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Abstract

Tobacco is an important economic crop that faces severe threat from mosaic virus. To understand the relationship between
tobacco mosaic disease and soil physicochemical properties, we conducted a field experiment on 76 plots with 50 plants each
in plot in the largest tobacco producing area in Yunnan province, China. The degree of tobacco mosaic disease of 3800
individual tobacco plant was investigated at the rosette and topping stages in situ. Tobacco yield and agronomic traits, soil
physiochemical properties, and nutrient concentration for nine elements in soil and plant were measured. The results revealed
that leaf dry weight and main agronomic traits were negatively correlated with the incidence and index of tobacco mosaic
disease. Stepwise linear regression analysis showed that the disease incidence and index were significantly positively
correlated with the increase in soil sand content but negatively with silt content. Soil nitrogen and manganese concentrations
were significant negatively correlated with tobacco mosaic disease incidence and index. It concludes that tobacco mosaic
disease became increasingly serious with the increase in soil sand content and the decrease in soil nutrient availability of

nitrogen and manganese. © 2020 Friends Science Publishers

Keywords: Disease resistance; Mosaic disease; Nutrient availability; Soil texture; Tobacco production

Introduction

As an important economic crop, the global planting area for
tobacco is approximately 4 million ha with more than 120
countries and regions worldwide (FAOSTAT 2016). China
has the largest tobacco industry in the world, accounts for
40% of the global tobacco production with the cultivation
area of 1.27 million ha in 2016 (China Statistical Yearbook
2017). However, the tobacco industry is facing severe
challenges due to the frequent occurrence of tobacco mosaic
disease. Tobacco mosaic disease is an infection by Tobacco
mosaic virus (TMV), which produces mosaic-like mottling
discoloration symptoms on tobacco leaves (Islam et al.
2018). TMV is the major and the most devastating plant
viruses in many regions of the world, especially in tobacco-
growing areas, and can cause up to 80% mortality in
tobacco crops endangered serious infectious diseases (Liu et
al. 2010). As the main tobacco producing area in China,
Yunnan province has an area of 440,000 ha of tobacco,
thereby accounting for 33% of the total planting area (China
Statistical Yearbook 2017). With the rapid increase in the
planting area for vegetables as rotation crop, an increase was

also observed for the vectors of TMV, such as aphid, and
the risk of tobacco mosaic disease during the last decade (Li
et al. 2014). The incidence was as high as 90 to 100%, and
the tobacco yield can be reduced to 50 to 70% or even to
0% (Wang 2012), thereby causing huge economic losses.
Although the impact of this disease can be reduced by
pesticide application, the use of pesticides that aimed to
inhibit viral replication also harms the host plant (Zhao et al.
2017). However, pesticides have also severe adverse effects
on humans and ecosystems (Islam ez al. 2018).

Nutrients are not only important for plant growth and
but also affect the disease tolerance or resistance to the
pathogens (Agrios 2005; Dordas 2008). The deficiency of
most essential nutrients increases disease severity (Huber
and Haneklaus 2007). Improved mineral nutrition helps
plants escape diseases by the following two mechanisms:
the formation of physical barrier that reduces infection by
pathogens or virus (Eraslan ez al. 2007) and stimulation of
natural defense compounds, such as antioxidants (Dordas
2008). For a healthy agricultural system, nutrient
manipulation through fertilization or modification of soil
properties to influence nutrient availability is necessary to
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control plant disease (Barbetti et al. 2007; Huber and Jones
2013). As an important property, soil texture controls many
processes in soils and regulates nutrient dynamics, soil
organic matter and water retention and infiltration (Rabot et
al. 2018). Considering that clay fraction can transport
adsorbed nutrients, soils with high sand content generally
have low fertility (Huang 2000; Calero et al. 2008). Thus,
soil texture can potentially serve as an indicator for macro-
and micronutrient availability (Mahnkopp et al. 2018). The
relationship between nutrient availability and disease
resistance of plants has been a research hotspot (Lacroix et
al 2014).

Nutrient availability contains many elements and as a
whole affects the occurrence and development of disease
(Huber and Jones 2013). Considering the complexity of
factors affecting plant disease resistance, a reasonable
statistical analysis model is very important. Multiple linear
regression assesses the effects of the explanatory variables
as predictor of response variables through correlation
coefficient (Parisi-Kern et al. 2015). The stepwise linear
regression is a widely used method for multivariate linear
regression and quick way to identify the key impact factors
from large amounts of candidate factors (Shuai et al. 2018).
A large number of studies focused on the relationship
between single element and disease (Amtmann et al. 2008;
Whitaker et al. 2015). However, the relationship of tobacco
mosaic disease with soil texture and availability of mineral
nutrients has been rarely reported at large scaling. Our
hypothesis was that high soil sand content leads to serious
tobacco mosaic disease, thereby decreasing tobacco yield
and nutrition uptake, and improved soil nutrient availability
would increase the resistance for mosaic virus infection and
reduce the severity of tobacco mosaic disease. This study
aimed to improve the understanding of the relationship
between tobacco mosaic disease and the environmental
factors of plant growth and to provide theoretical basis for
improving fertilizer management, controlling the occurrence
of disease, and reducing the dependence of production
system on pesticides in the future.

Materials and Methods
Selection of experiment region and sites

The study area was situated in the Yi Ethnic Township
(24°10'N, 102°46'E, 2230 m a.s.l) of Lishan, Tonghai
Country, Yunnan province, China. The mean annual
temperature and total average annual rainfall were 15.2°C
and 1000 mm, respectively.

Site selection was performed by experienced staff
members from extension office of Tonghai Tobacco
Company, local agricultural technicians, and individual
farmers at the villages. The incidence of tobacco mosaic
disease, land use history, fertilization and irrigation in the
target sampling sites were greatly considered. According to
the information above, 76 plots were finally identified in the

Yi Ethnic Township of Lishan. Every plot had an area of 30
m’ (5 m x 6 m) and contained 50 tobacco plants. The
distance between the individual plots in the most cases was
< 500 m. The geographical coordinates and altitudes of the
plots were recorded by GPS (Garmin Colorado 300, USA).
After the survey of tobacco mosaic disease degree of 3800
individual tobacco plants in sifu, plant and soil samples were
obtained for agronomical and chemical analyses.

Survey of tobacco mosaic disease incidence and disease
index

The survey of tobacco mosaic disease degree was conducted
in the selected 76 plots at the resettling (June 21 to 23, 2016)
and topping stages (July 19 to 21, 2016). Tobacco mosaic
disease classification was according to the National
Standard of tobacco pest classification survey method of
China (GBT-23222-2008). The degree of the disease in
3800 tobaccos plants was recorded in 76 plots. To avoid the
personal variation of classification, we investigated each
plot by two independent and experienced personnel. Two
investigators obtained the average of the number of disease
tobaccos and degree of disease to calculate the tobacco
mosaic disease incidence and disease index. The tobacco
mosaic disease incidence and index were calculated as
follows:

No. of tabacco plants with disease
Disease infection (%) = X 100%

No. of tabacco plants investigated

% {.No. of adegree stobacccplants x dissase degree:

Disease index = % 100

"~ No. of tabacco plants investigataed x the highest disease degree
Plant sampling and analysis

After surveying the degree of tobacco mosaic disease, one
representative plant of each disease degree was immediately
selected in the plot. The chosen tobacco plants were cut off
at a distance of 0.5 cm from the ground and brought the
samples back to the laboratory for agronomic trait and
elemental determination.

Leaf SPAD (Soil Plant Analysis Development) values
were measured the top 4™ to 6™ completely expanded leaves
for each tobacco using a chlorophyll meter (SPAD-502,
Konika Minolta Sensing Inc., Japan). Leaf number was
counted from the base to the top, excluding the top 1 to 2
not fully expanded leaves. Plant height was measured from
the base of stem to the growing point. Stem diameter was
measured at 5 cm from the base of the stem by using a
Vernier caliper. Leaf area was obtained by measuring the
length and width of two largest leaves for its calculation.
The fresh weight of leaves and stems were recorded, and the
samples were put into the oven pre-heated to 105°C for half
an hour to avoid the potential transformation of C and N in
plant by killing the microbial activity. Afterwards, the
samples were dried at 75°C for 48 h (Merchant et al. 2010).

The dried plant samples were pulverized coarsely
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using a grinder (FZ102, Zhongxing Instrument Co., Ltd.,
China). A part of these samples were pulverized again with
a ball mill (MM2000, Retsch, Haan, Germany). The N
concentrations were determined using a Costech Elemental
Analyzer (Costech ECH 4024 CHNSO, Costech, Italy).
Leaf 8"°C was measured using aC isotope analyzer (Picarro
CM-CRDS, Picarro, USA). Another 0.5 + 0.05 g of coarse
powder sample was weighed and transferred into the
microwave digestion tube. HNO;-H,0, digestion liquid was
then added using microwave digestion (BHW-09A,
Shanghai Broadcom Chemical Technology Co., Ltd.) for
digestion and boiling. P, K, Ca, Mg, Fe, Mn, Cu and Zn
concentrations in the digestion liquor were determined by
ICP-AES (Optima 3300DV, Perkin Elmer, USA). The leaf
element concentration was calculated as follows:

Leaf element concentration (mg kg™t)
~ I(element concentration X No. of this disease degree tobacco)

No. of totalrepresentation tobacco

Soil sampling and analysis

Soil sampling of all 76 plots was undertaken with the aid of a
soil auger (3.5 cm diameter) at the 0 to 20 cm depth at the
topping stage (July 19 to 21, 2016). Three individual soil
samples in each plot were mixed. Soil samples were air dried
for 5 days and grounded by hand to pass a 2.0 mm sieve for
future laboratory analysis. Soil texture was determined using
laser particle size analyzer (Malvern Mastersizer 2000,
Malvern, Worcestershire, United Kingdom). Soil pH was
measured in 1:2.5 soil: water solution using a combined
electrode pH meter (IS 126, Shanghai instrument sales
Instrument Technology Co., Ltd., China). Subsamples were
powdered in a ball mill (MM200, Retsch, Haan, Germany).
Soil total N concentration was determined using a Costech
Elemental Analyzer (CostechECH 4024 CHNSO, Costech,
Italy). Extractable soil Olsen-P was estimated from 1:5 soil:
HCI (0.05M)-1/2H,S0,4 (0.025M) extracts using an UV—vis
Spectrophotometer (UVmini-1240, Shimadzu, Kyoto,
Japan). Extractable soil K was estimated from 1:10 soil-
NH,OAc (1M) extracts using a flame photometer (Flame
photometer 410, Sherwood scientific, United Kingdom). The
soil Ca, Mg, Fe, Mn, Cu, and Zn concentrations were
determined from Mehlich 3 extracts by ICP-AES (Optima
3300DV, Perkin Elmer, USA).

Statistical analysis

Statistical analysis and calculations were performed using
S.A.S. (version 9.2; S.A.S. Inc., Cary, North Carolina,
USA) with the general linear model. One-way ANOV A was
applied to determine the significance among the groups
classified by soil sand content. Multiple comparisons of the
mean values were corrected using Duncan’s and least
significant difference tests at 0.05 probability level.
Correlation analysis was performed to examine relationships
among the incidence, disease index, yield components and

elemental concentration of soil using Pearson’s correlation
coefficients. Stepwise linear regressions among disease
index, incidence and soil physical and chemical properties
(i.e., soil texture and elements concentration) were applied
to identify the key impact factors from large amounts of
candidate factors. Multiple linear regressions were
implemented in S.A.S. 9.2. Identifying correlations between
dependent and independent factors is important before
regression analysis (Chen and Lu 2017). Pearson’s
correlation coefficient was adopted to examine the
correlation between dependent and each independent factor
before conducting the SLRs. The results were expressed as
arithmetic means + standard error of the means. The levels
of significance at 0.05, 0.01, and 0.001 were denoted by *,
** and *** respectively, and insignificant results were
denoted by ns.

Results

Pooled over all 76 plots, the average incidence and index of
tobacco mosaic disease were 22% and 15 at the resettling
stage and 45% and 28 at the topping stage, respectively
(Fig. 1). The average leaf dry weight was 0.83 t ha ' at the
resettling stage and 2.20 t ha ' at the topping stage (Fig. 1).
Leaf dry weight was negatively correlated with tobacco
mosaic disease incidence and disease index (Fig. 2).

Stepwise linear regressions were performed to explore
the key parameters that influence the incidence and index of
tobacco mosaic disease. Independent factors including sand
and silt contents, soil pH, soil element content (N, P, K, Ca,
Mg, Fe, Mn, Cu and Zn) and tobacco leaf 81C were
selected by Pearson’s correlation coefficients (data not
shown). The coefficient of determination (R*-adjusted) was
used to assess the goodness of fit of the models. The results
showed that soil sand content was first selected from the
model and had the largest contribution to the incidence (R*-
adjusted=0.284, P < 0.001, Table 1, model 1) and index of
tobacco mosaic disease (R*-adjusted=0.323, P < 0.001,
Table 1, model 1). Soil total N and P contents were selected
sequentially and considerably increased the R value of the
models. Tobacco mosaic disease incidence and index were
significantly and positively correlated with soil sand content
but negatively correlated with soil silt content (Fig. 3).

All 76 plots were divided into the following four
groups according to the soil sand content with significant
differences: soil sand content of < 45%, 46-60%, 61-75%,
and > 75%. Meanwhile, the silt and clay content showed
opposite results (Table 3). Soil pH and leaf §°C were
significantly lower in the group with <45% soil sand content
than that in other three groups. When soil sand content was
> 60%, the tobacco mosaic disease incidence and index
were significantly higher than that when the sand content
was < 60% (Fig. 4). By contrast, the tobacco leaf dry weight
was significantly lower. Similar tendency was found for the
maximum leaf area, stem dry weight, SPAD value, plant
height, and stem diameter (Fig. 5). No difference was
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Fig. 1: Average values of incidence and index of tobacco mosaic
disease (left) and dry weight of leaves (right) at rosette and
topping stages (n=76)
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Fig. 3: Correlation between incidence and index of tobacco
mosaic disease with soil texture at topping stage (n=76).
**Significant at 0.01probability level

detected on leaf number among the groups of soil sand
content (Fig. 5).

The tobacco leaf of the group with low soil sand
content had significantly higher Mg concentration than that
of the group with high soil sand content. Otherwise, no
difference in other nutrients’ concentrations was observed
(Table 2). However, the concentrations of most soil
nutrients were significantly higher in the group with low
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Fig. 4: Incidence and index of tobacco mosaic disease and dry
weight of leaves at different groups classified by soil sand content
at topping stage. Soil sand content: < 45, n=11; 4660, n=21; 61—
75, n=28; > 75, n=16. Different lowercase letters indicated
statistically significant difference among groups (P < 0.05)
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Fig. 5: Maximum leaf area, stem dry weight, SPAD value of leaf,
leaf number, plant height, and stem diameter of tobacco plants at
topping stage in different groups classified by soil sand content at
topping stage. Soil sand content: <45, n=11; 4660, n=21; 61-75,
n=28; > 75, n=16. Different lowercase letters indicated
statistically significant difference among groups (P < 0.05)

sand content than that with high sand content, whereas P

and Fe showed opposite results (Fig. 6). According to the
analysis of significant correlation (data not shown), multiple
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Table 1: Linear models explaining tobacco mosaic disease incidence and disease index on the basis of soil physical chemical properties

data set after stepwise regression selection (n = 76)

Variables Parameter estimate p-Value P-Value R’ R’-adjusted P-Value
Mosaic incidence
1 Sand content 0.541 0.000 0.293 0.284 0.000
Sand content 0.424 0.000 0.353 0.335 0.000
™ -0.271 0.011
Mosaic index
1 Sand content 0.576 0.000 0.332 0.323 0.000
Sand content 0.473 0.000 0.378 0.361 0.000
TN —0.238 0.023

The model results from a stepwise selection procedure using nine parameters (.., 8°C, soil sand content, soil silt content, soil N' concentration, soil P concentration, soil Ca
concentration, soil Mg concentration, soil Mn concentration, and soil Cu concentration) selected by Pearson’s correlation coefficients

Table 2: Average concentration of macro- and micro-elements of tobacco leaves at topping stage at different groups classified by soil

sand content (SSC)

SSC N P K Ca Mg Fe Mn Cu Zn

(%) (gkg) (gkg) (gkg) (gkg) (gkg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
<45 28a 2.4a 36a 22a 6.3a 366a 96a 7.9a 4la
46-60 33a 2.4a 36a 24a 6.4a 365a 124a 10.6a 40a
61-75 33a 2.5a 38a 23a 5.8ab 351a 122a 10.1a 42a

75 30a 2.6a 38a 2la 5.3b 320a 100a 9.1a 38a

Soil sand content: <45, n=11; 46-60, n=21; 61-75, n=28; > 75, n=16. Within each column, different lowercase letters indicate statistically significant difference among groups (P <0.05)

Table 3: Contents of sand, silt and clay, soil pH and tobacco leaf 8'°C at topping stage in different groups classified by soil sand content

SSC Sand content Silt content Clay content pH 3"C
% % % %

<45 40.7d 50.4d 8.9a 6.3a -26.2a
46-60 52.5¢ 42.3c 5.2b 5.2b -26.4b
61-75 68.3b 29.7b 2.1bc 5.1b -26.6b
>175 78.8a 19.9a 1.3¢c 5.3b -26.9b

Soil sand content: <45, n=11; 46-60, n=21; 61-75, n=28; > 75, n=16. Within each column, different lowercase letters indicate statistically significant difference among groups (P<0.05)

Table 4: Linear models explaining tobacco mosaic disease incidence and index on the basis of soil physical chemical properties data set

after multiple linear regression analysis (n=76)

Variables p-Value P-Value R’ P-Value
Mosaic incidence

Mn -0.350 0.023%* 0.360 0.000%**
N -0.300 0.055*

P 0.130 0.248ns

8°c 0.088 0.459 ns

Ca 0.063 0.717 ns

Mg 0.062 0.757 ns

Cu -0.028 0.877 ns

Mosaic index

Mn —0.355 0.020%* 0.368 0.000%**
N -0.294 0.059*

P 0.156 0.165 ns

Mg 0.102 0.610 ns

8°c -0.093 0.431 ns

Ca -0.035 0.841 ns

Cu —0.030 0.866 ns

*Significant at 0.05 probability level. **Significant at 0.01 probability level. ***Significant at 0.001 probability level. ns, not significant

linear regression was performed with tobacco leaf 8'°C and
six nutrients as explanatory variables and disease incidence
or index as response variable. The R” values were 0.360 and
0.368, and the p-value of regression were < 0.001 (Table 4),
which indicated the regression was advisable. In the
regression analysis with disease index as the response
variable, the standardized regressive coefficient (B-value) of
Mn and N were —0.355 and —0.294, with p<0.05,
respectively (Table 4). The similar results were found in the
regression with disease incidence as the dependent variable
(Table 4), which indicated significant negatively impact on

disease incidence and index. The other factors did not have
an impact (Table 4).

Discussion

The TMV can rapidly accumulate in the host plants
(Scholthof 2004) and its replication may be integrated with
the metabolism of infected tobacco plants (Zhao et al
2017). Meanwhile, the increasing TMV coat proteins
destroys plant nutrient transport tissues, thereby causing the
growth of tobacco plants to be slow, dwarfed, deformed,
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and even lead to death (Zhu and Francki 1992; Scholthof
2004). Given the tobacco strain does not have a perfect
immune metabolic system, once the virus invades the body,
it is difficult to remove and will re-infect other plants with
low resistance to disease (Ma and He 2005). This
phenomenon can be clearly confirmed by our results,
wherein the incidence and index of tobacco mosaic disease
were significantly higher at the topping stages than at rosette
stage. Meanwhile, leaf dry weight was negatively correlated
with tobacco mosaic disease incidence and index (Islam et
al. 2018). Although the plant’s resistance and tolerance to
tobacco mosaic disease are genetically controlled (Agrios
2005), they are affected by the air temperature, humidity,
and especially soil fertility, including nutrition availability
(Huber and Jones 2013; Bittner et al. 2016).

To identify the key impact factors from large
candidate parameters, stepwise linear regressions were used
after identifying correlations between dependent and
independent variables (Chen and Lu 2017). Our results
demonstrated that soil sand content made the largest
contribution to the incidence and index of tobacco mosaic
disease. Meanwhile, tobacco mosaic disease incidence and
index were significantly positively correlated with the
increase in soil sand content while negatively with the
increase in soil silt content. According to American soil
texture classification standard, increasing 10 to 20% sand
content would change the soil property (Whiteside et al.

1967). With the 15% increase in soil sand content, the
incidence and index were significantly increased, while the
leaf dry weight and agronomic traits significantly decreased.
These results confirmed that soil sand content was one of
the most important key factors determine the severity of
tobacco mosaic disease. This result agreed with the findings
of a similar study in which a negatively correlation between
soil clay content and apple replant disease (Mahnkopp ef al.
2018) and a positively correlation with the biomass
production (Hamoud et al. 2019) were reported. Soil with
high clay content generally has high soil organic matter
content, which can not only improve soil structure but also
increase the availability of soil nutrients, especially the
immobile micro elements that is closely related to plant
disease (Tian et al. 2018; Rabot ef al. 2018). Our results
prove that the higher the soil sand content is, the lower the
soil total N and available K, Ca, Mg, Mn, Cu, and Zn
concentrations are, and the higher the incidence and index
of tobacco mosaic disease will be.

Soil nutrition level and plant defense mechanism are
highly correlated (Dordas 2008). Nutrient availability could
directly limit the production of viral nucleic acids and
proteins (Whitaker et al. 2015), thus decreased tobacco
mosaic disease index. Virus infection can induce the
accumulation of reactive oxygen in plant tissues (Xi et al.
2010). To prevent damage by reactive oxygen, plant has a
set of antioxidant enzyme defense systems, including
superoxide dismutase, peroxidase, polyphenol oxidase and
phenylalanine ammonia lyase (Gholi-Tolouie et al. 2018).
Several mineral nutrients have beneficial effects on health
and natural defense in response to pathogens (Garcia-Mina
2012). However, the results are inconsistent and contradict
each other (Walters and Bingham 2007). According to
results of multiple linear regression, soil N and Mn
concentrations have a positive impact against tobacco
mosaic disease. This result can be confirmed by a previous
study, in which plant was cultivated in water culture
solution with different Mn concentration and artificial
inoculated with TMV (Welkie and Pound 1958). However,
direct evidence from field investigations verifying the
relationship between the effectiveness of soil Mn and the
incidence of tobacco mosaic disease is rare. The effect of
nutrients on reducing the severity of diseases can be
attributed to the involvement in physiology and
biochemistry of the plant because many of the essential
nutrients are involved in many processes that can affect the
insistence response of plants to pathogens (Dordas 2008).

Generally, the soil N fertilizer additions above the
recommended rate (90 kg N ha ') can increase discase
severity caused by the obligate parasites, such as mosaic
virus (Marchetti et al. 2006; Whitaker et al. 2015). By
contrast, our results showed that tobacco mosaic disease
index decreased with the increase in soil N concentration
(Fig. 6). With the increase of N application rates, the
activity of polyphenol oxidase and phenylalanine ammonia
lyase of leaves tended upwards (Wang et al. 2005). In
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addition, N limitation severely compromises the ability of
Arabidopsis thaliana to express induced resistance to
pathogen infection (Dietrich et al. 2004, 2005). The N-
limited plants would express a delay in defense enzyme
expression and a decrease in enzyme levels (Dietrich ef al.
2004), thereby reducing host investment in N-containing
defenses under N limitation. These results suggested that
N-limited plants should be more susceptible to tobacco
mosaic disease infection. Meanwhile, N forms e.g.,
ammonium and nitrate may have opposite effects on
disease (Huber and Watson 1974; Gupta et al. 2013). It has
been proved that NOs'-fed tobacco own higher resistance
than NH,'-fed tobacco (Gupta et al. 2013). Therefore, on
one hand, results show that with the increase of soil N
concentration, the resistance of tobacco plant increased and
the disease index decreased. On the other hand, nitrate
contained fertilizer should be used for tobacco plant in
order to increase the disease resistance (Wang et al. 2009).
Mn directly increases host resistance by enhancing
lignification and increasing the soluble phenolic compound
concentration (Eskandari ef al. 2018). Another function of
Mn is to induce protective mechanisms and increase host
resistance (Simoglou and Dordas 2006). Mn can activate
plant antioxidant enzymes in the exome of leaves (Kalim et
al. 2003; Millaleo et al. 2010; Heine et al. 2011), which
may lead to disease resistance. Mn also acts as a cofactor
for key enzymes in plant defense, such as phenylalanine
ammonia-lyase and inhibits exogenous enzymes produced
by some fungi such as pectinase, to degrade host cell walls
(Monteiro et al. 2016). Given that Mn plays such an
important role in plant disease resistance, combined with
our results, we suggested the application of Mn fertilizer,
especially for sandy soil, to reduce the incidence of tobacco
mosaic disease.

Conclusion

Our results demonstrated that high sand content and low
nutrient availability in mountainous soil were the important
factors responding for the decline of tobacco plant resistance
and the occurrence of tobacco mosaic disease. Therefore, it
is one of the effective ways to prevent and reduce tobacco
mosaic disease by increasing soil fertility and applying
micronutrient fertilizer.

Acknowledgements

This work was supported by the Science and Technology
Project of Yunnan Tobacco Company, China National
Tobacco Corporation (grant nos. 2017YN17 and
2015YN11). We thank the Yuxi Research Center of
Biological Control Engineering for Tobacco Diseases and
Insect Pests for providing us with working and available
facilities. We thank Dr Arshad Javaid from Pakistan for the
constructive  suggestions and comments for the
improvement of this manuscript.

Author Contributions

ML WZ and SL conceived the study and contributed to the
design and interpretation of the research. LW, MF, ML, WZ
and XX carried out the experiments. XG, JL and LZ
contributed to the field experiments and collected samples.
MF analyzed the data, prepared figures and wrote the
manuscript. SL modified the manuscript.

References

Agrios GN (2005). Plant Pathology, 5™ edition, pp:79-103. Elsevier
Academic Press. Burlington, Massachusetts, USA

Amtmann A, S Troufflard, P Armengaud (2008). The effect of potassium
nutrition on pest and disease resistance in plants. Physiol Plantarum
133:682-691

Barbetti M, MP You, L Hua, X Ma, K Sivasithamparam (2007).
Management of root diseases of annual pasture legumes in
Mediterranean ecosystems - a case study of subterranean clover root
diseases in the south-west of Western Australia. Phytopathol Medit
46:239-258

Bittner RJ, C Arellano, AL Mila (2016). Effect of temperature and
resistance of tobacco cultivars to the progression of bacterial wilt,
caused by Ralstonia solanacearum. Plant Soil 408:299-310

Calero N, V Barron, J Torrent (2008). Water dispersible clay in calcareous
soils of South western Spain. Catena 74:22-30

Chen X, W Lu (2017). Identifying factors influencing demolition waste
generation in Hongkong. J Clean Prod 141:799-811

China Statistical Yearbook (2017). National Bureau of Statistics of the
People's Republic of China. Available at:
http://www.stats.gov.cn/tjsj/ndsj/2017/indexch.htm  (Accessed: 04
July 2019)

Dietrich R, K Ploss, M Heil (2005). Growth responses and fitness costs after
induction of pathogen resistance depend on environmental
conditions. Plant Cell Environ 28:211-222

Dietrich R, K Ploss, M Heil (2004). Constitutive and induced resistance to
pathogens in Arabidopsis thaliana depends on nitrogen supply. Plant
Cell Environ 27:896-906

Dordas C (2008). Role of nutrients in controlling plant diseases in
sustainable agriculture. A review. Agron Sustain Dev 28:33-46

Eraslan F, B Akbas, A Inal, C Tarakcioglu (2007). Effects of foliar sprayed
calcium sources on tomato mosaic virus (tomv) infection in tomato
plants grown in greenhouses. Phytoparasitica 35:150-158

Eskandari S, AH Khoshgoftarmanesh, B Sharifnabi (2018). The effect of
foliar-applied manganese in mineral and complex forms with
amino acids on certain defense mechanisms of cucumber
(Cucumis sativus L.) against powdery mildew. J Plant Growth
Regul 37:481-490

FAOSTAT (2016). Food Agricultural Organization, UN. Available at:
http://faostat.fao.org/ (Accessed: 04 July 2019)

Garcia-Mina JM (2012) Plant Nutrition and Defense Mechanism: Frontier
Knowledge. In: Advances in Citrus Nutrition, pp:1-12. Srivastava A
(Ed.). Springer, Dordrecht, The Netherlands

Gholi-Tolouie S, N Sokhandan-Bashir, M Davari, M Sedghi (2018). The
effect of salicylic and jasmonic acids on tomato physiology and
tolerance to Cucumber mosaic virus (CMV). Eur J Plant Pathol
151:101-116

Gupta KJ, Y Brotman, S Segu, T Zeier, J Zeier, ST Persijn, SM Cristescu,
FJM Harren, H Bauwe, AR Fernie, WM Kaiser, LAJ Mur (2013).
The form of nitrogen nutrition affects resistance against
Pseudomonas syringae pv. phaseolicola in tobacco. J Exp Bot
64:553-568

Hamoud YA, X Guo, Z Wang, H Shaghaleh, S Chena, A Hassan, A Bakour
(2019). Effects of irrigation regime and soil clay content and their
interaction on the biological yield, nitrogen uptake and nitrogen-use
efficiency of rice grown in southern China. Agric Water Manage
213:934-946

1307



Fan et al. / Intl J Agric Biol, Vol 24, No 5, 2020

Heine G, JFJ Max, H Fithrs, DW Moran-Puente, D Heintz, WJ Horst
(2011). Effect of manganese on the resistance of tomato to
Pseudocercospora fuligena. J Plant Nutr Soil Sci 174:827-836

Huang CY (2000). Textbook Series for 21* Century: Soil Science, 3 edn.
Chinese Agricultural Press, Beijing, China

Huber DM, JB Jones (2013). The role of magnesium in plant disease. Plant
Soil 368:73-85

Huber DM, RD Watson (1974). Nitrogen form and plant disease. Annu Rev
Phytopathol 12:139-165

Huber DM, S Haneklaus (2007). Managing nutrition to control plant
disease. Landbauforsch Vélken 4:313-322

Islam W, M Qasim, A Noman, M Tayyab, S Chen, L Wang (2018).
Management of Tobacco Mosaic Virus through natural metabolites.
Rec Nat Prod 12:403-415

Kalim S, YP Luthra, SK Gandhi (2003). Cowpea root rot severity and
metabolic changes in relation to manganese application. J
Phytopathol 151:92-97

Lacroix C, EW Seabloom, ET Borer (2014). Environmental nutrient supply
alters prevalence and weakens competitive interactions among
coinfecting viruses. New Phytol 204:424-433

Li JZ, YG Jiao, K Dai, CP Sha, SG Ji, LM Zhang (2014). Flue-cured
tobacco yield and quality influenced by different preceding crops and
corresponding improvement of fertilizer application in Yuxi. J Anhui
Agric Sci 42:6597-6600

Liu YH, ZD Wang, YM Qian, J] Mu, L Shen, F Wang, J Yang (2010).
Rapid detection of tobacco mosaic virus using the reverse
transcription loop-mediated isothermal amplification method. Arch
Virol 155:1681-1685

Ma GS, BR He (2005). Research advance on occurrence and control of
virus diseases in tobacco. J Henan Agric Sci 34:42-46

Mahnkopp F, M Simon, E Lehndorff, S Ptzold, A Wrede, T Winkelmann
(2018). Induction and diagnosis of apple replant disease (ARD): A
matter of heterogeneous soil properties? Sci Hortic 241:167-177

Marchetti R, F Castelli, R Contillo (2006). Nitrogen requirements for flue-
cured tobacco. Agron J 98:666-674

Merchant A, AD Peuke, C Keitel, C Macfarlane, CR Warren, MA Adams
(2010). Phloem sap and leaf 5"°C, carbohydrates, and amino acid
concentrations in Eucalyptus globulus change systematically
according to flooding and water deficit treatment. J Exp Bot
61:1785-1793

Millaleo R, M Reyes-Diaz, AG Ivanov, ML Mora, M Alberdiet (2010).
Manganese as essential and toxic element for plants: Transport,
accumulation and resistance mechanisms. J Soil Sci Plant Nutr
10:476-494

Monteiro ACA, MLV de Resende, TCT Valente, PMR Junior, VF Pereira,
JR da Costa, JAGD Silva (2016). Manganese phosphite in coffee
defence against Hemileia vastatrix, the coffee rust fungus,
biochemical and molecular analyses. J Phytopathol 164:1043-1053

Parisi-Kern A, M Ferreira-Dias, M Piva-Kulakowski, L Paulo-Gomes
(2015). Waste generated in high-rise buildings construction: A
quantification model based on statistical multiple regression. Waste
Manage 39:35-44

Rabot E, M Wiesmeier, S Schliiter, H Vogel (2018). Soil structure as an
indicator of soil functions: A review. Geoderma 314:122-137

Scholthof KB (2004). Tobacco mosaic virus: A model system for plant
biology. Rev Phytopathol 42:13-34

Shuai C, X Chen, Y Wu, Y Tan, Y Zhang, L Shen (2018). Identifying the
key impact factors of carbon emission in China, results from a
largely expanded pool of potential impact factors. J Clean Prod
175:612-623

Simoglou KB, C Dordas (2006). Effect of foliar applied boron, manganese
and zinc on tan spot in winter durum wheat. Crop Prot 25:657-663

Tian L, L Zhao, X Wu, H Fang, G Zhang, Y Zhao, G Hu, G Yue, Y Sheng,
J Wu, J Chen, Z Wang, W Li, D Zou, C Ping, W Shang, Y Zhao, G
Zhang (2018). Soil moisture and texture primarily control the soil
nutrient stoichiometry across the Tibetan grassland. Sci Total
Environ 622-623:192-202

Walters DR, 1J Bingham (2007). Influence of nutrition on disease
development caused by fungal pathogens, implications for plant
disease control. Ann Appl Biol 151:307-324

Wang AH, SF Wang, CR Gong (2005). The dynamic effects of nitrogen
rate on poly phenols of flue-cured tobacco upper leaf. J N W Agirc
For Univ 33:57-60

Wang HB, RS Ye, SF Ling (2009). Different proportions of nitrogen
impacts on the yield and quality of the tobacco. Guangdong Agric
Sci 5:87-89

Wang YX (2012). Study on relationship between mineral nutrition and plant
disease. J Agric Catastrophol 2:25-27

Welkie GW, GS Pound (1958). Manganese nutrition of Nicotiana tabacum
L. in relation to multiplication of tobacco mosaic virus. Virology
5:92-109

Whitaker BK, MA Rua, CE Mitchell (2015). Viral pathogen production in a
wild grass host driven by host growth and soil nitrogen. New Phytol
207:760-768

Whiteside EP, KW Flach, VC Jamison, WD Kemper, EG Knox, AC
Orvedal (1967). Considerations relative to a common particle size
scale of earthy materials. Soil Sci Soc Amer J 31:579-584

Xi DM, WS Liu, GD Yang, CA Wu, CC Zheng (2010). Seed-specific over
expression of antioxidant genes in Arabidopsis enhances oxidative
stress tolerance during germination and early seedling growth. Plant
Biotechnol J 8:796-806

Zhao L, C Feng, K Wu, W Chen, Y Chen, XHao, Y Wu (2017). Advances
and prospects in biogenic substances against plant virus: A review.
Pest Biochem Physiol 135:15-26

Zhu S, RIB Francki (1992). Cucumber Mosaic Virus coat protein inside the
chloroplast of the infected tobacco. Virol Sin 7:328-333

1308



