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Abstract

Bacterial endophytes are common inhabitants of plant tissues that have been shown to play an important role
in regulation of plant growth and to have the potential as biological agent for plant disease protection. Only
fragmented knowledge is present about endophytes that reside in the phyllosphere of cultivated tree plants
such as domestic apple (Malus x domestica Borkh.). Therefore the goal of this study was to identify culturable
endophytic bacteria characteristic of an apple phyllosphere and to establish biochemical traits involved in plant
growth promoting activity as well as to study microbial growth suppressing activity of the endophytes. Thirty-eight
putative endophytic bacteria were isolated from apple buds of cultivars ‘Gala’, ‘Golden Delicious’ and ‘Orlovim’
grown under field conditions and 13 of the isolates were assigned to Curtobacterium, Pantoea and Pseudomonas
species. Biochemical tests revealed traits important for plant growth stimulation and microbial growth suppression
characteristics of the isolates, including nitrogen fixation, production of indole-3-acetic acid (IAA), phosphate
solubilization, production of siderophores and hydrogen cyanide. Several isolates displayed antagonistic activity
against selected non-pathogenic and pathogenic bacterial strains: 17 isolates were able to inhibit growth of
Micrococcus luteus, 4 — Pseudomonas aeruginosa, 2 — Escherichia coli and Bacillus subtilis. In addition, it was
determined that two isolates of Pantoea sp. (D_8 and D_10) and Pseudomonas fluorescens group isolate D 7
were able to inhibit growth of the apple scab pathogen (Venturia inaequalis (Cke) Wint.), suggesting a role of the

endophytes in disease resistance and a potential use for biocontrol applications.
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Introduction

Endophytic bacteria are microorganisms that
live in internal plant tissues where they do not normally
cause any substantial disease symptoms. The non-
pathogenic interaction with endophytes modulates plant
physiological responses such as growth, stress tolerance
and disease response (Rodriguez et al., 2008). Many of
the previous studies have been focused on plant-microbial
interactions in the rhizosphere of wild and cultivated
plant species (Rosenblueth, Martinez-Romero, 2006).
A phyllosphere has less microbial diversity; however,
it is a ground where endophytes may have an important
direct plant growth promoting activity and play a role in
plant defense against pathogenic microorganisms. It was
reported that environmental conditions and agricultural
practices may have influence on the composition of
endophyte population and reduction of its biological
diversity (Rodriguez et al., 2008); therefore it is important
to elucidate the composition of endophytic microbiome of

economically important plants and its role in productivity
and disease resistance of the host plant.

Domestic apple (Malus * domestica Borkh.) is
one of the main economically important fruit crops of
temperate regions. Previously, several studies have been
published that described endophytic microorganisms of
Malus sp. plants, including fungi and bacteria. Isolation
of fungal endophytes from leaves, flowers and fruits of
healthy M. x domestica apple trees growing in southern
Brasilia revealed presence of genera of Colletotrichum,
Xylaria and Botryosphaeria for filamentous fungi and
Sporobolomyces, Rhodotorula, Debaryomyces and
Cryptococcus for yeast (Camatti-Sartori et al., 2005).
Fungus Epicoccum nigrum has been studied as the
endophyte commonly present in apple and other crops
(Camatti-Sartori et al., 2005). Bulgari and co-authors
(2012) characterized bacterial populations of healthy
and phytoplasma infected apple roots using culture-
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dependent and independent methods. The culture-
independent analysis showed presence of Proteobacteria,
Acidobacteria, Bacteroidetes, Actinobacteria, Chlamy-
diae and Firmicutes bacterial classes including 24
and 17 taxonomic units in healthy and infected roots.
Culture-dependent analysis identified firmicutes of
the genus Bacillus, Lysinibacillus Paenibacillus and
gammaproteobacteria of the genus Pseudomonas. Cai
and Wang (2012) isolated 217 endophytic fungi of 22
different taxa from Malus sieboldii in China. Our previous
pilot study revealed the presence of culturable bacteria
in apple buds that demonstrated plant growth promoting
properties (Miliate, Buzaite, 2011).

The goal of this research was to identify
culturable endophytic bacteria characteristic of an apple
phyllosphere and to establish biochemical traits involved
in plant growth promoting activity as well as the microbial
growth suppression activity that might have the potential
for pathogen biocontrol.

Materials and methods

Bacterial and fungal strains. Bacterial strains
of Micrococcus luteus (DSM 20030), Bacillus subtilis
(YB886), Escherichia coli (K12), Pseudomonas
aeruginosa (PAO1) and Salmonella typhimurium (SL
1344) were commercially obtained and maintained on
lysogeny broth (LB) agar medium (Sigma-Aldrich,
Germany). Venturia inaequalis strain No. L-4 was isolated
from apple leaves at the collection of apple genetic
resources at the Institute of Horticulture, Lithuanian
Research Centre for Agriculture and Forestry and was
maintained on 4% malt extract medium.

Isolation and identification of bacteria.
The study was conducted in 2012. Apple buds were
collected from mature trees of cultivars ‘Gala’, ‘Golden
Delicious’ and ‘Orlovim’ grown in the field collection at
the Institute of Horticulture, Lithuanian Research Centre
for Agriculture and Forestry. The buds were sterilized
as described by Hata et al. (2002). The buds were
mechanically homogenized and placed on lysogeny
broth nutrient media and actinomycete agar (Sigma-
Aldrich, Germany) and incubated for 24 to 48 hours
depending on bacterial colony growth. For control of the
sterilization efficiency, intact buds were incubated on
the nutrient medium after the sterilization. Absence of
bacterial growth on control plates with sterilized intact
buds indicated that the bacterial isolates originated
from the inner tissues of the buds. Deoxyribonucleic
acid (DNA) from bacterial cells was extracted using
GeneJET Genomic DNA Purification Kit (Thermo
Fisher Scientific, Lithuania) and sequence of the DI
region was amplified using universal bacterial primers
(Weisburg et al., 1991). PCR product was separated by
electrophoresis on a 1.5% agarose gel, extracted using
Mini DNA Purification Kit (Thermo Fisher Scientific,
Lithuania) and sequenced. The obtained sequences were
compared with the sequences of 16S rRNA gene at the
NCBI Gene database (Brown et al., 2015).

Metabolic  tests. Semisolid nitrogen-free
medium, used for screening bacteria capable of fixing
nitrogen, was prepared as described (Elbeltagy et al.,
2001). Siderophore production was detected by growth
on the chrome azurol S medium prepared as described by
Vellore (2001). Ability to solubilize tricalcium phosphate
was tested according to Mehta and Nautiyal (2001).
Methylotrophy was detected by ability to use methanol
as a single carbon source on the methanol minimal salts
medium. Production of hydrogen cyanide (HCN) was

assessed using the method described by Ahmad et al.
(2008). Synthesis of indole-3-acetic acid (IAA) was
estimated colorimetrically using the ferric chloride-
perchloric acid reagent (Gordon, Weber, 1951). The
amount of IAA was estimated using a standard curve
and normalized based on protein content estimated by
the copper-neocuproine method (Sozren et al., 2006).
Mean and standard deviation was estimated using
software MS Excel.

Analysis  of antagonistic properties. Fifty
microliters of the test bacteria culture were suspended
in 10 ml of melted agar and inoculated on top of LB
medium. Sterile cellulose discs were placed on agar
surface and soaked with 30 pl of each tested bacterial
isolate suspension. Plates were incubated for 48 h, and
then inhibition zones around the discs were estimated.
Micrococcus luteus, Bacillus subtilis, Escherichia
coli, Pseudomonas aeruginosa PAO and Salmonella
typhimurium SL 1344 were used as the test strains. For
fungal inhibition assay, 50 ul of conidia suspension (2.5
x 10° conidia ml') of the apple pathogen V. inaequalis
isolate No. L-4 was inoculated in 10 ml of top agar.
Suspensions of bacterial isolates were centrifuged and
filter sterilized using 0.2 um filter, then 30 pl of the
filtrate transferred on cellulose disks on agar surface. The
plates were incubated for 48 h, and then inhibition zones
around discs were estimated. To confirm the antagonistic
properties of test strains sterile cellulose discs placed
on agar surface were soaked with the same volume of
sterile water for negative control or 50 pg ml! solution
of commercial fungicide partricin (Biochrom, Germany)
for positive control.

Results and discussion

Thirty-eight culturable bacterial strains were
isolated from sterilized buds collected from the apple
cultivars ‘Gala’, ‘Golden Delicious’ and ‘Orlovim’ grown
under field conditions. Based on the D1 region sequences
of 16S rRNA gene, thirteen of the putative endophytic
bacteria could be assigned to four systematic clusters
(Table 1). Isolates O_11 and Da_2 (derived from cvs.
‘Orlovim’ and ‘Golden Delicious’, respectively) showed
high identity level to Curtobacterium sp. Isolates Ga_5
(cv. ‘Gala’), D _8 and D 10 (cv. ‘Golden Delicious’)
were identified as Pantoea sp., O_16 (cv. ‘Orlovim’)
was identified as Pseudomonas stutzeri, and seven of the
isolates Oa_2, Oa_14, O_10 (cv. ‘Orlovim’), D _7, (cv.
‘Golden Delicious’) and Ga 1, Ga_3, Ga 4 (cv. ‘Gala’)
showed high similarity to the P fluorescens group.
Sequences used for comparison were not identical for the
two isolates of Curtobacterium and the three isolates of
Pantoea. The seven isolates of Pseudomonas fluorescens
group showed high sequence identity.

While partial sequences of the D1 region of 16S
rRNA gene used for comparison were identical for four
of the isolates Oa 2, O 14, D 7 and Ga_3, the bacteria
demonstrated distinct biochemical traits (Table 2).

Plant growth promoting properties of the
bacterial strains isolated from the apple buds were
assessed using metabolic tests. The most important role
in plant growth stimulation by the bacterial endophytes
plays production of phytohormones such as IAA,
gibberellins and cytokinins. IAA is the phytohormone
that stimulates cell division and formation of plant roots
(Davies, 2010), and it has been shown to have a stabilizing
effect under unfavourable environmental conditions
(Bianco et al., 2009). In our study, application of the ferric
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Table 1. 1dentified endophytic bacterial isolates obtained from apple tree buds

Strain Number Taxa corresponding to highest identity match of Identity

of aligned . match Reference
code sequences (accession number) N

bases %

Oa 2 1442 Pseudomonas fluorescens group (028986.1, 025586.1) 99.7 Behrendt et al., 2003
0 10 1421 Pseudomonas fluorescens group (028986.1, 025586.1) 99.6 Behrendt et al., 2003
O 11 1269 Curtobacterium flaccumfaciens LMG 3645 (025467.1) 99.1 Behrendt et al., 2002
O 14 1441 Pseudomonas fluorescens group (028986.1, 025586.1) 99.6 Behrendt et al., 2003
O 16 1433 Pseudomonas stutzeri A1501 (074829.1) 100 Yan et al., 2008
Da 2 1101 Curtobacterium flaccumfaciens LMG 3645 (025467.1) 99.2 Behrendt et al., 2002
D 7 1419 Pseudomonas fluorescens group (028986.1, 025586.1) 99.7 Behrendt et al., 2003
D 8 1439 Pantoea sp. (102966.1, 041978.1) 98.2 Smits et al., 2010
D 10 985 Pantoea vagans C9-1 (102966.1) 98.7 Smits et al., 2010
Ga_1 1418 Pseudomonas fluorescens group (102514.1, 028987.1) 99.8 Behrendt et al., 2003
Ga 3 1394 Pseudomonas fluorescens group (028986.1, 025586.1) 99.6 Behrendt et al., 2003
Ga 4 998 Pseudomonas fluorescens group (025103.1) 99.8 Baida et al., 2002
Ga 5 1431 Pantoea vagans C9-1 (102966.1) 99.6 Smits et al., 2010

Table 2. Properties of endophytic bacteria isolates from apple

Bacterial growth inhibition

Isolates

CP solubilization
HCN production
Chitinase activity
Escherichia coli
Bacillus subtilis
Salmonella
typhimurium
Pseudomonas
aeruginosa
Venturia inaequalis
growth inhibition

Oa_1

Oa_2 (Pseudomonas fluorescens group)

Oa 3

Oa 4

Oa 5

Oa 6

Oa 7

Oa 8

Oa 9

O _10 (Pseudomonas fluorescens group)

O_11 (Curtobacterium flaccumfaciens)

0_12

0_13

O _14 (Pseudomonas fluorescens group)

O_15

O_16 (Pseudomonas stutzeri)

Da 1

Da 2 (Curtobacterium flaccumfaciens)

Da 3 -

Da 4 -

Da 5 -

D 6 -

D _7 (Pseudomonas fluorescens group)

D_8 (Pantoea sp.)

D9

D _10 (Pantoea sp.)

Ga_1 (Pseudomonas fluorescens group) -

Ga_2 -

Ga_3 (Pseudomonas fluorescens group) -

Ga_4 (Pseudomonas fluorescens group) +

Ga_5 (Pantoe sp.) -

Ga 6 -

Ga 7 -

G_8 -

G 9 -

G 10 +

G 11 -

G 12 -
Total positive 12
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chloride-perchloric acid (Gordon, Weber, 1951) method
to assess IAA production in broth culture demonstrated
that half of the putative endophytic isolates from apple
produced significant levels of IAA (Fig. 1). Mean value
of concentrations of IAA varied approximately five-fold
from approx. 10 to 68 pg ml! of bacterial protein content.
Among the identified isolates, Pantoea sp. (Ga_5 and
D 8) were the largest producers of IAA. Pseudomonas
fluorescens group (Ga_1, Oa 2, D 6), P vagans
(D_10) and P. stutzeri (O_16) produced moderate to
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low quantities of IAA. Other authors reported varying
levels of IAA production for different endophytic strains:
18.8 ug ml! for P. stutzeri, isolated from Echinacea
(Lata et al., 2006), 6-13.3 ug ml! for Methylobacterium,
isolated from clover, 0.6-45.5 ug ml! for endophytes
from Sedum alfiedii and 1.1-154 pg ml! for endophytes
from Solanum nigrum (Raddadi et al., 2008).

Often, nitrogen is the limiting nutrient for plant
growth therefore the ability of endophytes to fix atmospheric
nitrogen would benefit plant growth and the nitrogen fixing
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Figure 1. Production of indole-3-acetic acid (IAA) by endophytic bacteria isolates from apple (data is presented as

mean and standard deviation)

endophytes were extensively studied in legume plants.
Santi et al. (2013) demonstrated that non-legume plants
contain a diversity of nitrogen fixing endophytes as well,
and their composition depends not only on plant species
but also on the environmental conditions. In our study,
twenty five (approx. 66%) of the isolates were found to be
able to assimilate molecular nitrogen (Table 2).

Tricalcium phosphate solubilization activity is
the plant growth promoting property that is characteristic
of plant-associated bacteria of thizosphere. Solubilization
of tricalcium phosphate by endophytes may improve
the solubilization of the fixed soil phosphorus resulting
in higher yields and stress tolerance (Banerjee et al.,
2010). Our analysis demonstrated that twelve of the
isolates had the ability to solubilize tricalcium phosphate
(Table 2). Presence of the tricalcium phosphate
solubilization activity among the bacteria inhabiting the
apple phylosphere might suggested that, despite spatial
separation between the rhizosphere and the phylosphere
of perennial trees, the same strains of bacterial endophytes
could inhabit both of the plant parts and the rhizosphere
would represent the major source of endophytic bacteria.
Further study on the endophyte migration route in tree
plants could establish the origin of different species of
the apple endophyte population.

Our study showed that methylotrophy was a
common trait of the endophytic bacteria in apple as seventeen
(approx. 45%) of the isolated bacterial strains demonstrated
capability to use methanol as carbon source (Table 2).

Biochemical properties such as siderophore
and hydrogen cyanide production were shown to be
important as a plant growth promoting trait as well as for
microbial antagonism. Lacava et al. (2008) reported that
many plants are able to use the siderophores produced
by bacterial endophytes as main iron source. In addition,
siderophores can inhibit the growth of pathogenic
microorganisms, therefore they acts as a pathogen
biocontrol agent and indirectly stimulate the growth of
plant (Glick, 2012). A majority of the apple endophytes
isolated in our study demonstrated the capability to
produce siderophores in response to iron deficiency. Eight
isolates were tested positive for both, the siderophore and

hydrogen cyanide production, including the identified
strains O 14 (Pseudomonas fluorescens group), O 10 and
Ga_5 (Pantoea) (Table 2). As it was observed for other
plant growth promoting traits, the presence of hydrogen
cyanide and siderophore production traits varied among
the isolates of P. fluorescens group.

To further examine the antimicrobial properties
of the endophytes, an ability to suppress microbial
growth by the culture filtrates of the endophytic isolates
was assessed. Five common environment and pathogenic
bacteria strains were used as reporter microorganisms.
Culture filtrates of seventeen isolates were able to inhibit
growth of Micrococcus luteus, four — Pseudomonas
aeruginosa, two — Escherichia coli and Bacillus subtilis
(Table 2). There was no suppression of growth of
Salmonella typhimurium observed for the tested isolates.
None of the culture filtrates was inhibiting growth of
all four bacterial strains, but the most diverse activity
was characteristic of strain Oa_6 that suppressed three
out of five reporter microorganisms. Although one of
the isolates (Oa_6) was a producer of siderophores, in
general, the traits of hydrogen cyanide and siderophore
production were only weekly related to the microbial
growth suppression properties of the culture filtrates.

Previously, a chitinase production was
demonstrated for the endophytes isolated from Poa ampla,
Festuca arundinacea, Lolium perenne, Festuca rubra
plants (Li et al., 2004). Chitinase enzymes break down
glycosidic bonds in chitin and acts as an antifungal agent.
We observed that 13 of the apple endophyte isolates were
able to produce chitinase and had the potential to inhibit
fungal growth (Table 2). In addition, application of the
sterile culture filtrates of the endophytic isolates to apple
scab pathogen Venturia inaequalis culture revealed that
three of the isolates (D_8, D_10 and D_7) were able to
inhibit the growth of V. inaequalis (Fig. 2). The isolates
D 8 and D_10 identified as Pantoea species were shown
to produce siderophores and the isolate D_8 demonstrated
chitinase activity and production of hydrogen cyanide,
as well. These biochemical traits might be related to the
inhibition of growth of the fungal pathogen V. inaequalis
by the endophytic strains of Pantoea sp. However, the
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results of biochemical tests did not reveal any hints about
the potential mechanism of antifungal properties of the
P. fluorescens strain (isolate D 7).

Notes. Clear zones of inhibition (indicated by arrow) indicate
growth suppression of apple scab by culture filtrates of the
bacterial isolates D_7 (A), D 8 (B) and D_10 (C). Effect of the
isolate D_9 (D) shown as representative example of absence of
the growth suppressing activity.

Figure 2. Venturia inaequalis growth suppressing activity
of bacterial endophytes

The observation of antimicrobial and V. inaequalis
suppressing activity among the bacterial isolates from
apple endosphere suggested that the endophytic bacteria
might play a role in apple disease resistance. Further study
of pathogenicity and effect on plant growth and disease
resistance would reveal potential of the bacteria as a
biocontrol agent for apple scab disease. Members of the
genus Pantoea were found among the plant associated
bacteria of perennial woody plants, and were isolated from
apple (Smits et al., 2010; Bulgari et al., 2012), eucalyptus
(Brady et al., 2009) and citrus (Quecice et al., 2012) plants
previously. The biocontrol potential of Pantoea sp. was
studied by Smits et al. (2010), and Pantoea vagans (syn.
Pantoea agglomerans) strain C9-1 was commercially
registered as the biological control agent for fire blight
(Erwinia amylvora).

Conclusions

1. Our study revealed the presence of diverse
population of endophytic bacteria in apple phyllosphere.
Thirteen isolates were assigned to Curtobacterium,
Pantoea and Pseudomonas species. Genus Pseudomonas
was found dominant among the identified isolates.

2. Plant growth promoting traits, such as
nitrogen fixation and production of indole-3-acetic acid
(IAA), were common (approx. 66% and 50% of the
isolates, respectively) among the endophytic bacteria
from apple phyllosphere. Concentration of the TAA in
culture medium varied between 10 and 68 pg ml! of
bacterial protein content, and Pantoea sp. isolates were
the largest producers of IAA.

3. Alarge proportion of the isolates demonstrated
biochemical traits important for microbial growth
suppression, such as hydrogen cyanide, siderophore
and chitinase production. Culture filtrates of seventeen
endophytic isolates were able to inhibit growth of common
non-pathogenic and pathogenic bacterial strains, three
isolates identified as Pantoea sp. and Pseaudomonas sp.
inhibited growth of apple scab pathogen.
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Naminés obels endofitiniy bakteriju izoliatuy augalu augima
skatinancios ir antagonistinés savybés
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Santrauka

Endofitinés bakterijos yra placiai paplitusios augaly audiniuose; nustatyta, kad jos reguliuoja augaly augimg ir
pasizymi savybémis, perspektyviomis augaly biologinei apsaugai. Nedaug tyrimy yra paskelbta apie kulttriniy
sumedeéjusiy augaly, pavyzdziui, naminés obels (Malus x domestica Borkh.), filosferos endofitines bakterijas.
Todél Sio tyrimo tikslas — identifikuoti kultivuojamas endofitines bakterijas bidingas obels filosferai ir istirti Siy
endofity augaly augimga skatinancias biochemines savybes bei mikroorganizmy augimg slopinancias savybes. I8
lauko saglygomis auginamy veisliy ‘Gala’, ‘Golden Delicious’ ir ‘Orlovim’ pumpury buvo izoliuoti 38 kultivuojamy
endofitiniy bakterijy izoliatai, i§ kuriy 13 buvo identifikuoti kaip Curtobacterium, Pantoea ir Pseudomonas
genciy bakterijos. Biocheminio aktyvumo savybiy tyrimais jvertintos §iy izoliaty augaly augima skatinancios
ir mikroorganizmy augimag slopinancios savybés — azoto fiksacija, idolo-3-acto rtigsties (IAR) gamyba, fosfaty
tirpinimas, siderofory ir ciano vandenilio gamyba. Keletui izoliaty buvo biidingas antagonistinis poveikis tirtoms
nepatogeninéms ir patogeninéms bakterijoms: 17 izoliaty slopino Micrococcus luteus augima, 4 — Pseudomonas
aeruginosa, 2 — Escherichia coli ir Bacillus subtilis. Be to, nustatyta, kad du Pantoea sp. (D_8 ir D_10) izoliatai ir
Pseudomonas fluorescens grupés izoliatas D_7 slopina obels patogeno obelinio rauplégrybio (Venturia inaequalis
(Cke) Wint.) augima, todél galima daryti prielaida, kad endofitai gali biiti svarbiis didinant augaly atsparuma ligoms

ir kuriant biologinés kontrolés priemones.

Reik$miniai ZodZiai: antimikrobinis aktyvumas, biologiné kontrolé, filosfera, Malus x domestica.
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