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Introduction
Climate change has led to increasing occurrences of 
extreme weather events such as heat waves and drought, 
changes in precipitation patterns, and disruptions of 
many other environmental patterns [34]. Those changes 
result in biodiversity loss and alter species’ life cycle 
events and their spatial distribution in general, affect-
ing ecosystem multifunctionality and stability [4, 12, 67]. 
Most studies on the effect of climate change so far have 
focused on macro-organisms such as plants and animals 
[30, 54]. However, climate change is also expected to 
affect the richness, diversity and community composition 
of microbial communities associated with plants [6, 43, 
50]. Additionally, the majority of studies about the effects 
of climate change on the plant microbiome have focused 
on annual crops [57, 70, 75], whereas less studies have 
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Abstract
Despite that climate change is currently one of the most pervasive challenges, its effects on the plant-associated 
microbiome is still poorly studied. The aim of this study was to evaluate the impact of the independent and 
combinatory effect of climate warming and drought on the microbiome assembly of oak from seed to seedling. 
In a multifactorial experimental set up, acorns were subjected to different temperatures (15 °C, 20 °C, and 25 °C) 
and soil moisture levels (drought (15%) and control (60%)) from germination until the seedling stage, after which 
the bacterial and fungal communities associated to the rhizosphere and phyllosphere were characterized by 
amplicon sequencing and qPCR. The results showed a stronger effect of temperature on fungal than on bacterial 
diversity and the effect was more pronounced in the phyllosphere. Under drought condition, temperature had 
a significantly negative effect on phyllosphere fungal diversity. In the rhizosphere, temperature had a significant 
effect on the fungal community composition which was primarily caused by species turnover. Regardless of 
temperature, Actinobacteriota was significantly enriched in drought, a group of bacteria known to increase plant 
drought tolerance. This study provides new insights into the effect of climate change on the plant microbiome in 
natural ecosystems.
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focused on trees, despite their invaluable importance for 
global ecosystem functioning [7, 25, 31]. While we have a 
good understanding of the effect of warming and drought 
on the plant physiology and fitness, we lack insights into 
the independent and the combinatory effects of warming 
and drought on the plant-associated microbiome.

The effects of rising temperatures on the plant microbi-
ome vary depending on the studied organisms (e.g., bac-
teria or fungi) and plant compartments (e.g., rhizosphere 
or phyllosphere) [5, 7, 31, 70]. For instance, warming was 
shown to increase bacterial richness and diversity in the 
phyllosphere of herbaceous annual plants and grape-
vines [5, 17]. Further, the bacterial community compo-
sition changed in the rhizosphere due to warming [74]. 
However, members of the plant microbiome seem to 
respond differently to changing temperatures. For exam-
ple, warming reduced the abundance of beneficial bacte-
ria such as Sphingomonas spp. and Rhizobium spp., and 
increased the abundance of Buchnera and Wolbachia spp. 
in the phyllosphere of Galium album [5] and of members 
of Actinobacteria in the rhizosphere of Sorghum [70]. 
Phyllosphere fungal species richness was decreased due 
to warming in oak [31], poplar [7] and olive trees [28]. In 
the rhizosphere, warming increased fungal diversity and 
abundance on rice [74], while the fungal composition, 
richness or evenness on arctic willow was not affected 
[32].

Besides warming, drought is an important abiotic factor 
affecting plants and their microbiome [21, 34]. Because of 
their different physiology, bacterial and fungal communi-
ties are expected to respond differently to drought [8, 24, 
52]. Bacterial diversity and abundance were reported to 
increase under drought conditions in soybean [73], while 
the leaf bacterial richness was reduced in grasses and 
tomato [11, 24]. The plant rhizosphere microbiome shifts 
in favour of Actinobacteria and other Gram-positive taxa, 
which compete against many Gram-negative taxa that 
are typically found in the rhizosphere [27, 47, 59, 71]. 
Regarding the phyllosphere, on the other hand, the abun-
dance of Gammaproteobacteria was reported to increase 
under severe drought [11]. With regard to fungi, root-
associated fungal diversity [3], as well as phyllosphere 
fungal diversity [24] were reported to increase in drought 
conditions. The composition of both bacterial and fun-
gal root-associated communities shifted under drought, 
with the effect being stronger for bacteria than fungi [14], 
while in phyllosphere drought only affected the bacterial 
community composition of oak [51]. In summary, warm-
ing and drought can have varying impacts on the rhizo-
sphere and phyllosphere microbiota of different plant 
species, which we summarized in Table 1. Here, only one 
study investigated the combinatory effect of warming 
and drought [70], which is, however, an important aspect 
since warming can enhance the effect of drought and 

vice versa [34, 51, 61], accelerating the impact on micro-
bial composition and diversity. In this context, the aim of 
this study was to address the following question: What is 
the effect of temperature, drought, and their combinatory 
effect on the assembly of the microbiomes of oak phyllo-
sphere and rhizosphere with respect to microbial richness, 
diversity, abundance, and community composition? We 
hypothesized bacteria and fungi would respond differ-
ently to changing climate conditions, where fungi are 
expected to be more affected by drought and bacteria will 
respond more strongly to higher temperatures. Bacteria 
are associated to seeds and seed dormancy and therefore, 
probably more adapted to dryer conditions. Additionally, 
we hypothesize that analyzing the combinatory effect of 
warming and drought will demonstrate a different picture 
on microbial responses. We further hypothesize that the 
niches available for microbes will be colonized by similar 
species number, but different communities dependent on 
which climate factors they are exposed to.

To this end, we designed a multifactorial experimental 
set up on oak seedling that were grown in replicated cli-
mate chambers to investigate the effect of changing cli-
matic conditions with focus on the combinatory effect of 
increased temperature and reduced soil moisture on the 
bacterial and fungal communities in phyllosphere and 
rhizosphere.

Materials and methods
Experimental setup and sampling
Acorns of the pedunculate oak (Quercus robur L.) were 
collected from a single tree in Stockholm to minimize 
the influence of oak genetic variation on the microbial 
community. Acorns were collected directly from the tree 
canopy before falling onto the ground to minimize the 
risk of microbial contamination from the environment, 
especially soil. The collected acorns were first rinsed in 
sterile Milli-Q water, then surface sterilized using sodium 
hypochlorite 10% for 30 min, followed by three rinses in 
sterile water, 5  min each. Surface sterilized acorns were 
stored in sterilized filter sand (0.4–0.8 mm) at 4 °C until 
use. The used filter sand was first autoclaved twice at 
121 °C for 15 min with 24 h in between, then wetted with 
sterile Milli-Q to reach 30% soil moisture. The acorns 
were germinated at room temperature to a root length 
of 15  cm before being transferred to microcosms. The 
pots were filled with 73 ± 2 g of potting soil. Half of the 
samples were grown on soil with a low moisture (drought 
treatment, 15% soil moisture; soil directly from bag), the 
other half on soil with high moisture content (control 
treatment, 60% soil moisture; 60 mL water added to each 
microcosm). After the transfer of the germinated acorns 
to the microcosms, they were placed in climate boxes 
kept at specific temperatures (15  °C, 20  °C and 25  °C). 
The boxes constituted a controlled environment for the 
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growth of the seedlings (Figure S1). There were three 
boxes for each temperature to minimize the effect of the 
boxes themselves, with the drought and control moisture 
samples being randomly distributed between those to 
mitigate any effect of the position of the samples within 
the boxes. In total 30 replicates per treatment combina-
tion were used. After being planted, the seedlings were 
left to grow until they reached a height of at least 8 cm, at 
which point the seedlings growing at 25 °C were sampled. 
One week after, seedlings grown at 20 °C were sampled, 
and the plants grown at 15  °C were sampled a month 
later. The difference in the sampling points was due to the 
effect of temperature on seedling growth. The leaves and 
the roots (with adhering soil) were sampled separately 
and transferred to 50  ml Sarstedt tubes. As two tissues 
were investigated per treatment, this made a total of 360 
samples (3 temperatures x 2 soil moisture levels x 2 tissue 
types x 30 replicates).

Sequencing of the fungal and bacterial microbiome
After sampling, the leaves and roots were lyophilized in 
the ScanVac CoolSafe™ (LaboGene, Allerød, Denkmark) 
and transferred to 1.5 ml Eppendorf tubes. Then, 7 small 
glass beads were added to each tube with the lyophilized 
samples and the samples were homogenized with a Fast-
Prep Instrument (MP Biomedicals, Illkirch, France) for 
60 s at 6 m/s. 30 mg (+-2 mg) of the material were used 
for DNA extraction using the FastDNA SPIN Kit for Soil 
(MP Biomedicals, Solon, OH, United States) according to 
the manufacturer’s instructions.

Polymerase chain reactions (PCRs) were conducted to 
amplify specific regions of the DNA to generate amplicon 
libraries. To investigate the bacterial communities, the 
variable region V4 of the 16S rRNA gene was amplified 
using universal primers and a standard PCR protocol. 
The primers 515f (5’-GTGCCAGCMGCCGCGGTAA-3’) 
and 806r (5’-GGACTACHVGGGTWTCTAAT-3’) [19] 
were used, being differently barcoded for each sample. To 

Table 1 Overview of experimental studies that have investigated the effect of warming and/or drought on the bacterial and fungal 
community associated with plants
Study Plant species and 

studied tissue
Type and total duration 
of warming/drought

Community metrics Effect of warming Effect of 
drought

Interactive 
effect of 
warming and 
drought

(Bálint et 
al. 2015)

Populus balsamifera 
(Phyllosphere)

Passive warming via open-
top chambers;
6 months (May – Sep) over 
two years (2010/11)

Fungal Diversity, even-
ness and community 
composition

Decreased diversity, 
species richness 
and evenness;
Changed commu-
nity composition

Not tested Not tested

(Kazenel 
et al. 
2019)

Perennial grasses: Ach-
natherum lettermanii, 
Festuca thurberi, Poa 
pratensis (Phyllo-
sphere and roots)

Infrared heating lamps;
23 years

Fungal diversity and com-
munity composition

No effect of warm-
ing on fungal diver-
sity or community 
composition

Not tested Not tested

(Firrincieli 
et al. 
2020)

Wild Poplar Popu-
lus trichocarpa 
(Phyllosphere)

Based on climate 
conditions

Bacterial diversity Not tested Hot tempera-
ture reduced 
diversity

Not tested

(Wipf et al. 
2021)

Sorghum bicolor 
(Roots)

Growth chamber, 7 days 
under stress

Bacterial species richness, 
community composition

Bacterial diversity 
increased

Bacterial diver-
sity decreased

Changes in rel-
ative bacterial 
community 
composition

(Faticov et 
al. 2021)

Quercus robur
(Phyllosphere)

Temperature increase of 
2 °C over whole season

Fungal species richness, 
evenness, diversity

Fungal species 
richness & even-
ness decreased, 
changed commu-
nity composition

Not tested Not tested

(Fu et al. 
2022)

Grassland of Inner 
Mongolia (Roots)

Intense drought and 
chronic drought

AM fungal richness, com-
munity composition, rela-
tive abundance diversity, 
inverse Simpson index

Not tested Decreased AM 
fungal richness 
after three 
years continu-
ous drought

Not tested

(Debray et 
al. 2022)

Solanum lycopersicum
(Phyllosphere)

50% water deficit after 22d Bacterial and fungal 
species richness, diversity, 
community composition

Not tested Decreased 
bacterial spe-
cies richness 
and diversity; 
increased fun-
gal diversity

Not tested
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minimize amplification of host plastid and mitochondrial 
16S rRNA regions, peptide nucleic acid (PNA) clamps 
were added to the reaction [42]. The PCR was performed 
in a total volume of 30 µl [5× Taq&Go (MP Biomedicals, 
Illkirch, France), 0.45  µl mPNA (5 µM), 0.45  µl pPNA 
(5 µM), 1.2 µl of each primer (5 µM), 19.7 µl PCR-grade 
water, and 1  µl template DNA] under the following 
cycling conditions: 95 °C for 5 min, 30 cycles of 95 °C for 
30 s, 78 °C for 5 s, 54 °C for 30 s, 74 °C for 30 s and a final 
elongation at 74 °C for 5 min.

For the fungal community, an amplicon library of the 
ITS1 region was generated using the primers ITS5 [68] - 
ITS86R [66]. The sequence of the forward primer, includ-
ing the pad sequence (ITS5_pad) was: 5′- T A T G G T A A T 
T G T G G A A G T A A A A G T C G T A A C A A G G-3’, while the 
sequence including the pad sequence for the reverse 
primer (ITS86R_pad) was: 5′- A G T C A G C C A G G G T T C A 
A A G A T T C G A T G A T T C A C-3′. The reaction was done in 
10 µl [5 x Taq&Go, 1.2 µl MgCl2 (25 mM), 0.1 µl of each 
primer (10 µM), 5.6  µl PCR-grade water, and 1  µl tem-
plate DNA] with the following cycling condition: 95  °C 
for 5 min, 35 cycles of 95 °C for 30 s, 58 °C for 35 s, 72 °C 
for 40  s, and a final elongation at 72  °C for 10  min. A 
second PCR step was performed to add barcoded prim-
ers for each sample, which was performed in 30 µl [5 x 
Taq&Go, 1.2 µl of each primer (5 µM), 19.6 µl PCR-grade 
water, and 2  µl template DNA from the previous step] 
with the following cycling conditions: 95 °C for 5 min, 15 
cycles of 95 °C for 30 s, 53 °C for 30 s, 72 °C for 30 s and a 
final elongation at 72 °C for 5 min.

The products of the 16S rRNA amplification were 
then purified using the Wizard SV Gel and PCR Clean-
Up System (Promega, Madison, WI, United States). The 
samples were pooled to equimolarity separately for rhi-
zosphere and phyllosphere after measuring the concen-
trations with Nanodrop 2000. The PCR products of the 
ITS amplification were purified using AMPure XP beads 
(Beckman Coulter, Indianapolis, IN, United States) with a 
ratio of 1.8 µl magnet beads to 1 µl of PCR product.

All amplicons were sequenced using Illumina MiSeq 
V3 (2 × 300  bp, Illumina Inc., San Diego, CA, USA) 
chemistry.

Raw sequence data was demultiplexed using the cut-
adapt protocol [44], not allowing any mismatches or 
indels. Untrimmed sequences were discarded. The 
demultiplexed data was imported to QIIME 2 [13] for 
further processing. DADA2 [16] was used for sequence 
quality control, truncating both reverse and forward 
sequences at 170 bp and discarding chimeric sequences 
for the 16S rRNA library. For the ITS library, both for-
ward and reverse sequences were truncated at 200  bp. 
Then, taxonomy was assigned to the representative 
sequences using the BLAST feature classifier [2] and 
the reference database SILVA v138 [53] for bacteria. 

Sequences assigned to host mitochondria and chloro-
plasts were removed from the feature table. For the fun-
gal taxonomy assignment, the BLAST feature classifier 
and the reference data base UNITE V 8.3 released on 
10.05.2021 [1] was used. Sequences assigned to the host 
were removed from the feature table. The taxonomy was 
then added to each biom file, which was imported to R 
[22] for analysis.

Quantification of 16S rRNA and ITS gene copy numbers
For quantification of bacterial 16S and fungal ITS gene 
copy numbers in phyllosphere and rhizosphere, a quan-
titative real-time PCR (qPCR) was performed using the 
following primer pairs: 515f–806r for bacteria and ITS1–
ITS2 [68] for fungi. Quantification of fluorescence was 
done in a Rotor-Gene 6000 real-time rotary analyser 
(Corbett Research, Sydney, Australia). The reaction mix 
contained 5 µl KAPA SYBR Green, 0.5 µl of each primer 
(10 µM each), 1 µl template DNA (diluted 1:100 in PCR 
grade water) and PCR-grade water to reach a reaction 
volume of 10  µl. mPNAs and pPNAs (5 µM each) were 
added as well for the 16S rRNA gene amplification. The 
following cycling conditions were used for the amplifica-
tion of the 16S rRNA gene: 95 °C for 5 min, 40 cycles of 
95 °C for 20 s, 78 °C for 5 s, 54 °C for 15 s and 72 °C for 
30 s and a final melt curve of 72 °C to 95 °C. The amplifi-
cation of the ITS1 gene for quantification was done using 
following cycling conditions: 95 °C for 3 min, 40 cycles of 
95 °C for 5 s, 58 °C for 35 s and 72 °C for 5 s and a final 
melt curve of 72 °C to 95 °C. For each treatment and tis-
sue, 10 were analyzed in triplicates, resulting in a total of 
120 samples. The gene copy numbers found in negative 
controls were subtracted from the respective samples.

Statistical analyses
Bacterial and fungal species richness (number of ASVs) 
and Shannon diversity were calculated from the rarefied 
amplicon dataset, while absolute microbial abundances 
were estimated via qPCR targeting the 16S rRNA and ITS 
gene copy numbers. Rarefaction was done to 300 and 500 
sequences per sample for bacteria in phyllosphere and 
rhizosphere, respectively, and to 900 and 1000 sequences 
for fungi in phyllosphere and rhizosphere, respectively.

Shannon diversity, species richness and absolute abun-
dance were modelled independently as a function of the 
fixed effects temperature, drought and their combinatory 
effect and the random effect of box number using linear 
mixed effect models with the function ‘lmer’ from the 
package lme4 [10]. To test for significance, the function 
‘Anova’ from the car package (Fox und Weisberg 2019) 
was used. Marginal R-squared values were calculated for 
each fixed effect using the function ‘r.squaredGLMM’ 
from the MuMIn [36]. Pairwise comparisons of the dif-
ferent treatments were done using the lsmeans package 



Page 5 of 12Hoefle et al. Environmental Microbiome           (2024) 19:62 

[40]. The results were plotted using the ‘plot_richness’ 
function in phyloseq and the package ggplot2 [69]. To 
investigate the effect of the treatments on the bacte-
rial and fungal community composition, the sequences 
were first normalized by cumulative sum scaling (CSS). 
The bacterial and fungal community composition were 
modeled as a function of temperature, drought and their 
combinatory effect using a PERMANOVA as applied to 
the function ‘adonis2’ in the vegan package [48] with 999 
permutations.

Since PERMANOVA analysis does not distinguish the 
mechanism by which the community has changed i.e., 
species replacement (turnover) and species loss or gain 
(nestedness), we used the function ‘beta.multi’ from the 
package betapart [9] for beta partitioning. In beta parti-
tioning, species turnover refers to the replacement of an 
existing species with a new species. In contrast, species 
nestedness refers to changes in the number of species, 
which can involve species gain or loss. Since this experi-
ment was executed in a closed system, where the intro-
duction of new species is unlikely, species turnover would 
imply that the changes incurred by one of our treatments 
may have led to an increase in abundance of a microbial 
species that was otherwise below detection limit. In this 
analysis, the changes in community composition based 
on the different treatments were analyzed by computing 
dissimilarity values between the seedlings grown at the 
different temperature levels (comparing 15  °C to 20  °C, 
15  °C to 25  °C, and 20  °C to 25  °C). We also computed 
dissimilarity index for samplings subjected to drought 
and control treatments at each of the three temperature 
levels. The total β-diversity (Jaccard dissimilarity calcu-
lated based on presence–absence data) was partitioned 
into two indices, where βJTU is the turnover component 
of Jaccard dissimilarity and βJNE is the species nested-
ness component of the Jaccard dissimilarity.

To investigate which phyla explained the differences 
across the temperature levels and between drought and 
control treatments, differential abundance analysis was 
conducted using the linear discriminant analysis (LDA) 
effect size (LEfSe) algorithm incorporated in the ‘lda-
marker’ function from the package microbial (v0.0.22) 
[35], after normalizing the data with CSS using the func-
tion ‘norm’ from the package microbiomeMarker [72]. 
The p-value cut-off was set to be below 0.05 for the 
Kruskal–Wallis tests and LDA scores > 2 were taken into 
consideration.

Results
The effect of warming and drought on the bacterial and 
fungal species richness, diversity, community composition 
and abundance in the rhizosphere and phyllosphere
Bacterial and fungal species richness i.e., number of 
ASVs, in the rhizosphere, as well as the bacterial diversity, 

were not affected by temperature, drought or their com-
binatory effect. However, fungal diversity was influenced 
by temperature and was the lowest at 25  °C (Fig.  1a, b, 
c and d and Table S1). Bacterial abundance in the rhizo-
sphere was significantly higher in control than in drought 
at 15 °C and 20 °C, but at 25 °C it decreased to the same 
level observed in drought. The fungal abundance was 
affected by temperature, drought and their combinatory 
effect, with a particularly high fungal abundance in con-
trol at 15 °C (Fig. 1e and f and Table S1).

In the phyllosphere, bacterial species richness was not 
significantly affected by temperature, drought or their 
combinatory effect. Fungal species richness in phyllo-
sphere was affected by temperature and the combina-
tory effect of temperature and drought, while species 
richness decreased with higher temperature in drought 
but increased with temperature in control (Fig. 1g and h 
and Table S1). The bacterial diversity in the phyllosphere 
was affected by temperature and drought; in drought, 
bacterial diversity increased with temperature. Here, 
fungal diversity decreased with temperature in drought, 
but increased with temperature in control (Fig.  1i and j 
and Table S1). Bacterial abundance in phyllosphere was 
affected only by temperature and increased with temper-
ature for both drought and control, whereas fungal abun-
dance was affected by temperature, drought and their 
combinatory effect. Fungal abundance decreased with 
temperature in drought and increased with temperature 
in control (Fig. 1k and l and Table S1).

The community composition of both bacteria and fungi 
in the rhizosphere were affected by temperature and 
drought and their combinatory effect (Fig. 2a and b and 
Table S1). In the phyllosphere, however, only the bacterial 
composition was affected by temperature and drought, 
whereas no effect was observed for the fungal commu-
nity due to temperature and drought or their combina-
tory effect (Fig. 2c and d).

In general, fungi exhibit a more pronounced response 
to climate factors compared to bacteria in terms of diver-
sity, richness, and abundance, within both the rhizo-
sphere and the phyllosphere. Regarding the community 
composition, both bacteria and fungi exhibit significant 
responses in the rhizosphere, while the communities in 
the phyllosphere remain unaffected.

The response of specific taxonomic groups to warming and 
drought
Control conditions in rhizosphere enriched the bacterial 
phyla Acidobacteriota, Firmicutes, Planctomycetota and 
Proteobacteria at 20 °C, while Firmicutes enriched also at 
25 °C (Fig. 3a). Regarding fungi, Basidiomycota and Mor-
tierellomycota enriched at 15  °C, an unassigned phylum 
enriched at 20  °C and Ascomycota, Basidiomycota and 
another unassigned phylum enriched at 25 °C (Fig. 3b).
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Drought conditions in rhizosphere enriched the bacte-
rial taxa Acidobacteriota, Actinobacteriota, Bdellovibri-
onota, Chloroflexi, Gemmatimonadota, Planctomycetota 
and Verrucomicrobiota at 15  °C and Actinobacteriota at 
20  °C and 25  °C, respectively (Fig.  4a). The fungal taxa 
Ascomycota, Mortierellomycota and Mucoromycota 
enriched at 15 °C and Basidiomycota at 25 °C (Fig. 4b).

In the phyllosphere, we did not observe any taxonomic 
shifts at any soil moisture nor temperature levels.

Comparing drought and control conditions we found 
that the bacterial taxa Actinobacteriota enriched only in 
drought at all temperature levels and Firmicutes enriched 
only in the control treatment at higher temperatures. 
Overall, we can state that the response of rhizosphere 

bacteria and fungi to increasing temperatures is influ-
enced by the levels of soil moisture to which they are 
subjected.

Species turnover vs. species nestedness
The shift in bacterial and fungal community composition 
in rhizosphere between different temperatures (15–20 °C, 
15–25  °C, 20–25  °C) was mainly explained by species 
turnover (βJTU) and only to a marginal extent by species 
nestedness (βJNE) (Fig. 3a and b and Table S2). Similarly, 
the shift in bacterial and fungal community composition 
in rhizosphere between drought and control at specific 
temperatures (15  °C control – drought, 20  °C control 
– drought, 25  °C control – drought) was explained by 

Fig. 1 The impact of temperature and drought on the bacterial and fungal species richness (a, b, g, h), Shannon Index (c, d, i, j) and abundance (e, f, k, l) 
on rhizosphere (left) and phyllosphere (right) of common oak. Changes along the temperature gradient for control (green line) and drought (orange line) 
soil moisture samples are indicated. The dark circles represent the mean values and the error bars represent standard deviations. Raw data points (bright 
circles) are horizontally jittered to avoid overlap. T: temperature; D: drought, T x D: combinatory effect of temperature and drought
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species turnover and only to a minor extent by a change 
in species numbers (Fig. 3c and d and Table S2).

The shift in bacterial community composition in phyl-
losphere between different temperatures (15–20  °C, 
15–25  °C, 20–25  °C) was primarily explained by species 
turnover (βJTU) and only to a marginal extent by spe-
cies nestedness (βJNE), whereas temperature showed no 
effect on the fungal community composition (Fig. 3e and 
f and Table S2). The shift in bacterial community com-
position in phyllosphere between drought and control 
at specific temperatures (15 °C control – drought, 20 °C 
control – drought, 25  °C control – drought) was mainly 
explained by species turnover, with changes in species 
number playing a lesser role (Fig. 3g and Table S2). For 
the fungal community composition in phyllosphere a 

larger part of the shift was due to changes in species 
number, especially at higher temperatures (Fig.  3h and 
Table S2).

In summary, those data indicate that warming and 
drought determines which microbes present in seeds col-
onize the rhizosphere and phyllosphere of the developing 
plant, and that the composition of microbial species is 
more impacted by these environmental factors than the 
overall number of species.

Discussion
In the present study we tested the effect of temperature, 
drought and their combinatory effect on the assembly 
of the fungal and bacterial communities in oak rhizo-
sphere and phyllosphere from seed to seedling stage. The 

Fig. 2 Impact of temperature on the bacterial (left) and fungal (right) community composition on oak rhizosphere (a, b) and phyllosphere (c, d), visual-
ized using principle coordinate analysis (PCoA) based on Bray-Curtis dissimilarities. P-values and R2-values were calculated using PERMANOVA (absolute 
count data; function ´adonis2´ from the package vegan). Significant values are indicated in bold. T: temperature; D: drought, D x T: combinatory effect of 
drought and temperature
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combinatory effect of temperature and drought had an 
impact on fungal diversity in the phyllosphere, as well 
as fungal abundance in both the rhizosphere and phyllo-
sphere. Additionally, the combinatory effect significantly 
influenced the bacterial and fungal communities in rhi-
zosphere, but not in the phyllosphere. It was observed 
that temperature and drought jointly affected the com-
position of the rhizosphere community. These results 
highlight the importance of considering the combinatory 

effects of temperature and drought in understanding the 
dynamics and help us predict the responses of microbial 
communities to climate change.

Our findings indicate that temperature had a more pro-
nounced effect on fungal diversity compared to bacterial 
diversity, and was more evident in the phyllosphere than 
the rhizosphere. The more evident effect in the phyllo-
sphere than the rhizosphere could be due to the inherit 
differences in these habitats. The phyllosphere is directly 

Fig. 4 Differential abundance analysis of bacterial (a) and fungal (b) taxa under different growth conditions (temperature: 15 °C, 20 °C, 25 °C; soil moisture: 
control, drought) in rhizosphere using the linear discriminant analysis (LDA) effect size (LEfSe) algorithm. LDA-scores were calculated using the run_lefse 
function form the package microbiomeMarker with p-value cut-off set to below 0.0.5 for Kruskal-Wallis tests and we considered only LDA scores > 2

 

Fig. 3 Partitioning of the total β-diversity (Jaccard dissimilarity index) between the different temperature treatments (a, b, e, f) and the different soil 
moisture treatments at the specific temperatures (c, d, g, h) into the components of species turnover (beta.JTU) and change in species numbers (beta.
JNE) for the rhizosphere (left) and phyllosphere (right) communities of bacteria and fungi
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exposed to the increasing temperature, while the soil 
may act as a buffer, delaying the effect of increasing tem-
perature on the rhizosphere. Further, the phyllosphere 
is known to be a more fluctuating and harsh environ-
ment compared to the rhizosphere with wild variations 
in temperatures, UV and moisture levels, which prevents 
the majority of microbiological organisms from growing 
[39]. For instance, previous studies have found that tem-
perature had a significant negative effect on the diver-
sity of the phyllosphere microbiome and no effect on 
soil [7, 31, 56]. Furthermore, we found that temperature 
had a contrasting effect on the fungal diversity in phyl-
losphere where it decreased significantly under drought 
condition and increased significantly in the control treat-
ment. This contrasting effect could be explained by the 
fact that warmer temperatures (20–30  °C) are optimal 
for the growth of the majority of fungal species which 
could result in an increase in the number of observed 
species. However, considering that water is a main driver 
of fungal growth and survival [18, 33, 41], the mere lack 
of water can have detrimental effect, which are further 
exacerbated by elevated temperatures, even though some 
fungi have traits, which can mitigate drought, includ-
ing thick cell walls, osmolytes and melanin [60, 65]. In 
fact, we found that fungal abundance follows a similar 
pattern where it was significantly reduced with increas-
ing temperature in the drought compared to the control 
treatment.

Even though temperature did not affect the number of 
observed species in the rhizosphere, it had a strong effect 
on the fungal community composition. This result, how-
ever, is not surprising considering that beta partitioning 
analysis showed that the change in community com-
position was primarily driven by species turnover. The 
analysis indicates that the major change in community 
composition is primarily due to species turnover, mean-
ing that new species are replacing existing ones in the 
community. In this context, varying temperatures can 
result in a microbial turnover due to changes in environ-
mental conditions [38]. Additionally, temperature can 
have a direct impact on plant growth, leading to altera-
tions in root exudate, hence, shaping the selection and 
composition of the rhizosphere community [64]. Our 
findings contrast with those of Kazenel et al. ’s [37], who 
did not observe any changes in community composi-
tion with temperature in rhizosphere and phyllosphere. 
Differences in results may originate from different plant 
species studied and extremely differing experimen-
tal designs, as their experiment included experimental 
warming over 23 years in natural conditions. Conversely, 
Zhang et al. [74] demonstrated a significant influence of 
temperature on the bacterial community composition in 
the rice rhizosphere.

Temperature has a negative effect on the bacterial and 
fungal abundance in the rhizosphere and in the phyllo-
sphere, except in phyllosphere control conditions where 
it increases. As mentioned above, elevated temperature 
can have a positive effect on plant growth, which can 
result in increased competition with soil microorganisms 
over resources (e.g. water and nutrients), limiting both 
fungal and bacterial growth in the soil. Elevated tempera-
ture is also associated with increased transpiration [58] 
which may relocate these resources from below to above 
ground, providing phyllosphere associated microorgan-
isms with more resources. This hypothesis is supported 
by the fact that we only observe this in control conditions 
where water is available, and not in drought conditions. 
Although drought had a weak effect on microbial diver-
sity, its impact was profound on community composi-
tion. Similarly as the effect of temperature, the influence 
of drought on community composition was primarily 
due to species turnover rather than changes in species 
number. The change in community composition was, 
expectedly, more evident in the rhizosphere than phyllo-
sphere. As anticipated, Actinobacteriota was significantly 
enriched at all temperature levels only in drought condi-
tions. The beneficial effects to plants during drought has 
detailed been discussed in Ebrahimi-Zarandi et al. [26], 
e.g. Actinobacteriota can help plants in nutrient uptake, 
phosphate and potassium solubilization, siderophore 
production and nitrogen fixation [15, 29, 45, 49]. Drought 
has been shown to have several effects on plants, ranging 
from root traits [55], decreased root exudation [62], and 
immune response [20, 46, 52]. Drought can also have an 
effect on soil structure (e.g. soil aggregates), and chem-
istry (e.g. carbon content, nutrient solubility, and pH), 
all of which can influence the structure and function of 
the soil microbiome. For example, drought can increase 
microaggregates resulting in the formation of smaller 
habitats and diversity islands, as well as effecting commu-
nity network [23, 63].

The rhizosphere and the phyllosphere showed contrast-
ing responses to drought, e.g., lower fungal abundance 
in rhizosphere and higher fungal abundance in phyl-
losphere. This effect was mostly evident at lower tem-
perature (15  °C) and tended to diminish with warming. 
Certain species may produce a higher number of spores 
during drought conditions, which can complicate the 
interpretation of our results. Sporulation events could 
potentially skew fungal abundance measurements, lead-
ing to an overestimation of habitat colonization for fungi.

Conclusion
The framework presented in this study captures the main 
changes in bacterial and fungal diversity, composition 
and abundance due to climatic impacts and provides 
insights into the effects of climate change on the oak 
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seedlings’ microbiome. Although, the effect of drought 
was not very evident, there was a clear effect on commu-
nity composition and abundance. Therefore, it should be 
avoided to rely on diversity indicators as the sole indica-
tor to measure the effect of climate change. Since most of 
the change we observed in community composition was 
due to community turnover, we expect a drastic change 
in functional diversity. Therefore, for future direction, it 
will be important to conduct a similar study to imple-
ment multi-omics techniques. Furthermore, it was diffi-
cult to find a unifying effect of temperature, even though 
the effect of temperature was more evident on phyllo-
sphere, where it reduced fungal diversity and abundance. 
However, this effect was only under drought conditions 
and opposite in control conditions. For this reason we 
suggest future studies refrain from making generalized 
statements about the effect of climate change on the 
plant microbiome without considering these aspects. The 
change in microbial community composition and enrich-
ment of Actinobacteriota during drought suggests an 
adaptation and – more importantly – a selection of rhi-
zosphere microbes. We do note that although this study 
was performed under controlled conditions in climate 
chambers, and it is expected that some aspects may dif-
fer in natural ecosystems, we hope it can lay the ground 
for future research. In conclusion, it is essential to under-
stand the impact of climatic changes on the plant micro-
biome and plant-microbe interactions to preserve the 
health of forests and their ecosystems.
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