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Abstract Microbial function, composition, and distribution
play a fundamental role in ecosystem ecology. The interaction
between desert plants and their associated microbes is expect-
ed to greatly affect their response to changes in this harsh
environment. Using comparative analyses, we studied the im-
pact of three desert shrubs, Atriplex halimus (A), Artemisia
herba-alba (AHA), and Hammada scoparia (HS), on soil-
and leaf-associated microbial communities. DNA extracted
from the leaf surface and soil samples collected beneath the
shrubs were used to study associated microbial diversity using
a sequencing survey of variable regions of bacterial 16S
rRNA and fungal ribosomal internal transcribed spacer
(ITS1). We found that the composition of bacterial and fungal
orders is plant-type-specific, indicating that each plant type
provides a suitable and unique microenvironment. The differ-
ent adaptive ecophysiological properties of the three plant
species and the differential effect on their associated microbial
composition point to the role of adaptation in the shaping of
microbial diversity. Overall, our findings suggest a link be-
tween plant ecophysiological adaptation as a Btemporary

host^ and the biotic-community parameters in extreme xeric
environments.
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Introduction

In arid regions, aeolian particles are one of the major sources
of nutrients and biotic diversity. These particles includes zoo-
plankton, bacteria, algae, protists, and fungi [1, 2]. The grow-
ing interest in the impact of the aeolian dust biota and
particulate-matter components was mainly considered in de-
sert ecosystems either for their role in improving soil physical
and chemical properties or their impact on human health [3,
4]. The relationship between the transferred aeolian biota and
plant leaves is beneficial for both, embodying a widespread
and ancient symbiosis [5] that greatly influence plant perfor-
mance (e.g., hormone production, growth, pathogen infec-
tions, etc.) [6]. The phyllosphere (i.e., the above-ground parts
of the plant, and the leaves, in particular) provides a Bhostel^
for the colonization of millions of bacteria, fungi, and other
microscopic organisms [7]. The atmospheric deposition of
particles originating from different sources, such as soil or
other plants, facilitates microbial transfer to the phyllosphere
[8, 9]. A positive correlation between chemical environmental
factors and geographic distances with archeal and bacterial
communities has been shown, suggesting that the different
domains of life exhibit different correlations with environ-
mental parameters [10]. The relative importance of each of
the factors, e.g., environmental or geographic, varies between
studies [10] and remains debatable. Many studies have fo-
cused on describing microbial communities in the
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laimosphere and phyllosphere; however, there are only a
handful of studies that address the question of how the eco-
physiological adaptation of the plant may affect the microbial
community of the laimosphere and phyllosphere as a result of
the alteration of the local microenvironment.

Scarce and unpredictable rainfall, high soil salinity, and
high temperatures are the main limiting factors that shape
the ecophysiological adaptation of desert organisms to the
challenging desert environment [11–14]. Each perennial plant
possesses a unique environmental niche impacted by the com-
pilation of its adaptive characteristics, which are expected to
influence the colonizing success of the microbial communi-
ties, e.g., it has been shown that bacteria inhabiting the
Tamarix phyllosphere in arid regions are exposed to periods
of extreme daytime desiccation interspersed with nighttime
immersion in a highly saline solution (over 20 % dissolved
salts) [15–17].

Most phyllosphere microorganisms, such as those
inhabit ing many other natural environments, are
nonculturable [7, 18, 19]. Over the past decade, many studies
have benefited from a variety of culture-independent methods,
including PCR-based next-generation sequencing (NGS),
shotgun metagenomics studies, and metaproteogenomics
[20, 21]. Nowadays, the genomic analyses of individual mi-
crobial strains or metagenomics studies of whole microbial
communities provide insight into the composition and physi-
ological potential of plant- [22] and soil-associated microor-
ganisms [23]. These NGS approaches directly link genetic
diversity to species richness [22–24].

In our previous study, it was shown that functional
diversity in the laimosphere and phyllosphere exhibited
similar patterns for each individual shrub, where microbi-
al functional diversity varied greatly across the shrubs in
both the laimosphere and phyllosphere [25]. It was hy-
pothesized that microbial structural diversity in the
phyllosphere partly overlaps that of the laimosphere com-
munity, and is affected by perennial-shrub ecophysiolog-
ical adaptations. In order to study the diversity of micro-
bial communities colonizing the phyllosphere and the
laimosphere habitats of the three desert shrubs in relation
to their adaptations, we sought to determine microbial
diversity using the NGS approach.

In the current study, we used NGS of 16S rRNA and inter-
nal transcribed spacer (ITS) amplicons to survey bacterial and
fungal diversity in the phyllosphere and laimosphere of three
morphologically and anatomically different species of peren-
nial desert shrubs native to the Israeli desert: Atriplex halimus
(A), Hammada scoparia (HS), and Artemisia herba-alba
(AHA). Partial overlap between the microbial communities
of each niche was identified. Niche-specific and plant-type-
specific patterns that are likely dictated by plant ecophysiolo-
gy were also identified. In addition, the microorganism com-
munities were correlated with previously published data on

abiotic parameters (e.g., moisture, pH, C/N ratio, organic mat-
ter content, and salinity) [13, 26] of the same environments.

Materials and Methods

Study Site and Plants

The study site was located in the northern Negev Desert at the
M. Evenari Runoff Research Farm (30°47′N, 34°36′E), Avdat,
Israel [11]. For a detailed description of the study site and
shrub species, please refer to Martirosyan et al. [13, 26].
Three shrubs that share the same ecosystem and grow in the
same vicinity (∼5–15 m), but differ in their ecophysiological
properties, were sampled: Atriplex halimus (A) [(saltbush)
shrub is halophytic with gray-green leaves (varying in size
from 1 × 1 m to 2.5 m high) and extremely tolerant of salt
content in the ground [11, 27]]; H. scoparia (HS) [shrub
leaves are atrophied into scales and fused onto the segment
that bears them. The presence of anabasine in the plant ex-
plains the plant’s toxicity [27, 28]]. Artemisia herba-alba
(AHA) shrub (20–40 cm height) with strongly aromatic leaves
exhibits an allelopathic effect on other plant species and has a
high calcium content [29].

Sampling

At the end of the dry season, 200-g soil samples were random-
ly collected from the upper 0–10 cm soil layer beneath the
individual shrubs (four replicates for each plant) and from
open spaces acting as control (CO), placed in individual, ster-
ile, plastic bags, and stored in a cool insulated box for trans-
portation to the laboratory. Soil samples were sieved through a
2-mmmesh in order to remove stones, roots, and other organic
debris, and stored at 4 °C for 2 days before processing.
Additional samples were stored at −20 °C for further DNA
extraction and microbial-community analysis. Twenty-gram
leaf samples randomly collected from each shrub in four rep-
licates were placed in sterile-paper envelopes, transported to
the laboratory in a cool insulated box, and then stored at room
temperature overnight for biotic analyses.

Molecular Microbiological Analyses

Genomic DNA was isolated from 0.25 g soil samples using
the MoBio PowerSoil DNA Isolation Kit (MoBio
Laboratories Inc., Carlsbad, CA). The microbe community
colonizing the leaf surface was concentrated and collected
by filtration on a 0.2-μm pore-size Millipore polycarbonate
filter (GE Water & Process Technologies, Trevose, PA). The
filters were then used for genomic DNA extraction using the
MoBio PowerSoil® DNA Isolation Kit (MoBio Laboratories
Inc.). PCR amplification of the 16S rRNA gene was
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performed using a universal forward primer 341(F) (5′-CCTA
CGGGAGGCAGCAG-3′) and reverse primer 700(R) (5′-
CGMATTYCACYKCTACAC-3′) flanking the two variable
regions, V3 and V4, of the 16S gene [30, 31]. For fungal-
community analysis, the ITS1 fragment of the rRNA gene
was amplified using ITS1(F) (5′- TCCGTAGGTGAACC
TGCGG-3 ′) and ITS2(R) (5 ′-GCTGCGTTCTTCAT
CGATGC-3′) primer pair [32, 33]. PCRs were performed
using Phusion® high-fidelity DNA polymerase (New
England BioLabs, M0530S) with 35 amplification cycles, ac-
cording to the manufacturer’s recommendations. Four soil and
three leaf samples (each a mix of four replicates) were ana-
lyzed and each sample was PCR-amplified. PCR products
were separated on gel and purified on Zymo-Spin™ IIN col-
umns. Following purification, PCR amplicons were prepared
for sequencing using the Ion Torrent Personal Genome
Machine (PGM) (Life Technologies, Carlsbad, CA).

Ion Torrent™ Sequencing

Libraries from each sample were prepared using the Ion
XpressTM Plus Fragment Library Kit (Life Technologies). In
order to sequence all the samples, each sample had its own
unique barcode from the Ion Xpress Barcode Adapters 1-16
Kit (Life Technologies). For each sample, the two PCR prod-
ucts were mixed together in equal molar amounts before the
library preparation was started. Considering that the goal of
the experiment was to comprehensively assess microbial di-
versity at each location, sequencing depth, not replication, was
critical [34]. The libraries were quantified and qualified using
a DNA 1000 Bioanalyzer chip (Agilent, Santa Clara, CA).
The emulsion PCR was carried out on a OneTouch 2 system
(Life Technologies) using the Ion PGM™ Template OT2 400
Kit (Life Technologies). The quality of the unenriched spheres
was checked on a Qubit 2.0 using the Ion Sphere Quality
Control Kit (Life Technologies). Sequencing of the amplicon
libraries was carried out on the PGM system using the Ion
Sequencing 400 Kit (Life Technologies), following the
company’s protocol.

Bioinformatic Analysis

The sequencing data were analyzed using the quantitative in-
sights into the microbial ecology pipeline v 1.7.0 (QIIME)
[35]. QIIME is an open-source software pipeline built using
the PyCogent toolkit [36] to address the problem of taking
sequencing data from raw sequences for interpretation and
database deposition. QIIME, available at http://qiime.
sourceforge.net/, supports a wide range of microbial-
community analyses and visualizations that have been central
to several recent high-profile studies, including network anal-
ysis, histograms of within- or between-sample diversity, and
analysis of whether Bcore^ sets of organisms are consistently

represented in certain habitats. Barcodes and primers were
trimmed using the split library script available in QIIME.
Reads shorter than 150 bases were discarded, as were reads
whose barcode contained more than two errors. The se-
quences were then clustered and assigned to operational tax-
onomic units (OTUs) using the open-reference OTU picking
with UCLUST algorithm in QIIME. The representative se-
quences, the most abundant sequences in the respective clus-
ters, were extracted and classified taxonomically. Taxonomic
classification was performed using the Ribosomal Database
Project classifier in QIIME against the Greengenes (gg_12_10
version) database [37], preclustered at 97 % identity for the 16
S rRNA samples, and the UNITE (its_12_11 version) data-
base [38], preclustered at 97 % identity for the ITS1 samples.
Chimeric OTUs were filtered out using ChimeraSlayer for the
16S rRNA samples, and BLAST for the ITS1 samples. Alpha
diversity was calculated using the QIIME package.
Rarefaction curves, Shannon indices, and Chao1 indices were
calculated employing the QIIME alpha_rarefaction.py pipe-
line. When comparing multiple populations, beta diversity
measures describe how many taxa are shared between them.
Beta diversity was calculated using QIIME script beta_diver-
sity_through_plots.py for computing beta diversity distance
matrices and generating PCoA plots. Note that for the beta
diversity analysis, we chose an even sampling depth of 6661
and 1666 for 16S rRNA and ITS1, respectively, based on the
output of BIOM summary-table script. We used the UniFrac
(weighted and unweighted) and Bray-Curtis metric for 16S
rRNA and ITS1, respectively, to calculate the distance be-
tween samples.

Statistical Analysis

Statistical analysis for the biotic parameters was conducted
using the SAS statistical software package. The effects of both
abiotic and biotic variables were determined using general
linear-model (GLM) analysis. Duncan’s multiple range tests
(MRTs) were used to determine differences between variables.
Significance was defined at a level of p < 0.05.

Results

Abiotic and Biotic Analyses of the Laimosphere
and Phyllosphere

The results of abiotic and microfloral community analysis
[colony-forming units (CFUs)] of soil and leaf samples
showed clear distinctions between the phyllosphere and
laimosphere beneath the canopies of the three different shrubs
[13, 26], suggesting distinct differences between population
density (CFUs) of different shrubs and between the
laimosphere and phyllosphere of the same shrub. Thus, both
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abiotic microenvironmental characteristics and bacterial- and
fungal-value cultures were found to differ for different shrubs
growing in the same desert environment, and were found to be
affected by the ecophysiological adaptations of the shrub to
the harsh environment, as hypothesized [13, 26, 39].

Microbial Composition Analysis

Microbial-community composition in the laimosphere and
phyllosphere was examined via bacterial (16S rRNA) and
fungal (ITS) genomic markers sequenced on an Ion
Torrent™ sequencer. Average lengths of 300 bps (16S
rRNA) and 235 bps for the fungal community (ITS1) were
obtained with primers flanking the variable regions.
Following removal of PGM linker primers, barcodes, and for-
ward amplification primers during QIIME analysis (see
BExperimental Procedures^), the read quality across the phy-
logenetically informative sequence length was used to deter-
mine the suitability of fragments for downstream analyses.
Overall, we obtained 166,529 16S rRNA and 53,097 ITS1
sequences. After checking for sequencing errors and chi-
meras, we obtained 130,132 16S rRNA and 38,401 ITS1
reads (Tables 1 and 2).

The reads were clustered based on similarity to sequences
in a reference database; reads that did not match any accession
in the database were then clustered de novo, and the resulting
OTU sets were merged. Clustering the extracted fragments
resulted in 14,251 OTUs for 16S rRNA and 2079 OTUs for
ITS1 at 97% sequence similarity (Tables 1 and 2).While most
of the 16S reads were identified, a large number of ITSs could
not be classified; the 16S rRNA reads were assigned to 75
(61.5 %) and ITS1 reads were assigned to 33 (75 %) different
classified orders. The taxonomic diversity of the different 16S
rRNA and ITS1 gene OTUs showing greater-than-1 % rela-
tive abundance that were detected in the soil and in the leaf
samples is represented in Figs. 1 and 2, respectively. Results
revealed a high degree of diversity between all samples, with
distinctive patterns of relative abundance of OTUs;
laimosphere samples showed higher diversity compared with
the phyllosphere samples.

While cluster analysis of the soil control samples showed
greater diversity compared with the phyllosphere plant sam-
ples of both the bacterial and fungal communities, the degree
of diversity between soil and leaf samples was not easily dis-
tinguishable (Figs. 1 and 2). The bacterial order of
Sphingobacteriales (phylum Bacteroidetes) was dominant in
all three laimospheres (Fig. 1), yet it was almost completely
absent in leaf samples (≤0.1 %; Fig. 1). Moreover,
Sphingobacteriales seem to thrive under the canopy of all
three plant species, as this order was 3–4-fold more abundant
than in the control open-space samples. In contrast, no dom-
inant bacterial order was found to be common to all
phy l l o sphe r e s bu t ab s en t i n t he l a imosphe r e ;

Burkholderiales and Streptophyta were the two predominant
orders on Artemisia herba-alba leaves (AHAL), covering 53
and 41 % of the total OTUs, respectively. On H. scoparia leaf
(HSL) samples, an undetermined order belonging to the
Bacteroidetes phylum made up 80 % of the population, and
on Atriplex halimus leaves (AL), Streptophyta and Bacillales
make up 44 and 35 % of the population, respectively.
Interestingly, Burkholderiales (of the Proteobacteria phylum)
was the only order common to all soil and leaf samples, with
>1 % abundance (Fig. 1).

As mentioned above, many of the ITS1 reads were not
classified. These unclassified reads constituted the majority
or a large proportion of all samples except HSL; however,
significant diversity in fungal communities could still be ob-
served between samples (Fig. 2). Although the distinction
between laimosphere and phyllosphere clusters was less obvi-
ous than for 16S rRNA clusters (Fig. 1), only one order,
Pleosporales, was abundant in all soil and leaf samples.
Notable distinctions between soil and leaf samples were ob-
served for orders of Ascomycota, Agaricales, Pezizales, and
two undetermined orders found almost exclusively in the soil
(Fig. 2). Moreover, all leaf samples hosted the epiphytic order
of Capnodiales, which constitutes the majority of the fungal
communities on HSL (81 %), while on AL and AHAL, it
made up 23 and 9.8 % of the fungal communities, respective-
ly. In contrast, Capnodialeswas marginally represented in the
soil, making up less than 1 % of the fungal communities in the
open-space control and in Atriplex halimus (Fig. 2).

Comparison Between the Bacterial and Fungal
Communities in the Phyllosphere and Laimosphere
of Each Plant Species

Differences in microbial diversity were most distinguishable
between soil and leaf samples, as can be expected (Figs. 1 and
2). However, the clear distinction between the bacterial diver-
sity of the open-space control and the clusters of the three
laimosphere samples demonstrates the effect of the plants.
The phylum Acidobacteria was most dominant in the soil
samples, about 600 times higher than in the leaves, which is
in agreement with a previous report on its abundance within
soil [40]. The order Bacillales of the Firmicutes phylum
showed relatively higher abundance in the shrubs than in the
corresponding soil beneath them, elucidating the plant impact,
similar to the findings of Bulgarelli et al. [41] for the
Firmicutes phylum.

In contrast to the corresponding similar frequencies of
Pleosporales (between 17 and 20 %) in the vicinity of and
on Atriplex halimus andH. scorparia, it made up almost 50 %
of the fungal community beneath the Artemisia herba-alba
shrub, while above the shrub—only 11.9 %. The
Pleosporales is the largest order in the fungal class
Dothideomycetes. Most of the species are saprophytes
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commonly found on decaying plant material in fresh water,
marine, or terrestrial environments, but several species are
also associated with living plants, such as parasites, epiphytes,
or endophytes.

Alpha Diversity Within Samples and Rarefaction Curves

To better show the mean species diversity in sites or habitats,
OTU-based alpha diversity or Shannon index was calculated
using QIIME software (Fig. 3). These results also confirmed
that the sequencing depth [34] was sufficient to accurately
describe bacterial and fungal diversities in our tests (Fig. 3),
and eventually allow for detailed diversity analyses that ac-
count for rare taxa such as Chao1. According to the Shannon
index, the information regarding the entropy of the observed
OTU abundances accounting for both richness and evenness,
the bacterial community is more diverse in the soil samples
than in the leaf samples. The observed order of diversity is as
follows: HS > AHA > A > CO > AL > AHAL > HSL and
CO >AHA>HS >A >HSL >AHAL >AL for the bacterial
and fungal communities, respectively. Our data suggest that
all three plant laimospheres similarly support rich and diverse
bacterial communities compared with the control soil sample
(R = 0.8 and p = 0.015) (Fig. 3a). In contrast, a similar effect

does not exist for fungal communities (R = 0.467 and
p = 0.0675) (Fig. 3b). This means that diversity rises in that
order. It should be mentioned that for the calculation of α-
diversity in QIIME, two metrics were also used: (a) Chao1
metric estimated species richness (Fig. 3a, b); and (b) the
observed species metric, which is simply the count of unique
OTUs found in the samples (Fig. 4a, b).

Beta Diversity (Pairwise Sample Dissimilarity)
Between Samples and Plots

β-Diversity analysis was carried out to compare OTU distri-
bution between the different soil and leaf samples and to each
other. QIIME was used for the calculation of β-diversity for
each of the seven microbial communities (four soil and three
leaves). Principal coordinate analysis (PCoA) plots exhibited
similarity between soil samples beneath the different shrubs
(A, HS, AHA), which were relatively distant from the CO
sample (Fig. 4a); this is consistent with previous observations
[25]. Regarding the fungal laimosphere community, CO,
AHA, and HS exhibited similar structure, and A was distant
from the soil samples (Fig. 4b), indicating that the fungal
community structure in soil beneath Atriplex halimus was dif-
ferent compared to other soil samples. On the other hand,

Table 1 Operational taxonomic
units (OTUs) and sequences (seq.)
of 16S rRNA genes in soil
(laimosphere) and leaf
(phyllosphere) samples collected
from Atriplex halimus [A (soil), AL
(leaves)], H. scoparia [HS (soil),
HSL (leaves)], Artemisia herba-
alba [AHA (soil), AHAL (leaves)],
and the open spaces as control (CO)

Separation of sequences
by barcode and primers

OTUs and taxonomic assignment OTUs after chimera removal

# of seq. # of OTUs # of seq. # of OTUs

CO 18,105 2357 13,579 2072

A 10,528 2257 6661 2034

HS 26,307 4642 16,519 4020

AHA 33,457 4956 21,008 4356

AL 31,019 1001 27,795 823

HSL 28,429 568 27,339 451

AHAL 18,684 646 17,231 495

Total 166,529 16,427 130,132 14,251

Number of chimeric OTUs was 528

Table 2 Operational taxonomic
units (OTUs) and sequences (seq.)
of ITS1 fungal genes in soil
(laimosphere) and leaf
(phyllosphere) samples collected
from Atriplex halimus [A (soil), AL
(leaves)], H. scoparia [HS (soil),
HSL (leaves)], Artemisia herba-
alba [AHA (soil), AHAL (leaves)],
and open spaces as control (CO)

Separation of sequences
by barcode and primers

OTUs and taxonomic assignment OTUs after chimera removal

# of seq. # of OTUs # of seq. # of OTUs

CO 5898 407 4945 354

A 14,071 651 11,377 529

HS 8514 535 6299 434

AHA 11,688 628 7252 474

AL 4985 140 4649 114

HSL 5377 151 2213 105

AHAL 2564 95 1666 69

Total 53,097 2607 38,401 2079

Number of chimeric OTUs was 2176
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phyllosphere beta diversity analysis showed similarity be-
tween AHAL and HSL samples for fungal and bacterial com-
munities, but it showed some distance for AL (Fig. 4a, b). Two
metrics were used to show quantitative (e.g., weighted
UniFrac) and qualitative (e.g., unweighted unifrac UniFrac)
measures of beta diversity for 16S rRNA, and non-
phylogenetic Bray-Curtis metric for ITS1.

Interactions of Biotic and Abiotic Parameters

Previous studies have shown a correlation between microbial-
community structure and abiotic variables, such as pH or
moisture content, particularly in soil, in culture-free high-
throughput surveys [25]. To correlate between abiotic param-
eters and microbial structure, we assigned the prevalent phyla
for both bacteria and fungi: Acidobacteria (9.27 %),
Bactero ide tes (32 .37 %) , Firmicu tes (9 .84 %) ,
Cyanobacteria (28.08 %), and Proteobacteria (16.51 %) for
16S rRNA, and Basidiomycota (11.05 %) and Ascomycota
(87.45 %) for ITS1 (Figs. 1 and 2). Linear regression analysis
was conducted to show the relationship between microbial
communities (dominant phyla) and abiotic parameters [pH,

C/N ratio, total organic carbon (TOC), soil moisture, and elec-
trical conductivity (EC)], as described previously byGuo et al.
[25].

The results showed no significant correlation between pH
and all dominant bacterial and fungal phyla for soil or leaves
(p > 0.5). Only two dominant bacterial phyla, Bacteroidetes
(ANOVA, p < 0.02) and Cyanobacteria (ANOVA, p < 0.04),
showed a relationship with the soil TOC (Fig. 5a, b). No
significant correlation was found between microbial commu-
nities and the C/N ratio, water content, or EC.

Discussion

The current work aims to investigate the role of perennial-
plant ecophysiological adaptations in determining the leaf-
coat phyllosphere microbial diversity and the below-canopy
laimosphere microbial diversity in the shrubs, present in the
same macroenvironment. The uniqueness of the present study
is that it focused on three co-located perennial plant species,
all well adapted to the Negev Desert and, therefore, subjected
to the same environmental conditions. This allowed us to

Fig. 1 The relative abundance of the 16S rRNA OTUs detected in soil
[control (CO), Atriplex halimus (A), H. scoparia (HS), Artemisia herba-
alba (AHA)] and leaf [leaf of Atriplex halimus (AL), leaf of H. scoparia

(HSL), leaf of Artemisia herba-alba (AHAL)] samples. The highest-
resolution taxonomic level that has been identified is order. Orders that
comprised less than 1 % of each dataset are clustered together

Fig. 2 The relative abundance of the ITS1 OTUs detected in soil [control
(CO), Atriplex halimus (A), H. scoparia (HS), Artemisia herba-alba
(AHA)] and leaf [leaf of Atriplex halimus (AL), leaf of H. scoparia

(HSL), leaf of Artemisia herba-alba (AHAL)] samples. The highest-
resolution taxonomic level that has been identified is order. Orders that
comprised less than 1 % of each dataset are clustered together
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pinpoint the effect of the perennial-plant ecophysiological ad-
aptations on the microbial-community structure of the
laimosphere and phyllosphere. Comparison between the three
phyllospheres revealed microbial composition that is plant-
type-specific, particularly for bacteria, and distinct diversities
for leaves, soil under the plant, and open-space control sam-
ples. However, our data obtained by culture-independent
methods differ somewhat from the previously published data
on the microbial-community structure of the same plants and/
or soil samples from the same environment. A previous study
on the abundance of ground bacteria in arid Negev soil [42]
reported that most of the community consisted of (1)
Actinobacteria, most commonly detected in the bulk soil; (2)
Proteobacteria, typically found under the plant canopy; and
(3) Acidobacteria, generally found underneath the canopy in
the arid sites (Supplementary Fig. 1). In contrast, our culture-
free sequencing data revealed that none of the above-
mentioned phyla were very common in the laimosphere, and
the orders belonging to these phyla were below 1 %.

In addition, a previous culture-based investigation of the
microfungal community in the root zone ofH. scoparia in the
Negev Desert identified a number of fungal species belonging
mainly to Ascomycota, although some Zygomycota were also
identified [43]. Our results identified orders of the
Zygomycota only in the soil samples and only in the HS sam-
ples showing >1 % frequency (Supplementary Fig. 2).

Previous data on microbial-community structure in the
laimosphere and phyllosphere suggest that a microorganism
community is highly correlated with edaphic factors, such as
moisture, pH, climate, parent-rock material, temperature, and
nutrient and organic matter content [44, 45]. Microorganisms
residing on plant leaves are exposed to highly variable environ-
mental factors. Relative to fungi and archaea, bacteria are the
most prevalent phyllosphere-colonizing microbes, with bacte-
rial titers averaging approximately 106–107 microbial cells per
square centimeter of leaf area [46]. The shape of the leaves and
their position, as well as the leaf-surface chemistry, constitute a
unique microenvironment. Thus, the surface of leaves may

Fig. 3 Diversity as a function of sampling depth (16S rRNA, a) and
fungi (ITS1, b), as indicated by the Shannon index (H′) in different soil
treatments [control (CO), Atriplex halimus (A), H. scoparia (HS),

Artemisia herba-alba (AHA)] and leaf [leaf of Atriplex halimus (AL),
leaf ofH. scoparia (HSL), leaf of Artemisia herba-alba (AHAL)] samples

Fig. 4 Principal coordinate
analysis of the microbial
communities via 16S rRNA (a)
and ITS1 (b) in the soil [control
(CO), Atriplex halimus (A),
H. scoparia (HS), Artemisia
herba-alba (AHA)] and leaf [leaf
of Atriplex halimus (AL), leaf of
H. scoparia (HSL), leaf of
Artemisia herba-alba (AHAL)]
samples. The first two principal
component axes are shown
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offer distinct habitats, even on closely co-located plants, differ-
entially affecting microbial growth and development. In gener-
al, the phyllosphere-associated bacterial communities found on
the three plants accommodated relatively few phyla. Other re-
cent comparisons of plant-associated bacterial communities,
e.g., sampled for various trees, also identified relatively few
abundant bacterial phyla, among them Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria [41]. Except
for Bacteroidetes, which dominated the leaves of H. scoparia,
these bacterial phyla were not abundant in the phyllosphere of
the three desert plants reported here.

The defined phylogenetic structure of the low-complexity
phyllosphere communities raises questions regarding the
source of its inoculum. This is most relevant for the
phyllosphere-specific or plant-type-specific orders abundant
on leaves but scarce or absent in the soil; this was the case
for most bacterial communities identified on the three plants
and for Capnodiales fungi. The typical bacterial titer in air, as
determined by different methods, ranges from 101 to 105 cells
per cubic meter [47], which is several orders of magnitude
lower than the typical titer in soil, commonly 106 to 109 cells
per gram [48]. Neighboring plants and plant debris constitute
another important colonization source, as these bacteria are
already adapted to phyllosphere conditions [49].

Based on our data, we suggest that plant species and, thus,
their ecophysiological adaptation play a key role in determining
the microbial diversity of phyllosphere communities. These
results agree with the findings of Redford et al. [50], who
studied the phyllosphere of 56 tree species representing 14
different plant orders, and who showed that the interspecific
geographic variability of a microbial community exceeded
the intraspecific variability. The results indicate that the plant
species is important for the makeup of microbial communities.
Comparison between bacterial communities found in the

phyllosphere of tropical trees showed a significant tendency
to follow host-plant phylogeny, where similarities between
communities increased as hosts were more closely related
[51]. We show distinctions in microbial communities, particu-
larly for bacteria, colonizing three phylogenetically divergent
plant species sharing the same geographic location.
Corresponding with the findings of Redford et al. [50] and
Kim et al. [51], our findings also support, if not confirm, the
idea that the impact of the host plant on a microbial community
is much greater than the effects of geographic location.

In contrast, other research demonstrated that site-specific
factors and seasons had a stronger impact on the
Methylobacterium-community composition of plant leaves
than did plant species-specific factors [52, 53]. This indicates
a seasonal, abiotic-induced variability in the alpha diversity.
Differences observed between the abiotic parameters mea-
sured beneath the shrubs [26] indicate that microenvironmen-
tal conditions are impacted by the plant. Furthermore, because
the A, HS, and AHA sampled in this study share the same
macroenvironment, the distinct microbial composition
strengthens the hypothesis that the host-guest relationship is
plant-type specific. Consequently, it can be further hypothe-
sized that plant ecophysiological adaptation has an impact on
the development and composition of microbial communities.
Taken together, our current results demonstrate specific inter-
actions between each plant species and its soil environment
that likely arise from the distinct deposition of organic mate-
rial and the subsequent effects on the microbial soil commu-
nities. Even though a high proportion of fungi and bacteria
function as decomposers in the soil, they degrade plant resi-
dues differently and play different roles in the recycling of
nutrients [25]. This is partly due to their different choices of
habitats within the soil and the different types of organic mat-
ter they consume. Material with a lower C/N ratio, which is

Fig. 5 The relationships between the relative abundance of two dominant bacterial [Bacteroidetes (a) and Cyanobacteria (b)] phyla and soil TOC.
Linear regressions were used to test the correlation between the relative microbial abundance and TOC
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more labile, would be much more easily decomposed by the
microorganisms [25]. Although abiotic and biotic parameters
have shown some interactions and the shrubs were observed
to have a major impact on the microbial community, a more
detailed study will be necessary in order to be able to predict
the microbial phyllosphere-community structure based on
plant species ecophysiology and, also, to elucidate the role
of the temporal and spatial (vertical) components. Moreover,
Bowers et al. [19] showed that despite the importance of di-
versity and biogeography of the microbial community in the
atmosphere, which is represented by known and unknown
sources, this subject has been understudied. The obvious
follow-up question is what the specific roles are played by
microbes and/or microbial communities in the adaptation of
desert plants to their harsh environment.
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