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Weather in two climatic regions shapes 
the diversity and drives the structure of fungal 
endophytic community of bilberry (Vaccinium 
myrtillus L.) fruit
Minh‑Phuong Nguyen1  , Kaisa Lehosmaa1*  , Katalin Toth2  , Janne J. Koskimäki1  , Hely Häggman1   and 
Anna Maria Pirttilä1   

Abstract 

Background Bilberry (Vaccinium myrtillus L.) is one of the most important economic and natural resources in North‑
ern Europe. Despite its importance, the endophytic fungal community of the fruits has rarely been investigated. Bio‑
geographic patterns and determinants of the fungal diversity in the bilberry fruit are poorly understood, albeit fungal 
endophytes can have a close relationship with the host plants. Here, we investigated the effect of climatic regions, 
and their weather conditions within growth season and soil properties on fungal endophytic communities of bilberry 
fruits collected from northern and southern regions of Finland using high‑throughput sequencing technology target‑
ing the internal transcribed spacer 2 ribosomal DNA region for fungi.

Results Species richness and beta diversity (variation in community structure) were higher in the southern compared 
to the studied northern region. The weather condition of the growth season drove both fungal richness and com‑
munity structure. Furthermore, abundance of the genera Venturia, Cladosporium, and Podosphaera was influenced 
by the weather, being different between the south and north regions.

Conclusions We conclude that diversity and assembly structure of the fungal endophytes in bilberry fruits follow 
similar patterns as for foliar fungal endophytes, being shaped by various environmental factors, such as the climate 
and surrounding vegetation.

Keywords Fruit microbiology, Fungal endophyte, Climate, Weather conditions, Growth season, Diversity, Community 
structure, Bilberry

Background
Bilberry (Vaccinium myrtillus L.) is one of the economi-
cally important natural resources in Northern Europe 
[1, 2] and a well-known functional and therapeutic food 
[3, 4]. Bilberries are widely picked for domestic use and 
commercial sale [1, 2]. The fruits are used in the food 
industry (e.g., juices, jams), and are a potential source for 
extraction of bioactive compounds, such as anthocya-
nins and waxes [5]. A daily diet including bilberries has a 
positive impact on human health, as bilberries are a rich 

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom‑
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Environmental Microbiome

*Correspondence:
Kaisa Lehosmaa
kaisa.lehosmaa@oulu.fi
1 Ecology and Genetics Research Unit, University of Oulu, P.O. Box 3000, 
90014 Oulu, Finland
2 Inari Agriculture Nv, Industriepark Zwijnaarde 7a, 9052 Ghent, Belgium

http://orcid.org/0000-0003-3198-7517
http://orcid.org/0000-0001-6810-3282
http://orcid.org/0000-0001-7422-2210
http://orcid.org/0000-0001-8241-3500
http://orcid.org/0000-0001-7381-1750
http://orcid.org/0000-0002-2455-6375
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40793-024-00551-y&domain=pdf


Page 2 of 12Nguyen et al. Environmental Microbiome            (2024) 19:7 

natural source of phenolic compounds (containing up 
to 15 kinds of anthocyanins) [1, 6, 7]. The anthocyanins 
have great health-beneficial properties, such as antioxi-
dant, anticancer, cardioprotection, neuroprotection, dia-
betes protection, and eyesight improvement properties 
[1, 3], which make bilberries a valuable resource in north-
ern countries.

Healthy plants are hosts for a diverse community of 
microbes both on the surface (epiphytes) and inside 
the plant tissues (endophytes) [8]. Endophytes, which 
are mainly bacteria and fungi, take shelter and nutri-
tion from the host plants and simultaneously benefit the 
hosts [9]. For example, fungal endophytes can produce 
growth-inhibitory compounds against plant pathogens 
and herbivores [10, 11], or induce the biosynthesis and 
accumulation of phenolic acids in the host [12]. Fun-
gal endophytes have also been shown to increase the 
host’s tolerance towards abiotic stress, such as cold [13], 
drought and salt by enhancing the antioxidant levels in 
the plant [14]. Therefore, endophytes are considered to 
have an intimate relationship with their hosts.

However, the lifestyle of fungal endophytes is still, to 
a great deal, a mystery. The ecological function of endo-
phytes depends on their interaction with the host plant 
[9], the host genotype and fitness [15], and the endo-
phytic community structure of the host [16]. Under-
standing how the endophytic community of fruits is 
formed may help to develop traceability analyses of fruits 
[17], and management strategies against plant diseases by 
improving plant growth or quality of the fruits, as well as 
by controlling postharvest diseases [18]. Therefore, it is 
essential to investigate the fungal endophytic community 
and the factors shaping the fungal community structure.

Comprehensive studies on fungal community struc-
tures and their main drivers are scarce in fruits compared 
to other plant parts. A few studies have shown that the 
diversity of fungal communities in fruits is driven by the 
host species [19, 20], and other plant organs [21]. A study 
on grapevine showed that the fungal community was dif-
ferent between fruits and other tissues and habitats (e.g., 
leaves, roots, and soil communities), and the grape berry 
microbiota significantly correlated with weather param-
eters [22]. However, that study did not separate between 
epiphytic and endophytic communities but treated them 
as one, which explains the effect of weather, as epiphytes 
are more readily exposed to environmental conditions 
[23]. Moreover, studies on fruits of wild plant species are 
rare while the main focus of interest has been on com-
mercial fruits, such as grape berries [24], cranberry ovary 
[25], coffee berries [26], apple and pear [27], blueberry 
[28, 29], and tomato [21]. Therefore, the need for com-
prehensive studies on the fungal endophytic community 
of wild fruits is urgent.

Bilberry is an excellent subject to study the effect of 
climatic conditions and other environmental factors on 
the diversity of endophytic communities in wild berry 
fruits because it lives in harsh environmental condi-
tions expanding through latitudes. With that in mind, 
we investigated the fungal communities of bilberry fruits 
collected from two different climatic areas correspond-
ing to the northern and southern regions of Finland (so-
called north and south regions) to answer the following 
questions: (1) Does the diversity of fungal communities 
differ between north and south regions; (2) Are the dif-
ferences of diversity driven by above (weather conditions 
of the growth season) or below ground (soil) factors; (3) 
Do the driving factors differ for each region; (4) Which 
fungal genera are driven by the examined environmen-
tal variables. Since fruits are similar to deciduous leaves 
in terms of being formed during the growth season and 
then going through abscission, we expected that fungal 
endophytes of fruits might follow some of the patterns 
found for foliar fungal endophytes. We expected the 
fungal endophytes of fruits to be horizontally transmit-
ted from the surrounding environment, similar to the 
endophytes of leaves [30]. Due to the possible horizontal 
transmission, the factors affecting the diversity of fun-
gal communities in fruits could be diverse. For example, 
the colonization of fungal endophytes in cacao leaves is 
driven by the amount of airborne inoculum and the high 
relative humidity or the wetness of leaf surfaces [30] 
whereas it is not affected by leaf toughness or leaf chem-
istry. The diversity of fungal endophytes of leaves also 
follows a strong latitudinal gradient but is not affected 
by annual precipitation [31]. Overall, our study provides 
insights into the environmental factors shaping the fun-
gal community of bilberry, in particular, and wild berry 
fruits, in general.

Methods
Study site selection
We focused on government-owned national parks and 
protected areas in Finland to minimize human impact. 
Sampling sites were selected based on open geographic 
information systems (GIS) data provided by the Finnish 
Environment Institute (SYKE) and spatial analysis were 
conducted with R software environment version 4.2.2 
[32] using packages: raster [33], rgdal [34], sf [35], dplyr 
[36], and ggplot2 [37]. Specifically, we generated 100 ran-
dom points for each polygon of the national parks in the 
GIS-data using st_sample function of package sf. Then we 
extracted the information of vegetation types for these 
random points based on the Corine dataset (2018, grid 
size 20 m × 20 m), which classifies the land use into dif-
ferent categories. The national parks which contained at 
least 50 random points classified as “coniferous forest on 
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mineral soil” were selected for the next step. We focused 
on “coniferous forest on mineral soil” because bilberry is 
one of the most common coniferous forest dwarf shrubs 
in Finland, and this category of coniferous forests is the 
most common in Finland.

Finland is located between latitude 60°N and 70°N and 
belongs to the subarctic or boreal climate zone. There-
fore, to ensure that we have sampling sites from two 
regions that have distinguishing climatic parameters, 
we extracted the real time weather parameters from the 
ERA5-Land dataset, which is a reanalysis dataset provid-
ing an accurate description of the climate in the past [38], 
and grouped the selected national parks from the previ-
ous step based on the weather parameters with hclust 
function of vegan package [39]. The selected weather 
parameters included 2 m temperature (temperature of air 
at 2 m above the surface of land, sea or in-land waters), 
surface net solar radiation (amount of solar radiation 
reaching the surface of the Earth minus the amount 
reflected by the Earth’s surface), and total precipitation 
for every hour in the period of 1 August 2020 to 30 April 

2021. From each climate cluster, we selected three to 
four national parks as sampling locations. Värriö (Var), 
Maltio (Mal), Sompio (Som) Strict Nature Reserve areas 
and Lokka (Lok, which is close to a natural reserve area) 
were selected for the north region. Helvetinjärvi (Hel), 
Isojärvi (Iso), Liesjärvi (Lie) national parks and Vesijako 
(Ves) Strict Nature Reserve were selected for the south 
(Fig. 1a).

Sample collection
At each sampling location (i.e., national parks), four dif-
ferent bilberry clones (i.e., mother plants) were selected 
(so-called clones A, B, C, D). Four biological replicates 
were picked from each bilberry clone. The samples were 
named after their location and clone; for example, Ves-
D1 was the first sample collected at clone D of location 
Vesijako. The total number of samples for each climatic 
region was 64. Bilberry samples were collected in 50-ml 
Falcon tubes and kept at + 4 °C until they were brought to 
the laboratory for surface sterilization (maximum three 
days since the day of sampling due to the transportation). 

Fig. 1 Sampling sites and the examined environmental variables. a A map of the sampling sites of the study, b a PCA ordination of the weather 
variables grouped by regions, and c boxplots of the soil variables which include the Wilcoxon test’s results for the soil variables between the north 
and south regions. a The sampling sites were selected close to national parks. Som ‑ Sompio Strict Nature Reserve, Var ‑ Värriö Strict Nature Reserve, 
Lok ‑ Lokka, Mal ‑ Maltio Strict Nature Reserve, Hel ‑ Helvetinjärvi national park, Iso ‑ Isojärvi national park, Ves ‑ Vesijako Strict Nature Reserve, 
Lie ‑ Liesjärvi national park. b The PCA ordination shows the distance between sites (scaling 1), and the ellipse denotes a 95% confidence interval. c 
Dash lines indicate the mean value of the variables. a–c The sites of the same color belong to the same climatic region
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All samples and their metadata were in the Additional 
file 1: Table S1.

Simultaneously with the berry collecting, we also sam-
pled topsoil from the area of each bilberry clone. A metal 
soil drill was bored into the soil down to the depth of 
15 cm. Four soil cores for each bilberry clone were pooled 
together. Only the organic layer (humus) was pooled 
while the litter and top mineral soil were removed. The 
soil samples were kept at + 4  °C for transportation and 
stored at − 20 °C for further analysis.

Sample preparation
The berry samples were surface sterilized to remove epi-
phytes and contaminants on the skin as earlier [19] with 
some modifications. We used 2% calcium hypochlorite 
instead of 3% solution because the berries became deli-
cate under the summer heat and transportation. Surface-
sterilized samples were kept at − 20  °C until they were 
freeze-dried.

Twenty berries for each sample were pooled and freeze-
dried using a vacuum freeze-dryer for 48  h until the 
majority of water content was removed from the fruits 
for combining the berries as one sample. The freeze-
dried samples were ground into a fine powder by mortar 
and pestle on a liquid nitrogen bath. An aseptic condition 
was maintained when working with the samples.

Molecular analyses and bioinformatics
DNA was extracted from 65  mg of each freeze-dried 
powder using the protocol of Toth et  al. (in prepara-
tion) with QIAamp Fast DNA Stool Mini kit (Qiagen). 
The DNA extracts were diluted to the concentration of 
40 ng µl−1 for PCR amplification, and 20 µl of the DNA 
were treated with 5 µg of RNase A (10 mg  ml−1, Thermo 
Fisher Scientific) for one hour at 37 °C.

The fungal internal transcribed spacer 2 (ITS2) riboso-
mal DNA region was amplified in a 20 µl reaction con-
taining 1X Phusion GC buffer, 0.2 µM dNTP, 5% DMSO, 
10 µg BSA (New England BioLabs), 0.5 µM of each fungi-
specific primer fITS7 (5′-GTG ART CAT CGA ATC TTT 
G-3′) [40] and ITS4R (5′-TCC TCC GCT TAT TGA TAT 
GC-3′) [41], 0.4 U of Phusion High-Fidelity DNA poly-
merase (Thermo Fisher Scientific), and 200 ng of RNase-
treated DNA template. A higher quantity of DNA was 
used because the amount of endophytic DNA is only a 
fraction of the total DNA. The PCR program conditions 
consisted of an initial denaturation of 98 °C for 3 min, fol-
lowed by 23 cycles of 98 °C for 10 s, 55 °C for 20 s, and 
72 °C for 30 s, and a final extension of 72 °C for 7 min. The 
PCR amplification was done in triplicate for each sam-
ple and then pooled. Successful PCR amplification was 
confirmed by agarose gel electrophoresis of pooled reac-
tions. The PCR products were sent to FIMM Genomics 

NGS Sequencing Unit at University of Helsinki for the 
ITS2 amplicon sequencing using fITS7/ITS4R primers 
on an Illumina MiSeq (300 bp paired-end reads). We also 
included PCR products from two identical replicates of 
our custom fungal mock community and negative con-
trols from the DNA extraction and PCR amplification 
steps in the sequencing.

The reads were demultiplexed at the sequencing center 
(FIMM). Raw data with 13,456,669 paired reads were 
processed with QIIME2 pipeline version 2021.11 [42] 
following the procedure for fungal ITS by Nguyen [43] 
with some modifications. First, we trimmed primers and 
used DADA2’s default parameters to truncate forward 
reads and reverse reads at the position of 275 and 185 bp, 
respectively, and to denoise and merge paired reads. We 
clustered the amplicon sequence variants (ASVs) into 
operational taxonomic units (OTUs) with VSEARCH at 
the similar threshold of 97%. Then we used ITSx software 
1.1.3 to extract the ITS2 region from the sequences [44]. 
The extracted ITS2 sequences were taxonomically classi-
fied in QIIME2 using the UNITE dynamic database 8.3 
(released on 10 May 2021) [45]. We kept only the OTUs 
which gave an 85% match length in the BLAST search. 
After this, 225,665 fungal ITS2 reads which belonged to 
166 OTUs from 127 samples (including mock and nega-
tive control samples) were retained. Examining the tax-
onomic profile of the mock community confirmed the 
suitability of the procedure for our data.

We used the R package phyloseq to handle the pro-
cessed dataset [46]. We filtered the OTU table by sub-
tracting the reads of the negative controls from the 
samples [47], and kept the OTUs which were classified to 
at least the phylum level. We retained the OTUs having 
at least 5 reads per sample and samples with at least 20 
reads [48]. The final processed dataset contained 179,353 
reads consisting of 116 OTUs from 113 samples. The 
median number of reads was 252 and the sparsity ratio 
was 0.95.

Soil data
We analyzed pH, total carbon (C, mg  g−1), nitrogen (N, 
mg  g−1) and total phosphorus (TP, mg  g−1) content from 
the soil samples. For pH, 20  ml of soil was shaken in 
50 ml milli-Q water for one hour, then the mixture was 
allowed to stand for at least 30 min before analyzing. The 
supernatant was used for the measurement of pH (pH-
meter CG832 Schott Geräte).

To measure total phosphorus, the soil samples were 
dried at + 40 °C for at least 24 h, then ground into a fine 
powder by 1.5-cm diameter metal beads in a Retsch MM 
301 mixer mill and dried again at + 40 °C for 2 h. The total 
phosphorus was analyzed by decomposing 0.5  g dried 
ground soil in 5 ml nitric acid and 2 ml hydrochloric acid 
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in a Microwave sample preparation system (Programme 
PAAR005H, Perkin Elmer Paar Physica, Multiwave). 
Afterwards, the sample was diluted with 25  ml milli-Q 
water. One ml from the dilution was mixed with 5 ml of 
a combined reagent (1.5% (w/v) ascorbic acid, 2%(w/v) 
ammonium molybdate, 4.5  M  H2SO4, and 0.05% (w/v) 
antimony potassium tartrate), then milli-Q water was 
added to the final volume of 50  ml. The final solution 
was used for the phosphorus analysis by a UV–visible 
spectrophotometer (Shimadzu UV-1700). The concen-
tration of phosphorus (mg  g−1) was calculated based on 
the formula: C =

C
′
·V·df

W
 with C—concentration (mg  g−1), 

C′—concentration given by the spectrophotometer (mg 
 l−1), V—total volume (l), df—dilution factor, W—weight 
of starting material (g).

For the analysis of carbon and nitrogen contents, seven 
to eight mg of the dried ground soil was weighed into 
a tin capsule and analyzed with a FlashSmart CHNS/O 
Elemental Analyzer (Thermo Fisher Scientific, Bremen, 
Germany).

Weather and topographic data
The daily weather data of Finland for the year 2021 in 
the GeoTIFF format were downloaded from the data-
base of the Finnish Meteorological Institute via the spa-
tial data download service Paituli (https:// paitu li. csc. 
fi/). Data from the start of the bilberry growth season 
till the last sampling date (1 April 2021–5 August 2021) 
was extracted. The elevation model dataset (grid size 
10 m × 10 m), which depicts the elevation of the ground 
surface in relation to the sea level, was downloaded from 
the National Land Survey of Finland via Paituli. The 
information was extracted for each sampling site with a 
buffer of 20  m. The vegetation type was extracted from 
the Corine dataset. Due to the difficulty of finding bilber-
ries, we had to shift our sampling sites (clones) from the 
original plan. As a result, 27 out of 32 sampling clones 
were classified as “coniferous forest on mineral soil” as 
planned, and five remaining sites were classified with dif-
ferent vegetation types: mixed forest on mineral soil (Iso-
C, Iso-D, Lie-A), mixed forest on peatland (Lie-B), and 
peatland (Mal-D) (Additional file  1: Table  S1). Different 
vegetation types were considered in modelling.

Statistical analysis
All analyses were conducted in the R environment, and 
the packages phyloseq, vegan, glmmTmB [49], DHARMa 
[50], MuMIn [51], microbiome [52], microeco [53], dplyr, 
ALDEx2 [54] and ggpubr [55] were used.

We removed Ves-D3 from our dataset, because the 
sample is the only representative of the clone Ves-D. The 
remaining dataset included 112 samples and had two to 
four samples for each bilberry clone.

Differences in soil factors between the north and south 
were tested with non-parametric Wilcoxon test. The 
correlation between environmental variables was inves-
tigated with the function cor (Additional file 2: Fig. S1). 
Principal component analysis (PCA) was conducted 
for all weather variables of the growth season using the 
prcom function because they were highly correlated (r 
Pearson > 0.6), and the PC1 axis (so-called PC1) was used 
for further analysis because it explained 85% of the varia-
tion (Fig. 1b) [56]. The altitude highly correlated with the 
weather variables; therefore, altitude was removed from 
further analysis. The quantities of C and N were highly 
correlated, therefore C:N ratio was calculated. C:N ratio, 
total phosphorus (TP) and pH were included in further 
analysis. All included variables were scaled because they 
were measured in different units. Definitions of all envi-
ronmental variables are explained in Additional file  2: 
Table S2.

We calculated the number of observed species (rich-
ness) and investigated if the species richness differed 
by climatic regions by fitting a generalized linear mixed 
model (GLMM) of the species richness as a function 
of climatic regions, sequencing depth as an offset and 
“clone” as a nested random effect in “region” using the 
glmmTmB function and family Poisson. Model validation 
was verified with the package DHARMa. To investigate 
which environmental variables affected the species rich-
ness we also fitted a similar GLMM model of the richness 
as a function of the environmental variables. We first 
included all potential variables (PC1, pH, C:N ratio and 
TP) in the full model. Then we did the backward model 
selection to remove nonsignificant variables to find the 
most simple and adequate model. Starting from the full 
model, we removed non-significant variables one by one 
based on their P values. The non-significant variable that 
had the largest P value was removed first. Second-order 
Akaike Information Criterion (AICc) values were calcu-
lated by function AICc of the package MuMIn. The final 
model was selected based on the model validation and 
AICc values. We also did the modeling for each region 
separately to check if they had their own trends. All mod-
els included in the model selection and their AICc values 
were in Additional file 2: Table S3.

We applied a robust Aitchison dissimilarity metric 
(so-called dRAI) on the OTU table using the vegan 
package. The method was chosen since it effectively 
accounted for data compositionality and sparsity [48]. 
To assess beta diversity (variation in community struc-
ture), we used the function betadisper in vegan to gen-
erate distance-to-centroid values (i.e., multivariate 
dispersion) for the dRAI metric grouped by region. 
The function permutest was used to test if one group 
is more dispersed than the other, taking into account 

https://paituli.csc.fi/
https://paituli.csc.fi/
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our study design. To test if the examined environ-
mental variables or the fungal richness affect the beta 
diversity, we fitted separate GLMM models of square 
root distance-to-centroid values as a function of envi-
ronmental variables or fungal richness using family 
Gaussian and selected the best models for each case.

Assembly structure between the north and south 
regions were tested with Permutational Multivari-
ate Analysis of Variance (PERMANOVA) [57] on the 
dRAI matrix with region as the fixed effect term using 
adonis2 function. We specified “strata = location” to 
account for our study design. We tested whether any 
environmental variables explained fungal community 
composition by using distance-based redundancy anal-
ysis (dbRDA) taking the dRAI matrix as the response 
variable and PC1 and soil variables as the explanatory 
variables using the function dbrda of the vegan pack-
age. We specified “Condition (location)” in the model 
to take our study design into account. Significance of 
the model and the marginal effect of the terms were 
tested by permutation tests (9999 permutations), tak-
ing into account the structure of our data. Similarly, 
we also applied dbRDA for each region to discover the 
importance of the tested environmental variables on 
the structure of the fungal community in each region. 
Finally, the reduced dbRDA models containing only 
the terms that had significant marginal effect were 
produced and visualized.

Relative abundance of the fungal community was vis-
ualized by stacked bar plots and heatmaps. Shared and 
unique OTUs between the north and south regions 
were illustrated by a Venn diagram using the package 
microeco. Differential abundance analysis between the 
two regions was carried out at the genus level of the 
fungal data using package ALDEx2. We first merged 
the reads at the genus level using the tax_glom func-
tion of the phyloseq package and filtered out taxa with 
less than 10% prevalence. The significant taxa after the 
differential abundance analysis were selected based 
on the Wilcoxon P-adjusted values implemented in 
ALDEx2. To examine the effect of PC1 and soil vari-
ables on the abundance of these taxa, we fitted GLMM 
models to the absolute abundance of the significant 
taxa with either using the family Poisson or negative 
binomial and selected the best model for each genus 
with backward selection. The correlation between the 
genus’ abundance and the environmental variable’s 
gradient which had a significant effect in the GLMM 
models were visualized by fitting their vectors on the 
Principal Coordinate Analysis (PCoA) ordination of 
the fungal data using the function envfit of vegan pack-
age [58].

Results
Fungal richness and beta diversity were higher in the south 
region
The fungal richness in the south was significantly higher 
compared to the north region (Fig. 2a, Additional file 2: 
Table  S4). Among the tested environmental variables, 
PC1 significantly influenced the fungal richness whereas 
TP, C:N ratio and pH had no effect (Additional file  2: 
Table S5).

Multivariate dispersion was larger for the south com-
pared to the north region (F1,110 = 4.1, P < 0.001, Fig. 2b), 
and it was driven by the fungal richness (Additional file 2: 
Table S6) but not by PC1 or soil variables.

Community structure was driven by the weather 
conditions
The community composition did not clearly differ 
between the two regions (PERMANOVA, F1,110 = 2.02, 
P = 1). However, the dbRDA model with PC1 and soil 
variables was significant (F4,100 = 1.6, P < 0.01) although 
it explained only a small proportion of the community 
variation (adjusted  R2 = 2.3%). Among the tested explana-
tory variables, the PC1 affected the community struc-
ture (F1,100 = 2.87, P < 0.01, Additional file  2: Table  S7), 
whereas the soil variables did not. The reduced dbRDA 
model with only PC1 as the explanatory variable for the 
whole dataset explained 2% of the community variation 
(Fig.  2c). The full dbRDA model for the north region 
with all tested explanatory variables was significant 
(F4,49 = 1.97, P < 0.01), but only the PC1 had a significant 
marginal effect (F1,49 = 3.26, P < 0.05, Additional file  2: 
Table  S7), and this model explained 6.3% of the total 
variation (adjusted  R2 = 6.3%). The reduced model for the 
north explained 6% of the north community variation 
(Fig. 2d).

Fungal community profiles differed between climatic 
regions
The phylum Ascomycota was dominant in both southern 
and northern samples (in average 93% and 99%, respec-
tively). The mean relative abundance of Basidiomycota 
was higher in the south compared to the north (7.4% vs. 
0.5%), due to its high abundance in the locations Iso, Lie 
and Ves of the south (6%, 12%, 12%, respectively). The 
phylum Mucoromycota was found only in the samples of 
the location Lok of the north (1%), whereas Olpidiomy-
cota was only present in the Ves samples of the south 
(< 1% abundance).

The genus Cladosporium was the most abundant in 
the south region (22%) and the second most common 
in the north region (12%), whereas the genus Venturia 
was the most dominant in the north (33%) (Fig.  3a). 
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Venturia was abundant and found in all locations of 
the north region (average 32%, minimum 3% in Var, 
maximum 79% in Lok) but only present in two sam-
ples of the southern location Lie with a low abundance 
(0.4%). The south harbored 42 specific genera, among 
which Podosphaera and Lachnum were relatively abun-
dant (average 8.7% and 4.3%, respectively), whereas the 
northern region harbored 16 specific genera with a low 
abundance each (< 1%).

At the family level, the northern samples harbored 
a higher proportion of Venturiaceae (genus Venturia), 
Rhytismataceae, and Mycosphaerellaceae (≥ four times 
higher compared to the samples from the south) (Addi-
tional file 2: Fig. S2a). The south region had a higher abun-
dance of Helotiaceae, Sclerotiniaceae, and Dermateaceae 
(≥ two times higher compared to the north), although 
Sclerotiniaceae and Dermateaceae were not present 
in Hel and Iso of the south, respectively. Erysiphaceae 
(genus Podosphaera), Hyaloscyphaceae, Massarinaceae 

and Cronartiaceae were present in all southern locations 
but not in any of the northern locations.

At the order level, the dominant orders varied by loca-
tion (Fig. 3b). Specifically, the dominant orders were Cap-
nodiales in Var (north), Hel and Ves (south), Dothideales 
in Som (north) and Iso (south), Venturiales (genus Ventu-
ria) in Lok and Mal (north), and Helotiales in Lie (south). 
Erysiphales (genus Podosphaera) and Pucciniales were 
found in all locations of the south region but not in the 
north. Helotiales and Pleosporales were more common in 
the south region compared to the north (south vs north: 
18% vs. 3.7% and 6% vs. 1.4%, respectively), whereas 
Rhytismatales (family Rhytismataceae) was more abun-
dant in the north (11% vs. 2.4%).

Dothideomycetes class was dominant in both regions, 
and its relative abundance was higher in the north 
region compared to the south (81% vs. 52%). On the 
other hand, the abundance of Leotiomycetes was higher 
in the south region (37% vs. 17%) (Additional file 2: Fig. 

Fig. 2 Diversity of the fungal community. a Fungal richness, b multivariate dispersion, c dbRDA plots visualizing the PC1 variable 
explaining the fungal community assemblages for the whole dataset or d for the north region, and e a PCoA plot depicting the correlation 
between the abundance of the genera of interest and the gradient of the PC1 variable. Ellipses denote a confidence interval of 75% (in c and d) 
and 95% (in e)
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S2b). Dothideomycetes was the most dominant class in 
all eight locations (minimum 47%), and Leotiomycetes 
was the second abundant class (minimum 2% in Lok of 
the north, maximum 44% in Hel of the south). Puccinio-
mycetes (order Pucciniales) was found at an abundance 
of 6.6% in the south but not in the north region. Rare 
taxa were found in both regions, for example, Micro-
botryomycetes, Exobasidiomycetes and GS18 (phylum 
Olpidiomycota) were found only in the south with a 
low abundance (< 0.03%), whereas Umbelopsidomycetes 
(phylum Mucoromycota) was only present in the north.

Shared and unique OTUs between two regions
There were 24 shared OTUs between the north and the 
south regions (Fig.  3c). In the southern samples there 
were 63 unique OTUs while only 28 in the north. Sixteen 
genera shared between regions were classified as Clad-
osporium, Cystofilobasidium, Hormonema, Lapidomyces, 
Mycosymbioces, Neophaeomoniella, Perusta, Phacidium, 
Septoriella, Sporormiella, Synnemapestaloides, Taph-
rina, Venturia, Colpoma, Pragmopora, Aureobasidium 
(Fig.  3d) and eight unknown genera. The north region 
had a higher frequency of unique OTUs that were 

Fig. 3 Fungal community profile in the two regions. a Fungal community profile in the two regions demonstrated by heatmap at the genus level 
and b stacked bar plot at the order level, c Venn diagrams of the shared OTUs between regions and between locations for each region, and d 
frequency of the shared and unique genera between the regions. a, b, d The most dominant taxa are shown. d Asterisks indicate a higher frequency 
of the genera when comparing the north and south regions
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classified as Penicillium, Peniophora, Rachicladosporium, 
and Vishniacozyma, while the south region had a higher 
frequency of unique OTUs, classified as e.g., Colpoma, 
Pragmopora and Lachnum. Three OTUs, Hormonema 
macrosporum, Dothideales sp., and Cladosporium sp., 
were shared between all locations. Hel of the south 
hosted the highest number of unique OTUs (n = 16), 
whereas Mal of the north had the lowest (n = 3).

Abundance of fungal genera differed between the two 
regions
The genera with significantly different abundance 
between the north and south regions were Venturia, Cla-
dosporium and Podosphaera (Additional file 2: Table S8). 
The genus Venturia, which was represented by only one 
species, correlated positively with the PC1 (P < 0.001) 
(Fig.  2e, Additional file  2: Table  S9). Podosphaera and 
Cladosporium decreased with the PC1 (P < 0.05 and 
P < 0.001, respectively) (Additional file  2: Table  S9), and 
Cladosporium had a stronger negative relationship with 
the PC1 compared to Podosphaera (Fig. 2e). The soil vari-
ables did not show significant effects in the GLMM mod-
els for the genera.

Discussion
Bilberry fruits are among the important natural resources 
and economical crops in Northern Europe, but the 
microbial communities inhabiting inside the fruits (endo-
phytes) are still poorly known. We explored how climatic 
region, weather conditions of the growth season, and soil 
properties affect the diversity and composition of the 
fungal endophytic communities in bilberry fruits col-
lected from two different latitudinal regions in Finland. 
We found that (i) fungal species richness of the fruits 
was higher in the south, which was driven by the weather 
conditions of the growth season; (ii) beta diversity (varia-
tion in community structure) of the fungal communities 
was higher in the south and driven by the fungal rich-
ness but not by either of the measured factors, weather or 
soil; (iii) the weather had a small but significant effect on 
shaping the structure of fungal communities of bilberry 
fruits especially in the north; (iv) the weather strongly 
influenced the abundance of the fungal genera Venturia, 
Cladosporium, and Podosphaera.

A higher diversity of fungi in the south, the weather being 
the driving factor of fungal richness and community 
structure
We found that the fungal community of bilberries in 
the south region had higher diversity compared to 
the north. Fungal richness in bilberry fruits decreased 
towards the north, which is in line with the research on 
foliar endophytic fungi by Arnold and Lutzoni [31]. In 

contrast to their paper, where they found a small num-
ber of classes with a large number of endophytic spe-
cies in the southern latitudes, we found that samples 
of the south region had more diverse taxa at class to 
species level. The variation in fungal community struc-
ture of the south region (multivariate dispersion) was 
greater than that of the north, which indicates that the 
south had a higher beta diversity [57]. Specifically, the 
variation was due to the higher species richness and 
more unique species in each southern site.

In our study, climate (defined by climatic regions and 
the weather conditions of the growth season) had an 
impact on both the fungal richness and fungal commu-
nity composition of bilberry fruits (specifically, more 
in the north than in the south). The climate explain-
ing fungal composition of foliar endophytes has earlier 
been reported [59–63]. However, fewer reports have 
discovered the effect of climate on the alpha diversity of 
foliar endophytes. For instance, endophyte richness of 
leaves is reported to be associated negatively with tem-
perature seasonality (intra annual shift in temperature) 
[59]. The isolation frequency of endophytes in a survey 
on multiple plant species was strongly linked to annual 
precipitation and duration of the growth season, but 
the endophytic alpha diversity was not [62]. In another 
study, foliar endophyte richness was driven by histori-
cal rainfall and temperature in Panicum hallii grass 
[60]. However, there are no previous reports showing 
the effect of the weather on the richness of fungal endo-
phytes in plants, in general, or in fruits.

Vegetation growth at the high latitudes is affected 
primarily by the temperature and radiation [64]. Cli-
mate plays an essential role in driving vegetation diver-
sity, species richness in particular, and total species 
richness hotspots occur most likely in regions with 
warmer growing conditions [65]. Therefore, we suggest 
that the warmer weather in the south region favours 
higher vegetation density and diversity, which could 
provide a richer source of fungal species for endophytes 
in bilberry fruits. Earlier, the source of foliar fungal 
endophytes was suggested to be spores emerging from 
dead leaves (litter) and carried by wind or water to new 
plants [66]. Previous studies point out that canopy tree 
species affected the endophytic fungal communities of 
the understory seedlings [67], and closed forest cano-
pies often enhance the rate of endophyte colonization 
in tree leaves [30, 68]. Moreover, a recent study on 
foliar fungal endophytes suggested that the endophyte 
community structure is strongly associated with the 
density and composition of neighbouring plant com-
munities [61], which could equally be the case for the 
fruits of dwarf shrubs, such as bilberry. These results 
reinforced our hypothesis that the effect of climate on 
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the fungal richness of bilberry fruits could be due to the 
surrounding vegetation.

Our hypothesis was further supported by our observa-
tions in the field. Specifically, the southern sampling sites 
had higher plant density and plant coverage compared 
to the northern sites. For example, the location Lie in 
the south, where the average fungal richness of the fruits 
was the highest, had high vegetation density and cov-
erage. The site was characterized by a diversity of trees 
with species such as birch, aspen, pine, Norway spruce, 
and undergrowth of the Hylocomnium splendens moss. 
On the other hand, the location Lok of the north, which 
had the lowest fungal richness, had the lowest tree den-
sity, diversity and coverage compared to the other sam-
pling locations. This location had bilberry-dominant 
undercover and less abundant species, consisting mainly 
of crowberry, pine, spruce, and birches. This site was the 
only one located further away from natural parks and 
more recently managed with tree stumps present.

Weather affects abundance of the fungal genera Venturia, 
Cladosporium, and Podosphaera
The north and south regions had distinguished fungal 
endophyte profiles at each taxonomic level. The profiles 
also varied between locations, although the locations in 
the same region resembled each other. This indicates that 
each region has its own signature endophyte pool. Such 
signature endophyte pools can be partly shaped by cli-
mate, likely via the surrounding vegetation.

At the genus level, specific taxa had significant dif-
ferences in their abundances between the south and 
the north regions, being influenced by the weather. For 
example, the genus Venturia dominated in the three loca-
tions of the north, especially Lok, and the abundance of 
this genus was strongly shaped by the weather. Venturia 
spp. are well known due to many pathogenic members 
that cause disease in deciduous trees and can survive 
through the winter at the sexual stage in the litter, which 
becomes the main inoculum source for the next season 
[69]. Each species of Venturia has an optimal tempera-
ture and minimum hours of wetness needed for infection 
[69]. In our study, only one Venturia sp. was present and 
abundant in the north while rarely found in the south, 
which suggests that this endophytic species favours low 
temperatures and high precipitation and humidity of 
the north region for the life cycle in the bilberry fruits. 
The genus Cladosporium, however, was more abundant 
in the south region, potentially due to the spore sea-
son of Cladosporium genus being accelerated and elon-
gated in warm and dry weather as reported by Kasprzyk 
et  al. [70]. Similarly, some species of the Podosphaera 
genus are influenced by temperature on their sporu-
lation and/or infection efficiency [71, 72] with their 

optimal temperature being 22–25 °C. We suggest that the 
Podosphaera genus in our study might favour the warmer 
ambient temperatures of the south, as it was present only 
in the southern samples.

Conclusions
Endophytes play important roles in plants by benefiting 
the host in several ways, e.g., protection against patho-
gens or enhancing secondary metabolism [10–12]. The 
endophytic community also contributes to the overall 
health of the forests by participating in decomposition 
of the structural components and nutrient circulation 
of the litter [73]. Therefore, the richness or diversity of 
the endophytic community could reflect the health of 
the host plant and the entire forest ecosystem. Moreo-
ver, since the endophytic community can be a finger-
print linked to the geographical origin of the fruits, it 
becomes a potential analytical tool to trace the fruit 
source [17, 74]. Based on our present study, we conclude 
that the weather conditions of the growth season have an 
important impact on the richness and composition of the 
fungal endophytic community in bilberry fruits via the 
surrounding vegetation, and strongly affects the abun-
dance of fungal taxa such as Venturia, Cladosporium 
and Podosphaera. The fungal endophytic community 
structure in bilberry fruits follows similar patterns as are 
found for foliar fungal endophytes, being shaped by vari-
ous environmental factors, such as the climate and vege-
tation. Our study supports our earlier findings [19] on the 
endophytic communities in fruits of three wild berry spe-
cies, suggesting that fungal endophytes of fruits mainly 
originate from the surrounding environment, thus being 
horizontally transmitted.
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