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1. Introduction

ABSRACT

Bacterial canker of tomato caused by Clavibacter michiganensis subsp. michi-
ganensis produces considerable economic losses in many countries because ef-
fective control measures are lacking. In this study, the effectiveness of some
chemicals, a plant growth regulator (Prohexadione-Ca (PC)), two plant activators
(hydrogen peroxide (HP)) and harpin protein (Hrp), fungicides, maneb+copper
(MC), copper compounds (copper sulfate pentahydrate (CSP) copper hydroxide
(CH) and copper oxychloride (CO)) and an antibiotic, streptomycin sulphate on
the pathogen were assessed in vitro and in vivo on two tomato cultivars, Newton
and Orient. In Hrp and HP treated plants, reduction in disease severity (about
45%) was correlated with suppression of bacterial growth during the time course
of infection. The activities of POX, GPX and PAL enzymes were determined at
5t day as markers of resistance and applications of Hrp, PC and HP induced a
progressive and significant increase of both enzymes in locally treated tissues.
Only PC treatments have decreased plant heights and the effectiveness of PC in
reduction of plant heigths was up to 40%. Among copper compounds, CSP and
CO combination with Maneb were the most effective on the disease severity
(about 50%). In addition, CSP combination with Hrp, HP and PC significantly
limited the pathogen population in vitro and they showed considerable effects on
the disease symptoms compared with CSP alone. We conclude that Hrp, HP and
PC may be useful in controlling external symptoms of this disease in greenhouses,
and is environmentally friendly, reducing the amount of copper applied to crops.

hough less in buried debris than in debris on the soil sur-
face where decomposition is slower and interaction of
other microorganisms is less (Gleason et al. 1991). Also

Clavibacter michiganensis subsp. michiganensis
(Smith) Davis et al. (Cmm) is considered the most im-
portant bacterial disease affecting field and greenhouse
tomato (Lycopersicon esculentum) production (OEPP /
EPPO 2005), and is a quarantine organism in the Euro-
pean Union (EU) (Anonymous 2000).

Tomato is the most important host but in some cases
natural infections have also been determined on capsi-
cum, aubergine and several Solanum weeds. Infected
seed is often considered to be the primary inoculum
source (Thyr 1969) and the major source for outbreaks
of Cmm infection (Tsiantos 1987). The pathogen can
survive for several months in contaminated debris, alt-
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persistence in dry conditions on equipment, boxes and
glasshouse constructions is important for survival.

Seedlings infected with this seed-borne pathogen can
become stunted plants that eventually succumb to the
disease and soon die (Hausbeck et al. 2000). Systemic
infection produces characteristic symptoms, like wilting
of leaflets and cankers on stems and petioles. When the
infection occurs after epiphytic spread of the pathogen,
marginal necrosis of leaves and small white blister-like
spots are common, and lesions, named bird’s-eye spots,
occasionally appear on fruits (Carlton et al. 1998). After
this, the bacteria can penetrate the vascular tissues and
plants develop systemic symptoms.
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Using of pathogen-free seeds and seedlings is one of
the conventional control practices of the pathogen
(Strider 1969; Thyr et al. 1973; Gleason et al. 1993).
However, this measure does not always give satisfactory
results, and the crop becomes infected with the bacteria.
Disease control is difficult because of a lack of commer-
cially acceptable resistant tomato cultivars. Studies fo-
cusing on Cmm chemical control are scarce and afford
variable results. With respect to standard bactericides,
secondary spread of the pathogen in the field can only
be reduced by treating seedlings with streptomycin and
copper compounds (Hausbeck et al. 2000; Werner et al.
2002). However, little information is available about
their efficacy on greenhouse-cultivated tomatoes.

Due to the lack of publicly acceptable, effective, and
non phytotoxic preparations to combat bacterial canker,
there has been much interest in recent times in novel
control strategies. This situation has directed so many
researchers to control the disease in ecologically sound
methods based on disturbing the host-pathogen rela-
tions. Plant activators and growth regulators are sought
as the most promising chemicals. These chemicals for
resistance induction (Soylu et al. 2003) and biocontrol
employing different bacteria (El-Abyad et al. 1993;
Boudyach et al. 2001; Umesha 2006) have also been
proposed to improve control strategies.

The development of systemic acquired resistance
(SAR) is associated with various cellular defence re-
sponses. These include synthesis of pathogenesis-re-
lated (PR) proteins and phytoalexins, accumulation of
reactive oxygen species (ROS), rapid alterations in cell
walls and enhanced activity of various defence-related
enzymes (Ryals et al. 1996; Conrath et al. 2001). Harpin
protein (Hrp) which is isolated from E. amylovora initi-
ates a complex set of metabolic responses in the treated
plant, causing natural gene expression and eliciting a
plant’s natural defense and growth systems. It binds to
plant receptors, initiating a set of complex signaling
pathways: activating a well-defined series of systemic
acquired resistance (SAR) genes, inducing the jasmonic
acid/ethylene dependent pathway and eliciting plant
growth-related systems. These responses protect plants
against a wide variety of pests on multiple crops, while
at the same time improving growth, crop yield and qual-
ity (Jones 2001). Prohexadione-Ca (PC) is a growth re-
tardant used to control the excessive vegetative growth
and to improve fruit quality in apple, pear and cherry
trees. PC inhibits the biosynthesis of the biological ac-
tive gibberellins A1, A4, and A7 (Evans et al. 1997 and
1999; Rademacher 2000). These chemicals activate nat-
ural growth systems, improving crop yield, quality and
food safety while simultaneously triggering defense sys-
tems to protect against diseases and some pest damages
(Wei etal. 1992; Wei and Beer 1996; Momol et al. 1999;
Jones 2001).

Hydrogen peroxide (H20;) (HP) is primarily used as
a topical disinfectant due to its ability to release a single
oxygen molecule, which is very reactive. It is prefered

as alternative to chlorine based disinfectants and used as
a disinfectant for greenhouse surfaces, equipment,
benches, pots, trays and tools, as well as plants (New-
man 2004).

Recent studies have confirmed that application of
copper-based bactericides on tomato seedlings in the
greenhouse reduce population sizes and spread of Cmm
and impact plant development and yield in the field
(Hausbeck et al. 2000; Werner et al. 2002).

Peroxidases have been implicated in a variety of de-
fence-related processes, including the hypersensitive re-
sponse, lignification, cross-linking of phenolics and gly-
coproteins, suberization and phytoalexin production
(Nicholson and Hammerschmidt 1992; Wojtaszek 1997;
Bestwick et al. 1998; Baysal et al. 2005). Phenylalanine
ammonia-lyase (PAL) is one of the biochemical markers
of induced resistance. It is considered to be the principal
enzyme of the phenyl propanoid pathway, which is the
prime intermediary in the biosynthesis of phenolics and
flavonoids (Hahlbrock and Scheel 1989; Dixon and
Lamb 1990). It catalyses the conversion of L phenylala-
nine to trans-cinammic acid in the first step of the phe-
nylpropanoid pathway and regulates the production of
precursors for lignin biosynthesis along with other phe-
nolic protectants in plant cells. This pathway has been
associated with the initiation of resistance in plants
(Sticher et al. 1997; Baysal et al. 2005).

The objective of this study was to compare the effec-
tiveness of copper-based compounds, streptomycin sul-
phate and the resistance inducers in reducing popula-
tions and symptoms of Cmm on different tomato culti-
vars in vitro and in vivo. Levels of defense-related en-
zymes in tomato tissue, POX, GPX and PAL were also
assessed to determine possible relationships between the
activation of these enzymes and the protection of seed-
lings following treatment with the resistance inducers.

2. Material and Method

2.1. Plant Material

The experiments were carried out with tomato culti-
vars, Orient and Newton, susceptible to bacterial canker.
Plants were grown under controlled conditions (at 25
°C+5 with 65-80% RH and under 12000-14000 Lux
from tungsten-filament lamps for a 16-h photoperiod),
in 20 cm pots in a soil mix containing sand, perlite, peat
compost and a fertilizer (20-20-20, N-P-K) in the glass-
house. Plants were fertilized twice a week with 2.5 ml/L
of NPK Fertilizer (Gubretas, Turkey) solution.

2.2. Bacterial Strains and Growth Conditions

The strains of C. m. subsp. michiganensis,
CmmKD22 (from Selcuk University, Dept. of Plant Pro-
tection, Bacterial Culture Collection) and Cmmt4 (West
Mediterranian Agricultural Research Institute), CMM3
(from Prof. H. Saygili, Aegean University) and
cmmADM (from Prof. S. Maden, Ankara University)
were tested and CMM3 was determined as the highest
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virulent strain. The strain was used in all experiments
and maintained on yeast—peptone—glucose agar (YPGA:
yeast extract, 5 g; bactopeptone, 5 g; glucose, 10 g; agar,
15 g;in 1 L of distilled water) and incubated at 25+1 °C.
Yeast—peptone—glucose broth (YPGB: yeast extract, 5 g;
bactopeptone, 5 g; glucose, 10 g; in 1 L of distilled wa-
ter) was used for liquid cultures.

Table 1

2.3. Chemical Compounds Used in the Experiments

The chemical compounds used in the experiment
were Prohexadione-Ca (PC), Harpin protein (Hrp), Hy-
drogen peroxide (HP), Copper sulphate pentahydrate
(CSP), Copper hydroxide (CH), Copper oxychloride
(CO), Maneb + Copper oxychloride (MC) and Strepto-
mycin sulphate (Str). These compounds and their prop-
erties are shown in Table 1.

Active ingredients, application rates, formulations of chemical compounds used in the experiments

Commercial Name

Application Rate

and Eirm Active Ingradient and Percentage Formulation (/100 L water)
BAS 125 10 W/ BASF Prohexadione-Ca 10% WG* 125¢g
Messenger / Eden Bioscience Harpin protein 3% Powder 50 g®+ 20 ml adjuvant®
Herkul / Hektas Company Maneb+Copper oxychloride 20% + 37,5% Powder 400 g
Peras / Timsel Chem. Hydrogen peroxide+Perasetic acid 260% + 90% Liquid 500 ml
Mastercrop / Agrikem Copper sulphate pentahyrate 65,82% Liquid 150 ml
Champion / Nufarm Agr. Ltd Copper hydroxide T71% WP** 250 ml
Cupravit Ob21 / Bayer Copper oxychloride 50% WP 400 g
Streptomycine / L.E. Ulagay Streptomycin sulphate 100% Powder 59 g

*WG: wettable granule
**WP: wattable powder
2 It was diluted with distilled water

® Non ionic adjuvant, KINETIC® was manufactured by Helena Chemical Company (225 Schilling Blvd. Collierville, TN 38017, USA)

Table 2

Application of the chemicals used in the experiments according to shoot length of plants

Shoot Lengths

Chemicals

6-10 cm 12-15¢cm 18-20 cm

22-25¢cm

1 day before the
inoculation

Cmm Inoculation 1 day after the inoc-

ulation

Hrp!

Hrp + CSP

Hrp?

pC! +
PC + CSP
pPC? +
HPL

HP + CSP

HP?

McC?

MC?

CSP!

CSP?

cot

Cco?

CH!

CH?

Strt

Str?

Control* + +
Control? + + +

+

+
+
+

+
+ 4+

+ 4+ o+ +

+

+ 4+ + ++ o+ o+

+

! Chemical or water treatments + Cmm inoculation
2 Chemical or water treatments

Hrp: Harpin protein, PC: Prohexadione-Ca, HP: Hydrogen peroxide, MC: Maneb+Copper oxychloride,
CSP; Copper sulphate pentahydrate, CO: Copper oxychloride, CH: Copper hydroxide, Str: Streptomycin sulphate

Cmm; Clavibacter michiganensis subsp. michiganensis

2.4. Experimental Design

The experiment was set up in a completely random-
ized block design with three replicates (Duzgunes et al.
1987). Tomato cultivars, Orient and Newton, were as-
signed in equal numbers (520 plants from each cultivar)
to four treatment groups. Plants in the first group were

treated with the chemicals and inoculated with Cmm.
Plants in the second group were treated with water and
inoculated with Cmm (control). Plants in the third and
fourth groups were treated to effects of the chemicals but
not inoculated with Cmm.
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2.5. Applications of the Chemicals

Chemical application timing and schedule were
based on Momol et al. (1999) (Table 2). Hrp and HP
were applied when the shoots measured 12-15 ¢cm and
18-20 cm. PC was applied twice when the shoots were
6-10 cmand 12-15 cm long. CSP, CH, CO and MC were
applied three times when the shoots were 6-10 cm, 12-
15 cm and 18-20 cm long. Streptomycin was applied
twice, 1 d before and 1 d after inoculation. The chemi-
cals were sprayed per treatment until runoff (approxi-
mately 300 ml), using a hand-held spray. After being
sprayed, plants were allowed to dry until no liquid drop-
lets were visible. Control plants were sprayed with the
same volume of sterile tap water.

2.6. Inoculation of the Plants with Cmm

Bacterial cells were obtained from a 48 h culture at
25 °C in YPGB, after centrifugation at 2000 g for 5 min
at 4 C. The pellet was rinsed twice in sterile distilled wa-
ter and adjusted to OD640 nm 0.15 (108 CFU ml?) for
inoculations. The plants, four to six fully expanded-leaf
stage (8-week old), were inoculated with the virulent
strain of CMM3 by pricking with an insulin needle and
placing a drop (20 pul) of bacterial suspension in the node
of the first true leaf with the stem. After inoculation,
plants were covered with polyethylene bags for 5 d, and
kept in the proportion of 80-90% humidity for 10 days
plants and (Meier 2001).

2.7. Disease Assessment

The percentage of wilting leaves was calculated to
assess disease severity. The level of resistance induced
in seedlings against Cmm was evaluated at 25™ day after
inoculation using a 0-5 arbitrary scale (0, leaves show-
ing no sign of wilting; 1, slight marginal wilting, 1-10%
of leaves with wilt; 2, 11-25% of leaves with wilt; 3,
sectored wilting, 26-49% of leaves showing wilting as-
sociated with chlorosis; 4, pronounced leaf collapse, 50—
74% of leaves showing wilting; and 5, whole leaf
wilted). A mean disease severity (%) (Anfoka 2000) and
percent effectiveness of the chemicals according to Ab-
bott formula (Anonymous, 1996) were calculated for
each treatment from the scores of 30 plants (three repli-
cates of 10 plants) for each treatment.

2.8. Re-isolation of the Pathogen from Diseased Tissues

For pathogen isolation, small pieces from the sam-
ples were soaked in 1ml of sterile water and streaked on
YPGA plates, which were then incubated for 5 d at 25
°C. To confirm the identity of putative C. m. subsp.
michiganensis colonies, randomly selected ones were
tested by biochemical and physiological tests according
to Schaad et al. (2001), and PCR assay using pat-1 gene
spesific primers, CMM-5 (5'GCGAATAAGCCCA-
TATCAA3'), CMM-6 (5'CGTCAGGAGGTCGCTA-
ATA3") developed by Dreier et al. (1995).

2.9. Determination of Bacterial Population in Tomato
Tissues

Cmm was isolated from inoculated tissues, treated
with the chemicals or water, by removing 5-mm-diame-
ter leaf discs aseptically from the region of inoculation.
Excised discs were homogenized in 1 mL of sterile
0,06% NaCl solution and each homogenate were sub-
jected to 10-fold serial dilution. Aliquots of alternate di-
lutions (100 pl) were plated onto nutrient yeast agar
(NYA) medium plates. Plates were incubated at 26 °C
for 48 h, and emerging colonies were counted on all di-
lution plates showing bacterial growth. Samples col-
lected from the untreated uninoculated control plants
were also macerated and their serial dilutions were
plated on to NYA medium.

2.9. Determination of Enzyme Activities

From leaves treated with the chemicals and inocu-
lated with Cmm and, non-inoculated control plants, tis-
sues were taken at the actual site of inoculation with
Cmm and 5" day. To avoid possible side effects of leaf
cutting, both cut edges (about 2 mm) of the leaf seg-
ments were removed and the adjacent tissue was im-
mersed in liquid nitrogen. The frozen leaf segments
were homogenized (1:5 w/v) in an ice-cold mortar using
50 mM potassium phosphate buffer (pH 7.0) containing
1 M NacCl, 1% polyvinylpyrrolidone, 1 mM EDTA and
10 mM b-mercaptoethanol. Thereafter, the homogenates
were centrifuged at 17 000 g* for 20 min at 4 °C and
finally, the supernatant (crude enzyme extract) was col-
lected and divided into 1.5 ml portions. Enzyme extracts
were stored at -20 °C until using.

Peroxidase, POX (EC 1.11.1.7), activity was deter-
mined from the crude extract according to Maehly and
Chance (1954) using guaiacol as a common substrate for
peroxidases. Enzyme activity was calculated from the
change in absorbance and was expressed as A 480 mm
tetraguaiacol produced (in mg protein™ min™t). Sodium
acetate buffer was used as a blank.

Glutathione peroxidase, GPX (EC 1.11.1.9), activity
was determined according to the method described by
Kampranis et al. (2000) with cumene hydroperoxide as
a substrate by monitoring the absorbance at 340 nm As
above the GPX activity was measured as units of GPX
mg of protein. Bovine erythrocyte GPX was used as a
positive control.

Phenylalanine ammonia-lyase, PAL (EC 4.3.1.24)
activity was determined as the rate of conversion of L-
phenylalanine to trans-cinnamic acid at 290 nm (Dick-
erson et al. 1984). The amount of trans-cinnamic acid
synthesized was calculated (Bradford 1976). Enzyme
activity was expressed as nmol trans-cinnamic acid min
mg protein™.,

2.10. Statistical Analyses

Data obtained after inoculation were analysed using
MINITAB Software, version 13 (Minitab Inc., State
College, PA, USA). The means (expressed as percent
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disease severity) were used to determine significant
treatment differences. Data were analyzed using
MSTAT software (Michigan State University, MI,
USA) and the differences between treatments were de-
termined by Duncan's New Multiple Range Test at p<
0.05.

The number of bacterial colonies per gram of plant
material (CFU g of plant tissue) was calculated, the
mean values were log-transformed and separated in
ANOVA by t-test (p<0.05).

3. Results

In present study, the effectiveness of plant growth
regulator, Prohexadione-Ca, plant activators, Harpin
protein and Hydrogen peroxide, and Copper compounds
(copper sulfate pentahydrate, copper oxychloride, cop-
per hydroxide and maneb+copper oxychloride) in com-
parison with streptomycin sulphate were determined in
vitro and in vivo on two tomato cultivars ‘Newton” and
‘Orient’.

3.1. Bacterial Population in Plant Tissues

The population size of Cmm differed significantly
from the untreated and Cmm inoculated positive control,
but not in the negative control (uninoculated, untreated
plants) (p<0,05). Obtaining to data, all chemicals pre-
vented bacterial population compared to controls on
plant tissues (Table 3). After streptomycin treatment
(1,8 x 102in cv. Newton and 0,6 x 10%in cv. Orient, Hrp
(6,3 x 10% and 5,1 x 10%) HP (4,2 x 10° and 5,6 x 10°)
and their combination with CSP had the best effects in
reducing pathogen populations compairing to control
plants (3,9 x 108 and 2,7 x 108) (Table 3). In general,
copper compounds were less effective in limiting path-
ogen populations than the other treatments, primarily

Table 4

CH and CO. Among alone copper compounds, CSP ap-
plications had the lowest Cmm population size in plant
tissues (Table 3).

Table 3

Population of Cmm (CFU g of plant tissue) on tomato
cvs. Newton and Orient in 3™ day after inoculation

(p<0.05)

Chemicals

Tomato Cultivars / Population Size (CFU g of

plant tissue)

cv. Newton

cv. Orient

Hrp
Hrp+CSP

Str
Control

6.3+0.71 x 10° f*
4.1+0.84 x 10° ef
4.2+1.93 x 10° ef
2.1+2.60x 10%e
2,7+1.44x 10%¢c
1.8£3.60x 10%¢e
6.7+0.91 x 10%d
2.2+047x 10%¢c
0.4+220x 10" b
1.1£0.73x 107 b
1.840.47 x 10%h
3.9+3.60 x 10%a

5.1+£1.98 x 10° f
3.7+3.69 x 10%ef
5.6+1.19x 106d
3.4+1.62 x 10%ef
2,3+1.66 x 10%¢c
1.4+£2.32x 10%¢
4.9+2.01 x 10%cd
3.8+0.47 x 10°¢
0.242.20x 10" b
1.3+0.18 x 107 b
0.6£1.42x 10°g
2.7+0.83 x 10%a

Hrp: Harpin protein, CSP: Copper sulfate pentahydrate, PC: Prohexa-
dione-Ca, HP: Hydrogen peroxide, MB+CO: Maneb+ Copper ox-
ychloride, CO: Copper oxychloride, CH: Copper hydroxide, Str:

Streptomycin, Control: water application to the plants

*In a column, values followed by the same letter are not significantly

different (P < 0.05) as determined by Duncan's New Multiple

Range Test.

3.2. Effects of the Chemicals on Plant Growing

Shoot lengths of tomato plants treated with PC were
significantly shortened, measuring 21,25 cm and 23,12
cm in cvs. Newton and Orient, respectively, in compar-
ison with the untreated control (38,77 cm and 40,14 cm
in cvs. Newton and Orient, respectively) (p<0,05) (Ta-

ble 4).

Effectiveness of the chemicals on reducing plant heights of tomato cvs. Newton and Orient

Tomato Cultivars

cv. Newton cv. Orient
Chemicals Plant heights at 30" day Efficacy of Chemical Plant heights at 30" day Efficacy of Chemical

after treatment (cm) (%) after treatment (cm) (%)
PC 21,25 c* 45,18 23,12¢ 42,40
Hrp 40,78 a - 4121 a -
HP 39,01 ab - 38,67 ab 3,66
MB+CO 38,73 ab 0,10 39,26 ab 2,19
(e{0) 37,23b 3,97 38,53 ab 4,01
CSP 39,26 ab - 39,76 ab 0,94
CH 38,93 ab - 38,22 ab 4,78
Str 39,46 ab - 40,22 a -
Control 38,77 ab - 40,14 a -

Hrp: Harpin protein, CSP: Copper sulfate pentahydrate, PC: Prohexadione-Ca, HP: Hydrogen peroxide,

MB+CO: Maneb+ Copper oxychloride, CO: Copper oxychloride, CH: Copper hydroxide, Str: Streptomycin,
Control: water application to the plants

*In a column, values followed by the same letter are not significantly different (P < 0.05) as determined by Duncan's New Multiple

Range Test
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3.3 Effects of the Chemicals on Disease Severity

Symptoms on tomato cultivars inoculated with Cmm
included canker, wilt, leaf firing and eventually plant
death. Resistance induced and growth regulated in to-
mato cultivars by Hrp, HP and PC are shown respec-
tively in Table 5. Initial symptoms appeared on control
plants as wilting along leaf margins. The progress of the
disease in control plants increased with time and by 25
dai, most of the plant leaves developed severe wilting.
The mean DS in control plants were about 70%. The
most effective chemical Hrp (about 45%) and its mixing

Table 5

with CSP (about 48%) were in all tomato cultivars. CSP
mixed with Hrp significantly (37%) limited the disease
severity compared with CSP alone, the other copper-
based compounds. However, combining HP and PC
with CSP did not contribute to its greater efficacy
against the disease severity. Copper-based compounds,
in general, were less effective in limiting pathogen pop-
ulation sizes than the other treatments, primarily copper
oxychloride and the combination of copper hydroxide
and mancozeb. Among copper compounds, CSP was the
most prominent in reducing the disease severity (about
52%).

Effects of the chemicals in the experiments used on the bacterial canker disease severities and enzyme activities of tomato

cultivars against the disease

Tomato Cultivars

cv. Newton cv. Orient
Chemicals Efficacy of Enzyme Activities** Efficacy of Enzyme Activities**
DS Chemical DS Chemical
(%) POX GPX PAL (%) POX GPX PAL
Hrp 40,4+0.8 f * 45,10 48+2,0 5.2+0,4 53+0,9  39,3+1.4f* 43,12 52+ 14 48+11 6.4+13
Hrp+ CSP 37,8412 9 48,64 53+ 1,2 5.5+0,3 6.7+1,4  37,6£23¢ 45,58 6.1+ 2,6 5.7+0,9 6.6+0,7
HP 41,7419 f 43,34 42423 5.8+0,7 6.142,6  43,8+3.1f 36,61 4.9+0,9 5.1%1,5 5.1+1,9
HP+ CSP 402+2.4 45,38 4.6+1.6 5.3+1,.2 51+1,8  39,6+2.7f 42,69 48+1,8 5.2+0,8 57424
PC 51,3+0.6 de 30,29 4.12.8 42414 42+06  50,9+1.6de 26,33 3.6+0,7 3.8+2,1 52421
PC+CSP 47,8509 35,05 4.4+2.4 49405 4808  48,5:22¢e 29,81 4.1£1,6 4.6+1,4 43+0,5
CsP 52,8+1.1d 28,26 3.5+1,6 3.740,8 41£15  51,742.7d 25,18 4.0+22 3.7+0,8 4.0+22
MB+CO 50,6+1.8 de 31,25 27+2,1 4.1+0,6 3.9+1,7  51,2+1.3de 25,90 3.9+ 12 4.120,7 3.9+1.4
co 57,3£0.7 ¢ 22,14 2.042,7 3.2+2,1 34+1,9  54,9+19cd 20,54 3.1+13 3.2+1.2 3.1%1.6
CH 61,4423 b 16.57 2.6+1,3 2.7417 29421 60,7426 b 12,15 2.2+0.8 2.120.6 1.8+1,3
Str 3,2+2.8h 95,65 2.8+1,9 2.940.9 3.240,9 2,8+1.8 h 95,94 1,9+1,7 24417 2.742.6
Control 73,6+1.7 2 2.4+ 1,1 1.9+0,2 28+0,7  69,11.7a 22409 2.1£1,6 2.8+1,6

Hrp: Harpin protein, CSP: Copper sulfate pentahydrate, PC: Prohexadione-Ca, HP: Hydrogen peroxide, MB+CQO: Maneb+ Copper oxychloride, CO:
Copper oxychloride, CH: Copper hydroxide, Str: Streptomycin, Control: water application + Cmm inoculation, DS: Disease Severity, POX: Peroxidase,

GPX: Glutathione peroxidase, PAL: Phenylalanine ammonia-lyase

*In a column, values followed by the same letter are not significantly different (P < 0.05) as determined by Duncan's New Multiple Range Test.

** Enzym activities were determined in mg protein™* min?

3.4. Re-isolation of C. m. subsp. michiganensis from To-
matoes

Cmm was easily isolated in samples obtained from
symptomatic leaves and cankers. Obtaining pure colo-
nies on GYPA medium were Gram positive and, oxida-
tive metabolism of glucose; catalase and aesculin hy-
drolysis were positive; oxidase negative; acid produced
aerobically from mannose, but not from mannitol; so-
dium acetate and sodium succinate used as carbon
sources; growth in presence of 6% NaCl; potato starch
hydrolysed. H,S produced from peptone. The identity of
strains isolated from diseased tomato plants was con-
firmed using the PCR protocol and primer set, CMM-5
and CMM-6, designed by (Dreier et al. 1995). PCR
products of expected size (614-bp) for Cmm were am-
plified from all investigated strains. Based on these char-
acteristics, the isolated all strains were identified as C.
m. subsp. michiganensis.

3.5. POX, GPX and PAL enzyme activities in Tomato
Cultivars

In tomato plants treated with Hrp, HP, PC the ex-
pression of induced resistance was associated with en-
hanced POX, GPX and PAL activities (Table 5). The
seedling treated with these chemicals and their combi-
nations with CSP challenged at 5" day and they had sig-
nificantly higher levels of POX, GPX and PAL activities
than the plants from the other treatments. Peroxidase ac-
tivity respectively Hrp application 4.8-5.2 mg ml* min-
!, Hrp+CSP applications 5.3-6.1 mg ml* min, HP ap-
plications 4.2-4.9 mg ml* min?, HP+CSP 4.6-4.8 mg
mlt min?, PC applications 4.1-3.6 mg ml?* min?,
PC+CSP applications 4.4-4.1 mg ml* mint, CSP appli-
cations 3.5-4.0 mg ml** min* were found only in control
given this rate 2.4-2.2 mg ml"* min? in cvs. Newton and
Orient, respectively (p <0.05). GPX and PAL activities
showed similar results in all applications.
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4. Discussion

Chemical activation of disease resistance in plants
represents an additional option for growers to protect
their crops from losses due to plant diseases. Against
some pathogens, it may be the best option for chemical
control where genetic resistance is not available or not
sufficient. Improvement of resistance in plants pre-
treated with some synthetic chemicals, such as salicylic
acid and harpin protein are a well-known phenomenon
called SAR (Ryals et al. 1996; Wallad and Goodman
2004). Induction of SAR by Hrp has been reported in
many plants against a broad spectrum of fungal, viral
and bacterial pathogens (Anonymous 2002; Fontanilla
et al. 2005; Jones 2001; Momol et al. 1999; Wei and
Beer 1996; Bastas and Maden 2004; Bastas et al. 2010).
The harpin has been extensively tested on more than 40
crop groupings plus turf and ornamentals throughout the
world. It has been shown to be effective on a wide vari-
ety of economically important crops, such as cotton,
wheat, cucumber, citrus, tobacco, strawberry, tomato
and peppers (Jones 2001).

Unlike traditional chemical pesticides, Hrp and PC
do not kill or otherwise adversely affect pests or patho-
gens, and hence it does not exert the selection pressure
that promotes the development of resistance in pest pop-
ulations, thus reducing the likelihood of resistance or
cross-resistance development. Harpin is ideally suited to
controlling pests that have developed resistance to con-
ventional chemical treatments and to being used as a
partner with highly pest-specific, lower risk products.
Resistance induced by SAR agents requires an induction
period that is an interval of time between application of
the agent and the challenge from the pathogen. The tim-
ing of chemical sprays during the period of host suscep-
tibility to infection should be the main concern of grow-
ers and advisers, since it is very important for the effi-
cacy of sprays and the optimization of applications.
Baysal et al. (2003) reported that acibenzolar S methyl
treatment three days prior to inoculation had the best ef-
fect on reducing Cmm population, and that the later ap-
plication did not show better results in disease manage-
ment. This may result in saving for the grower as well
as in preventing environmental problems. Even so it
would be worthwhile to determine the optimum time of
application.

PC has been affected on different rosaceous plants in
the control of fire blight disease (Evans et al. 1997
Greene 1999; Rademacher and Kober 2003; Yoder et al.
1999). This reduction is attributed to the inhibition of
biological active GAs (Costa and Rademacher 2006). It
is observed an increment in lycopene in fruits from PC
plants. The values of lycopene are also higher as the con-
centration of PC increased (Nunez et al. 2005). The con-
tent of vitamin C is also increased with PC at any eval-
uated concentration in fruits of tomato plants (Costa and
Rademacher 2006). Vitamin C as an antioxidant is a
compound which plays an important role in detoxifica-
tion of activated oxygen and reacts directly with reactive

oxygen molecules (Padayatt et al. 2001). Therefore, the
increase in vitamin C by this growth retardant offers a
good alternative for tomato in modern horticulture
(Ramireza et al. 2012).

The increased production of both the superoxide rad-
ical and H,O; is a common feature of defense responses
in plants to challenge by avirulent pathogens and elici-
tors (Lamb and Dixon 1997). There is enough evidence
indicating that H,O, performs several important func-
tions in disease resistance (Mehdy et al. 1996). H,O, has
been implicated not only in triggering hypersensitive
cell death, but also in limiting the spread of cell death by
inducing cell protectant genes in surrounding cells (Lev-
ine et al. 1994; Newman 2004). In our experiments, dis-
ease severity and Cmm population in leaves of plants
treated with H,O, was considerably lower than in those
not treated. There was no apparently phytotoxic effect
on plants at the dose applied.

In this study, streptomycin sulphate was effective in
preventing wilting and canker symptoms of the disease
on tomato and this antibiotic was included in our trials
only as a standard antibiotic. Regardless of the excellent
effects of streptomycin, application of this compound is
banned in most European countries and the USA in
greenhouse conditions. The use of this antibiotic should
be limited to high disease pressure conditions.

Application of intensive copper treatments to com-
mercial crops over many years can lead to copper accu-
mulation in soils, with subsequent negative effects on
plants and the environment (Ninot et al. 2002). Further-
more, copper tolerance of plant-pathogenic bacteria
seems to have increased since the 1980s (Andersen et al.
1991; Scheck et al. 1996; Sholberg et al. 2001). The ap-
plication of copper compounds on tomatoes in the
greenhouse reduces population sizes and spread of Cmm
(Hausbeck et al. 2000; Werner et al. 2002). Products
containing copper have been reported to significantly re-
duce foliar blight and/or fruit spotting produced by this
pathogen (Gleason et al. 1993).

According to the findings of Werner et al. (2002),
mixing copper hydroxide and mancozeb did not prevent
the spread of the pathogen, although in some earlier
studies (Marco 1983; Jones et al. 1991a and 1991b;
Hausbeck et al. 2000) it was reported that a combination
of these two compounds showed better effects in reduc-
ing populations of bacterial pathogens. Baysal et al.
(2003) have also shown positive results with acibenzolar
S methyl alone or combined with copper hydroxide for
management of bacterial canker in greenhouse tomato
seedlings. Our results show that copper compounds
alone may be useful as ‘protective’ to prevent the path-
ogen spreading, or even as a post-infection treatment to
reduce the risk of new external infections in greenhouse
cultivated tomatoes. However, CSP combined with PC
and HP, except Hrp, were not more effective statistically
than CSP, CH and CO alone treatments in reducing
symptoms in plants inoculated with Cmm.
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Obtaining moderately disease control by various
chemicals can be attributed to artificial inoculation by
hypodermic injection, use of high inoculum’s density
and susceptible host plants in the experiments. Better re-
sults might be obtained in the natural infections. Besides
continuation of the treatments with this kind of chemi-
cals after inoculation should be considered. These posi-
tive effects should be further tested under natural condi-
tions in the fields and greenhouses. It is important to
mention that these treatments that interfere with host
susceptibility (growth regulation and/ or SAR) should be
applied some weeks before the real infections occur.
This allows the plants to switch on their natural defense
system in time. It will be required to find the right strat-
egy for the applications of these compounds in different
areas.

Hrp, HP and PC applications should be seen as a
complementary action in the whole process of bacterial
canker control measures. These chemicals could provide
a new approach of control of the disease but its practical
use needs further investigation. When these situations
are taken into consideration, improved performance may
occur in natural infections with repeated applications
during the growing season. Therefore, repeated applica-
tions should be considered in situations where disease
epidemics are anticipated.

POX plays several important roles in the disease re-
sistance expressed against a number of pathogens and is
responsible for the generation of reactive oxygen species
(Wojtaszek 1997). Increases in POX activity are often
associated with the progressive incorporation of phe-
nolic compounds within the cell wall during incompati-
ble plant-microbe/elicitor interactions. In tomato, POX
is one of the enzymes believed to catalyse the last step
in lignification (Brisson et al. 1994). The association be-
tween resistances induced by POX, GPX and PAL and
increased deposition of cell wall phenolics and enhanced
enzyme activity of peroxidase was apparent in other pa-
thosystems (Brisset et al. 2000; Resende et al. 2002).
Development of induced resistance in plants is also as-
sociated with the coordinate expression of a complex set
of PR proteins, so-called ‘SAR genes’ (Conrath et al.
2001).

It was found a correlation between increases of PAL
and POX concentrations in plants and the reduction of
disease in H,O,, PC and Hrp treated plants. In plants
treated with Hrp, PC and HP, activities of POX, GPX
and PAL were determined as markers of resistance. Ap-
plications of Hrp, PC and HP induced a progressive and
significant increase of both enzymes in locally treated
tissues. Such responses were expressed earlier and with
a much higher magnitude when POX, GPX and PAL
treated seedlings were challenged with the pathogen,
thus providing support to the concept that a signal pro-
duced by the pathogen is essential for triggering en-
hanced synthesis and accumulation of these enzymes.
Therefore, the slower symptom development and reduc-
tion in bacterial growth in POX, GPX and PAL treated

plants might be due to the increase in activity of both
oxidative and antioxidative protection systems in planta.
In several studies, GPX was shown to increase in plants
under stress conditions, such as exposure to HP, salt and
pathogen infection (Levine et al. (1994). In addition, the
increment in POX and GPX activities is observed in PC
treated in tomato plants at 125 mg L. This chemical
promotes peroxidase synthesis, perhaps linked to the
production of antioxidants (Ramireza et al. 2006). PC
treatment to tomato reduces plant height and increases
yield. PC provokes increments in lycopene, vitamin C
and capsaicin in fruits. These effects seem to be related
to an increase in catalase and peroxidase activity during
fruit maturity (Ramireza et al. 2012).

In plant health management programs, plant activa-
tors and growth regulators can be useful on plant health
and growth. The current study assessed the effect of two
plant activators, Hrp and HP, a growth regulator, PC,
and copper compounds on the disease development by
Cmm. The low disease control obtained from treatments
with Hrp, HP and PC can be attributed to the inoculation
method, high inoculation density, and host/cultivar sus-
ceptibility. Although not more effective than streptomy-
cin they should have a role in Integrated Pest Manage-
ment as they can reduce the applications of streptomycin
and thus lessen the possibility of development of strep-
tomycin-resistant strains. Unlike Hrp and HP, the height
of plants treated with PC significantly was less than un-
treated plants. It is concluded that Hrp, HP and PC seem
to be efficient resistance inducers of several plant de-
fense mechanisms and may be useful in controlling ex-
ternal symptoms of this disease in greenhouses, and is
environmentally friendly, reducing the amount of cop-
per applied to tomatoes.
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