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Abstract

Xanthomonas campestris pv. campestris (Xcc), the causal agent of black rot of crucifers, is a seedborne pathogen that causes
severe yield losses worldwide. Seed treatments represent the most effective strategies to control the pathogen. In this study
several physical and chemical treatments were evaluated for their efficacy in containing the contamination of the seeds with
Xcc, without compromising the germination. The experiments were carried out with a naturally contaminated seed batch,
selected among four lots for its higher contamination with Xcc (9.5 x 10! cells/g of seed). The evaluation was performed
under controlled conditions following a modified protocol from ISTA (2019), highlighting different degrees of effectiveness
of the tested disinfection treatments. Seeds disinfected under laboratory conditions with hydrogen peroxide (3%) for 30 min
showed the 100% containment of the level of contamination with Xcc with the germination rate at 95.3% after the treatment,
if compared with the untreated control. The same treatment was tested at the operation site of the seed company to evaluate
the applicability of the method under commercial conditions. Under practical conditions, reducing the length of the treat-
ment to 15 min, the strict control of the temperature of the disinfecting bath, the drying temperature at 37 °C and the use of
small quantities of seeds, between 50 and 300 g, were crucial to obtain disinfected and viable seed.

Keywords Black rot - Cabbage - Seedborne pathogen

Introduction

Cabbage (Brassica oleracea L.) is a vegetable crop con-
sumed worldwide, with a cultivated area of 2 million ha and
a production of 70 million tons. The world’s largest producer
is China, followed by India and Russia, while in Europe the
largest producers are Ukraine and Poland (Faostat 2021).
Italy and New Zealand are the two countries in the world
where cabbage seed companies multiply primary seed for
international distribution, and which is used for producing
seedling transplants. Crucial in this activity is the use of
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healthy seed to prevent the spread of seedborne diseases
around the world.

Xanthomonas campestris is a pathogenic, gram-negative
bacterium, genetically differentiated into over 140 pathovar
(pv.) associated with a specific host. Xanthomonas camp-
estris pv. campestris (Xcc) is a seedborne pathogen and
the causal agent of black rot in the crucifers, responsible
of severe yield losses worldwide. It invades and blackens
vascular tissues and causes V-shaped marginal chlorotic to
necrotic leaf lesions. As the disease progresses, necrosis
spreads and the plant withers to rot. The black rot disease is
widespread all over the world and is considered one of the
most destructive diseases of crucifers (Alvarez et al. 2000).

Primary source of infection is the use of infected seed,
where Xcc can survive up to 3 years. The pathogen also
survives and overwinters in soil and in crop debris. During
the germination of infected seeds, Xcc invades the vascular
tissues, infects the foliage and it is released at the edges
of the leaves allowing the spread of the inoculum in the
field during the cropping cycle through splashes and aero-
sols coming from nearby infected fields, infected weeds,
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insects and machineries (Williams 1980). Severe epidem-
ics of the disease were recorded in areas characterized by
high temperatures and humidity, in fact bacterial growth and
symptom expression is strongly favored by temperatures of
25-30 °C, that can aggravate the damages (Kohl and van
der Wolf 2005).

Seeds are usually produced in temperate regions and the
production starts in midsummer to reduce the susceptibil-
ity of the seedlings during the late summer, characterized
by favorable temperatures for bacterial growth (Kohl and
van der Wolf 2005). Spread of the pathogen from infected
seedlings occurs also in misted seedbeds production systems
(Shigaki et al. 2000).

Xcc poses an important hurdle for cabbage production.
The pathogen can be prevented and controlled by adopting
various strategies such as using pathogen-free seeds (Bila
et al. 2013) or by disinfecting seeds with physical and chemi-
cal methods. The physical treatments include the use of hot
water, effective against various seedborne bacterial and fun-
gal pathogens of vegetables (Nega et al. 2003). Other stud-
ies demonstrated the effectiveness of seed treatment with
sodium hypochlorite (Carisse et al. 2000) and with hydro-
gen peroxide (Duval and Nesmith 2000), well known for
their bactericidal action. Recently an electrically charged
disinfectant was developed and tested for its effectiveness
against Xcc demonstrating its ability to reduce the level of
contamination of the seeds (Sakudo et al. 2020).

The aim of this study was to evaluate the effectiveness
of one physical and four chemical disinfection methods to
reduce the level of contamination with Xcc of cabbage seed,
comparing concentrations and durations of exposure to opti-
mize the benefits for the vegetable without affecting seed
germination. The evaluation was performed under controlled
laboratory conditions and the most effective treatment was
transferred to the company facilities to confirm its applica-
bility under commercial conditions.

Material and methods

Cabbage seed samples

The 4 batches of cabbage seeds (MB1414 batch 7669,
MB 1414 batch 54, MB1415 batch 717 and MB1415 batch
720) used in this study were provided by the company
ANSEME (Cesena, Italy).

Phytosanitary evaluation of seeds

To evaluate the phytosanitary conditions of the seed batches
a modified protocol from ISTA (2019) was used. A total of

1000 seeds (4 g) from each batch were suspended in 25 ml
of sterile PBS solution (0.05 M phosphate) plus Tween™
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20 (0.02% v/v) (Merck, Readington, New Jersey, USA), pre-
liminary chilled to 2—4 °C, in a 100 ml conical flask. The
suspension was shaken for 2.5 h at room temperature on a
rotary shaker at 100-125 rpm. Two tenfold serial dilutions
were obtained and 100 pl of each solution and of the undi-
luted seed extract were plated on the semi-selective medium
mFS, and distributed over the surface with a sterile bent
rod. The plates were incubated at 28—-30 °C upside down
and examined after 4 days. A negative and a positive con-
trol were included in each test. The negative control was
obtained preparing dilutions from a sample of the extraction
medium (PBS plus Tween™ 20), without seeds, and plating
on the media used for the samples. The positive control was
obtained preparing a suspension of a strain of Xcc in sterile
PBS plus Tween™ 20. The suspension concentration was
adjusted to 107 to 10* CFU/ml and 100 ul of it was plated
on the selective media and spread over the surface with a
sterile bent rod.

To confirm the identification, representative colonies
were plated on YDC medium and incubated at 28-30 °C
for 24-48 h.

Molecular assay

Three representative bacterial colonies, isolated from lot
720, were tested with specific real-time PCR protocol to con-
firm the identification as Xcc according to the ISTA protocol
(2019). The DNA was extracted from the colonies (Xccl,
Xcc2, Xcc3) obtaining a suspension of each colony in 1 ml
of sterile Ringer's solution, then centrifuged at 8000 rpm for
5 min at room temperature. The supernatant was removed,
and the pellet suspended again in 500 pl of NaOH (0.5 M)
and incubated for 10 min at 100 °C.

The DNA was tested using the specific primers and probe
designed by Kohl et al. (2011) and the universal primers and
probes designed by Wu et al. (2008) to validate the reaction.
The reaction was set up in a final volume of 25 ul contain-
ing 0.5 ul of each primer and probe, 5 pl of GoTag® Probe
gPCR Master Mix (Promega, Madison, USA), 11.5 pl of
nuclease free water and 5 ul of DNA. The cycle was carried
out in a StepOne Plus ™ Real-Time PCR System (Applied
Biosystems) thermal cycler with an incubation at 95 °C for
10 min, followed by 40 cycles of 15 s at 95 °C and 1 min
at 60 °C. The results were visualized through the “StepOne
Software” program, connected to the thermal cycler.

Germination test

A total of 400 seeds from each sample were incubated on top
of paper, soaked with a 0.05% sodium hypochlorite solution,
at 20 °C for 5 days, under a 12 h near-ultraviolet light (NUV)
12 h dark cycle. The same protocol was adopted to test the
germinability of the seeds after disinfection treatments.
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Disinfection of cabbage seeds under controlled
conditions

The seed lot no.720 was used to evaluate the different
methods applied because of its high level of contami-
nation with Xcc. A total of 1400 seeds, for each treat-
ment tested, were closed in two layers of sterile gauze
and submerged in the disinfectant solutions, following
the experimental scheme shown in Table 1. At the end
of the treatment the seeds were let dry under the flow
of a laminar hood overnight. Four hundred seeds were
used for the germination test, while the other 1000 seeds
were used to evaluate the effectiveness of the treatment
in reducing their level of contamination, with the method
described above for phytosanitary evaluation of seeds.
Hot water (50 °C) was tested for its effectiveness in con-
taining Xcc by immersion of the seeds for 20 and 30 min.
Seeds were disinfected with: (1) a solution of hydrogen
peroxide, H,O, (3%); (2) with a 0.5% sodium hypochlo-
rite (NaClO) water solution; (3) a commercial product
formulated for sanitization of different surfaces contain-
ing a mixture of peracetic acid (CH,CO;H, 5%), hydrogen
peroxide (H,0,, 20%) and acetic acid (CH;CO,H, 10%)
(JetFive, Certis Europe B.V., Italy) from now PAAH, at
the final concentration of 0.8%, tested at room tempera-
ture and at 50 °C; and at the concentration of 1.6% tested
at room temperature; 4) electrolyzed water, obtained by
applying an electrical charge to a mixture of tap water
and salt causing the release of hypochlorous acid (HC1O)
which acts as disinfectant (Anolyte—Envirolyte, Italy).
Each treatment was performed for 30 min, except treat-
ment with hydrogen peroxide (3%), that was tested also
for 15 min.

Seed disinfection procedure at the company
facilities

The seeds belonging to two batches (717 and 7669) were
tested to assess the efficacy of the treatment with hydro-
gen peroxide (3%). Different amounts of seeds (50 g, 100 g,
200 g, 300 g, 500 g, 1000 g) were closed in cotton bags
and submerged in the solution for 30 min. At the end of the
treatment the seeds were rinsed under tap water for 3 min,
centrifugated at 150 rpm for 2 min at room temperature and
then dried in the oven at 37 °C for 1 or 2 h. Seeds were tested
to assess the viability and the efficacy of the treatment by
following the protocols described above.

Data analyses

The data were subjected to the analysis of variance
(ANOVA), following a Log10 transformation of the quan-
tity of Xcc recorded, for data normalization. The Tukey’s
test was used to explore differences between multiple group
means (P <0.05). Data were finally back-transformed to the
original. Statistical analysis were performed with the Statis-
tical Package for Social Science (SPSS, IBM, Chicago, IL,
USA) version 27.0.

Results

Phytosanitary evaluation of seeds

The evaluation of the phytosanitary condition of the natu-
rally contaminated seed lots is shown in Fig. 1. A higher con-

centration of Xcc was observed in the seed sample MB1415
lot 720 with 9.5 x 10! cells/g of seed, while no cells/g of

Table 1 Different treatments (active ingredients, commercial name, temperature and duration of exposure) evaluated for their effectiveness in

containing the level of infection of Brassica seeds

Treatment Active ingredient Commercial name Temperature Time  Rins-
(min-  ing
utes)
1 Water - 50°C 20 -
2 Water - 50°C 30 -
3 Hydrogen peroxide (10%) - Room temperature (25-27 °C) 30 Yes No
4 Hydrogen peroxide (10%) - Room temperature (25-27 °C) 15 Yes No
Sa Peracetic acid 5% +Hydrogen peroxide 20% + Acetic acid ~ JetFive Room temperature (25-27 °C) 30 Yes No
10% (0.8%)

5b Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid  JetFive 50 °C 30 Yes No
10% (0.8%)

6 Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid  JetFive Room temperature (25-27 °C) 30 Yes No
10% (1.6%)

Sodium hypochlorite (0.5%) - Room temperature (25-27 °C) 30 Yes No

8 Electrolyzed water (HCIO) Anolyte Room temperature (25-27 °C) 30 Yes No
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Fig. 1 Quantification of Xan- 2.5
thomonas campestris pv. camp- d

estris concentration expressed 2.0 d
in the four tested cabbage seed
batches (ANOVA and Tukey 1.5
P<0.05%) &0
2 10
O
0.5
0.0
=
@
0.5 =
W
g
&
~
8

I91eM J[1I]S
QM paYsem 7L Yo1eq STHTEIN

seed was found in seed sample MB1415 lot 717. Seed lot
720 was selected for testing the different disinfection meth-
ods reported in the experimental scheme (Table 1), as it
showed the highest level of seed contamination. Washing
seed with sterile water at room temperature did not reduce
seed contamination with Xcc that was statistically similar
to the level of contamination recorded in the untreated seed
samples (Fig. 1).

Molecular assay
The real-time PCR assay highlighted the amplification of

the DNA of two of the three isolated colonies confirming
the identification and presence of Xcc in the seeds (Fig. 2).
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Positive colonies were small, pale green, mucoid and sur-
rounded by a zone of starch hydrolysis on mFS, and pale
yellow and mucoid on YDC.

Germination test

The effect of the disinfection treatments on seed germination
is shown in Table 2. The treatment with hydrogen peroxide
(3%) did not affect the germinability of the sample (95.3%)
which was statistically similar to the percentage recorded in
the untreated control (97%), and no rinsing effect emerged.
The treatment of the seeds with electrolyzed water produced
a lower but statistically similar percentage of seed germi-
nation (94.0%) if compared to the untreated control, while
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Table 2 Effect of different treatments on cabbage seed germination
Treatment Rinsing Percentage of seeds

Germinated Dead Abnor-

mal

- - 97.0 a* 0.0 a 3.0 ab
Hot water (50 °C) for 20 min - 95.0 a 2.5 b 2.5 ab
Hot water (50 °C) for 30 min - 94.3 ab 2.5 b 3.3 ab
Hydrogen peroxide (3%) for 30 min No 95.3 a 2.0 b 2.8 ab
Hydrogen peroxide (3%) for 30 min Yes 95.3 a 23 b 2.5 ab
Hydrogen peroxide (3%) for 15 min No 95.5 a 1.0 a 3.5 ab
Hydrogen peroxide (3%) for 15 min Yes 97.5 a 1.0 a 1.5 a
Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid 10% (0.8%) No 94.8 a 2.5 b 2.8 ab
Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid 10% (0.8%) Yes 96.0 a 2.5 b 1.5 a
Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid 10% (0.8%) at 50 °C No 88.0 cd 4.8 cd 73 a
Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid 10% (0.8%) at 50 °C Yes 90.5 be 35 be 6.0 cd
Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid 10% (1.6%) No 86.3 d 8.3 e 55 be
Peracetic acid 5% + Hydrogen peroxide 20% + Acetic acid 10% (1.6%) Yes 90.3 be 5.0 d 4.8 b
Sodium hypochlorite (0.5%) No 81.5 e 12.3 e 6.3 be
Sodium hypochlorite (0.5%) Yes 87.8 cd 9.8 [ 2.5 ab
Electrolyzed water (HCIO) No 94.0 ab 53 d 0.8 a
Electrolyzed water (HCI1O) Yes 87.8 cd 10.3 e 2.0 ab

Data expressed as percentage of germinated seeds, percentage of dead seeds and percentage of abnormal seeds

*numbers followed by equal letters are not statistically significant (ANOVA and Tukey P <0.05%)

the treatment with PAAH at a final concentration of 1.6%
produced a phytotoxic effect, showing a reduced percent-
age of germination of 86.3%. The seed disinfection with a
0.5% NaClO water solution significantly reduced the ger-
mination of the seed (81-88%), with an additional negative
effect on the seed vigor, in terms of quantity of abnormal
seeds recorded (12.3%). Rinsing with sterile water, in this
case, showed a lower percentage of abnormal seed (9.8%).
No negative effects on germination were observed (94-96%
of germinated seeds) in the seeds treated with PAAH at
the concentration of 0.8% at room temperature, while the
disinfection with the solution heated at 50 °C reduced the
germination rate of the seeds to 88%. Seeds disinfected with
hydrogen peroxide (3%) for 15 min showed a better germi-
nability, statistically similar to that recorded in the untreated
control (95.5-97.5%).

Disinfection of cabbage seed under controlled
conditions

All treatments provided a significant effect in reducing seed
contamination with Xcc of lot n.720 (Fig. 3). Among the
various chemical and physical treatments tested, hydrogen
peroxide (3%) (30 min), electrolyzed water and PAAH at a
concentration of 1.6% showed the best efficacy in containing
the levels of contamination of the seed. No rinsing effect on
the effectiveness of the treatment emerged. Seed treatment

with a 0.8% water solution of PAAH at room temperature
produced the same effectiveness as the disinfection with a
0.5% sodium hypochlorite water solution at room tempera-
ture, while the disinfection with the 0.8% water solution of
PAAH heated at 50 °C significantly reduced the seed levels
of contamination. The treatment of the seeds with hydrogen
peroxide (3%) for 15 min was less effective than the treat-
ment of the seeds for 30 min with the same disinfecting
solution.

Seed disinfection procedure at the company
facilities

Immersion of the seed bags in hydrogen peroxide (3%) for
30 min caused an increase of the temperature of the disin-
fecting bath and breaks of the seed coat. Therefore, the time
of immersion was adjusted to 15 min. The optimal number
of seeds necessary to obtain a complete drying of the sam-
ples is between 50 and 300 g. Larger quantities do not allow
the correct drying of the seeds during the 2 h of permanence
in the oven and involve the use of excessive quantities of
hydrogen peroxide to disinfect the samples.

The treatment with hydrogen peroxide (3%) for 30 min
produced a 100% reduction of the seed contamination in
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tion to seeds of physical and different commercial agents.

The evaluation of different disinfection treatments was
performed under controlled conditions with the applica-

D

each sample tested (Fig. 4). Significant differences in the
pringer

percentage of germination of the seeds of the two batches
were observed; a 90% decrease in the viability was recorded

in lot 7669 (Table 3).

As
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Table 3 Effect of the treatment

. . Sample Quantity (g) Drying time  Percentage of seeds

with hydrogffn perox.lde on (hours) ‘

the germination of different Germinated Abnormal Dead

quantities of cabbage seeds

(50 g, 100 g, 200 g, 300 g, MB1415-717 - - 88.5 ab* 7.5 bed 4.0 a

500 g, 1000 g) dried at 37 °C MB1415-717 50 1 87.5 abc 6.0 b 6.5 be

for Tor2h MB1415-717 100 1 875  abc 85  od 40  a
MB1415-717 300 1 87.0 abc 8.0 bed 5.0 ab
MB1415-717 1000 1 86.5 abc 7.5 bed 6.0 abc
MB1415-717 50 2 85.0 cd 7.0 be 8.0 cd
MB1415-717 100 2 89.0 a 6.0 b 5.0 ab
MB1415-717 300 2 82.5 def 7.5 bed 10.0 de
MB1415-717 1000 2 81.5 e 7.0 be 11.5 e
MB 1414-7669 - - 85.5 bed 7.5 bed 7.0 be
MB 1414-7669 200 1 10.5 f 14.0 e 75.5 f
MB 1414-7669 500 1 9.0 f 9.5 d 81.5 g
MB 1414-7669 200 2 0.0 g 1.0 a 99.0 h
MB 1414-7669 500 2 1.0 g 0.0 a 99.0 h

Data expressed as a percentage of germinated seeds, a percentage of non-germinated seeds and a percent-

age of abnormal seeds

*numbers followed by equal letters are not statistically significant (ANOVA and Tukey P <0.05%)

The results clearly showed different degrees of effective-
ness of the treatments in containing the level of surface
contamination of the seed. The use of physical seed treat-
ment methods, like hot water, are efficient in containing
bacteria, such as several species belonging to the genera
Xanthomonas and Pseudomonas on vegetable crops like
cucumber, pumpkin, and tomato (Grondeau et al. 1994).
However, in this study, treating the seeds in hot water for
20 and 30 min did not significantly reduce Xcc, as in the
experiment by Carisse et al. (2000) in which lettuce seeds
were treated for the containment of X. campestris pv.
vitians. The effect of hot water treatment on germination
is variable with the type of seed. In this case, thermother-
apy did not produce negative effects on seed germination
and vigour, like in the experiments carried out by Singh
et al. (2016) where no adverse effects on brassica seeds
were observed when treated with hot water (50 °C) for
25 min. The disadvantages of physical methods are under-
performance compared with chemicals, failure to eradicate
inoculum deep in seeds, and difficulties in the procedure
needed to carry out the treatment (Aysan and Horuz 2016).

Treatment with a water solution of sodium hypochlorite
has been reported as the best solution to contain the inci-
dence of bacterial leaf spot on lettuce, caused by X. camp-
estris pv. vitians (Carisse et al. 2000), but has not shown a
significant reduction in the level of CFU / g of Xcc and also
affect the germination rate of the seeds in our experiment.
Hydrogen peroxide was used in seed coatings to promote
seed germination and seedling health (Duval and Nesmith
2000). The treatment with this agent for 30 min completely
reduce the contamination of the seeds, not affecting the

percentage of germinated seeds, as seen for lettuce seeds
where no bacteria were found after the treatment with hydro-
gen peroxide at 5% for 15 min (Pernezny et al. 2002).

Mixtures of acetic acid and hydrogen peroxide were pre-
viously tested for disinfection of mung bean from bacterial
agents like Escherichia coli, Listeria monocytogenes and
Salmonella enterica (Trzaskowska et al. 2018). The use of
these agents provided a 100% containment of the contami-
nation with Xcc, especially when a 0.8% solution at 50 °C
or a 1.6% solution at room temperature were used. How-
ever, contrary to what was observed in the experiment of
Trzaskowska et al. (2018), a significant reduction in germi-
nation rate was recorded in each treatment.

Currently there are no chemical seed dressing against
bacteria, including Xcc, authorized in Italy. The use of an
electrically charged disinfectant may be a solution. The
experiment conducted by Sakudo et al. (2020) showed an
inactivation of Xcc and a disinfection of the seeds, reducing
the level of viable bacterial cells and decreasing the inci-
dence of the disease, as well as in this study the treatment
of the seeds with electrolyzed water produced a significant
reduction of the contaminated seeds. Seed disinfection with
CAC-717 did not seem to affect the germinability of the
seeds (Sakudo et al. 2020), while the treatment with electro-
lyzed water caused a reduction of the viable seeds.

All these treatments were evaluated considering the effect
of the rinsing of the seeds after the disinfection and in the
majority of the cases no significant effects were observed
when seeds were rinsed with sterile water or not.

The treatment with hydrogen peroxide for 30 min was
the most effective, both in terms of disinfection rate and of
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seed viability, but the side effect on the seed coat observed
when the procedure was carried out at the company facili-
ties brought to the adoption of 15 min as maximum time
of immersion without losing disinfection efficiency. The
reasons for this effect are not very clear, because it was not
observed under laboratory conditions. The best method to
contain the contamination with Xcc during the disinfec-
tion procedure at the company facilities, without compro-
mising the germination of the seeds was the immersion of
small amounts of seeds, closed in cotton bags, in a solu-
tion of hydrogen peroxide for 15 min at room tempera-
ture (25-27 °C), then dried for 2 h, confirming the results
obtained under laboratory conditions.
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