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Abstract: To study the effect of plant growth on potato-associated bacteria, the composition and properties of bacteria
colonizing the endosphere of field-grown potato were analyzed by a multiphasic approach. The occurrence and diver- |
sity of potato-associated bacteria were monitored by a cultivation-independent approach, using terminal restriction frag-
ment length polymorphism analysis of 165 rDNA. The patterns obtained revealed a high heterogeneity of community
composition and suggested the existence of plant-specific communifies. However, endophytic populations correlated to
a certain extent with plant growth perfermance. Endophytes were also isolated from plants that grew well or grew
poorly and were identified by partial sequencing of the 165 rRNA genes. A broad phylogenetic spectrum was found
among isolates and differently growing plants hosted different bacterial populations. In ac approach to investigate the
plant-growth-promoting potential of potato-associated bacteria, a total of 35 bacteria were screened by dual testing for
in vitro antagonism towards (i) the fungal pathogens Verticillium dahliae, Rhizoctonia selani, Sclerotinia sclerotiorum,
and Phytophthora cactorum and (ii) the bacterial pathogens Erwinia carotovora, Streptomyces scabies, and
Xanthomonas compestris. The proportion of isolates with antagonistic activity was highest against Streptomyces sp.
(43%) followéd by those. against Xanthomonas sp. (29%). As all plants showed more or less severe disease symptoms
of scab disease caused by Streptomyces scabies, we assume that the presence of the pathogen induced the colonization
of antagonists. The antifungal activity of the isolates was generally low. The biotechnological potential of endophytic
isolates assessed by their antagonistic activity and by in vitro production of enzymes, antibiotics, siderophores, and the
plant growth hormone indole-1,3-acetic acid was generally high. Overall, seven endophytes were found to antagonize
fungal as well as bacterial pathogens and showed a high production of active compounds and were therefore considered
promising biological control agents.
R f“‘Kéjr'" words: T-RFLP. 165 tRNA, siderophores, IAA, biocentrol.
Résumé : Afin d'émdier Vimpact de la croissance végétale sur les bactéries assocides a la pomme de terre, la compo-
sition et les propriétés des bactéries colonisant I'endosphére de pommes de terres cultivées dans le champs ont été ana-
lysées 2 1’aida d’une approche multiphasique. La fréguence et ia diversité des bactéries associées aux pommes de terre
ont fait 1’objet d’un suivi via une approche indépendante de la culture par I’analyse de T-RFLP de I’ADNr 1685. Les
patrons obtenus ont mis en évidence une importante hétérogénéité de la composition des communautés et ont signalé
P’existence de communautés spécifiques aux plantes. Toutefois, e opulaions endophytes ont corrélé dans une certaine
mesure avec la performance de creissance des plantes. Des endophytes ont égalemnent été isolés de plantes poussant
mieux ou moins bien et ont été identifiés par séquem;age partiel des génes de 1" ARNr 165. Un large spectre phylogé-
nétique -a £ié constalé parmi les divers isolats et des plantes croissant différemment éaient I"hdte de populations bacté-
riennes distinctes. Une méthode a €té élaborée visant & €tudier le potentiel de stimulation de la croissance des plantes
chez les bactéries associées aux pommes de terre. Un total de 35 bactéries ont été criblées par I'analyse simultanée de
I’antagonisme in virro envers les champignons pathogénes Verticillium dahliae, Rhizoctonia solani, Sclerotinia sclerotio-
rum et Phyrophthora cactorum, et envers les bactéries pathogénes Erwinia carotovara, Streptomyces scabies et Xantho-
monas campesiris. La proportion des isolats ayant une activité antagoniste était la plus élevée contre Streptomyces sp.
(43 %) suivi par Xenthomonas sp. (29 %). Puisque toutes les plantes ont manifesté des symptémes plus cu moins gra-
ves de gale provoqués par Streptomyces scabies, nous supposons que la présence du pathogéne entraine la colonisation
d’antagonistes. L'activité antifongique des isolats éiait généralement basse. Le potertiel biotechnologique d’isolats en-
dophytes tel qu'évalué par leur activité d’antagonisme et leur production in vitro d’enzymes, d'antibiotigues, de sidéro-
phores et de "hormoene de croissance végétale, ’acide indole-1,3-acétique, était généralement élevé. En tout, sept
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- endophyies se sont avérés capables d’antagoniser autant les pathogénes fongiques que bactériens et ont démontré une

production élevée de composés actifs; ils sont par conssquent pergus comme des agents de huie biologigue promer.

teurs. :

Mots clés : T-RFLP, ARNr 165, sidérophores, AIA, lunz biologique.

[Traduit par la Rédaction}

Introduction

The study of plant-associated bacteria and their antagonis-
tic potential is important not only for understanding their
ecological role and interaction with plants but also for bio-
technological applications, e.g., biological control of plant
pathogens or isolation of significant compounds (Weller
1988; Emmert and Handelsman 1999; Bloemberg and
Lugtenberg 2001). ’

Endophytic bacteria have been defined by Hallmann et al.
(1997) as bacteria that can be isolated from surface-
disinfected plant tissues or exiracted from within the plant,
and additionally, do not visibly harm the plant. Recently, it
has been demonstrated that bacterial endophytes may have
beneficial effects on host plants, such as growth promotion
and biological control of pathogens (Frommel et al. 1991;
Chen et al. 1994; Sturz et al. 1997; Downing and Thomson

.2000; Adhikari et al. 2001). It has been suggested that bacte-
‘ria might interact more closely with the host plant, as first
" expected, and therefore could be: efficient biological control
agents in sustainable crop production (Sturz et al. 2000).
Most information regarding the occurrence of endophytic
bacteria and their comniunity structure has been obtained by
_using —eultivation-dependent  approaches. Isolation of

" endophytes is appropiate for functional analysis; however, as

a high percentage of naturally occurring bacteria cannot be
cultivated, cultivation-independent methods generally pro-
vide less biased information on the diversity and communrity

structure. Garbeva ¢t al. (2001) published differences in the -

potato-associated bacterial community from stem peel and
Toots usinig denaturing gradient gel electrophoresis of PCR
, based on 16S rDNA, and following cloning and sequencing,
unknown bacteria were detected. Furthermore, it has been
demonstrated by techniques based on 165 rRNA that abiotic
as well as biotic stress affect potato endophytic communities
(Reiter et al. 2002; Sessitsch et al. 2002). Microenvironment
specificity for potato-associated bacteria was shown using
terminal restriction fragment length pelymerphism (T-RFLP)
analysis by Krechel e al. (2002). Some studies indicate that
the plant-growth-promoting potential of endophytes is high
in comparison to rhizosphere microbes (van Buren et al.
1993; Reiter et al. 2002); however, the role of bacterial
endophytes on plant performance is not yet fully understood.

To examine whether the growth performance of field-grown
~ plants is correlated with the associated endophyte microflora,
particularly with important functional groups, such as pathogen
antagonists or those possessing plant-growth-improving prop-
erties, endophytes of plants with different heights and ro-
bustness were analyzed by a polyphasic approach. On the

one hand, a cultivation-independent approach using T-RFLP’

analysis of 165 rRNA genes was applied. In addition, endo-
phytes were isolated on 10% tryptic soy agar, identifed by

.

partial 165 rRNA gene analysis, and further characterizeg
regarding their biocontrol activity and their in vitro produc-
ton of active compounds related to plant growth promotion,

Materials and methods

Sampling and isolaiion of bacteria

Plants were sampled from a orgarically cultivated po-
wio (Solanum ruberosum L. ‘Bionta’) field in Neustift,
Lower Austria. They had fully developed tubers and were
ready for harvest and belonged to growth stages 91-97, ac-
cording to Hack et al. (1993). Plants were classified as well
grown (strong) or poorly grown (weak), whereby high plants
with a large number of stems or particularly thick stemns

were characterized as well grown. All plants had more or

less scvere symptoms of scab discase caused by Strepio-

mces scabies. Fourteen strong (plants 1-14) and fourteen

weak plants (plants 15-28) were selected for further analy-
sis. Stems between 5-and 15 cm above ground were used for
the isolation of endophytes and endophytic DNA.
Stems were soaked in 5% bleach for 10 min, rinsed four
tmes with sterile, distilled watar, rinsed with ethanol, and fi-
nally flamed. Subsequently, stems were aseptically peeled

and tested for their sterility on 1/10 strength tryptic soy agar.

plates. No growth was observed. To 0.2-0.5 g of plant mate-
nal, 3 mL of tryptic soy broth (Merck. Darmstadt, Germany)

was added and the tissue was macerated. Aliquots of 50,
100, and 200 pL. were plated on 1/10 strength tryptic soy .

agar. Plates were incubated for 24 h at 28 °C. Colonies of

each plate that couis e disiinguished based on their colony
morphology were picked, resulting in a total of 67 isolates;” -

waich were further analyzed.

DXNA iselation

To avoid the isolation of surface bacterial DNA, stems
were soaked in 5% bleach for 10 min. rinsed four times with
sterile, distilled water, rinsed with ethanol, and finally
fizmed. Subsequently, stems were ascptically peeled. Stem
sectons (0.2-0.5 g) were amended with 0.8 mL of TNIS0
buifer (10 mmol/L. Tris-HCI (pH 8.0). 150 mmol/L NaCl),
frozen in liquid nitrogen, and ground in a mixer mill (Type
MM2000, 220V, 50 Hz, Retsch GmbH & Co. KG, Haam,
Germany) in the presence of two sterilized steel beads
(5 mm) at thawing, Then, 0.3 g of 0.1 mm acid-washed glass
besds (Sigma Chemical Co., St. Louis. Mo.) was added and
bezd-beating was performed twice for 1 min at full spe':d
with an interval of 30 s. After extraction with phenol and
chloroform, the DNA was precipitated with 0.1 volumes of
3 mol/L. sodium acetate solution (pH 5.2) and 0.7 volumof
of iso-propanol for 20 min at —20 °C. The DNA was centri*

fuged for 10 min at 14 000 r/min (1 r = 2x rad; 10 000g)
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17-RFLP analysis
Partial 16S rRNA gene sequences were amplified with a

§ germocycler (PTC-100™, MJ Research, Inc., Massachu-

setts, USA) using an initial denaturing step of 5 min at
95 °C, followed by 30 cycles (each) of 30 s at 95 °C, 1 min
annealing at 54 °C, and 2 min extension at 72 °C. PCR
reaction mixtures (50 pL) <ontained 0.5 pL of extracted
DNA: Ix reaciion buffer (Invitrogen, Carisbad, Calif.,
USA); 200 umol/L (each) dATP, dCTP, dGTP, and dTTP;
1 mmol/L MgCl,; and 2.5 U Tag DNA polymerase {Gibco,
BRL); and 0.2 umol/L of the primers 8f (5-AGAGTTTGA-
TCCTGGCTCAG-3) labelled with 6-carboxyfluorescein (6-
fam; MWG) at the 5 end and 926r (5-CCGTCAATTCCT-
TT(AG)AGTTT-3). Three independent PCR reactions of
each sample was pooled and used for subsequent T-RFLP
analysis. Approximately 200 ng of fluorescently labelled

" $CR amplification products was digested with the restriction

enzymes Alul (Gibco, BRL) as well as with a combination
of Hhal-and Haelll (Gibco, BRL). Aliquots of 0.75 uL. were
mixed with ! pL of loading buffer (diluted 5x in deionized
formamide. Fluka Chémika, Buchs, Switzerland) and 0.3 pL
of the DNA fragment length standard (Rox 500; PE Applied

- Biosystems Inc., Foster City, Calif., USA). Mixtures were

§ -denatured for 2 mir at 92 °C and immediately chilled on ice

prior to electrophoretic separation on 5% polyacrylamide
gels. Fluorescently labelled terminal restriction fragments
were detected using an ABI 373A automated DNA se-
quencer (PE Applied Biosystems Inc.) in the GeneScan
gths of labelled fragments were determined by
comparison with the internal standard, using the GeneScan
15 software package (PE Applied Biosystems Inc.).

- Terminal restriction fragments (T-RFs) between 35 and
500 bp long with heights of 250 fluorescence units were in-
¢luded in the analysis. T-RFs derived from chloroplast and
mitochondrial small subunit TRNA genes were excluded

§ from the amalysis. Profiles were normalized by adding peak

-heights (total DNA) in each profile and adjusting the fluo-

¥ fescence intensities to the smaliest value. To determine simi-

larities between T-RFLP profiles, a binary matrix recording
the absence or 'presence of T-RFs was established. Cluster
malysis was performed based on similarities, as described
by Nei and Li (1979), by using the unweighted pair group
with mathematical average (UPGMA) method. Tree genera-
tion was performed by using the TREECON software pack-
age {van de Peer and de Wachter 1994) with 100 bootstrap
weplications.

Mentification of plant-associated bacteria

- For the isolation of genomic DNA from isolates, bacteria
Were grown overnight in 5 mL of tryptic soy broth in a rota-
Yory shaker at 28 °C. Cells were harvested by centrifugation

3 ¥or 10 min and 6000 r/min (5000g) at 4 °C. After decanting

%e supernatant, 300 mg of glass beads was added and DNA
was isolated as described above.

8~ RFLP amlysis of the 165 rRNA gene was used to group

-Wolates at the species level, whereas characterization of the
168-235 IRNA intergenic spacer (IGS) region was applied

" washed, and dried. Finally, the DNA was resuspended in -
" 60 pL. of Tris—-EDTA containing RNase (0.1 mg/mL). -

RS
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to distingwish -different strains of the same specigs. Small
subunii TRNA gene sequences were amplified” with a
thermocycler (PTC-1007, MJ Research, Inc.) using an ini-
tial denaturing step of 5 min at 95 °C. followed by 30 cycles
{each) of 30 s at 95 °C, 1 min annealing at 52 °C, and 2 min
extension =t 72 °C. PCR reaction mixtures (50 pl) con-
tained 0.5 uL of extracted DNA, 1x reaction buffer (Gibco,
BRL); 200 umol/L (each) dATP, dCTP. dGTP, and dTTP;
2 mmol/l. MgCl,; and 2.5 U of Tag DNA polymerase
{Gibco, BRL); and 0.2 pmol/L of the primers 8f (5-AGA-
GTTTGATCCTGGCTCAG-3) and pH (5-AAGGAGGTG-
ATCCAGCCGCA-3). The primers pHr (5-TGCGGC-
TGGATCACCTCCTT-3) and P23SRO1 (5’-GGCTGC'ITC—
TAAGCCAAC-3) were used for the amplification of the
165-23S IGS region. Aliquots of PCR product containing
200 ng of amplified DNA were digested with 5 U of the
endonucleases Hhal (Gibco, BRL) and Alul (Gibco, BRL)
individually for 3 h at 37 °C. The resulting DNA fragments
were analyzed by gel electrophoresis in 2.5% agarose gels.

A representative isolate of each IGS type was identified
by partial 16S rRNA gene sequence analysis. For sequence
analysis, 165 rDNA genes were PCR amplified using the
primers 8f and pH and the conditions described above. PCR
products were purified using the XNucleoTraPCR kit
{Macheroy-Nagel), according to the manufaciurer’s instruc-
tions, and were used as templates in saquencing reactions.
Partial DNA sequencing was performed applying either the
168 tRNA gene primer 8f, 518r (5-ATTACCGCGGCT-
GCTGG-F). or occasionally uni 360s (5-GGAATCTTC-
CACAATGGGCG-3) by the dideoxy chain termination
method using an ABI 373A automated DNA sequencer. and
the ABI PRISM Big Dye terminator cycle sequencing kit
(PE Applied Biosystems Inc.). Sequences were subjected to |
BLAST amalysis (Altschul et al. 1997 with the National
Center for Biotechnology Information database.

: Screenin_g of bacteria for antagonism towards plant

pathogens . .

Bacteriall isolates were screened for their activity towards
plant patheyenic microorganisms by a‘3ual culture in vitro
assay on. Waksman agar (WA) containing 5 g of proteose—
peptone {Mierck), 10 g of glucose (Merck), 3 g of meat ex-
tract {Chemex, Miinchen, Germany), 5 g of NaCl (Merck]},
20 g of agar (Difco), and distilled water {to 1 L), pH 6.8.
Zones of mhibition were measured after 5 days of incuba-
tion at 20 “C. according to Berg et 2. {2002). All strains
were tested in three independent repiicates with (i) Verri-
cillium dai.lice V16 (isolated from Solzrum ruberosum L.),
(i) Rhizeczonia selani Kithn (culture collection of the Uni-
versitv :of Rostock, Microbiologyi. (i) Sclerotinia
sclerotioriem Lib., and (iv) Phytophthogs cactorum (Lebert
& Cohn} J. Schrst. PF8 (culture collection of the Federal Bi-
ological Rwesearch Centre for Agriculure and Forestry,
Darmstadr. ‘Germany). These fungi were routinely grown on
Sabouraud medium (Gibco) and stored at —70 °C in broth
containing 15% glycerol. The in vitro ighibition of Erwinia
carotavora subsp. atroseptica DSM 33168, Streptomyces
scabies DSM 41658, and Xanthomones campestris DZM
3586 was dietermined in dual culture assay in Luria~Bertani
agar (LB. Difco) in miciouter plates. Ten microlitres of an
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overnighi culture of the bacterial pathogens was mixed with
LR agar, and the i-olates to be tested were spotted on the so-
lidified agar surface. Zones of inhibition were measured af-
ter incubation at 20 °C for 24 and 48 h.

Bacterial characterization based on production of
hydrolytic enzymes and secondary metabolites

Production of cell-walil-degrading enzymes and secondary
metabolites is a common mechanistn used by bacteria to in-
hibit growth of other microorganisms. For a better character-
ization of the antagonistic bacterial isolates, their. potential
to produce hydrolytic enzymes and secondary metabolites
was studied. Chitinase activity (B-1,4-glucosamine polymer
degradation) and pectinase activity were tested in minimal
medium, according to Chernin et al. (1995). Clearing zones
were detected 5 days after incubation at 20 °C. -Glucanase
was tested using chromogenic azurine-dyed cross-linked
(AZCL) and reamazolbrilliant blue R substrates (Megazyme,
Bray, Ireland), respectively. Formation of blue haloes was
recorded until 5 days after incubation. Protease activity indi-
cated by casein degradation was determined from clearing
zones ‘in skim milk agar (50 mL sterilized skimmed milk
mixed at 55 °C with 50 mL of 1/5 uyptic soy agar and 4%
agar) after 5 days of incubation at 20 °C.

The abitity of bacterial isolates to produce indole-3-acetic
acid (IAA) was determined using the microplate method de-

- veloped by Sawar and Kremer’ (1995). Antibiosis against -

Rhizoctonia sp. by the bacterial ‘strains was assayed on WA
plates (15 mL) containing 5 mL. sterile culture filtrate (64 h
culture, nutrient broth II (Sifin, Berlin, Germany)). The pH

we;_ﬂgsftgl;o—betwcen 7 and 8. A 5-mm plug from a Verti-
—— ~Cillium dahliae agar plate was placed in the center of 2 WA

plate. As a control, WA plates (20 mL) were similarty inocu-
lated with mycelial plugs. Colony diameters were measured
daily for 10 days,: and the reduction (%) in linear growth of

the fungi was calculated. Siderophore production vras assayed -

according to the method of Schwyn and Neilands (1987).

Screening of isolated bacteria for biocontrol activity in
vive

Isolated endophytes were tested for their ability to pro-
mote plant growth, using Solanum tuberosum L. “Merkur.
Plantlets grown in tissue cultures were dipped in bacterial
endophyte cultures (1 x 10® cells) and subsequently trans-
planted on MS agar (Murashige and Skoog 1962). After in-
cubation for 3 weeks in a growth chamber at 22 °C with a
light period of 14 h/day, plant growth performance was
scored. Control plants were treated with 0.9% sterile NaCl
solution. -

Assessment of in vitro Screening

All the tested parameters were used to efficientlv select
potential biological control agents from the endophytic
strains, according to Berg et al. (2001).

Nucleotide sequence numbers .

The nucleotide sequences determined in this study have
been deposited in the GenBank database under accession
numbers AY336530-AY336564.

%

Can. J. Microbiol. Vol. 50, 206

Results

Molecular fingerprinting of potato-associﬁted bacteria]

communities

The number of T-RFs derived from bacterial endophyteg
was obtained and ranged from 9 (plants 12, 14, 16, and 19
to 17 (plants 5 and 23) (Fig. 1). In general, the better.

growing plants contained a higher richness (on average 13 -

T-RFs) than the weak plants (on average 11 T-RFs). All
plants showed different endophytic communities, but a cer.
tain degree of. correlation between bacteria associated with
strong plants and those associated with weak plants was ob.
served (Fig. 1).

Identification of potato-associated bacteria

A total of 67 bacterial isolates were characterized by 168
TRNA RFLP and proved to belong to 21 165 rRNA types. To
differentiate isolates at the strain level, bacteria with identj.
cal 165 rRNA patterns were further analyzed by 16S-23§
TRNA IGS RFLP analysis. In total, 35 strains showing dif-
ferent IGS regions were found. For identification, the 16§
TRNA genes of representative isolates of each IGS type were
partially sequenced and sequences were compared wita en-
tries available in public databases (Table 1). Endophytic 168
TRNA genes showed high homology to known sequences be-
longing to the o, B-, and y-Proteobacteria, to low and high
G+§ Gram positives, as well as to the Cytophaga/Flavo-
bacterium/Bacteroides phylum, Fifteen different genera were
found; however, only five genera could be detected on both
plant groups: Clavibacter, Frigoribacterium, Pantoea, Pseu-
domonas, and Sphingomonas. At the species level, only
Clavibacter michiganensis was able to colonize weak and

‘'strong plants. In better-growing plants, high G+C Gram

positives and ‘-Proteobacteria were highly prominent,
whereas from other plants mainly low G+C Gram positives

were isolated. y-Proteobacteria were equally abundant in .
strong and weak plants (Table I). , .

4

l' ‘ L 4
. Screening of bacteria for plant growth promotion -~ -
- The isolates were tested for their ability fo promote-
growth of potato plants. Altogether 14 isolates (= 40%)

caused a promotion in plant growth as.compared with the
control (Table 1). The highest effect was found for the fol-
lowing strains: Arthrobacter sp. pfB2, Arthrobacter sp.
piB3, Pseudomonas sp. pfB8, Brevundimonas sp. pfBY, and
Arthrobacter sp. pfB1). These isolates were obtained from
strong plants. :

Screening of bacteria for antagonism towards fungal
and bacterial pathogens .

All the selected endophytic isolates were tested in vitro
for their activity against the fungal plant pathogens Verti-
cillium dahliae (ascomycete with a chitin—glucan-conminiﬂﬂ
cell wall), Rkizoctonia solani (basidiomycete with a chitin-
glucan-containing cell wall), Sclerotinia sclerotiorum
(ascomycete with a chitin-glucan-containing cell wall), aﬂd
Phytophthora cactorum (oomycetc with a cellulose-containing
cell wall) (Table 2). A rather small proportion of endophytes
showed antifongal activity (0%-11%). Only two isolates

(Paenibacillus sp. pfB19, Methyluoacterium sp. PfBZQJ-_
showed antagonistic activity against the soilborne Verfi®

© 2004 NRC. Canadt
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Fig. 1. Unweighted pair group with mathematical average dendrogram gencrated from all terminal restriction fragmcnt-lcng(h.mlymor—

B -hism profiles. The scale indicates the distance Jevel. The number of terminal restriction fragments in each individuat sample’fgzgiven

% in parentheses. s, strain was isolated from a strong plant; w, strain was isolated from a weak plant; w/st, strain was isolated from a

& weak or strong plant.
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Plant5 (17

aillium dahliae. The same isolates, and additionally pfB26

{Clevibacter michiganensis), were able to antagonize
Rhizoctonia solani, which is also an important soilborne

#y against Sclerotinia sclerotiorum. Against the widely dis-
tibuted potato pathogen Phytophthora cactorum, no isolate
@ ¥ith antagonistic activity was found. Additionally, isolates
i@ #eze tested for their antibacteria! activirv. While no antago-
tists against Erwinia sp. were found. a high proportion of
§ iolates was able to -antagonize Strepromyces sp. (15 isolates =
w 43%) as well as Xanthomonas sp. (10 isolates = 29%). Al-
together 15 isolates showed activity against Strepromyces
. and sic of them showed also activity against
. 8 Xanmthomonas sp. Almost all yProteobacteria showed
- % Nocontrol  activities against Sirepiomvces scabies. Gen-
3 maly, selective antagonistic acuvity was widely distributed
‘A wong endophytic isolates. Only isolates of the genera
¥ Paenibacillus, Clavibacter, and Pseudomonas showed
o ®iifungal as well as antibacterial activity. The highest an-
» 4 Wonistic spectrum was found for pfB26 {(Clavibacter
Michiganensis), which was antagonisiic towards the genera
izoctonia, Sclerotinia, Strepromyces, and Xanthomonas.
Fseudomonas rhodesiae pfB13 and Paenibacillus sp. pfB33
Mere active against three different pathogens.

Moduction of hydrolytic enzymes and secondary
Retabolites

- 3 Representative isolates were characterized regarding their
Foduction of hydrolytic enzymes and secondary metabolites

pathogen of potato. Four isolates showed antagonistic activ- .

1]
—i

Plant9 (15) -

(Tables 1 and 2). In general, endophytic bacteria produced a
high spectrum of hydrolytic enzymes (Table 2). f-1,3-
Glueanase production was found in many isolates (43%), but
only 5 out of 35 isolates (14%) showed chitinolytic activity.
Proteolytic activity was detected for 12 isolates (34%) and
pectinolytic activity for 11 isolates (31%). Two isolates,
Sphingomﬁpnas sp. pfB1 and Paenibacillus sp. pfB33, pro-
duced all four enzymes tested,

Siderophores were produced by 77% of the endophytic
isolates (Table 1). Sixteen isolates obtained from strong
plants were able to produce siderophores. whereas only 10
strains from weak plants had this ability. Additionally, near
half of the isolates were able to produce the plant growth
hormone I1AA in vitro, whereby nine of them were obtained

from better-growing plants and seven from “veak plants (Ta-
ble 1).

Assessing the biotechnological capacities of potato-
associated endophytic bacteria

In an attempt to better select bacterial isolates with high
antagonistic and biotechnological potential, points were
given for each bacterial trait determined within this study.
Up to seven points were given for antagonistic activity to-
wards plant pathogens and seven points for hydrolytic en-
zymes (glucanases, chitinases, proteinases. and pectinases),
siderophores, antibiotic production, and autin production. A
total number of 14 points were possibie. For the 35
endophytes tested, the number of points varied between 2
and 10. The isolate with the highest number of points was
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Tabie 1. Identification of isolates by partial 168 rDNA sequence analysis and plant-growth-promoting activities.

/ . T
Can. J. Microbiol. Vol. 50, 2gm4™

-

3
Pcuato plant- : Ladole-3. - !
growth-promoting  Siderophore  acetic acid §
Isolate Origin Closest database match (accession No.) - % homology activity* " production productiop ';
a-Proteobacteria . : E
pfB1 st Sphingomonas aurantiaca (AJ429237) 99 nd + - : %
pfB9 st Brevundimonas sp. (AY177781) 98 ++ + - .
pfB20 w Methylobacterium sp. 11 (AY177351) 99 nd + -
piB21 w Sphingomonas sp. M3C203B-B (AF395031) 104 - - +
pfB27 w Sphingomonas aurantiaca (AJ429237) 99 - | - -,
P-Proteobacteria ‘ : . R
pfB24 w Uncultured eubacterium WD270 (AJ292636) 99 - + +
pfB29 w Variovorax paradoxus (AF451851) 99 + + -
y-Proteobacteria ’ _ :
pfB8 st Pseudomonas sp. WBC-3 (AY040872) 98 ++ + +
pfBi2 st Pseudomonas sp. NZ011 {AY014803) 99 - ' ++ +
pfB13 st Pseudomonas rhodesige (AF064459) 99 - g ++ -
piB18§ st Pseudomonas oryzihabitans (AF501349) 99 - + -
\ pfB33 w Pseudomonas sp. NZ06Z (AY014814) 99 - _ nd nd
pfBi6 st Pantoea ananatis (AF364847) 99 - . + ’ +
pfB25 w Pantoea agglomerans (AF373197) 98 - ' + +
Low G+C Gram positives '
pfB19 W, : Paenibacillus sp. V2 (AF324200) 99 nd + -
pfB33 w _ Paenibacillus sp. V2 (AF324200) 99 + ++ +
~ pfB23 w Staphylococcus sp. (X86636) 9/9 + - -
High G+C Gram positives ) K
pfB2 st Arthrobacter sp. IBN110 (AY247743) 99 ++ + -
pfB3 st Arthrobacter sp, SMCC ZAT262 99 ++ + +
T (AF197055)
= PIBI0 st Arthrobacter sp. 12E (AY191847) 100 ++ + -
piB3 st Frigoribacterium sp. 312 (AF157480) 98 - + +
piB6 st - Frigoribacterium sp. 312 (AF157480) 99 - - -
pfB17 st . Frigoribacterium sp. 312 (AF157480) 99 - + +
pfB31 w Frigoribacterium sp. 301 (AF157479) 99 . + + -
pfB7 st Microbacterium testaceum (AF474327) 97 + +. +
CpfB1L - st " Microbacterium sp. LB030 (AF474326) 99 ! - T E +
pfB4 st Clavibacter michiganensis (AF406667), 9 4 + -
piB14 st Clavibacter michiganensis (AJ310415) - 98 - - + +
piB22 v -Clavibacter michiganensis (AJ310415) 99 . - R - +
piB26 w “Clavibacter michiganensis (AF406667) 99 - +i+ +
pfB28 w. Clavibacter michiganensis (AJ310415) 98 + - -
piBI15 st Uncultured hydrocarbon seep bacterium 99’ - - +
- : (AF154098)
piB30 w Rhodococcus sp. P_wp0233 (AY188941) 99 - . + -
pfB34 w Streptomyces bottropensis (AF397893) 100 nd ++ -
Cytophaga/Flavobacterium{Bacteroides
pfB32 ~ w Flavobacterium sp. 36 (AF388029) 98 - o ++ +

Note: s, strain was isolated from a strong plant; w, strain was isolated from a weak plant; nd, not determined; —, no activity; +, moderate activity; ++

high activity; +++, very high activity.
*Growth promotion of potato tissue culiures.

Paenibacillus sp. pfB33, isolated from the endosphere of a
poorly performing potato plant. Methylobacterium sp. pfB20
and Clavibacter michiganensis pfB26 reached eight points.
A high biotechnological potential was also found for strains
pfB13, pfB14, pfB19, and pfB24. On average, the highest
antagonistic potential was achieved for bacterial isolates be-

&

longing to the low G+C Gram positives, with 6.3 points of
average, followed by isolates belonging to the o- and ¥
Proteobacteria, with 5.0 points on average, B-Proteobacterids
which were only represented by two isolates (pfB24:
piB29), reached six points, Only 3.6 points were found for 3
high G+C Gram positives, the largest group. No differences
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" (e biotechnological potential of strains isolated from

//plants with different growth performances cculd be detected.

piscussion

various repoits demonstrated that bacterial endophytes
contribute to the growih and health of a variety of plants (re-
vewed by Siurz et al. 2000). The mechanisms bv which
plant growth is improved may be similar to those exhibited
by rhizosphere microorganisms and include the production
of phytohormones, promotion through enhanced a\zilability
of nutrients, reduction of ethylene levels, production of anti-
piotics, induced systemic resistance, and outcompetition of
pathogens. Sturz. et al. (1999) suggested that functoning

' ommunities of microbial endophytes contribute to the resis-
i ance of potato plants to bacterial soft rot. In addition. it has

meen reported that the community structure of hacterial

 endophytes colonizing potato clearly correlates with the ab-

sence or presence of a phytopathogen (Reiter et al. 2002). Ir
pas also been shown that abiotic plant stress, such as light
deficiency, leads to a decreased diversity of the potato
endosphere microfiora, probably due to stress meizbolites
and enzymes produced by the plant (Sessitsch et al. 2002).
In accordance with these findings, our results showed that
e bacteriz] community structure correlated to a cenain ex-
ient with the growth of field-grown plants. In general strong
plants contained a higher richness of bacterial species
{= number of T-RFs) than did weak plants. However. it is
not clear from these results, whether the endophytic
microflora is only affected by plant stress metabolites or
whether specific microbial populations are alsu respoasible
_for the-good of.bad performance of a plant. The crserved
variability between populations in individual plants may be
due to the analysis of field-grown plants. It has beer sug-
gested that the majarity of endophytes -derive from the

thizosphere soil (Sturz et al. 2000; McInroy and Kioepper.

1995), which may host more variable populations in a field

i than in a greenhouse experiment.

Cultivation-independent analysis generally does not give

any information on the function of individual COmmunity -

members. Therefore, endophytes were isolated from potato
siems, identified by partial 16S rfDNA sequencing, and char-

. xlerized regarding potential plant-growth-promoting abili-

lies. In agreement with cultivation-independent analysis a
slightly higher tichness of bacterial species was found in
srong plants (18 different IGS rRNA types) than i~ weak
plants (16 different IGS TRNA types). However, this effect
may not be significant. Nevertheless, the culurable
endophytic bacterial populations found in weak and strong

1 plamis were highly different. Striking was the higk abun-
3 dance of high G+C Gram positives and yProtecbacreria in

better-growing plants. Among them various Arthrebacter
wecies as well as several isolates possessing differzat 163
RNA genes showing highest homology to Frigoriba terium

1 ¥. 312 were found. Evenmore, all three Arthrobacier iso-
3 lates showed high plant-growth-promoting ability. arhough
% Bembers of this genus are rather known for their capscity to

fegrade a variety of toxic organic substances than far plant
beneficial effects. Several isolates were identifed as
Clavibacter michiganensis, the bacterium that causes potato
fing rot disease. One of these strains showed high
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siderophore and IAA production and wes even able to antag-

onize Rhizoctonia solani, Sclerotinia sclerotiorum,’ and

Streptomyces scabies. Similarly, Reiter et al. (2002) isolated

an endophytic Clavibacter michiganensis strain from potato

with biocontrol activities against Erwinia carotovora. These

antagonistic Clavibacter strains may belong to the group of

“low pathogens” which belong to a pathogenic species but

show a beneficial interaction with plants. Similar phenome-
nons are known from apathogenic Pseudomoras syringae or
Fusarium oxysporum strains which are already used as

biocontrol strains, However, a clear molecular evidence for

apathogenity shou'd be the basis for such applications. Other

bacterial groups including -Proteobacteria, low G+C Gram

positives, and members of the Cytophagal Flavobacteriumi

Bacteroides were only detected in weak plants.

Five isolates strongly promoted growth of in vitro potato
plants. They all derived from better growing plants, however
also weak plants hosted bacteria with growth-promoting
abilities. About 50% of the isolates had the ability to pro-
duce IAA, which is known to stimulate both rapid and long-
term responses in plants (Cleland 1990; Hagen 1990). The
percentage of 12.A-producing endophytes was lower than the
80% reported for rhizosphere bacteria on average (Patten
and Glick 1996) but more than 33% found in the rhizosphere
of field-grown potato plants found by Lotimann et al.
(1999). Better-growing plants hosted slightly more IAA pro-
ducers than weak plants (10 vs. 7). Almost ail isolated
endophytes were able to synthesize siderophores. Usually,
these low molecular weight compounds are produced by var-
jous soil microbes to bind Fe?*, transport it back to the mi-
crobial cell, and make it available for growth (Leong 1986;
Neilands and Leong 1986). Microbial siderophores may also
be utilized by plants as Fe source (Wang et al. 1993; Bar-
Ness 1991). Endophytes have to compete with plant cells for
Fe supply, and therefore siderophore production may be
highly important for endophytic growth. Additionally, the
production of siderophores has been reported to be one
mechanism to outcompete pathogens (O’Sullivan and
O’'Gara 1992; Schippers et al. 1987) and may have the same
function in endophytes. ,

A variety of endophytes showing antagonistic activities
against bacterial and fungal pathogens have been reported
(see Teviews by Lodewyckx et al. 2002  and Sturz et al.
2000). Furthermore, the proportion of endophytes able to
suppress disease symptoms has been found to be high in
comparison to that observed for rhizosphere bacteria (Reiter
et al. 2002; Chen et al. 1995; van Buren et al. 1993). In
agreement with these reports, in this study a high percentage
of the isolated potato endophytes showed antagonistic activi-
ties towards Streptomyces scabies (43%) and Xanthomonas
campestris (29%). As the majority of plants had more or less
severe scab disease symptoms (caused by Streptomyces sca-
bies), we concluded that the presence of the phytopathogen
may have induced the colonization of appropiate antago-
nists. The proportion of strains showing biocontrol activities
towards other pathogens was comparably low. However,
only direct effects, e.g., antibiosis, were tested, and isolates
may exhibit other mechanisms, such as outcompetition or in-
duction of systemic resistance, to fight off pathogens.
Biocontrol activities were found in phylogenetically differ-
ent bacteria, although this characteristic was particularly
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‘Table 2. Bioconirol activities of isolates.

.

Gan. J. Microbiol. Vol. 50, 2055

Antagonistic activities against: )
Erwinia
Verticillium Rhizocionia Sclerotinia Phytophtora carolovora ssp,
Isolate Origin dahliae solani sclerotiorum catorum atroseptica
—
o-Proteobacteria : :
pfB1 st - - - - -
pfB9 st - - - - -
pfB20 w + + - - -
pfB21 w - - - - -
pfB27 w - - - - -
B-Proteobacteria
pfB24 w - - - - -
pfB29 w - - - - -
y-Proteobacteria
pfB§ st - - - - -
pfB12 st - - + - -
pfB13 st - - + - -
pfB18 st - - - - -
pfB35 w nd nd nd nd nd
pfB16 st - - - - -
pfB25 w - - - - -
Low G+C Gram positives
| piB1S w + + - - -
pfB33 w -. - I - -
pfB23 w - - - - -
High G+C Gram positives |
) pfB2 st = - - - _
e—PIBYTTT L st - - - - .
pfB10 st - - - - -
pfBS st ) - - - - -
pfB6 st -, - - - -
pfB17 st - - - - -
piB31 w - - - - -
pfB7 . st - - - — -
pfB1L st - - - - -
piB4 - st - - - - -
pfB14 st . - - - - -
pfB22 wo - - _ _ _
pfB26 w - + + - -
pfB28 w - - - - -
pfB15 ' st - - - - -
pfB30 w - - - - -
pfB34 w - - - - -

CytophagalFlavobacterium/Bacteroides
pfB32 w -

Note: s, strain was isolated from a strong plant: w. ==in was isolated from a weak plant; nd, not determined: —. no acthity; +, moderate activity; ++
high activity; +++, very high activity; 4+, extremelv high activity.

~ *% inhibition of Rhizoctonia solani afier 3 days.

prominent among y-Proteobacteria. Qur resuits indicate that
the hydrolytic enzyme activities did not necessanly correlate
with pathogen antagonism. Nevertheless. some of the
hydrolytic enzyme activity may be important for endophytes
10 gain entry into the plant, as it is well-known that bacteria
(pathogens and endophytes) can penetrate plant cells by celi-

wall-degrading enzymes (Quadt-Hallmann et al. 1997; Bar- .
ras et al, 1994; Huang 1986). ]

Endophytes are promising candidates for use in agncfll'
ture for biocontrol and fortification of plants. They colomiZ¢
the same niche as plant pathogens and may therefore be
better suvited than rhizosphere bacieria to either outcompeté
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. scabies

sitsch et ai.

Hydrolytic enzyme production

Xanthomonas
campestris
ssp. carotae

Streptomyces :
Glucanase

Chitinase

Protease Pectinase Antibiotic*

S S g

+ + +

+++
+++
nd

+ + +
1

49 - )
54 !
58 /
59

33

+ + +

54
55

54
56
48
49
nd
48
53

+++
++
++
nd

56
53
535

49
55
55
62 ;
58
56
53,
55
56
36

- 51
60
53
50
55
54
49

55

or directly antagonize pathogens. Because of the intimate

contact between endophytes and plant cells, induced sys-

lemic resistance may be an important mechanism of
biocontrol (Nejad and Johnson 2000; Hallmann et al, 1997;
Benhamou et al. 1996). Our results clearly show that
endonhytes belonging to different phylogenetic groups may

exhibit various properties that are highly interesting for bio-
technological application. However, appropiate inoculation
strategies have to be developed that guarantiee the entry of
the inoculant strain into the plant and subsequent successful
colonization. This study also showed that differently grow-
ing plants are colonized by distinct bacterial endophyies,
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which may vary in their beneficial effects. A better under-
standing of the functioning of endophytes and plant growth
will lead to the identification of metheds to support and im-
prove endophytic bacterial populations.
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