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Abstract
Background

A diverse community of microbes naturally exists on the phylloplane, the surface of leaves. It is one of
the most prevalent microbial habitats on earth and bacteria are the most abundant members, living in a
community that is highly dynamic. While culture-independent approaches greatly increased our
knowledge of microbial communities such as the phylloplane, one of the challenges for microbiologists
today remains to develop strategies to culture the vast diversity of microorganisms.

Results

We isolated bacteria from the phylloplane of Hedera helix (common ivy), a widespread evergreen that
constitutes an excellent model for studying the phylloplane in the �eld, using the growth media LB, LB01,
YMA, YFlour and YEx. We also included a comparison with the uncultured phylloplane, which contained
the highest intra-sample (alpha) diversity. Inter-sample (beta) diversity shifts from LB and LB01
containing the highest amount of resources to YMA and YFlour which are more selective, and YEx which
is more limited but also more varied in resources. We show the H. helix phylloplane is dominated by
Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes. Further, all growth media more or less
equally favored Actinobacteria and Gammaproteobacteria, whereas Bacteroidetes could only be found on
LB01, YEx and YMA. LB and LB01 greatly favored Firmicutes and YFlour was most selective for
Betaproteobacteria. At genus level, LB favored the growth of Bacillus and Stenotrophomonas, while
YFlour was most selective for Burkholderia and Curtobacterium. The in vitro plant growth promotion
(PGP) pro�le that we obtained by testing 200 isolates constitutes an important �rst step to �nd
candidates with advantageous traits within microbe-assisted approaches. Our isolation effort also
resulted in a signi�cant collection of bacterial strains underrepresented in public databases, mostly from
the phylum Actinobacteria.

Conclusions

This study contributes as a case study of bacterial culturability including an evaluation of �ve different
growth media, a comparison with the uncultured H. helix phylloplane community and its relation with
functional characteristics such as PGP potential which help us to understand the putative ecological and
functional role of microbial members living in the phylloplane.

Background
An abundant and diverse community of microorganisms naturally exists on the surface of above-ground
parts of plants, the phyllosphere, which can be further subdivided into the caulosphere (stems),
phylloplane (leaves), anthosphere (�owers) and carposphere (fruits). The phyllosphere is one of the most
prevalent microbial habitats on earth and bacteria are by far the most abundant and constant members,
with a typical cell density of 106-107 cells cm-2 [1, 2]. A majority of phyllosphere studies focusing on



Page 3/20

different plant species including Arabidopsis thaliana (thale cress), Lactuca sativa (lettuce), Glycine max
(soy bean), Trifolium repens (white clover) and Oryza sativa (rice), report that leaf communities mainly
comprise bacteria belonging to the phyla Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes,
where members of Proteobacteria comprise about half of the phyllosphere community, suggesting this
composition on higher taxonomic level is similar across various host plant species [2-8]. Increased
knowledge of plant–microbe interactions enables a better understanding of their role during plant growth
and development [9] and the translation into improved biomass production and microbe-assisted
phytotechnologies [10]. In this study, Hedera helix (common ivy) was chosen as host plant species. H.
helix is an evergreen plant, implying it retains its leaves through the year. It is also known for its hardiness
and wall/tree climbing ability [11], has a widespread occurrence in natural and urban environments in the
northern hemisphere such as private gardens, city centers, municipal parks, nature reserves and forests
and therefore constitutes an excellent model for studying the phylloplane in the �eld.

To enhance our understanding about the diversity and function of microbial communities living in the
phylloplane, culture-independent approaches are indispensable. Nevertheless, one of the challenges for
microbiologists today remains to develop strategies to culture the vast diversity of microorganisms.
Simpler and cheaper alternatives for retrieving a wide diversity of bacteria remain effective, such as
varying the diversity of growth media used from complex media rich in macro- and micronutrients to
media with very speci�c carbon and nitrogen sources and low concentrations of mineral salts [12, 13], the
addition of (host) plant extracts [14], separate preparation of growth medium components [15], the use of
a different solidifying agent [16], and longer incubation periods [13]. Once a collection of bacterial
isolates is obtained and maintained in the laboratory, their functional characteristics such as plant
growth promotion (PGP) potential can be evaluated including the biosynthesis of PGP hormones and
enzymatic activities that can interfere with the plant stress status.

Here, we address some challenges with culturing bacteria by evaluating different growth media that are
suitable to grow bacteria associated with the H. helix phylloplane using high-throughput sequencing
technology, and further compare it with the (total) uncultured bacterial phylloplane community. We used
�ve different growth media solidi�ed with gellan gum, and employed an incubation period of four weeks.
The growth media LB [17], LB01 (1/10 dilution of LB), YMA [18], YFlour [19] and YEx were selected to
cover a wide variety of bacterial taxa. For each growth medium, representative bacterial colonies were
picked and their PGP potential was evaluated. This study gives �rst insights into which growth media, or
combination thereof, are most suitable to grow symbiotic members from the H. helix phylloplane. We also
provide a culture collection of 200 strains including the characterisation of putative PGP potential which
is a fruitful resource for further mechanistic and functional understanding. In addition, we provide a
snapshot into the total bacterial community of the H. helix phylloplane.

Results And Discussion
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Characterization of the uncultured bacterial phylloplane and
its culturable fraction
Phylloplane samples from H. helix plants were analysed in a culture-dependent and -independent way.
Amplicon metagenomics applied to taxonomically identify the phylloplane bacterial diversity of H. helix
and high-throughput characterization of the culturable fraction using �ve different growth media resulted
in a total of 177,872 high-quality 300 bp V3–V4 16S rRNA gene sequences, representing 1,482 amplicon
sequence variants (ASVs). Bacterial intra-sample (alpha) diversity was estimated by rarefaction analysis
(FIGURE A1) and by calculating three alpha diversity indices: (i) the observed number of ASVs, (ii)
Shannon’s diversity index and (iii) Simpson’s diversity index (FIGURE 1B). The uncultured phylloplane
samples contained the highest intra-sample diversity, and while diversity in LB01 and YMA was higher
compared to LB, YEx and YFlour, diversity in all growth medium samples was low relative to uncultured
phylloplane samples, as expected.

To infer bacterial inter-sample (beta) diversity, we employed PCoA on a Bray–Curtis dissimilarity matrix
(FIGURE 1A). Statistical analysis revealed that the choice of growth medium is a signi�cantly contributing
diversity-determining factor (R2 = 0.2925, p < 0.001). Moreover, visual examination of the PCoA plot
shows that inter-sample bacterial diversity shifts when considering LB and to a lesser extent LB01, which
contain the highest amount of resources (especially nitrogen sources), to YMA and YFlour which are
more selective and to YEx which is more limited but also most varied in resources. Differences in
carbon/nitrogen ratio and carbon sources between the growth media likely contribute to the respective
biodiversity and prevailing taxonomic groups observed, as it is the case in other bacterial (culture)
systems [20-22].

Bacterial diversity of the uncultured phylloplane appears to be different from the cultured bacterial
diversity; these differences are further illustrated in FIGURE 2. At the phylum level (FIGURE 2A), for
uncultured phylloplane samples on average 90.7% of ASVs could be taxonomically classi�ed within the
four major phyla with following relative abundances: Proteobacteria (51.1%; subdivided as 30.9%
Alphaproteobacteria, 14.9% Gammaproteobacteria and 5.9% Betaproteobacteria), Actinobacteria (15.5%),
Bacteroidetes (19.2%) and Firmicutes (4.9%). 5.6% of ASVs was classi�ed within 12 other phyla
(Acidobacteria, Armatimonadetes, Chlamydiae, Cyanobacteria, Deinococcus–Thermus, Fusobacteria,
Gemmatimonadetes, Nitrospirae, Planctomycetes, Saccharibacteria, Verrucomicrobia and candidate
phylum WPS-1) and the remaining 3.7% could not be classi�ed at phylum level. It was previously reported
for different plant species, including A. thaliana, L. sativa, G. max, T. repens and O. sativa, that the
phyllosphere community mainly comprises bacteria belonging to phylum Proteobacteria (with classes
Alphaproteobacteria and Gammaproteobacteria in particular), Actinobacteria, Bacteroidetes and
Firmicutes, where members of Proteobacteria constitute ~50% of the community composition [2-8]. Here
we show that this holds also true for H. helix, and it further strengthens the �nding that the composition
of the phyllosphere microbiome on higher taxonomic level is similar across various host plant species.
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For growth medium samples, 100% of ASVs could be taxonomically classi�ed within these the phyla
Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes. This could be expected, given the
taxonomic structure of the H. helix phylloplane and the general �nding that the vast majority of cultured
bacteria are a�liated with these phyla [23]. All selected growth media more or less equally favored
Actinobacteria and Gammaproteobacteria, with average relative abundances of 19.0% and 34.7%,
respectively. Bacteroidetes however were only found on LB01, YEx and YMA. LB and LB01 greatly favored
Firmicutes compared to the other growth media with an average relative abundance of 36.1% and 27.1%,
respectively, and YFlour was most selective for Betaproteobacteria (20.6%). FIGURE 2B illustrates the
relative abundances of the 10 most abundant genera across all growth medium samples and their
relation with the uncultured bacterial phylloplane. LB favored the growth of Bacillus and
Stenotrophomonas, with average relative abundances of 19.2% and 16.3%, respectively, while YFlour was
most selective for Burkholderia (13.9%) and Curtobacterium (14.7%). On the other hand, Rhizobium could
be found on all growth media except on LB. Also, in the uncultured phylloplane on average 18.1% of ASVs
could not be classi�ed at genus level. For growth medium samples this was 4.7% for LB, 5.4% for LB01,
9.0% for YEx, 11.0% for YFlour and 6.8% for YMA. In other words, most potentially novel bacterial species
were cultured on YFlour, while LB and its 1/10 diluted version LB01 had the highest abundance of known
bacteria.

The highest proportion of ASVs (76.3%) is unique for the growth media, 21.9% is shared between at least
two of the growth media and only 1.8% is shared between all growth media (FIGURE 3). This highlights
the importance of the use of varied growth media in the context of capturing most of the bacterial
diversity. However, it is important to note that ASV abundance is not considered in this picture. The 50
most abundant ASVs in the uncultured bacterial phylloplane samples and their phylogenetic relationship
are shown in FIGURE 4. Culturing was successful with at least one of the selected growth media for 18 of
these top 50 ASVs. All top ASVs were classi�ed within the phyla Proteobacteria, Actinobacteria,
Bacteroidetes or Firmicutes except one (ASV 49) that was classi�ed as Fusobacterium within the phylum
Fusobacteria.

A comparison of the viable count of phylloplane bacteria growing on the growth media, expressed in
colony-forming units (CFU) per gram of fresh leaf material, is shown in FIGURE 5B. LB and LB01
comprised a signi�cantly higher number of bacterial colonies compared to YEx, YFlour and YMA (p <
0.05). From the selected growth media, LB and LB01 contain the highest amount of (nitrogen) resources
thereby making it easier for r-selected species that are notably emphasized by high growth rates to grow,
likely explaining the higher viable count on these growth media.

Functional and taxonomical characteristics of isolates from
the selected growth media
Evaluation of PGP potential, determined as indole-3-acetic acid (IAA), 3-hydroxy-2-butanone (acetoin) and
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase production by bacterial isolates cultured with
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the selected growth media, is shown in FIGURE 5A. IAA is the most common phytohormone of the auxin
class, and induces cell elongation and division with all subsequent results for plant growth and
development [24]. The volatile phytohormone acetoin was already shown to promote growth and induce
systemic resistance in Arabidopsis thaliana [25, 26], and ACC deaminase reduces ethylene levels, which is
related to plant growth promotion [27]. In our study regarding phylloplane bacteria, those capable of IAA
production were high-abundant on LB and LB01 and nearly absent on YFlour. YEx is characterized by
bacterial isolates showing relatively high production of acetoin. Isolates producing ACC deaminase were
low-abundant on all growth media. The bacterial 16S rRNA gene of all 200 isolates was partially
sequenced and these sequences could be taxonomically assigned to genus level (FIGURE 5C). Most
isolates were assigned to the genera Curtobacterium (41) and Methylobacterium (37). Frigoribacterium
(16), Bacillus (13), Rathayibacter (11) and Sphingomonas (10) and Pantoea (9) were also common. That
one-�fth of cultured bacteria are classi�ed within the genus Curtobacterium may not be surprising, as this
genus is ubiquitously reported to be associated within phyllosphere habitats [28-31]. In one
comprehensive isolation study comprising 200 leaf samples of soybean and corn plants, Curtobacterium
species could be isolated from every sample [32]. Also, previous culture-independent phyllosphere studies
paired with isolation have allowed the identi�cation of representative bacterial strains from various
genera, including Methylobacterium [33], Frigoribacterium [29], Sphingomonas [34, 35] and Pantoea [36].
Most isolated Curtobacterium and Methylobacterium species in this study were able to produce IAA and
acetoin, while regarding ACC deaminase such correlations are not that clear. This PGP pro�le can help to
select bacterial isolates with speci�c PGP traits that can be exploited in microbe-assisted approaches,
such as improved biomass production, plant protection or phytoremediation [10]. However, it is important
to note that evaluating PGP traits based on in vitro experiments solely has its caveats [37]. For example, it
is possible that the production of phytohormones does not occur in the natural plant–microbe
partnership or that this production occurs in a pathogenic context [38]. Follow-up in vivo inoculation
experiments are necessary to conclusively evaluate PGP potential, but nevertheless in vitro PGP screening
remains an important �rst step.

Our isolation of phylloplane bacteria on a variety of growth media resulted in a signi�cant collection of
bacterial strains underrepresented in public databases. Most isolates (104/200) were taxonomically
classi�ed within the phylum Actinobacteria, which represented 20 out of a total of 37 genera, including
Curtobacterium (41), Frigoribacterium (16), Rathayibacter (11), Glaciibacter (5), Cellulomonas (4),
Frondihabitans (4), Microbacterium (4), Nocardioides (3), Cellulosimicrobium (2), Leifsonia (2), Nocardia
(2), Sediminihabitans (2), Arthrobacter (1), Brevibacterium (1), Flexivirga (1), Gordonia (1), Herbiconiux (1),
Micrococcus (1), Patulibacter (1) and Rhodococcus (1). This is interesting given the fact that
Actinobacteria members are well-known for their secondary metabolite production [39] and abundant
occurrence in extreme environments, characterized by acidic/alkaline pH, low or high temperatures,
salinity and radiation, and low levels of moisture and resources [40]. For example, Frigoribacterium and
Glaciibacter are typical psychrophilic genera containing a rare group of B-type peptidoglycan [41, 42], and
also Frondihabitans species are well-adapted to colder and ultraviolet light-exposed environments such
as the phylloplane [43].
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In light of the coordinated efforts to expand our understanding about plant-associated bacteria and life in
general, several strains from this study were selected for whole-genome sequencing in the framework of
the U.S. Department of Energy (DOE) Joint Genome Institute (JGI) project the “Genomic Encyclopedia of
Bacteria and Archaea (GEBA)” [44]. A further pangenomic study including a comparison with all publicly
available genomes to understand which properties are speci�c to the phylloplane is ongoing and planned
to be further elaborated on in the nearby future.

Conclusions
The uncultured phylloplane samples contained the highest intra-sample diversity, and inter-sample
bacterial diversity shifts from LB and LB01 containing the highest amount of (nitrogen) resources to YMA
and YFlour which are more selective, and YEx which is more limited but also more varied in resources.
The majority of ASVs of uncultured H. helix phylloplane samples could be taxonomically classi�ed within
the phyla Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes in a distribution that is consistent
with previous phyllosphere studies which further strengthens the �nding that the composition of the
phyllosphere microbiome on higher taxonomic level is similar across various host plant species. These
four major phyla were fully represented within growth medium samples. All growth media more or less
equally favored Actinobacteria and Gammaproteobacteria, whereas Bacteroidetes could only be found on
LB01, YEx and YMA. LB and LB01 greatly favored Firmicutes and YFlour was most selective for
Betaproteobacteria. At genus level, LB favored the growth of Bacillus and Stenotrophomonas, while
YFlour was most selective for Burkholderia and Curtobacterium. The highest proportion of ASVs was
found to be unique for the growth media, which further highlights the importance of the use of varied
growth media in the context of capturing most of the bacterial diversity. The in vitro PGP pro�le that we
obtained by testing 200 isolates constitutes an important �rst step to �nd candidates with advantageous
traits within microbe-assisted approaches, such as improved biomass production, plant protection or
phytoremediation. Our isolation efforts also resulted in a signi�cant collection of bacterial strains
underrepresented in public databases, mostly from the phylum Actinobacteria, which are currently under
further investigation in a pangenomic approach aiming to expand our understanding of bacteria living in
the phylloplane.

Methods

Collection and preparation of phylloplane samples
Leaves (n = 80, 20 per site) of H. helix of three to six months old growing in the wild were collected at four
sites around Hasselt, Belgium (coordinates in WGS84 format: 50.936546, 5.317226 (A); 50.928680,
5.332674 (B); 50.940104, 5.438675 (C); 50.921694, 5.433951 (D)). The distances in km between the sites
are: A–B, 1.4; A–C, 8.5; A–D, 8.4; B–C, 7.6; B–D, 7.2 and C–D, 2.1. The soil type at the four sites was
sandy loam with an average pH of 6.4 ± 0.1 (A: 6.41 ± 0.02, B: 6.56 ± 0.02, C: 6.42 ± 0.01, D: 6.37 ± 0.02)
and average soil organic matter content of 958 ± 154 mg kg−1 (A: 766 ± 61 mg kg−1, B: 932 ± 28 mg kg−1,
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C: 1169 ± 35 mg kg−1, D: 965 ± 26 mg kg−1). Permission for sampling was obtained by local legislation
and performed in accordance with institutional and international guidelines. Plant leaves were identi�ed
as specimens belonging to H. helix by the �rst author, and veri�ed by all co-authors; voucher specimens
are available from Hasselt University. Leaves were cut from the plants at shoulder height using sterile
forceps, put in sterile tubes (�ve leaves per tube) �lled with autoclaved phosphate buffer (50 mM
Na2HPO4∙7H2O, 50 mM NaH2PO4∙H2O, 0.8 mM Tween 80, pH 7.0) and immediately transferred to the
laboratory. Leaf weight was determined gravimetrically and microbial cells were detached from the leaf
surface by sonication (100 W, 42 kHz, 3 min), followed by shaking on an orbital shaker (240 rpm, 30 min).
Next, 16 resulting leaf wash suspensions (four per site, each suspension resulted from �ve leaves) were
centrifuged (4000 rpm, 15 min) and the resuspended pellets were randomly pooled into four samples. For
each sample, an aliquot was immediately stored at -80°C until DNA isolation; another aliquot was stored
overnight at 4°C for culturing of phylloplane bacteria.

Amplicon metagenomics of the bacterial phylloplane
Leaf wash suspensions (n = 4) were centrifuged (13200 rpm, 20 min, 4°C) and genomic DNA was
isolated using the NucleoSpin Soil kit (Macherey–Nagel, Düren, Germany). The V3–V4 hypervariable
region of the bacterial 16S rRNA gene was PCR-ampli�ed using 341F (5’-CCTACGGGNGGCWGCAG-3’)
and 785R (5’-GACTACHVGGGTATCTAATCC-3’) primers with attached GS FLX Titanium adaptors, the
sequencing key TCAG, and a sample-speci�c multiplex identi�er. PCR products were puri�ed by gel
electrophoresis (1.5% agarose gel, 90 V, 45 min) and the 514 bp bacterial amplicon was excised and
further puri�ed using the UltraClean GelSpin DNA extraction kit (Mo Bio Laboratories, Carlsbad, CA, USA).
Samples were brought to an equimolar concentration (1010 molecules µL-1) using the Quant-iT PicoGreen
dsDNA assay kit (Thermo Fisher Scienti�c, Waltham, MA, USA). Correct amplicon size and integrity were
checked on an Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA), followed by
sequencing on a Genome Sequencer FLX system (Roche Applied Science, Penzberg, Germany) with GS
FLX Titanium series reagents by Macrogen Europe (Amsterdam, The Netherlands).

High-throughput characterization of cultured phylloplane
bacteria
Leaf wash suspension aliquots of 10 µL (n = 4) were pooled, diluted 1/100 and inoculated on 120 x 120
mm square Petri dishes containing LB [17], LB01 (1/10 dilution of LB), YMA [18], YFlour [19] or YEx (this
study) and incubated at 30°C (10 replicates per growth medium). Gellan gum was used as solidifying
agent because of its thermal stability and related resistance to drying out, which makes it possible to
incubate at 30°C for a much longer time compared to agar [45]. Phosphate-containing components were
separately autoclaved to prevent the formation of growth-inhibiting molecules such as H2O2 [15]. The
composition of the growth media is summarized in TABLE 1. Four weeks after inoculation, the number of
CFU per gram of fresh leaf material on the growth media was determined on eight replicates per growth
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medium and subsequently all present colonies were suspended in autoclaved 10 mM MgSO4 followed by
centrifugation (4000 rpm, 15 min). Resuspended pellets were pooled into four samples per growth
medium. Pellets were immediately stored at -80°C until DNA isolation. Similar as described previously,
genomic DNA was isolated and the V3–V4 hypervariable regions of the bacterial 16S rRNA genes were
PCR-ampli�ed, puri�ed and prepared for sequencing.

Evaluation of plant growth promotion potential
Bacterial phylloplane colonies were randomly picked from two replicates per growth medium. Isolated
colonies (n = 200, 40 per growth medium) were checked for purity by streaking and grown for 24 h in their
respective liquid growth medium at 30°C on a shaker (150 rpm), washed and resuspended in 2 mL 10
mM MgSO4 solution to obtain suspensions containing bacteria in mid-exponential phase (OD600 nm =
0.4). Next, 20 µL of this bacterial suspension was used for the detection of IAA production using the
Salkowski’s reagent method [46], for the detection of acetoin production using the Voges–Proskauer test
[47], and for assessing ACC deaminase activity by monitoring the amount of α-ketobutyrate that was
generated by the enzymatic hydrolysis of ACC [48]. Genomic DNA of all isolates was extracted using the
MagMAX DNA Multi-Sample Kit (Life Technologies, Carlsbad, CA, USA) and a MagMAX Express-96 Deep
Well Magnetic Particle Processor (Life Technologies, Carlsbad, CA, USA). The bacterial 16S rRNA gene
was partially PCR-ampli�ed using 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-
TACGGYTACCTTGTTACGACTT-3’) primers and 20 µL of the PCR product was used for unidirectional
Sanger sequencing using the 27F primer by Macrogen Europe (Amsterdam, The Netherlands).

Processing of sequencing data
Sequencing data were received in FASTQ format with GS FLX Titanium adaptors and the sequencing key
TCAG trimmed from all sequences, demultiplexed based on the sample-speci�c multiplex identi�er and
further processed with DADA2 1.12.1 [49] for single-end analysis. All reads were quality-�ltered by
truncation to 340 bp (discarding all reads with less than 340 bp) and subsequently trimming 40 bp from
the 5’-side with maxEE = 2 (maximum number of expected errors), resulting in a data set consisting only
of high-quality V3–V4 16S rRNA gene sequences of exactly 300 bp with all irrelevant sequence parts
removed. For error model learning, dereplication, sample inference and chimera removal default
parameter settings were used. Taxonomy was assigned to each resulting ASV with IDTAXA [50] using the
RDP 16S rRNA training set v16 [51]. The ASV table with assigned taxonomy was imported into phyloseq
1.28.0 [52] for making phylogenetic bar charts and rarefaction and diversity analysis. Intra-sample
diversity was assessed with ASV observations, Shannon diversity and Simpson diversity. Inter-sample
diversity was measured with principal coordinates analysis (PCoA) on a Bray–Curtis dissimilarity matrix,
and different outcomes were tested using permutational multivariate analysis of variance (PERMANOVA,
999 permutations). Phylogenetic tree construction was done with PhyML 3.1 [53] after alignment of the
sequences with MUSCLE 3.8.31 [54]. Differences in CFU between growth media were tested with a
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Kruskal–Wallis test followed by pairwise comparisons using a Wilcoxon rank-sum test with Benjamini–
Hochberg correction. MicEco 0.9.11 was used for making a Venn diagram. Sanger sequencing data were
processed using sangerseqR 1.20.0 and sangeranalyseR 0.1.0 [55], and resulting high-quality sequences
were taxonomically assigned with BLAST+ 2.9.0 [56] using the RDP 16S rRNA training set v16 [51]. All
data handling was done within R 3.6.3 [57].
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ACC                1-aminocyclopropane-1-carboxylic acid
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PGP                plant growth promotion

Declarations
Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and materials

The metagenomic libraries of the bacterial phylloplane communities and sequences of the cultured
bacteria on all growth media are available from the Short Read Archive (SRA) of the National Center for
Biotechnology Information (NCBI) under project accession number PRJNA626008 and individual FASTQ
sample identi�ers SAMN14614763–86. All partial 16S rRNA gene sequences obtained by Sanger
sequencing are available from NCBI under accession numbers MT360054–253.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was supported by the Hasselt University Methusalem project 08M03VGRJ, by the project
G0D0916N (“Plant–microbe associations to reduce particulate matter concentration and toxicity in urban



Page 11/20

areas: a multidisciplinary approach”) �nanced by the Research Foundation – Flanders (FWO) and by a
personal grant of VS provided by the Research Foundation – Flanders (FWO).

Authors’ contributions

VS and ST conceived the study. VS performed the experiments, analysed the data, prepared the �gures
and wrote the manuscript. ST and JV made suggestions to improve the manuscript. All authors approved
the �nal draft of the manuscript.

Acknowledgements

We thank the VSC (Flemish Supercomputer Center), funded by the Research Foundation – Flanders
(FWO) and the Flemish Government – department EWI for providing the computational resources and
services used in this work.

References
1. Bringel F, Couée I: Pivotal roles of phyllosphere microorganisms at the interface between plant

functioning and atmospheric trace gas dynamics. Front Microbiol 2015, 6:486.

2. Vorholt JA: Microbial life in the phyllosphere. Nature reviews Microbiology 2012, 10(12):828-840.

3. Whipps JM, Hand P, Pink D, Bending GD: Phyllosphere microbiology with special reference to
diversity and plant genotype. J Appl Microbiol 2008, 105(6):1744-1755.

4. Rastogi G, Sbodio A, Tech JJ, Suslow TV, Coaker GL, Leveau JH: Leaf microbiota in an
agroecosystem: spatiotemporal variation in bacterial community composition on �eld-grown lettuce.
ISME J 2012, 6(10):1812-1822.

5. Bulgarelli D, Schlaeppi K, Spaepen S, Ver Loren van Themaat E, Schulze–Lefert P: Structure and
functions of the bacterial microbiota of plants. Annu Rev Plant Biol 2013, 64:807-838.

�. Delmotte N, Knief C, Chaffron S, Innerebner G, Roschitzki B, Schlapbach R, von Mering C, Vorholt JA:
Community proteogenomics reveals insights into the physiology of phyllosphere bacteria. Proc Natl
Acad Sci USA 2009, 106(38):16428-16433.

7. Knief C, Delmotte N, Chaffron S, Stark M, Innerebner G, Wassmann R, von Mering C, Vorholt JA:
Metaproteogenomic analysis of microbial communities in the phyllosphere and rhizosphere of rice.
ISME J 2012, 6(7):1378-1390.

�. Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK: Plant–microbiome interactions: from community
assembly to plant health. Nature reviews Microbiology 2020, 18(11):607-621.

9. Hardoim PR, van Overbeek LS, Elsas JD: Properties of bacterial endophytes and their proposed role
in plant growth. Trends Microbiol 2008, 16(10):463-471.

10. Weyens N, van der Lelie D, Taghavi S, Newman L, Vangronsveld J: Exploiting plant–microbe
partnerships to improve biomass production and remediation. Trends Biotechnol 2009, 27(10):591-
598.



Page 12/20

11. Metcalfe DJ: Hedera helix L. J Ecol 2005, 93(3):632-648.

12. Janssen PH, Yates PS, Grinton BE, Taylor PM, Sait M: Improved culturability of soil bacteria and
isolation in pure culture of novel members of the divisions Acidobacteria, Actinobacteria,
Proteobacteria, and Verrucomicrobia. Appl Environ Microbiol 2002, 68(5):2391-2396.

13. Davis KE, Joseph SJ, Janssen PH: Effects of growth medium, inoculum size, and incubation time on
culturability and isolation of soil bacteria. Appl Environ Microbiol 2005, 71(2):826-834.

14. Eevers N, Gielen M, Sánchez–López A, Jaspers S, White JC, Vangronsveld J, Weyens N: Optimization
of isolation and cultivation of bacterial endophytes through addition of plant extract to nutrient
media. Microb Biotechnol 2015, 8(4):707-715.

15. Tanaka T, Kawasaki K, Daimon S, Kitagawa W, Yamamoto K, Tamaki H, Tanaka M, Nakatsu CH,
Kamagata Y: A hidden pitfall in the preparation of agar media undermines microorganism
cultivability. Appl Environ Microbiol 2014, 80(24):7659-7666.

1�. Tamaki H, Hanada S, Sekiguchi Y, Tanaka Y, Kamagata Y: Effect of gelling agent on colony
formation in solid cultivation of microbial community in lake sediment. Environ Microbiol 2009,
11(7):1827-1834.

17. Bertani G: Studies on lysogenesis. I. The mode of phage liberation by lysogenic Escherichia coli. J
Bacteriol 1951, 62(3):293-300.

1�. Bergersen FJ: The growth of Rhizobium in synthetic media. Aust J Biol Sci 1961, 14:349-360.

19. Coombs JT, Franco CM: Isolation and identi�cation of Actinobacteria from surface-sterilized wheat
roots. Appl Environ Microbiol 2003, 69(9):5603-5608.

20. Dai Z, Su W, Chen H, Barberan A, Zhao H, Yu M, Yu L, Brookes PC, Schadt CW, Chang SX et al: Long-
term nitrogen fertilization decreases bacterial diversity and favors the growth of Actinobacteria and
Proteobacteria in agro-ecosystems across the globe. Glob Chang Biol 2018, 24(8):3452-3461.

21. Gu Y, Wei Y, Xiang Q, Zhao K, Yu X, Zhang X, Li C, Chen Q, Xiao H, Zhang X: C:N ratio shaped both
taxonomic and functional structure of microbial communities in livestock and poultry breeding
wastewater treatment reactor. Sci Total Environ 2019, 651(1):625-633.

22. Kumar A, Rai LC: Organic carbon and nitrogen availability determine bacterial community
composition in paddy �elds of the Indo-Gangetic plain. 3 Biotech 2017, 7(3):199.

23. Schloss PD, Girard RA, Martin T, Edwards J, Thrash JC: Status of the archaeal and bacterial census:
an update. mBio 2016, 7(3):e00201-00216.

24. Zhao Y: Auxin biosynthesis and its role in plant development. Annu Rev Plant Biol 2010, 61:49-64.

25. Ryu CM, Farag MA, Hu CH, Reddy MS, Kloepper JW, Pare PW: Bacterial volatiles induce systemic
resistance in Arabidopsis. Plant Physiol 2004, 134(3):1017-1026.

2�. Ryu CM, Farag MA, Hu CH, Reddy MS, Wei HX, Pare PW, Kloepper JW: Bacterial volatiles promote
growth in Arabidopsis. Proc Natl Acad Sci USA 2003, 100(8):4927-4932.

27. Glick BR: Bacteria with ACC deaminase can promote plant growth and help to feed the world.
Microbiol Res 2014, 169(1):30-39.



Page 13/20

2�. Chase AB, Arevalo P, Polz MF, Berlemont R, Martiny JB: Evidence for ecological �exibility in the
cosmopolitan genus Curtobacterium. Front Microbiol 2016, 7:1874.

29. Perazzolli M, Antonielli L, Storari M, Puopolo G, Pancher M, Giovannini O, Pindo M, Pertot I: Resilience
of the natural phyllosphere microbiota of the grapevine to chemical and biological pesticides. Appl
Environ Microbiol 2014, 80(12):3585-3596.

30. Behrendt U, Ulrich A, Schumann P, Naumann D, Suzuki KI: Diversity of grass-associated
Microbacteriaceae isolated from the phyllosphere and litter layer after mulching the sward;
polyphasic characterization of Subtercola pratensis sp. nov., Curtobacterium herbarum sp. nov. and
Plantibacter �avus gen. nov., sp. nov. Int J Syst Evol Microbiol 2002, 52(5):1441-1454.

31. Jacobs JL, Sundin GW: Effect of solar UV-B radiation on a phyllosphere bacterial community. Appl
Environ Microbiol 2001, 67(12):5488-5496.

32. Dunleavy JM: Curtobacterium plantarum sp. nov. is ubiquitous in plant leaves and is seed
transmitted in soybean and corn. Int J Syst Evol Microbiol 1989, 39(3):240-249.

33. Knief C, Frances L, Vorholt JA: Competitiveness of diverse Methylobacterium strains in the
phyllosphere of Arabidopsis thaliana and identi�cation of representative models, including M.
extorquens PA1. Microb Ecol 2010, 60(2):440-452.

34. Espenshade J, Thijs S, Gawroński S, Bové H, Weyens N, Vangronsveld J: In�uence of urbanization on
epiphytic bacterial communities of the Platanus x hispanica tree leaves in a biennial study. Front
Microbiol 2019, 10:675.

35. Innerebner G, Knief C, Vorholt JA: Protection of Arabidopsis thaliana against leaf-pathogenic
Pseudomonas syringae by Sphingomonas strains in a controlled model system. Appl Environ
Microbiol 2011, 77(10):3202-3210.

3�. Beattie GA, Marcell LM: Comparative dynamics of adherent and nonadherent bacterial populations
on maize leaves. Phytopathology 2002, 92(9):1015-1023.

37. Smyth EM, McCarthy J, Nevin R, Khan MR, Dow JM, O'Gara F, Doohan FM: In vitro analyses are not
reliable predictors of the plant growth promotion capability of bacteria; a Pseudomonas �uorescens
strain that promotes the growth and yield of wheat. J Appl Microbiol 2011, 111(3):683-692.

3�. Fu J, Wang S: Insights into auxin signaling in plant–pathogen interactions. Front Plant Sci 2011,
2:74.

39. Hoskisson PA, Fernández–Martínez LT: Regulation of specialised metabolites in Actinobacteria –
expanding the paradigms. Environ Microbiol Rep 2018, 10(3):231-238.

40. Qin S, Li WJ, Klenk HP, Hozzein WN, Ahmed I: Actinobacteria in special and extreme habitats:
diversity, function roles and environmental adaptations. Front Microbiol 2019, 10:944.

41. Kämpfer P, Rainey FA, Andersson MA, Nurmiaho Lassila EL, Ulrych U, Busse HJ, Weiss N, Mikkola R,
Salkinoja–Salonen M: Frigoribacterium faeni gen. nov., sp. nov., a novel psychrophilic genus of the
family Microbacteriaceae. Int J Syst Evol Microbiol 2000, 50:355-363.

42. Katayama T, Kato T, Tanaka M, Douglas TA, Brouchkov A, Fukuda M, Tomita F, Asano K: Glaciibacter
superstes gen. nov., sp. nov., a novel member of the family Microbacteriaceae isolated from a



Page 14/20

permafrost ice wedge. Int J Syst Evol Microbiol 2009, 59:482-486.

43. Han SR, Yu SC, Kang S, Park H, Oh TJ: Complete genome sequence of Frondihabitans sp. strain
PAMC28766, a novel carotenoid-producing and radiation-resistant strain isolated from an Antarctic
lichen. J Biotechnol 2016, 226:20-21.

44. Kyrpides NC, Hugenholtz P, Eisen JA, Woyke T, Göker M, Parker CT, Amann R, Beck BJ, Chain PS,
Chun J et al: Genomic encyclopedia of bacteria and archaea: sequencing a myriad of type strains.
PLoS Biol 2014, 12(8):e1001920.

45. Kang KS, Veeder GT, Mirrasoul PJ, Kaneko T, Cottrell IW: Agar-like polysaccharide produced by a
Pseudomonas species: production and basic properties. Appl Environ Microbiol 1982, 43(5):1086-
1091.

4�. Patten CL, Glick BR: Role of Pseudomonas putida indoleacetic acid in development of the host plant
root system. Appl Environ Microbiol 2002, 68(8):3795-3801.

47. Romick TL, Fleming HP: Acetoin production as an indicator of growth and metabolic inhibition of
Listeria monocytogenes. J Appl Microbiol 1998, 84(1):18-24.

4�. Belimov AA, Hontzeas N, Safronova VI, Demchinskaya SV, Piluzza G, Bullitta S, Glick BR: Cadmium-
tolerant plant growth-promoting bacteria associated with the roots of Indian mustard (Brassica
juncea L. Czern.). Soil Biol Biochem 2005, 37:241-250.

49. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP: DADA2: High-resolution
sample inference from Illumina amplicon data. Nat Methods 2016, 13(7):581-583.

50. Murali A, Bhargava A, Wright ES: IDTAXA: a novel approach for accurate taxonomic classi�cation of
microbiome sequences. Microbiome 2018, 6(1):140.

51. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras–Alfaro A, Kuske CR, Tiedje
JM: Ribosomal Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids
Res 2014, 42:D633-642.

52. McMurdie PJ, Holmes S: phyloseq: an R package for reproducible interactive analysis and graphics
of microbiome census data. PLoS One 2013, 8(4):e61217.

53. Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O: New algorithms and methods
to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst Biol
2010, 59(3):307-321.

54. Edgar RC: MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res 2004, 32(5):1792-1797.

55. Hill JT, Demarest BL, Bisgrove BW, Su YC, Smith M, Yost HJ: Poly peak parser: method and software
for identi�cation of unknown indels using sanger sequencing of polymerase chain reaction products.
Dev Dyn 2014, 243(12):1632-1636.

5�. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL: BLAST+:
architecture and applications. BMC Bioinformatics 2009, 10:421.

57. R Core Team: R: A language and environment for statistical computing. 2020.



Page 15/20

Tables

TABLE 1  Composition of the growth media. Products are given in g L-1 distilled water.

Products marked in grey were filter-sterilized before being added to the other autoclaved

components. Phosphate-containing components (underlined) were separately autoclaved.

All growth media have pH 7.0.

  LB
[17]

LB01
(1/10 dilution of LB)

YEx
(this study)

YMA
[18]

YFlour
[19]

CaCO3         0.3
CoCl2     1.9 x 10-4    
CuCl2     1.7 x 10-5    
Fe(III)NH4 citrate     4.8 x 10-3    
H3BO3     6.2 x 10-5    
K2HPO4       0.1  
KH2PO4       0.4  
MgSO4 ∙ 7H2O 1 0.1 1 1 1
MnCl2     1 x 10-4    
Na2HPO4 ∙ 2H2O     0.04    
NaCl 10 1 0.1 0.1  
NaMoO4     3.6 x 10-5    
NiCl2     2.4 x 10-5    
Tris     6.1    
ZnSO4 ∙ 7H2O     1.4 x 10-4    
D-Fructose     0.5    
D-Glucose     0.5    
Gluconate     0.7    
Lactate     0.4    
Mannitol       10  
Succinate     0.8    
Sucrose         0.3
Plain flour         6
Tryptone 10 1      
Yeast extract 5 0.5 0.4 0.4 0.3
Gellan gum 7.5 7.5 7.5 7.5 7.5

 

Figures
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Figure 1

Intra- and inter-diversity of growth medium and phylloplane samples. Intra-sample diversity was assessed
with amplicon sequence variant (ASV) observations, Shannon diversity and Simpson diversity (B; n = 24,
4 per growth medium and 4 uncultured phylloplane samples). Inter-sample diversity was measured with
principal coordinates analysis (PCoA) on a Bray–Curtis dissimilarity matrix (A). The x- and y-axes are
indicated by the �rst and second principal coordinate (PC), respectively, and the values in parentheses
show the percentages of the variation explained.
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Figure 2

Taxonomical diversity of cultured phylloplane bacteria on the selected growth media and relation with the
uncultured phylloplane. Relative abundances of the four major phyla Proteobacteria, Actinobacteria,
Bacteroidetes and Firmicutes (A) across all samples (n = 24, 4 per growth medium and 4 uncultured
phylloplane samples). The relative abundances of the top 10 genera across all growth medium samples
and their relation with the uncultured bacterial phylloplane is also shown (B). uncl.: unclassi�ed.
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Figure 3

Venn diagram showing shared and unique amplicons sequence variants (ASVs) for the selected growth
media. All 379 ASVs that were obtained by culturing are depicted according the selected growth media.
The highest proportion of ASVs (76.3%) is unique for the growth media, 21.9% is shared between at least
two of the growth media and only 1.8% is shared between all growth media. Note that ASV abundance is
not considered in this picture.
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Figure 4

Most abundant amplicons sequence variants (ASVs) and relation with the selected growth media. The
top 50 ASVs in uncultured bacterial phylloplane samples are given with their phylogenetic relationship
and taxonomic classi�cation (order | family | genus). ASVs depicted in bold are part of the core
microbiome, here de�ned by presence in all phylloplane samples. For each ASV, it is indicated if culturing
was successful on the selected growth media with a corresponding symbol. P: Proteobacteria, :
Alphaproteobacteria, : Betaproteobacteria, : Gammaproteobacteria, A: Actinobacteria, B: Bacteroidetes,
Fi: Firmicutes, Fu: Fusobacteria, uncl.: unclassi�ed.
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Figure 5

Plant growth promotion potential and viable count of the selected growth media. Four weeks after
inoculation, the number of colony-forming units (CFU) per gram of fresh leaf material on the growth
media was determined (B; n = 40, 8 per growth medium), with “x” and “y” indicating two signi�cantly
different groups (p < 0.05). Plant growth promotion (PGP) potential was evaluated for isolates from each
growth medium (A; n = 200, 40 per growth medium). The taxonomical classi�cation on genus level of
these 200 isolates tested for PGP potential is also shown (C). ACCd: 1-aminocyclopropane-1-carboxylic
acid deaminase, acetoin: 3-hydroxy-2-butanone, IAA: indole-3-acetic acid.
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