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Abstract: Imbibing watermelon seeds in 1 mM sodium tetraborate (Na2B4O7) for 24 h systemically
protected plants against foliar infection by Stagonosporopsis cucurbitacearum in detached leaves and
under greenhouse conditions. The treatment resulted in both a reduction in the overall percentage of
leaf infection as well as in the size of lesions. Studies of the mechanisms by which Na2B4O7 protected
watermelon showed that there was no direct effect on the S. cucurbitacearum mycelium growth in vitro.
On the other hand, plants raised from seeds primed with Na2B4O7 showed a higher frequency of
fluorescent epidermal cells compared to the plants treated with water. This indicates that a higher
number of cells expressed the hypersensitive response after Na2B4O7 priming. In addition, there
was an increase in peroxidase activity and an enhanced accumulation of a 45 kDa acidic peroxidase
isoform during the early stages of infection in plants treated with Na2B4O7 compared to plants
treated with water and this was positively correlated to the reduction of leaf infection caused by the
pathogen. These results indicate that Na2B4O7 is able to induce systemic resistance in watermelon
against S. cucurbitacearum by activating the hypersensitive reaction at penetration sites, increasing
peroxidase activity and altering the peroxidase isozyme profile. Although each individual response
may only have had a minor effect, their combined effects had a reducing effect on the disease.

Keywords: borax; gummy stem blight; induced resistance; microscopy; hypersensitive response;
peroxidase activity; peroxidase isozymes

1. Introduction

Gummy stem blight caused by Stagonosporopsis cucurbitacearum (syn. Didymella bryoniae)
is a very destructive disease in watermelon and other cucurbit species [1–3]. The fungus
can attack all plant parts, including leaves, stems, fruit and even roots [1,4]. The disease can
cause very serious losses in watermelon in the field as well as after harvest under favourable
conditions [3,5–7].

Control of the disease is difficult for several reasons. Consequently, the disease
develops rapidly at high levels of humidity [5], which is often present in production fields.
In addition, no highly resistant cultivars of watermelon are available [8], although extensive
searches for new sources of resistance are ongoing [9–13]. Furthermore, the pathogen
rapidly develops resistance to fungicides [2,14–16], rendering chemical control difficult.

To reduce the pesticide input, induced resistance has received considerable attention as
an environmentally friendly strategy [17–19]. Induced resistance denotes the phenomenon
that a plant, appropriately stimulated, can defend itself against pathogens [18,20]. Thus,
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treatment of the plants with biotic or abiotic inducers can activate defence responses in
the plant against subsequent pathogen attack [21,22]. Research on induced resistance
in cucurbit plants has, for example, included studies of cucumber against Gloeosporium
orbiculare (syn. Colletotrichum lagenaria) and Podosphaera fuliginea (syn. Sphaerotheca
fuliginea) [23–28] and of melon against Sclerotinia sclerotiorum and Stagonosporopsis
cucurbitacearum [29–31]. There are apparently only few reports from watermelon implying
that protection against pathogens involves induced resistance [31]. Several chemicals like
acibenzolar-S-methyl, methyl jasmonate, K2HPO4 and MnCl2 have been reported to be
able to induce resistance in cucumber and melon [24,26–29].

Various defence responses have been inferred as being important in induced resistance
in cucurbit plants. Examples include accumulation of phytoalexins [32,33]. Likewise,
the hypersensitive response as well as reinforcement of plant cell walls appear to
be positively correlated to the reduction of pathogen penetration and this effect is
mediated by papilla formation and accumulation of callose, lignin, phenolic compounds,
H2O2 and silicon at the sites of attempted penetration [30,31,33–37]. Accumulation of
PR-proteins like peroxidase, chitinase and β-1,3-glucanase has also been reported as an
important mechanism [29,31,37–40]. A specific peroxidase isoform (45 kDa) was found
to accumulate during induction of resistance against S. cucurbitacearum in watermelon
using rhizobacteria [31] and this isoform was also found to be important when explaining
differences in the level of resistance against S. cucurbitacearum between a susceptible and a
moderately resistant accession of watermelon [41]. Furthermore, activities of important
enzymes in the phenyl propanoid pathway have also been increased, such as phenylalanine
ammonia lyase, polyphenol oxidase and peroxidase, which are involved in lignification and
accumulation of phytoalexins and phenolics [31,37,38,42,43]. The hypersensitive reaction
has also been mentioned as an important mechanism in phosphate-induced resistance
in cucumber [27] as well as accumulation of reactive oxygen species in cucumber and
watermelon, respectively [27,31].

Boron is an essential plant micronutrient, usually taken up by the roots, although it
can also be applied as seed treatments or foliar sprays [44,45] However, in excess, boron
causes toxicity to the plants, so an appropriate dosage is critical [44,45]. Borax or sodium
tetraborate (Na2B4O7) can be used as a fertiliser [46], but is also known as a pesticide, for
example, against insect pests [47]. It has previously been reported to induce local as well as
systemic resistance in rice against Pyricularia oryzae in Vietnam in greenhouse as well as in
field trials [48,49]. Boric acid has also been reported to induce local and systemic resistance
in cucumber against powdery mildew caused by Podosphaera fuliginea [24] and different
sources of boron were able to control clubroot in oilseed rape [50]. Recently, safflower
seeds were primed with 5–10 ppm boron or seed dressed with boron to reduce the negative
effects of seed-borne pathogens and promote germination and seedling growth [51].

The present investigation was undertaken to assess the ability of Na2B4O7 to protect
watermelon against S. cucurbitacearum and study the mechanisms involved, with the
hypothesis being that the compound induces resistance. We show that priming of
watermelon seeds with Na2B4O7 can induce resistance against foliar infection caused
by S. cucurbitacearum and the mechanisms of disease protection are associated with a
higher frequency of hypersensitive cells, increased peroxidase activity, as well as an altered
peroxidase isozyme profile.

2. Materials and Methods
2.1. Plants and Pathogen

Two watermelon accessions (Citrullus spp.) were included in the experiments, i.e., the
moderately resistant C. amarus accession PI189225 from USDA, ARS, National Genetic
Resources Program (originally collected in Zaire) and the susceptible C. lanatus accession
232-0125/B from India.

S. cucurbitacearum (isolate I16) originated from an infected watermelon leaf collected
in Can Tho Province, Vietnam, in 2003. Inoculum was produced on sterilised potato
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cubes in a 100 mL flask for 5–7 days [41] and conidial inoculum was prepared as
earlier described [41]. The susceptible accession 232-0125/B was inoculated with 105

conidia/mL and the moderately resistant accession PI189225 with 106 conidia/mL. A
higher inoculum concentration was used on PI189225 because it is less susceptible than
232-0125/B. For in vitro tests, the fungus was grown on potato dextrose agar plates (PDA,
Difco, Roskilde, Denmark).

2.2. Cultivation of Plants and Fungi and Plant Inoculation

After priming (see Section 2.5), seeds were sown in square pots (10 × 10 cm) containing
the potting medium Pindstrup Substrate (Pindstrup Mosebrug A/S, Ryomgaard, Denmark).
Plants were cultivated in a growth chamber as previously described [41].

When the plants had developed the first or second true leaves, they were inoculated
with S. cucurbitacearum by atomising a conidial suspension onto the leaf surfaces until
run-off. After inoculation, plants were sealed in plastic bags with 100% humidity in
darkness. After 48 h, the bags were opened and the plants were placed at normal light
regime again.

2.3. Disease Scoring

Disease severity was evaluated at 4 days after inoculation (dai) for accession
232-0125/B and 7 dai for accession PI189225 because symptoms developed slower on
the latter. The percentage leaf area covered with symptoms was recorded and symptoms
were also assessed by using a 0–5 scale (modified from [52]): where 0 (no symptoms),
1 (very small lesions 0–0.5 cm), 2 (small lesions 0.5–1 cm), 3 (medium lesions 1–2 cm),
4 (large lesions > 2 cm) and 5 (entire leaf infected).

2.4. In Vitro Test of Antifungal Effect of Na2B4O7 on Stagonosporopsis cucurbitacearum

Petri dishes containing PDA with different concentrations of Na2B4O7 (sodium
tetraborate-10 hydrate, Merck, Søborg, Denmark) were prepared. The concentrations were 0.25,
0.5, 1, 2, 5 and 10 mM). An agar plug (5 mm in diameter) from a 7-day-old actively growing S.
cucurbitacearum culture was placed in the centre of a plate. Plates were incubated in the growth
chamber described in Section 2.2. Growth was assessed by measuring the colony diameter of S.
cucurbitacearum (mm) at 2, 3, 4 and 5 days after inoculation for each treatment. The antifungal
activity of Na2B4O7 was scored by comparing the growth of S. cucurbitacearum mycelium at the
different concentrations of Na2B4O7 with the control (water) at each time point. Each treatment
comprised four plates.

2.5. Test of Na2B4O7 for Systemic Protection against Foliar Infection

Accession 232-0125/B was used for this experiment. Seeds were primed in different
concentrations of Na2B4O7 (0.5, 1 and 2 mM) for 24 h at room temperature. Seeds
primed in distilled water served as control. Immediately after treatments, seeds were
sown as described in Section 2.2. When the plants had developed the second true leaf
(18–20 days after sowing), they were inoculated with S. cucurbitacearum at a concentration
of 105 conidia/mL. Inoculation, incubation and disease scoring were as described in
Sections 2.2 and 2.3. There were nine plants for each treatment.

2.6. Ability of 1 mM Na2B4O7 to Protect Detached Watermelon Leaves

Seeds of both watermelon accessions were primed with 1 mM Na2B4O7 or water
(control) and sown as described in Section 2.2. When the seedlings were 18 days old,
the first and the second true leaf were detached and placed in Petri dishes on two layers
of sterile filter paper saturated with sterile distilled water. Subsequently, the centre of
leach leaf was inoculated with a 6-mm mycelial plug of S. cucurbitacearum from an actively
growing 7-day-old PDA culture. Plates were incubated in the growth chamber described in
Section 2.2. The diameters of lesions on leaves were measured at 2, 3, 4 and 5 days after
inoculation (dai). The experiment comprised 20 leaves for each accession and treatment.



Agronomy 2024, 14, 979 4 of 15

2.7. Ability of Na2B4O7 to Protect Watermelon Systemically under Greenhouse Conditions

Seeds of both watermelon accessions were primed with 1 mM Na2B4O7 or water
(control). When the first true leaf was expanded (ca. 15 days after sowing), plants were
inoculated with S. cucurbitacearum by atomising a spore suspension onto the surface of the
first true leaf until run-off. Incubation conditions and disease scoring were as described in
Section 2.2. There were 28 plants for each treatment for accession PI189225 and 15 plants
for accession 232-0125/B.

2.8. Infection Biology of S. cucurbitacearum in Watermelon Plants Treated with Na2B4O7

The experiments were performed with both accessions PI189225 and 232-0125/B.
Seeds were primed with 1 mM Na2B4O7 or water (control). Plants were grown and infected
with the pathogen as described above. The inoculated first leaves were harvested at 17,
24, 40 and 48 h after inoculation (hai) and cleared using a 3:1 (v/v) mixture of absolute
ethanol:glacial acetic acid as described earlier [41]. For observation by light microscopy,
leaves were stained with 0.1% (w/v) Evans Blue in lactoglycerol. Twenty-five randomly
selected conidia were examined on each of four leaves (a total of 100 conidia per accession,
treatment and time point). For each conidium, it was recorded whether it germinated and
whether it caused penetration. Furthermore, the frequency of fluorescent epidermal cells
(hypersensitive response) at penetration sites was recorded. These cells were detected by
epifluorescence microscopy (excitation filter 400–440 nm, dicroitic mirror DM 455, barrier
filter > 475).

2.9. Peroxidase Activity and Native PAGE for Detection of Peroxidase Isozymes

Only accession 232-0125/B was studied. Watermelon seeds were primed with 1 mM
Na2B4O7 or water (control) and plant growth and inoculation took place as before. The
experiment included four treatments: plants, either primed with Na2B4O7 or water were
inoculated with pathogen or left uninoculated. First-developed true leaves were harvested
at 0, 12, 24, 36, 48, 72 and 96 hai, immediately frozen in liquid nitrogen and stored at −80 ◦C.
Leaf samples were ground in liquid nitrogen and protein extracted in 0.1 M potassium
phosphate buffer (pH 7.0). Protein concentration was determined using the Bradford
protein assay [53] with bovine serum albumin (Sigma, Søborg, Denmark) as standard.

Peroxidase activity and acidic peroxidase isoforms were determined as described
previously [41].

2.10. Experimental Design and Statistical Analysis of Data

Data analysis took place as previously described [41]. Data from the microscopy
study on infection biology and frequency of HR cells represent discrete variables and were
analysed by logistic regression, assuming a binomial distribution. Data on disease severity,
disease scale scorings, colony diameters and enzyme activities represent continuous
variables and were analysed by analysis of variance, assuming a normal distribution.
Variances were stabilised by appropriate transformations when necessary. All experiments
were performed at least three times, except for the in vitro experiment testing the ability
of Na2B4O7 to control the pathogen (only performed once). Representative data from
individual experiments are presented. Data were analysed by PC-SAS (release 9.4; SAS
Institute, Cary, NC, USA) and hypotheses rejected at p < 0.05.

3. Results
3.1. In Vitro Tests

Test of antifungal activity of different concentrations of Na2B4O7 on S. cucurbitacearum
growth were conducted on agar plates (Table 1). Concentrations of 0.25 and 0.5 mM showed
a significant growth promoting effect whereas a concentration of 1 mM had no significant
effect on mycelium growth of S. cucurbitacearum. A concentration of 2 mM inhibited the
growth of S. cucurbitacearum at 2 days after inoculation (dai), but not at later time points.
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Higher concentrations of 5 and 10 mM resulted in clearly significant reductions in colony
diameter (Table 1).

Table 1. Antifungal activity of Na2B4O7 evaluated by comparison of the diameter of fungal
colony growth (mm) at different concentrations of Na2B4O7 in agar plates at 2, 3, 4 and 5 days
after inoculation.

Treatment Colony Diameter (mm)

Conc. (mM) 2 dai 3 dai 4 dai 5 dai

Water (control) 0 2.3 3.6 4.9 6.2
Na2B4O7 0.25 2.4 3.8 5.2 6.5
Na2B4O7 0.5 2.4 3.8 5.2 6.4
Na2B4O7 1 2.3 3.7 5.1 6.3
Na2B4O7 2 2.2 3.6 4.9 6.1
Na2B4O7 5 1.9 3.2 4.3 5.5
Na2B4O7 10 1.4 2.1 2.9 3.8
LSD 0.1 0.1 0.1 0.1
p-value <0.0001 <0.0001 <0.0001 <0.0001

Values represent averages of four replications for each treatment.

3.2. Systemic Protection of Watermelon after Seed Priming with Na2B4O7

Three concentrations (0.5, 1 and 2 mM) giving slight promotion, no, or slight
inhibition of fungal growth, respectively, were chosen for testing of the ability to protect
watermelon accession 232-0125/B systemically against S. cucurbitacearum. Table 2 shows
that priming seeds for 24 h in the three tested concentrations of Na2B4O7 reduced S.
cucurbitacearum infection on the first and the second true leaves, 1 mM Na2B4O7 giving the
largest protection.

Table 2. Systemic protection of watermelon accession 232-0125/B induced by Na2B4O7 against foliar
infection of Stagonosporopsis cucurbitacearum at 4 days after inoculation under greenhouse conditions.

Percent Infected Leaf Area

Treatment Conc. (mM) First Leaf Second Leaf

Water (control) 0 71.4 68.1
Na2B4O7 0.5 9.7 10.8
Na2B4O7 1 0.9 0.4
Na2B4O7 2 2.7 20.3
LSD 24.8 27.6
p-value <0.0001 0.0134

Seeds were primed with different concentrations of Na2B4O7 (control seeds treated with water. S. cucurbitacearum
was inoculated on the first and the second true leaf of 17-day-old seedlings.

3.3. Ability of 1 mM Na2B4O7 to Protect Detached Watermelon Leaves

The ability of 1 mM Na2B4O7 to induce systemic protection in detached leaves is
shown in Table 3. Leaves were detached from plants raised from seeds primed with either
water (control) or Na2B4O7. In accession PI189225 (Table 3, Figure 1A), lesion size was
significantly smaller in the first true leaves at both 3 and 4 dai after treatment with 1 mM
Na2B4O7 compared to treatment with water, whereas there was no significant difference
for the second true leaves. In accession 232-0125/B (Table 3, Figure 1B), lesions on the
second true leaves were significantly smaller for the Na2B4O7 treatment than for the water
treatment at 3 dai whereas there were no differences for the first true leaf at either time
point or for the second true leaf for 2 dai.
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Table 3. Detached leaf assay for disease reduction in accessions PI189225 and 232-0125/B raised
from seeds primed with 1 mM Na2B4O7 or treated with water (control) at different time points
after inoculation.

Lesion Diameter (mm)

First True Leaf Second True Leaf

Accession PI189225 3 dai 4 dai 3 dai 4 dai

Water (control) 0 mM 11.2 28.7 13.3 28.9
Na2B4O7 1 mM 4.4 12.8 13.0 26.5
LSD 6.4 10.4 ns ns
p-value 0.0404 0.0051 0.9232 0.5804

Accession 232-0125/B 2 dai 3 dai 2 dai 3 dai

Control 0 mM 20.5 43.6 14.1 45.4
Na2B4O7 1 mM 17.8 42.7 10.5 30.1
LSD ns ns ns 13.5
p-value 0.1595 0.7552 0.2174 0.0314

dai: days after inoculation; ns: non-significant difference. Lesion diameter is the average of the length and width
of the lesion.
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Figure 1. Ability of 1 mM Na2B4O7 to induce systemic protection in detached leaves. Leaves were
detached from plants raised from seeds primed with either water (control) or Na2B4O7. (A) Lesion
development on first developed true leaves of accession PI189225 at 4 days after inoculation and
(B) on the second developed true leaf of accession 232-0125/B at 3 days after inoculation. Top rows
in (A,B) show leaves from plants raised from seeds primed with water and lower rows in (A,B) show
leaves from plants raised from seeds primed with 1 mM Na2B4O7.

3.4. Ability of 1 mM Na2B4O7 to Protect Watermelon under Greenhouse Conditions

Testing the effect of 1 mM Na2B4O7 on systemic protection of the two accessions
PI189225 and 232-0125/B against S. cucurbitacearum under greenhouse conditions is shown
in Table 4 and Figure 2. In accession PI189225, the percentage leaf coverage with symptoms
after treatment with 1 mM Na2B4O7 was not significantly different from treatment with
water. However, by assessing the size of lesions according to a scale with six levels (as
described in Section Materials and Methods), it was observed that lesion size on plants
raised from seeds primed with Na2B4O7 was significantly smaller than on leaves raised
from seeds primed with water (Table 4, Figure 2A,B). For accession 232-0125/B, plants
raised from seeds primed with 1 mM Na2B4O7 showed significantly less disease, measured
as both percentage of leaf coverage with symptoms and lesion size, than plants raised from
seeds primed with water (Table 4, Figure 2C).
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Table 4. Disease severity and percentage of protection on the first true leaves of accessions PI189225
and 232-0125/B raised from seeds primed with 1 mM Na2B4O7 or with water (control).

Accession and Treatment Percent Infected Leaf Area (7 dai) Percent Protection Infection According to 0–5 Scale (7 dai)

Water (control) 0 mM 9.0 32.2 2.7
Na2B4O7 1 mM 6.1 2.1
LSD ns 0.5
p-value 0.3963 0.0171

Accession 232-0125/B 4 dai 4 dai

Control 0 mM 46.9 76.8 3.5
Na2B4O7 1 mM 10.9 1.9
LSD 18.2 0.7
p-value 0.0008 0.0003

dai: days after inoculation; ns: non-significant difference. Percent protection: the difference between the
two treatments, relative to the control treatment.
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Figure 2. Leaf symptoms caused by S. cucurbitacearum on watermelon plants raised from seeds primed
with 1 mM Na2B4O7 or water (control) under greenhouse conditions. (A,B) accession PI189225 at
7 days after inoculation and (C) accession 232/0125B at 4 days after inoculation. (A) and top row of
(C): leaves from plants raised from seeds primed with water. (B) and lower row of (C): leaves from
plants raised from seeds primed with 1 mM Na2B4O7.

3.5. Infection Biology of S. cucurbitacearum in Watermelon Plants Treated with Na2B4O7

Studies on the infection biology of S. cucurbitacearum in the first true leaf of plants
raised from seeds primed with 1 mM Na2B4O7 or water were performed in both accessions
(Tables 5 and 6). There was no significant difference in spore germination between
treatments at any time points (Tables 5 and 6), whereas there was a significantly lower
penetration after Na2B4O7 treatment compared to the water treatment in accession PI189225
at 40 hai (Table 5) and in accession 232-0125/B at 17 hai (Table 6).
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Table 5. Infection biology of Stagonosporopsis cucurbitacearum in leaves of watermelon accession
PI189225 raised from seeds primed with 1 mM Na2B4O7 or water (control).

Percentage of Time after Inoculation with Stagonosporopsis cucurbitacearum

17 hai 24 hai 40 hai 48 hai

NaB C NaB C NaB C NaB C

spores germinated 42.0 37.0 ns 43.0 40.0 ns 100.0 100.0 ns 100.0 100.0 ns

spores causing penetration 0.0 0.0 ns 0.0 0.0 ns 28.0 58.0 ** 13.3 18.0 ns

spores with penetration causing single HR - a - a - - a - a - 25.8 10.4 ns 44.0 17.5 *
spores with penetration causing multiple
HR - a - a - - a - a - 42.4 21.0 ns 33.3 24.2 ns

NaB: Na2B4O7; C: control (water); HR: cells with hypersensitive reaction; The number of asterisks indicates
the degree of significance: *: significant at 0.05 < p < 0.01; **: significant at 0.01 < p < 0.001; ns: non-significant
difference (p > 0.05); a: the event did not occur at the observed time point.

Table 6. Infection biology of Stagonosporopsis cucurbitacearum in leaves of watermelon accession
232-0125/B raised from seeds primed with 1 mM Na2B4O7 or water (control).

Percentage of Time after Inoculation with Stagonosporopsis cucurbitacearum

17 hai 24 hai 40 hai 48 hai

NaB C NaB C NaB C NaB C

spores germinated 58.0 69.0 ns 69.0 73.0 ns 100.0 100.0 ns 100.0 100.0 ns

spores causing penetration 1.0 12.0 *** 5.0 5.0 ns 55.0 53.3 ns 48.7 92.5 ns

spores with penetration causing single HR - a - a - 20.0 0.0 ns 28.2 23.0 ns 20.2 20.1 ns

spores with penetration causing multiple
HR - a - a - 20.2 0.0 ns 15.6 4.3 ns 31.3 10.1 ns

NaB: Na2B4O7; C: control (water); HR: cells with hypersensitive reaction; The number of asterisks indicates the
degree of significance: ***: significant at p < 0.001, ns: non-significant difference (p > 0.05). a: the event did not
occur at the observed time point.

Single and multiple HR occurred at penetration sites (Tables 5 and 6, Figure 3). In
accession PI189225, both single and multiple HR were seen at 40 and 48 hai (Table 5), but
only single HR was significantly higher at 48 hai after Na2B4O7 treatment compared to
water treatment. In accession 232-0125/B, both single and multiple HR were detected
already from 24 hai in plants primed with Na2B4O7, but only from 40 hai in plants primed
with water (Table 6). However, there was no significant difference between treatments at
any time point (Table 6).
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3.6. Peroxidase Activity

Total peroxidase activity was investigated in leaves of the susceptible accession
232-0125/B primed with Na2B4O7 or water, with and without inoculation with S.
cucurbitacearum (Figure 4). Peroxidase activity after treatment with Na2B4O7 or water,
but without inoculation with the pathogen, remained low throughout the experiment.
Inoculation with pathogen resulted in a significant increase in peroxidase activity at 12 hai
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in the Na2B4O7-treated plants, which were not seen for any other treatment. At 24 hai, there
was no significant difference between treatments, but peroxidase activity in water treated
plants inoculated with the pathogen, started to increase rapidly from 36 hai and became
significantly higher than in plants treated with Na2B4O7 at 48 and 96 hai. The increase of
peroxidase activity at the late time points correlated with symptom development.
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1 mM Na2B4O7 or water (control), followed by inoculation with S. cucurbitacearum or application of
water. Error bars represent standard error of the mean.

3.7. Native PAGE for Detection of Peroxidase Isozymes

Basic native-PAGE for detection of acidic isoforms of peroxidase (Figure 5) showed an
increased accumulation of an approximately 45 kDa isoform following the progression of
infection with a particularly large accumulation from 36 hai after treatment with Na2B4O7.
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Figure 5. Basic 10% native PAGE of acidic peroxidase isozymes in leaves of the susceptible
watermelon accession 232-0125/B raised from seeds primed with (A) water (control) or (B) 1 mM
Na2B4O7 at different time points after inoculation with S. cucurbitacearum.

4. Discussion

Priming of watermelon seeds with Na2B4O7 was able to provide significant levels of
protection against S. cucurbitacearum in the first leaves of both living plants and in detached
leaves. Priming with 1 mM Na2B4O7 for 24 h gave the highest level of protection under
greenhouse conditions, whereas it was not as pronounced in detached leaves. Previously,
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boron in different chemical formulations, including Na2B4O7, was shown to protect plants
against various diseases [24,31,48,49,51]. Na2B4O7 is often considered a biopesticide, chiefly
against insect pests [54,55]. However, Na2B4O7 has apparently not been used to protect
watermelon and other species in Cucurbitaceae against diseases before.

In vitro tests showed that 1 mM Na2B4O7 had no visible effect on S. cucurbitacearum
growth on agar plates. An inhibiting effect on S. cucurbitacearum was seen only in
concentrations higher than 2 mM and therefore 1 mM Na2B4O7 was chosen for further
studies. Since 1 mM Na2B4O7 applied to seeds could protect watermelon plants efficiently,
without a direct effect on the pathogen, the results could indicate that Na2B4O7 induces
systemic resistance against foliar infection by S. cucurbitacearum. Similarly, Na2B4O7
was found to protect rice systemically from blast at a concentration of 1 mM and this
concentration did not inhibit P. oryzae mycelium growth in in vitro tests [49]. Interestingly,
boron and Na2B4O7 have been found to inhibit other pathogens like Monilinia laxa strongly
in vitro [56]. Concentration of the compounds plays a pivotal role, but there might also be
differences in the sensitivity of different pathogens to the compounds.

In order to verify if induced resistance sensu Kloepper et al. [20] was involved in the
protection, the infection biology of the pathogen was studied to determine at which steps
it was arrested. As pointed out earlier [41,57], quantitative microscopy of the infection
course of the pathogen at consecutive time points provides a unique opportunity for
understanding when infection is arrested and link this to defence responses in the host.
There was no significant inhibition of spore germination on leaves by 1 mM Na2B4O7,
corroborating the in vitro results, whereas the percentage of spores causing penetration
was significantly reduced in leaves from Na2B4O7-primed compared to water-primed
plants of both the susceptible and the moderately resistant accession.

A comparison of the infection biology of S. cucurbitacearum in Na2B4O7-induced
and water-treated plants showed that there was a higher frequency of single fluorescent
epidermal cells in leaves of plants raised from seeds primed with Na2B4O7 than in
plants raised from seeds primed with water, although the difference was only significant
in accession PI189225 at 48 hai. FEC is an indication that the cells are undergoing
the hypersensitive reaction (HR) [58–60] and HR has previously been reported as a
defence response in the interaction between melon and S. cucurbitacearum [30]. HR
cells have a major accumulation of reactive oxygen species, phytoalexins and phenolic
compounds [61–63] and are reported to be an efficient defence response of plants to
biotrophic and hemibiotrophic pathogens [27,60,62–65]. Recently, it was suggested that S.
cucurbitacearum might be considered as a hemibiotrophic pathogen, among others, because
it was inhibited by H2O2 during penetration and because it sometimes grows in the
tissue without causing symptoms [41]. However, as pointed out previously [41], further
studies should be carried out to study under which conditions a hemibiotrophic behaviour
takes place.

A higher frequency of HR-cells has been related to resistance in various plant pathogen
interactions. For example, a higher frequency of HR was found to be correlated to the
level of resistance in rice infected by Bipolaris oryzae [59]. Likewise, a high frequency of
HR-cells was also found to be associated with induced resistance in cucumber against
Colletotrichum lagenaria after pre-treatment with the bacteria Serratia marcescens (isolate
90-166) and Pseudomonas fluorescens (isolate 89B61) [25]. We found that HR occurred at
a higher frequency after penetration in plants raised from seeds primed with Na2B4O7
than in the control plants. This indicates that HR is a defence response after penetration
and that the enhancement of the response following Na2B4O7 treatment could inhibit the
pathogen. A comparative observation was reported earlier for induced resistance in barley
against the hemibiotrophic pathogen Pyrenophora teres where inducer treatment enhanced
the efficiency of the HR response [66].

Peroxidases are important enzymes in plant defence [67,68]. Thus, they may
participate in generation of H2O2, which is important for HR and are involved in many
defence responses [65]. Peroxidases also participate in modification of plant cell walls
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such as lignification, suberisation and in oxidative protein cross-linking in cell walls. Total
peroxidase activity was studied in the susceptible accession 232-0125/B and it was found
to increase earlier and more rapidly (12 hai) in pathogen-infected plants raised from seeds
primed with Na2B4O7 than in pathogen-infected control plants (seeds primed with water).
The increase in peroxidase activity at 12 hai correlated with lower penetration frequency
in plants treated with Na2B4O7 at 17 hai compared to the control. A similar observation
was made in studies of induced resistance of cucumber against Colletotrichum lagenaria by
K2HPO4 [26] and studies of induced resistance of watermelon against S. cucurbitacearum
using Pseudomonas aeruginosa 231-1 as inducer [31]. Likewise, peroxidases have been
implicated in the defence of cucurbit plants against infection by various pathogens,
including S. cucurbitacearum [28,30,41,69]. The early increase of peroxidase activity in
plants treated with Na2B4O7 may therefore be involved in disease protection. However, at
the late stages of infection from 48 to 96 hai, peroxidase activity increased rapidly to a very
high level in control plants pre-treated with water compared to plants pre-treated with
Na2B4O7 and this correlated with larger disease development in control plants. A similar
pattern of peroxidase activity has been found in other host-pathogen interactions such as in
cucumber, where pre-treatment with K2HPO4 can induce resistance against Colletotrichum
lagenaria [26] and in wheat infected by Zymoseptoria tritici [70]. Also, in watermelon infected
by S. cucurbitacearum, a high peroxidase activity was seen in a susceptible compared to
a moderately resistant accession at the late stages of infection [41]. This late increase
in peroxidase activity in the compatible interaction could be a defence response, which
occurred too late to be effective in stopping the pathogen. Furthermore, as pointed out
by Nga et al. [41], it could also represent a rapid increase of ascorbate peroxidase activity
for scavenging the large amounts of H2O2, which was produced during the later stages
of infection.

Native-PAGE for studying the accumulation of specific peroxidase isozymes was
performed in the susceptible accession 232-0125/B and it was found that an acidic (45 kDa)
isoform accumulated to a higher extent in leaves from plants raised from seeds primed with
Na2B4O7 after inoculation with the pathogen than in the control plants raised from seeds
primed with water. The same isoform was found to accumulate to a larger extent in previous
studies of watermelon infected by S. cucurbitacearum. Thus, increased accumulation
during infection was observed in the moderately resistant accession (PI189225) and in
the susceptible accession 232-0125/B [41], as well as in watermelon plants protected from
infection by the pathogen after protection with the bacterium Pseudomonas aeruginosa
231-1 [31]. As reviewed earlier [41], different peroxidase isoforms have been implicated
in resistance of cucurbit plants against different pathogens so further characterisation of
peroxidase isoforms may contribute to a better understanding of resistance.

A future practical use of Na2B4O7 in crop production will depend on several issues.
Boron is an essential element for plant growth [71,72] and there is increasing evidence
that it may also be essential in human nutrition in minute amounts [73]. Boron has also
shown promise in health-promoting dietary supplements in animals and humans [74,75].
However, excess boron poses toxicity issues in humans, animals and plants [44,76,77] so
the application to agricultural or horticultural systems should be carefully considered. It
could be an advantage to use Na2B4O7 to control gummy stem blight in watermelon in
future under field conditions. Thus, it is simple to apply by seed priming and only a small
amount of chemical is needed for seed priming compared to foliar application, but it is
important to make sure that there will be no negative effects on seed germination and
vigour, the environment and human health if used at a large scale. Even if Na2B4O7 will
not be possible to use in practical crop production, the potential of this compound to induce
defence responses may be useful for further studies on the defence mechanisms operating
in watermelon against gummy stem blight and other diseases.
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5. Conclusions

Priming of watermelon seeds with 1 mM Na2B4O7 could induce systemic resistance in
the plants against S. cucurbitacearum and the effect was more pronounced in the susceptible
than in the moderately resistant accession because the latter already had a certain level of
protection against the disease. Induced resistance, i.e., activation of plant defence, requires
energy to protect the plant and this was illustrated by the fact that the protective effect
of Na2B4O7 was not so pronounced in detached leaves as in whole plants. The detached
leaves simply could not draw on the energy reserves from an actively growing plant and
this shows the limitations in using detached leaves for studies of induced resistance.

The disease protection was associated with a higher frequency of HR cells, earlier
and higher peroxidase activity and increased accumulation of an acidic 45 kDa peroxidase
isoform. Individually, the responses may only have had slight effects on inhibition of the
pathogen, but when combined, a significant effect could be observed. In addition, further
defence responses are likely activated in the host, also contributing to the protective effect.
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