
ORIGINAL ARTICLE

Lysobacter capsici AZ78 produces cyclo(L-Pro-L-Tyr), a
2,5-diketopiperazine with toxic activity against sporangia
of Phytophthora infestans and Plasmopara viticola
G. Puopolo1, A. Cimmino2, M.C. Palmieri1, O. Giovannini1, A. Evidente2 and I. Pertot1

1 Department of Sustainable Agro-Ecosystems and Bioresources, Research and Innovation Centre, Fondazione Edmund Mach (FEM), S. Michele

all’Adige (TN), Italy

2 Dipartimento di Scienze Chimiche, Universit�a degli Studi di Napoli ‘Federico II’, Napoli, Italy

Keywords

anti-oomycete activity, cyclo(L-Pro-L-Tyr),

Lysobacter capsici, Phytophthora infestans,

Plasmopara viticola.

Correspondence

Gerardo Puopolo, Department of Sustainable

Agro-Ecosystems and Bioresources, Research

and Innovation Centre, Fondazione Edmund

Mach (FEM), 38010 S. Michele all’Adige (TN),

Italy.

E-mail: gerardo.puopolo@fmach.it

2014/0840: received 23 April 2014, revised

10 July 2014 and accepted 24 July 2014

doi:10.1111/jam.12611

Abstract

Aims: To investigate low molecular weight compounds produced in vitro by

Lysobacter capsici AZ78 and their toxic activity against sporangia of plant

pathogenic oomycetes.

Methods and Results: Assays carried out in vitro showed that L. capsici AZ78

drastically inhibits the growth of plant pathogenic oomycetes. Accordingly, the

preventive application of culture filtrates of L. capsici AZ78 on grapevine and

tomato plants reduced the infections, respectively, caused by Plasmopara (Pl.)

viticola and Phytophthora infestans. The subsequent chemical analysis of the

culture filtrates of L. capsici AZ78 by spectroscopic (essentially 1D and 2D 1H

NMR and 13C NMR and ESI MS spectra) and optical methods led to the

identification of the 2,5-diketopiperazine cyclo(L-Pro-L-Tyr) that inhibited the

development of P. infestans sporangia in vitro and on tomato leaves.

Furthermore, a genomic region with high sequence identity with genes coding

for a hybrid polyketide synthase and nonribosomal peptide synthetase was

detected in L. capsici AZ78.

Conclusions: Lysobacter capsici AZ78 produces cyclo(L-Pro-L-Tyr) in vitro that

was effective in killing the sporangia of P. infestans and Pl. viticola in vitro.

Moreover, this low molecular weight compound prevents the occurrence of

late blight lesions when applied on tomato leaves.

Significance and Impact of the Study: The application of L. capsici AZ78 cells

or its own culture filtrates effectively controls both P. infestans and Pl. viticola.

Cyclo(L-Pro-L-Tyr) produced by L. capsici AZ78 is toxic against sporangia of

both these oomycetes. These data enforce the potential in the use of Lysobacter

members for the control of plant pathogenic oomycetes and provide the basis

for the development of new low-impact fungicides based on cyclo(L-Pro-L-

Tyr).

Introduction

A high number of destructive plant diseases are caused

by plant pathogenic oomycetes. Phytophthora infestans

Mont. (De Bary), the causal agent of late blight of potato

(Solanum tuberosum) and tomato (Solanum lycopersicum),

was responsible for instance for the epidemics that led to

the Irish potato famine (Fry 2008). Another example of

important plant diseases caused by oomycetes is downy

mildew of grapevine (Vitis vinifera) caused by the obli-

gate parasite Plasmopara (Pl.) viticola (Gessler et al.

2011). The control of both these plant pathogenic oomy-

cetes relies mainly on intensive application of chemical

fungicides and copper in conventional and organic agri-

culture, respectively (Fry and Goodwin 1997; Kato et al.

1997a; Gessler et al. 2011). Concerns about the negative
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impact of chemical fungicides and copper on the envi-

ronment and human health are however increasing, and

more environmental-friendly solutions are being increas-

ingly demanded. The use of micro-organisms as active

ingredients in plant protection products represents a sus-

tainable alternative to synthetic substances. Microbial

strains should however be carefully characterized before

being applied as a biopesticide; thus, determining the sec-

ondary metabolic profile is crucial to the development of

plant protection products.

There are at present few bacterial strains capable of

controlling Pl. viticola (Tilcher et al. 1994, 2002), while

bacteria, mainly belonging to the genera Bacillus and

Pseudomonas (Ps.), have so far given the most interesting

and promising results in controlling P. infestans on

tomato plants (Yan et al. 2002; Kloepper et al. 2004; Tran

et al. 2007; Halfeld-Vieira et al. 2008; Lamsal et al. 2013).

Some of these strains indirectly reduce the attacks of

P. infestans by triggering induced systemic resistance in

tomato plants (Yan et al. 2002; Tran et al. 2007). Biologi-

cal control bacteria may also be mixed to control tomato

late blight, and the concurrent application of a rhizobac-

terial Bacillus cereus strain with epiphytic antagonists

belonging to Cellulomonas flavigena, Candida sp. and

Cryptococcus sp. produced a higher level of protection

against P. infestans (Lourenc�o J�unior et al. 2006). Bacte-

rial antagonists protect tomato plants also by acting

directly on the zoospores and/or sporangia of P. infestans,

as in the case of Pseudomonas fluorescens SS101 capable

of killing P. infestans zoospores through biosynthesis of

the cyclic lipopeptide massetolide A (Tran et al. 2007).

Although several examples of biocontrol bacteria are

reported in the literature, none of them has led to the

development of a biofungicide that has been proved suc-

cessful against these plant pathogenic oomycetes. There is

therefore still a need to identify new bacterial strains to

serve as active ingredients of low-impact biofungicides

for use against P. infestans and Pl. viticola (Mizubuti

et al. 2007; Gessler et al. 2011).

The bacterial genus Lysobacter (Christensen and Cook

1978) encompasses species that share several biological

features that make them a suitable source of new biologi-

cal control agents of plant diseases caused by plant path-

ogenic oomycetes (Hayward et al. 2010). For instance,

Lysobacter enzymogenes strain 3.1T8 is active against dif-

ferent plant pathogenic oomycetes by producing lytic

enzymes, biosurfactants and anti-oomycete compounds

(Folman et al. 2001, 2003, 2004). The application of

Lysobacter sp. SB-K88 effectively controls the damping-off

of sugar beet caused by Pythium spp. in soil (Homma

et al. 1993; Nakayama et al. 1999). Recently, we showed

that the prophylactic application of Lysobacter capsici

AZ78 to grapevine leaves results in the drastic reduction

of grapevine downy mildew caused by the plant patho-

genic oomycete Pl. viticola (Puopolo et al. 2014). Fur-

thermore, we also produced evidence that members of

the Lysobacter antibioticus, L. capsici, L. enzymogenes and

Lysobacter gummosus species are resistant to copper and

this biological feature permits the combination of L. cap-

sici AZ78 with a low dose of a copper-based fungicide for

more effective control of grapevine downy mildew

(Puopolo et al. 2014).

Building on our previous results, the current study

aimed at investigating the secondary metabolites with

anti-oomycete activity released in vitro by L. capsici

AZ78. Our attention was focused on low molecular

weight compounds synthesized by L. capsici AZ78, and

we characterized in particular the direct activity of one of

these against sporangia of P. infestans and Pl. viticola.

Materials and methods

Lysobacter capsici AZ78 and plant pathogenic oomycetes

Lysobacter capsici AZ78 was stored at length in glycerol

40% at �80°C and routinely grown on Luria–Bertani agar
(LBA; Sigma-Aldrich, St. Louis, MO) in Petri dishes

(90 mm diameter). To produce the culture filtrates,

L. capsici AZ78 was grown in a modified LB medium

[tryptone (Sigma-Aldrich) 10 g l�1 and yeast extract

(Sigma-Aldrich) 5 g l�1)]. Sodium chloride was not

employed in modified LB medium so as to avoid any phy-

totoxic effects on plants.

Isolates of the plant pathogenic oomycetes

Phytophthora cactorum, Phytophthora capsici, Phytophthora

cinnamomi and Pythium (Py.) ultimum, from our labora-

tory culture collection, were stored in sterile tubes con-

taining potato dextrose agar (PDA; Oxoid, Cambridge,

UK) and routinely grown on PDA plates at 22°C. Phy-
tophthora infestans provided by M. Finckh and A. Butz

(University of Kassel, Germany) was maintained on pea

agar medium (PAM, 12�5% frozen pea and 1�2% agar in

distilled water) at 17°C and stored at length in glycerol

20% at �80°C. The inoculum was prepared by collecting

fresh sporangia from sporulating colonies developed after

21 days at 17°C on PAM (Sharma et al. 2010). Petri

dishes were flooded with 5 ml of cold (4–5°C) distilled

water, and sporangia were scraped using sterile spatulas

and transferred into sterile 50-ml tubes. Plasmopara viti-

cola was isolated from an untreated vineyard in S. Mic-

hele all’Adige (Italy) in 2013 and maintained on

grapevine plants (V. vinifera cv. Pinot Noir plants, grafted

onto Kober 5BB) by subsequent weekly inoculations. To

obtain sporangia, grapevine plants showing oil spot

symptoms were kept overnight in the dark at 20–21°C
and 100% RH. The inoculum of Pl. viticola was prepared
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by washing the freshly sporulating lesions on the abaxial

leaf surface with cold (4–5°C) distilled water. Unless

otherwise stated, the sporangial suspensions of P. infe-

stans and Pl. viticola were then adjusted to a concentra-

tion of 2�5 9 105 sporangia ml�1 by counting with a

haemocytometer (Thoma chamber; HBG, Giessen-Lützel-

lindem, Germany) under a light microscope and used in

all the experiments.

Characterization of the activity spectrum of Lysobacter

capsici AZ78 against plant pathogenic oomycetes in vitro

To define the activity spectrum of L. capsici AZ78 against

plant pathogenic oomycetes, its ability to inhibit the

mycelial growth of five oomycetes was evaluated in dual

culture on PDA (P. cactorum, P. capsici, P. cinnamomi

and Py. ultimum) and PAM (P. infestans) dishes. Briefly,

20 ll of a L. capsici AZ78 cell suspension

(1 9 108 CFU ml�1) was spotted on two opposite edges

of dishes containing the above-mentioned growth media

and kept at 27°C for 24 h. After this incubation period,

plugs of mycelium (5 mm diameter) were cut from the

edge of the young oomycete colonies and placed at the

centre of the dishes containing L. capsici AZ78 macrocol-

onies. PDA and PAM dishes seeded only with mycelium

plugs were used as controls. Inhibition of mycelial growth

was evaluated by scoring the oomycete colony diameters

after 7-day incubation at 20°C. Each treatment was car-

ried out on three dishes (replicates), and experiments

were repeated.

Assessment of the efficacy of culture filtrates of

Lysobacter capsici AZ78 to control Phytophthora

infestans and Plasmopara viticola in vivo

In each experiment, L. capsici AZ78 cell suspensions and

its own supernatants were prepared according to the fol-

lowing procedure. Bottles containing 500 ml of modified

LB medium were inoculated with 5 ml of L. capsici AZ78

cell suspension (1 9 108 CFU ml�1) and incubated at

27°C for 72 h on a rotary shaker at 200 rev min�1. At

the end of this period, the content of the flasks was cen-

trifuged at 4300 g for 20 min, and the supernatants were

filter-sterilized (0�22 lm; Sigma-Aldrich) and collected in

sterile 1-l bottles. Pelleted cells were resuspended in ster-

ile distilled water to a final optical density at 600 nm of

0�1 corresponding to � 1 9 108 CFU ml�1.

The bioassays for the evaluation of the ability of

L. capsici AZ78 and its own culture filtrates to control

P. infestans and Pl. viticola were, respectively, carried out

on tomato (S. lycopersicum cv. Tondo Rosso) and on

grapevine plants. Two-year-old grapevine plants were

grown in a greenhouse under controlled conditions

(20 � 0�5°C; 70 � 10% relative humidity, RH; 16-h pho-

toperiod) in 2�5-l pots containing a mixture of peat and

pumice (3 : 1) until the plants had produced two shoots

with at least nine leaves each. Pregerminated tomato

seeds were sown on sterile peat (autoclaved twice for

20 min at 120°C with an interval of 24 h) in sterile

50-ml pots maintained under greenhouse-controlled con-

ditions (25 � 1°C; 70 � 10% RH; 16-h photoperiod).

Grapevine and tomato plants were ready for experimenta-

tion approximately 2 months after planting.

Lysobacter capsici AZ78 cells and its own culture fil-

trates were applied on grapevine and tomato plants 24 h

before inoculation with Pl. viticola and P. infestans,

respectively. Treatments were applied on adaxial and

abaxial leaf surfaces using a hand sprayer. Distilled water,

modified LB medium and copper hydroxide (Kocide�

3000; Du Pont de Nemours, Wilmington, DE, 2�5 g l�1)

were used as controls and were applied 6 h before inocu-

lation. Each grapevine and tomato plant was, respectively,

sprayed with 40 and 20 ml of each treatment prepara-

tion.

Tomato plants were artificially inoculated by spraying

the entire plant with P. infestans sporangial suspensions.

The plants were kept in the dark at 100% RH and 18°C
for 24 h and then transferred in a growth cabinet at 18°C
at 80% RH with a 16/8-h day/night light regime. Plasmo-

para viticola inoculum was sprayed onto the abaxial sur-

face of each fully expanded leaf using a hand sprayer.

Once inoculated, grapevine plants were incubated at

20 � 0�5°C (80–99% RH) in the dark for 24 h, then

maintained at 25°C (60–80% RH) with a 16/8-h day/

night light regime. Seven days after inoculation, the

plants were incubated overnight in the dark at

20 � 0�5°C and 80–99% RH to induce sporulation.

Each treatment was carried out on nine plants (repli-

cates), and experiments were repeated. Seven days after

pathogen inoculation, disease incidence (percentage of

symptomatic leaves) and disease severity (percentage of

leaf area showing symptoms) were visually assessed and

expressed as percentages. The efficacy of treatments in

reducing disease severity was calculated according to the

following formula:

Plant protection efficacy ¼ ½ðdisease severity in untreated

plants� disease severity in treated plantsÞ=(disease
severity in untreated plantsÞ� � 100:

The population of L. capsici AZ78 on grapevine and

tomato leaves was assessed at the beginning and at the

end of the greenhouse experiments using the dilution

plating method according to Puopolo et al. (2014).
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Extraction and purification of metabolites from

Lysobacter capsici AZ78 culture filtrates

The culture supernatants of L. capsici AZ78 produced in

modified LB medium as described above were filtered

and lyophilized. Subsequently, culture filtrates (3�0 l)

were dissolved in 10�1 of initial volume with distilled

water and extracted with EtOAc (4 9 300 ml). The

organic extracts were combined, dried (Na2SO4) and

evaporated under reduced pressure to yield a brown solid

residue (261�5 mg). The residue was then submitted to

bioassay-guided fractionation through column chroma-

tography (800 9 25 mm) on silica gel, eluted with the

CHCl3-i-PrOH (9/1 v/v) until CHCl3-i-PrOH (7/3 v/v).

One hundred and fifty tubes (10 ml) were checked on

thin-layer chromatography (TLC) and combined. Four

homogenous chromatographic fraction groups were eval-

uated for their toxicity against sporangia of P. infestans

and Pl. viticola, as described below, at a final concentra-

tion of 1 mg ml�1.

The residue (56�5 mg) of the second chromatographic

fraction group was further purified by TLC on silica gel

and eluted with the CHCl3-i-PrOH (8/2 v/v), yielding a

homogeneous anamorphous solid [Rf 0�69, eluent

CHCl3-i-PrOH (8/2 v/v)].

Identification and characterization of Lysobacter capsici

AZ78 low molecular weight secondary metabolites

Optical rotation was measured in MeOH on a polarime-

ter (Jasco, Easton, MD). IR spectra were recorded as

deposit glass film on a Perkin-Elmer (Norwalk, CT) Spec-

trum. One FT-IR spectrometer and UV spectra were

measured in MeCN on a Perkin-Elmer Lambda 23 UV/

vis spectrophotometer. 1H NMR and 13C NMR spectra

were recorded at 600 or 400 and 125 or 100 MHz,

respectively, in CDCl3, on spectrometers (Bruker, Leipzig,

Germany). The same solvent was used as internal stan-

dard. Carbon multiplicities were determined by distor-

tionless enhancement by polarization transfer (DEPT)

spectra (Berger and Braun 2004). DEPT, correlation spec-

troscopy (COSY-45), heteronuclear single-quantum

coherence (HSQC), heteronuclear multiple-bond correla-

tion (HMBC) and nuclear overhauser enhancement spec-

troscopy (NOESY) experiments were performed using

standard Bruker microprograms (Berger and Braun

2004). High-resolution (HR) and electrospray ionization

mass spectroscopy (ESIMS) spectra were recorded on

Thermo LTQ Velos (Thermo Fisher Scientific, Bremen,

Germany) and 6120 Quadrupole LC/MS (Agilent Tech-

nologies, Santa Clara, CA), respectively. Analytical and

preparative TLC was performed on silica gel [Kieselgel

60, F254, 0�25 and 0�5 mm (Merck, Darmstadt,

Germany)] dishes. The spots were visualized by exposure

to UV light at 254 nm, iodine vapours, or by spraying

first with 10% H2SO4 in MeOH and then with 5% phos-

phomolybdic acid in EtOH, followed by heating at 110°C
for 10 min. Column chromatography was performed on

a Kieselgel 60, 0�063–0�200 mm silica gel column

(Merck).

Evaluation of the anti-oomycete activity against

Phytophthora infestans and Plasmopara viticola

sporangia of Lysobacter capsici AZ78 secondary

metabolites

Fifty microlitres of each chromatographic fraction group

was added to 50 ll of freshly prepared P. infestans or

Pl. viticola sporangia (2 9 106 sporangia ml�1) in sterile

1�5-ml tubes. The mixtures were then incubated for

60 min at 17°C and then stained for 5 min with a com-

bination of 5,6-carboxyfluorescein diacetate (Sigma-

Aldrich; 0�01%) in DMSO (Sigma-Aldrich; 0�01%) and

propidium iodide (Sigma-Aldrich; 100 lg ml�1), proto-

col adapted from Sergeeva et al. (2002) and Trouvelot

et al. (2008). DMSO (0�01%) and sterile distilled water

were used as controls.

After the incubation period, the suspensions were

transferred on glass slides (Fast-Read 102; Biosigma F,

Cona, Italy) and observed under microscope Leica

LMD7000 (Leica, Wetzlar, Germany) using the B/G/R fil-

ter (excitation filter: BP 550–590 nm; dichromatic mirror:

590 nm; suppression filter: BP 600–680 nm) to count

dead sporangia (emitting propidium iodide-dependent

red fluorescence) and H3 filter (excitation filter: BP 420–
490 nm; dichromatic mirror: 510 nm; suppression filter:

LP 515 nm) to count viable sporangia (emitting 5,6-carb-

oxyfluorescein diacetate-dependent green fluorescence)

(Trouvelot et al. 2008).

Each experiment involved three replicates (three 1�5-ml

tubes), and a minimum of 100 sporangia was counted

each time (five repetitions) according to Trouvelot et al.

(2008). Three independent experiments were carried out.

Confirmation of anti-oomycete activity of cyclo

(L-Pro-L-Tyr) on Phytophthora infestans sporangia in

vivo

The anti-oomycete activity of cyclo(L-Pro-L-Tyr) was con-

firmed on P. infestans sporangia on detached tomato leaves

according to Tran et al. (2007) with modifications. Puri-

fied cyclo(L-Pro-L-Tyr) isolated from L. capsici AZ78 cul-

ture filtrates was sprayed onto leaves collected from tomato

plants (2 months old). The metabolite was sprayed at the

following concentration: 10, 25, 50, 75 and 100 lg ml�1.

Additional detached tomato leaves were treated with the
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L. capsici AZ78 cell-free culture filtrates. Leaves were main-

tained at room temperature for 1 h under laminar flow to

dry. Subsequently, leaves were transferred in 90-mm Petri

dishes (one leaf each dish) on sterile wet filter paper, and

the abaxial part was inoculated with three drops (10 ll) of
a P. infestans sporangia suspension (2 9 103 sporan-

gia ml�1) on each side of the leaf’s midvein (six drops per

leaf). Once inoculated, Petri dishes were allowed to dry

under laminar flow for 20 min and then were placed in an

incubator at 18°C. Tomato leaves treated with sterile dis-

tilled water, DMSO (0�01%) and copper hydroxide were

used as controls. Four days after sporangial inoculation,

disease incidence was assessed by scoring the occurrence of

late blight lesions developed from the sporangial droplets.

Each treatment was composed of five replicates (leaves),

and the experiment was repeated.

At the end of the experiments, the occurrence of L. cap-

sici AZ78 cells on detached tomato leaves was assessed

using the dilution plating method as described above.

Determination of a gene coding for polyketide synthase

in Lysobacter capsici AZ78

The genomic DNA of L. capsici AZ78 was extracted with

a Genomic DNA isolation Kit (Qiagen, Holden, Ger-

many) and used as the template in PCRs aimed at detect-

ing the presence of gene coding for a polyketide synthase.

The primer pair AZ78_pks1 F (50-GGT TCC TCA AGC

AGC TCA A-30)/AZ78_pks1 R (50-GGA ACA GGT CGG

TGT TGT A-30) was designed based on the nucleotide

sequence from L. enzymogenes C3 coding for a hybrid

polyketide synthase and nonribosomal peptide synthetase

(GenBank Accession No. EF028635.2). In these PCRs,

2 ll of genomic DNA was used as template in 25-ll reac-
tion including 1X Dream Taq Green PCR Mastermix

(Thermo Fisher Scientific) and 0�2 lmol l�1 of primer

AZ78_pks1 F/AZ78_pks1R. These PCRs involved a first

cycle at 94°C for 3 min followed by 35 cycles of 94°C for

1 min, 57°C for 1 min and 72°C for 1 min with a final

extension step at 72°C for 5 min.

PCR products were purified using Exo-Sap (Euroclone

S.p.a., Italy) according to manufacturer’s instructions.

Purified DNA amplicons were sequenced using BigDye

Terminator v 3.1 (Thermo Fisher Scientific), and the

resulting nucleotide sequences were analysed using BLASTN

to find homologies with DNA sequences already depos-

ited in GenBank. The most similar nucleotide sequences

were collected from GenBank and used for phylogenetic

analyses. All the sequences were aligned with CLUSTAL x

(Thompson et al. 1997), and the alignment profile was

then used to establish the evolutionary distances by

applying Kimura’s two-parameter model (Kimura 1983)

implemented in the MEGA3 program (Kumar et al. 2004).

The same software was used to construct the best phylo-

genetic tree with the neighbour-joining method (Saitou

and Nei 1987). Bootstrap analysis with 1000 replicates

was performed to assess confidence levels for the

branches (Felsenstein 1985).

Statistical analyses

The data attained in all the experiments were subjected

to a two-way ANOVA. If no significant differences were

found, the data were pooled. In the case of data coming

from dual-plate method, differences between mean values

of oomycete colony diameters were statistically analysed

by Student’s t-test (a = 0�05). In all the other cases, the

data were arcsine-transformed prior to the two-way ANO-

VA and then analysed by ANOVA and mean comparisons

were performed with a Tukey’s test (a = 0�05). The data

of plant protection efficacy were also checked for normal-

ity (Kolmogorov–Smirnov’s test) and homoscedasticity

(Bartlett’s test) before ANOVA. All the statistical analysis

was carried out using STATISTICA software 7.0 (Statsoft,

Tulsa, OK).

Results

Characterization of the activity spectrum of Lysobacter

capsici AZ78 against plant pathogenic oomycetes in vitro

The ability of L. capsici AZ78 to inhibit mycelial growth

of some plant pathogenic oomycetes in vitro was chosen

as first step in the investigation on the mechanisms

involved in the antagonism aptitude of this bacterial

strain. Lysobacter capsici AZ78 was able to inhibit the

mycelial growth of the five plant pathogenic oomycetes

tested (Fig. 1), and particularly, Phytophthora infestans

growth was drastically impaired in the presence of the

bacterium (�73% inhibition).

Assessment of the efficacy of culture filtrates of

Lysobacter capsici AZ78 to control Phytophthora

infestans and Plasmopara viticola in vivo

Based on the strong pathogen inhibition recorded in the

dual-culture test, we hypothesized that L. capsici AZ78

releases secondary metabolites with anti-oomycete activity

in the medium. To validate this hypothesis and identify

the active molecules, we assessed the efficacy of the cul-

ture filtrates of L. capsici AZ78 for the control of two

selected oomycetes P. infestans and Pl. viticola on tomato

and grapevine plants, respectively. No statistical differ-

ences were recorded between the level of disease severity

of the grapevine (28 � 6 and 24 � 3) and tomato

(58 � 12 and 46 � 14) plants, respectively, treated with
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distilled water and modified LB medium. The plant pro-

tection efficacy of L. capsici AZ78 cells on tomato leaves

did not significantly differ from that achieved with cop-

per hydroxide with values close to 100% (Fig. 2a). The

application of L. capsici AZ78 culture filtrates resulted in

a plant protection efficacy of 74% (Fig. 2a), higher than

the values achieved using modified LB (15�1%, Fig. 2a).

Similar results were obtained against Pl. viticola on grape-

vine. In this case, plant protection efficacy of L. capsici

AZ78 culture filtrates was 66�2% and lower than that

achieved on plants treated with L. capsici AZ78 cells (92�4
%) and the copper hydroxide (90�7%) (Fig. 2b). Addi-

tionally, the application of L. capsici AZ78 culture filtrates

resulted also in a reduction of the incidence of symptom-

atic leaves, but the values were not significantly different

from plants treated with distilled water or modified LB

medium (Table S1). On the other hand, application of

L. capsici AZ78 cells in both the pathosystems determined

a drastic reduction of disease incidence similar to that

achieved with copper treatments (Table S1). Lysobacter

capsici AZ78 cells were never isolated from leaves col-

lected from plants treated with distilled water, modified

LB medium, AZ78 culture filtrates and copper-based fun-

gicide, either at the beginning or at the end of the green-

house trials. Lysobacter capsici AZ78 was recovered only

from plants treated with L. capsici AZ78 cells. At the

beginning of the trial, the population recovered from

tomato leaves was 6�56 � 0�16 log10 CFU g�1 of tomato

leaf, while at the end of trial, population reached

5�01 � 0�02 log10 CFU g�1 of tomato leaf. A similar

population size was recorded on grapevine leaves at

the beginning and at the end of the trials (5�16 � 0�12
and 5�18 � 0�14 log10 CFU g�1 of grapevine leaf,

respectively).

Lysobacter capsici AZ78 produces cyclo(L-Pro-L-Tyr) a

2,5-diketopiperazine toxic against Phytophthora infestans

and Plasmopara viticola sporangia

The fact that L. capsici AZ78 culture filtrates reduced the

disease in both pathosystems prompted us to investigate

the low molecular weight secondary metabolites with

anti-oomycete activity produced by L. capsici AZ78 dur-

ing its growth in modified LB medium. For this purpose,

the liquid culture filtrates of L. capsici AZ78 were exhaus-

tively extracted with ethyl acetate and the organic extract,

showing high toxic activity against P. infestans and

Pl. viticola sporangia (data not shown), was fractionated

by column chromatography in four fractions (named

Fraction A, B, C and D) that were then assessed for their

capacity to kill sporangia of both the plant pathogenic

oomycetes.

After 60 min of incubation in different solutions, both

water- and DMSO (0�01%)-treated sporangia of P. infe-

stans and Pl. viticola (control samples) showed an 80%

viability (Fig. S1a,b). The incubation in Fraction A and B

caused, respectively, a decrease to 49 and 34% of sporan-

gial viability in P. infestans (Fig. S1a) while a viability

decrease to 19% was found in the case of Pl. viticola (Fig.

S1b). On the other hand, Fraction C and D showed a

limited negative effect on Pl. viticola sporangial viability

and almost no effect on P. infestans (Fig. S1a,b).

The residue (56�5 mg) of Fraction B was further puri-

fied by TLC yielding a homogeneous anamorphous solid

(30�0 mg, corresponding to 10 lg ml�1). The anamor-

phous compound was identified as a cyclo(L-Pro-L-Tyr)

(Fig. 3a), a (3S,8aS) pyrrolo[1,2-a]pyrazine-1,4-dione,

hexahydro-3-[(4-hydroxyphenyl)methyl], by comparing

its spectroscopic (IR, UV, 1H; Fig. 3b) and 13C NMR
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(Fig. S2) and optical properties with those already

reported in the literature (all the chemical characteristics

are reported in Supporting information). The identifica-

tion of cyclo(L-Pro-L-Tyr) was also confirmed by the cou-

plings observed in the COSY and HSQC spectra (Figs S3

and S4) and by the correlation recorded in the NOESY

spectrum (Fig. S5). Furthermore, the structure was sup-

ported by the several long-range coupling observed in the

HMBC spectrum (Fig. S6) and by the data of its HRESI

MS spectrum, which showed the dimeric sodiated

[2M+Na]+ and protonated [2M+H]+ form, the sodium

cluster [M+Na]+ and the pseudomolecular ion [M+H]+

at m/z 543�2217, 521�2397, 283�1051 and 261�1231,
respectively (Fig. S7). The absolute configuration to cyclo

(L-Pro-L-Tyr) was assigned by comparing its specific opti-

cal rotatory power with that reported in the literature.

Confirmation of anti-oomycete activity of cyclo

(L-Pro-L-Tyr) on Phytophthora infestans sporangia

The anti-oomycete activity cyclo(L-Pro-L-Tyr) was con-

firmed in a bioassay carried out on detached tomato

leaves. Lysobacter capsici AZ78 culture filtrates reduced

P. infestans disease incidence (10�25 � 5�27%) similar to

copper hydroxide (7�00 � 4�99%, Fig. 4). A reduction in

disease severity, although lower than L. capsici AZ78 cul-

ture filtrates, was observed with cyclo(L-Pro-L-Tyr)

applied at concentrations ranging from 10 to

100 lg ml�1 (Fig. 4), and a clear dose effect of cyclo

(L-Pro-L-Tyr) was recorded (Fig. S8). In more detail, the

maximum level of protection was achieved by applying

the cyclo(L-Pro-L-Tyr) at 100 lg ml�1 (26�67 � 4�21 %)

while the lowest concentrated solution determined a

reduced protective effect (66�67 � 4�71) that, however,

was statistically lower than the disease incidence observed

on leaves treated with sterile distilled water and DMSO

(0�01%, Fig. 4). At the end of the experiments, no L. cap-

sici AZ78 cells were detected in any of the detached

tomato leaves through dilution plating method.

Detection of a gene coding for polyketide synthase in

Lysobacter capsici AZ78

A nucleotide region showing high sequence identity with

polyketide synthase was detected in L. capsici AZ78. A

DNA fragment of 1132 bp was amplified using the pri-

mer pair AZ78_PKS1 F/R specific for a nucleotide region

coding for a hybrid polyketide synthase and nonriboso-

mal peptide synthetase of L. enzymogenes C3. The result-

ing nucleotide sequence (GenBank accession no.

KF841351) showed the highest sequence identity with the

gene coding for polyketide synthase from L. capsici C3

(Fig. 5). The nucleotide region obtained from L. capsici

AZ78 also shared high sequence identity with other bac-

terial strains such as Salinispora arenicola CNS-205 and

others of different Streptomyces species (Fig. 5).

Discussion

Finding sustainable alternatives to chemical fungicides

against destructive diseases caused by plant pathogenic

oomycetes, such as late blight and grapevine downy mil-

dew, is a priority for the future. Microbial biocontrol

agents already offered a valid alternative in different

pathosystems (Raaijmakers and Mazzola 2012), and

Lysobacter genus could be a promising source for new

active ingredients in biological plant protection products.
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were repeated, and data were pooled. Histograms with the same let-

ters are not significantly different according to Tukey’s test

(a = 0�05).
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We previously showed that L. capsici AZ78 effectively

controls Pl. viticola in combination with a copper-based

fungicide (Puopolo et al. 2014). Based on this evidence,

we wanted to see whether its activity could be extended

to other plant pathogenic oomycetes. We further investi-

gated the low molecular weight secondary metabolites

with anti-oomycete activity released in vitro by L. capsici

AZ78.

Lysobacter capsici AZ78 has a direct effect on the

growth of several oomycetes when tested in dual culture,

which leads to a hypothesis of the production of

compounds toxic against plant pathogenic oomycetes.

We subsequently carried out trials under controlled con-

ditions where L. capsici AZ78 and its own culture filtrates

were used for the biological control of P. infestans and

Pl. viticola. We proved that the application of L. capsici

AZ78 cells on tomato leaves strongly reduces tomato late

blight, similar to application of the copper-based fungi-

cide Kocide� 3000. To the best of our knowledge, this is

the first time that a member of the genus
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Lysobacter has been reported to control P. infestans on

tomato plants. Previous studies have shown that other

Lysobacter strains control soilborne plant pathogenic

oomycetes such as Aphanomyces cochlioides and Py.

aphanidermatum (Nakayama et al. 1999; Folman et al.

2001, 2003, 2004; Islam et al. 2005; ). Recently, Ko et al.

(2009) demonstrated that L. antibioticus HS124 effectively

protects pepper plants against P. capsici attacks and

linked this activity with the production of lytic enzymes

(i.e. b-1,3-glucanase) and an antibiotic compound (4-hy-

droxyphenylacetic acid). The results obtained in our

study thus further strengthen the potential of members of

the bacterial genus Lysobacter for biological control of

different plant pathogenic oomycetes.

Concurrently, results achieved with the application of

L. capsici AZ78 cell-free culture filtrates on plants for the

control of P. infestans and Pl. viticola clearly suggested

that L. capsici AZ78 was producing secondary metabolites

that are toxic against both the oomycetes tested. The

evidence that a Lysobacter member produces secondary

metabolites with anti-oomycete activity is also corrobo-

rated by previous studies carried out on Lysobacter

sp. SB-K88, L. antibioticus HS124 and L. capsici YC5194

(Homma et al. 1993; Nakayama et al. 1999; Islam et al.

2005; Park et al. 2008; Ko et al. 2009). In particular,

Lysobacter sp. SB-K88 synthesizes Xanthobaccin A, B and

C, which are highly effective in vitro against Ap. cochlio-

ides, Phytophthora vignae f. sp. adzukicola and Py. ulti-

mum (Nakayama et al. 1999) and in suppressing

damping-off of sugar beet caused by Pythium spp. in soil

(Homma et al. 1993; Nakayama et al. 1999).

These three macrocyclic lactams were isolated and

identified after the screening of chromatographic frac-

tions for their ability to inhibit the mycelial growth of

Py. ultimum and Rhizoctonia solani (Nakayama et al.

1999). In our study, on the other hand, we focused our

attention on low molecular weight compounds, and the

chromatographic fraction groups were evaluated for their

toxicity against sporangia of P. infestans and Pl. viticola

as they represented the primary inoculum source for the

trials carried out under controlled conditions. One of the

four chromatographic fraction groups was found to be

highly toxic against the sporangia of both the plant path-

ogenic oomycetes. The preliminary NMR investigation,

99
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Figure 5 Analysis of sequence identity of a partial region of a gene coding for a hybrid polyketide synthase and nonribosomal peptide synthetase

from Lysobacter capsici AZ78. The phylogenetic tree was obtained using the neighbour-joining method, and evolutionary distances were calcu-

lated using Kimura’s two-parameter model (Kimura 1983). Bootstrap values (Felsenstein 1985) higher than 50 are shown at the branch points.
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using both 1H NMR and 13C NMR spectra, showed that

the toxic secondary metabolite was a cyclic dipeptide. On

the basis of a comparison of its spectroscopic and optical

properties with those already reported in the literature

(Tatsuno et al. 1971; Stierle et al. 1988; Jayatilake et al.

1996; Cain et al. 2003), the secondary metabolite present

in the chromatographic Fraction B was subsequently

identified as the already-known cyclo(L-Pro-L-Tyr), a cyc-

lic dipeptide that belongs to the group of the proline

derivatives of 2,5-diketopiperazine, mainly isolated from

fungi and bacteria (for a review, see Borthwick 2012).

Up to now, the bioactive products identified and char-

acterized from Lysobacter members mainly belong to the

cyclodepsipeptides (lysobactin), cyclic lipodepsipeptides

(WAP-8294A2), cephem type b-lactams (cephabacins)

and polycyclic tetramate macrolactam (Xanthobaccin A)

families (Ono et al. 1984; O’Sullivan et al. 1988; Kato

et al. 1997b; Nakayama et al. 1999; Zhang et al. 2011; Xie

et al. 2012). Our study thus provides the first evidence

on the production of a 2,5-diketopiperazine from a mem-

ber of the L. capsici species adding a new compound to

the high number of bioactive natural-product families

synthesized by Lysobacter genus. We showed moreover,

for the first time, that this molecule has toxic effects

against the sporangia of both P. infestans and Pl. viticola.

Looking at the distribution of 2,5-diketopiperazines

within micro-organisms, cyclo(L-Pro-L-Tyr) and its iso-

mer cyclo(D-Pro-L-Tyr) are known to be produced by dif-

ferent bacterial strains belonging mainly to the genus

Bacillus and Pseudomonas (Jayatilake et al. 1996; De Rosa

et al. 2003; Guo et al. 2007; Nishanth Kumar et al. 2012).

Cyclo(L-Pro-L-Tyr) is also produced by Aristabacter neca-

tor 679-2 together with two compounds identified as pyr-

rolnitrin and banegasine (Cain et al. 2003). Moreover,

cyclo(L-Pro-L-Tyr) isolated from Pseudomonas aeruginosa

PAO1 and Pseudomonas putida WCS358 positively inter-

fered with the quorum sensing system based on the

N-acylated L-homoserine lactone signals (Holden et al.

1999; Degrassi et al. 2002). Recently, Ortiz-Castro et al.

(2011) showed that the production of cyclo(L-Pro-L-Tyr)

in Ps. aeruginosa PAO1 is positively controlled by the

LasI quorum sensing system and, moreover, the cyclo-

dipeptide acts as an auxin signal mimic on Arabidopsis

thaliana.

Cyclo(L-Pro-L-Tyr) was also isolated from different

fungal species such as Alternaria alternata, Fusarium

nivale and Leptographium qinlingensis (Tatsuno et al. 1971;

Stierle et al. 1988; Li et al. 2012). The cyclo(L-Pro-L-Tyr)

compound produced by Al. alternata (also known as

maculosin) was found to be toxic against spotted knap-

weed (Centaurea maculosa), and these evidences lead to

the development of a safe and environmentally friendly

herbicides against knapweed (Stierle et al. 1988; Bobylev

et al. 1996). Interestingly, an Al. alternata endophytic

strain isolated from the grapevine produced three proline

derivatives of 2,5-diketopiperazines [cyclo(L-Phe-trans-4-

hydroxy-L-Pro); cyclo(L-Leu-trans-4-hydroxy-L-Pro); and

cyclo(L-Ala-trans-4-hydroxy-L-Pro)] that when applied as

mixtures was found to be effective in reducing Pl. viticola

sporulation (Musetti et al. 2006, 2007). It is worth noting

that these results achieved previously and the results

reported in our work are indicating that the group of the

proline derivatives of 2,5-diketopiperazine are active

against P. infestans and Pl. viticola; thus, they can also be

considered as good candidates for the development of

new eco-friendly products that can be applied for a more

sustainable control of plant pathogenic oomycetes.

However, on the basis of the results obtained on the

application of different doses of cyclo(L-Pro-L-Tyr) on

detached tomato leaf, we cannot rule out that other com-

pounds sharing anti-oomycete activity are produced by

L. capsici AZ78. These data showed in fact that the cell-

free culture filtrates of L. capsici AZ78 were more active

than cyclo(L-Pro-L-Tyr) when evaluated at the concentra-

tions found in the growth medium (10 lg ml�1). Other

potential compounds that can contribute to the control of

the plant pathogenic oomycetes tested are the b-glucanas-
es, already characterized in other Lysobacter members that

are known to have effects against plant pathogenic oomy-

cetes (Palumbo et al. 2003, 2005; Ko et al. 2009) and/or

by other substances with antibiotic properties. During this

work, we detected a genomic region that shared high

sequence identity with a hybrid polyketide synthase and

nonribosomal peptide synthetase in L. enzymogenes C3

and other bacterial strains belonging mainly to the genus

Streptomyces. In Lysobacter, nonribosomal peptide synthe-

tase is responsible for the biosynthesis of several antibiotic

compounds such as lysobactin, WAPS8294A2, cephabacin

and the dihydromalthophilin heat-stable antifungal factor

(HSAF) (Kimura et al. 1995, 1996; Bernhard et al. 1996;

Yu et al. 2007; Hou et al. 2011; Zhang et al. 2011). In

particular, the nucleotide sequence detected in L. capsici

AZ78 showed high sequence identity with the nucleotide

region coding for a hybrid polyketide synthase and non-

ribosomal peptide synthetase deputed to the synthesis of

HSAF in L. enzymogenes C3 (Yu et al. 2007). On the basis

of this sequence identity, it is reasonable to hypothesize

that L. capsici AZ78 may produce some other secondary

metabolites active against P. infestans and Pl. viticola.

This study provided sound evidences that L. capsici

AZ78 can also be applied on tomato for the control of

P. infestans, enlarging the number of plant pathogenic

oomycetes that can be effectively controlled through the

application of Lysobacter members. Furthermore, we

showed that L. capsici AZ78 produces cyclo(L-Pro-L-Tyr)

in vitro and this cyclic dipeptide is toxic against the spo-

Journal of Applied Microbiology 117, 1168--1180 © 2014 The Society for Applied Microbiology 1177

G. Puopolo et al. Activity of cyclo(L-Pro-L-Tyr) produced by Lysobacter



rangia of P. infestans and Pl. viticola. In the next future,

the production of this compound will be monitored in

planta to assess the role that it plays in the biological

control of both the plant pathogenic oomycetes.

However, further investigation will be also aimed to

better identify and characterize all the bioactive natural

products synthesized by this bacterial strain, and particu-

lar attention will be given to the determination of the

molecular pathways that are controlling their biosynthesis

in order to assess which parameters might be modulated

with the final aim of making the future application of

L. capsici AZ78 more effective in the field.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Disease incidence (percentage of symptomatic

leaves) of Phytophthora infestans and Plasmopara viticola

on tomato and grapevine plants, treated Lysobacter capsici

AZ78 cells and its culture filtrate (c.f.).

Figure S1 Effect of the four organic fraction of Lysob-

acter capsici AZ78 culture filtrates extracted with ethyl

acetate on viability of sporangia of Phytophthora infestans

(a) and Plasmopara viticola (b).

Data S1 Identification of cyclo(L-Pro-L-Tyr).

Figure S2 13C NMR spectrum of cyclo(L-Pro-L-Tyr)

was recorded at 600 MHz in monodeuterated chloro-

form.

Figure S3 Correlation spectroscopy (COSY) NMR

spectrum of cyclo(L-Pro-L-Tyr) was recorded at 600 MHz

in monodeuterated chloroform.

Figure S4 Heteronuclear single quantum coherence

(HSQC) NMR spectrum of cyclo(L-Pro-L-Tyr) was

recorded at 600 MHz in monodeuterated chloroform.

Figure S5 Nuclear overhauser enhancement spectros-

copy (NOESY) NMR spectrum of cyclo(L-Pro-L-Tyr) was

recorded at 600 MHz in monodeuterated chloroform.

Figure S6 Heteronuclear multiple bond correlation

(HMBC) NMR spectrum of cyclo(L-Pro-L-Tyr) was

recorded at 600 MHz in monodeuterated chloroform.

Figure S7 Liquid chromatography/high resolution

(HR) electrospray ionization mass spectroscopy (ESI MS)

spectrum of cyclo(L-Pro-L-Tyr).

Figure S8 Dose effect of cyclo(L-Pro-L-Tyr) on Phy-

tophthora infestans disease incidence on detached tomato

leaves.
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