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Abstract

The widespread use of harmful fungicides in the agricultural sector has led to a demand for safer alternatives to protect
against crop pathogens. The domestic apple is the second most highly consumed fruit in the world and encounters sev-
eral pre- and post-harvest fungal and bacterial phytopathogens. The goal of this study was to explore the uncharacterized
microbiome of a wild apple, Malus trilobata, as a potential source of novel biocontrol agents for two post-harvest fungi that
affect commercial apples: Botrytis cinerea and Penicillium expansum. We sampled microflora associated with the leaves,
bulk soil, and roots of Malus trilobata in two regions of Lebanon: Ehden reserve in the north and Dhour EL Choueir near
Beirut. The two regions have different soil types Dhour EL Choueir and samples from the two regions showed very differ-
ent microbial compositions, with greater microbial diversity among those from Ehden reserve. Molecular characterization
revealed a wide variety of genera displaying activity against the two fungal pathogens, including several with previously
unknown antifungal activity: Bosea, Microlunatus, Microbacterium, Mycetecola, Rhizobium and Paraphoma. In total, 92
strains inhibited Penicillium expansum (39%) and 87 strains inhibited Botrytis cinerea (38%) out of 237 screened. Further
chemical and genetic characterization of one or more selected strains could pave the way for future development of new
biocontrol agents for post-harvest applications.

Introduction

< Mireille Kallassy Awad

The enormous economic losses every year due to crop path-
mireille.kallassy @usj.edu.lb Yy PP

ogens, the dangers to human health posed by the massive
chemical spraying of crop plants, and the rapidly emerging
resistance to fungicides, pesticides, and herbicides all lend
increasing urgency to the call for new solutions to these ris-
ing threats.

Apples are the second most highly consumed fruit prod-
uct in the world, stored for 6 months up to 1 year in cold
conditions. In Lebanon, the apple plantation occupies 14,300
ha, with a total production value of 160,000 tons per year
according to the Lebanese ministry of agriculture [1]. Sev-
eral fungi are pathogenic to apples and apple trees, causing
diseases at pre- and post-harvest levels, leading to devastat-
ing eco-agricultural losses. For example, the “gray mold”
fungal pathogen Botrytis cinerea (B. cinerea) infects leaves,
flowers, fruits, seeds and stems and causes severe diseases
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in more than 1400 plant species. Pre-harvest B. cinerea
infections may remain silent until the post-harvest period,
reducing the quality of commercialized apple fruits [2]. This
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fungus leads to worldwide economic losses amounting to
100 billion USD per year. At a post-harvest level, the “blue
mold” fungus Penicillium expansum (P. expansum) infects
fruits through wounds that allow nutrients to stimulate spore
germination, causing light colored and soft tissue [3]. It also
produces patulin, a mycotoxin that is causing great concern
in the fruit processing industry. P. expansum causes financial
losses exceeding 4.5 million USD per year in the United
States alone.

The common occurrence of these pathogens in commer-
cial apple orchards has led to the extensive use of a wide
variety of fungicides, which infiltrate the treated plant and
inhibit several of its metabolic enzymes [4]. Chemical fun-
gicides also have harmful effects on humans. For example
fludioxonil, a derivative of the fungicide pyrrolnitrin that
is used in more than 30 pesticides formulations, is highly
effective against P. expansum and minimizes losses to the
blue mold. However, fludioxonil has been reported to reduce
membrane potential and ATP production in human glial and
neuron cells, as well as to cause other damages like decreas-
ing the viability of the T and B cells [5, 6]. Among other
extensively used fungicides are myclobutanil and fenhexa-
mid, which are highly effective against apple fungal phy-
topathogens but are reported to induce oxidative stress in
neural cells and to cause changes in the expression of sev-
eral genes, involved in cell cycle regulation, apoptosis and
response to DNA damage [7-9]. Myclobutanil residues are
detected in Lebanese apples at a concentration of 20 ug/kg
[8]. Not only do fungicides have harmful effects on human
health and plant growth, but they can also impact soil dwell-
ing bacteria. For example, the fungicide Falcon 460 EC has
shown toxic effects on non-target organisms including soil
microorganisms, whose diversity and biological activity
were altered [4].

Thus, because many commonly used fungicides pose a
threat to human, animal health and the environment [10],
new approaches that use fewer harmful chemicals are
urgently needed to protect apples at pre- and post-harvest
levels. An attractive alternative to chemical treatments
is the use of biocontrol agents such as bacteria, yeast, or
fungi capable of protecting plants from pathogenic organ-
isms. Beneficial microbes may antagonize plant pathogens
through one or more modes of action such as production
of metabolites (antibiotics, volatile compound, cyanides,
alcohols, etc.), competition for space or nutrients (carbon,
nitrogen, minerals), parasitism, induction of systemic resist-
ance in the plant or promotion of plant growth [11].

Microorganisms that protect plant against plant path-
ogens may be either endophytic, living inside plant tis-
sue, or epiphytic, living on or in close proximity to plants
above or below ground. Endophytic bacteria, yeast and
fungi play important roles in promoting the plant growth
by either production of allelochemicals, di-nitrogen

fixation, nutrient acquisition, stress tolerance or induction
of systematic resistance [12, 13]. These many benefits are
believed to increase fruit quality in the honeycrisp apple
of Malus pumila [13]. For example, the root endophytic
fungus Piriformospora indica provides an indirect source
of phosphate for the plant by solubilizing organic phos-
phate in exchange for carbon photosynthates, and sym-
biotic plant—fungal interactions modulate plant biosyn-
thetic and signaling pathways to promote plant growth,
immune responses and stress resistance [14]. Epiphytic
microorganisms in the rhizosphere (including bacteria,
yeast and fungi) also play key roles in the enhancement
of plant growth via nutrient acquisition and assimilation,
improving soil texture, production of hormones, second-
ary metabolites, antibiotics and various signal compounds
[15].

Plant microflora associated with fruits, leaves, or soil
often contain a variety of beneficial microbes that are one
of the most promising potential sources of new biocontrol
agents for plant pathogens. In particular, the surface of the
fruit, called the fructoplane, is known to harbor some yeast
and bacteria that are ecologically fit antagonists of post-har-
vest diseases [16]. The leaves (phylloplane) may also con-
tain some microorganisms dislodged from the fruit, such as
Bacillus and Pseudomonas species, showing interesting anti-
fungal activity against post-harvest fungi, as well as plant
growth promoting agents [15, 17]. The soil also harbors rich
and diverse microbial communities comprising bacteria,
fungi, archaea, protists and viruses. The composition of the
soil microbiome varies considerably in different locations
depending on the environment and properties of different
types of soil [18-20]. Current studies estimate that, apart
from viruses, there are 4-5 x 10°° microbial cells in a given
soil [21]. The diversity and composition of the soil micro-
biome play a key role in maintaining a balanced ecosystem,
supporting soil and plant health as well as plant—pathogen
interactions [22].

Our goal in this study was to protect apple trees and fruits
from the two main post-harvest phytopathogenic fungi B.
cinerea and P. expansum, commonly known as the blue and
gray molds. Since the long-term chemical treatment of com-
mercial crops may deplete them of their natural microbiota,
we reasoned that wild relatives of domesticated species
might be an abundant source of compatible microorgan-
isms with desirable antifungal properties. We thus turned to
a local wild apple tree, Malus trilobata, which in Lebanon
and the Mediterranean region grows at high altitudes of up
to 1500 m above sea level. With a lifespan of 20 to 50 years,
these trees can reach a height of 23 m and a spread of 15 m at
maturity [23]. While a previous study tested yeast associated
with fruits and soil samples of the domestic apple Malus
domestica brokh as a potential biological control agent
against apple post-harvest diseases [20], to our knowledge
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the microbial community of Malus trilobata has never been
tested as a potential source of antifungal candidates.

For all these reasons, we chose to sample microflora from
the phylloplane, bulk soil, and rhizosphere of Malus trilo-
bata in two different regions of Lebanon located 31 miles
(51 km) apart: Ehden reserve in the north (at 1510 m alti-
tude) and Dhour EL Choueir near Beirut (at 1230 m alti-
tude). After isolation on different growth media, cultured
strains were assayed for inhibitory activity against the two
plant—fungal pathogens B. cinerea and P. expansum. Riboso-
mal DNA profiling of isolates showing the strongest activity
revealed a variety of novel strains as promising new biocon-
trol agents against these pathogens. This study also suggests
a possible way forward to improving crop health by restoring
a more natural microbiome like that of their wild relatives.

Materials and Methods
Sampling Site and Weather Data

Sampling was performed at two sites in western Lebanon
located 51 km apart, with no agricultural activity nearby:
Dhour EL Choueir and Ehden. The “buffer zone” of Ehden
reserve (GPS: 34.2977, 35.9666), at 1530 m elevation,
needs no official permission from the reserve authorities to
perform sampling. The second site is a forest at Dhour EL
Choueir (GPS: 33.9127, 35.71222), at 1230 m (Fig. 2). Sam-
pling was performed at the beginning of autumn when the
leaves were still green. On sampling days, the temperature
was around 23 °C at the two sites, and there had been no
precipitation at least for 2 days prior.

Sampling and Isolation of Phylloplane, Bulk Soil
and Rhizosphere Microorganisms

Phylloplane

We sampled leaves from three healthy trees in Ehden reserve
(12 September 2016), located around 150 to 300 m from
each other, and from two trees at Dhour EL Choueir (23
October 2016), separated by 240 m. We randomly selected
30 healthy leaves of about the same size and 2 m above the
ground [24, 25]. The leaves were placed in sterile polyeth-
ylene bags, incubated on ice and transported to the labora-
tory for incubation at 4 °C, and then processed after 24 to
48 h. Leaves were weighed, and every three leaves placed
in a sterile tube containing 50 ml PBS 1 X with Tween 20.
The tubes were then sonicated at 40 kHz for 5 min. The
total volume was then mixed in a sterile flask for 30 min,
and 10 ml of the sample diluted at 10~ to 10~ with 90 ml
PBS 1xpH 7.4 with 2 or 3 drops of Tween 20 [24, 25]. 100
pl were spread on different culture media: acidified potato
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dextrose agar; brain heart infusion agar supplemented with
chloramphenicol 100 pg/ml; APT agar; apple juice yeast
extract medium, King’s B, chitin agar, malt extract agar,
trypticase soy broth diluted 10X supplemented with 15 g/l
agar and 100 pg/ml chloramphenicol [26]. The plates were
incubated at 25 °C for 3 to 4 days (for Ehden reserve leaves)
or 2 weeks (for Dhour EL Choueir, due to slow microbial
growth). Sample codes were assigned to the phylloplane
samples originating from Ehden reserve (MP4S#) and Dhour
EL Choueir (MP2S#).

Bulk Soil

The same trees used for sampling leaves were used for soil
sampling on the same day. Soil from 10 to 15 cm below
ground was sampled, avoiding contamination with surface
soil microorganisms. One kilogram of soil sampled from
each tree was placed inside sterile polyethylene bags and
transported on ice to the laboratory for storage at+4 °C.
Samples were tested 2 to 4 days post-collection [27]. First,
samples were passed through a 2 mm mesh to eliminate soil
debris, leaves, wood, and unwanted particles, then they were
mixed inside a sterile bag, and 100 g was used for the quar-
tering method to obtain a statistically representative portion
of each soil sample [28]. Next, 10 g was blended inside a
flask with 90 ml of NaCl 0.85% for 4 h in a cold container.
The soil was diluted up to 1077, and 200 pl of 1075,
107, and 1077 fold dilutions were spread onto 14 cm petri
dishes containing different culture media (Trypticase Soy
broth diluted 10x with 15 g/ agar, King’s B, Nutrient Broth
Medium MM?244 washed agar or Winogradsky’s medium)
[26]. All agar used for these media were washed to eliminate
inhibitors and sugars that may affect the growth of certain
typically uncultured bacteria. As for fungi and yeast, dilu-
tions of 107!, 1072, and 107> fold were spread onto potato
dextrose agar and brain heart infusion supplemented with
100 pg/ml chloramphenicol [29]. Plates were incubated at
25 °C with high humidity for 20 days (for fungi) or 12 weeks
(for bacteria). Every 7 days, plates were examined for micro-
bial growth, and any isolates present were reinoculated on
the media on which they grow. The codes MRS5,6,7S# and
MS2S# were assigned to the bulk soil samples originating
from Ehden reserve and Dhour EL Choueir, respectively.

Rhizosphere

Our target was as well the microorganisms inhabiting the
rhizosphere. During sampling, the tertiary roots were iden-
tified and cut with a sterile scalpel to minimize damage to
the trees. Roots were placed inside a sterile polyethylene
bag, transported on ice, incubated at+4 °C and plated within
24 h of sampling. Roots of the two trees were mixed, and
10 g were soaked in 100 ml of NaCl 0.85% (pH 6.6). The
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mixture was shaken at 300 rpm at 30 °C for 10 min to extract
the 2 mm of soil on roots, and then the liquid was trans-
ferred to another container and shaken for another 1.5 h [30,
31]. Roots were conserved in the same buffer and stored
at+4 °C. 100 pl of 107 to 107 dilutions were then spread
onto the following media: for bacteria, King’s B and R2A
(to extract the microorganisms that degrade organic mat-
ter), and for yeast and fungi, PDA and BHI supplemented
with 100 pg/ml chloramphenicol. Plates were incubated at
25 °C for 5 weeks; every 7 days, plates were monitored for
microorganism growth and isolation. The code MR2S# was
assigned to the rhizosphere samples originating from Dhour
EL Choueir.

Sample Storage

All bacterial strains were conserved in 20% glycerol; yeast
and fungi were conserved in 10% glycerol at — 80 °C.

Soil Texture and pH Measurements

To evaluate the texture of the soil, we used the jar test [32].
Individually, 1/4 of a glass bottle was filled with soil and
dried at 42 °C for 24 h. The remaining 3/4 of the bottle
was then filled with distilled water supplemented with two
drops of the detergent Tween 20, shaken vigorously for 10
to 15 min, and then placed to rest. Phase separation of the
different particulate layers was then evaluated by measur-
ing the thickness of each layer at appropriate time points.
Precipitation of sand particles was measured after 1 min,
silt after 2 h, and clay after complete clearance of the upper
layer of water (which may take several days depending on
soil type). The percentage of each type of soil particle was
calculated as the thickness of each layer relative to the total
particulate precipitate. These values were then plotted on the
soil texture triangle to define the soil texture for each sample
[32]. After subsampling the soil by the quartering method
[28], 10 g of each soil sample were dried at 42 °C for 24 h,
then mixed for 5 s in 10 ml distilled water and left for 30 min
to let the soil settle [33]. The pH was then measured with a
calibrated pH meter.

Selection of Microorganisms

Growing colonies on the incubated agar plates for each sam-
ple were monitored for macromorphological differences,
every 4 days for phylloplane and 7 days for rhizosphere and
bulk soil isolates. This was done by observing the color,
shape of the colony (round to irregular or rhizoid like), size
of, edge shape, opacity (clear, opaque, translucent or iri-
descent), elevation, surface of the colony (smooth, glisten-
ing, rough, dull, rugose) and consistency (butyrous, viscid,
brittle/friable, mucoid). After identifying the differences in

morphology, distinct colonies were selected and cultured
and subcultured on new plates of the isolation agar culture
media. All the isolated strains were then tested for antifun-
gal activity. Active strains were then observed under a light
microscope at 1000x magnification, in order to distinguish
the micromorphology of the cells.

Antifungal Activity Assays

We tested 313 isolates from our samples that showed the
most significant differences in colony morphology for anti-
fungal activity against P. expansum and B. cinerea using the
dual culture technique [34]. Assays were performed using
three culture media with different carbon, nitrogen, and min-
eral composition: Potato dextrose agar, Czapek glucose 3%
[26], and for some isolates from Ehden reserve (MR5S#),
King’s B and Muller Hinton media (since the corresponding
strains did not grow on the other media). For all assays, the
pH was adjusted to 7.3, within the pH range of the original
soil.

For the dual culture assays, each strain was streaked at
1 cm from the margin of a 6 cm petri dish and incubated
at 28 °C for a period specific to each isolate. Ten pl of 10°
fungal spores/ml was then added at the opposite side, and
plates were incubated at 25 °C for 10 days. The radial growth
of the fungi was measured in the presence and absence of
microbial co-culture. Inhibition was calculated as the rela-
tive difference in radial growth in assay (A) versus control
(C) plates: % inhibition=[(C — A)/C]x 100.

Molecular Identification of Microbial Isolates

Sequencing of 16S rDNA (for bacterial isolates) or the
ribosomal internal spacer region (for yeast and fungi) was
conducted for 118 isolates. One colony of each isolate was
resuspended in 10 pl sterile water, and 1 pl of that mix was
added to a PCR tube. 25 pl PCR master mix was used for
each strain: 2.5 pl 10X reaction buffer, 0.5 pl of 30 mM
dNTP, 1 pl of 10 pM of forward and reverse primers, 0.2 pl
Tag polymerase (0.5 U/ul), and 18.8 pl sterile nuclease-free
water. PCR reactions were carried out in a Veriti® 96-well
thermal cycler model # 9902 (Life Technologies). For bacte-
rial profiling, PCR was performed with an initial denaturing
step at 94 °C for 5 min; 30 cycles of denaturing at 94 °C for
30 s, annealing at 60 °C for 30 s, and elongation at 72 °C for
2 min; and a final elongation step at 72 °C for 6 min. Ribo-
somal 16S primers 27F (5'-AGAGTTTGATCMTGGCTC
AG-3") and 1492R (5" TACGGYTACCTTGTTACGACTT-
3"), which produce an amplicon of ~ 1500 bp, were used for
identification of bacterial isolates [25]. For yeast and fungi,
the same procedure was followed, except annealing was at
55 °C, elongation time was 1 min, and primers ITS4 (5'-
TCCTCCGCTTATTGATATGC-3') and ITSS (5'-GGAAGT
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AAAAGTCGTAACAAGG-3') were used, which produce
an amplicon of ~ 500 bp [35]. PCR products were purified
from 0.8% agarose gels. Sequencing was performed by 1st
BASE sequencing, Apical Scientific (Selangor, Malaysia)
using 27F and 1492R primers (for bacteria) or ITS5 (for
fungi and yeast). Bacterial sequences were assembled using
the Benchling online software (https://benchling.com; Janu-
ary 2019). The quality of fungal and yeast sequences was
first checked using the Chromas trace viewer (version 2.4.4).
Sequence similarity searches were performed using a stand-
ard nucleotide BLAST against the NCBI 16S rRNA database
for bacteria and the complete non-redundant nucleotide col-
lection for fungi and yeast. Identification of corresponding
genera was based on pairwise sequence alignments with a
minimum of 89% identity and 97% query cover except for
strain STRAIN #, which was assigned based on 79% query
cover (BLASTn of most isolates returned one or more hits
with >99% identity). All genera assigned in this way were
unambiguous.

Nucleotide Sequence Accession Number

The 16S rDNA and ITS nucleotide sequences of the isolates
were deposited in the NCBI GenBank database under the

Fig. 1 Wild apple tree Malus trilobata, and the geographic distribu-
tion of sampling locations. a Malus trilobata tree, b trilobe leaf, ¢ the
fruit of Malus trilobata, d blossom, e geographical location of the
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accession numbers MT107182 to MT107248 (bacteria) and
MT112970 to MT113017 (yeast and filamentous fungi).

Results

Malus trilobata (Fig. 1) is a scarce, wild apple tree that
grows at moderate elevation (~ 1100-1500 m) in very few
areas in Lebanon [36]. The last remaining major population
is in Ehden reserve (1530 m elevation) [36]; another minor
population comprises only two trees in Dhour EL. Choueir
(1180 m elevation) (Fig. le). To learn about the preferred
habitat of Malus trilobata, we analyzed the texture and pH
of soil samples from the two sites. Soil structure represents
the arrangement of organic compounds and mineral particles
(sand, silt, and clay) of distinct size, shape, and stability and
is generally related to the drainage of water, nutrient content,
aeration, plant establishment, and microbial population [37].
Soil analysis (Fig. S1) identified three types of soil in Ehden
reserve within a distance of 150-300 m: sandy clay loam
(pH 7.35), loam (pH 7.52), and sandy loam (pH 7.61); the
two Dhour EL Choueir samples were silt loam (pH 7.61)
and clay (pH 6.5). These differences in the texture and pH of
bulk soil, even within a small sampling area, indicated a high
likelihood that the composition and community structure

Lebanon

sampling sites: Ehden Reserve, sampled on 12 September 2016, and
Dhour EL Choueir, sampled on 23 October 2016 [23]
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of microorganisms living in these environments also differ
substantially.

We sampled the phylloplane, bulk soil and rhizosphere
of M. trilobata from both sites and isolated microbes from
them by growth on a variety of culture media. We were par-
ticularly interested in sampling the rhizosphere since it is
known that non-polluted soil contains 10-100 times more
bacteria in the rhizosphere than bulk soil [30]. We were
not allowed to take roots from Ehden reserve since it is a
natural reserve, but we managed to sample the rhizosphere
in Dhour EL Choueir. To enhance the microbial diversity
of soil and rhizosphere isolates, we employed methods to
target uncultured microorganisms that are difficult to grow
under normal laboratory conditions and are known to be
a promising source for the discovery of novel antibiotics
[38—41]. We then selected a total of 431 microbial isolates
based on the distinctiveness of their colony morphologies in
order to maximize the potential species diversity of isolates
(Table 1). Upon re-plating the original isolates we were able
to culture 313 out of the 431 (Table 1). To identify microbial
isolates that can inhibit the growth of phytopathogenic fungi,
we plated our 313 isolates together with the two fungal path-
ogens and measured the radius of fungal growth relative
to controls (Fig. S2). We conducted the assays using two
different nutrient media since culture conditions are known
to affect the production of bioactive molecules [42—44].
Among the 237 strains that we could grow on one of these
culture media, in total 39% showed activity against P. expan-
sum, and 38% showed activity against B. cinerea (Table 2).

Among the strains tested against the fungal post-harvest
phytopathogens we selected 118 microbial isolates with
potent antifungal activity (defined as 50-100% inhibition of
fungal growth) for molecular characterization by sequenc-
ing of 16S ribosomal DNA (rDNA) hypervariable regions

Table 1 Number of microbial isolates according to region and sample
type

Region Phylloplane Rhizosphere Bulk Soil
Ehden reserve 15 0 306
Dhour EL Choueir 26 22 62

(for bacterial isolates) and internal transcribed spacer (ITS)
regions of ribosomal cistrons (for yeast and fungal isolates)
(Supplementary File 1). BLAST searches of the partial 16S
rDNA and ITS sequences S1 Table identified 26 genera
from Ehden reserve (Fig. 2a) and 27 genera from Dhour EL
Choueir (Fig. 2b). The majority of these were isolated only
once, with just five genera found in common at both sites
(Fig. 3): two fungal genera in phylloplane samples (Aureoba-
sidium and Cladosporium ascomycetes), and three genera
in bulk soil samples (Penicillium ascomycetes, and Gram-
positive actinobacteria Streptomyces and Microbacterium).
Thus, the distribution of genera among the isolates display-
ing antifungal activity differed substantially between the two
regions.

We first evaluated the distribution of genera at each sam-
pling site independently. We observed that at both sites,
genera that were isolated repeatedly tended to be found in
only one type of microenvironment (bulk soil, rhizosphere,
or phylloplane), including Microbacterium, Penicillium,
Eladia, Paraburkholderia, Staphylococcus, Methylobac-
terium, and Aureobasidium, (Fig. 2a, b). Six genera were
found in more than one microenvironment: Bacillus, Pseu-
domonas, Kribbella, Streptomyces, Burkholderia and Clad-
osporium (Fig. 2a, b). At Ehden reserve (Fig. 2a), the most
abundant genera (identified in four or more isolates) were
Streptomyces, Microbacterium, Bacillus, Pseudomonas, and
Aureobasidium. Most were found exclusively in bulk soil
(e.g., Microbacterium, Streptomyces), with two exclusive
to the phylloplane (Aureobasidium and Cladosporium) and
two (Bacillus and Pseudomonas) found in both. At Dhour
EL Choueir (Fig. 2b), the most abundant genera (again,
found in four or more isolates) were Streptomyces, Staphy-
lococcus, Burkholderia, Penicillium, Aureobasidium, and
Cladosporium. Whereas three genera were found in both
bulk soil and rhizosphere (Streptomyces, Burkholderia, and
Kribbella) and one in both phylloplane and rhizosphere
(Cladosporium), most were exclusive to one type of micro-
environment (e.g., Penicillium in bulk soil, Staphylococcus
in rhizosphere, and Aureobasidium in phylloplane).

We also compared the microbial composition of the
three microenvironments between the two sampling sites
(Fig. 4). These comparisons revealed that filamentous fungi

Table 2 Strains showing strong

e P. expansum B. cinerea
(50-100%) inhibition of fungal
growth Phylloplane  Rhizosphere = Bulk soil ~ Phylloplane  Rhizosphere  Bulk soil
Ehden reserve
Active 12 - 51 6 - 60
Total assayed 15 - 149 14 - 147
Dhour EL Choueir
Active 12 4 13 1 3 17
Total assayed 19 17 37 19 17 37
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Ehden reserve Dhour EL Choueir
N Number of isolates Number of isolates
0 1 2 3 8 9 10 11 B 0 4 2 4 6 7 8
Agromyces E— Agrococcus  mmm—
Arthrobacter ee— Brevibacterium  s—
Cellulomonas Sram Kribbella
Glycomyces  mmm— sa o Luteimicrobium  w—
Leifsonia  memm— i
i Firmicutes
p?’:::;e Actinobacteria  Micrococcus Staphylococcus
bacteria Microlunatus  msm Proteobacteria  Inguilinus
Mycetocola  n—
Gram Phyliobacterium
. Bacillus  I——————— ; Paracraurococcus
Firmicutes o negative !
Paenibacillus _ me— bacteria Sphingomonas  e—
Bosea mmmm— _ Tardiphaga
Gram- Methylobacterium  — G
negative Aspergillus  mm—
bacteria | Proteobacteria .
Rhizobium e Bastoboirys
Acremoniurm  e— o i
ASCOMYCOta  Ascomycots e Yel_?j:‘ai”“ Doratomyces  m—
9 Eladia
Auxarthron  m— Geomyces  mm—
Yeast and Beauveria  mmm— K i —
Fungi Cladosporium Libertasomyces  mmmm—
Metarhizium — w— Paraphoma - mem—
Penicillium _ E—————
i Scytalidium ~ me—
Basidiomycota p i
" Solicoccozyma  mmm— m Bulk soil = Phylloplane Rhizosphere

=Bulk soil = Phylloplane

Fig. 2 Distribution of strains’ genera, displaying antagonistic activity, based on their type (Gram+ Gram —, yeast and fungi) and on their isola-
tion microenvironment (phylloplane, rhizosphere and bulk soil) and the sampling site (a Ehden Reserve and b Dhour EL Choueir)

Fig.3 Venn diagram represent-
ing the distribution of com-
mon and unique genera across
microenvironments sampled
from Ehden Reserve and Dhour
EL Choueir. The number of
specific genera for each sample
and site as well as common
ones between the samples and
sites are represented. A darker
shade of gray indicates a higher
number of genera in the cor-
responding section

Aureobasidium
Cladosporium

predominated among isolates from the phylloplane from
Ehden (73%, 11 isolates) and Dhour EL Choueir (86%, 12
isolates) vs. 27% (4) and 7% (1) bacterial isolates, respec-
tively. While no yeast were isolated from rhizosphere sam-
ples from either location, they comprised 4% (1 isolate) and
7% (1 isolate) of microbes isolated from the bulk soil and
phylloplane of Dhour EL Choueir, respectively.

Bacteria predominated among isolates from the Ehden
reserve “buffer zone” bulk soil, comprising 78% (35 isolates:
30 Gram + and 5 Gram -) vs. 22% (10 isolates) of filamentous
fungi. Bacteria were isolated at almost a 1:1 ratio (46%, 13
isolates: 8 Gram +and 5 Gram -) with filamentous fungi (50%,
14 isolates) from Dhour EL Choueir bulk soil. In the rhizos-
phere of Dhour EL Choueir, 94% of isolates were bacteria (15
isolates, 10 Gram+ and 5 Gram -), whereas fungi represented
only 6% (1 isolate). Overall, a more significant number and a
greater variety of strains with antifungal activity were isolated
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Ehden Reserve

&

Dhour EL Choueir

Bulk soil
Ehden Reserve Bacillus
S Pseudomonas

Streptomyces
Microbacterium
Penicillium

Bulk soil
Dhour EL Choueir

from bulk soil and rhizosphere samples compared to the phyl-
loplane (Fig. 2). This suggests that the culture conditions we
used to target uncultured bacteria were more effective than
standard culture methods for the isolation of novel strains dis-
playing interesting antifungal activity, though it is also possible
that these environments are naturally richer in microorgan-
isms than leaves. After extensive bibliographic searches, we
conclude that many of the 118 isolates belong to genera that
have not previously been described for their antifungal activity,
including Bosea, Microlunatus, Microbacterium, Mycetecola,
Rhizobium and Paraphoma.
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Fig.4 Distribution of microorganisms (bacteria, yeast and fungi) displaying antagonistic activity per sample per region. This histogram depicts
the number and percentage of identified microorganisms after 16S rDNA and ITS sequencing within each sample and site

Discussion

Malus trilobata is a wild apple tree that grows in the Medi-
terranean region and is endemic to Lebanon. Its cousin, the
domestic apple tree Malus domestica, faces many fungal
pathogens and is therefore intensively treated with chemi-
cal fungicides. We thus sought to identify new biocontrol
agents for Malus domestica pathogens through the isolation
of microflora associated with its wild relative Malus trilo-
bata, which has never been investigated in this way before.

The distribution and heterogeneity of microorganisms in
the soil are influenced by environmental and spatial factors
at multiple scales, both microscopic and macroscopic [45].
Essential elements that play a determining role in soil micro-
habitats include the type of terrain, plant cover, chemical
composition and pH, hydration and water retention, nutrient
distribution, and the community structure of microbial taxa.

For two soils with the same porosity and water content,
the finer-textured one will contain more water-filled pores,
and thus less isolated pockets of water, favoring mixing
and competition between microorganisms. Conversely,
since coarser soils will hold more isolated water chambers,
they foster a greater diversity of distinct microenviron-
ments and thus a more diverse population of microorgan-
isms [45]. For example, in grassland and transitional soil,
the total fungal and bacterial content is higher in coarser
sand (250-2000 pum) than in silt (2-53 pum) [37]. The higher
overall nutrient content in forest soil, which is a combi-
nation of fine and coarse sand (53-250 pm), nevertheless
leads to higher total microbial content than in grassland and

transitional soil, due to the high carbon and nitrogen reserves
that result from the degradation of organic matter in such
soils [37].

In our study, the three Ehden reserve soil samples had
a larger average particle size and a higher percentage of
sand and silt, whereas the two soil samples from Dhour EL
Choueir contained a greater proportion of clay (the finest
particle in soil), and so retain more water. Thus, the greater
variety of microorganisms isolated from Ehden reserve bulk
soil samples is consistent with observed differences in soil
texture.

To enhance the isolation of poorly studied microbes from
the bulk soil and rhizosphere samples as a potential source
of inhibitors against fungal plant pathogens, we used alterna-
tive culture methods designed to facilitate the recovery of
uncultured bacteria that typically do not grow under conven-
tional conditions [38, 39]. Based on prior studies, and the
difference in soil texture between Ehden reserve and Dhour
EL Choueir, our isolation approach considered three essen-
tial culture conditions: the culture media (various nutrient
sources and pH), long incubation times (up to 12 weeks),
and a steady temperature of 25 °C. The wider variety of
strains obtained from bulk soil and rhizosphere samples
relative to phylloplane samples (which were isolated using
standard protocols only) indicates the importance of the cul-
ture method for successful isolation.

In total, we isolated 431 strains from Ehden reserve and
Dhour EL Choueir. Many of them could not be propagated
subsequent to restreaking on the same culture media, thus
from 313 recovered strains, 237 were screened for their
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antifungal activity. A high proportion of microorganisms
showed very strong activity against the two post-harvest blue
and gray molds (growth inhibition between 50 and 100%):
92 out of 237 (39%) screened strains inhibited P. expansum,
and 87 (38%) inhibited B. cinerea. An in-depth chemical
analysis of the biomolecules with potential bioactivity pro-
duced by some strains is underway.

16S rDNA and ITS sequencing revealed that the 118
strains showing strong antifungal activity were distributed
among 27 genera and two significant phyla: Actinobacteria
and Proteobacteria. While these phyla are fairly well known,
subclasses and species of Actinobacteria and Proteobacte-
ria, which include some of our strains, are poorly studied,
such as Bosea, Microlunatus, Microbacterium, Mycetecola,
Rhizobium and Paraphoma [38]. Hence, some of the isolated
strains belonging to these genera are potential new biocon-
trol agents against phytopathogen fungi.

Antifungal activity has not been documented previously
for many of the active genera isolated from the ground,
although a number of those obtained from leaves do have
close relatives with known activity against phytopathogenic
fungi: e.g., Pseudomonas [46], Aureobasidium pullulans
[47] and B. subtilis [48]. Without full metagenomic profil-
ing we cannot rule out the possibility that the phylloplane of
Malus trilobata is inherently less species diverse. Neverthe-
less, our results suggest that the adoption of targeted culture
methods for the rhizosphere and bulk soil samples provided
an advantage in isolating a higher diversity of microorgan-
isms overall, a more significant number of novel strains,
and a higher proportion of strains with no known antifungal
activity.

The distribution of fungi and bacteria with activity
against phytopathogenic fungi differed dramatically between
the three types of microenvironment sampled. In particular,
the vast proportion of isolates from the leaves at both sites
(73% and 93%) were of fungal origin, whereas this was not
the case in samples taken from the ground (46-83%). These
striking differences are consistent with a recent study show-
ing that soil properties have a higher impact on microbial
distribution than other environmental factors such as eleva-
tion and temperature [49] and climate conditions between
the two regions [45]. It is notable that, in samples from
Dhour EL Choueir, the proportion of bacterial isolates was
substantially higher in its rhizosphere (83%) than in bulk
soil (46%). This observation concurs with previous studies
showing that bacterial density is 10 to 100 times greater in
the rhizosphere than in bulk soil [30].

In summary, by isolating and characterizing a wide vari-
ety of native microbial taxa from the indigenous Lebanese
apple tree Malus trilobata, this study demonstrates that natu-
ral microflora associated with a wild relative of a major crop
species are a valuable source of microbes with antagonistic
activity against common fungal phytopathogens. We found
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that the judicious selection of sampling and culture methods
is crucial to enhance selectively the isolation of slow-grow-
ing and previously uncultured bacteria. Genotyping revealed
many previously uncharacterized strains among our isolates
that can antagonize directly (by bioactive compound pro-
duction) or indirectly (by space and nutrient competition)
the growth of two post-harvest fungal pathogens commonly
found in commercial apple orchards. Further chemical analy-
sis of the crude extract of some selected strains are undergo-
ing. Preliminary chemical analyses of crude extracts from
selected strains have confirmed direct antagonistic activity,
and structural characterization of the bioactive compounds
is currently underway. We conclude that treatment with iso-
lated microbial strains or bioactive molecules derived from
them could provide ample protection against plant patho-
gens, without the requirement for repeated application of
harmful chemical pesticides.
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