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Various management systems are being broadly em-
ployed to minimize crop yield loss resulting from abi-
otic and biotic stresses. Here we introduce a Bacillus
zanthoxyli HS1 strain as a potent candidate for manag-
ing manifold stresses on vegetable plants. Considering
16S rDNA sequence and biochemical characteristics,
the strain is closely related to B. zanthoxyli. The B.
zanthoxyli HS1's soil-drench confers disease resistance
on tomato and paprika plants against infection with
Ralstonia solanacearum and Phytophthora capsici, re-
spectively. Root and shoot growths are also increased
in B. zanthoxyli HS1-treated cabbage, cucumber, and
tomato plants, compared with those in mock-treated
plants, after application of high salinity solution. More-
over, the pretreatment of B. zanthoxyli HS1 on cabbage
plants inhibits the degradation of chloroplast pigments
caused by high salinity stresses, whereas the inhibitory
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effect is not observed in cucumber plants. These find-
ings suggest that B. zanthoxyli HS1 stain inhibits disease
development and confers tolerance to salinity stress on
vegetable plants.

Keywords : Bacillus zanthoxyli, disease resistance, high
salinity, stress tolerance, vegetable crops
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As sessile living-organisms, plants are always exposed
to diverse biotic and abiotic stresses. Microorganisms,
such as fungus, bacterium, nematode, insect, and virus,
infect and destruct plants, and abiotic stresses caused by
drought, cold, high temperature, flooding, and high salin-
ity also adversely affect plants’ growth and reproduction
(Dangl and Jones, 2001; Mahajan and Tuteja, 2005; Miller
et al., 2017). Researchers and farmers have been develop-
ing many managing systems to protect plants from these
biotic and abiotic stresses, e.g., biological control, chemi-
cal control, cultural control, and plant breeding (Fita et al.,
2015; Haas and Défago, 2005; Thurston, 1992; Walters et
al., 2005). From a perspective of environmental safety, ex-
ploitation and application of biomaterials, including plant-
growth-promoting bacteria (PGPB) and biostimulants, are
expanded worldwide (Majeed et al., 2018; Ullah et al.,
2015; Van Oosten et al., 2017). In addition, the induction
of multiple resistance by treatment of PGPB and biostimu-
lants is a useful crop managing strategy for sustainable ag-
ricultural development (Bai et al., 2018; Choudhary et al.,
2015; Rouphael and Colla, 2018).

Saline condition, the most unfavorable environment for
plant growth, causes rapid osmotic stress and ion toxic-
ity to plants grown in (semi)arid areas, coastal areas, and
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reclaimed lands (Flowers, 2004; Hariadi et al. 2011). Addi-
tionally, most vegetable crops are cultivated on a closed or
semi-closed system, such as a greenhouse, in which proper
irrigation by rainfall is difficult. Indiscreet fertilization and
continuous cultivation also result in eutrophication and salt
accumulation in arable lands (Flowers, 2004; Munns and
Gilliham, 2015; Yoo et al., 2019). Thus, it is known that
about 7% of arable land and 20% of irrigated farm fields
are under salinity stress (Flowers and Yeo, 1995; Ruan
et al., 2010). In these cases, plants are put at risk of salin-
ity stress persistently, and then, the plants become highly

susceptible to other biotic and abiotic stresses (Bai et al.,
2018).

Conventional crop breeding is the most well-established
strategy to increase tolerance against abiotic stresses. For
example, guar (Cyamopsis tetragonoloba), Ethiopian mus-
tard (Brassica carinata), and arugula (Eruca sativa) were
bred to have a deep root system easy to absorb water from
the soil more effectively (Kumar, 2005; Liang et al., 1992).
A tolerant cultivar of peanut adjusted to salinity condition
with Na'-exclusion and K'-accumulation was also devel-
oped (Chakraborty et al., 2016; Mungala et al., 2008). Ge-
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Fig. 1. Induced resistance by Bacillus sp. HS1 and taxonomic classification. (A) Disease incidence of tomato bacterial wilt disease by
Ralstonia solanacearum, and paprika Phytophthora blight disease by Phytophthora capsici. The number of diseased plants among the
number of whole plants (three replicates with six plants) was calculated as disease incidence. Data present the mean + standard deviation.
Asterisks above the bars indicate that the mean is significantly different among the treatment (**P < 0.05, least significant difference
test). The experiments were repeated twice with the same results. (B) Phylogenetic trees present the position of Bacillus sp. strain HS1
16S rRNA sequences. Multiple alignments were generated using Clustal W, and the phylogenetic trees were constructed by the neigh-
bor-joining method (maximum composite likelihood model; left) and maximum likelihood method (Kimura 2-parameter model; right)
based on 1,000 bootstrap replications using MEGA version 6.0. Numbers at the branched points indicate bootstrapping values, expressed

as a percentage of 1,000 repeats.
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netic engineering technology also allows plants to increase
the tolerance response by regulating the signal transduction
pathway and osmoprotectant metabolites (Deinlein et al.,
2014; Li et al., 2011; Mufioz-Mayor et al., 2012; Rathina-
sabapathi, 2000). However, the former takes a long time,
and many governments have not accepted the latter. There-
fore, effective strategies are necessary to decrease salt con-
tent in soil and confer tolerance on plants against salinity
stress (Ilangumaran and Smith, 2017; Munns and Gilliham,
2015).

PGPB is highlighting as one of the emerging sources to
improve crop production growing in saline soil (Egamber-
dieva, 2011; Etesami and Glick, 2020; Qu et al., 2016). So
far, various PGPB strains, such as Azospirillum, Burkhold-
eria, Rhizobium, Pseudomonas, Acetobacter, and Bacillus,
were successfully applied to enhance tolerance response
against salinity stress (Kumar and Verma, 2018; Ullah et
al., 2017). Most PGPB strains produce 1-aminocyclopro-
pane-1-carboxylate (ACC) deaminase and indole-3-acetic
acid (IAA), which degrades ACC as an ethylene precursor,
and promotes plant growth, respectively (Egamberdieva,
2009; Glick, 2005; Sarkar et al., 2018).

Recently, we isolated dozens of potential PGPB strains
from rhizosphere soils of cucumber growing in the agricul-
tural farm located in Gunsan, Korea, via testing biological

activities of ACC-deaminase, phosphatase solubilization,
and IAA production (data not shown). It was expectable
that these bacterial strains would confer stress tolerance
and disease resistance on vegetable crop plants. To test
whether these soil-borne bacteria induce disease resistance
against pathogen infection, we drenched these stains (ODy,
= 0.25, 1 ml/g of the potting mixture) on tomato- and pa-
prika-growing soil 7 days prior to pathogen inoculation and
monitored disease development (data not shown). An HS1
strain reduced disease incidence caused by infection with
Ralstonia solanacearum (ODgy,= 0.2, 1 ml/g of the potting
mixture) and Phytophthora capsici (2,000 zoospores/g of
the potting mixture) on tomato and paprika plants, respec-
tively (Fig. 1A). To taxonomically classify the HS1 strain,
we obtained bacterial genome from the strain using the G-
spin total DNA extraction kit (iNtRON, Seongnam, Korea),
and 16S rDNA was amplified by using universal primers
785F and 907R (Lane, 1991). Based on the comparison of
16S rRNA sequences of identified various Bacillus strains
and the amplified sequences (1,495 bp, completeness
99.9%) of HS1 strain, B. zanthoxyli seems to be the closest
species of the HS1 strain (Fig. 1B). To confirm the clas-
sification, we carried out the biochemical test by using API
50 CHB (bioM¢érieux, Marcy-L’Etoile, France) (Li et al.,
2017) (Table 1). Compared with biochemical traits of and

Table 1. Biochemical characteristics for identification of Bacillus sp. HS1

Tests performed® Bacillus sp. HS1

B. zanthoxyli 1433"° B. aryabhattai BSW22"™

pH growth range 6.0-10.0
NaCl tolerance (%) 0-7
Acid production from
Erythritol +
Ribose +
Galactose -
D-Sorbitol +
D-Lyxose -
D-Fucose —
L-Fucose —
D-Arabitol +
Utilization of
D-Maltose -
D-Melibiose -
D-Glucose -
D-Mannose -
D-Fructose —
D-Sorbitol -
D-Mannitol -

6.0-10.0 6.0-9.0
0-7 0-11

!
o+ o+ o+ o+ o+

“Biochemical properties of Bacillus sp. HS1 were determined by using the API S0CHB (bioMérieux).

*Li et al. (2017).
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B. aryabhattai BSW22', the HS1 strain does not use any
carbohydrates tested in this platform for its growth. Even if
a type strain of B. zanthoxyli 1433" could utilize D-maltose
and D-glucose, these analyses show that the HS1 might be-
long to B. zanthoxyli group.

Next, we evaluated the seedling growth of cabbage
(Brassica oleracea cv. Ryeonggwang), cacumber (Cucumis
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sativus cv. Joeunbaeglogdadagi), and tomato (Solanum
lycopersicum cv. Superdotaelang) plants to test if the B.
zanthoxyli HS1 could confer tolerance against high salin-
ity stress. We sowed germinated seeds on unsterilized soil
(BioPlug, Nongwoo Bio, Suwon, Korea) (0 days) and
grew them under 12 hours-day and 12 hours-night condi-
tions at 26 + 2 °C in a walk-in growth chamber. Either 10

HS1 Mock HS1

HS1 Mock HS1

Fig. 2. Seedling growth of vegetable crops grown under salinity stress conditions. (A-C) Fresh weight of total seedling, root, and shoot of
cabbage (A), cucumber (B), and tomato (C) plants. Ten mM MgSO, (white bars) and Bacillus zanthoxyli HS1 strain (ODgy,= 0.25/g of
soil) (gray bars) were applied on plant-growing soil 7 days before treatment of the balanced salinity solution. Error bars indicate the stan-
dard errors from 6 biological replications (7 = 4 in each experiment). Asterisks above the bars present statistically significant differences
between mock- and treated-samples (*P < 0.05, **P < 0.01, two-sided student’s #-test). Insets show the fresh weight of the root. Photos

were taken on the same day that fresh weights were examined.
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mM MgSO, or freshly prepared B. zanthoxyli HS1 strain length is shorter than mock-treated plants (right panel, Fig.
(ODyy=0.25/g of soil) was applied to 7-day-old seedlings 2A). Second, we tested the effect of B. zanthoxyli HS1 on
of plants (7 days after sowing [das]). Seven days later, 1 cucumber seedling growth. The fresh weight of total seed-
ml of the balanced salinity solution (= —1,000 kPa) (125 lings and shoot parts rose 143% and 151%, respectively, in
mM KNO;, 82 mM Ca(NOs;),, 41 mM MgSO,, and 22 Bacillus-treated cucumber plants compared with those in the
mM KH,PO,) (Polonenko et al., 1981) per gram of soil mock-treated plants (left panel, Fig. 2B). Although the root
was added three times at every 2 days (14, 16, and 18 das). system was likely to be well-developed in Bacillus-treated
On 28 das, we measured weights of total seedling, root, plants (right panel, Fig. 2B), we did not see a statistical dif-
and shoot of tested vegetable plants. Seedling growth of  ference between each treatment (left panel, Fig. 2B). Un-
plants (cabbage, cucumber, and tomato) treated with B. like cabbage plants, aerial parts’ growth in Bacillus-treated
zanthoxyli HS1 strain was not different from that of mock- plants is more prominent than in mock-treated plants
treatment in the absence of any external stresses (data not (middle panel, Fig. 2B). We also showed that retardation
shown). The weights of total seedling, root, and shoot of  of seedling growth by salinity solution treatment was also
B. zanthoxyli HS1-treated cabbage plants increased 137%, reduced in B. zanthoxyli HS1-treated tomato plants (Fig.
153%, and 138%, respectively, compared to mock-treated 2C). Note that the weight of total seedling, root, and shoot
plants after salinity solution treatment (left panel, Fig. 2A). increased 147%, 162%, and 148% in Bacillus-treated
The sizes of leaf tissues and aerial parts are similar between tomato plants. These results suggest that pretreatment of
each treatment (middle panel, Fig. 2A). The root part of  B. zanthoxyli HS1 strain could render plants tolerant in
B. zanthoxyli HS1-treated cabbage plants is bushier than response to salinity stress, and consequently, the seedlings
that of mock-treated plants, even though the primary root of vegetable plants tested in this study get less damage by
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Fig. 3. Chlorophyll and carotenoid contents on cabbage and cucumber plants grown under salinity stress conditions. (A, B) Chlorophyll
(A) and carotenoid (B) contents in leaves of mock- and Bacillus zanthoxyli HS1-treated cabbage plants after 50 mM NacCl and the bal-
anced salinity solution. (C, D) Chlorophyll (C) and carotenoids (D) contents in cucumber leaves. Leaf discs were taken to measure the
pigment contents. Data present the mean + standard errors from 3 independent experiments (n = 4, each trial). Asterisks above the bars
present statistically significant differences between mock- and treated-samples (*P < 0.05, **P < 0.01, two-sided student’s #-test).
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salinity stress.

The level of photosynthetic pigment, chlorophyll, is a
vital indicator to monitor plant growth and senescence, and
the decrease of the pigment tightly correlates with the ex-
tent of environmental stresses (Kalaji et al., 2016; Mittal et
al., 2012; Turan and Tripathy, 2015). Carotenoid also plays
a role in photosynthesis by reducing reactive oxygen spe-
cies—derived damage (Havaux, 2014). Salinity stress can
reduce chlorophyll contents by enhancing chlorophyllase
activity and being the pigment-protein complexes unstable
(Jamil et al., 2007; Singh and Dubey, 1995). To closer look
at the vegetable plants’ tolerance response, we determined
chlorophyll and carotenoid contents in cabbage and cu-
cumber plants after applying 50 mM NaCl or the balanced
salinity solution. In cabbage plants after stress treatment,
Bacillus-treated plants exhibited a higher chlorophyll level
than mock-treated plants (Fig. 3A). Carotenoid level in
Bacillus-treated plants also remained relatively higher than
in mock-treated plants after 50 mM NaCl treatment, but not
in the case of balanced salinity solution treatment (Fig. 3B).
However, the pretreatment of the B. zanthoxyli HS1 strain
did not protect these pigments’ degradation of cucumber
plants from salinity stress (Fig. 3C and D). These results
show that B. zanthoxyli HS1 can prevent pigments’ degra-
dation of cabbage plants by salinity stress and has different
effects on the pigment stability of cabbage and cucumber
plants.

Conclusively, the B. zanthoxyli HS1 strain falling into
B. zanthoxyli species can suppress disease development by
soil-borne bacterium and oomycete and render seedlings
less sensitive against high salinity stress. However, the
biological activity of the B. zanthoxyli HS1 strain might de-
pend on plant species and genotype. To avoid the inconsis-
tent inducing activity, purification of a particular metabolite
and development of new application method(s) using dead
cells instead of living cells will be necessary.
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