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ABSTRACT

The leaf-colonizing bacterial microbiota was studied in a long-term warming experiment on a permanent grassland, which
had been continuously exposed to increased surface temperature (+2◦C) for more than six years. Two abundant plant
species, Arrhenatherum elatius and Galium album, were studied. Surface warming reduced stomata opening and changed leaf
metabolite profiles. Leaf surface colonization and the concentration of leaf-associated bacterial cells were not affected.
However, bacterial 16S ribosomal RNA (rRNA) gene amplicon Illumina sequencing showed significant temperature effects
on the plant species-specific phyllosphere microbiota. Warming partially affected the concentrations of cultured bacteria
and had a significant effect on the composition of most abundant cultured plant species-specific bacteria. The abundance
of Sphingomonas was significantly reduced. Sphingomonas isolates from warmed plots represented different phylotypes, had
different physiological traits and were better adapted to higher temperatures. Among Methylobacterium isolates, a novel
phylotype with a specific mxaF type was cultured from plants of warmed plots while the most abundant phylotype cultured
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from control plots was strongly reduced. This study clearly showed a correlation of long-term surface warming with
changes in the plant physiology and the development of a physiologically and genetically adapted phyllosphere microbiota.
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INTRODUCTION

Bacteria are the most abundant colonizers of the aerial parts
of plants, the phyllosphere, with a population density of up to
106–107 bacterial cells/cm2 leaf surface area (Lindow and Brandl
2003; Vorholt 2012). The phyllosphere is often an oligotrophic
habitat, which is limited in carbon and nitrogen (Bringel and
Couée 2015) and is typically inhabited by complex bacterial com-
munities that are adapted to these conditions. The main carbon
compounds present in the phyllosphere are passively leaked by
plants as photoassimilates like sucrose, fructose, glucose, amino
acids and organic acids (Trouvelot et al. 2014). Several volatile
organic compounds are released by plants via stomata. Thus,
the phyllosphere is an ecological niche in which bacteria are
affected by annual and diurnal cycles and generally exposed
to extreme variations of the environmental conditions (Vorholt
2012; Bringel and Couée 2015). Complex microbe–microbe and
microbe–plant interactions drive the community compositions
of phyllosphere microbes besides the plant-specific substrate
availability and climatic conditions leading to a very specific
ecological niche. Two abundant functionally different phyllo-
sphere inhabitants are Methylobacterium spp. and Sphingomonas
spp., both members of the Alphaproteobacteria. Members of the
genus Methylobacterium are the most abundant pink-pigmented
facultative methylotrophic bacteria (PPFMs) ubiquitously found
in high abundances and diversity in the phyllosphere of several
studied plant species (e.g. Delmotte et al. 2009; Wellner, Lodders
and Kämpfer 2011; Knief et al. 2012; Bodenhausen, Horton and
Bergelson 2013; Glenn, Bassett and Dowd 2015; Jo et al. 2015).
They use methanol as main carbon source, which is released by
plants as a side product of the cell wall synthesis (Delmotte et al.
2009). Plants benefit from PPFMs by their production of phyto-
hormone and vitamin B12, which stimulate plant growth, health
and yield (Vorholt 2012). Members of the genus Sphingomonas
were determined as abundant phyllosphere inhabitants in sev-
eral phyllosphere studies (e.g. Delmotte et al. 2009; Leveau and
Tech 2011; Yashiro and McManus 2012; Bodenhausen, Horton
and Bergelson 2013; Glenn, Bassett and Dowd 2015; Jo et al. 2015).
The high abundance of sugar transporters of Sphingomonas in
phyllosphere metaproteome studies indicated that carbon sug-
ars released by plants are the main nutrients for these bacteria
(Delmotte et al. 2009). Further studies on isolated phyllosphere
Sphingomonas showed a high antagonistic activity against plant
pathogenic bacteria (Innerebner, Knief and Vorholt 2011).

Phyllosphere-associated microbial communities are well
adapted to specific plant species but can be strongly affected by
changing environmental conditions that can either directly or
indirectly (by affecting the plant host) induce changes of abun-
dance, activity and community structure of the phyllosphere
microbiota (Rastogi et al. 2012; Ren et al. 2014, 2015; Rico et al.
2014). The concentration of released methanol and the avail-
ability and composition of released carbon sugars (photoassim-
ilates) are important plant growth-dependent factors that can
indirectly influence the phyllosphere microbiota if plant growth
is affected by changing environmental conditions.

Predicted from the Intergovernmental Panel on Climate
Change (IPCC 2013), the global mean surface temperature will
increase by 2–3◦C within the next decades. The increased

temperature itself and expected effects of plant growth (changes
in nutrient availability for bacteria) can affect bacterial growth in
the phyllosphere. In a long-term perspective, these changes may
lead to shifts in the population of phyllosphere-inhabiting bac-
teria and the occurrence of better adapted bacteria to changed
environmental conditions. Considering the ‘ecotype concept’
of Cohan (2002), those changing environmental conditions will
drive bacterial evolution starting with the selection of adapted
bacterial ecotypes and can subsequently lead to the develop-
ment of novel bacterial species.

To study adaptation mechanisms of global climate change,
long-term experiments are required. However, not many long-
term field experiments analyzing the effect of surface warm-
ing on the phyllosphere microbiota exist (Ren et al. 2015; Aydo-
gan et al. 2018). A first cultivation-independent study of the
long-term warming experiment described here, showed that
surface warming by +2◦C influenced the diversity and commu-
nity composition of the leaf microbiota of Galium album, after
the grassland was exposed to elevated surface temperature for
more than six years (Aydogan et al. 2018). However, the temper-
ature effect on the phyllosphere microbiota in correlation with
changes in plant physiology was not considered so far. Thus,
we hypothesized that global climate change leads to a physio-
logical and, in long-term perspective, evolutionary adaptation
of the phyllosphere microbiota. We compared populations of
phyllosphere-inhabiting bacterial taxa present at leaves of two
plant species, the forb G. album and the grass Arrhenatherum
elatius, grown in permanent grassland plots under control con-
ditions and under elevated surface temperature (+2◦C) after
six years. Cultivation-independent and cultivation-dependent
approaches, combined with the monitoring of changes in the
plant physiology (stomata opening, primary leaf metabolites),
focused on heterotrophic and methylotrophic bacteria repre-
senting two types of abundant nutritional specialist in the
phyllosphere.

MATERIALS AND METHODS

Field site description

The experiment was performed on the permanent grassland
of the Environmental Monitoring and Climate Change Impact
Research Station Linden in Germany located at 50◦31.6′N and
8◦41.7′E at an elevation of 172 m above sea level. The site had not
been ploughed for at least 100 years. During the past decades, it
had been managed as a meadow with two cuts per year and fer-
tilized with 50–80 kg N ha−1 year−1. Since 1995, the amount of
fertilizer has been reduced to 40 kg N ha−1 year−1. The mean
annual temperature and precipitation were 9.4◦C and 575 mm
(observation period: 1996–2005), respectively. The soil is a stag-
nofluvic gleysol on loamy-sandy sediments over clay (FAO clas-
sification). The vegetation is characterized as an Arrhenatheretum
elatioris Br.Bl. Filipendula ulmaria subcommunity and consists of
12 grass species, 2 legumes and 15 non-leguminous herbs (Rod-
well et al. 1992). Arrhenatherum elatius (monocot, grass) and G.
album (dicot, herb) were among the most abundant plant species
present in that grassland vegetation type.
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Experimental setup

The surface warming experiment at a 100 m2 site on temper-
ate grassland was divided into 16 equally sized plots, four rows
of four plots. Each plot was treated by an infrared (IR) lamp
except for the control (Figure S1a, Supporting Information). An
area of 318 cm2 in the center of each plot, directly underneath
the IR lamp, was used for all measurements between 2008 and
2014. The plots were randomly assigned to four different treat-
ments. Four independent plots (one per row) were studied per
treatment. Treatment plots were distributed according to a Latin
square (each treatment occurred once in each row and each col-
umn; Figure S1b, Supporting Information). The treatment with a
mean 2◦C increase in surface temperature above ambient tem-
perature at 5 cm above the soil surface (T1 to T4 plots) was
compared to control plots of ambient temperature (C1 to C4
plots). The surface temperature on the plots was elevated using
ceramic IR heaters ESE of 230 V and 250 W with reflector and E27
ceramic lamp holder (Friedr. Freek GmbH, Menden, Germany).
The lamps were connected to three metal bars to provide resis-
tance against wind damage. A metal plate above the lamps func-
tioned as a rain protector. Different temperatures were realized
by playing the IR heaters at different heights above the ground;
e.g. to increase the surface temperature by 2◦C (T plots), the
IR heaters were placed at 80 cm above the ground. There was
no IR heater but only a ‘rain protector’ plate above the control
treatment (C plots) to ensure comparability to the other treat-
ments. Heating commenced on 24 January 2008. Sampling was
carried out after the six-year long-term experiment. Thus, the
study reveals the changes after this period but cannot reveal the
change during that time.

Phyllosphere sampling

Leaves of A. elatius (A) and G. album (G) were sampled on 12
May 2014 between 9 and 12 am. Samples were collected sepa-
rately for both plant species from the four C and T plots, respec-
tively. The average air temperature during sampling was 11.2◦C,
the precipitation rate 0.1 mm d−1, the global radiation 510.9 W
m−2 and the wind speed 6.5 km h−1. Two days before sam-
pling (10 May 2014/11 May 2014), the air temperature reached
11/11.1◦C; the precipitation rate was 0.2 mm d−1, the global radi-
ation 91.2/208.4 W m−2 and the wind speed 2.4/5.1 km h−1 on
average (Figure S2, Supporting Information). For A. elatius, the
middle 4 cm of the first and second leaves were cut out by sterile
scissors and pestle [always flamed with 70% (v/v) ethanol] (sam-
ples A-C1 to 4; A-T1 to 4). For G. album, the third wreath of leaves
was collected using a sterile pestle (samples G-C1 to 4; G-T1 to
4). Leaves of three plants per species and plot were collected for
total surface attached cell and microbiological analysis in two
120-mL sterile Whirl-Pak bags (Carl Roth GmbH, Karlsruhe, Ger-
many). One bag was stored immediately at -80◦C (for molecular
analysis) and one stored at 4◦C (cultivation, cell counting). Both
were stored darkened and transported after sampling 5 km to
the laboratory and either stored at -80◦C or processed immedi-
ately after arriving in the laboratory (4◦C samples).

Scanning electron microscopy (SEM) analysis

Leaf surface structure and bacterial colonization patterns were
investigated by SEM. Four 0.5-cm-long pieces of A. elatius leaves
and four leaves of the third wreath of leaves of G. album were
collected for analysis. The samples were immediately fixed in
0.05 M cacodylate buffer pH 7.2, containing 1.5% formaldehyde

and 1.5% glutaraldehyde at the field and subsequently trans-
ferred into fresh fixative and kept at 4◦C under moderate vac-
uum overnight. After washing in buffer, samples were post-fixed
in 1% osmium tetroxide, washed in buffer and dehydrated in
an increasing ethanol series. Finally, they were critical point
dried or chemically dried using hexamethyldisilazane (HMDS),
mounted on SEM holders and gold sputtered.

Using the field emission SEM DSM982 (Carl Zeiss AG,
Oberkochen, Germany), the number of stomata per leaf was
counted from 10 electron microscopy pictures (1024 × 1024 pix-
els recorded at 300-fold working magnification). The size of the
stomata openings (length of stomata opening) was measured
from the same pictures by measuring the size of three stom-
ata per picture. First, mean values and standard deviation for
each sample (one per plot) were calculated from the 10 pic-
tures and then mean values and standard deviations (by error
propagation) were calculated over the four plots per treatment.
Significant differences were tested with student’s t-test using
SigmaPlot (Applied Maths, Sint-Martens-Latem, Belgium).

Nuclear magnetic resonance (NMR) analysis of leaf
metabolites

Leaf metabolites were extracted from frozen leaf material
ground by using a mortar and pestle in liquid nitrogen. A modi-
fied version of the method published by Kim, Choi and Verpoorte
(2010) was used. Per plot and plant species, 20 mg ground leaf
material was placed in a 1.5-mL microtube and 1 mL of a mixture
of 500 μL of CD3OD and 500 μL of KH2PO4 buffer pH 6 in D2O con-
taining 0.29 mM TMSP-d4 (trimethyl silyl propionic acid sodium
salt-d4, w/v, Sigma-Aldrich, St. Louis, MO, USA) was added. The
mixture was mixed at room temperature for 1 min, and soni-
cated for 5 min (Branson 5510E-MT, Branson Ultrasonics, Dan-
bury, CT, USA). After centrifugation at 17 000 × g at room tem-
perature for 5 min, 300 μL of the supernatant was transferred
to a 3-mm NMR glass tube and used for NMR analysis. This was
performed with deuterated methanol and water, both purchased
from Sigma-Aldrich . 1H NMR spectra were recorded at 25◦C
on a 850 MHz Bruker AV-850 spectrometer (Bruker, Karlsruhe,
Germany) operating at a proton NMR frequency of 850.13 MHz
for 1H frequency. CD3OD was used as the internal lock. The 1H
NMR spectra were automatically reduced to ASCII files. Spectral
intensities were scaled to total or internal standards (TMSP sig-
nals at δ 0.0) and reduced to integrated regions of equal width (δ
0.04) corresponding to the region of δ 0.0–10.0. The regions of δ

4.7–4.9 and δ 3.28–3.34 were excluded from the analysis because
of the residual signal of D2O and CD3OD, respectively. Bucketing
was performed by AMIX software (ver. 3.0 Bruker) with scaling on
total intensity. Orthogonal projections to latent structures dis-
criminant analysis (OPLS-DA) with Pareto scaling method was
performed with the SIMCA-P+ software (v. 14.1, Umetrics, Umeå,
Sweden).

Concentrations of leaf-associated bacterial cells

The concentration of leaf-attached bacterial cells (g leaf FW)−1

was determined by SybrGreen I (SG-I) staining using the method
of Lunau et al. (2005). Bacterial cells were detached from leaves
by (i) shaking (counting of epiphytic bacteria) and (ii) mechan-
ical treatment of leaves (counting of epi- and endophytic bac-
teria) in specific buffer solutions. For method (i), 1 to 2 g A.
elatius leaves and 4 to 6 g G. album leaves were shaken for 10
min in sterile 50-mL falcon tubes in 30 mL autoclaved phos-
phate buffered saline (PBS; 130 mM NaCl, 7 mM Na2HPO4, 3 mM
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NaH3PO4 per 1 liter pure water; pH 7) using a vertical shaker
(level 8/Edmund Bühler, Tübingen, Germany). The detachment
was repeated with further 30 mL PBS buffer. Detachment buffers
were combined before further analysis. For method (ii), 0.5 g leaf
material was mechanically treated in 120-mL sterile Whirl-Pak
bags using 10 mL autoclaved potassium phosphate buffer (PPB;
6.75 g KH2PO4, 8.75 g K2HPO4 per 1 liter pure water) for 120 s
at normal speed in a Stomacher 80 (Biomaster, Seward Labo-
ratory Systems Inc., USA). Detached cells were fixed with 2%
(v/v) glutaraldehyde (AppliChem, Darmstadt, Germany) and col-
lected on black polycarbonate filters (0.2 μm pore size, Millipore,
Eschborn, Germany) (filtered volume 0.7 mL) and stained with
a SG-I (Sigma-Aldrich) Mowiol staining solution (Lunau et al.
2005). Stained bacterial cells on filters were visualized by epi-
fluorescence microscopy at 1000× magnification using a Leica
DFC 3000 G microscope (Leica, Wetzlar, Germany), a Leica DFC
3000 G (Leica) camera system and the LAS X software. The soft-
ware was used for cell counting and cell size measurements.
SG-I stained cells were counted from 10 digital images per sam-
ple. Mean values of the four plots were calculated from mean
values of the 10 picture counts. The per sample standard devi-
ations were considered by error propagation. Statistically sig-
nificant differences were tested with one-way analysis of vari-
ance (ANOVA) by using the Student–Newman–Keuls (SNK) test
in SigmaPlot (Applied Maths).

DNA extraction and 16S ribosomal RNA (rRNA) gene
amplicon Illumina MiSeq sequencing

Bacterial community analysis by 16S rRNA gene amplicon Illu-
mina sequencing was described in detail for G. album samples
by Aydogan et al. (2018). DNA extraction of whole frozen leaves
of A. elatius and sequence data analyses were done accordingly.
But, the amplification of bacterial 16S rRNA gene sequences of
A. elatius samples was only possible by the application of spe-
cific chloroplast and mitochondria blocking primers designed by
Arenz et al. (2015), which were used in combination with the
primer system 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R
(5′-GACTACHVGGGTATCTAAKCC-3′). Thereby, the concentration
of chloroplast 16S rRNA gene sequences was reduced to a rela-
tive abundance of 38.0 to 61.3% in the individual samples.

Concentration of culturable heterotrophic and
methylotrophic growing bacteria

The concentration of bacteria culturable under heterotrophic
(‘heterotrophs’) and methylotrophic (‘methylotrophs’) growth
conditions was determined from mechanically treated leaves
[method (ii), see above]. Subsamples of the buffer solutions con-
taining detached epiphytic and partially released endophytic
bacterial cells (0.5 mL) were serially diluted in autoclaved 0.2%
(w/v) sodium chloride (NaCl) solution, and 100 μL of each dilu-
tion was plated in triplicates on respective growth media. Dilu-
tions 100 to 10−4 were plated on half-concentrated R2A ( 1

2 R2A)
agar to culture heterotrophically growing bacteria. The medium
contained 1.5 g L−1 R2A broth (Lab M, Lancashire, UK) and
14 g agar (Roth) dissolved in pure water. Dilutions 100 to 10−3

were plated on Methylobacterium medium M125 (DSMZ, Braun-
schweig, Germany) to culture methylotrophically growing bac-
teria. The medium was prepared with 5 mL 0.22-μm filter-
sterilized methanol as sole carbon source and 14 g three times
washed agar per 1 L medium. The medium was prepared in

pure water and adjusted to pH 6.8. Both media were supple-
mented with 200 mg L−1 0.2-μm filter-sterilized cycloheximide
(AppliChem) after autoclaving to avoid growth of fungi. Bac-
terial growth was monitored after 10 days ( 1

2 R2A) or 21 days
(M125) of aerobic incubation at 25◦C in the dark. The concentra-
tion of colony forming units (CFUs) per g leaf fresh weight (FW)
was determined by counting colonies on agar plates containing
between 25 and 100 colonies. Mean value and standard devia-
tion were determined for each plot based on triplicate plating
on respective media; mean values and standard deviation over
the four plots, as well as tests of significant differences, were
determined as described above. Most abundant and morpholog-
ical different colonies were selected for phylogenetic identifica-
tion. Respective bacteria were isolated by singulation streaking
and stored as 20% (v/v) glycerin stocks at −80◦C.

Phylogenetic identification of most abundant cultured
bacteria

Cultured phyllosphere-inhabiting bacteria were identified by
partial 16S rRNA gene sequencing according to Aydogan et al.
(2016). Analyses included a first phylogenetic identification
of the isolates using EzBioCloud (Yoon, Ha and Kwon 2017)
and detailed phylogenetic analysis including next related type
strains using ARB (Ludwig et al. 2004) and the ‘All-Species Living
Tree’ project (LTP) database (Yarza et al. 2008) version LTPs128
(released February 2017). Isolates were assigned to phylotypes,
which were defined by the formation of monophyletic clusters
in the phylogenetic trees with pairwise 16S rRNA gene sequence
similarities of at least 98.65–100% among the isolates present
in a respective cluster. Occurrence patterns of phylotypes were
used for statistical comparison in PAST3 version 3.11 (Hammer,
Harper and Ryan 2001). Presence/absence of phylotypes in indi-
vidual samples was used for canonical correspondence analy-
sis (CCA) including the environmental factors—temperature and
plant species.

Genotypic differentiation of Sphingomonas and
Methylobacterium isolates

Detailed genotypic differentiation of Methylobacterium and Sph-
ingomonas isolates was performed by genomic fingerprinting
with two random amplified polymorphic DNA (RAPD)- poly-
merase chain reactions (PCRs) using primers A and B (for
both, see Ziemke, Brettar and Höfle 1997) and BOX-PCR using
primer BOX1AR (Versalovic et al. 1994). Analyses were performed
according to Glaeser et al. (2013). Genomic fingerprint patterns
generated by agarose gel electrophoresis were compared in Gel-
Compar II version 4.5 (Applied Maths). A similarity matrix com-
paring the individual fingerprint patterns was calculated with
the Pearson product–moment correlation (Pearson correlation).
Cluster analysis was performed with the unweighted pair group
method with arithmetic mean (UPGMA) with 1% position toler-
ance and 0.5% optimization. Isolates were assigned to one geno-
type if they shared identical genomic DNA fingerprint patterns.

16S–23S rRNA gene internal transcribed spacer (ITS-1)
sequence analysis of Sphingomonas isolates

For a more detailed genotypic differentiation of Sphingomonas
isolates, the 16S rRNA gene–23S rRNA gene internal transcribed
spacer (ITS-1) sequence was analyzed. The ITS-1 sequence
was amplified using the 16S rRNA gene-targeting forward
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primer E786F (5′-GATTAGATACCCTGGTAG-3′) and the 23S rRNA
gene-targeting reverse primer 23Sr (5′-GGGTTBCCCCATTCRG-3′)
(Fisher and Triplett 1999). PCR was performed according to the
amplification of the 16S rRNA gene fragments except the use
of an annealing temperature of 54◦C. Sanger sequencing was
performed with primer 23Sr and in addition with primer 907F
(5′-AAACTCAAAGGAATTGACGG-3′; Muyzer, De Waal and Uitter-
linden 1993) if the whole ITS-1 could not be covered by the
first reaction. Sequences were manually corrected and analyzed
in MEGA5. A ribosomal rRNA operon (locus tag: Swit R0027-
Swit R0031) of the genome sequence of Sphingomonas wittichii
RW1T (NC 009511) was used to determine the 3′ end of the 16S
rRNA gene, the 5′ start of the 23S rRNA gene and the location of
transfer RNA (tRNA) gene sequences within the ITS-1 sequence.
Sequences were aligned in MEGA5 using ClustalW. Based on
the sequence differences, 16S–23S ITS-1 sequence types were
defined. ITS-1 sequences were divided into three fragments: the
sequence from the 3′ end of the 16S rRNA gene to the isoleucine
tRNA (tRNA-ILE) coding gene (ITS-1.1), the sequence between
genes coding for tRNA-ILE and for the alanine tRNA (tRNA-ALA)
(ITS-1.2) and the sequence after the tRNA-ALA coding gene to
the 5′ start of the 23S rRNA gene (ITS-1.3). Each ITS-1 region
and the tRNA coding sequences were considered separately and
finally in combination to define ITS-1 based Sphingomonas geno-
types (ITS-1 types).

MxaF nucleotide and amino acid sequence analysis of
Methylobacterium isolates

For the differentiation of Methylobacterium isolates, partial
sequences of the alpha subunit of the methanol dehydroge-
nase gene (mxaF) were analyzed. MxaF fragments were ampli-
fied with primers 1003f (5′-GCGGCACCAACTGGGGCTGGT-3′) and
1561r (5′-GGGCAGCATGAAGGGCTCCC-3′) (McDonald, Kenna and
Murrell 1995) in a total volume of 25 μL as described by Wellner
et al. (2013) except the addition of 0.2 mg mL−1 bovine serum
albumin (BSA) to avoid the PCR inhibition by the application
of cell lysates as DNA template. PCR conditions were as fol-
lows: an initial denaturation of 95◦C for 3 min, 30 cycles of
95◦C for 30 s, 55◦C for 30 s, 72◦C for 60 s and a final elon-
gation step of 72◦C for 5 min. Sanger sequencing was per-
formed with primer 1003f. Sequence corrections and analysis
were performed in MEGA5 v5.05 (Tamura et al. 2011) based on
the chromatograms and considering the correct open reading
frame (ORF) by translating the nucleotide sequence into amino
acid sequences. The correct ORF was determined using the full-
length mxaF gene sequence (locus tag: MPOP RS22895) derived
from the genome sequence of Methylobacterium populi BJ001T

(NC 010725.1) as reference. Partial mxaF nucleotide sequences
were aligned according to the respective amino acid sequence-
based alignment generated with ClustalW (Thompson, Higgins
and Gibson 1994). Phylogenetic trees based on nucleotide and
respective amino acid sequences were calculated using the
neighbor-joining method and the Jukes–Cantor model (Jukes and
Cantor 1969) for nucleotide sequences and the Jones-Taylor-
Thornton (JTT) model (Jones, Taylor and Thornton 1992) for
amino acid sequences. The analysis was based on 100 replica-
tions (bootstrap analysis) and 432 nucleotide and 141 amino acid
sequence positions, respectively. Nucleotide sequences between
gene sequence positions 844 and 1341 of the mxaF gene of
M. populi BJ001T were considered for allele and amino acid
sequence type assignment. Each nucleotide difference or amino
acid exchange was used to define a new allele (mxaF type) or

new amino acid (MxaF type) sequence type separately and in
combination of both to differentiate the Methylobacterium iso-
lates based on mxaF/MxaF based genotype (mxaF type). The typ-
ing was confirmed by the clustering in respective phylogenetic
trees to define isolate specific mxaF genotypes.

Physiological characterization of Sphingomonas isolates

Physiological properties of Sphingomonas isolates (n = 30) were
studied using a 96-well panel test according to Kämpfer, Steiof
and Dott (1991). Substrate utilization patterns, enzyme activities
and acidic production were determined. For inoculation, fresh
biomass of each isolate was suspended in 0.2% (w/v) autoclaved
NaCl adjusted to a McFarland density of 0.5 and 50 μL of the
suspension was added per well. After incubation at 25◦C for 7
days, the tests were analyzed visually and photometrically using
an Infinite F200PRP microplate reader and the i-control software
version 2.0.10.0 (Tecan, Crailsheim, Germany). First, plate was
shaken for 20 s, and then absorbance was measured by 405 nm
wavelength, bandwidth of 10 nm and four flashes. Results
(positive: 1; negative: 0) were used for CCA analysis in PAST3
considering temperature and plant species as environmental
factors.

Growth tests of Sphingomonas isolates at different
temperatures

Temperature-dependent growth rates were compared for Sph-
ingomonas isolates (n = 30). One loop of fresh biomass (4 days)
was used to inoculate 1 mL 1

2 R2A broth in 24-well plate (Greiner
Bio-One, Kremsmünster, Austria). After overnight incubation at
25◦C and 100 rpm shaking in dark, the optical density (OD)
was measured using an Infinite F200PRP microplate reader and
the i-control software version 2.0.10.0. First, plate was shaken
for 20 s, and then absorbance was measured by 595 nm wave-
length, bandwidth of 10 nm, four flashes, five filled circles (3 × 3)
reads per well and 1500 μm from border. The mean values of
five measurements were used for calculation and adjustment
to 0.05 OD with 1

2 R2A broth for each isolate in triplicates in
96-well microtiter plate. Kinetic measurement for each tem-
perature (25, 32 and 37◦C) was carried out in the microplate
reader for 288 cycles with 10-min interval; absorbance was
measured as described above. At first, growth constant (μ)
and doubling time (td) were calculated for each replicate
using formula μ = (ln Xt−ln X0)/(t−t0), td = ln 2/μ = 0.693/μ.
Mean values of doubling time were used for CCA analysis in
PAST3.

Sequence submissions

Nucleotide sequences generated within the project were deposit
into the primary database of the International Nucleotide
Sequence Database Collaboration (INSDC) under following Gen-
Bank/EMBL/DDBJ accession numbers: MN596037 to MN596160
for 16S rRNA gene sequences of identified isolates, MN610861 to
MN610897 for mxaF sequences of Methylobacterium isolates and
MN614059 to MN614088 for ITS-1 sequences of Sphingomonas iso-
lates. Amplicon datasets of A. elatius samples were stored within
the BioProject PRJNA578545 as BioSamples SAMN13065289 to
SAMN13065296.
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RESULTS

Surface warming correlated with increased stomata
opening

Leaves of G. album and A. elatius grown in control (C) and ele-
vated temperature (T) plots differed with respect to the struc-
ture of epidermal cells and stomata abundance and size. The
leaf surface of A. elatius showed the formation of epicuticu-
lar wax crystals and contained trichomes on both leaf sides
(Fig. 1A). Epicuticular wax crystals were not detected at the leaf
surface of G. album and trichomes were only detected on the leaf
edges, but not on the leaf surface (Fig. 1B). Epidermal cells of
A. elatius were elongated, which is typical for monocots com-
pared to short brick-shaped epidermal cells of G. album typical
for dicots (Fig. 1A and B). Arrhenatherum elatius had significantly
more stomata on the adaxial than the abaxial leaf side (Table
S1, Supporting Information). The concentration of stomata at G.
album leaves was, in contrast, significantly higher on the abax-
ial side (Figure S3, Supporting Information). Surface warming
had no visible effect on the surface structure and the amount
of stomata, neither on the abaxial nor on the adaxial leaf side
of both plant species. However, increased surface temperature
led to a significantly larger stomata opening on the abaxial leaf
side of A. elatius; no respective effects were obtained for G. album
(Table S2, Supporting Information).

Surface warming changed the leaf metabolomes

Different metabolite profiles were obtained for both plant
species by comparative NMR score plots for leaves derived from
C and T plots (Figure S4, Supporting Information). Galium album
leaves obtained from T plots showed in comparison to leaves of
C plots higher concentrations of malic acid and ethanol but a
lower concentration of homoserine. Arrhenatherum elatius leaves
derived from T plots had higher sucrose and hydroxyproline
concentrations, but lower glucose concentrations. The variabil-
ity of the metabolite profiles obtained for leaf samples from C
plots was higher compared to that of leaves derived from T plots.

Surface warming had no effects on the colonization
patterns and total abundance of phyllosphere bacteria

SEM analyses revealed that leaves of both plant species were col-
onized on the adaxial and abaxial leaf sides with bacterial and
yeast cells of different size and shape. Difference among the
species but no visible differences between C and T plots were
detected (Fig. 1). Single cells and cell aggregates were mainly
attached around trichomes at A. elatius leaves (Fig. 1C). For both
plant species, bacterial cells were mainly localized next to stom-
ata and in the cracks between epidermal leaf cells (Fig. 1C–F).
Single attached and dense locally restricted surface-attached
microcolonies or aggregates were obtained at the leaf surface
of both plant species (Fig. 1G and H). Microcolonies and larger
aggregates on the leaf surface of A. elatius were often formed
by cells of one morphological type, mainly small rod-shaped
cells (∼1.1 μm in length, Fig. 1G). No visible interconnecting
structures (Fig. 1G) were detected in between these aggregates.
Cell aggregates determined on the surface of G. album leaves
were larger and contained bacterial and yeast cells of differ-
ent cell shapes and sizes embedded in a dense extracellular
matrix (Fig. 1H). Aggregates contained also plant pollen, which
were sticking in the extra polymeric matrix surrounding bacte-
rial cells (Fig. 1H).

The concentration of leaf-associated bacteria (stained by SG-
I; Figure S5, Supporting Information) was in the range of 106

cells (g leaf FW)−1 for A. elatius and 105 cells (g leaf FW)−1 for G.
album if surface-detached cells (epiphytic bacteria) were counted
(Fig. 2A), and in the range of 107 cells (g leaf FW)−1 for both
plant species if cells were counted after the mechanical treat-
ment of leaves (detection of epi- and endophytic bacteria; Fig. 2B;
Table S3, Supporting Information). Differences in the concentra-
tion of surface-detached cells were significant among the plant
species, but warming had no significant effect. Stained bacte-
rial cells from leaves of A. elatius were smaller in size com-
pared to those obtained from G. album leaves. Most of the bac-
terial cells obtained from A. elatius were coccoid to coccoid-rod-
shaped with a mean cell size of 0.9 (±0.7) × 0.6 (±0.3) μm. In con-
trast, most of the bacterial cells obtained from G. album leaves
were rod-shaped with a mean cell size of 1.9 (±0.4) × 0.8 (±0.2)
μm.

Surface warming affected the phylogenetic
composition of the bacterial phyllosphere microbiota of
both plant species

Bacterial 16S rRNA gene amplicon Illumina sequencing showed
for both plant species significant effects of warming on the phy-
logenetic composition of the bacterial leaf microbiota (Fig. 3;
Table 1). Non-metric multidimensional scaling (NMDS) based
on Bray–Curtis distances of the bacterial community patterns
resolved at the level of phylogenetic groups was used for com-
parative analysis. For both plant species, significant differences
were obtained in the phylogenetic composition of the bacterial
leaf microbiota present on plants derived from C and T plots (P
< 0.05; Fig. 3). The bacterial community compositions of the leaf
microbiota of the two different plant species were distinct but
quite similar for plants derived from C plots and showed even a
slight overlap for plants derived from T plots. Biplots represent-
ing environmental variables indicated that temperature as envi-
ronmental variable correlated positively with significant differ-
ences between bacterial community composition and the effect
of temperature was even stronger than the effect of plant species
(Fig. 3).

Based on SIMPER analyses, differences of the phyllosphere
microbiota composition could be associated with the temper-
ature regime (Table 1). The three most contributing phyloge-
netic groups were Sphingomonas and Hymenobacter that occurred
with a significant lower relative abundance in the phyllosphere
microbiota of T plots, and Pseudomonas that occurred with a sig-
nificant higher relative abundance in respective bacterial com-
munities. Due to the high variability among the four studied
plot replicates, differences were not significant for Pseudomonas
(Table 1).

Furthermore, abundant phylogenetic groups (relative abun-
dance > 1%), which contribute to community differences (C vs
T plots), for A. elatius were: Propionibacterium, Zymomonas, Methy-
lobacterium, Aureimonas, Pelobacter, uncultured Galellales and Aci-
dobacteria subgroup 6 (occurred with a significantly lower rela-
tive abundance in T-plots), while Nocardiodes, uncultured Acti-
nobacteria of the Gaiellales order, uncultured Chloroflexi (KD4–96
group) and uncultured Spartobacteria (DA101 soil group) occurred
with a significantly higher relative abundance in T plots. More-
over, several other phylogenetic groups of minor relative abun-
dance occurred with a significantly higher relative abundance
in T plots such as several Actinobacteria. Abundant phyloge-
netic groups on G. album were: Erwinia and Enterobacter, which
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Aydogan et al. 7

Figure 1. Colonization of the leaf surface of A. elatius (A, C, E, G) and G. album (B, D, F, H) investigated by SEM. (A, B) Overview of the leaf surface with stomata (sto),
leaf hairs (lh), pollen (p) and bacteria (arrows). (C) A zoom out of (A) ; (D) a zoom out of (B) . Bacteria colonizing next to leaf hair (C) and stomata (C, D) and in the cracks

between the plant leaf epidermal cells (C, D) . (E) A zoom out of (C) ; (F) a zoom out of (D) . Single bacteria at the entrance of the stomata (E) or next to the stomata (E,
F) . (H) A zoom out of (F) . Microcolonies formed by a single morphological cell type (G) and bacterial aggregates with different cell shapes, sizes and pollen (H) .

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/96/8/fiaa087/5835220 by Leiden U
niversity / LU

M
C

 user on 02 June 2021



8 FEMS Microbiology Ecology, 2020, Vol. 96, No. 8

Figure 2. Concentration of total detached bacterial cells by (A) shaking (counting of epiphytic bacteria) and (B) mechanical treatment of leaves (counting of epi- and
endophytic bacteria), given as cells per g leaf. Figures show differences between control plots and plots with elevated air temperature (+2◦C). Mean values refer to
mean values over the four plots based on 10 different cell counts for each plot. The respective standard deviation was considered by error propagation. Significance
was measured with one-way ANOVA in SigmaPlot. Different letters (a, b) indicate statistical significance difference.

Figure 3. Impact of surface warming on the phylogenetic composition of the bacterial phyllosphere microbiota of both plant species. NMDS based on Bray–Curtis
similarity matrix of the bacterial community patterns resolved at the level of phylogenetic groups illustrated for A. elatius (A) and G. album (G) leaves from plots with
ambient temperature (C1 to 4) and +2◦C surface temperature elevated plots (T1 to 4). Temperature and plant species were used as environmental variables represented

as biplots. Rank differences of the leaf microbiota from both plant species were analyzed at the level of bacterial taxa. Box plots were calculated with the interpolated
quartile method without the determination of outliers. Significant differences were determined by one-way analysis of similarities (ANOSIM). Asterisks represent
statistical significance: p < 0.05. Analyses were performed in PAST3 version 3.11 (Hammer et al. 2001).
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Aydogan et al. 9

Table 1. Relative abundance patterns and indication of responder groups of bacterial genera present on A. elatius (A) and G. album (G) leaves
grown in control (C) and warmed (T) plots. Analysis was performed at the level of phylogenetic groups (genus level). Phylogenetic groups were
sorted by their contribution to the differentiation between the leaf microbiota present in plants derived from C and T plots (SIMPER analyses
using PAST3). Size of the contribution is demonstrated by a colored scale. Data are shown for phylogenetic groups with ≥0.2% contribution to the
total relative abundance. Individual relative abundance pattern and mean values with standard deviation among the four biological replicates
per treatment are depicted. Bold values (t-test, P ≤ 0.05) indicate significant differences among the relative abundance of phylogenetic groups
in the phyllosphere microbiota of plants derived from C and T plots.
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Acidobacteria;Subgroup 6 0.5 0.0 0.0 1.7 1.8 1.4 1.8 1.6 0.5 0.8 1.6 0.2 0.7 0.0166 A-T 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.1 0.1 0.0 0.0727

Actinobacteria;Acidimicrobiia;Acidimicrobiales;Acidimicrobiaceae;uncultured 0.0 0.0 0.8 0.0 0.2 0.5 1.1 0.4 0.2 0.4 0.6 0.4 0.3 0.1221 0.0 0.0 0.0 0.0 0.7 0.0 0.0 1.0 0.0 0.0 0.4 0.5 0.3 0.0658
Actinobacteria;Acidimicrobiia;Acidimicrobiales;uncultured 0.5 0.0 0.8 0.0 0.8 1.0 1.6 0.5 0.3 0.4 1.0 0.4 0.4 0.0360 A-T 0.0 0.0 0.0 0.0 0.7 0.0 0.1 1.4 0.0 0.0 0.5 0.7 0.3 0.0764

Actinobacteria;Actinobacteria;Actinomycetales;Actinomycetaceae;Actinomyces 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.5 0.0 0.0 0.2 0.1780 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Actinobacteria;Actinobacteria;Corynebacteriales;Mycobacteriaceae;Mycobacterium 1.1 0.2 1.6 0.0 1.0 1.5 1.5 0.6 0.7 0.8 1.2 0.5 0.4 0.1742 0.0 0.0 0.0 0.0 0.6 0.1 0.1 1.7 0.0 0.0 0.6 0.8 0.4 0.0936

Actinobacteria;Actinobacteria;Corynebacteriales;Nocardiaceae;Rhodococcus 0.0 0.1 1.6 0.0 0.2 1.7 0.4 0.1 0.4 0.8 0.6 0.7 0.4 0.3933 0.0 0.0 0.0 0.0 0.6 0.1 0.1 0.3 0.0 0.0 0.3 0.2 0.2 0.0272 G-T
Actinobacteria;Actinobacteria;Corynebacteriales;Nocardiaceae;Smaragdicoccus 0.0 0.0 0.0 0.8 0.0 2.1 0.1 0.2 0.2 0.4 0.6 1.0 0.4 0.2532 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0286 G-T

Actinobacteria;Actinobacteria;Corynebacteriales;Nocardiaceae;Williamsia 0.0 0.0 0.8 0.8 0.5 0.3 0.1 0.1 0.4 0.5 0.3 0.2 0.2 0.2739 0.0 0.2 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.3753
Actinobacteria;Actinobacteria;Kineosporiales;Kineosporiaceae;Kineococcus 0.0 0.1 2.4 0.0 1.1 0.1 0.0 0.3 0.6 1.2 0.4 0.5 0.5 0.3679 0.0 0.3 0.1 0.0 3.5 0.0 0.0 0.1 0.1 0.2 0.9 1.7 0.6 0.1942

Actinobacteria;Actinobacteria;Micrococcales;Brevibacteriaceae;Brevibacterium 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1780 0.0 0.0 0.0 0.0 1.3 0.0 0.1 0.7 0.0 0.0 0.5 0.6 0.3 0.0672
Actinobacteria;Actinobacteria;Micrococcales;Microbacteriaceae;Agreia 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0944 0.7 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.3 0.3 0.0 0.0 0.2 0.0560

Actinobacteria;Actinobacteria;Micrococcales;Microbacteriaceae;Frigoribacterium 0.0 0.1 1.6 0.0 0.1 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.3 0.1840 0.1 0.0 0.0 0.0 0.4 0.1 0.1 0.1 0.0 0.1 0.2 0.2 0.1 0.0724
Actinobacteria;Actinobacteria;Micrococcales;Microbacteriaceae;Microbacterium 7.4 0.3 2.4 2.5 2.4 3.3 4.0 1.8 3.1 3.0 2.9 1.0 1.3 0.4389 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0707

Actinobacteria;Actinobacteria;Micrococcales;Micrococcaceae;Arthrobacter 0.0 0.0 0.0 0.0 0.2 0.1 0.4 0.2 0.0 0.0 0.2 0.1 0.1 0.0086 A-T 0.0 0.0 0.0 0.0 0.3 0.0 0.1 1.1 0.0 0.0 0.4 0.5 0.2 0.1005
Actinobacteria;Actinobacteria;Micromonosporales;Micromonosporaceae;Actinoplanes 0.0 0.0 0.0 0.0 0.1 0.3 0.6 0.3 0.0 0.0 0.3 0.2 0.2 0.0129 A-T 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.1 0.1 0.0 0.0904
Actinobacteria;Actinobacteria;Propionibacteriales;Nocardioidaceae;Aeromicrobium 0.0 0.1 0.0 0.0 0.7 4.2 0.1 0.4 0.0 0.0 1.4 1.9 0.7 0.1046 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.2 0.0 0.0 0.1 0.1 0.1 0.0388 G-T
Actinobacteria;Actinobacteria;Propionibacteriales;Nocardioidaceae;Marmoricola 1.1 0.1 0.0 0.0 0.2 1.8 0.2 0.0 0.3 0.5 0.5 0.8 0.3 0.3223 0.0 0.0 0.0 0.0 0.2 0.1 0.0 0.2 0.0 0.0 0.1 0.1 0.1 0.0167 G-T
Actinobacteria;Actinobacteria;Propionibacteriales;Nocardioidaceae;Nocardioides 0.5 0.1 0.8 0.8 3.1 8.0 2.8 1.3 0.6 0.4 3.8 2.9 1.7 0.0351 A-T 0.1 0.0 0.0 0.0 1.4 0.1 0.2 2.7 0.0 0.0 1.1 1.2 0.7 0.0625

Actinobacteria;Actinobacteria;Propionibacteriales;Propionibacteriaceae;Friedmanniella 2.6 0.2 0.0 0.0 0.7 0.3 0.1 0.6 0.7 1.3 0.4 0.3 0.5 0.3406 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2985
Actinobacteria;Actinobacteria;Propionibacteriales;Propionibacteriaceae;Microlunatus 0.0 0.0 0.0 4.1 2.0 3.0 5.6 3.4 1.0 2.1 3.5 1.5 1.8 0.0522 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.3 0.0 0.0 0.2 0.2 0.1 0.0546

Actinobacteria;Actinobacteria;Propionibacteriales;Propionibacteriaceae;Propionibacterium 2.1 0.2 6.4 7.4 0.4 0.1 0.3 0.2 4.0 3.5 0.2 0.1 2.3 0.0355 A-C 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1000
Actinobacteria;Actinobacteria;Propionibacteriales;Propionibacteriaceae;uncultured 0.0 0.0 0.0 0.0 0.1 0.6 0.2 0.3 0.0 0.0 0.3 0.2 0.2 0.0273 A-T 0.0 0.0 0.0 0.0 0.1 0.3 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0938

Actinobacteria;Actinobacteria;Pseudonocardiales;Pseudonocardiaceae;Pseudonocardia 0.0 0.0 0.0 0.0 0.3 0.5 0.5 0.2 0.0 0.0 0.4 0.2 0.2 0.0015 A-T 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.6 0.0 0.0 0.2 0.3 0.1 0.0830
Actinobacteria;Actinobacteria;Streptomycetales;Streptomycetaceae;Streptomyces 0.0 0.0 0.0 0.0 0.2 0.9 0.7 0.0 0.0 0.0 0.5 0.4 0.2 0.0284 A-T 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.2 0.2 0.1 0.0590

Actinobacteria;MB-A2-108 0.0 0.0 0.0 0.0 0.8 0.5 0.8 0.4 0.0 0.0 0.6 0.2 0.4 0.0005 A-T 0.0 0.0 0.0 0.0 1.5 0.0 0.0 1.5 0.0 0.0 0.8 0.8 0.5 0.0643
Actinobacteria;Thermoleophilia;Gaiellales;Gaiellaceae;Gaiella 0.0 0.0 0.0 0.0 0.5 0.8 0.9 0.5 0.0 0.0 0.7 0.2 0.4 0.0003 A-T 0.0 0.0 0.0 0.0 1.4 0.0 0.1 2.1 0.0 0.0 0.9 1.0 0.5 0.0660

Actinobacteria;Thermoleophilia;Gaiellales;uncultured 0.0 0.0 0.8 0.8 1.5 1.4 2.8 1.3 0.4 0.5 1.8 0.7 0.8 0.0105 A-T 0.0 0.0 0.0 0.0 2.6 0.0 0.1 4.3 0.0 0.0 1.8 2.1 1.1 0.0714
Actinobacteria;Thermoleophilia;Solirubrobacterales;0319-6M6 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0134 A-T 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.6 0.0 0.0 0.4 0.5 0.2 0.0741

Actinobacteria;Thermoleophilia;Solirubrobacterales;480-2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.1 0.0 2.4 0.0 0.0 0.9 1.1 0.5 0.0777
Actinobacteria;Thermoleophilia;Solirubrobacterales;Elev-16S-1332 0.0 0.0 1.6 1.7 1.4 1.6 2.3 0.9 0.8 0.9 1.6 0.6 0.6 0.1110 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.0 0.0 0.1 0.1 0.1 0.0514

Actinobacteria;Thermoleophilia;Solirubrobacterales;Solirubrobacteraceae;Solirubrobacter 0.0 0.0 0.0 0.0 0.5 0.4 0.2 0.2 0.0 0.0 0.3 0.1 0.2 0.0018 A-T 0.0 0.0 0.0 0.0 0.4 0.0 0.1 0.4 0.0 0.0 0.2 0.2 0.1 0.0404 G-T
Bacteroidetes;Cytophagia;Cytophagales;Cytophagaceae;Hymenobacter 4.2 13.8 8.0 0.8 1.7 1.6 0.1 0.3 6.7 5.6 0.9 0.8 3.7 0.0428 A-C 25.1 2.3 31.2 9.1 3.9 0.3 1.2 0.3 16.9 13.5 1.4 1.7 9.6 0.0314 G-C

Bacteroidetes;Cytophagia;Cytophagales;Cytophagaceae;uncultured 0.0 0.0 0.8 0.0 0.2 0.1 0.2 0.2 0.2 0.4 0.1 0.0 0.2 0.3754 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.1 0.1 0.0 0.0912
Bacteroidetes;Flavobacteriia;Flavobacteriales;Flavobacteriaceae;Chryseobacterium 0.5 0.1 0.0 0.0 0.1 0.9 0.1 0.0 0.2 0.3 0.3 0.4 0.2 0.3332 0.2 1.2 0.0 0.0 0.2 0.2 0.2 0.7 0.4 0.6 0.3 0.3 0.2 0.4544
Bacteroidetes;Flavobacteriia;Flavobacteriales;Flavobacteriaceae;Flavobacterium 0.0 0.1 0.0 0.0 0.4 4.8 0.0 0.2 0.0 0.0 1.3 2.3 0.7 0.1456 0.2 0.0 0.0 0.0 0.4 0.0 0.1 0.3 0.1 0.1 0.2 0.2 0.1 0.1503

Bacteroidetes;Sphingobacteriia;Sphingobacteriales;Chitinophagaceae;Hydrobacter 0.0 0.0 2.4 0.8 0.1 0.0 0.1 0.0 0.8 1.1 0.0 0.0 0.5 0.1105 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bacteroidetes;Sphingobacteriia;Sphingobacteriales;Chitinophagaceae;Sediminibacterium 0.0 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.6 1.2 0.0 0.0 0.4 0.1803 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1913

Bacteroidetes;Sphingobacteriia;Sphingobacteriales;Chitinophagaceae;uncultured 0.0 0.0 0.0 0.0 0.3 0.3 0.2 0.0 0.0 0.0 0.2 0.1 0.1 0.0103 A-T 0.0 0.0 0.0 0.0 0.1 0.1 0.0 1.0 0.0 0.0 0.3 0.4 0.2 0.1177
Bacteroidetes;Sphingobacteriia;Sphingobacteriales;Sphingobacteriaceae;Pedobacter 0.0 0.2 0.8 0.0 0.3 1.6 0.1 0.0 0.3 0.4 0.5 0.7 0.3 0.2716 10.4 2.9 1.2 0.3 0.7 0.7 0.2 0.9 3.7 4.6 0.6 0.3 2.0 0.1123
Chlamydiae;Chlamydiae;Chlamydiales;Simkaniaceae;Candidatus Rhabdochlamydia 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.2 0.1732 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1780

Chloroflexi;Chloroflexia;Chloroflexales;Roseiflexaceae;Roseiflexus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1780 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.9 0.0 0.0 0.3 0.4 0.2 0.1321
Chloroflexi;KD4-96 0.5 0.0 0.8 0.0 0.7 0.9 1.5 1.1 0.3 0.4 1.1 0.3 0.5 0.0134 A-T 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.4602

Deinococcus-Thermus;Deinococci;Deinococcales;Deinococcaceae;Deinococcus 0.0 0.0 0.0 0.8 0.2 0.0 0.1 0.1 0.2 0.4 0.1 0.1 0.2 0.2840 0.0 0.0 0.0 0.0 0.1 0.5 0.1 0.0 0.0 0.0 0.2 0.2 0.1 0.1159
Firmicutes;Bacilli;Bacillales;Bacillaceae;Bacillus 0.0 0.0 0.0 0.0 0.5 0.6 1.3 0.3 0.0 0.0 0.7 0.4 0.4 0.0093 A-T 0.0 0.0 0.0 0.0 0.8 0.1 0.2 1.5 0.0 0.0 0.6 0.6 0.4 0.0494 G-T

Firmicutes;Bacilli;Bacillales;Staphylococcaceae;Staphylococcus 0.5 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.3 0.4 0.0 0.0 0.2 0.0676 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0463 G-T
Firmicutes;Bacilli;Lactobacillales;Lactobacillaceae;Lactobacillus 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.2 0.1780 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Firmicutes;Bacilli;Lactobacillales;Streptococcaceae;Streptococcus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.9 0.7 0.1 0.4 0.0 0.3 0.1 0.5 0.4 0.2 0.2 0.2 0.1242
Firmicutes;Clostridia;Clostridiales;Clostridiaceae 1;Clostridium sensu stricto 7 0.0 0.0 0.8 1.7 0.0 0.0 0.0 0.0 0.6 0.8 0.0 0.0 0.4 0.0828 0.0 0.1 0.0 0.0 0.1 1.8 0.4 0.1 0.0 0.0 0.6 0.8 0.3 0.1030

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Lachnospiraceae NC2004 group 0.0 0.0 1.6 0.0 0.0 0.0 0.1 0.0 0.4 0.8 0.0 0.0 0.2 0.1852 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Roseburia 0.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.6 1.2 0.0 0.0 0.4 0.1821 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Nitrospirae;Nitrospira;Nitrospirales;0319-6A21 0.0 0.0 0.0 0.0 0.4 0.2 0.1 0.3 0.0 0.0 0.2 0.1 0.2 0.0068 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1277
Planctomycetes;Phycisphaerae;Tepidisphaerales;Tepidisphaeraceae 0.0 0.0 0.0 0.0 0.2 0.4 0.3 0.3 0.0 0.0 0.3 0.1 0.2 0.0000 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Singulisphaera 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.3 0.0 0.0 0.2 0.1 0.2 0.0006 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;uncultured 0.0 0.0 0.0 0.0 0.2 0.5 1.1 0.6 0.0 0.0 0.6 0.4 0.4 0.0071 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Brevundimonas 0.0 0.3 0.0 0.0 0.1 0.2 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.3224 2.3 1.9 0.5 0.5 0.1 0.1 0.0 0.3 1.3 1.0 0.1 0.1 0.7 0.0257 G-C
Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Caulobacter 0.0 0.1 0.0 1.7 0.1 0.1 0.1 0.0 0.4 0.8 0.1 0.0 0.3 0.1996 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3012
Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;uncultured 0.0 0.0 2.4 0.8 0.3 0.1 0.1 0.0 0.8 1.1 0.1 0.1 0.5 0.1413 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0790
Proteobacteria;Alphaproteobacteria;Rhizobiales;Aurantimonadaceae;Aureimonas 1.1 2.0 0.8 2.5 0.0 0.0 0.0 0.0 1.6 0.8 0.0 0.0 0.9 0.0037 A-C 4.9 5.7 5.5 1.4 0.1 0.1 0.0 0.1 4.4 2.0 0.1 0.0 2.6 0.0025 G-C
Proteobacteria;Alphaproteobacteria;Rhizobiales;Aurantimonadaceae;uncultured 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.3 0.0 0.0 0.0 0.1 0.0 0.1 0.3 0.5 0.1 0.0 0.2 0.1450

Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Bradyrhizobium 0.5 0.1 1.6 0.0 0.1 0.5 0.8 0.2 0.5 0.7 0.4 0.3 0.3 0.3705 0.0 0.0 0.0 0.0 0.5 0.0 0.0 1.0 0.0 0.0 0.4 0.4 0.2 0.0746
Proteobacteria;Alphaproteobacteria;Rhizobiales;Brucellaceae;Ochrobactrum 0.0 0.0 0.0 0.0 0.9 0.0 0.1 0.3 0.0 0.0 0.3 0.4 0.2 0.0802 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2103

Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 2.1 1.3 2.4 2.5 0.5 0.2 0.2 0.1 2.1 0.5 0.2 0.2 1.1 0.0003 A-T 2.3 0.8 0.2 0.2 0.5 0.3 0.1 0.1 0.9 1.0 0.3 0.2 0.4 0.1437
Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae;Microvirga 0.0 0.0 0.0 0.0 0.3 0.2 0.3 0.2 0.0 0.0 0.3 0.1 0.2 0.0000 A-T 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.3 0.0 0.0 0.1 0.1 0.1 0.0805

Proteobacteria;Alphaproteobacteria;Rhizobiales;Phyllobacteriaceae;Mesorhizobium 0.0 0.0 0.8 0.0 0.2 0.2 0.3 0.1 0.2 0.4 0.2 0.1 0.2 0.4695 0.2 0.1 0.4 0.1 6.9 0.1 1.2 0.2 0.2 0.1 2.1 3.2 1.2 0.1396
Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium 2.1 0.3 0.8 0.0 0.2 0.7 0.6 0.1 0.8 0.9 0.4 0.3 0.4 0.2205 1.1 2.1 1.3 5.4 0.3 0.1 0.1 0.4 2.5 2.0 0.2 0.2 1.4 0.0319 G-C
Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhodobiaceae;uncultured 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.9 0.0 0.0 0.4 0.4 0.2 0.0737
Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhodobiaceae;uncultured 0.0 0.0 0.0 1.7 0.6 0.5 1.9 0.5 0.4 0.8 0.9 0.7 0.5 0.2046 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Proteobacteria;Alphaproteobacteria;Rhizobiales;Xanthobacteraceae;uncultured 0.5 0.0 0.0 0.0 0.9 0.9 1.0 0.6 0.1 0.3 0.9 0.2 0.4 0.0017 A-T 0.0 0.0 0.0 0.0 0.8 0.0 0.0 1.5 0.0 0.0 0.6 0.7 0.4 0.0720
Proteobacteria;Alphaproteobacteria;Rhizobiales;Xanthobacteraceae;Variibacter 0.0 0.0 0.0 0.0 0.2 0.4 0.4 0.2 0.0 0.0 0.3 0.1 0.2 0.0021 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.1 0.1 0.0 0.1195
Proteobacteria;Alphaproteobacteria;Rhodospirillales;Acetobacteraceae;Asaia 2.1 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.7 1.0 0.0 0.0 0.4 0.0970 0.0 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.1367

Proteobacteria;Alphaproteobacteria;Rhodospirillales;Acetobacteraceae;Roseomonas 1.6 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.4 0.8 0.0 0.0 0.2 0.2005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2406
Proteobacteria;Alphaproteobacteria;Rhodospirillales;Rhodospirillales Incertae Sedis;Candidatus Alysiosphaera 0.0 0.0 0.0 0.0 0.3 0.1 0.3 0.3 0.0 0.0 0.3 0.1 0.2 0.0009 A-T 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.8 0.0 0.0 0.3 0.4 0.2 0.0887

Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Novosphingobium 0.0 0.1 0.0 0.0 0.2 1.1 0.1 0.2 0.0 0.1 0.4 0.5 0.2 0.0891 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.2346
Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingomonas 14.7 66.8 24.0 36.4 5.3 3.4 1.3 1.3 35.5 22.7 2.8 1.9 20.0 0.0143 A-C 43.7 56.4 35.4 61.5 16.9 2.4 1.3 3.6 49.2 11.9 6.0 7.3 26.4 0.0004 G-C
Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Zymomonas 3.2 0.9 1.6 3.3 0.0 0.3 0.0 0.0 2.2 1.2 0.1 0.1 1.3 0.0055 A-C 0.0 0.0 0.1 1.6 0.0 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.3 0.1667

Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Aquabacterium 1.1 0.1 1.6 0.8 0.2 0.3 0.1 0.0 0.9 0.6 0.2 0.1 0.5 0.0344 A-C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1031
Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Limnohabitans 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.2 1.2 0.0 0.2 0.0 0.2 0.0 0.5 0.5 0.1 0.1 0.3 0.0992

Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Pelomonas 1.6 0.1 1.6 2.5 0.2 0.1 0.0 0.0 1.4 1.0 0.1 0.1 0.8 0.0189 A-C 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.5 0.0 0.0 0.2 0.3 0.1 0.1246
Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;uncultured 0.0 0.1 0.0 0.0 0.2 0.3 0.2 0.1 0.0 0.0 0.2 0.1 0.1 0.0060 A-T 0.4 9.5 12.5 1.7 0.1 0.3 0.0 0.4 6.0 5.9 0.2 0.2 3.6 0.0476 G-C
Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Xylophilus 0.5 0.6 0.8 0.8 0.1 0.1 0.0 0.0 0.7 0.1 0.0 0.0 0.4 0.0001 A-C 0.0 0.2 0.0 0.0 0.4 0.0 0.0 0.2 0.1 0.1 0.2 0.2 0.1 0.2170
Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Duganella 0.0 0.3 0.0 0.0 0.2 1.4 0.0 0.0 0.1 0.2 0.4 0.7 0.2 0.2063 0.0 0.7 0.0 0.1 0.1 0.0 0.0 1.1 0.2 0.3 0.3 0.5 0.2 0.3577

Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Janthinobacterium 0.0 0.0 1.6 0.0 0.0 1.1 0.2 0.0 0.4 0.8 0.3 0.5 0.3 0.4210 0.0 0.6 0.0 0.0 0.2 0.1 0.0 0.1 0.2 0.3 0.1 0.1 0.1 0.3749
Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Massilia 0.0 1.9 0.0 0.0 0.7 1.6 0.9 0.6 0.5 1.0 0.9 0.4 0.6 0.2124 0.4 1.7 0.3 3.4 1.4 0.3 0.3 3.7 1.4 1.4 1.4 1.6 0.9 0.4999

Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Neisseria 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.1 0.0 0.0 0.3 0.1780 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1780
Proteobacteria;Betaproteobacteria;Nitrosomonadales;Nitrosomonadaceae;uncultured 0.5 0.0 0.0 0.0 0.4 0.1 0.9 0.1 0.1 0.3 0.4 0.4 0.2 0.1678 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;12up 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.2 0.1780 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Proteobacteria;Betaproteobacteria;SC-I-84 0.0 0.0 0.0 0.0 0.5 0.5 0.7 0.2 0.0 0.0 0.5 0.2 0.2 0.0028 A-T 0.0 0.0 0.0 0.0 0.7 0.0 0.0 1.5 0.0 0.0 0.6 0.7 0.3 0.0780

Proteobacteria;Deltaproteobacteria;Desulfurellales;Desulfurellaceae;H16 0.0 0.0 0.0 0.0 0.5 0.5 0.7 0.6 0.0 0.0 0.6 0.1 0.3 0.0000 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Proteobacteria;Deltaproteobacteria;GR-WP33-30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 1.5 0.0 0.0 0.5 0.7 0.3 0.0943

Proteobacteria;Deltaproteobacteria;Myxococcales;P3OB-42 1.1 0.1 0.0 0.8 0.1 0.1 0.1 0.0 0.5 0.5 0.1 0.0 0.3 0.0816 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1783
Proteobacteria;Gammaproteobacteria;Cellvibrionales;Cellvibrionaceae;Cellvibrio 0.0 0.0 0.0 0.0 0.0 0.6 0.2 0.3 0.0 0.0 0.3 0.2 0.2 0.0382 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1037

Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Buchnera 15.3 0.1 1.6 0.0 0.2 2.0 6.8 0.3 4.2 7.4 2.3 3.1 2.9 0.3261 0.0 0.0 0.0 0.0 12.2 0.0 8.9 12.2 0.0 0.0 8.3 5.8 5.1 0.0138 G-T
Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Citrobacter 2.1 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.9 1.1 0.0 0.0 0.6 0.0693 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1780

Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Enterobacter 1.1 0.1 0.0 0.0 0.1 0.1 0.6 0.0 0.3 0.5 0.2 0.3 0.2 0.4066 0.0 0.0 0.0 0.1 3.8 0.1 6.0 2.1 0.0 0.0 3.0 2.5 1.8 0.0274 G-T
Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Erwinia 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0779 0.0 0.0 0.0 0.0 0.3 1.4 57.6 0.6 0.0 0.0 15.0 28.4 9.2 0.1661
Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Pantoea 1.6 0.2 0.0 0.0 0.4 0.2 0.9 0.3 0.5 0.8 0.5 0.3 0.3 0.4963 0.0 0.0 0.0 0.0 0.4 0.4 3.2 0.0 0.0 0.0 1.0 1.5 0.6 0.1099
Proteobacteria;Gammaproteobacteria;Enterobacteriales;Enterobacteriaceae;Serratia 0.0 0.0 0.0 0.0 0.1 5.1 6.1 0.3 0.0 0.0 2.9 3.2 1.4 0.0587 0.0 0.0 0.0 0.8 0.0 0.0 1.3 0.0 0.2 0.4 0.3 0.6 0.3 0.3686

Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas 6.8 1.8 4.8 4.1 40.7 0.9 12.8 58.7 4.4 2.1 28.3 26.3 19.1 0.0601 2.5 7.8 6.0 10.1 9.9 83.5 11.3 8.3 6.6 3.2 28.2 36.8 13.4 0.1433
Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;uncultured 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.5 0.5 1.0 0.3 0.0 0.0 0.1 0.6 0.3 0.1 0.1 0.3 0.0084 G-T

Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Stenotrophomonas 8.9 0.0 0.0 0.0 0.1 0.0 0.2 0.0 2.2 4.5 0.1 0.1 1.4 0.1841 0.2 0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.1 0.1 0.1 0.1 0.1 0.2424
Verrucomicrobia;Spartobacteria;Chthoniobacterales;DA101 soil group 0.0 0.0 0.0 0.8 2.7 3.8 2.5 2.5 0.2 0.4 2.9 0.6 1.6 0.0002 A-T 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.4 0.0 0.0 0.1 0.2 0.1 0.1100

Verrucomicrobia;Spartobacteria;Chthoniobacterales;Xiphinematobacteraceae;Candidatus Xiphinematobacter 0.0 0.0 0.0 0.0 0.9 0.6 1.1 0.8 0.0 0.0 0.9 0.2 0.5 0.0001 A-T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0871
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occurred with a higher relative abundance in T plots, while
uncultured Comamonadaceae, Aureimonas, Rhizobium and Bre-
vundimonas occurred with a significantly lower relative abun-
dance in T plots. For an overview of all responder groups, see
Table 1.

Concentration of culturable bacteria—plant
species-specific effects of surface warming

Concentrations of heterotrophic bacteria cultured on 1
2 R2A after

detachment from leaves by mechanical treatment were in the
same range for A. elatius leaves derived from C and T plots [106

CFUs (g leaf FW)−1], but the concentrations obtained for G. album
leaves from T plots [106 CFUs (g leaf FW)−1] were significantly
lower compared to leaves from C plots [107 CFUs (g leaf FW)−1]
(Fig. 4A; Table S4, Supporting Information).

The concentration of PPFM cultured under heterotrophic
growth conditions was counted separately. For A. elatius a
slightly, but not significantly, higher concentration of cultured
PPFM was obtained for T compared to C plots. In contrast, for
G. album, a slightly, but not significantly, lower concentration
of PPFM was determined for leaves of T compared to C plots
(Fig. 4B).

Concentrations of total bacteria cultured under methy-
lotrophic growth conditions (methylotrophs) were in the range
of 104–105 CFUs (g leaf FW)−1 for A. elatius without significant
differences among C and T plots (Fig. 4C). For G. album, the con-
centration of methylotrophs from leaves of T plots [4.9 (±1.8) ×
106 CFUs (g leaf FW)−1] was significantly lower compared to that
obtained from C plots [9.7 (±3.5) × 106 CFUs (g leaf FW)−1].

The separate counting of PPFM grown under methylotrophic
growth condition (pink colonies only) showed no differences for
A. elatius leaves obtained from C and T plots [102 CFUs (g leaf
FW)−1](Fig. 4D), but the concentration of culturable PPFMs on G.
album leaves was significantly lower in T plots [104 CFUs (g leaf
FW)−1] compared to leaves obtained from C plots [105 CFUs (g
leaf FW)−1] (Fig. 4D).

The concentration of culturable total heterotrophs and
methylotrophs was always higher for G. album compared to A.
elatius. Those differences were significant for the concentra-
tions of total cultured heterotrophic bacteria and PPFMs under
control conditions. With respect to methylotrophic bacteria,
significantly higher concentrations were always obtained from
G. album leaves, while the concentrations of PPFMs cultured
under heterotrophic conditions showed no significant differ-
ences between the plant species.

Surface warming selected for specific bacterial
phylotypes among abundant phyllosphere colonizers

A total number of 124 of the most abundant cultured bacteria
were isolated and phylogenetically identified by partial 16S rRNA
gene sequencing. Isolated heterotrophic bacteria (n = 93) were
differentiated into 56 phylotypes assigned to 28 genera of Pro-
teobacteria (62%), Actinobacteria (30.4%) and Bacteroidetes (7.6%).
Most of the Proteobacteria isolates were assigned to the gen-
era Sphingomonas, Pseudomonas, Methylobacterium, Rhizobium and
Aureimonas. Most of the Actinobacteria isolates represented Nocar-
dioides spp. CCA plots based on the presence/absence of most
abundant cultured heterotrophic bacterial phylotypes showed
significant differences for both plant species among C and T
plots (Fig. 5A) similar to differences obtained by the cultivation-

independent total bacterial community analysis (Fig. 3). Temper-
ature and plant species as environmental variables correlated
with the difference of cultured bacteria as shown in CCA plots.
The lower number or absence of isolates assigned to the Sph-
ingomonas phylotypes S1 (C: 21, T: 2) and S11 (C: 2; T: 0) and the
Methylobacterium phylotype M1a (C: 5, T: 0) contributed 4.2–19.0%
mostly to the differences among the most abundant cultured
heterotrophic bacteria of both plants grown in C compared to
T plots (Table S5, Supporting Information).

Cultivation of PPFM indicated the predominance of Methy-
lobacterium spp. Canonical correspondence analysis based on the
diversity of most abundant PPFM (differentiated by 16S rRNA
gene sequence-based phylotypes; Fig. 5B) showed a slight but
not significant difference in the composition of Methylobacterium
phylotypes on leaves of both plant species derived from C and T
plots. Again, the inclusion of surface temperature as environ-
mental variable into the CCA plots indicated a correlation of
enhanced surface temperature with differences in the compo-
sition of abundant Methylobacterium phylotypes in C and T plots.
The lower amount of phylotypes M1a (C: 15; T: 3) and M1c (C: 6;
T: 3) isolated from leaves of both plant species in T compared
to C plots had with 52.3 and 27.7% the strongest contribution to
the differences of the Methylobacterium population isolated from
C and T plots (Table S6, Supporting Information).

Because CCA plots showed temperature-dependent specific
differences among phylotypes representing the abundant het-
erotrophic Sphingomonas spp. and methylotrophic Methylobac-
terium spp., isolates representing those two bacterial taxa were
studied subsequently in more detail with respect to genetic and
physiological differences among isolates obtained from C and T
plot plants.

Growth of non-methylotrophic bacteria under
methylotrophic growth conditions

Due to the detection of several bacterial genera not known for
a methylotrophic metabolism (e.g. Sphingomonas, Pseudomonas)
on agar plates with methanol as sole carbon source, growth
experiments were performed with representative isolates to
evaluate potential methylotrophic growth. Neither Sphingomonas
nor Pseudomonas isolates were able to use methanol as sole
carbon source (Figure S6, Supporting Information). Growth
under methylotrophic growth conditions was thereby linked
to the presence of low nutrient concentrations in the plant-
derived inoculum, which led to the growth of oligotrophic bac-
teria. Therefore, subsequent analysis of cultured methylotrophs
focused on PPFM.

Genetic diversity of cultured Sphingomonas with several
phylo- and genotypes specifically cultured from plants
derived from control and warmed plots

Sphingomonas isolates were assigned to seven phylotypes (S1,
S2, S4, S6, S9, S10b, S11) differentiated based on partial 16S
rRNA gene sequences (Fig. 6). Most of the Sphingomonas isolates
(23/30 isolates) were assigned to phylotype S1 (99.4–100% int-
raphylotype similarity; Tables S7 and S8a, Supporting Informa-
tion) clustering with S. faeni/S. aurantiaca/S. aerolata (99.4–99.9%).
The sequence similarity between isolates of phylotype S1 and
those of all other Sphingomonas phylotypes was low (<96.6%).
Phylotypes S2 and S4, both represented by only one isolate, and
phylotype S11 (2 isolates, 99.5% sequence similarity) were only
obtained from leaves grown in C plots. These phylotypes were
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Aydogan et al. 11

Figure 4. Concentration of culturable epiphytic and endophytic heterotrophic (A = total, B = pink pigmented) and methylotrophic (C = total, D = pink pigmented)
bacteria, given as CFUs per g leaf. Figures show differences between control plots and plots with elevated air temperature (+2◦C). Mean values refer to mean values
over the four plots based on triplicate plating for each plot. The respective standard deviation was considered by error propagation. Significance was measured with

one-way ANOVA in SigmaPlot. Different letters (a, b, c) indicate statistical significance difference.

closest related to strains of S. melonis (S2, 98.1%), S. insulae (S4,
99.6%) and S. prati/S. arantia (S11, 99.5–99.6%), respectively. Iso-
lates representing phylotypes S6, S9 and S10b were all cultured
from plants grown in T plots. Each phylotype was associated to
type strains of different Sphingomonas species (S6, 98.8% S. flavus;
S9, 97.5% S. quilianensis; S10b, 98.5% S. panni).

Sphingomonas isolates were further differentiated by genomic
fingerprinting using BOX- and two RAPD-PCRs and ITS1
sequencing (Fig. 6). A total of 29 different fingerprint types
and 26 different ITS1 types were determined. Considering both,
isolates were assigned to 29 different genotypes. Isolates of dif-
ferent phylotypes represented different genotypes. In addition,
nearly all isolates of phylotype S1 represented different geno-
types indicating a high genetic diversity within S1. A CCA anal-
ysis based on genotype profiles for each plant species indicated
that S1 genotypes were associated with different treatments. As
indicated by the CCA plot, the S1 isolates derived from plants
of the two plant species grown in control plots were distinct
but partially similar. Interestingly, the two S1 isolates obtained
from G. album leaves of warmed plots represented genotypes
that were clearly different from those cultured from G. album
plants grown in control plots (Fig. 6).

Sphingomonas isolates derived from T plots had specific
physiological activity patterns and showed differences
in temperature-dependent growth

Sphingomonas isolates (n = 30) were comparatively analyzed with
respect to physiological traits including acidic production from
carbon sources, substrate assimilation patterns, and enzyme
activities and temperature-dependent growth rates at ambient

and increased (37◦C) temperatures. CCA plots based on the pat-
terns of physiological traits (Fig. 7a) and temperature-dependent
growth clearly showed differences for isolates derived from C
and T plots. T plot isolates had distinct physiological activities
(Fig. 7a) and were able to grow more efficiently under higher
incubation temperatures (Fig. 7b). For physiological activity pro-
files of the individual isolates, see Table S9 (Supporting Infor-
mation). Sphingomonas cultured from warmed plots had tight
substrate utilization patterns, while Sphingomonas isolated from
control plots were able to use a wider array of different carbon
sources.

Warming affects the presence of specific
Methylobacterium methylotrophic phylotypes

A total of 37 Methylobacterium isolates were cultured from the
methylotrophic (n = 31) and heterotrophic (n = 6) growth condi-
tions. Based on the analysis of partial 16S rRNA gene sequenc-
ing, the isolates were assigned to four different phylotypes (M1a,
b, c and M3a). Most of the Methylobacterium isolates (n = 18)
were assigned to phylotype M1a; those were mainly (15/18 iso-
lates) isolated from leaves of C plots and placed within the
M. adhaesivum/M. gossipiicola/M. goesingense cluster (Fig. 8). Iso-
lates of phylotype M1a shared 99.3–100% partial 16S rRNA gene
sequence similarity among each other and 99.1–99.2% with the
type strain of M. gossipiicola (Tables S7 and S8b, Supporting Infor-
mation). The intraphylotype similarity of the whole phylotype
M1 was 97.2–100% (Table S8b, Supporting Information). Phylo-
type M1b was isolated once from G. album leaves obtained from T
plots and was closest related to the type strains of M. goesingense
(99.7%). Phylotype M1c was closely related to M. bullatum/M.
marchantiae and isolated mainly (6/9 isolates) from leaves of C
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Figure 5. Impact of surface temperature on the diversity and composition of most abundant bacterial isolates cultured under heterotrophic (A) and methylotrophic

(B) growth conditions. CCA of the cultured bacteria assemblages obtained from A. elatius (A) and G. album (G) leaves collected from ambient (C) and elevated surface
temperature plots (T). 1,2,3,4 = biological replicates (plots). Analyses were performed in PAST3 using plant species and temperature as environmental variables.
Phylotype shortcuts are explained in Fig. 4.
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Aydogan et al. 13

Figure 6. Phylogenetic tree based on nearly full-length 16S rRNA gene sequences showing the phylogenetic relationship of cultured Sphingomonas isolates (assigned

to different phylotypes: S1, S2, S4, S6, S9, S10b, S11) among each other and to the next related Sphingomonas type strains. GenBank accession numbers are given in
brackets. The phylogenetic tree was generated with the maximum-likelihood method using Kimura two-parameter model with Gamma distribution and based on
100 replications (bootstrap support) and 1242 nucleotides. Bootstrap values >70% are represented by numbers and branch nodes. Nodes marked with a filled circle

were supported with high bootstrap values (>70%), with an unfilled circle were supported with low bootstrap values (<70%) in the neighbor-joining tree. Rhizobium soli

strain DS-42T was used as outgroup. Bar: 0.01 substitutions per side. UPGMA cluster analysis of the genomic fingerprint pattern of Sphingomonas isolates generated
with BOX-PCR and RAPD-PCRs with primers A and B showing the genotypic differences. Clustering considered intensity and presence/absence of DNA bands (Pearson
correlation; GelCompar II). Ethidium bromide stained fingerprint patterns separated on an agarose gel (1.5% w/v). M: GeneRuler 100 bp Plus DNA ladder (Thermo

Scientific). 16S–23S rRNA gene internal transcribed spacer (ITS-1) sequence analyses of Sphingomonas isolates are given and the GenBank accession numbers are listed
in Table S1 (Supporting Information). CCA of specific genotypes of the Sphingomonas phylotype (S1) and their correlation with environmental factors (temperature,
plant species) based on the combined similarity matrix for fingerprint profiles (Box 1A, primer A and primer B) calculated with UPGMA (GelCompar II). Isolates were
obtained from A. elatius (A) and G. album (G) leaves collected from ambient (C) and elevated surface temperature plots (T). 1,2,3,4 = biological replicates (plots). Numbers

are standing for the isolate number; each number is representing one bacterial isolate. Analyses were performed in PAST3.

plots independent of the plant species. Isolates of the phylotype
M1a shared an intraphylotype similarity of 98.9–100%, of M1b
100% and of M1c 98.9–100%, respectively (Tables S7 and S8b, Sup-
porting Information). Isolates assigned to phylotype M3a were
isolated from both plant species grown in T plots (Fig. 5B; Table
S7, Supporting Information). The three isolates of phylotype M3a
formed a distinct cluster in the phylogenetic tree, closest related
to the type strains of M. mesophilicum/M. brachiatum/M. pseudosa-
sicola (Fig. 8). The M3a isolates and the type strain shared 100%
sequence similarity among each other (Tables S7 and S8b, Sup-
porting Information).

Methylobacterium isolates were further differentiated by mxaF
sequencing and genomic fingerprinting. MxaF sequences were
differentiated at the level of nucleotide (mxaF types) and
amino acid sequences (MxaF types). A total of six MxaF types
were detected representing together 23 mxaF types (Fig. 8).

Each Methylobacterium phylotype represented distinct MxaF
types, which indicated functional differences among Methy-
lobacterium phylotypes. Isolates of the most isolated phylotype
M1a (n = 18) shared the same MxaF type, but showed a high
mxaF- and genomic fingerprint-type diversity (Fig. 8). Phylotype
M1c showed a high genomic-genotype diversity that belonged
(except for one isolate) to the same MxaF type, but several mxaF
types. Phylotype M1b was represented by two isolates, whereby
one isolate (grown under heterotrophic growth conditions) orig-
inated from A. elatius leaves grown in T plots. Those had, next
to the different genomic fingerprint type and mxaF type, also
a different MxaF type, compared to the 100% 16S rRNA gene
sequence identical isolate (grown under methylotrophic growth
conditions) obtained from G. album leaves grown in C plot. The
three 16S rRNA gene sequence identical isolates of phylotype
M3a represented the same MxaF type, but represented two dif-
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Figure 7. Physiological characterizations of specific Sphingomonas isolates. (A) CCA of specific Sphingomonas phylotypes: S1, S2, S4, S6, S9, S10b, S11 from C and T plots
for two plant species, A. elatius and G. album, including the environmental factors (temperature, plant species) based on the results of carbon substrate utilization and
qualitative enzyme test (Kämpfer, Steiof and Dott 1991). The positive/negative matrix of the tests were applied for CCA in the PAST3. aT: ambient surface temperature

(control plots); eT: plots with elevated surface temperature +2◦C. (B) Effect of different temperatures 25◦C (a,b), 32◦C (c,d) and 37◦C (e,f) on average doubling time of the
growth. Sphingomonas phylotypes: S1, S2, S4, S6, S9, S10b, S11. The average doubling time (in hours) of those phylotypes presented in NMDS using the PAST3 based on a
distance matrix calculated with the Bray–Curtis similarity index. The growth of each Sphingomonas phylotype was measured in three replicates for each temperature.
Scatter plots (a, c, e) present average doubling time and plant species A. elatius and G. album as environmental factor; scatter plots (b, d, f) present average doubling

time and temperature as the second environmental factor. A: A. elatius; G: G. album. NMDS scatter plots were performed using the PAST3. The significance between C
and T plots was determined by one-way ANOSIM test (Bray–Curtis similarity index).
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Figure 8. Phylogenetic trees based on nearly full-length 16S rRNA gene sequences and partial mxaF nucleotide and amino acid sequences showing the phylogenetic
relationships of cultured Methylobacterium isolates (assigned to different phylotypes: M1a,b,c, M3a) among each other and to the next related Methylobacterium type
strains. GenBank accession numbers are given in brackets. The phylogenetic trees based on partial 16S rRNA gene sequences were generated with the maximum-
likelihood method using Kimura two-parameter model with Gamma distribution. The phylogenetic trees based on partial mxaF nucleotide and amino acid sequence

were generated with the neighbor-joining method using Jukes–Cantor correction (mxaF) and JTT correction (MxaF). All phylogenetic trees were calculated with 100
replications (bootstrap support) and based on 870 nucleotides (16S rRNA gene sequences), 432 nucleotides (mxaF nucleotide sequences) and 141 amino acids (MxaF).
Bootstrap values >70% are represented by numbers at branch nodes. Nodes marked with a filled circle were supported with high bootstrap values (>70%), with an
unfilled circle were supported with low bootstrap values (<70%) in the neighbor-joining tree. Rhodopseudomonas palustris ATCC 17001T and Bis B18 were used as outgroup.

Bar: 0.01 substitutions per side. Individual phylotypes (16S rRNA genes based) highlighted in different colors. UPGMA cluster analysis of the genomic fingerprint
pattern of Methylobacterium isolates generated with BOX-PCR and RAPD-PCRs with primers A and B showing the genotypic differences. Clustering considered intensity
and presence/absence of DNA bands (Pearson correlation; GelCompar II). Ethidium bromide stained fingerprint patterns separated on an agarose gel (1.5% w/v). M:
GeneRuler 100 bp Plus DNA ladder (Thermo Scientific). CCA depicts the distribution of specific genotypes within the methylotrophic phylotype M1a and M1c separately

and their correlation with environmental factors (temperature, plant species) based on the combined similarity matrix for fingerprint profiles (Box 1A, primer A and
primer B). Isolates were obtained from A. elatius (A) and G. album (G) leaves collected from ambient (C) and elevated surface temperature plots (T). 1,2,3,4 = biological
replicates (plots). Analyses were performed in PAST3. Individual phylotypes (16S rRNA genes based) highlighted in different colors.
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ferent mxaF types and three different genomic fingerprint types.
CCA analysis showed the highest genetic diversity of M1a iso-
lates cultured from G. album plants of C.

DISCUSSION

This study identified specific phylotypes and genotypes of abun-
dant phyllosphere-inhabiting heterotrophic Sphingomonas spp.
and methylotrophic Methylobacterium spp., in response to long-
term exposure of elevated surface temperature (+2◦C).

Increasing global mean surface temperature affected plants
by increasing biomass production (Jansen-Willems et al. 2016),
and possibly led to enhanced methanol production as by-
product of the cell wall synthesis (Sy et al. 2005; Abanda-Nkpwatt
et al. 2006; Kutschera 2007; Schmidt et al. 2010). We showed
that enhanced surface temperature (+2◦C) correlated with an
enhanced stomata opening size in leaves of the grass plant.
Those changes of the plant physiology and anatomy may have
been responsible for the changes in composition and diversity
of the studied leaf microbiota.

Warming effects on plant physiology and anatomy

This and other research of the same study (Jansen-Willems et al.
2016) showed that increased surface warming affected plants
directly, i.e. aboveground plant biomass yield was higher in T
compared to C plots, in line with other studies (Luo 2007; Ma et al.
2010). The response of plant growth to climate change is growth
season specific; previous studies reported a positive effect of
warming on the aboveground biomass in spring and a negative
effect in summer (Luo 2007; Luo, Sherry and Zhou 2009; Ma et al.
2010). More water uptake from the soil is needed with increas-
ing biomass, which, depending on the duration and frequency,
leads to water stress and affects the microbiome via different
stomata openings (Porporato, Daly and Rodriguez-Iturbe 2004;
Knapp et al. 2008). Other studies showed an interaction such as
precipitation and warming (Ma et al. 2010; Lin et al. 2016). Plants
enhance their stomata opening for an efficient cooling by tran-
spiration (Feller 2006) as a reaction of warming, but only one
report considered the effects on stomata (aperture) size (Zheng
et al. 2013) as shown in our study on A. elatius from T plots. Zheng
et al. (2013) observed a reduction of stomata aperture size for
maize with warming indicating a dependency on plant species
and the water availability.

Another important finding of the current study was the
change in leaf metabolites with warming for both plant species.
Gargallo-Garriga et al. (2017) showed that warming on a grass
and a herb from an Iceland grassland caused a change in the
metabolome under long-term warming (>50 years).

Especially, metabolic pathways, including most of the sac-
charides, amino acids and the secondary metabolites as pheno-
lic acids and terpenes, were upregulated, and involved in the
plant stress response (Gargallo-Garriga et al. 2017). The plant
physiology and anatomy led to changes in the nutritional and
environmental base for phyllosphere-inhabiting bacteria.

Warming effects on the total cell numbers and the
importance of the leaf structure

The plant leaf structure plays also an important role for the col-
onization of the phyllosphere. The concentration of total leaf-
associated cells was higher for A. elatius, while the concentration
of culturable bacteria was always higher on G. album leaves. A
reason could be that phyllosphere bacteria on leaves of the grass

plant (A. elatius) could be easily washed away by precipitation
due to leaf position in comparison to the dicotyledonous plant
G. album. Regarding the current experiment, 1 h before sampling
a finer rain/drizzle (precipitation 0.1 mm) began and continued
during the sampling for ∼2 h. Moreover, two days before sam-
pling it rained also for several hours.

Both leaf sides of the grass plant were affected by these
weather conditions in contrast to the dicotyledonous plant,
whose bottom leaf side was protected. In addition, more loosely
attached bacteria that can easily be washed away were asso-
ciated with A. elatius. However, more bacterial aggregates may
have been washed away from G. album leaves, which might
explain the higher concentrations of culturable bacteria on
this dicot species. Moreover, higher bacterial population was
detected closer to the soil surface as revealed by Kinkel, Wil-
son and Lindow (2000) and Wellner, Lodders and Kämpfer (2011).
Thus, G. album leaves presented a more protected physical envi-
ronment to phyllospheric bacteria compared to leaves of A.
elatius especially after rainfall events. Also, the difference in
plant size affected the distance of the leaves to the IR heaters
possibly resulting in different leaf surface temperatures of G.
album and A. elatius.

Warming effects on the total leaf-associated microbial
community and concentration and community
composition of culturable heterotrophs and
methylotrophs

Elevated surface temperature had led to significantly lower con-
centrations of total heterotrophs and methylotrophs as well as
PPFMs under methylotrophic growth conditions only on leaves
of G. album. Wellner, Lodders and Kämpfer (2011) reported that
Methylobacterium spp. numbers were mainly influenced by the
combination of environmental factors such as plant species,
sampling site and observation period possibly explaining the
different effects of elevated temperature on the concentrations
of culturable heterotrophs and methylotrophs.

Elevated surface temperature led to a shift in the microbiome
composition for both plants. Our results indicated an increase
in the variability and diversity of the most abundant cultured
heterotrophs and methylotrophs in T plots. This was congru-
ent with the data of the culture-independent approach, which
showed an increased bacterial diversity with elevated temper-
ature (Aydogan et al. 2018) revealing different abundant het-
erotrophic bacteria for both plants under elevated surface tem-
perature (Fig. 5A) and in line with results from similar stud-
ies on grassland (Sheik et al. 2011) and other plants (Rastogi
et al. 2012).

Warming effect on abundant culturable phyllosphere
inhabitants

At the genus level, Sphingomonas and Methlyobacterium were the
most abundant culturable heterotrophic and methylotrophic
bacteria of both plant species, as also observed by others (Del-
motte et al. 2009; Innerebner, Knief and Vorholt 2011; Knief et al.
2012; Bodenhausen, Horton and Bergelson 2013). However, the
results of Saleem et al. (2017) and Pineda et al. (2013) could not be
confirmed, who indicated a recruitment of beneficial microbes
by plants under stressed conditions.

Under heterotrophic growth conditions, Sphingomonas phylo-
types were frequently detected on both plant species with very
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low frequency from plots treated with elevated surface temper-
ature. This was confirmed by the cultivation-independent stud-
ies. The importance and function of Sphingomonas in the phyllo-
sphere were previously discussed in detail (Aydogan et al. 2018).
Here, we revealed that changes of Sphingomonas abundance cor-
related with changes in the metabolite profile of leaves (see the
discussion below).

A reduced abundance at elevated surface temperature was
also obtained for Methylobacterium spp. cultured under het-
erotrophic growth conditions. Cultivation-independent studies
confirmed the lower abundance of Methylobacterium spp. on
leaves of both plant species from T plots. Regarding the plant
beneficial effects of Methylobacterium spp. (Abanda-Nkpwatt et al.
2006; Lee et al. 2006; Ryu et al. 2006), a negative effect of elevated
surface temperature on this genus would accompany a negative
effect on plant growth and health.

The majority of the identified Methylobacterium spp. (27/31
isolates) isolated from methylotrophic growth conditions were
assigned to phylotypes M1a and M1c that were found in all repli-
cates independent of the temperature treatment. This indicates
that elevated surface temperature directly or indirectly did not
affect the growth of these abundant Methlyobacterium phylotypes
on leaves of both plant species. One reason could be that Methy-
lobacterium spp. profit from being specialists and are related to
one-carbon metabolism and hence do not need to compete for
other carbon compounds (e.g. sugars) like the big variety of het-
erotrophic bacteria (Sy et al. 2005), which occur at higher con-
centrations (CFU g−1) than methylotrophs.

Thus, warming effects on Methylobacterium spp. occurrence
depend on their nutritional preference.

Warming effects on specific phylo- and genotypes of
Sphingomonas and Methylobacterium isolates

Specific Sphingomonas and Methylobacterium phylotypes only
occurred under elevated temperature conditions and/or only in
the phyllosphere of G. album or A. elatius. This indicated a func-
tional adaptation of these phylotypes to higher temperatures.
Van der Walt et al. (2016) mentioned unique habitat-specific
phylotypes by analyzing the soil microbiota of fairy circles sur-
rounded by grass species. Ecotypes can appear to persist in com-
plex communities at an extremely fast rate (Doolittle and Zhaxy-
bayeva 2009), indicating a fast adaptation to climate change. The
differentiation of abundant cultivated Sphingomonas and Methy-
lobacterium isolates at the genotypic level indicated a genetic
adaptation to enhanced surface temperature on species and
intraspecies levels that are not plant species specific (Figs 6–8).
Ellis, Thompson and Bailey (1999) also found that specific Pseu-
domonas genotypes were able to adapt to defined environmental
conditions surviving at low population densities under changing
environmental conditions. Cohan (2002) described the adapta-
tion of specific ‘ecotypes’ of one species to changed conditions,
which were confirmed by Koeppel et al. (2008) by analyzing two
Bacillus clades from the ‘Evolution Canyons’ of Israel. Here, we
showed that some phylotypes of the genera Sphingomonas and
Methlyobacterium were only found under elevated surface tem-
perature, which demonstrated an ecological adaptation of these
organisms to warming.

CONCLUSION

The study provided a clear indication that increasing surface
temperature leads to changes in the leaf anatomy and plant

physiology of different plant species affecting the concentra-
tion and composition of total as well as culturable heterotrophic
and methylotrophic bacteria in their phyllosphere. The occur-
rence of specific bacterial phylotypes in the phyllosphere under
enhanced surface temperature, especially Sphingomonas and
Methlyobacterium phylotypes, revealed an ecotype adaptation to
elevated surface temperature in a permanent grassland.

We provide evidence of a decrease in the amount of het-
erotrophic Sphingomonas under elevated temperature. This find-
ing raises the question whether changes in the leaf metabolites
or changes in surface temperature were the predominant fac-
tors leading to those changes. The studies on Sphingomonas iso-
lates provided a strong hint that both factors were involved to
explain the changes. Sphingomonas isolated from leaves of plants
grown under increased surface temperature were physiologi-
cally adapted with respect to temperature-dependent growth
maxima and to changes in the substrate utilization patterns.
However, more detailed studies are needed to confirm the find-
ings. The role of Sphingomonas as key taxa was already dis-
cussed in previous studies (Aydogan et al. 2018). Here, we showed
that the decreased abundance of Sphingomonas correlated with
an increased bacterial diversity. Several bacteria, which may
be better adapted to increased temperature or changing water
potential in the phyllosphere, as Nocardioides species (Yoon and
Park 2006) occurred under elevated temperature, but also plant
pathogens increased in relative abundance. Further field stud-
ies and studies on model organisms under controlled laboratory
conditions and considering several sampling time points would
be helpful to identify whether this effect is ubiquitous and how
this may affect plant health.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.

AUTHORS AND CONTRIBUTORS

ELA, OB and SPG analyzed the data and wrote the manuscript;
ABJ-W, GM and CM planned and performed the field experi-
ment; SPG and ELA planned the phyllosphere study; SPG, ELA
and GM performed the phyllosphere sampling; ELA and MH per-
formed SEM analysis; YHC performed the metabolome analysis;
ELA prepared respective samples; and OB performed experimen-
tal and statistical analysis of physiological and temperature-
dependent growth experiments of Sphingomonas isolates. ELA
and PK received the funding, and all authors improved the final
manuscript version.

ACKNOWLEDGMENTS

We thank Lisa Anweiler for her help in the cultivation of bacte-
rial isolates.

FUNDING

This work is part of the LOEWE research initiative network
FACE2FACE, which is funded by the Hessian Ministry for Science
and Arts. We acknowledge the long-term funding of the Environ-
mental Monitoring and Climate Change Impact Research Station
Linden by the Hessian Agency for Nature Conservation, Environ-
ment and Geology (HLNUG).

Conflict of interest. There are no relevant conflicts of interest.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/96/8/fiaa087/5835220 by Leiden U
niversity / LU

M
C

 user on 02 June 2021

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaa087#supplementary-data


18 FEMS Microbiology Ecology, 2020, Vol. 96, No. 8

REFERENCES
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