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Studies of the phyllosphere as a microorganism
habitat began in the 1950s and have constituted an
important area of research both in Russia and abroad
since the 1970s (Morris, 2001). Hundreds of species of
bacteria, mycelial fungi, yeasts, and protozoa have
been detected in the phyllosphere and phylloplane of
plants during this time. Many of them play an impor�
tant role in the life of the plant, being phytopathogens
or pathogen antagonists, and producing vitamins,
phytohormones, antibiotics, or toxins (Zenova, Zvy�
agintsev, 2002; Lindow, Brandl, 2003). Studies of the
microbial community of the phylloplane of plants are
of utmost importance for understanding interspecies
interactions in nature; from the practical point of view,
these studies provide the basis for a variety of biologi�
cal pest control methods aimed at increasing the pro�
ductivity of agriculture, decreasing crop loss caused by
diseases and pests, etc. (Zvyagintsev et al., 1999).

Since chitin is an important structural component
of the fungal cell wall, chitin�degrading microorgan�
isms can inhibit the development of fungal mycelium.
The opportunity to use chitinolytic enzymes against
fungi causing plant diseases was the first to attract
researchers’ attention. Chitinases were considered an
environmentally safer alternative to fungicides in
those studies. A large number of studies conducted in
recent years have demonstrated the suppression of the
development of phytopathogenic fungi by chitinolytic
microorganisms in vitro; as a rule, bacterial isolates
from the soil and rhizosphere were used as chitinolytic
microorganisms in those experiments (Gohel et al.,
2006). However, chitinolytic microorganisms inhabit�
ing the supraterrestrial parts of plants have remained
virtually uncharacterized, although these parts of the
plants are also vulnerable to fungal diseases.
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We focused on study of the composition and struc�
ture of the chitinolytic microbial complex from the
phylloplane of both cultural and wild plants. Analysis
of the composition and structure of the native complex
of chitinolytic microorganisms inhabiting the plant
phylloplane under normal conditions may have con�
siderable importance for development of methods for
biological control of phytopathogenic fungi.

The aim of this work was to evaluate the structure
of the functional chitinolytic microbial complex
inhabiting the phylloplane of various plants.

MATERIALS AND METHODS

Samples of green leaves and needles from various
plants—the common spruce Picea abies, silver birch
Betula pendula, sea buckthorn Hippophae rhamnoides,
garden strawberry Fragaria ananassa, apple tree Malus
domestica, stinging nettle Urtica dioica, common
goutweed Aegopodium podagraria, and common rasp�
berry Rubus idaeus—collected in Moscow and Mos�
cow oblast were used as research objects. Leaf samples
were collected in July and August 2011.

Microbial succession was initiated in the leaves and
needles by increased humidity and chitin introduction
in order for the chitinolytic complex to develop. The
biomass of unicellular bacteria, filamentous bacteria
and fungi in the samples was analyzed by fluorescence
microscopy (Polyanskaya, 1996) after ten days; at the
same time, the composition of the metabolically active
prokaryotic community was analyzed by in situ
hybridization of cell RNA to rRNA�specific fluores�
cently labeled oligonucleotide probes (FISH)
(Amann, Ludwig, 2000; Manucharova et al., 2011).
The most active chitinolytic microorganisms were
identified by plating on culture media with chitin as
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the only source of carbon and nitrogen with subse�
quent isolation of pure cultures.

To initiate succession, 2 g of chopped leaves were
placed into a vial and moistened with 2 ml of water,
and the experimental samples were then supple�
mented with 12 mg of purified chitin. Moistened sam�
ples to which chitin was not added were used as con�
trols. The purified chitin (poly�N�acetyl�1,4�β�D�
glucosamine) used in this work was from Sigma�Ald�
rich (United States). The amount of biomass accumu�
lated and the composition of the prokaryotic commu�
nity were determined in experimental and control
samples ten days after the addition of water.

Estimation of the amount of biomass was based on
the total number of cells or on the mycelium length.
After incubation, samples of leaves or pine needles
were suspended in water at a ratio of 1:100, and soni�
cated (2 min, current 0.4 A, frequency 22 kHz) to
ensure cell desorption. After this, the suspension was
applied to glass slides for microscopy. Samples were
stained with acridine orange for assessment of the
number of unicellular bacteria and actinomycete
mycelium length; samples stained with calcofluor
white were used to estimate the length of the fungal
mycelium. The number of bacterial cells or the length
of the mycelium in 1 g of the sample was calculated
according to the formula

 

where N is the number of cells/mycelium length in 1 g
of the sample; S1 is the preparation area, μm2; a is the
number of cells/mycelium length in one visual field
(averaged for all visual fields viewed); n is the suspen�
sion dilution index, ml; v is the volume of the drop
deposited on the glass, ml; S2 is the area of the visual
field of the microscope, μm2; and c is weight of the leaf
sample, g.

The dry biomass of unicellular bacteria, actino�
mycetes, and fungi was calculated by multiplying the
total number of cells or the length of the mycelium by the
average mass of a cell or a mycelium fragment. The aver�
age mass of a bacterial cell was assumed to be 2 × 10–14 g,
the weight of 1 m of actinomycete mycelium with a
diameter of 0.5 μm was assumed to be 3.9 × 10–8 g, and
that of 1 m of actinomycete mycelium with a diameter
of 5 μm was assumed to be 3.9 × 10–6 g (Kozhevin,
1989). The composition of the metabolically active
prokaryotic community was evaluated by hybridiza�
tion with specific fluorescent�labeled oligonucleotide
probes (FISH, fluorescent in situ hybridization).
Probes used in this work were specific for individual
phylogenetic groups of the domain Bacteria or for the
domain Archaea (Table 1).

After ten days of incubation, leaf samples were sus�
pended in water at a ratio of 1:10 and sonicated (2 min,
current 0.4 A, frequency 22 kHz) to ensure cell desorp�
tion. The sonicated suspension was collected in 2�ml
microtubes. Fragments of leaves were removed using
centrifugation at 2000 rpm for 10 min. The resulting

1 2 ,N S an S c= v

suspension was centrifuged at 13?000 rpm for 5 min to
pellet the cells. The pellet was resuspended in sterile
distilled water.

Samples were fixed with formaldehyde: for this,
2 ml of the suspension were centrifuged at 10000 rpm
for 5 min, the pellet was resuspended in 0.5 ml phos�
phate buffer (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4,
and 0.2 g NaH2PO4 in 1 l Н2O, pH 7), and 1.5 ml of
4% formaldehyde solution in a phosphate buffer was
added to the pellet and incubated at room temperature
on a shaker for 1.5 h. The fixed material was collected
by centrifugation (8000 rpm for 2 min), washed
2 times with phosphate buffer, resuspended in 50%
ethanol in phosphate buffer, and stored at –20°С until
analysis.

The fixed sample suspension (1 μl) was applied to
hybridization coverslips with windows separated by a
Teflon coating and treated with a solution of lysozyme
(10 mg in 1 ml 0.05 M EDTA and 0.1 M Tris�HCl, 1:1,
pH 8) to increase the permeability of the bacterial cell
walls. The preparations were incubated for 12–24 h at
room temperature and dehydrated by incubating in a
series of ethanol solutions (50, 80, and 100%). A pre�
viously developed set of rRNA�specific oligonucle�
otide probes for the detection of representatives of the
domains Bacteria and Archaea, as well as individual
phylogenetic groups within the Bacteria domain
(Table 1) (Manucharova et al., 2011), was used for the
hybridization. Probes labeled with the fluorescent dye
Cy3 were produced by Sintol (Russia). Hybridization
of the preparations with fluorescently labeled probes
was performed according to the procedure of Amann
(Amann et al., 1990) at 46°С (Amann, Ludwig, 2000).
After hybridization, the samples were counterstained
with an aqueous solution of acridine orange (diluted
1:10 000) for 2–4 minutes for the estimation of the
total number of bacteria, including resting cells. The
samples were analyzed using a Zeiss Mikroskop
Axioskop 2 plus fluorescence microscope (Germany)
with Filter set 15 for FISH probes and Filter set 09 for
acridine orange staining. The abundance of the target
microorganism groups in the samples was determined
by counting the cells hybridized with the probes (or
stained with acridine orange) in different fields of view
with subsequent averaging and calculation of the num�
bers corresponding to 1 g of leaves.

Pure cultures of chitinolytic microorganisms were
isolated from samples of green leaves using cultivation
on a solid nutrient medium of the following composi�
tion: 4 g/l purified colloidal chitin, 0.3 g/l KH2PO4,
0.7 g/l K2HPO4, 0.5 g/l MgSO4 ⋅ 7H2O, 0.01 g/l FeSO4 ⋅
7H2O, 0.01 g/l ZnSO4 ⋅ 7H2O, 0.01 g/l MnCl2 ⋅ 4H2O,
and 20 g/l agar. Leaf samples were ground, suspended
in water, and sonicated (2 min, current 0.4 A, fre�
quency of 22 Hz) for cell desorption. Prokaryotic bio�
mass was produced on WCH bacterial culture medium
of the following composition: 2 g/l peptone, 2 g/l yeast
extract with casein hydrolyzate, 2 g/l glucose, 5 g/l
chalk, and 20 g/l agar. Eukaryotic biomass was pro�
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duced on Chapek culture medium of the following
composition: 0.5 g/l KCl, 0.5 g/l MgSO4, 1 g/l
KH2PO4, 1 g/l FeSO4, 2 g/l NaNO3, 20 g/l glucose,
and 20 g/l agar (pH of the medium, 6.0–6.2).

The phylogenetic affiliation of the isolates was
determined using methods of molecular biology—
DNA isolation, target gene amplification by poly�
merase chain reaction (PCR), and PCR product
sequencing. DNA was isolated from pure microorgan�
ism cultures using PowerSoil DNA Isolation Kit
(MO�BIO, United States) according to the protocol
recommended by the manufacturer. DNA solutions
were stored at –18°C. Taxonomic assignment of
prokaryotes was performed using the “full�length”
primer pair for the 16S rRNA gene (11 forward
5'�GACGTTTGATCMTGGCTCAG�3’, 1492 reverse
5'�TACGGYTACCTTGTTACGACTT�3’ (Edwards
et al., 1989, Burgmann et al., 2004). Taxonomic
assignment of eukaryotes (filamentous fungi and

yeasts) was performed using the primers for the D1 and
D2 domains of large rRNA subunit (LSU; ITS1 for�
ward 5'�GCTTCGCGTCATTTACGACGCGA�
AGTA�3’ and NL4 reverse 5’�GGGTCCGTGT�
TTCAAGACGG�3’ (Scorzetti et al., 2002)). Ampli�
fied DNA was stored at ⎯18°C. PCR products were
analyzed by electrophoresis in 2% agarose gel at a
6 V/cm intensity of electric field. Sequencing of the
amplified rRNA genes was performed at the Bioengi�
neering Center of the Russian Academy of Sciences
on an automated capillary DNA sequencer (Silver
Sequence d/ddNTP Mixes, Promega, United States).

RESULTS AND DISCUSSION

Analysis of the microbial biomass 10 days after the
initiation of succession showed that the biomass of
unicellular and mycelial prokaryotes was more abun�
dant in chitin�supplemented samples than in control
samples, while the biomass of the fungal mycelium in
chitin�supplemented samples was considerably lower
than in the control samples (Fig. 1). Stimulation of the
chitinolytic microbial complex inhibiting growth of
the fungal mycelium by chitin supplementation is the
putative explanation for this observation (Feofilova,
2010). Notably, in similar experiments performed with
other substrates (for example, with soil), both fungal
and prokaryotic biomasses were more abundant in
chitin�supplemented samples (Manucharova et al.,
2005; Yaroslavtsev et al., 2009). This may be evidence
of low chitinase resistance of the fungi present in the
phylloplane and lower prevalence of chitinolytic fungi
in this habitat.

Samples supplemented with chitin were character�
ized by a greater total biomass of metabolically active
prokaryotes, as is evident from the results of the FISH
assay, and by a higher ratio of these prokaryotes to the
total prokaryotic biomass, this apparently being due to
the transition of the dormant forms into a metaboli�
cally active state upon the introduction of an addi�
tional substrate. A significant difference between the
phylloplanes of conifers and deciduous trees was
detected: namely, the share of mycelial prokaryotes in
the former increased dramatically after chitin intro�
duction, while the share of these prokaryotes in the
latter was negligibly low (Fig. 2).

A set of probes allowing for estimation of the abun�
dance of the representatives of the largest phyla of the
domain Bacteria (Fig. 3) was used to assess the phylo�
genetic diversity of the metabolically active eubacterial
complex.

Representatives of the phylum Proteobacteria were
the most abundant in chitin�supplemented samples.
Representatives of the phyla Bacteroidetes and Verru�
comicrobia were also quite numerous. The proteobac�
teria Verrucomicrobia and Planctomycetes predomi�
nated in the control samples.

These data reveal obvious differences between the
chitinolytic complexes from phylloplane and the soil:
Actinobacteria and Firmicutes were the most abundant

2

2

0.03

0.02

0.01

0

0.4

0.2

0

1

2

mg/g sample

Fig. 1. Biomass of prokaryotes (a) and fungi (b) on the 10th
day after the initiation of succession. 1, control; 2, samples
with chitin.

III

II

I

40200

IV

mg/g sample

1 2 3 4

Fig. 2. Biomass of the metabolically active unicellular
eubacteria (1), filamentous eubacteria (2), archaea (3),
and cells that did not hybridize with the probes (4) on the
10th day after the initiation of succession. I, Picea abies,
control; II, Picea abies, samples with chitin; III, Betula
pendula, control; IV, Betula pendula, samples with chitin.

(a) (b)
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in the latter, many of them being active soil hydrolytics
(Manucharova et al., 2011), while proteobacteria, the
dominant group in the native microbial complex of
leaves, played a key role in the phylloplane. The same
bacteria, together with Bacteroidetes and Verrucomi�
crobia, were the most numerous in the succession ini�
tiated by chitin introduction.

Chitinolytic microorganism isolates were obtained
by cultivation on a solid nutrient medium with chitin
as the sole source of carbon and nitrogen. Green leaves
of six plant species—silver birch, apple�tree, sea
buckthorn, common raspberry, stinging nettle, and
garden strawberry—were sampled. Most of the
prokaryotic strains isolated belonged to the class Gam�
maproteobacteria; in addition, representatives of the
class Alphaproteobacteria and phyla Actinobacteria and
Firmicutes were detected (Table 2). The absence of
actinomycetes among the isolated strains is notewor�
thy, because these organisms are active destructors of
chitin in the soil and rhizosphere and are often isolated
from these substrates using the above�named method.

Filamentous fungi of the genera Mucor, Penicil�
lium, and Cladosporium, as well as askomycete yeast,
were among the eukaryotes isolated using chitin�con�
taining media (Table 2).

CONCLUSION

This study using microbial cultivation and methods
of molecular biology allowed for the elucidation of
some of the characteristic features of the composition
and structure of the chitinolytic microbial complex
from the phylloplane of various plants, as well as for
the assessment of the contribution of different groups
of microorganisms to this complex, and for the identi�
fication of a number of distinctions between the chiti�
nolytic microbial complexes from the phylloplane of
deciduous and coniferous plants, and from that of dif�
ferent deciduous plants. Gram�negative prokaryotes
belonging to the group of proteobacteria were found to
play a significant role in the chitinolytic microbial com�
plex of the phylloplane. Gammaproteobacterial species

20

10

0
10987651 432

I

II

108 cells/g sample

Fig. 3. The number of representatives of the phylogenetic groups of the domain Bacteria in control samples (1) and samples with
chitin (P). 1, Alphaproteobacteria; 2 Betaproteobacteria; 3, Gammaproteobacteria; 4, Deltaproteobacteria; 5, Actinobacteria; 6,
Bacteroidetes; 7, Acidobacteria; 8, Firmicutes; 9, Verrucomicrobia; 10, Planctomycetes.

Table 2. Chitinolytic microorganisms predominating in the phylloplane of the plants examined

Plant Bacteria Fungi and yeast

Apple tree Malus domestica Clavibacter michiganensis (редко),@ 
Acinetobacter johnsonii, 
Pseudomonas rhizosphaerae (обильно), 
@ P. graminis, Micrococcus luteus, 
Brevundimonas sp.,

Cladosporium sp., Mucor circinelloides, 
Aureobasidium pullulans

Silver birch Betula pendula Pseudomonas sp., Bacillus subtilis.  –
Garden strawberry Fragaria ananassa Stenotrophomonas sp.  –
Common raspberry Rubus idaeus P. rhizosphaerae, Rhizobium huautlense Cladosporium sp., Sporobolomyces roseus
Sea buckthorn Hippophae rhamnoides Pseudomonas sp. Cladosporium sp., M. circinelloides, 

S. ruberrimus, Metschnikowia fructicola
Stinging nettle Urtica dioica Pantoea sp. Penicillium sp.
Note: “–” means strains were not isolated.

3
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were shown to predominate among the cultures of chit�
inolytic prokaryotes of the phylloplane. Actinobacteria
and firmicutes, which actively degrade chitin in other
habitats, were less numerous among the phylloplane
chitinilytics. Chitinolytic eukaryotes were represented
by askomycete yeast along with filamentous fungi.

A significant decrease in fungal biomass concomi�
tantly with an increase in prokaryote biomass was
detected in model experiments involving chitin sup�
plementation, this probably being evidence of myco�
lytic activity of the phylloplane chitinolytics. Thus, the
microbial population of the phylloplane forms a well�
developed chitinolytic complex, which is different
from the chitinolytic complexes of the soil and rhizo�
sphere with regard to composition and is of a certain
interest for biotechnology research as a tool against
phytopathogenic fungi.
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