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Abstract

Tobacco growing is greatly threatened by the devastating bacterial 
wilt disease caused by soil-borne bacteria Ralstonia solanacearum (R. 
solanacearum). Balanced plant nutrition has become effective strategy for 
crop disease management. In this study, we firstly conducted greenhouse and 
field experiments to investigate the effects of Molybdenum (Mo), acting as a 
foliar fertilizer, on tobacco plant growth and bacterial wilt control. A susceptible 
variety (Yunyan 87) and a moderately resistant cultivar (Nanjiang 3) were used 
in this study. Under greenhouse condition, the results demonstrated that the 
disease incidence in the Mo-treated plants decreased to 41.7% (Yunyan 87) 
and 44.4% (Nanjiang 3) compared with that of non-Mo-treated plants. The 
control mechanisms are related to the reduced bacteria colonializations in 
tobacco and improvement of defense enzymes including peroxidase, catalase, 
superoxide dismutase, polyphenol oxidase and phenylalanine ammonialyase. 
Malondialdehyde levels halved after 200mg/L Mo treatment compared to the 
control group. The field experiment results also showed that supplements of 
200mg/L Mo significantly decreased the disease incidence by 30.3% and 33.9%, 
respectively. Moreover, foliar application of Mo increased plant growth under 
both growth conditions, promoting leaf and root development. Mo was taken 
up by tobacco leaves, but the content decreased during the growth of plants. 
Mo application could provide an alternative strategy for efficient management 
of tobacco bacterial wilt, even in crops other than tobacco, especially in Mo-
deficient planting regions, which would have a great impact on agriculture and 
favor sustainable agriculture development.
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this problem to some extent, such as K, Mg and Mn, reducing the 
susceptibility of plants to disease [5]. At present, tobacco is commonly 
grown in more than 10 provinces in China and bacterial wilt is the 
most prevalent and economically important disease especially in 
Chongqing, which is associated with soil acidification, ultimately, 
reduces mineral nutrients available for plants [8]. Some nutrients 
have been successfully implicated in bacterial and fungal disease 
management strategies, i.e. Silicon (Si), Calcium (Ca), Potassium (K), 
Phosphorus (P) and Nitrogen (N) reduced the incidence and severity 
of bacterial wilt and increased plant resistance [7-12]. An increase in 
Boron (B) dramatically reduced the tomato bacterial wilt and lead 
to a better performance in resistant varieties [8]. It was proposed 
that a combination of increased H2O2 content and Peroxidase 
(POD) and Polyphenol Oxidase (PPO) activities in the tomato 
plants played a role in the improved performances of the resistant 
varieties. Foliar applications and soil amendments with Mo fertilizers 
have also reduced various bacterial and fungal diseases in plants, 
such as tomato Verticillium wilt [13], common bean angular leaf 
spot (Phaeoisariopsis griseola) [14] and common bean anthracnose 
(Colletotrichum lindemuthianum) [15]. However, the effect of Mo in 
the management of bacterial wilt diseases is still not known.

Mo plays an essential role as a catalytic metal for various enzymes 

Introduction
Bacterial wilt, caused by R. solanacearum, is one of the most 

devastating soil-borne bacterial diseases in Chongqing tobacco 
growing areas. The disease predominantly occurs in tropical, 
subtropical and temperate soils [1,2], but it can spread to areas at 
high latitudes and high elevations. Due to the complex diversity of 
host plants, pathogenicity, and infectious conditions, it is difficult to 
develop highly effective measures to protect plants from infection 
[3]. Integrated management strategies that include biological and 
chemical compounds, and resistant varieties are applying to resisting 
the disease [4,5]. However, excessive use of bactericides has caused 
adverse impacts on ecological environments and human health [6], 
consequently hindering sustainable agricultural crop production, 
especially for the Solanaceae family of plants. Therefore, it is essential 
to explore more sustainable and effective approaches to manage 
bacterial wilt, protecting yield and improve product quality. 

Recent studies have proved that it is important to manage 
nutrient balance through foliar fertilizers or soil amendments to 
influence nutrient availability and in that way to control bacterial wilt 
disease [7]. Organic fertilizer applications, soil amendments, and soil 
pH adjustments have attempted to provide nutrition strategies for 
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in plants, including nitrate reductase, aldehyde oxidase, xanthine 
dehydrogenase/oxidase, and aldehyde oxidase [16]. Desirable soil 
levels for plants range from 0.5 to 5 mg/kg soil [17]. Mo deficiency 
induces reduced Molybdenum cofactor (Moco) biosynthesis and Mo 
enzymes activities, decreasing in quality and yield and intensifying 
disease symptoms by a lack of micronutrients [16,18]. Characteristics 
of Mo deficiency in tobacco include leaf mottling or interveinal 
necrotic areas that gradually developed until the entire leaf wilts. 
Yield loss is common, eventually increasing the plant susceptibility to 
bacterial wilt, especially in acidic planting fields [19,20]. In addition, 
previous studies have shown that Mo has beneficial effects against 
disease development and on plant physiology. The area under the 
disease progress curve of Anthracnose decreased by 38% after a foliar 
application of NaMo (20g Mo ha-1) to beans 25 days after sowing 
[14]. Foliar application of Mo reduced the Verticillium wilt of tomato 
(Lycopersicon esculentum Mill.) by 18% to 37% [12]. Limited Mo 
phytotoxicity was observed in tomato and cauliflower in the field 
condition [21]. In addition, Mo has shown excellent antimicrobial 
activity against phytopathogenic fungi (Phytophthora cinnamomi, 
Phytophthora drechsleri and Rotylenchus reniformis) during in vitro 
studies [22].

Moreover, Mo supplementation improved the frost, cold and 
salt stress tolerance of winter wheat, which was attributed to the 
enhancement of the antioxidant enzymes activities of Peroxidase 
(POD), Catalase (CAT), and Superoxide Dismutase (SOD) and an 
osmotic adjustment that resulted in greater K+/Na+ ratios [23-26]. In 
addition, many studies have shown that pathogens infections in host 
plants can result in an increased production of active oxygen species 
such as superoxides, hydroxyl radicals, and superoxide radicals 
[27]. Malondialdehyde (MDA) can be used to indicate the level of 
oxidative stress, which can damage cell membranes and disintegrate 
biological cells [28]. However, the relationship between Mo and 
tobacco bacterial wilt has not yet been elucidated.

Therefore, in this study, based on theoretical and practical 
foundation, we investigated whether Mo effectively control bacterial 
wilt under field and greenhouse condition by foliar application. 
Furtherly, toxicity of Mo on R. solanacearum in vitro and the effect of 
Mo on the growth of two tobacco varieties (susceptible and moderately 
resistant) were evaluated. The uptake of Mo and changes in defense 
enzyme activities between Mo-deficient and Mo-supplied plants were 
studied to elucidate the regulatory mechanism of tobacco resistance 
against bacterial wilt. The study holds great promise regarding their 
application in plant protection and nutrition for development as a 
new potentially disease management strategy.

Materials and Methods
Greenhouse experiment

Plant materials and growth conditions: The tobacco (Nicotiana 
tabacum) cultivars Yunyan 87 and Nanjiang 3, which are susceptible 
and moderately resistant to bacterial wilt, respectively, were used for 
greenhouse experiments. Yunyan 87 was produced by the Yunnan 
tobacco scientific research institute through hybridization breeding. 
It is a popular variety in most areas of China because of its wide 
adaptability and high yield. Tobacco seeds were sown in a floating 
seedling system filled with commercial matrix (Hunan Xianghui 
Agriculture Technique Development Co. Ltd), containing a very low 

level of Mo content (0.007mg/kg). Seedlings were watered regularly 
and fertilized twice weekly with pH 6.0 Mo-free Hoagland solution 
(diluted to 1:40 medium: sterile water). All plants were placed in a 
growth chamber (MA-835/2106UR; Marconi) until the four-leaf 
stage (approximately two months) at 30ºC/27ºC (day/night), with a 
relative humidity of 85~90 %, photoperiod of 14h and light intensity 
of 320μmol·m-2·s-1 (Philips TL-D 36W/840). Then, the seedlings were 
transplanted into polyethylene pots (80mm diameter × 80mm height) 
filled with 200g of humus medium.

Inoculum preparation: R. solanacearum strain (CQPS-1, Biovar 
3, Phylotype I), was isolated from infected tobacco in the Chongqing 
and purified by the Laboratory of Natural Product Pesticide, 
Southwest University (SWU). The strain used in this study is highly 
virulent to tobacco [29]. For inoculation, CQPS-1 was cultured on 
Nutrient Broth (NB) medium (3g beef extract, 10g peptone, 5g NaCl, 
and 1000mL deionized water, pH 7.0) and grown for one night at 
28ºC. The resultant NB culture was centrifuged, the supernatant was 
disposed and the bacterial cell pellet was suspended in deionized 
double distilled water that had been purified with a Milli-Q system 
(Millipore Corp., Bedford, MA, USA). The inoculum suspension was 
adjusted to 107 CFU/mL using a WGZ-2-XJ bacteria turbidimeter 
(Xinrui Co. Ltd, China) and used immediately.

Growth chamber assays to assess the effect of Mo and N on 
bacterial wilt: As abovementioned, two tobacco cultivars (Yunyan 
87 and Nanjiang 3) were grown until the development of the fourth 
leaf. Four concentrations of Mo solutions were prepared using 
(NH4)6MoO24·4H2O (Sigma-Aldrich, USA), resulting in elemental Mo 
contents of 0.2%, 0.10%, 0.05%, and 0.02% (w/v), namly, 200mg/L, 
100mg/L, 50mg/L and 200mg/L. To eliminate the role of the nitrogen 
source, treatments with different concentrations of ammonium 
nitrate (NH4NO3) (Sigma-Aldrich, USA) treatments (0.0037%, 
0.0075%, 0.015%, 0.03%), namly, 3.7mg/L, 7.5mg/L, 15mg/L, and 
30mg/L, which were corresponding equivalent to the corresponding 
molar nitrogen values of the different ammonium molybdate 
treatments, were used. For the control group, the tobacco seedlings 
were watered with distilled water. For the treatments, the nutrient 
solutions were sprayed onto the tobacco plants using an atomizer. 
For each plant, both leaf surfaces of each plant were sprayed until 
run-off, which amounted to 20mL solution per seedling. Seven days 
after treatment, tobacco plants were inoculated with R. solanacearum 
using the root-drenching method. Briefly, we inserted a long, narrow 
blade into the pot at four positions to damage the roots. Then, 20mL 
of the R. solanacearum inoculum suspension was poured around the 
base of each plant. For the non-inoculated control plants, 20mL of 
distilled deionized water was poured around the base of each plant. 
Following the inoculation, the plants were returned to the growth 
chamber described above. Pots were arranged in a randomized block 
design that consisted of 36 replications per treatment. Each plant was 
considered a replication. Three plants per treatment were randomly 
selected and sampled at 6 DAI for enzyme quantification, while 33 
plants were maintained for symptom evaluation. The experiments 
were conducted three times.

To determine the effect of Mo on tobacco plants growth, the same 
four Mo solutions or distilled water (negative control) were applied 
to tobacco plants at the four-leaf stage as described above. Pots were 
arranged in a randomized block design that consisted of 30 replications 
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(plants) per treatment. The following growth characteristics were 
recorded for each plant 20 days after treatment: plant fresh weight, 
plant dry weight, root fresh weight and stem length.

Measurement of R. solanacearum populations in tobacco roots 
and stems: Under greenhouse condition, the roots and stems (1cm 
above roots) of the tobacco plants were sampled at 1, 7, 14 and 21 
days (DAI), washed with sterilized DI water and then, dried on filter 
paper. For the tested plants, 0.5g of roots or stems were immersed in 
75% ethanol for 20s, and rinsed with sterilized DI water three times. 
The roots or stems were ground in a mortar containing 1mL of sterile 
water. A serial dilution from 10-1 to 10-8 times of the homogenate was 
prepared in sterile distilled water. A total of100μL from each dilution 
were spread onto NA agar plates containing 0.1% TTC. The plates 
were placed in an incubator at 30ºC for three days, and the number of 
representative colonies was counted. All treatments were individually 
repeated at least three times.

Effects of foliar-applied Mo on defense enzyme activity 
and MDA level: For all Mo, N and control groups, leaf samples 
(a mixture of one oldest leaf and one youngest leaf of one tobacco 
plants) of Yunyan 87 were collected 6 DAI in the greenhouse, which 
corresponded to the early onset of the disease. Three seedlings 
per treatment were collected. A sample of the leaf tissue (0.5g) 
was homogenized in 5mL of borate extraction buffer, which was 
consisted of 0.2M borate buffer (pH 8.8), 5mM β-mercaptoethanol 
(Sigma-Aldrich, USA), 1mM EDTA (Sigma-Aldrich, USA) and 
a small quantity of PVP (Sigma-Aldrich, USA), in an ice bath. The 
supernatants were collected by centrifugation at 12000rpm for 20min 
at 4ºC and sampled to measure the activity of enzymes. Changes in 
the enzyme activity of the healthy tobacco plants after the foliar Mo 
application but without the R. solanacearum inoculation were also 
measured in parallel.

The POD activity was assayed in accordance with previous 
method [8]. The CAT activity was determined in accordance with the 
method described [30]. A change in absorbance of 0.1 was defined as 
one Unit (U). The SOD activity in the extract was measured using a 
SOD kit (Beyotime, China). The absorbance at 560nm was measured 
using a UV1000 spectrophotometer. The enzyme quantity resulting 
in 50% inhibition of NBT photoreduction was defined one Unit 
(U). The PPO activity was quantified using a 3mL reaction mixture 
consisting of 2.95mL of 0.02M catechol (pH 6.8) and 50μl of crude 
enzyme extract [8]. A change in absorbance of 0.1 was defined as 
one Unit (U). The PAL activity was measured and calculated using 
previously described methods [31].

MDA was measured in a 4mL reaction mixture containing 2mL 
of 0.6% (w/v) Thiobarbituric Acid (TBA) solution and 2mL of crude 
enzyme extract. After the mixture was quickly cooled and centrifuged 
(12000g, 20min), the absorbance of the supernatant was measured 
at 532, 450 and 600 nm. The content of MDA in the extract was 
calculated as described previously [28].

Field experiments 
Soil sampling and properties measure: Field experiments were 

also conducted at the Qianjiang tobacco planting area in Chongqing. 
Tobacco has been cultivated for more than ten years at this site, which 
is geographically located at 29°19′ N and 108°36′ E at an altitude of 

750m. Bacterial wilt was prevalent at the site. In July, August, and 
September of both years, the weather was rainy, and the average 
monthly temperature ranged from 24 to 27ºC, which is considered 
suitable for bacterial wilt development.

Soil cores were sampled at an approximate depth of 5 to 20 cm 
using a soil probe (5cm diameter × 15cm depth). Five soil samples 
were collected from each sampling area (diameter 100m) and mixed 
to form a composite sample. After the removal of plant residues 
and stones, the soil was ground and sifted using a 60-mesh nylon 
membrane sieve, after which the samples were stored at 4ºC until 
further use.

The soil physicochemical properties and nutrient indicators, 
including pH, organic matter, available nitrogen, phosphorus, 
potassium, and Mo content were determined for each soil sample. 
Alkaline hydrolysis diffusion was used to determine nitrogen [32]. The 
dichromatic oxidation titration method was used to analyze organic 
matter content [33]. The Flame Atomic Absorption Spectrometry 
(FAAS) method was used to determine the available K, Fe and Mo 
[34]. The planting date, harvest date, the onset date of disease and the 
ending date of disease are presented in Table S1.

Field experimental design and disease severity assessment: 
Yunyan 87 and Nanjiang 3 tobacco seedlings with six or seven leaves 
were transplanted into the selected plots at Qianjiang. We planted 
both varieties from May to September. The two whole test plots 
covered approximately an area of 1000.5m2. Each variety was planted 
as a separated block with a randomized selection. Each experimental 
plot was zoned into five rows of 5m in length with 1.5m row spacing. 
Tobacco plants spacing in the rows was 0.5m (15000 plants ha-1); thus, 
there were 80 plants per plot. The treatments consisted of four levels 
of Mo supplementation using the same concentrations as those in 
the greenhouse experiment. Briefly, Mo was applied as a foliar spray 
to tobacco at three growth stages: the seedling stage (14 days after 
transplanting, (DAT)), the rosette stage (45 DAT), and the strong 
rapid growth stage (55 DAT). A complete randomized block design 
with three replications was used. Commercial fertilizers were applied 
to the entire experimental area prior to transplanting. Specifically, 
there were 50kg of special tobacco compound fertilizer (9-12-25) 
per 667m2, 30kg of organic fertilizer (organic matter ≥30%, N-P2O5-
K2O ≥4.0%) per 667m2, 15kg of potassium nitrate (13.5-0-44.5) per 
667m2 and 2.5kg of ammonium nitrate-phosphorus (30-6-0) per 
667m2. During the period from 60 to 75 DAT, when approximately 
50% of the plants in each plot were in at full bloom, the terminal 
inflorescence of each plant was removed when the plant had 16 to 
20 leaves. A suckercide (12.5% flumetralin EC) was applied to all 
tobacco plants to prevent lateral shoots from developing. Bacterial 
wilt disease indexes were recorded at the initial, infectious, and later 
stages of disease (45, 75 and 90 DAT, respectively). In addition, the 
plant height, stem diameter, maximum leaf length, width, and the 
number of leaves remaining per plant at 75 DAT in the field tests 
were investigated.

The bacterial wilt disease assessments began with the appearance 
of leaf symptoms and continued at daily intervals until the plant had 
died or the symptoms no longer progressed and classified using the 
standard described in the study of Godiard et al. (in the supporting 
information) [35].
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Determination of the Mo content: The concentrations of 
Mo in tobacco plants were measured at 14 DAI in the greenhouse 
experiment for the Yunyan 87 cultivar and the Nanjiang 3 cultivar, 
and at 75 DAT in the field experiment in both years. Briefly, 1g of 
leaf tissue (dry weight) was treated for 2h in a microwave digester 
(SpeedWaveTM, MWS-3+, Berghof) with 3mL of 65% HNO3 and 2mL 
of 30% H2O2. The digested samples were then diluted with distilled 
water to a total volume of 25mL. Rhizosphere soils (0-15 cm depth) 
were sampled for all the treatments in the greenhouse experiments 
and field tests. After removing the loosely adhering soil by vigorous 
shaking, soils were sieved (2mm-mesh) to eliminate plant residues 
and air-dried and prepared as described previously [36]. Then, all the 
samples were analyzed using the above mentioned FAAS methods 
on a Perkin-Elmer 5000 instruments. The Mo levels in the stems and 
roots were also determined using the same procedure.

Antibacterial tests of Mo in vitro
The antibacterial activity of Mo against R. solanacearum was 

investigated in vitro. A culture of R. solanacearum was collected 
during the exponential growth phase. A 20μL drop of bacterial 
suspension was pipetted and spread onto sterile solid NB media 
containing Mo content of 20, 50, 100 and 200 mg/L. The control agar 
plates contained NB media with no Mo. The plates were incubated 
for three days at 30ºC. The viable cell number was recorded as the 
number of bacterial colonies growing on the plate. There were at least 
three plates for each Mo concentration.

Statistical analysis
All experiments were performed three times, and the data 

were expressed as the means of the triplicates. One-way Analysis 
of Variance (ANOVA) was performed. The treated means were 
compared using Fisher’s protected least significant difference test 
(P≤0.05) for multiple mean comparisons. The statistical analysis 
was implemented using the Statistical Product and Service Solutions 
software (SPSS) (SPSS 16.0, SPSS Inc. USA) for data analysis.

Results
Physicochemical properties and Mo content of the 
rhizospheric soil

As shown in Table S2, the soil samples from Qianjiang were 
classified as typical yellow soil and contained low organic matter 
(18.7mg/kg), high available nitrogen (98.4mg/kg), high available 
phosphorus (45.6mg/kg), and high available potassium (103.9mg/kg) 
contents. Noticeably, the content of Mo in the soil was 0.068mg/kg. 
The soil was acidic (pH=5.5), which was determined in a 1:2.5 (w/v) 
soil to calcium chloride suspension. The average active Mo contents 
of the rhizosphere soil around the infected tobacco plants within the 
typical tobacco-growing areas in Chongqing were also determined. 
All were similar, with the exception of the Mo contents in Pengshui, 
which were also relatively low (Table S3).

Mo accumulation in the soil and tobacco plants
The Mo accumulation in the soil and leaves of tobacco cultivar 

Yunyan 87 and in the soil and leaves of tobacco cultivar Nanjiang 3 
followed the same trends in both greenhouse and field experiments 
(Table 1). Compared with control, the leaf Mo content in tobacco 
gradually increased with increasing applied Mo concentration (20, 50, 
100 and 200 mg/L) under both field and greenhouse conditions. For 

Yunyan 87 cultivar, the leaf Mo concentration of the 200mg/L Mo-
treated group was 89.7% and 62.9% greater than that of the control in 
the field test and in the greenhouse test, and 96.8% and 97.6% greater 
for Nanjiang 3. The average Mo content of the rhizosphere soil in 
the control and Mo-treated was similar. The application of different 
concentration of N did not affect Mo uptake efficiency from either the 
soil and in leaves.

Effects of foliar Mo application on tobacco bacterial wilt 
under greenhouse conditions

The potential suppressive effects of Mo were assessed in pot 
experiments using two tobacco cultivars. Tobacco plant responses 
to pathogens were evaluated by recording the wilting leaves as 
descripted in Method and Materials. It can be found the incidence of 
bacterial wilt varied among treatments in the greenhouse experiment. 
Symptoms developed after 7 DAI. Though the two tobacco varieties 
were grown in different years, both the tobacco seedlings treated with 
200mg/L Mo had a significantly lower (p<0.05) disease incidence 
and severity than the untreated controls and began to wilt at 9 DAI, 
whereas the plants under other treatments and in the control group 
began to wilt at 7 DAI. At 21 DAI, the plants in the control groups 
were wilted, while the incidence of bacterial wilt was 29.2% for 
Yunyan 87 and 55.6% for Nanjiang 3 plants treated with 200mg/L 
Mo (Figure 1A and 1B). The control efficacies were 40.9%, 47.3%, 
49.5%, and 56.9% for Yunyan 87 and 29.2%, 38.6%, 59.9%, and 63.9% 
for Nanjiang 3 respectively (Figure S2). Foliar application of N had 
no effect on the disease development; the overall disease incidences 
were similar to those of the control groups (Figure 1C and 1D). It was 
observed that the untreated leaves became wilted at 15 DAI, while the 
Mo-treated leaves still looked healthy (Figure 1E).

Effects of Mo on defense enzymes activities in tobacco 
leaves

To understand Mo-induced tobacco disease resistance to R. 
solanacearum, we observed significant variations among the different 
resistance-related enzymes in response to the different treatments 
in infected susceptible tobacco plants (Figure 2A). Compared to the 
POD activity in the non-amended soil, demonstrably improved with 
an increase in the Mo concentration. The POD activity increased 
by 1.3, 1.9, 2.2 and 2.6 fold for the 20, 50, 100 and 200 mg/L Mo 
treatments, respectively, and these levels were all greater than the 
POD activity levels in tobacco plants supplemented with Mo in the 
absence of the R. solanacearum inoculation, as well as the activities of 
other defensed response enzymes (Figure S1A).

Figure 2B shows that the activity of CAT significantly changed 
among the different treatments, and there were significant 
discrepancies between the Mo-treated and control group, even when 
foliar sprays of Mo were applied to healthy tobacco plants (Figure 
S1B). The CAT activity significantly improved by 2.31 fold when 
200mg/L Mo was applied to plants compared to that of the untreated 
control. In addition, the activities of CAT under the 100mg/L and 
50mg/L Mo treatments were 1.51 and 1.34 fold greater, respectively, 
than those for the control. While the application of 20mg/L Mo 
increased the CAT activity by 1.07 fold compared to the control, a 
significant effect was not recorded. These results indicate that the 
application of Mo facilitated an improvement in the activity of CAT 
and that the high Mo treatment was the most effective.



Ann Agric Crop Sci 6(2): id1074 (2021)  - Page - 05

Ding W Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

The data indicate that there was a gradual increase in SOD 
activity with Mo concentrations increasing (Figure 2C). The activity 
of SOD under the 200mg/L Mo treatment was 1.77 fold greater than 
that of the control, and the difference was significant. Furthermore, 
compared with the control, the addition of 100, 50 and 20 mg/L Mo 
resulted in 1.58, 1.61 and 1.46-fold greater SOD activity, respectively. 
Similarly, 200mg/L Mo treatment increased the activity of PPO by 
1.76 fold compared with the control, and the 100, 50 and 20 mg/L Mo 
treatments resulted in 1.56, 1.19 and 1.59 fold greater PPO activity, 
respectively. Figure 2E shows that the addition of Mo significantly 
enhanced the activity of PAL in tobacco leaves. The activity of PAL 
was 1.67, 1.58, 1.61 and 1.46 times greater than that of the control 
after treatment with 200, 100, 50 and 20 mg/L Mo, respectively. 
These results suggest that the 200mg/L Mo treatment resulted in the 
highest PAL activity. These results suggest that Mo supplements are 
conducive to motivating the tobacco defense response and reducing 
the oxidative damage when R. solanacearum infects the plant, which 
can improve plant osmotic adjustment abilities under adverse 
situations, such as salt and drought stress [18,21].

Content of malonaldehyde (MDA) in tobacco leaves
The MDA levels of the Mo-treated groups were significantly lower 

than those of the control (Figure 2F). The 200mg/L Mo treatment 
resulted in the lowest MDA level, followed by the 100mg/L Mo 
treatment, and MDA was reduced by 0.54 and 0.51 times that of the 
control in the respective treatments. The MDA levels of the 50mg/L 
and 20mg/L Mo-treated groups were 0.41 and 0.39 fold lower than 
those of the control, respectively. Consequently, application of Mo to 
the plants was beneficial because it reduced the MDA content in the 
infected plants and decreased the degree of cytomembrane damage, 
especially at high concentrations. Even spraying an application 
Mo without the R. solanacearum inoculation reduced the MDA 
production, protecting plant cells from the oxidative stress (Figure 
S1).

R. solanacearum populations in the roots and stems
To determine whether foliage-spraying Mo can repress 

pathogens colonization in plants tissue, bacterial colonies in two 
tobacco varieties was tested (Figure 3). The results showed that lower 
populations of R. solanacearum were detected in the root and stem 

Days After Treatment 
(DAT) Treatmentsx (mg/L)

Field Application
Days after treatment 

(DAI)

Greenhouse Application

Yunyan 87 (mg/kg) Nanjiang 3 (mg/kg) Yunyan 87 (mg/kg) Nanjiang 3 (mg/kg)

In Soil In Leaf In Soil In Leaf In Soil In Leaf In Soil In Leaf

75

WaterY 0.105az 0.014a 0.114a 0.049a

14

0.006a 0.004a 0.002a 0.003a

+NH4NO3 (3.7) 0.108a 0.017a 0.111a 0.056a 0.006a 0.003a 0.004a 0.002a

+NH4NO3 (7.5) 0.111a 0.018a 0.114a 0.042a 0.005a 0.005a 0.004a 0.003a

+NH4NO3 (15) 0.109a 0.019a 0.113a 0.043a 0.006a 0.004a 0.005a 0.002a

+NH4NO3 (30) 0.116b 0.017a 0.118a 0.042a 0.004a 0.002a 0.003a 0.003a

+Mo (20) 0.096a 0.052b 0.098a 0.046a 0.005a 0.021b 0.004a 0.031a

+Mo (50) 0.115b 0.089c 0.131b 0.081ab 0.018b 0.043c 0.008b 0.057a

+Mo (100) 0.096a 0.132d 0.128c 0.119bc 0.033c 0.065d 0.039c 0.095b

+Mo (200) 0.106a 0.137d 0.112a 0.132d 0.022d 0.129e 0.041d 0.125c

Table 1: Average molybdenum content of rhizospheric soil around infected tobacco and tobacco leaf tissue of Yunyan 87 and Nanjiang 3 after different treatment under 
field condition and greenhouse.

x and + represent foliar nonsprayed and sprayed with (NH4)6 MoO24 · 4H2O, respectively· +NH4NO3 treatments represent the tobacco was sprayed with NH4NO3 which 
contains the same corresponding amount of nitrogen in contrast with +Mo treatments.
yDeionized water was foliar applied in the greenhouse and field trails which were referred as untreated control.
zValues with the same uppercase letter in the same row did not differ significantly at P <0.05 according to Fisher’s protected least significant different test.

Year Treatment 
(mg/L)

Plant height 
(cm)

Length of largest leaf 
(cm)

Width of largest leaf 
(cm)

Stem diameter 
(cm)

Number of productive 
Leaves

Area of largest leaf 
(cm2)

Yuanyan 
87

200 96.7±0.9xa 70.6±1.2ay 30.5±0.8a 10.0±0.4a 18.2±0.2a 1365.5±39.6a

100 93.6±2.8ab 68.7±1.2ab 29.5±0.4ab 9.7±0.0a 17.7±0.6a 1284.0±39.7b

50 90.6±2.2bc 67.9±1.3b 29.1±0.2b 9.0±0.1b 18.1±0.7a 1256.0±34.9b

20 89.1±1.1cd 67.8±0.4b 28.6±0.8bc 8.9±0.1b 17.2±0.8a 1231.2±26.2bc

CK 86.3±2.0d 66.5±1.2b 27.8±0.5c 8.9±0.2b 17.5±0.8a 1175.9±26.9c

Nanjiang 3

200 113.9±1.8a 75.2±1.3a 33.9±0.7a 12.0±0.1a 19.3±0.7a 1615.6±7.7a

100 106.7±4.5b 72.7±0.4ab 33.7±0.3a 11.8±0.1ab 18.4±0.4a 1557.4±21.7a

50 109.1±1.0ab 72.3±1.9b 34.5±0.1a 11.5±0.3b 19.0±1.0a 1584.3±42.8a

20 106.4±3.0b 70.8±1.7b 32.7±1.6ab 11.6±0.1ab 18.2±0.2ab 1470.4±40.5b

CK 89.9±2.4c 67.2±1.3c 31.3±1.5b 10.7±0.3c 17.2±0.5b 1334.7±83.1c

Table 2: Effect of different Mo treatments on morphological characteristics of Yunyan 87 tobacco plants and Nanjiang 3 at 14 DAI in greenhouse experiment.

xThe values are means ± standard deviations (SD).
yValues with the same uppercase letter in the same row did not differ significantly at P<0.05 according to Fisher’s protected least significant different test.
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pieces from Yunyan 87 and Nanjiang 3 treated with Mo compared 
to the control. The bacterial content in tobacco treated with a low 
concentration (20mg/L) of Mo at 1 and 7 DAI was not significantly 
different. However, at the later growth stages of 14 and 21 DAI, 
possibly after the plant had utilized the nutrient element, the bacteria 
colonializations were greatly decreased, especially in the 200mg/L 
Mo-treated tobacco.

Antibacterial activities of Mo against R. solanacearum
The antibacterial activity of Mo and NH4NO3 against R. 

solanacearum in vitro were preliminarily investigated. Figure 4 
displays the formation of bacterial colonies on the control and Mo-
treated agar plates. The control plates filled only with NA medium 
showed many colonies after inoculation with R. solanacearum. 
However, Mo inhibited the bacterial growth, even inducing the 

Year Treatment (mg/L) Plant fresh weight (g) Plant dry weight (g) Root fresh weight (g) Stem length (cm)

Yuanyan 87

200 9.72±0.5xa 2.25±0.1ay 1.81±0.08a 10.7±0.6a

100 8.94±0.4a 1.97±0.2a 1.64±0.08a 9.8±0.5a

50 7.35±0.3b 1.75±0.1b 1.50±0.07b 9.5±0.4a

20 6.84±0.3bc 1.13±0.0c 1.35±0.06b 8.9±0.4b

CK 6.65±0.3c 0.75±0.0d 1.27±0.06b 8.9±0.4b

Nanjiang 3

200 10.32±0.5a 2.31±0.1a 2.02±0.1a 12.0±0.6a

100 9.28±0.4b 2.03±0.2ab 1.88±0.3a 11.8±0.4ab

50 8.05±0.4c 1.75±0.3b 1.74±0.1a 11.6±0.3b

20 7.35±0.2d 1.35±0.1c 1.56±0.2ab 11.5±0.1ab

CK 7.21±0.3d 1.02±0.1c 1.41±0.1b 10.7±0.5c

Table 3: Effect of different Mo treatments on morphological characteristics of Yunyan 87 tobacco plants and Nanjiang 3 at 75 DAT in field trails.

xThe values are means ± standard deviations (SD).
yValues with the same uppercase letter in the same row did not differ significantly at P<0.05 according to Fisher’s protected least significant different test.

Figure 1: Bacterial wilt disease incidence of different tobacco cultivars in 
response to different treatments under greenhouse conditions. A, Mo; and 
C, NH4NO3 treatments in Yunyan 87; B, Mo; and D, NH4NO3 treatments in 
Nanjiang 3. (E) Morphological characteristics of Yunyan 87 tobacco plants 
before and after the R. solanacearum inoculation under Mo-deficient (control) 
and 200mg/L Mo-supplied condition. The values represent the means ± 
standard deviations of the three replicates. Error bars represent one standard 
deviation.

Figure 2: Effects of different Mo concentrations on the activity of resistance-
related enzymes and the MDA content in infected susceptible tobacco plants. 
A-F) Show the effects of different treatments on the POD, CAT, SOD, PPO 
and PAL activities and MDA content in infected tobacco plants at the initial 
stage of tobacco bacterial wilt, respectively. The values are means ± standard 
deviations of the three replicates. Significant differences (P <0.05) among 
treatments are indicated by different letters above the bars.
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death of R. solanacearum. Bacterial colonies were reduced by 38.9%, 
81.8% and 100% compared to those of untreated samples. Notably, 
the bacteria were completely killed in the presence of 200mg/L Mo 
(Figure 4E). Additionally, the antibacterial activities of Mo improved 
when the Mo concentration increased. However, NH4NO3 did not 
seem to have antibacterial activity, as the number of colonies grown 
on the agar plates containing different concentrations of NH4NO3 
were all the same as the control number (Figure S3).

Effects of foliar application of Mo on bacterial wilt in field 
trials

We investigated the occurrence of symptoms at the initial, 
infectious and later stages of the disease (45, 75 and 90 days after 
treatment, respectively) under different treatments in the field 

experiment. Based on the results, the control exhibited the most 
severe symptoms, whereas the incidence and severity of tobacco 
bacterial wilt gradually significantly decreased by increasing foliar 
supplements of Mo for both Yunyan 87 and Nanjiang 3 (Figure 5). 
According to our survey, the disease onset was delayed by an average 
of 7 days by the foliar Mo treatments. The disease progressed slowly 
under the 200mg/L Mo treatments, such that the disease incidence 
and severity were the lowest. Compared with the control, at the later 
stage of the disease, the disease incidence of Yunyan 87 decreased by 
30.3% and 29.5% under the 200 and 100 mg/L Mo treatments. The 
disease incidence of Nanjiang 3 was reduced by 33.9% and 25.4% 
under the 200 and 100 mg/L Mo treatments, respectively (Figure 5B 
and 5C). Similar to the results in the greenhouse experiment, N played 
a small role in the resistance of tobacco against R. solanacearum in 
the repeated field experiments. There were no significant differences 
between the control and N treatments. The corresponding control 
efficacy in the later stage reached 46.9% for Yunyan 87 and 51.2% for 
Nanjiang 3. During the two years of field trials, the control efficacies of 
the 100, 50 and 20 mg/L Mo treatments against tobacco bacterial wilt 
ranged from 41.7-53.9 %, 39.1-51.8 % and 32.8-47.0 %, respectively 
(Figure S4B), and from 43.9-47.8 %, 42.4-46.8 % and 38.3-41.8 
%, respectively (Figure S4C). The remarkable control effect under 
field conditions is intuitively shown in Figure 5A. Tobacco plants 
amended with Mo grew increasingly vigorously with increasing Mo 
concentration, while the non-Mo-supplemented tobacco exhibited 
severe bacterial wilt.

Foliar Mo application promotes tobacco plants growth
Under greenhouse conditions, the growth of the non-inoculated 

Mo-treated tobacco plants was better than that of the plants not treated 
with Mo. Fourteen DAI, the plant fresh weight, plant dry weight, root 
fresh weight and stem length were significantly increased by 31.5%, 
30.2%, 49.7% and 25.4% (Yunyan 87) and 30.1%, 56.2%, 30.2% and 
10.8% (Nanjiang 3) for Mo concentrations of 200, 100, 50 and 20 
mg/L, respectively (Table 2). Similarly, in the field assay, the results 
for both growth stages (45 and 75 DAT) were almost identical (Table 
S4 and Table 3). It can be seen that Mo application had conducive 

Figure 3: Bacterial colonies in two tobacco varieties after inoculation for 1, 
7, 14 and 21 days after inoculation in the greenhouse experiment. Values 
represent the mean ± standard errors of the three samples with three 
replicates for A: The roots of Yunyan 87; B) The roots of Nanjiang 3; C) The 
stems of Yunyan 87; D) The stems of Nanjiang 3. Error bars represent one 
standard deviation. Significant differences (P <0.05) among treatments are 
indicated by different letters above the bars.

Figure 4: Effects of different concentrations of Mo on the R. solanacearum populations on agar plates. A: 0mg/L; B: 20mg/L; C, 50mg/L; D, 100mg/L; E, 200mg/L. 
F: Viability of R. Solanacearum cells after treatments with different concentrations of Mo. R. solanacearum cells were spread on NA agar medium supplied with 
different concentrations of Mo and cultured in an incubator for three days at 30ᴼC. Error bars represent one standard deviation. The same uppercase letter above 
the column indicates that it did not differ significantly at P <0.05 as denoted by Fisher’s protected least significant difference test.
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effects on the tobacco growth. After foliar spraying of 200mg/L Mo 
on tobacco in the field, there were significant increases in the plant 
height, the length and width of the largest leaf, the stem diameter, and 
the area of the largest leaf in the Mo-treated plants compared to the 
control plants. These results suggest that supplemental application 
of Mo had a dose-dependently positive effect on the growth and 
development of tobacco in the field and, to a certain degree.

Discussion
The effects of foliar-sprayed Mo on tobacco growth and bacterial 

wilt disease under greenhouse and field conditions were evaluated 
in this study. The results indicate that foliar-applied Mo solution 
significantly reduced bacterial wilt caused by R. solanacearum by 
increasing the ability of tobacco to resist infection. The application 
of Mo postponed and reduced the occurrence of and damage from 
tobacco bacterial wilt for both a susceptible variety (Yunyan 87) 
and moderate resistant (Nanjiang 3), The data suggest that with 
higher concentrations of Mo, the more slowly tobacco bacterial wilt 
develops. Moreover, supplement of Mo improved tobacco plant 
growth whether in laboratory or in the field.

In addition, NH4NO3 treatments were parallelly intended to 
discriminate among N effects on disease wilt control across all 
experiments. N application did not effectively control the bacterial 
wilt, because plant resistance regulatory network can be severely 
constrained under limiting supply, but high N condition was 
beneficial for plant resistance elicitation, protein contents and 
peroxidase and chitinase activity were significantly higher than 
controls in Arabidopsis thaliana plants [37]. Therefore, we deduced 
that Mo was a likely contributing factor in controlling bacterial wilt 
disease (Figure S1 and S2). These results indicate that Mo nutrition 
played a significant role in the greenhouse and field management of 
bacterial wilt.

In a preliminary study, significant differences in Mo levels were 
detected between the rhizosphere soil of healthy tobacco plants 
and that of plants severely infected with R. solanacearum [38]. 
Similarly, Gupta and Lipsett reported active Mo content was lower 
in the rhizosphere soil of diseased plants than in that of healthy 
tobacco plants.17 The findings imply that the level of Mo in soil is 
associated to the development of bacterial wilt disease, even it can 
be speculated that lower levels of available Mo in tobacco-growing 

Figure 5: Comparison of the disease occurrence of tobacco bacterial wilt under different treatments in the field trails. A: Morphology of tobacco plants cultivated 
in Mo-deficient and Mo-supplied soil in the field; B and C: Show the control efficacies of the Mo treatment against bacterial wilt in Yunyan 87 and Nanjiang 3, 
respectively. D and E: Show the control efficacies of the NH4NO3 treatment against tobacco bacterial wilt, respectively. The values are means ± standard deviations 
of three replicates. Significant differences (P<0.05) among treatments are indicated by different letters above the bars.
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soil are one of the key factors for disease occurrence, just like Mg, Si 
and B [7,8,10]. Mo deficiency is common in most cultivated field in 
Chongqing areas. The soil samples collected from Qianjiang tobacco-
planting districts was acidified (Table 1). The active Mo content of 
rhizosphere soil in typical tobacco growing areas in Chongqing 
was below the recommended, which is about from 0.5 to 5 mg/kg 
soil [17,21]. Johnson et al. suggested 0.5mg/kg Mo in the whole dry 
plant material was indicative of adequate molybdenum in soils [39]. 
Therefore, frequent precipitation and low soil pH (pH<5.5) are likely 
responsible for the Mo deficiency [40]. As we known, plant species 
and soil characteristics, including nutrient and soil pH, differently 
affect uptake, accumulation and availability of Mo in plant [21]. In 
this work, 200mg/L ammonium molydate supplied about 0.109g/mL 
(calculated equal molar) was applied, but the Mo content in leaves 
was determined to 0.137mg/kg compared to the control (0.014mg/
kg) (Table 1). The reason may be associated to the extreme low Mo 
content in growing soil and the inefficient absorption (because of 
acidifying soil), because Mo is accessible to plants in its soluble anion 
form MoO-4 in alkaline conditions [21].

In our experiments, Mo was accumulated in tobacco leaves both 
in the greenhouse and field condition, but Mo contents in soil were 
gradually decreased with the tobacco growth, which showed that Mo 
was absorbed and mainly transferred in tobacco. The application 
of different concentration of N did not affect Mo uptake efficiency 
from either the soil and in leaves. At the same time, foliar-sprayed 
Mo stimulated tobacco leaves to take up more Mo than Mo-deficient 
tobacco leaves did at all stages. Nutrient elements applied by foliar 
spraying are commonly absorbed by the leaf through the cuticle and 
epidermal cells and are translocated to other plant parts, including 
the roots, via phloem [41]. Mo is found primarily in the phloem 
and the vascular bundle parenchyma of plants and is transported in 
the phloem [42]. Once Mo is taken up by tobacco, the activities of 
nitrate reductase and the Mo-Fe protein of dinitrogenase in plants 
become simulated, and plant nitrogen metabolism is promoted 
[43]. Consequently, the foliar supplements of Mo enhanced tobacco 
growth, as indicated in Table 2 and Table 3. Our findings indicated 
that foliar supplement of Mo significantly promoted the growth 
of two tobacco cultivars under greenhouse condition without R. 
solanacearum stress under field condition, which is similar to the 
positive effects on tomato, cauliflower, soybean, oilseed and wheat, 
even under abiotic stress [21,44,45]. Other micronutrients including 
N, P, B, Mn and Zn were all reported similar growth-promoting 
effects on crop [41].

Furthermore, nutritional approaches can overcome the drawbacks 
of chemical control. Adjusting mineral nutrition is worth exploring 
for plant disease because of the positive effects on the interaction 
between host plants and pathogens [10,41]. Mo may also control 
disease severity, but the mechanism of action remains to be studied. 
Abundant mineral elements not only are beneficial for imparting 
plant defense responses but also are important for many metabolites, 
such as sugars and amino acids [46]. We found that the addition 
of Mo appears to increase the defense-related enzymes activity in 
tobacco plants (Figure 3). The capacity of Mo for increased tobacco 
resistance to bacterial wilt is attributed to improve activity of defense-
related enzymes and decrease the level of MDA. MDA is considered 
an indicator for ROS level, which can cause membrane damage and 

cell death in host plant when pathogens invaded, which agrees with 
the results of previous studies [28]. We also observed that when foliar 
spraying Mo alone without R. solanacearum infection on tobacco, the 
activities of defense-related enzymes were not altered or moderately 
improved (Figure S1). These results suggest that Mo supplements are 
conducive to motivating the tobacco defense response and reduce the 
oxidative damage when R. solanacearum infect the plant, which can 
improve plant osmotic adjustment abilities under adverse situations 
such as salt and drought stress [21,26,47]. Huber et al. indicated that 
minerals not only play an important role in promoting plant cell wall 
thickening, forming a mechanical barrier to resist pathogens, but also 
optimize the natural plant defense mechanism, in which they facilitate 
the secretion or synthesis of antioxidants, phytoalexins, flavonoids 
and other compounds in plants [48,49]. Wang et al. demonstrated 
that an exogenous 2mM Si treatment reduced the disease index of 
bacterial wilt by 19.18% to 52.7% [50]. It has previously been reported 
that maize exhibits significantly greater resistance against the fungal 
pathogens Fusarium oxysporum and Aspergillus niger when treated 
with nanosilica (20-40 nm) as well as greater expression of phenolic 
compounds (2056 and 743 mg/mL, respectively) [51].

Interestingly, Mo was proven to exhibit strong antibacterial 
activities against R. solanacearum in vitro as assessed by the plating 
count method, completely suppressing the propagation of R. 
solanacearum under the high dosage of 200mg/L (Figure 3). It 
demonstrated that to greatly extent application of Mo exactly blocked 
pathogen invasion. However, based on existing investigations, there 
is little research on the detailed antibacterial mechanisms of Mo. It 
may disrupt processes needed for cell growth in a manner that is 
influenced by the physical and chemical properties, causing oxidative 
stress, protein dysfunction or membrane damage [52]. We cannot 
clarify the detailed antibacterial activity at present. But what is clear 
is that, unlike other metals, presenting as cationic form, Mo is usually 
either coordinated by organic compounds in their surroundings 
or present as water-soluble oxyanion species, such as MoO4- and 
NH4Mo2+ [53]. Moreover, NH4Mo2+ was reported as a stimulus to 
product antimicrobial polyketides Phl, mono-acetylphloroglucinol 
and pyrrolnitrin by biocontrol agent, a disease-suppressive strain 
of Pseudomonas fluorescens [54]. So, it is possible that Mo can 
irritate the antibacterial substance secretions by other beneficial 
microorganism in agricultural soil. The above results indicate that Mo 
was transported from leaves to roots. Therefore, we speculate that Mo 
interacts with the bacteria colonized in the stems and roots and other 
plant parts during the transportation process.

Most importantly, as we known, Yunyan 87 and Nanyang 3 are 
widely planted in the most regions in China. Our results provide 
valuable agricultural management strategy, although there are 
complex and diverse factors in growth environment. These results 
demonstrated that, with the lack of Mo in Chongqing cultivated fields 
even in China, foliar supplement of Mo is an effective measurement 
for controlling tobacco disease wilt. Exploring the relationships 
among Mo nutrition, host plant resistance and R. solanacearum will 
be of great importance for controlling bacterial wilt by improving 
the natural defensive abilities of plants. In addition, there are 
many relevant avenues for further research, such as applying Mo 
supplements to impact rhizosphere microbial communities, which 
plays important roles in both the suppression of bacterial wilt [55] 
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and the molecular mechanisms of Mo nutrition with respect to host 
plant resistance and R. solanacearum infection.

Conclusion
Application of micronutrients is an environmentally friendly 

strategy for the management of crop diseases and constitutes an 
alternative method of agricultural sustainable development. However, 
studies on the relationship between Mo and tobacco growth and 
bacterial wilt are scarce. This is the first report on the effect of foliar-
supplemented Mo nutrition on the management of tobacco bacterial 
wilt both in the greenhouse and in the field. Foliar-sprayed applications 
of Mo could effectively delay or prevent the occurrence or outbreak of 
tobacco bacterial wilt. Treatment with 200mg/L Mo can significantly 
increases the activity of defensive enzymes in tobacco, improves 
tobacco disease resistance, inhibits bacteria reproduction and reduces 
both the incidence and index of tobacco bacterial wilt. Furthermore, 
Mo amendment is of significant benefit for optimizing plant height, 
the length and width of leaves, stem diameter and leaf area. Liebig’s 
Law of Minimum states that plant growth is not determined by the 
total amount of resources available but by the scarcest resource. 
Given the results above, we suggest that future cultivation of tobacco 
should consider the application of Mo fertilizer. Supplemental Mo 
can be an effective approach and sustainably strategy to suppress wilt 
disease development, especially in tobacco-growing areas where soil 
Mo levels are deficient.
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