identified 
based on other studies as a DSE. Ectomycorrhizal (ECM) 

genera included Amphinema, Inocybe, Thelephora, 
Trichophaea, Tylospora, and Wilcoxina (Supplementary 
table S2).

ECMs and DSEs frequency varied between water 
treatments. The Amphinema genus was the most abun-
dant among ECM fungi, followed by Thelephora and 

Fig. 3 Alpha diversity among phloem genotypes. A observed amplicon sequence variants, B Shannon diversity index, C Simpson index. Different 
letters above plots denote significantly different groups after the post hoc test. Low-watered genotypes (orange colour) are 38–3, 40-41D, 41–36 
and 43–12. Optimally watered plants (blue colour) are 38–8, 40-41O, 41–44, and 43–15

Fig. 4 Dispersion of fungal communities among genotypes based on Bray-Curtis A) low-water treated plants B) optimally watered
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Trichophaea. Thelephora, Trichophaea and Tylospora 
seemed more unstable in low water conditions as their 
quantity was reduced (Fig.  7, Supplementary table S2). 
Under the low water treatment, the genera Amphinema 
and Thelephora had the highest presence, with 341,543 
and 11,165 sequences, respectively. In contrast, these 
genera were less abundant under the optimum water 
treatment, with 224,396 and 211,607 sequences, respec-
tively. The genera Trichophaea and Phialocephala also 
exhibited higher abundances under the low water treat-
ment, with 108,305 and 144,730 sequences, respectively, 
compared to the optimum water treatment, where they 
had 173,817 and 87,491 sequences, respectively (Sup-
plementary table S2). For the DSEs, the Phialocephala 
genus was the most abundant and more stable than most 
ECM fungi in low-water conditions. Other genera that 
exhibited higher abundances under the low water treat-
ment include Wilcoxina, Tylospora, and Cadophora. In 
contrast, genera such as Amanita, Capronia, and Phial-
ophora were not detected in the optimum water treat-
ment, while they had low prevalence under the low water 
treatment.

Interactions of phloem mycobiome with H. Parviporum
The top eight genera in the phloem showed dif-
ferent patterns in their relative abundance across 
families (Fig.  8). Paraphaeosphaeria was present in 
similar quantities in families 38, 40 and 41, with lower 

abundance than in family 43. Among the top eight taxa, 
there were only significant differences between Para-
phaosphaeria and Angustimassarina (Fig.  8). Family 
43 showed a significantly higher relative abundance of 
the Paraphaosphaeria genus than families 38 and 41 
(p < 0.01), while the relative abundance of the Angusti-
massarina genus differed significantly between fami-
lies 43 and families 38 (p < 0.03) and 41 (p < 0.0002). 
Setomelanomma showed a decreasing trend from fam-
ily 38 to family 43 (Fig. 8). More striking is the relation-
ship between the inoculated Heterobasidion and DSE 
Phialocephala, which followed the same pattern. Phi-
alocephala fortinii seemed to react to the presence of 
H. parviporum, as its abundance increased in concert 
with Heterobasidion (Supplementary Fig. S6).

There were no significant differences observed 
between the lesion length in sapwood and lesion width 
in both phloem and sapwood. The only significant dif-
ferences observed among families were in the phloem 
lesion length (p = 0.04, Fig. 9). Family 41 has the highest 
lesion length but not significantly different from family 
38. Family 43 has the lowest lesion length, significantly 
different from family 41 (Fig. 9). Family 41 has the high-
est amount of Phialocephala fortinii (Fig.  8), and also 
the highest lesion length (Fig.  9). Family 43 had the 
lowest lesion length compared to other families. Family 
43 had 10 indicator species in the phloem (Paraphae-
osphaeria neglecta, Myxocephala albida, Metapocho-
nia suchlasporia, Solicoccozyma terrea, Coniothyrium 

Fig. 5 Fungal communities’ dispersion among watering treatments based on Bray-Curtis distances
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aleuritis, Mariannaea punicea, Mortierella cystojenki-
nii) and three unidentified fungi.

The correlation analysis was conducted between the 
measured parameters (growth and lesion) and the top 
50 fungal genera. There were strong positive correla-
tions between the lesion length and lesion width in both 
phloem and sapwood (Fig.  10). The starting and final 
heights were also strongly positively correlated with 
each other. The diameter had moderate to strong nega-
tive correlations with almost all the fungal communities, 
e.g. Amphinema, Wilcoxina, Tylospora, Thelephora, and 
Alternaria. The starting height had weak to moderate 
negative correlations with Paraphaeospharia, Melini-
omyces, Penicillium, Phacidium, Devriesia, and Pezicula. 
Positive weak to moderate correlations existed between 
starting height and Angustinassarina, Lophiotrema, 
Acephala, Saccharomyces, and Coniochaeta. Phialo-
cephala genus had a weak negative correlation with the 

lesion measurements (lesion length in phloem and sap-
wood and lesion width in phloem) except lesion width in 
the sapwood. As expected, there were moderate to strong 
positive correlations between Heterobasidion abundance 
and lesion length in phloem and sapwood (Fig. 10). Het-
erobasidion abundance had a weak negative correlation 
to the growth variables. It was weakly to moderately neg-
atively correlated to Tylospora, Spirosphaera, and Cha-
lara genera. Heterobasidion was moderately to strongly 
positively correlated with fungi such as Paraphaeospha-
eria, Trichophaea, Mortierella, Gibberella, Fusarium and 
Coniochaeta (Fig. 10).

Isolated root endophytes and their interaction with H. 
Parviporum
Two isolates were identified as Paraphaeosphaeria 
neglecta and one as Phialocephala fortinii (Phialocephala 
fortinii-Acephala applanata species complex). All three 

Fig. 6 Phloem mycobiome abundance according to water treatment groups. The colour of each taxon represents the log-2 ratio of median 
proportions of phloem ASV counts observed at each water treatment category. Taxa-coloured tan have a higher relative abundance in the optimal 
watering category, while taxa-coloured cyan have a higher relative abundance in low-water treated plants
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fungi inhibited the growth of H. parviporum after seven 
and 10 days (Fig. 11). However, the 2 P. neglecta strains 
were able to stop the growth of H. parviporum (Fig. 11B) 
as it could not grow further after 7 days. Endophytes can 
restrict the pathogen growth after 7 days (Fig. 11A), and 
P. neglecta strains have stronger inhibition compared to 
P. fortinii after 10 days.

Correlation between genetic and mycobiome distances
No correlation was found in Mantel tests of pairwise 
comparisons of genetic distance and distances calculated 
from taxa abundance using genotypes used in both opti-
mum watering and low-watered plants (simulated p-val-
ues of 0.5027 and 0.2538, respectively, based on 9999 
permutations; Supplementary table S3).

Discussion
Understanding the basis of plant fitness is vital for devel-
oping sustainable management strategies for forest eco-
systems. Competitive fungal strains in the same niche 
would establish a new approach to forest disease research 
(or a novel paradigm). They could also form a basis for 

applied research using these principles to control forest 
and other plant pathogens. To get more insights into the 
possibility that the mycobiome is linked to increased tree 
resilience (“mycobiome-associated-fitness”), we moni-
tored the mycobiome associated with different genotypes 
of Norway spruce under different watering conditions. 
To test the “mycobiome-associated-fitness” hypothesis, 
we also analyzed the interaction of artificially inoculated 
H. parviporum and the mycobiome. Our aims were to: 
1) identify the specific mycobiome and core fungi within 
Norway spruce genotype/family level and changes in 
their relative abundance in relation to that of H. parvipo-
rum and 2) assess mycobiome stability under abiotic dis-
turbance (lower water availability).

Family and genotype impact on the mycobiome
We focused on the mycobiome within the stems and 
roots of Norway spruce. We observed that the myco-
biome diversity was higher in stems than in roots. This 
is consistent with results on Norway spruce by [63], 
whose study also reveals that roots had the lowest 
diversity among all the tissue types tested. Some of the 

Fig. 7 Relative abundances of dark septate endophytes (DSE) and ectomycorrhiza fungi (ECM) in the Norway spruce root tissues under different 
watering groups
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fungal genera found in shoots and roots of the study by 
[63] were also found in ours and include Amphinema, 
Cadophora, Inocybe, Phialocephala, and Tylospora. Sev-
eral research studies have specifically focused on ana-
lyzing the mycobiome of needles in coniferous trees, 
particularly Norway spruce and pine species [21, 64, 65] 
and limited research on the phloem/stem mycobiome 
was conducted. Fungal species associated with Norway 
spruce needles include Phoma herbarum, Alternaria 
alternata, Aureobasidium pullulans, Phialophora sessilis, 
Setomelanomma holmii, Sydowia polyspora, Aureoba-
sidium pullulans, Cladosporium cladosporioides, and 
Rhizosphaera kalkhoffii [21, 66, 67]. It has been shown 
that foliar endophyte communities strongly depend on 
the plant species they inhabit [68–71]. The needle [21] 

and bud [28] mycobiomes in Norway spruce vary largely 
in Norway spruce.

In our study, the diversity of the phloem mycobi-
ome was found to differ significantly among the differ-
ent genotypes of Norway spruce. Our genetic distance 
analysis shows no correlation between the genotypes 
and taxa communities, indicating no significant rela-
tionship between the genetic differentiation of the 
spruce genotypes used in this study and the composi-
tion of their fungal communities. The lack of correla-
tion suggests that the genetic differences in our spruce 
seedlings are not the major drivers of mycobiome 
diversity. Other factors, such as environmental condi-
tions (soil composition, moisture levels, temperature, 
and local microclimate, e.g. mycobiome present in the 

Fig. 8 Relative abundance of taxa of the top eight fungi (phloem mycobiome) among families in the presence of H. parviporum. Connecting lines 
are included to visualize common patterns
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geographic location/origin of the cuttings), may have 
a greater impact on fungal community composition 
than the trees’ genetic makeup. Another implication 
could be fungi’s high adaptability and plasticity [72, 73], 
allowing them to respond to changing environmental 
conditions and establish associations with various host 
genotypes. Overall, the lack of correlation between 
genetic distance and mycobiome-based distances in 
Norway spruce genotypes implies that the mycobiome 
is shaped by a complex interplay of environmental fac-
tors and fungal adaptability, highlighting the need for 
further research to unravel the specific mechanisms 
driving these interactions. Multiple research studies 
have provided evidence indicating that the fungal com-
munities are influenced by the genetic makeup of the 
host organism [19–21, 74–77]. A study by [65] dem-
onstrated that the host genotype played a primary role 
in shaping the composition of the needle mycobiome 
in Norway spruce clones. It was observed that clones 
with a higher degree of genetic similarity exhibited a 
greater resemblance in their mycobiome profiles. In 
contrast, [64] could show no correlation between geno-
typic traits and mycobiome community in Picea glauca, 
but instead, the composition of the mycobiome showed 

a strong and positive correlation with the location of 
the trees that were sampled. Specifically, when two 
trees were close to each other, their needle mycobiome 
exhibited greater similarity.

Our study shows no genotype or drought effect on 
the root fungal communities, which is supported by a 
study from [78], which shows no variations in mycobi-
ome across different populations of Pinus pinaster. In 
contrast, [79] revealed a host and drought effect on the 
Ectomycorrhizal fungi composition in Pinus edulis. In 
the course of our study, we encountered a fundamental 
limitation that warrants consideration. Specifically, our 
sample size comprised only seven genotypes from four 
families. This limited genetic diversity, while reflective of 
the available resources, may have constrained our ability 
to draw comprehensive conclusions, particularly in the 
context of our primary research aim. This limitation is 
further highlighted by the results of Mantel tests, which 
failed to reveal significant correlations between genetic 
distance and species abundance. While our findings pro-
vide valuable insights, it is essential to acknowledge the 
potential impact of this limitation. A larger and more 
diverse sample size could have offered a broader perspec-
tive on the relationships we explored. Further studies 

Fig. 9 The effect of families on the lesion length in the phloem. Different letters above plots denote significantly different groups after post hoc test
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with a wider array of genotypes and families are needed 
to verify and expand on our findings.

Mycobiome stability under abiotic disturbance (lower 
water availability)
In our study, most of the DSEs were more stable in their 
relative proportion in the low-watered plants than in the 
optimally watered plants as compared to the ECM fungi. 

Thelephora terrestris exhibited higher prevalence in our 
root samples but mainly in optimally watered plants. 
This fungus is one of the most common ectomycorrhizal 
fungi and has been suggested to be a strong competitor 
and capable of thriving in environments with limited spe-
cies diversity [80]. The reduction in prevalence of ecto-
mycorrhizal fungi in our study is consistent with results 
from [81], which also show that ectomycorrhizal fungi 

Fig. 10 Correlogram representing the matrices of Spearman’s rank order correlation coefficient between the 50 most abundant identified different 
fungal communities and the Lesion length in the phloem (LL_P) and the sapwood (LL_S), Lesion width in the phloem (LW_P) and the sapwood 
(LW_S), final height of seedlings, current year growth (CYG), starting height and diameter measurements at the genus level. Positive (blue) 
and negative (red) correlations are only shown in the graph (p < 0.05)
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are more susceptible to drought than dark septate endo-
phytes.  Castaño et  al.  [78] could also show reductions 
in ECM fungi under drought stress. Drought associ-
ated with a warming climate will undoubtedly continue 
to impact (negatively) the future prevalence and func-
tions of ectomycorrhizal fungi. Ectomycorrhiza (ECM) 
and dark septate endophytes (DSEs) are important fungi 
in plant growth and ecological functioning by forming 
mutualistic associations with tree roots, contributing 
to nutrient uptake and cycling [82] and helping to cope 
with stress [37, 83], and pathogen attack [84]. Changes 
in water availability, such as drought, can alter the abun-
dance and functioning of fungal communities in eco-
systems, which can, in turn, affect plant health, nutrient 
cycling, and ecosystem productivity [79, 85]. Based on 
the review by [86], drought has been suggested to lower 
mycorrhizal abundance. In a recent work by [76], mem-
bers of the Ascomycota phylum were increased under 
flood conditions in roots of Ulmus minor genotypes 
resistant to Dutch elm disease (DED), while the pres-
ence of Basidiomycota members was reduced. However, 
the impact of drought caused the opposite effect, slightly 
increasing the presence of Basidiomycota members while 
Ascomycota decreased. Persistent low water conditions 
also limit ectomycorrhizal fungi abundance [87].

Interestingly, in our study the response of specific 
mycobiome genera to water availability differed across 
the genotypes and families (in the phloem mycobiome), 
indicating a complex interplay between genetic factors 
and environmental conditions. The results of the study 
suggest that the abundance of certain fungal genera in 
the phloem of Norway spruce trees is influenced by water 
availability. Generally, the genera Paraphaeosphaeria and 
Setomelanomma showed a higher abundance in plants 
that were optimally watered compared to plants with low 

water availability. This trend was consistent across most 
of the different families and genotypes studied, indicat-
ing a general response of these fungi to changes in water 
availability. But in contrast, the low-watered genotype 
of family 40 had a higher abundance of Paraphaeospha-
eria neglecta than in optimally watered plants in the 
same genotype. This exception suggests that the relation-
ship between fungal abundance and water availability 
may be more complex than a simple positive or negative 
correlation.

Water availability may be a driving factor in shaping 
the diversity and abundance of fungi within the phloem 
mycobiome. Water availability might also be triggering a 
reaction in the plant cells, causing shifts in the abundance 
of these species such that the low-watered plants are sub-
jected to a more competitive environment and, therefore, 
are more likely to harbour diverse microbial communi-
ties that enable them to survive under such conditions. 
The effects of climate change with lower precipitation are 
shown to increase the frequency of drought and disease 
incidence rates [88]. Low water availability also alters the 
microbiome, particularly the bacterial composition in the 
soil [89]. Host mycobiome, depending on its composition 
and functional diversity among the co-inhabiting fungal 
species, can influence several processes responsible for 
plant growth [80]. These systems can, in turn, be affected 
by various factors, including environmental conditions 
and genetic variations within the host plant [70, 79].

The mycobiome as antagonist towards pathogens 
and Heterobasidion
Our findings show varying degrees of necrosis and rela-
tive fungal abundances across different families. It is 
important to note that metabarcoding data provides only 
relative abundance of species. An increase or decrease 

Fig. 11 The growth of H. parviporum in dual-culture with Paraphaeosphaeria neglecta strain 1 (Pn_1) and 2 (Pn_2) and Phialocephala fortinii (Pf ) 
after 7 days (A) and 10 days (B) H. parviporum (Hp) growing alone has reached the end of a Petri dish in 7 days (8.5 cm)
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in the relative abundance of a species between treat-
ments does not necessarily imply a corresponding change 
in the biomass of the species, but can also be caused by 
variation in the prevalence of co-existing species. Fam-
ily 43 had the lowest necrosis and stood out from the 
other families studied as having the highest number of 
indicator species in the phloem. This suggests that the 
phloem of trees in family 43 is particularly conducive to 
the growth of these fungi and that these fungi may have a 
closer relationship with these trees compared to the other 
families studied. Of particular note is Paraphaeosphaeria 
neglecta, which was found in similar quantities across 
families 38, 40, and 41 but was much more abundant 
in family 43. This indicates that this fungus may have a 
particularly close association with the trees in family 43. 
These results may have implications for understanding 
the interactions between fungal species and their impact 
on plant health in forest ecosystems. Fungi are known to 
enhance plant growth [37], protect and increase plants’ 
tolerance against stress, e.g. drought, high temperature, 
salinity, and pathogens [90–93]. The mycorrhizal fun-
gus Tricholoma vaccinum’s protective function against 
pathogenic fungi was validated using dual cultures that 
included both Botrytis cinerea and H. annosum [84]. This 
experiment demonstrated decreased pathogen growth 
and increased survival rates of spruce trees. The symp-
toms on needles were also mitigated when the trees 
formed a symbiotic relationship with T. vaccinum.

Our antagonism assay shows Phialocephala fortinii and 
Paraphaeosphaeria neglecta to inhibit the growth of H. 
parviporum. Other species in the Phialocephala genus 
have been shown to inhibit the growth of H. parviporum 
in Norway spruce [24, 37]. Furthermore, our results also 
show that certain fungi, including Setomelanomma hol-
mii, could significantly inhibit the growth of Hymenos-
cyphus fraxineus [94]. The function of Setomelanomma 
holmii in our study is, however, unknown. The ability 
of dark septate endophyte to suppress the growth of H. 
annosum was tested in a study by [95]; Cadophora sp. 
and Phialophora mustea were able to substantially reduce 
the growth of H. annosum. The inhibitory effect of fungal 
endophytes has also been reported with other tree spe-
cies. A study by [96] could show several fungi with inhib-
itory potential against Sphaeropsis sapinea. Arnold et al. 
[97] also demonstrated the role of endophytes in plant 
defense in a tropical tree species. Theobroma cacao seed-
lings were pre-inoculated with endophytes before inocu-
lating with Phytophthora. T. cacao leaves not treated with 
endophytes showed higher leaf area damage when inocu-
lated with Phytophthora pathogen than leaves pre-inoc-
ulated with endophytes. This shows that the endophytes 
confer some form of protection against the pathogen, 
thus limiting pathogen infection. In U. minor, endophytes 

primed the plant immune system against the DED patho-
gen [98], and the inoculation with endophytes showing 
activity against DED promoted root growth and photo-
synthetic rates as well as resistance to the pathogen [99, 
100]. Kosawang et al. [94] hypothesized that fungal endo-
phytes associated with Fraxinus sp. could protect them 
from ash dieback and possibly act as biocontrol agents.

Higher fungal diversity in stressed plants
Our results reveal greater fungal diversity in plants sub-
jected to drought stress than in optimally watered plants. 
The mycobiome’s response to drought can vary depend-
ing on the initial fungal diversity within the ecosystem. In 
some instances, environmental stress can reduce fungal 
diversity, particularly if sensitive species decline [101]. 
Conversely, it could favour either drought-tolerant fun-
gal species that enhance the tree’s ability to cope with 
water stress by improving water and nutrient acquisition 
or benefit opportunistic pathogens that take advantage 
of the weakened host condition [101]. This diversifica-
tion may be beneficial to the host, as in our case, there 
was an increased relative sequence abundance of fungal 
taxa with antagonistic effects on pathogenic fungi such 
as Paraphaeosphaeria and Phialocephala genera. These 
fungi were also shown to inhibit the growth of Heteroba-
sidion in  vitro in our study, thus they could potentially 
provide resistance against Heterobasidion infected trees 
in nature. However, it is worth noting that diversification 
may also have negative implications, such as the intro-
duction of pathogenic fungi that could harm the tree host 
or compete with beneficial mycorrhizal fungi, reducing 
the tree’s access to water and nutrients [102].

Conclusion
The results of this study highlight the importance of con-
sidering the genetic diversity of host plants when assess-
ing the diversity and composition of fungal communities 
associated with them. Paraphaeosphaeria neglecta was 
an indicator species in family 43 that had the lowest 
necrosis, and it also seemed to interact with H. parvi-
porum. Not much is known about this fungus, and we 
cannot fully ascertain whether it competes in the same 
niche or performs completely different functions. It was 
found as an endophyte, but could it also be an opportun-
istic saprophyte? Is it a beneficial or opportunistic fun-
gus? The findings of this study shed light on the intricate 
relationships between fungal communities and water 
availability in Norway spruce genotypes. While the gen-
eral trend is that fungal diversity decreases under water 
stress, the exceptions found in this study suggest that fur-
ther research is needed to understand the factors influ-
encing fungal communities in forest ecosystems fully.
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These findings suggest that the phloem mycobiome of 
Norway spruce is shaped by a combination of genetic 
and environmental factors and that specific mycobiome 
genera may have adaptive responses to abiotic stress. 
Most ectomycorrhiza fungi were more susceptible to 
low water availability than dark septate endophytes. Few 
endophytes were able to restrict the pathogen growth. So, 
can “mycobiome-associated-fitness” be real? It is clear, 
however, that trees have both beneficial and opportun-
istic fungi. The mycobiome should be included in resist-
ance studies and could be considered one factor in plants’ 
extended genotype variation against pathogens. How 
climate change will impact these fungi and their roles 
needs to be considered. Further research is required to 
explore the mechanisms underlying the observed differ-
ences in mycobiome diversity and composition among 
the genotypes and to determine the functional signifi-
cance of these differences. These could have important 
implications for understanding the ecology and evolu-
tion of Norway spruce species and developing strategies 
for managing forest ecosystems under changing environ-
mental conditions.
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