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Introduction

Plants encounter many types of environmental stresses 
that often occur concurrently or sequentially (Coolen et al. 
2016). For example, soil salinity (electrical conductivity 
of saturated extract > 4 dS m-1) and soil acidity  
(pH < 5.5) co-occur widely and limit the productivity of 
major crops (von Uexküll and Mutert 1995, Abbas et al. 
2019). Soils along the coastal areas of western Taiwan 
are both saline and acidic, rendering them unsuitable for 
agriculture (Chen et al. 2015). The degradation of coastal 
soils is mainly caused by seawater ingress, acid rain, and 
chemical fertilizers (Chen et al. 2015, Utama et al. 2021). 

Early-stage salinity causes water stress in plants, which 
inhibits growth, narrows the mean stomatal aperture, and 
causes nutrient deficiency (Chaves et al. 2009). Prolonged 
salinity induces ionic stress, triggering leaf senescence 
and impairing photosynthesis, thus exacerbating growth 
inhibition (Chaves et al. 2009). Soil acidity inhibits plant 
growth by reducing the availability of essential nutrients 
such as phosphorus and molybdenum, and by increasing  
the availability of some elements to toxic levels, particularly 
aluminum and manganese (Matsumoto et al. 2017). 
Lime (calcium carbonate, CaCO3) has been used since  
the Roman civilization to neutralize acidic agricultural 
land (Goulding 2016).
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Abstract

The coastal areas of western Taiwan feature acidic and saline soils with low fertility. Sodium bicarbonate (NaHCO3), 
produced readily by carbon capture and storage technologies, could be suitable for the neutralization of acidic soils,  
but its effects on plant growth and the ability of Bacillus subtilis var. natto to confer salinity tolerance remain unclear.  
In this study, we examined the potential of sodium bicarbonate and B. subtilis var. natto (NTU18) to improve the growth 
of tobacco (Nicotiana tabacum L.) under salt stress conditions. We found that salt stress was the main factor affecting 
tobacco growth, resulting in shorter roots and shoots, a reduced leaf area and leaf number, and clustered dark green 
leaves. The addition of sodium bicarbonate exacerbated the symptoms of salinity stress. Inoculating the soil with  
B. subtilis did not enhance salinity tolerance, but intriguingly it increased shoot and root growth under normal conditions 
and in the presence of sodium bicarbonate. The mechanism of growth promotion mediated by the bacteria is unknown 
and should be investigated in more detail.
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Over the last century, the burning of fossil fuels has 
increased the concentration of atmospheric carbon dioxide 
that warms the planet, contributing to climate change 
(Solomon et al. 2009). In order to mitigate the global 
environmental impact of greenhouse gas emissions, new 
technologies have emerged to capture and reuse CO2 as 
a raw material for the industrial production of chemicals 
(Bonfim-Rocha et al. 2020). These include sodium 
bicarbonate (NaHCO3), commonly known as baking 
soda, which is used in the chemical, food, textile, and 
pharmaceutical industries (Goharrizi and Abolpour 2012). 
Sodium bicarbonate may also be suitable as an alternative 
to lime to reduce the acidity of soil, but little is known 
about its effects in agriculture (Fageria and Baligar 
2008). Gathering this information is important because 
the unrestricted application of sodium bicarbonate could 
increase soil salinity due to the accumulation of Na+ (Ma 
et al. 2020). 

Plant growth-promoting rhizobacteria (PGPR) include 
endophytes and bacteria in the rhizosphere that boost plant 
growth and confer tolerance to abiotic stresses (Akram  
et al. 2016, Shahid et al. 2018). For example, PGPR 
representing the genera Bacillus, Pseudomonas, and 
Azotobacter can improve the growth of canola, tomato, 
bean, lettuce, and pepper plants under salt stress (Abbas  
et al. 2019, Utama et al. 2021). Stress tolerance is 
achieved by diverse mechanisms, including the depletion 
of ethylene and the synthesis of growth hormones, 
osmolytes, and antioxidant enzymes that prevent damage 
caused by reactive oxygen species (ROS) and other 
radicals (Hmaeid et al. 2019). Notably, Bacillus subtilis 
var. natto is a probiotic bacterium isolated from natto,  
a traditional Japanese food made from fermented soybeans 
(Samanya and Yamauchi 2002). B. subtilis improves 
digestive health, reduces the accumulation of lipids, and 
enhances the immune response (Hitosugi et al. 2015).  
It is widely used in the manufacture of drugs and dietary 
supplements, and as a probiotic feed for aquaculture and 
livestock (Kuo et al. 2006, 2012; Tseng et al. 2009, Sun  
et al. 2010). However, its application as PGPR has not 
been reported.

To determine whether the application of B. subtilis 
can promote plant growth and confer stress tolerance, we 
used tobacco (Nicotiana tabacum L.) as a model species.  

The tobacco plants were exposed to different concentrations 
of 1) sodium bicarbonate, 2) Bacillus subtilis var. natto 
(NTU-18), and 3) sodium chloride (salt stress), and we 
investigated their effects on plant height, root length, 
shoot and root fresh masses, leaf number per plant, and  
the relative chlorophyll content.

Materials and methods

Tobacco (Nicotiana tabacum L.) seeds (collected from 
Meinong, Kaohsiung, Taiwan) were surface sterilized 
with 70% ethanol for 1 min, and then with 1% sodium 
hypochlorite for 10 min, before washing five times with 
sterile double distilled water (Çelik and Atak 2012).  
The seeds were then germinated in half-strength Murashige 
and Skoog (MS) medium containing 0.8% phyto-agar 
(Duchefa Biochemie, Haarlem, The Netherlands) (Yu et al. 
2020). After 10 d, individual tobacco seedlings were 
transferred to 9-cm pots filled with a sterilized 1:1 mixture 
of Vermiculite and potting soil (pH 5.6), and were grown at 
a temperature of 25℃, a 16-h photoperiod, and irradiance 
of 150 µmol m-2 s-1. Each plant was fed with 10 cm3 of 
Hyponex No. 2 fertilizer every week.

Three-week-old tobacco plants were firstly treated by 
inoculating the soil with 5 cm3 of the B. subtilis var. natto 
suspension (2 or 1 g bacterial powder per 1 dm3 of distilled 
water) alongside an untreated control. The B. subtilis 
strain NTU-18 (BCRC 80390, Bioresource Collection and 
Research Center, Taiwan) powder was used (Kuo et al. 
2012). The plants were maintained as described above for 
4 d before irrigation with 10 cm3 of 200 or 400 mM NaCl 
(alongside an untreated control) with or without 10 cm3 of 
2 g dm-3 of sodium bicarbonate (NaHCO3). The NaCl and 
sodium bicarbonate treatments were applied every 3 - 4 d 
until harvesting. The 18 treatment combinations (Table 1) 
were applied in four biological replicates. After 49 d, we 
recorded the plant height, root length, shoot/root fresh 
mass, leaf number per plant, and the relative chlorophyll 
content. Shoot and root samples were dried at 70℃ for 3 d 
and their dry masses were also recorded.

The relative chlorophyll content was measured using  
a SPAD 502 Plus chlorophyll meter (Spectrum 
Technologies, Fort Worth, TX, USA) from four biological 

Table 1. The treatments applied in this study.

Treatments Symbol Description

Bacillus subtilis var. natto N0 control 
N0.2 5 cm3 of 500× diluted Bs. (2 g dm-3) 
N1 5 cm3 100× diluted Bs. (10 g dm-3) 

Salt S0 control 
S2 10 cm3 of 200 mM NaCl 
S4 10 cm3 of 400 mM NaCl 

Sodium bicarbonate B0 control 
B0.2 10 cm3 of 500× diluted NaHCO3 (2 g dm-3) 
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replicates. For each plant, SPAD measurements were 
taken from three different points on the newly expanded 
leaf, and the mean value was presented.

Means and standard deviations (SDs) were calculated 
for the measurements of plant growth. Statistical 
significance was determined by three-way analysis of 
variance (ANOVA) followed by Tukeyꞌs post hoc test 
using R Studio (Fox et al. 2007, Lenth 2016, Hope 2022, 
Hothorn et al. 2023). Differences between treatments were 
considered significant at P<0.05.

Results

Three-week-old tobacco plants were first treated with 0, 2, 
or 10 g (B. subtilis) dm-3 (N0, N02, and N1), followed 4 d 
later by 0 or 2 g dm-3 of sodium bicarbonate (B0 and B0.2) 
and/or 0, 200, or 400 mM NaCl (S0, S2, and S4) twice 
per week (Table 1). There was no difference in phenotype 
between the various treatment groups for the first 7 d. 
Symptoms of phytotoxicity first appeared on day 14 in 
plants treated with NaCl and on day 28 in plants treated 
with NaHCO3, and the differences between treatments 
were more pronounced on day 49. We therefore recorded 
the plant height (Fig. 1), aboveground mass (Fig. 2), leaf 
phenotype (Fig. 3), and root mass (Fig. 4) after 49 d.

The plants exposed to NaCl exhibited stunting, which 
was more severe at the highest NaCl concentration  
(Fig. 1A) whether or not the plants were also treated  
with B. subtilis and/or sodium bicarbonate (Fig. 1B).  
In the presence of NaCl, the leaves were also relatively 
flat to the soil surface (Fig. 1 Suppl.). Inoculation with  
B. subtilis does not offset the damage caused by salt. There 
was no significant difference in plant height between  
the N0, N0.2, and N1 treatments, but progressive stunting 
was observed when comparing the S0, S2, and S4 
treatments.

The sodium bicarbonate treatment appeared to 
exacerbate the effect of salt on plant height, even in 
the presence of B. subtilis (Fig. 1B). The average plant 
heights following treatments N0+B0.2+S2 (7.4 cm) and 
N0+B0.2+S4 (4.1 cm) were lower than the average heights 
following treatments N0+B0+S2 (7.9 cm) and N0+B0+S4 
(5.8 cm), respectively. Similarly, the average plant 
heights following treatments N1+B0.2+S2 (6.4 cm) and 
N1+B0.2+S4 (3.9 cm) were lower than the average heights 
following treatments N1+B0+S2 (7.9 cm) and N1+B0+S4 
(4.6 cm), respectively.

A comparison of the aboveground tobacco tissues  
(Fig. 2A, Fig. 2 Suppl.) revealed that higher NaCl 
concentrations resulted in more darkening and wrinkling 
of the leaves. Treatment with NaCl and NaHCO3 (S2+B0.2 
and S4+B0.2) caused production of new leaves that were 
small and clustered, and unable to expand. We also 
measured the fresh and dry masses of the aboveground 
tissues (stems and leaves). The fresh mass fell progressively 
with higher NaCl concentrations regardless of the presence 
of B. subtilis and/or sodium bicarbonate, and there was  
a significant difference between the S4, S2, and control 
(S0) treatments (Fig. 2B). A similar trend was observed for 

the dry mass of aboveground tissues (Fig. 2C). However, 
in this case the low dry mass caused by NaCl stress was 
exacerbated by the presence of sodium bicarbonate. For 
example, the dry masses under treatments N1+S2+B0.2 
(784.9 mg) and N1+S4+B0.2 (347.2 mg) were lower than 
the corresponding treatments N1+S2+B0 (1 042.3 mg) 
and N1+S4+B0 (588 mg), respectively. The pattern was 
similar for the N0 and N0.2 treatments and the high NaCl 
stress (S4).

Although B. subtilis did not confer salt stress 
tolerance on the tobacco plants, we observed a surprising 
ability to promote growth in the absence of NaCl (or in  
the presence of small amounts of NaCl) whether or 
not sodium bicarbonate was also present (Fig. 2C). 
Accordingly, the dry mass of aboveground tissues in all 
treatments with the bacteria – N1+S0+B0 (1 298.1 mg), 
N1+S0+B0.2 (1 237.8 mg) and N1+S2+B0 (1 042.3 mg) – 
were higher than the corresponding treatments without 

Fig. 1. Height of tobacco plants following treatment with 
NaCl, NaHCO3, and/or Bacillus subtilis for 49 d. A - Pictures 
of representative plants. B - Plant height. B0.2 = 2 g dm-3 of 
sodium bicarbonate (B0 is the control). S2 and S4 refer to 200 
and 400 mM NaCl, respectively (S0 is the control). N0.2 and 
N1 refer to 2 and 10 g dm-3 of B. subtilis, respectively (N0 is 
the control). The scale bar is 10 cm. The blue bars represent 
the salt treatments (S0, S2, and S4 from light to dark).  
Means ± SDs (n = 4). Data were analyzed by three-way ANOVA 
followed by Tukeyꞌs post hoc test. Different letters represent 
significant differences (P<0.05). Brackets indicate the relevant 
comparisons (*- P < 0.05, **- P < 0.01, ***- P < 0.001).
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bacteria: N0+S0+B0 (766.6 mg), N0+S0+B0.2 (1 002.5 mg) 
and N0+S2+B0 (769 mg), respectively.

To determine whether leaf growth and development 
were affected by treatments with NaCl, NaHCO3, and  
B. subtilis, we compared the sixth leaf phenotype, relative 
leaf chlorophyll content, and leaf number in the different 
treatment groups (Fig. 3). The tobacco leaves became 
smaller and darker green when exposed to NaCl (S2 and 
S4) compared to the control treatment (S0) (Fig. 3A). 
The NaCl treatments also resulted in leaf wrinkling, but 
the sodium bicarbonate and bacterial treatments had no 
effect on the leaf phenotype. The relative leaf chlorophyll 
content (SPAD values) of plants under high-NaCl (S4) 
treatment (45.6 - 50.4) were higher than those of plants 
exposed to the intermediate NaCl (S2) and control (S0) 
treatments (25.6 - 38.6) (Fig. 3B). After 49 d, the S4 plants 
also had fewer leaves (5 - 8 leaves) than those in the S2  
(7 - 10 leaves), and S0 (10 - 12 leaves) groups (Fig. 3C). 
The combination of NaHCO3 and NaCl reduced  
the number of leaves even more, as shown by comparing 
the S2+B0.2 (8 - 10 leaves) and S4+B0.2 (5 - 7 leaves) 
groups with the corresponding S2+B0 (9 - 10 leaves) 

and S4+B0 (7 - 8 leaves) groups. In summary, our results 
showed that salinity delays the growth and development 
of tobacco leaves, and that sodium bicarbonate has a small 
additional effect.

Finally, we compared the root phenotype, root length, 
and root dry mass in the different treatment groups  
(Fig. 4). The root length was highly sensitive to salinity 
(Fig. 4A), with the S4 group developing much shorter 
roots (12.5 - 15.2 cm) than the S2 (19.0 - 26.2 cm) and S0  
(17.8 - 22.4 cm) groups (Fig. 4B). The treatments with 
sodium bicarbonate and B. subtilis had no significant 
effect on root length. The root dry mass was reduced 
progressively by increasing the NaCl concentration  
(Fig. 4C). Accordingly, the dry mass was lowest in S4  
(47.4 - 61.6 mg), followed by S2 (110.1 - 149.3 mg) and  
the control (199.6 - 303.7 mg). Interestingly, the root dry 
mass increased in the N1 treatment compared to N0.2 and 
N0 but only in the absence of NaCl. For example, the root 
dry masses in the treatment combinations N1+S0+B0 
(248.3 mg) and N1+S0+B0.2 (303.7 mg) were higher 
compared to the N0/N0.2+B0/B0.2 treatments, which 
ranged from 199.6 to 220.7 mg. These data suggest  

Fig. 2. Top view showing the tobacco plants following treatment with NaCl, NaHCO3, and/or Bacillus subtilis for 49 d. A - Pictures of 
representative plants. B - Fresh mass, and C - dry mass of tobacco shoots. B0.2 = 2 g dm-3 of sodium bicarbonate (B0 is the control).  
S2 and S4 refer to 200 and 400 mM NaCl, respectively (S0 is the control). N0.2 and N1 refer to 2 and 10 g dm-3 of B. subtilis, 
respectively (N0 is the control). The scale bar is 10 cm. The blue bars represent the salt treatments (S0, S2, and S4 from light to dark). 
Data are means ± SDs (n = 4) analyzed by three-way ANOVA followed by Tukeyꞌs post hoc test. Different letters represent significant 
differences (P<0.05). Brackets indicate the relevant comparisons (*- P < 0.05, ** - P < 0.01, *** - P < 0.001).
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that B. subtilis enhances the growth of tobacco roots in 
the absence of salt stress and in the presence of sodium 
bicarbonate.

Discussion

By definition, slightly saline water contains 17 - 51 mM 
NaCl, moderately saline water contains 51 - 170 mM NaCl, 
and highly saline water contains 170 - 595 mM NaCl 
(Krieger 1963). Both of our salt treatments therefore fall 
under the “highly saline” category. High salinity disrupts 
water potential and ion distribution in plants (Zhang et al. 
2010). Sodium and/or chloride toxicity inhibit germination, 
development, photosynthesis, protein synthesis, and lipid 
metabolism (Yang et al. 2020). Similar to our results, 
previous studies have shown that salinity reduced the shoot 
and root length, biomass, leaf area, and leaf number of 
tobacco plants (Çelik and Atak 2012, Gautam et al. 2020, 
Yu et al. 2020). Nevertheless, salt stress can have more 
serious effects in a susceptible cultivar than in tolerant one 
(Çelik and Atak 2012). Instead of leaf chlorosis as reported 
previously (Çelik and Atak 2012, Yu et al. 2020), we found 
that salinity caused leaf darkening (Fig. 3A), which was 
consistent with the higher SPAD values of the plants in  
the S4 treatment groups (Fig. 3B). The discrepancy 
between these studies may reflect the use of different 

tobacco cultivars. For example, leaf chlorosis was 
observed in two oriental tobacco cultivars (İzmir Özbaş and 
Akhisar 97) following exposure to NaCl concentrations  
≥ 150 mM (Çelik and Atak 2012), whereas darker leaves 
were observed in the cv. Samsun following exposure to  
200 mM NaCl (Yu et al. 2020). Despite the darker 
leaf color, the total chlorophyll content and the rate of 
photosynthesis were significantly lower in the cv. Samsun 
subjected to salinity stress (Yu et al. 2020). Therefore, 
the darker leaf color and higher SPAD values that we 
observed in tobacco may not necessarily reflect a higher 
total chlorophyll content, but may be a consequence 
of attenuated mitosis or cell elongation as suggested by  
the reduced leaf area and wrinkled leaves (Fig. 3A).

The general response of many plants to salinity stress 
is to maintain low content of Na+ and Cl– in the cytosol by 
sequestering these ions into vacuoles and thus protecting 
the cytosolic water potential (Yildiz et al. 2020). Plants 
can also increase their salt tolerance by other mechanisms, 
including the regulation of ion translocation from roots to 
leaves, the sequestration of ions into cellular compartments, 
the production of osmoprotectants, and the synthesis 
of hormones and antioxidant enzymes (Chaves et al. 
2009). We found that the combination of salt and sodium 
bicarbonate reduced plant height, shoot biomass, and leaf 
number to a greater extent than the NaCl alone (Figs. 1B, 
2B,C; 3C). This can be explained by the additional Na+ 

Fig. 3. Leaf phenotypes of tobacco plants following treatment with NaCl, NaHCO3, and/or Bacillus subtilis for 49 d. A - The phenotype 
of the sixth leaf from representative plants. B - The relative chlorophyll content (SPAD) of tobacco leaves. C - Mean leaf number 
per plant. B0.2 = 2 g dm-3 of sodium bicarbonate (B0 is the control). S2 and S4 refer to 200 and 400 mM NaCl, respectively (S0 is  
the control). N0.2 and N1 refer to 2 and 10 g dm-3 of B. subtilis, respectively (N0 is the control). The scale bar is 10 cm. The blue 
bars represent the salt treatments (S0, S2, and S4 from light to dark). Data are means ± SD (n = 4) and analyzed by three-way ANOVA 
followed by Tukeyꞌs post hoc test. Different letters represent significant differences (P<0.05). Brackets indicate the relevant comparisons 
(*- P < 0.05, ** - P < 0.01, *** - P < 0.001).
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presented in the sodium bicarbonate treatment, which is 
likely to exacerbate the sodium toxicity caused by NaCl.

Bacillus is one of the largest genera of Gram-positive 
PGPR, and the species naturally inhabit soil, water, and 
plants (Bulgari et al. 2022). The ability of B. subtilis 
to promote plant growth has not been reported before. 
However, we found that the inoculation of soil with  
B. subtilis var. natto (N1) significantly increased tobacco 
shoot dry mass in the absence of NaCl (S0), in the presence 
of low concentrations of NaCl (S2), and in the presence 
of NaHCO3 (B0.2) without NaCl (Fig. 2C). B. subtilis 
treatment also significantly increased the root dry mass 
in the presence of sodium bicarbonate and the absence 
of NaCl (N1+B0.2+S0) (Fig. 4C). However, the growth 
promoting effects of B. subtilis disappeared under high 
salt stress (S4) (Figs. 2C, 4C). This is likely to reflect  
the severity of the high salt stress treatment (S4), because 
the bacteria were still able to increase tobacco shoot dry 
mass when exposed to intermediate NaCl concentration 
(S2) in the absence of sodium bicarbonate (Fig. 2C). 
Nevertheless, previous studies have shown that other strains 
of Bacillus can enhance the salinity tolerance of crops such 
as maize (Li and Jiang 2017), wheat (Pourbabaee et al. 
2016, Khan et al. 2017), rice (Nautiyal et al. 2013), tomato 
(Damodaran et al. 2013), soybean (Kumari et al. 2015), 
mungbean (Patel et al. 2015), and cucumber (Nadeem  
et al. 2016).

To understand why B. subtilis does not confer salinity 
tolerance in tobacco plants, we have to consider how other 
Bacillus strains are able to exert such an effect. Previous 
studies have shown that Bacillus spp. can enhance nutrient 
availability (e.g., nitrogen, phosphorus, and iron), increase 
1-aminocyclopropane-1-carboxylate (ACC) deaminase 
activity, and boost the synthesis of growth hormones (e.g., 
auxins, cytokinins, and gibberrellins), osmoprotectants 
(e.g., proline and glycine betaine), antioxidant enzymes 
and exopolysaccharides (EPS) (Khan et al. 2017, Abbas 
et al. 2019). For example, B. mojavensis produces ACC 
deaminase and alleviates salinity stress in wheat by inhibiting 
stress-induced ethylene biosynthesis (Pourbabaee et al. 
2016). Certain EPS-producing rhizobacteria ameliorate 
Na+ toxicity by forming rhizosheaths around the roots, 
trapping Na+ and limiting its uptake by plants (Rossi and 
De Philippis et al. 2015). The inoculation of Arabidopsis 
thaliana and Puccinellia tenuiflora (halophyte grass) with 
B. amyloliquefaciens GB03 reduces the influx of Na+ by 
suppressing the AtHKT1/K+ and PtHKT2;1 transporter 
genes (Zhang et al. 2008, Niu et al. 2016). The inability 
of B. subtilis to confer salinity tolerance in tobacco plants 
may reflect its lack of access to these aforementioned 
PGPR strategies.  

Salt stress may also affect the viability of B. subtilis, 
thus compromising its beneficial traits. Researchers have 
therefore sought to isolate halotolerant PGPR strains 

Fig. 4. Root phenotypes of tobacco plants following treatment with NaCl, NaHCO3, and/or Bacillus subtilis for 49 d. A - Roots of 
representative plants. B - Root length. C - Root dry mass. B0.2 = 2 g dm-3 of sodium bicarbonate (B0 is the control). S2 and S4 refer 
to 200 and 400 mM NaCl, respectively (S0 is the control). N0.2 and N1 refer to 2 and 10 g dm-3 of B. subtilis, respectively (N0 is  
the control). The scale bar is 10 cm. The blue bars represent the salt treatments (S0, S2, and S4 from light to dark). Data are means ± SD 
(n = 4) and analyzed by three-way ANOVA followed by Tukeyꞌs post hoc test. Different letters represent significant differences (P<0.05). 
Brackets indicate the relevant comparisons (*- P < 0.05, ** - P < 0.01, *** - P < 0.001).
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to improve the performance of crops (Ramadoss et al. 
2013, Patel et al. 2015). For example, by isolating 84 
halotolerant bacterial strains from saline habitats, two 
strains (Hallobacillus sp. SL3 and B. halodenitrificans 
PU62) were found to mitigate severe salinity stress  
(320 mM NaCl) efficiently in wheat seedlings (Ramadoss 
et al. 2013). In another study, 50 halotolerant bacterial 
strains were isolated from alkaline-saline soil, and two  
(B. subtilis BN7 and B. megaterium) were shown to alleviate 
salt stress in mungbean plants (Patel et al. 2015). Although 
B. subtilis var. natto is not effective under salt stress, it 
promotes the growth of tobacco plants under normal 
conditions. Further studies should therefore be carried out 
to identify the underlying mechanisms. It would also be 
useful to examine its plant growth promotion activity in 
soils differing in pH, given that this bacterial strain thrives 
in the digestive tract where the pH varies greatly (Evans 
et al. 1988).

Conclusion

In the coastal region of Taiwan, soil salinity and acidity limit 
the use of the soil for agriculture, because these conditions 
inhibit the growth and productivity of crops (Chen et al. 
2015). Sodium bicarbonate, a major product from  

the fixation of CO2, has a pH of 8.1 and could be applied 
to soil in order to neutralize its acidity (Bonfim-Rocha 
et al. 2020). However, the effect of sodium bicarbonate 
on plants has not been investigated in detail (Fig. 5).  
We used tobacco (Nicotiana tabacum L.) as a model plant to 
explore the response to NaCl and NaHCO3 treatments, and 
to understand whether B. subtilis var. natto (NTU-18) can 
work as a PGPR by promoting plant growth and conferring 
tolerance to salt stress. We found that the tobacco plants 
subjected to salt stress were stunted, with lower shoot fresh 
and dry masses, fewer leaves, shorter roots, a lower root dry 
mass, and higher SPAD values (corresponding to smaller, 
darker leaves). Sodium bicarbonate had no significant 
effect on the tobacco phenotype, but it aggravated  
the response to salt stress, probably by increasing the 
already toxic concentration of Na+. Finally, the application 
of B. subtilis enhanced tobacco growth under normal 
conditions and in the presence of sodium bicarbonate, 
resulting in higher shoot and root dry masses but it did 
not mitigate the effects of salt stress. Further research is 
required to evaluate the use of B. subtilis as a PGPR to 
promote the growth of crops. 

References

Abbas R., Rasul S., Aslam K. et al.: Halotolerant PGPR: a hope 
for cultivation of saline soils. - J. King Saud Univ. Sci. 31: 
1195-1201, 2019. 

Akram M.S., Shahid M., Tariq M. et al.: Deciphering 
Staphylococcus sciuri SAT-17 mediated anti-oxidative 
defense mechanisms and growth modulations in salt stressed 
maize (Zea mays L.). - Front. Microbiol. 7: 867, 2016.

Bonfim-Rocha L., Silva A.B., de Faria S.H.B. et al.: Production 
of sodium bicarbonate from CO2 reuse processes: a brief 
review. - Int. J. Chem. React. Eng. 18: 20180318, 2020. 

Bulgari D., Filisetti S., Montagna M. et al.: Pathogenic potential 
of bacteria isolated from commercial biostimulants. - Arch. 
Microbiol. 204: 162, 2022.

Çelik Ö., Atak Ç.: The effect of salt stress on antioxidative 
enzymes and proline content of two Turkish tobacco varieties. - 
Turk. J. Biol. 36: 339-356, 2012.

Chaves M.M., Flexas J., Pinheiro C.: Photosynthesis under 
drought and salt stress: regulation mechanisms from whole 
plant to cell. - Ann. Bot.-London 103: 551-560, 2009.

Chen Z.-S., Hseu Z.-Y., Tsai C.-C.: The Soils of Taiwan. Pp. 127. 
Springer, Dordrecht 2015.

Coolen S., Proietti S., Hickman R. et al.: Transcriptome dynamics 
of Arabidopsis during sequential biotic and abiotic stresses. - 
Plant J. 86: 249-267, 2016.

Damodaran T., Sah V., Rai R.B. et al.: Isolation of salt tolerant 
endophytic and rhizospheric bacteria by natural selection  
and screening for promising plant growth-promoting 
rhizobacteria (PGPR) and growth vigour in tomato under 
sodic environment. - Afr. J. Microbiol. Res. 7: 5082-5089, 
2013.

Evans D.F., Pye G., Bramley R. et al.: Measurement of 
gastrointestinal pH profiles in normal ambulant human 
subjects. - Gut 29: 1035-1041, 1988.

Fageria N.K., Baligar V.C.: Ameliorating soil acidity of tropical 
oxisols by liming for sustainable crop production. - Adv. 
Agron. 99: 345-399, 2008.

Fox J., Weisberg S., Price B. et al.: The ‘car’ package.  
The R Project for Statistical Computing, Vienna 2007. 

Fig. 5. Model of the tobacco plant response to NaCl, sodium 
bicarbonate, and Bacillus subtilis treatments. The application 
of B. subtilis enhanced the growth of tobacco plants resulting in  
a higher shoot and root dry masses. In contrast, salt stress inhibited 
the growth of tobacco roots and shoots (shorter roots and shoots, 
reduced shoot fresh and dry masses, and root dry mass), increased 
SPAD (darker and smaller leaves), and reduced the number of 
leaves. Although sodium bicarbonate had no significant change 
on the phenotype of tobacco plants, it aggravated the salt stress 
response by introducing additional Na+.

https://doi.org/10.1016/j.jksus.2019.02.019
https://doi.org/10.1016/j.jksus.2019.02.019
https://doi.org/10.1016/j.jksus.2019.02.019
https://doi.org/10.3389/fmicb.2016.00867
https://doi.org/10.3389/fmicb.2016.00867
https://doi.org/10.3389/fmicb.2016.00867
https://doi.org/10.3389/fmicb.2016.00867
https://doi.org/10.1515/ijcre-2018-0318
https://doi.org/10.1515/ijcre-2018-0318
https://doi.org/10.1515/ijcre-2018-0318
https://doi.org/10.1007/s00203-022-02769-1
https://doi.org/10.1007/s00203-022-02769-1
https://doi.org/10.1007/s00203-022-02769-1
https://doi.org/10.3906/biy-1108-11
https://doi.org/10.3906/biy-1108-11
https://doi.org/10.3906/biy-1108-11
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1007/978-94-017-9726-9
https://doi.org/10.1007/978-94-017-9726-9
https://doi.org/10.1111/tpj.13167
https://doi.org/10.1111/tpj.13167
https://doi.org/10.1111/tpj.13167
https://www.researchgate.net/publication/283205277_Isolation_of_salt_tolerant_endophytic_and_rhizospheric_bacteria_by_natural_selection_and_screening_for_promising_plant_growth-promoting_rhizobacteria_PGPR_and_growth_vigour_in_tomato_under_sodic_envir
https://www.researchgate.net/publication/283205277_Isolation_of_salt_tolerant_endophytic_and_rhizospheric_bacteria_by_natural_selection_and_screening_for_promising_plant_growth-promoting_rhizobacteria_PGPR_and_growth_vigour_in_tomato_under_sodic_envir
https://www.researchgate.net/publication/283205277_Isolation_of_salt_tolerant_endophytic_and_rhizospheric_bacteria_by_natural_selection_and_screening_for_promising_plant_growth-promoting_rhizobacteria_PGPR_and_growth_vigour_in_tomato_under_sodic_envir
https://www.researchgate.net/publication/283205277_Isolation_of_salt_tolerant_endophytic_and_rhizospheric_bacteria_by_natural_selection_and_screening_for_promising_plant_growth-promoting_rhizobacteria_PGPR_and_growth_vigour_in_tomato_under_sodic_envir
https://www.researchgate.net/publication/283205277_Isolation_of_salt_tolerant_endophytic_and_rhizospheric_bacteria_by_natural_selection_and_screening_for_promising_plant_growth-promoting_rhizobacteria_PGPR_and_growth_vigour_in_tomato_under_sodic_envir
https://www.researchgate.net/publication/283205277_Isolation_of_salt_tolerant_endophytic_and_rhizospheric_bacteria_by_natural_selection_and_screening_for_promising_plant_growth-promoting_rhizobacteria_PGPR_and_growth_vigour_in_tomato_under_sodic_envir
https://doi.org/10.1136/gut.29.8.1035
https://doi.org/10.1136/gut.29.8.1035
https://doi.org/10.1136/gut.29.8.1035
https://doi.org/10.1016/S0065-2113(08)00407-0
https://doi.org/10.1016/S0065-2113(08)00407-0
https://doi.org/10.1016/S0065-2113(08)00407-0


59

 EFFECT OF SODIUM BICARBONATE AND B. SUBTILIS ON TOBACCO GROWTH 

Available at: https://cran.r-project.org/web/packages/car/car.
pdf.

Gautam R., Meena R.K., Woch N., Kirti P.B.: Ectopic expression 
of BrALDH7B2 gene encoding an antiquitin from Brassica 
rapa confers tolerance to abiotic stresses and improves 
photosynthetic performance under salt stress in tobacco. - 
Environ. Exp. Bot. 180: 104223, 2020. 

Goharrizi A.S., Abolpour B.: Estimation of sodium bicarbonate 
crystal size distribution in a steady-state bubble column 
reactor. - Res. Chem. Intermediat. 38: 1389-1401, 2012.

Goulding K.W.T.: Soil acidification and the importance of liming 
agricultural soils with particular reference to the United 
Kingdom. - Soil Use Manage. 32: 390-399, 2016.

Hitosugi M., Hamada K., Misaka K.: Effects of Bacillus subtilis 
var. natto products on symptoms caused by blood flow 
disturbance in female patients with lifestyle diseases. - Int. J. 
Gen. Med. 8: 41-46, 2015.

Hmaeid N., Wali M., Metoui-Ben Mahmoud O. et al.: Efficient 
rhizobacteria promote growth and alleviate NaCl-induced 
stress in the plant species Sulla carnosa. - Appl. Soil Ecol. 
133: 104-113, 2019.

Hope R.M.: Package ‘Rmisc’. R Package Version 1.5.1.  
The R Project for Statistical Computing, Vienna 2022. 
Available at: https://cran.r-project.org/web/packages/Rmisc/
Rmisc.pdf.

Hothorn T., Bretz F., Westfall P.: Simultaneous inference in 
general parametric models. The R Project for Statistical 
Computing, Vienna 2023. Available at: https://cran.r-project.
org/web/packages/multcomp/vignettes/generalsiminf.pdf.

Khan M.Y., Zahir Z.A., Asghar H.N., Waraich E.A.: Preliminary 
investigations on selection of synergistic halotolerant plant 
growth promoting rhizobacteria for inducing salinity tolerance 
in wheat. - Pak. J. Bot. 49: 1541-1551, 2017.

Krieger R.A.: The chemistry of saline waters. - Groundwater 1: 
7-12, 1963.

Kumari S., Vaishnav A., Jain S. et al.: Bacterial-mediated 
induction of systemic tolerance to salinity with expression 
of stress alleviating enzymes in soybean (Glycine max L. 
Merrill). - J. Plant Growth Regul. 34: 558-573, 2015.

Kuo L.-C., Cheng W.-Y., Wu R.-Y. et al.: Hydrolysis of black 
soybean isoflavone glycosides by Bacillus subtilis natto. - 
Appl. Microbiol. Biot. 73: 314-320, 2006.

Kuo L.-C., Wu R.-Y., Lee K.-T.: A process for high-efficiency 
isoflavone deglycosylation using Bacillus subtilis natto  
NTU-18. - Appl. Microbiol. Biot. 94: 1181-1188, 2012.

Lenth R.V.: Least-squares means: The R package lsmeans. -  
J. Stat. Softw. 69: 1-33, 2016.

Li H.Q., Jiang X.W.: Inoculation with plant growth-promoting 
bacteria (PGPB) improves salt tolerance of maize seedling. - 
Russ. J. Plant Physiol. 64: 235-241, 2017. 

Ma Y., Dias M.C., Freitas H.: Drought and salinity stress 
responses and microbe-induced tolerance in plants. - Front. 
Plant Sci. 11: 591911, 2020. 

Matsumoto S., Shimada H., Sasaoka T. et al.: Effects of acid 
soils on plant growth and successful revegetation in the case 
of mine site. - In: Oshunsanya S. (ed.): Soil pH for Nutrient 
Availability and Crop Performance. Pp. 9-27. IntechOpen, 
London 2017. 

Nadeem S.M., Ahmad M., Naveed M. et al.: Relationship between 
in vitro characterization and comparative efficacy of plant 
growth-promoting rhizobacteria for improving cucumber salt 
tolerance. - Arch. Microbiol. 198: 379-387, 2016.

Nautiyal C.S., Srivastava S., Chauhan P.S. et al.: Plant growth-
promoting bacteria Bacillus amyloliquefaciens NBRISN13 

modulates gene expression profile of leaf and rhizosphere 
community in rice during salt stress. - Plant Physiol. Biochem. 
66: 1-9, 2013. 

Niu S.-Q., Li H.-R., Paré P.W. et al.: Induced growth promotion 
and higher salt tolerance in the halophyte grass Puccinellia 
tenuiflora by beneficial rhizobacteria. - Plant Soil 407: 217-
230, 2016.

Patel R.R., Patel D.D., Thakor P. et al.: Alleviation of salt stress 
in germination of Vigna radiata L. by two halotolerant Bacilli 
sp. isolated from saline habitats of Gujarat. - Plant Growth 
Regul. 76: 51-60, 2015.

Pourbabaee A.A., Bahmani E., Alikhani H.A., Emami S.: 
Promotion of wheat growth under salt stress by halotolerant 
bacteria containing ACC deaminase. - J. Agr. Sci. Tech. 18: 
855-864, 2016. 

Ramadoss D., Lakkineni V.K., Bose P. et al.: Mitigation of salt 
stress in wheat seedlings by halotolerant bacteria isolated 
from saline habitats. - SpringerPlus 2: 6, 2013. 

Rossi F., De Philippis R.: Role of cyanobacterial 
exopolysaccharides in phototrophic biofilms and in complex 
microbial mats. - Life 5: 1218-1238, 2015.

Samanya M., Yamauchi K.: Histological alterations of intestinal 
villi in chickens fed dried Bacillus subtilis var. natto. - Comp. 
Biochem. Phys. A 133: 95-104, 2002. 

Shahid M., Akram M.S., Khan M.A. et al.: A phytobeneficial 
strain Planomicrobium sp. MSSA-10 triggered oxidative 
stress responsive mechanisms and regulated the growth of pea 
plants under induced saline environment. - J. Appl. Microbiol. 
124: 1566-1579, 2018.

Solomon S., Plattner G.-K., Knutti R. et al.: Irreversible climate 
change due to carbon dioxide emissions. - PNAS 106: 1704-
1709, 2009. 

Sun P., Wang J.Q., Zhang H.T.: Effects of Bacillus subtilis natto 
on performance and immune function of preweaning calves. - 
J. Dairy Sci. 93: 5851-5855, 2010. 

Tseng D.-Y., Ho P.-L., Huang S.-Y. et al.: Enhancement of 
immunity and disease resistance in the white shrimp, 
Litopenaeus vannamei, by the probiotic, Bacillus subtilis E20. - 
Fish Shellfish Immunol. 26: 339-344, 2009.

Utama S.P.B., Sulistyowati L., Chang P.P.-C.: Characterization 
of plant growth-promoting rhizobacteria (PGPR) from saline 
soil in Taiwan. - IOP Conf. Ser.: Earth Environ. Sci. 709: 
012079, 2021.

von Uexküll H.R., Mutert E.: Global extent, development and 
economic impact of acid soils. - Plant Soil 171: 1-15, 1995. 

Yang Z., Li J.-L., Liu L.-N. et al.: Photosynthetic regulation under 
salt stress and salt-tolerance mechanism of sweet sorghum. - 
Front. Plant Sci. 10: 1722, 2020.

Yildiz M., Poyraz İ., Çavdar A. et al.: Plant responses to salt  
stress. - In: Abdurakhmonov I.Y. (ed.): Plant Breeding - 
Current and Future Views. Pp. 1-18. IntechOpen, London 
2020. 

Yu L.-L., Liu Y., Liu C.-J. et al.: Overexpressed β-cyanoalanine 
synthase functions with alternative oxidase to improve 
tobacco resistance to salt stress by alleviating oxidative 
damage. - FEBS Lett. 594: 1284-1295, 2020.

Zhang H., Irving L.J., McGill C. et al.: The effects of salinity 
and osmotic stress on barley germination rate: sodium as  
an osmotic regulator. - Ann. Bot.-London 106: 1027-1035, 
2010. 

Zhang H., Kim M.-S., Sun Y. et al.: Soil bacteria confer plant 
salt tolerance by tissue-specific regulation of the sodium 
transporter HKT1. - Mol. Plant Microbe Interact. 21: 737-744, 
2008.

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.

https://cran.r-project.org/web/packages/car/car.pdf
https://cran.r-project.org/web/packages/car/car.pdf
https://doi.org/10.1016/j.envexpbot.2020.104223
https://doi.org/10.1016/j.envexpbot.2020.104223
https://doi.org/10.1016/j.envexpbot.2020.104223
https://doi.org/10.1016/j.envexpbot.2020.104223
https://doi.org/10.1016/j.envexpbot.2020.104223
https://doi.org/10.1007/s11164-011-0470-0
https://doi.org/10.1007/s11164-011-0470-0
https://doi.org/10.1007/s11164-011-0470-0
https://doi.org/10.1111/sum.12270
https://doi.org/10.1111/sum.12270
https://doi.org/10.1111/sum.12270
https://doi.org/10.2147/IJGM.S76588
https://doi.org/10.2147/IJGM.S76588
https://doi.org/10.2147/IJGM.S76588
https://doi.org/10.2147/IJGM.S76588
https://doi.org/10.1016/j.apsoil.2018.09.011
https://doi.org/10.1016/j.apsoil.2018.09.011
https://doi.org/10.1016/j.apsoil.2018.09.011
https://doi.org/10.1016/j.apsoil.2018.09.011
https://cran.r-project.org/web/packages/Rmisc/Rmisc.pdf
https://cran.r-project.org/web/packages/Rmisc/Rmisc.pdf
https://cran.r-project.org/web/packages/multcomp/vignettes/generalsiminf.pdf
https://cran.r-project.org/web/packages/multcomp/vignettes/generalsiminf.pdf
https://www.pakbs.org/pjbot/papers/1502354463.pdf
https://www.pakbs.org/pjbot/papers/1502354463.pdf
https://www.pakbs.org/pjbot/papers/1502354463.pdf
https://www.pakbs.org/pjbot/papers/1502354463.pdf
https://doi.org/10.1111/j.1745-6584.1963.tb01927.x
https://doi.org/10.1111/j.1745-6584.1963.tb01927.x
https://doi.org/10.1007/s00344-015-9490-0
https://doi.org/10.1007/s00344-015-9490-0
https://doi.org/10.1007/s00344-015-9490-0
https://doi.org/10.1007/s00344-015-9490-0
https://doi.org/10.1007/s00253-006-0474-7
https://doi.org/10.1007/s00253-006-0474-7
https://doi.org/10.1007/s00253-006-0474-7
https://doi.org/10.1007/s00253-012-3884-8
https://doi.org/10.1007/s00253-012-3884-8
https://doi.org/10.1007/s00253-012-3884-8
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1134/S1021443717020078
https://doi.org/10.1134/S1021443717020078
https://doi.org/10.1134/S1021443717020078
https://doi.org/10.3389/fpls.2020.591911
https://doi.org/10.3389/fpls.2020.591911
https://doi.org/10.3389/fpls.2020.591911
https://doi.org/10.5772/intechopen.70928
https://doi.org/10.5772/intechopen.70928
https://doi.org/10.5772/intechopen.70928
https://doi.org/10.5772/intechopen.70928
https://doi.org/10.5772/intechopen.70928
https://doi.org/10.1007/s00203-016-1197-5
https://doi.org/10.1007/s00203-016-1197-5
https://doi.org/10.1007/s00203-016-1197-5
https://doi.org/10.1007/s00203-016-1197-5
https://doi.org/10.1016/j.plaphy.2013.01.020
https://doi.org/10.1016/j.plaphy.2013.01.020
https://doi.org/10.1016/j.plaphy.2013.01.020
https://doi.org/10.1016/j.plaphy.2013.01.020
https://doi.org/10.1016/j.plaphy.2013.01.020
https://doi.org/10.1007/s11104-015-2767-z
https://doi.org/10.1007/s11104-015-2767-z
https://doi.org/10.1007/s11104-015-2767-z
https://doi.org/10.1007/s11104-015-2767-z
https://doi.org/10.1007/s10725-014-0008-8
https://doi.org/10.1007/s10725-014-0008-8
https://doi.org/10.1007/s10725-014-0008-8
https://doi.org/10.1007/s10725-014-0008-8
https://jast.modares.ac.ir/article-23-11250-en.pdf
https://jast.modares.ac.ir/article-23-11250-en.pdf
https://jast.modares.ac.ir/article-23-11250-en.pdf
https://jast.modares.ac.ir/article-23-11250-en.pdf
https://doi.org/10.1186/2193-1801-2-6
https://doi.org/10.1186/2193-1801-2-6
https://doi.org/10.1186/2193-1801-2-6
https://doi.org/10.3390/life5021218
https://doi.org/10.3390/life5021218
https://doi.org/10.3390/life5021218
https://doi.org/10.1016/s1095-6433(02)00121-6
https://doi.org/10.1016/s1095-6433(02)00121-6
https://doi.org/10.1016/s1095-6433(02)00121-6
https://doi.org/10.1111/jam.13732
https://doi.org/10.1111/jam.13732
https://doi.org/10.1111/jam.13732
https://doi.org/10.1111/jam.13732
https://doi.org/10.1111/jam.13732
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.3168/jds.2010-3263
https://doi.org/10.3168/jds.2010-3263
https://doi.org/10.3168/jds.2010-3263
https://doi.org/10.1016/j.fsi.2008.12.003
https://doi.org/10.1016/j.fsi.2008.12.003
https://doi.org/10.1016/j.fsi.2008.12.003
https://doi.org/10.1016/j.fsi.2008.12.003
https://doi.org/10.1088/1755-1315/709/1/012079
https://doi.org/10.1088/1755-1315/709/1/012079
https://doi.org/10.1088/1755-1315/709/1/012079
https://doi.org/10.1088/1755-1315/709/1/012079
https://doi.org/10.1007/BF00009558
https://doi.org/10.1007/BF00009558
https://doi.org/10.3389/fpls.2019.01722
https://doi.org/10.3389/fpls.2019.01722
https://doi.org/10.3389/fpls.2019.01722
https://doi.org/10.5772/intechopen.93920
https://doi.org/10.5772/intechopen.93920
https://doi.org/10.5772/intechopen.93920
https://doi.org/10.5772/intechopen.93920
https://doi.org/10.1002/1873-3468.13723
https://doi.org/10.1002/1873-3468.13723
https://doi.org/10.1002/1873-3468.13723
https://doi.org/10.1002/1873-3468.13723
https://doi.org/10.1093/aob/mcq204
https://doi.org/10.1093/aob/mcq204
https://doi.org/10.1093/aob/mcq204
https://doi.org/10.1093/aob/mcq204
https://doi.org/10.1094/MPMI-21-6-0737
https://doi.org/10.1094/MPMI-21-6-0737
https://doi.org/10.1094/MPMI-21-6-0737
https://doi.org/10.1094/MPMI-21-6-0737

