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Abstract
Bacterial communities in the phyllosphere are shaped by host genotype and phenotype and spatio-temporal variation of the 
environment. In turn, bacteria have the potential for altering the plant phenotype. Field experiments can help to estimate 
bacterial effects on plant functional traits under natural conditions. We used a transplantation approach of culturable bacte-
rial communities to explore how manipulation of leaf-associated microbial communities in two different successional stages 
within a glacier foreland can influence microbial composition and functional plant traits. Our study documents successional 
stage-specific variations in the composition of foliar bacterial communities and shifts therein throughout a season and 
between years. We show that cultured bacteria transferred between plant communities can alter diversity and composition 
of the microbiome on plant community level as well as species-specific functional plant traits of two selected plant species 
within one growing season. Furthermore, our results demonstrate a strong resilience of plant-associated bacterial com-
munities and of plants in response to bacterial invaders. Our study illustrates that inoculation experiments in the field with 
naturally occurring microbial communities of wild plants are suited to investigate complex interactions between microbial 
communities, the environment, and plant traits.
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Introduction

Mountain glaciers are retreating rapidly following climate 
change. As a consequence, unvegetated terrain is exposed in 
the glacier foreland, characterized by an abundance of highly 
erodible sediments and high geomorphological process 
dynamics. The changing biotic and abiotic conditions in a 
morphodynamic glacier foreland offer unique opportunities 

for the study of succession and temporal community assem-
bly patterns of whole communities (Matthews 1992). The 
increasing distance from the glacier is a simple proxy for the 
time since first colonization by organisms and is correlated 
with changes in abiotic and biotic properties (Zumsteg et al. 
2012). Microbes are the first organisms to colonize the ice-
free terrain followed by the establishment of higher plants 
within 15–35 years after deglaciation—if not disturbed by 
erosive surface processes such as debris flows, landslides or 
soil erosion (Kazemi et al. 2016; Junker et al. 2020). Com-
munities subsequently increase in biomass and diversity 
with a high microbial species turnover, resulting in greater 
ecosystem stability (Nemergut et al. 2007). Microorganisms 
are especially important for plant growth in the sparse gla-
cier forelands, as they play a key role in nutrient cycling 
(Knelman et al. 2018). Plants can exert species-specific 
effects on microbial communities and, therefore, plant com-
munity composition, plant cover, and diversity can predict 
below-ground microbial diversity, which can be observed in 
early successional alpine ecosystems (Porazinska et al. 2018; 
Navrátilová et al. 2019).
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Plants are populated by microorganisms both below and 
above the ground with specific communities on different 
plant organs. The leaf surface, or phyllosphere, is inhab-
ited by a diverse variety of microorganisms, predominantly 
bacteria (Stone et al. 2018). Microbial community estab-
lishment on plants is not random but undergoes selection 
depending on host species identity, as well as on temporal 
and spatial effects (Laforest-Lapointe et al. 2016; Gaube 
et al. 2020). Leaf-associated microbiota can emerge from 
the surrounding environment or be transferred across gen-
erations of plants via seeds (Mitter et al. 2017; Escobar Rod-
ríguez et al. 2020). Their presence is regulated by the host 
plant itself as well as through microbe-microbe interactions 
(Liu et al. 2020; Chaudhry et al. 2021). The phyllosphere 
is a highly dynamic habitat as it is often subjected to rapid 
and pronounced dynamic fluctuations of abiotic conditions, 
such as changes in temperature, UV radiation and humidity 
(Vorholt 2012). Therefore, the phyllosphere offers a particu-
larly well-suited habitat to study spatio-temporal variability 
in microbial communities in relation to the environment 
as well as community assembly processes. Plant–microbe 
interactions are positive, neutral, or negative, and plant-asso-
ciated microbiota contribute to essential functions such as 
seed germination and growth support through the supply of 
hormones, nutrients, and stress resistance (Berg et al. 2017). 
Further, phenotypic traits of plants depend not only on the 
genotype of the plant, but are also shaped by plant–microbe 
interactions (Friesen et al. 2011). Measuring functional plant 
traits may be useful for investigating the magnitude of these 
interactions. This has largely been shown through labora-
tory studies in controlled and simplified environments, only 
considering one or a few microbial strains at a time (Beil-
smith et al. 2019). Whereas this kind of studies are mostly 
applied to crop plants or model species, research on natural 
plant communities is lacking. Therefore, field experiments 
which manipulate the microbiome of wild plant species are 
required to estimate the microbial effects on plant functional 
traits under natural conditions.

By comparing whole phyllosphere communities associ-
ated with plant communities in different locations as shown 
in this study, we can test how spatio-temporal effects and 
plant communities influence the microbiome composi-
tion. The glacier foreland presents a particularly well-
suited opportunity to address these questions due to the 
variable conditions within small distances. We designed 
an experiment, which allowed us to explore how manipula-
tion of foliar bacterial communities associated with plant 
communities in two different successional stages within a 
glacier foreland can influence microbial composition and 
functional plant traits. Therefore, we used a transplantation 
approach with cultured leaf-associated bacterial communi-
ties within two successional stages and transferred cultur-
able communities from old successional plots to plants on 

young successional plots and vice versa, as well as back 
on the same plot age. Next generation amplicon sequencing 
was applied to samples taken before and after the treatment 
to determine changes in bacterial community composi-
tion. Additionally, we measured leaf traits of two common 
plant species before and after treatment to track possible 
alterations in response to the microbiome manipulation. We 
expected to find (1) temporal (intra- und inter-annual) as 
well as successional stage-specific differences in the micro-
biome composition; (2) alterations in the microbiome com-
position in response to the transfer of culturable bacteria 
and (3) alterations in leaf traits of two selected alpine plant 
species in response to the microbiome manipulation.

Our study illustrates that bacterial communities associ-
ated with plants can exhibit distinct changes over time as 
well as site-specific variations and that transferred foliar 
bacteria between plants of two successional stages can alter 
the plant microbiome on community level as well as leaf 
traits on species level.

Materials and methods

Study site and experimental setup

Field work was conducted in the proglacial area of the 
Gepatschferner glacier in the Kaunertal valley, Tyrol, Aus-
tria (46°87′N, 10°74′E). The Gepatschferner is the second 
largest glacier in Austria and is among the fastest melting 
glaciers in Austria with a recent annual retreat rate of 52 m 
between the years 2019 and 2020 (Lieb and Kellerer-Pirkl-
bauer 2020). Since the maximum extent at the Little Ice 
Age (mid-nineteenth century) the glacier melt uncovered 
an area of more than 2.5 km2 as glacier foreland. The gla-
cier foreland contains large quantities of poorly consolidated 
sediment deposited by the retreating glacier, stored in large 
lateral moraines and thick slope covers. These deposits 
are subject to high rates of erosion mainly by debris flows, 
floods, and soil erosion (Hilger et al. 2019). In summer 2018, 
we selected two sites in the glacier foreland differing in time 
since deglaciation and, therefore, exhibit plant communities 
of different successional stages. The young successional site 
has been deglaciated approximately since 2006 and the old 
site has been released by the glacier since at least 1971. 
Terrain ages since deglaciation are based on annual length 
change measurements published since the early twentieth 
century (Fischer 2018; Lieb and Kellerer-Pirklbauer 2020). 
In each of the two sites we established 12 square plots 
(40 × 40 cm). Eight plots per site were randomly assigned 
for later treatment with microbiota collected from either 
the old or young successional site as described below. The 
remaining four plots in each site were then assigned to serve 
as controls in which we did not manipulate the microbiome. 
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Therefore, both the young and old successional site ulti-
mately contained four control plots, four plots to be treated 
with microbes from the old successional stage and four plots 
to be treated with microbes collected in young successions.

Leaf sampling for cultivation of microbes

For cultivating phyllosphere bacteria for the treatment solu-
tion, one intact leaf of every plant individual per plot was 
collected with sterile forceps and then mixed to form one 
pooled sample for each of the two successional stages sepa-
rately, i.e., the pooled sample contained plant material from 
12 plots each. The subsequent treatment of the samples in 
the lab was equivalent for the plant material from young 
and old sites, however, the two samples were always treated 
separately. Each sample was split up into three parts and 
transferred to 20 ml phosphate buffer (PBS) and sonicated 
in an ultrasonic bath for 7 min to detach the microbes from 
the leaves’ surface. 1 ml of this solution was transferred 
in 75 ml 10% tryptic soy broth (TSB) medium including 
cycloheximide (30 mg/l) as a fungicide and incubated and 
shaken at room temperature for 48 h (culture 1). 1 ml of the 
resulting liquid bacterial cultures was taken out and added 
to 50 ml 10% TSB medium stored at 7 °C for 6 days (culture 
2). For the final treatment 150 μl of culture 1 and 150 µl of 
culture 2 were added to 40 ml 10% TSB medium. After incu-
bation at room temperature in the shaker for 24 h, the final 
cultures were transported to the field site, mixed with 800 ml 
PBS and transferred to spray bottles. The two resulting bac-
terial mixtures were applied to plant communities according 
to which treatment the plot was assigned to until the plants’ 
surfaces were saturated. The treatment was applied after 
sunset to prevent the bacterial cultures from drying up. For 
control groups only phosphate buffer without microbes was 
applied. Amplicon sequencing was performed for assessing 
the OTUs (operational taxonomic units) present in the treat-
ment cultures.

Next generation amplicon sequencing

To identify microbial communities in the phyllosphere, 
pooled leaf samples of each of the 24 plots were collected 
with sterile forceps to represent the plant community on 
each plot. The leaf samples were directly transferred to 
BashingBeads Lysis tubes from the ZymoBIOMICS DNA 
Miniprep Kit (Zymo Research) containing lysis solution. 
This was done at three timepoints, once before the treat-
ment (“pre”), one month after the treatment (“post”) and 
one year after treatment (“post2”). Lysis tubes were soni-
cated for 7 min to detach microorganisms from plant sur-
faces. Lysis tubes were then shaken 5 min at 16 Hz using 
a ball mill and plant material was subsequently removed 

from the solution. Extraction and purification of DNA 
was done following the manufacturer’s guidelines (Zymo 
Research). Microbiome profiling of isolated DNA samples 
was performed by Eurofins Genomics (Ebersberg, Ger-
many). Eurofins Genomics amplified and Illumina MiSeq 
sequenced the V3–V4 region of the 16S rRNA gene to 
identify bacterial operational taxonomic units (OTUs) 
following the standard procedure “InView—Microbiome 
Profiling 3.0 with MiSeq”. Sequences were demultiplexed, 
the primers were clipped, forward, and reverse reads were 
merged, and merged reads were quality filtered. Micro-
biome analysis was performed by Eurofins Genomics 
using the company’s standard procedure (the following 
description of analysis is provided by Eurofins Genom-
ics): reads with ambiguous bases (“N”) were removed. 
Chimeric reads were identified and removed based on 
the de-novo algorithm of UCHIME (Edgar et al. 2011) 
as implemented in the VSEARCH package (Rognes et al. 
2016). The remaining set of high-quality reads was pro-
cessed using minimum entropy decomposition (Eren 
et al. 2015). Entropy Decomposition (MED) provides a 
computationally efficient means to partition marker gene 
datasets into OTUs (Operational Taxonomic Units). Each 
OTU represents a distinct cluster with significant sequence 
divergence to any other cluster. By employing Shannon 
entropy, MED uses only the information-rich nucleotide 
positions across reads and iteratively partitions large data-
sets while omitting stochastic variation. The MED pro-
cedure outperforms classical, identity-based clustering 
algorithms. Sequences can be partitioned based on rel-
evant single nucleotide differences without being suscep-
tible to random sequencing errors. This allows a decom-
position of sequence data sets with a single nucleotide 
resolution. Furthermore, the MED procedure identifies 
and filters random “noise” in the dataset, i.e., sequences 
with a very low abundance (less than 0.02% of the average 
sample size). To assign taxonomic information to each 
OTU, DC-MEGABLAST alignments of cluster representa-
tive sequences to the sequence database were performed 
(Reference database: NCBI_nt; Release 2018-07-07). A 
most specific taxonomic assignment for each OTU was 
then transferred from the set of best-matching reference 
sequences (lowest common taxonomic unit of all best hits). 
Hereby, a sequence identity of 70% across at least 80% of 
the representative sequence was a minimal requirement 
for considering reference sequences. Further process-
ing of OTUs and taxonomic assignments was performed 
using the QIIME software package v1.9.1 (http://​qiime.​
org/; Caporaso et al. 2010). Abundances of bacterial taxo-
nomic units were normalized using lineage-specific copy 
numbers of the relevant marker genes to improve estimates 
(Angly et al. 2014).

http://qiime.org/
http://qiime.org/
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Plant trait measurements

All vascular plant species were identified on each of the 24 
plots during the vegetation peak. The young successional 
plots contained a mean of 2.5 plant species with a range of 2 
to 4 species per plot. The old successional plots consisted of 
a mean of 9 plant species, ranging from 8 to 12 species per 
plot. We chose the two most abundant plant species Lotus 
corniculatus var. alpicola and Achillea moschata, which 
occurred in all plots, to assess the change in functional leaf 
traits as a function of plot age, sampling time and treatment. 
Morphological measurements for sampled leaves were per-
formed at three timepoints (Supplementary Information 1), 
once before the treatment (pre), one month after the treat-
ment (post) and one year after the treatment (post2). The 
traits considered for this study have been chosen based on 
their importance for ecological and physiological processes 
(Stubbs and Wilson 2004). Young, fully expanded leaves 
without visible damage were sampled in the field and trans-
ported in a cooler to the field station where measurements 
started within 2 h after picking. For up to n = 5 individuals 
per plant species and per plot, the following vegetative traits 
were measured to the nearest 0.01 mm using a calliper: leaf 
width, leaf length, and thickness. Leaf area was obtained by 
scanning individual leaves with a standard scanner device 
(HP Scanjet 200). Numbers of pixels per leaf were compared 
to number of pixels of a 1 cm2 reference using the freeware 
imageJ (v1.51). Leaves were subsequently frozen and later 
weighted to determine the fresh mass. Prior to weighing the 
dry mass of leaves they were placed in a drying oven for 48 h 
at 80 °C. Leaf succulence (leaf fresh mass/leaf dry mass) 
and specific leaf area (SLA = leaf area/leaf dry mass) were 
calculated from the measured values.

Statistical analyses

Statistical analyses for the bacterial dataset were per-
formed on OTU, genus and family level separately and 
conducted within R v4.0 software environment (R Core 
Team, 2020). Statistical significance was assessed at 
α = 0.05. The numbers of total bacterial reads per sample 
group are summarized in Supplementary Information 2. 
The dataset was filtered to exclude OTUs with a relative 
abundance of < 0.01% (R package RAM v1.2.1.7; Chen 
et al. 2018) and then collapsed at genus and family level 
for further analyses. Shannon diversity values were calcu-
lated after multiple rarefactions of the count data, averag-
ing the results of 999 iterations (R package rtk v0.2.5.7; 
Saary et al. 2017) to account for uneven sequencing depth. 
For assessing beta diversity of bacterial community struc-
ture, we performed a cumulative sum scaling (CSS) nor-
malization (R package metagenomeSeq v1.28.2; Paulson 

et al. 2013) on the count data and calculated a distance 
matrix based on Bray–Curtis dissimilarity.

For investigating the effect of plot age and sampling 
time on bacterial community composition, Bray–Curtis 
distances were used for calculating a constrained analysis 
of principal coordinates (CAP; R package vegan v2.5-6; 
Oksanen et al. 2019). Plot age and sampling time were 
used as explanatory variables for this ordination analysis. 
The significance of factors used as constraints was tested 
via permutational analysis of variance (PERMANOVA) 
with 9999 iterations.

To assess alterations in abundance of relevant taxa 
after the microbial treatment, the indicator taxa for the 
treatment were calculated at genus level with random 
forest and results were ordered by Mean Decrease Gini 
importance (Supplementary Information 3: SI Fig. S1). A 
repeated k-fold cross validation method was used to train 
the random forest model (k-fold = 10, repeats = 10; R pack-
age caret v6.0-86; Kuhn 2020) for finding the best mtry 
value, in the interval between 1 and n−1, where n is the 
number of genera considered. The random forest analysis 
was then conducted using the previously calculated mtry, 
ntree = 10, and nrep = 10 (R package rfPermute, v2.1.81; 
Archer 2020).

To quantify the effect size of our treatments, we calcu-
lated the distances between the measurements at different 
timepoints on each of the plots separately (Tables 1 and 
2). Thereby, we were able to directly quantify the effect 
of the treatments while excluding the noise introduced by 
the natural variation in measured parameters between the 
plots and natural fluctuations between the measurements 
independent of the treatment. To test the effect of our treat-
ment on bacterial community composition we calculated 
Bray–Curtis distances between each pair of sampling time-
points before and after treatment for each plot separately. 
For alpha diversity and plant trait values the differences 
between sampling timepoints before and after treatment 
(i.e., difference of post—pre and post2—pre) were calcu-
lated for each plot separately. In the case of plant traits, 
the distances were calculated based on mean values of all 
measured individual plants of the same species per plot. 
We used Wilcoxon–Mann–Whitney (WMW) test on the 
calculated distances to determine the effects of treatment 
on bacterial diversity, community composition and leaf 
traits of our two focus plant species. Therefore, we tested 
each pair of treatment groups against each other, with a 
significant contrast indicating a detectable treatment effect. 
Results were plotted using the R packages ggplot2 v3.3.2 
(Wickham 2016) and ggpubr v0.4.0 (Kassambara 2020).
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Table 1   Distances of bacterial Shannon diversity and Bray–Curtis distances of bacterial composition at genus and family level of pooled plant 
community leaf samples in two different successional stages

Plot age Treatment Shannon diversity Community composition 
Seasonal differences Genus  Family Genus Family 

old control 0.669 ± 0.255 0.592 ± 0.337 0.636 ± 0.065 0.527 ± 0.060 
old old 0.915 ± 0.081 0.773 ± 0.255 0.7435 ± 0.011 0.578 ± 0.086 
old young 0.314 ± 0.193 0.455 ± 0.177 0.533 ± 0.083 0.484 ± 0.010 
young control -0.204 ± 0.416 0.142 ± 0.365 0.586 ± 0.051 0.478 ± 0.062 
young old 1.344 ± 0.261 0.688 ± 0.123 0.839 ± 0.0367 0.578 ± 0.072 Legend 
young young 1.015 ± 0.462 0.799 ± 0.280 0.872 ± 0.050 0.749 ± 0.069 > 1 

Annual differences 1 < 0.5 
old control 0.425 ± 0.865 0.816 ± 0.691 0.992 ± 0.005 0.889 ± 0.066 0.5 < 0 
old old 0.068 ± 0.567 0.051 ± 0.531 0.943 ± 0.025 0.890 ± 0.047 0 < -0.5 
old young 0.227 ± 0.695 0.754 ± 0.599 0.946 ± 0.037 0.858 ± 0.068 
young control 0.544 ± 0.166 0.749 ± 0.207 0.889 ± 0.085 0.824 ± 0.086 
young old -0.335 ± 0.194 -0.479 ± 0.007 1.000 ± 0 0.801 ± 0.116 
young young 0.964 ± 0.322 0.740 ± 0.111 0.930 ± 0.070 0.872 ± 0.076 

Distances are indicating the alterations few weeks after treatment (seasonal differences) and one year after treatment (annual differences). For 
Shannon diversity red colours display positive changes (i.e., higher diversity after the treatment) and blue colours show negative changes after 
the treatment. For Bray–Curtis distances of community composition darker red colours indicate a larger change than light colours

Table 2   Distances of eight functional leaf traits measured in A. moschata and L. corniculatus within two different successional stages
Plot age Treatment Length Width Thickness Fresh mass Dry mass Area SLA Succulence 
Seasonal differences

A. moschata 

old control 0.052 ± 0.060 0.149 ± 0.057 0.127 ± 0.044 0.069 ± 0.054 0.077 ± 0.044 0.006 ± 0.037 0.078 ± 0.042 0.327 ± 0.051 

old old 0.167 ± 0.029 0.163 ± 0.011 0.045 ± 0.052 0.150 ± 0.010 0.145 ± 0.020 0.099 ± 0.009 0.079 ± 0.037 0.346 ± 0.051 

old young -0.106 ± 0.053 0.062 ± 0.062 -0.017 ± 0.047 -0.009 ± 0.035 -0.016 ± 0.038 -0.106 ± 0.045 0.124 ± 0.050 0.277 ± 0.058 

young control 0.024 ± NA -0.034 ± NA 0.272 ± NA 0.091 ± NA 0.090 ± NA 0.085 ± NA -0.024 ± NA 0.271 ± NA 

young old 0.172 ± 0.090 0.044 ± 0.114 0.026 ± 0.040 0.102 ± 0.071 0.080 ± 0.023 0.025 ± 0.035 0.026 ± 0.003 0.291 ± 0.103 

young young 0.075 ± 0.105 0.083 ± 0.132 0.168 ± 0.072 0.105 ± 0.161 0.084 ± 0.141 -0.004 ± 0.161 0.047 ± 0.027 0.209 ± 0.113 

L. corniculatus 

old control -0.010 ± 0.051 -0.117 ± 0.042 -0.170 ± 0.037 0.070 ± 0.025 0.083 ± 0.040 0.031 ± 0.030 -0.027 ± 0.046 0.096 ± 0.056 

old old -0.098 ± 0.054 -0.121 ± 0.042 -0.138 ± 0.084 0.053 ± 0.021 0.071 ± 0.012 0.015 ± 0.024 -0.051 ± 0.034 0.004 ± 0.044 

old young -0.212 ± 0.074 -0.174 ± 0.090 -0.116 ± 0.035 -0.039 ± 0.032 -0.026 ± 0.0312 -0.071 ± 0.056 0.040 ± 0.030 -0.006 ± 0.018 

young control 0.039 ± NA -0.029 ± NA -0.158 ± NA -0.040 ± NA 0.047± NA 0.0497 ± NA 0.026 ± NA -0.281 ± NA Legend 
young old -0.219 ± 0.009 -0.334 ± 0.076 0.003 ± 0.018 -0.168 ± 0.024 -0.192 ± 0.028 -0.188 ± 0.008 0.022 ± 0.041 0.158 ± 0.152 > 0.2 
young young -0.141 ± 0.054 -0.076 ± 0.122 0.114 ± 0.092 0.081 ± 0.079 0.159 ± 0.104 0.057 ± 0.081 -0.123 ± 0.041 -0.200 ± 0.104 0.2 < 0.1 

Annual differences 0.1 < 0 
A. moschata 0 < -0.1 

old control -0.076 ± 0.060 -0.087 ± 0.059 -0.061 ± 0.046 -0.113 ± 0.075 0.067 ± 0.046 -0.133 ± 0.072 0.169 ± 0.081 0.271 ± 0.069 -0.1 < -0.2 
old old 0.010 ± 0.116 -0.081 ± 0.119 -0.028 ± 0.093 -0.046 ± 0.096 0.098 ± 0.087 -0.094 ± 0.110 0.033 ± 0.022 0.273 ± 0.047 < -0.2 
old young -0.100 ± 0.040 -0.120 ± 0.071 0.125 ± 0.045 -0.030 ± 0.048 0.107 ± 0.052 -0.158 ± 0.052 0.012 ± 0.040 0.303 ± 0.038 

young control -0.011 ± NA 0.209 ± NA 0.055 ± NA 0.138 ± NA 0.237 ± NA 0.143 ± NA 0.207 ± NA 0.388 ± NA 

young old 0.035 ± 0.143 0.089 ± 0.147 -0.101 ± 0.008 0.090 ± 0.015 0.178 ± 0.078 0.1095 ± 0.040 0.241 ± 0.095 0.421 ± 0.095 

young young 0.002 ± 0.132 -0.010 ± 0.182 0.024 ± 0.051 -0.045 ± 0.240 0.015 ± 0.297 -0.075 ± 0.248 0.204 ± 0.099 0.325 ± 0.070 

L. corniculatus 

old control -0.005 ± 0.077 0.092 ± 0.082 -0.085 ± 0.049 0.174 ± 0.106 0.152 ± 0.045 0.212 ± 0.070 0.006 ± 0.042 -0.149 ± 0.113 

old old -0.020 ± 0.022 0.015 ± 0.068 0.089 ± 0.059 0.190 ± 0.064 0.228 ± 0.057 0.176 ± 0.060 -0.108 ± 0.042 -0.262 ± 0.057 

old young 0.026 ± 0.046 0.100 ± 0.032 0.104 ± 0.030 0.142 ± 0.074 0.268 ± 0.063 0.223 ± 0.017 -0.079 ± 0.029 -0.322 ± 0.079 

young control 0.073 ± NA 0.045 ± NA -0.126 ± NA 0.042 ± NA 0.075 ± NA 0.212 ± NA 0.181 ± NA -0.108 ± NA 

young old -0.138 ± 0.121 -0.206 ± 0.020 -0.054 ± 0.040 -0.037 ± 0.068 -0.011 ± 0.069 -0.026 ± 0.101 0.105 ± 0.030 -0.111 ± 0.060 

young young -0.111 ± 0.111 -0.128 ± 0.075 -0.201 ± 0.076 -0.069 ± 0.144 0.022 ± 0.105 0.095 ± 0.125 0.104 ± 0.005 -0.250 ± 0.144 

Distances are indicating changes in normalized trait values few weeks after treatment (seasonal differences) and one year after treatment (annual 
differences). Red colours display positive changes (i.e., larger trait values after the treatment) and blue colours show negative alterations after the 
treatment
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Results

Effects of successional stage and sampling 
timepoint on microbiome

Our results show variable richness of foliar bacterial 
taxa and community composition between successional 
stages. Prior to the treatment, we found a lower number 
of OTUs in young successional plots compared to old 

plots (Wilcoxon–Mann–Whitney test: n = 24, p = 0.032), 
whereas Shannon diversity did not differ between the two 
age groups (p = 0.92). Therefore, older succession plant 
communities were inhabited by a larger number of bacte-
rial taxa, which were not significantly more diverse than 
in young succession plants. Bacterial communities also 
showed distinct compositions between old and young 
successional stages at genus (PERMANOVA: n = 69, 
F1,65 = 5.05, p < 0.001; Fig. 1) and family level (PER-
MANOVA: n = 69, F1,65 = 4.76, p < 0.001; Supplementary 

Fig. 1   Similarity of bacterial genus composition in relation to plot 
age and sampling timepoint. Constrained analysis of principal coor-
dinates of bacterial genera composition (Bray–Curtis distances) of 
leaves sampled in replicated plots within two different successional 
stages, young (purple) and old (pink). Samples were taken at three 
different timepoints: before treatment (pre), few weeks after treat-
ment (post) and one year after treatment (post2), which are indicated 
by the shape of data points (circle, square and triangle, respectively). 
The position of points in the ordination is determined by bacterial 
genus composition and distance between the points is a measure for 

the dissimilarity in the community composition (i.e., the further two 
points are apart the more they differ). Arrows indicate parameters sig-
nificantly structuring bacterial community composition and point in 
the direction of the most rapid increase for the respective parameter, 
with the length of arrows being proportional to the strength of this 
relationship. Ellipses are indicating the 95% confidence region of the 
different factors. The different panels are showing the factors plot age 
and sampling timepoint together (a) as well as separated for plot age 
(b) and sampling timepoint (c)
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Information 3: SI Fig. S2). Similarly, we found diver-
gent community composition for each of the three sam-
pling timepoints at both genus (PERMANOVA: n = 69, 
F2,65 = 7.70, p < 0.001; Fig. 1) and family level (PER-
MANOVA: n = 69, F2,65 = 8.93, p < 0.001; Supplementary 
Information 3: SI Fig. S2), showing distinct clusters in 
the ordination analysis, which suggests a pronounced shift 
of taxa over time. Samples collected before and after the 
treatment in the same year were sequenced in a separate 
run than the post-treatment samples of the second year and 
meaningful statistical analyses including all three time-
points on OTU level are, therefore, not possible.

Treatment effects on microbiome

The treatment solution containing bacteria sampled from 
young succession plants was less diverse than the old suc-
cession treatment with 59 OTUs in 2 genera (Pantoea, Pseu-
domonas) and 168 OTUs in four genera (Bacillus, Pseu-
domonas, Rhodococcus, Variovorax), respectively. Random 
forest results based on phyllosphere bacteria samples one 

month after the treatment revealed the following ten most 
relevant genera changing in abundance between the differ-
ent treatment types (Fig. 2): Pseudomonas, Acidiphilium, 
Sphingomonas, Beijerinckia, Variovorax, Hymenobacter 
Xylophilus, Methylobacterium, Massilia, Arthrobacter. To 
investigate the treatment effects on bacterial alpha diversity, 
we tested whether differences between the Shannon diversity 
in samples taken before and after the treatments for each 
plot varied as a function of the treatment. Control samples 
showed slight variations in diversity between the two meas-
urements, suggesting natural fluctuations over time. Shannon 
diversity of genus level bacteria increased after inoculation 
with microbes from old successional plots, in contrast to 
control plots (WMW: n = 14, p = 0.038; Fig. 3a), whereas 
there was no significant contrast between young treatment 
and control (n = 15, p = 0.19; Fig. 3a). The change in Shan-
non diversity after the application of old succession bacteria 
was more apparent in young plots than in old plots (Table 1, 
Supplementary Information 3: SI Fig. S3). There was no 
apparent variation of Shannon diversity on genus level 
between different treatments one year after the treatment 

Fig. 2   Composition of the ten most abundant bacteria genera on plant 
leaves sampled in two distinct successional stages (old and young), at 
two sampling timepoints (pre and post), in relation to different micro-

bial treatments (control, old, young). The relative abundance repre-
sents the mean distribution of normalized 16S rDNA gene sequence 
counts for each genus
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(Fig. 3b). Alpha diversity of family level bacteria showed no 
significant alterations in response to the treatment in neither 
of the two post-treatment samples. 

For assessing the effects of treatment on bacterial com-
munity composition, we tested whether Bray–Curtis dis-
tances between pairs of samples taken before and after the 
inoculation differed from each other regarding the treatment. 
Bray–Curtis distances between pre- and post-treatment 
samples of bacterial community composition increased 
significantly after old treatment compared to the control 
samples (n = 14, p < 0.01; Fig. 3c) but did not significantly 

vary between young treatment and control (n = 15, p < 0.40; 
Fig. 3c). Hence, the treatment with bacteria isolated from 
old communities resulted in stronger alterations in the com-
munity composition than the treatment with bacteria isolated 
from young plots and control. Resident bacterial communi-
ties on old plots seemed to be more resilient against the 
experimental introduction of additional bacteria than the 
young plots, i.e., communities before and after the treat-
ment on young plots tended to have larger distances com-
pared to communities on old successional plots (Table 1, 
Supplementary Information 3: SI Fig. S4). There was again 

Fig. 3   Changes of bacterial genus alpha diversity and community 
composition in relation to microbial treatments. a, b Boxplots show-
ing the change in Shannon diversity of genus level bacterial commu-
nities in the phyllosphere in response to treatments with bacteria from 
old and young successions within the same season (a) and one year 
after treatment (b). c, d: Changes in community composition (Bray–
Curtis distances) of foliar bacterial communities at genus level due 
to microbial treatment within the same season (c) and one year after 

treatment (d). The x-axis is showing the different treatments (control, 
young, old) and the y-axis is indicating the change for each sample 
before and after treatment. The upper and lower box margins mark 
the 75th and the 25th percentiles, respectively, with the line in the 
centre showing the median. The whiskers are indicating the minimum 
and maximum except for outliers. Values above the boxplots display p 
values of Wilcoxon–Mann–Whitney tests between each pair of treat-
ment groups
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no significant variation in community composition between 
treatments one year later (Fig. 3d).

Functional leaf traits

Our study showed alterations of leaf traits after the manipu-
lation of microbial communities on both focus plant spe-
cies. For A. moschata, we found that three functional leaf 
traits in old and young successional plots responded differ-
ently to the treatment. We found significant alterations in 
three traits between the plants treated with the two bacterial 
treatments, but not between the treatments and the control 
plants: leaf length (WMW: n = 13, p = 0.022; Fig. 4a), leaf 
dry mass (n = 13, p = 0.035; Fig. 4c), and leaf area (n = 13, 
p < 0.035, Fig. 4e). After the inoculation with old succession 
bacteria, length, dry mass, and area of the measured leaves 
were higher than before the treatment. In contrast, values of 
all three traits decreased after the inoculation with bacteria 
from young succession communities. For L. corniculatus we 
found a significant decrease in leaf length after young treat-
ment (n = 12, p = 0.030, Fig. 5a) and a decreasing trend after 
old treatment (n = 11, p = 0.052) compared to the control. 
For both plant species the effect of treatment was not detect-
able any longer one year later (Figs. 4b, d, f, 5b). Control 
plants of both plant species showed variations in leaf traits 
between two measurement timepoints, suggesting natural 
fluctuations over time independent of the treatment. 

Discussion

Our study documents differences in the composition of foliar 
bacterial communities between plant communities of young 
and old successional stages as well as shifts throughout a 
season and between years. Additionally, our data show that 
cultured bacteria transferred between plant communities of 
two different successional stages can alter diversity and com-
position of the microbiome on plant community level as well 
as species-specific functional plant traits. Furthermore, our 
results also demonstrate a strong resilience of plant-asso-
ciated bacterial communities and of plants in response to 
bacterial invaders.

Community composition of bacteria in the phyllosphere 
was differing between the three intra- and inter-annual sam-
ple events, which is congruent with findings of previous 
studies showing seasonally dynamic epiphytic microbial 
communities (Redford and Fierer 2009; Copeland et al. 
2015; Vacher et al. 2016). Within microbial communities, 
there are constant shifts in relative abundance of taxa and 
this temporal variability likely results from the high expo-
sure of the leaf surface to frequent environmental changes, 
where microbial epiphytes are influenced by UV radiation, 
water, nutrients and plant metabolism (Vorholt 2012). In 

addition to environmental conditions at the leaf surface, 
changing physiology throughout plant development has a 
large influence on foliar microbes, leading to fluctuations in 
bacteria community composition within a plant’s life cycle 
(Stone et al. 2018; Koskella 2020).

We found that community composition of bacteria was 
shaped by plant communities of different ages along the suc-
cession, which in turn differed in their species composition. 
Plant species identity is widely considered the predominant 
factor influencing the composition of foliar bacteria, as plant 
genetic traits mediate production of secondary metabolites 
and topology of the leaves (Junker and Keller 2015; Boa-
chon et al. 2019; Gaube et al. 2020). This is specifically the 
case for the so-called core plant microbiome, which con-
sists of microorganisms that are selected by a certain plant 
species or genotype, largely independent of environmental 
conditions (Kumar et al. 2017; Compant et al. 2019). Apart 
from the core microbiome there is a considerable propor-
tion of non-host-specific but rather site-specific microbial 
taxa, depending on the environment (Knief et al. 2010; Mas-
soni et al. 2020). Microbes can be transmitted horizontally 
through the environment or vertically, passed from parent 
to offspring, resulting in coadaptation with their plant host 
leading to a more distinct microbiome within a plant popula-
tion (Mitter et al. 2017; Hassani et al. 2019). Leaf and root 
microbiome of plants are showing a large overlap, suggest-
ing leaf inoculation from soil (Wagner et al. 2016; Massoni 
et al. 2021) and this may particularly apply to low-statue 
alpine plants with aboveground tissues close to the soil. 
Microbial communities of newly deglaciated unvegetated 
soils are structured by substrate age and follow predictable 
composition patterns with increasing biomass and functional 
diversity along the advancing plant succession where they 
are directly impacted through litter inputs and root exudates 
of different species (Knelman et al. 2012; Yuan et al. 2017). 
Therefore, aboveground plant diversity can predict diver-
sity of soil microbial communities in alpine environments 
which in turn may affect the assembly of microbiota in 
aboveground plant tissues through active recruitment of the 
host plant (Schulz-Bohm et al. 2018). Additionally, species 
richness in shoots was found to increase with plant species 
richness, suggesting additional dispersal from neighbouring 
vegetation (Navrátilová et al. 2019). The contrast between 
microbes associated with plant communities in different suc-
cessional stages may, therefore, be the result of a combina-
tion of differing local host species composition per se as well 
as a variation in non-host specific taxa affected by the loca-
tion and facilitated by vertical and horizontal transmission.

The plant phyllosphere is a highly competitive and chal-
lenging habitat for microbes to colonize and the survival of 
newly arriving microbes is determined by the abiotic envi-
ronment, the resident microbial composition, and the plant 
host itself (Koskella 2020). Our experiment illustrates that 
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Fig. 4   Changes in leaf traits of A. moschata in relation to microbi-
ome manipulation. Alterations of leaf length (a, b), leaf dry mass (c, 
d), and leaf area (e, f) in response to bacterial treatments. The x-axis 
shows the different treatments (control, young, old), while the y-axis 
indicates changes in normalized trait values within the same season 
(a, c, e) and one year after treatment (b, d, f). Values above zero show 
positive alterations between two measurements and values below zero 

display negative changes. The upper and lower box margins mark the 
75th and the 25th percentiles, respectively, with the line in the centre 
showing the median. The whiskers are indicating the minimum and 
maximum except for outliers. Values above the boxplots show p val-
ues of Wilcoxon–Mann–Whitney tests between each pair of treatment 
groups
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the transfer of culturable foliar microbial communities from 
wild plant communities of two different successional stages 
can alter the plant microbiome on community level. Due to 
natural variations, there was a large difference in bacterial 
composition within individual plots before the treatment. 
We accounted for this difference by quantifying the change 
of the bacterial community within each plot separately 
before and after the treatment. We were only able to culture 
a small part of the highly diverse phyllosphere bacteria for 
our treatment solutions, which poses a general limitation 
for approaches trying to transfer entire naturally occurring 
microbial communities. An alternative approach of trans-
ferring a simple leaf slurry proved successful in a study by 
Zahn and Amend (2017) but was not suited for our research 
questions due to the additional input of organic material. 
Nevertheless, the treatment solutions differed in their bacte-
rial community composition between old and young plant 
communities. The treatment effect was more pronounced 
after inoculations with the more diverse old succession bac-
teria especially when applied to young successional plots. 
This may be facilitated by the lower number of bacterial 
taxa within young plant communities that are thus more sus-
ceptible to invasions. Even at seemingly saturated levels of 
primary colonizers on leaves, some secondary colonizers 
arriving in an established community may still be able to 
reproduce and exert effects on the plant (Remus‐Emsermann 
et al. 2013). Species-rich communities are considered to be 
more resistant to invasion due to their larger repertoire of 

competitive abilities for resources compared to communities 
with lower diversity (van Elsas et al. 2012; Vila et al. 2019). 
Plant-associated microbes may produce chemical com-
pounds that directly suppress the growth of other microbes 
and thereby reducing the success of newly arriving micro-
biota (Bonanomi et al. 2014; Hassani et al. 2018).

Plant-associated microbial diversity has not just implica-
tions for possible invaders but is also important for plant 
growth and health in general. Phyllosphere-colonizing bac-
teria produce a range of compounds that directly affect plant 
metabolism or modulate phytohormones, which are essential 
for healthy plant growth and can contribute to substantial 
phenotypic modifications (Lau and Lennon 2011; Vanden-
koornhuyse et al. 2015; Hubbard et al. 2019). We found that 
leaf length, leaf area and leaf mass were affected differently 
by the microbiome manipulation treatments. The affected 
traits also differed between the two observed plant species. 
Although traits of A. moschata after the treatment did not 
differ significantly compared to the control plants, there is 
still an apparent effect as the changes in traits after the young 
and the old succession treatments go in opposite directions, 
showing an increase or decrease in leaf size, respectively. 
The species-specific results are possibly due to contrast-
ing resident microbial composition of the host plant as well 
as distinct topological and chemical conditions of the leaf 
surface. There are several examples of single bacterial taxa 
tested to have positive effects on plant traits with promis-
ing implications for biotechnological use in agriculture and 

Fig. 5   Alterations in leaf length of L. corniculatus in response to 
bacterial treatments. The x-axis shows the different treatments (con-
trol, young, old), while the y-axis indicates changes in normalized 
trait values within the same season (a) and one year after treatment 
(b). Values above zero show positive alterations in traits between two 
measurements and values below zero display negative changes. The 

upper and lower box margins mark the 75th and the 25th percentiles, 
respectively, with the line in the centre showing the median. The 
whiskers are indicating the minimum and maximum except for out-
liers. Values above the boxplots show p values of Wilcoxon–Mann–
Whitney tests between each pair of treatment groups
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potential applications for nature-based solutions (Abhilash 
et al. 2016; Finkel et al. 2017). However, plants in natural 
systems interact with far more complex microbial commu-
nities and studies investigating effects of whole microbe 
communities on plant traits remain sparse and are mostly 
restricted to soil microbiota.

The lack of being able to detect a long-lasting effect on 
both bacterial composition and leaf traits in the following 
growing season demonstrates the resilience of bacterial 
communities associated with plants as well as of plants in 
response to bacterial invasions. Coinciding with theoretical 
and experimental predictions (van Elsas et al. 2012; Vila 
et al. 2019) more diverse bacterial communities were more 
resilient than bacterial communities with low OTU numbers. 
The microbiomes’ and the plants’ resilience were likely sup-
ported by the fluctuating and unstable ephemeral environ-
ment of the phyllosphere in which annual plants complete 
their life cycle within a single growth season and perennial 
deciduous plants form and shed leaves every year. These fac-
tors clearly contributed to the lack of a signal of experimen-
tal bacterial additions in the second year of our investigation.

Our study demonstrates that inoculation experiments in 
the field with naturally occurring foliar microbial communi-
ties of wild plants can be used to investigate the resilience of 
bacterial communities as well as microbial effects on plant 
functional traits. In addition to laboratory-based studies in 
controlled environments, manipulative field experiments 
with complex natural communities are needed to disentan-
gle the microbial effects in covariation with the environment. 
Bacterial communities associated with plants can exhibit 
distinct responses to host genotype and spatio-temporal vari-
ation and our study illustrates the importance of replicating 
microbiome experiments across space and time to reveal 
these relationships. A better understanding of the complex 
interactions between microbial communities, environment 
and plant traits is necessary for future investigations in 
microbial ecology and agricultural science.
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