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ABSTRACT: To clarify the relationships between the main chemical components in flue-cured tobacco in Guizhou
and field meteorological factors during the tobacco growing period, the contributions of meteorological factors to the
chemical composition of flue-cured tobacco and related components were explored in this study. The flue-cured tobacco
variety Y87 was used as the experimental material, and tobacco samples and meteorological data were collected from
seven typical tobacco-growing areas in Guizhou Province. Using a random forest model and canonical correlation
analysis, the impact and contribution of the monthly mean temperature, precipitation, and sunshine duration during
the field growing period to the chemical indicators of tobacco leaves were investigated. During the growing period of
flue-cured tobacco in Guizhou, meteorological factors showed considerable variation, with the magnitude of change
decreasing in the order of precipitation, sunshine duration, and mean temperature. Precipitation in April, mean
temperature in June and August, and sunshine duration in April and May had the most significant impacts on the
main chemical components of tobacco leaves, particularly nicotine, total sugar, and starch, with coefficients of variation
reaching 14.93%, 14.59%, and 24.27%, respectively. The precipitation in May and June, mean temperature in August, and
sunshine duration in June played key roles in influencing the nitrogen-nicotine ratio and total-reducing sugar ratio.
Moreover, the mean temperature in May, precipitation in July, and mean temperature in July substantially contributed
to the nicotine and total nitrogen contents, with contribution rates of 19.17%, 12.19%, and 17.36%, respectively, to the
nicotine content. Sunshine duration in May, mean temperature in August, and sunshine duration in July significantly
contributed to starch content, with rates of 17.45%, 15.34%, and 13.27%. During the root extension stage, vigorous growth
stage, and maturation stage, meteorological factors primarily affected the accumulation of nitrogenous compounds
such as nicotine and total nitrogen. The mean temperatures in May and July contributed 19.17% and 17.36% respectively
to nicotine accumulation; whereas during the maturation stage and harvest stage, these factors mainly impacted
the accumulation of carbohydrates such as starch and total sugars, The mean temperature in August and sunshine
duration in July contributed 15.34% and 13.27% respectively to starch accumulation. Therefore, ensuring tobacco
seedling transplantation is completed before May and appropriately extending the maturation period can promote the
accumulation of carbon-nitrogen compounds in tobacco leaves and improve leaf quality.
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1 Introduction

Despite the harmful effects of smoking on health, tobacco (Nicotiana tabacum L.) remains one of
the most important economic crops in the world [1-3]. It is widely used in various consumable products
designed for smoking, chewing, and snuffing because of its sensory attributes, including aroma, flavour, and
odour [4,5]. Moreover, due to its fast growth cycle, high genetic transformation efficiency, and well-annotated
genome, tobacco has emerged as a vital model organism in plant biotechnology [6]. Tobacco can adapt to a
wide range of conditions, but its yield and quality are very sensitive to environmental conditions, including
the climate, crop rotation patterns, soil properties, soil microbes, and topography during the field tobacco
growing period [7-9].

The growth, yield, and quality of tobacco are affected by the genetic properties of cultivars; meteorolog-
ical factors (including temperature, light, and precipitation); and ecological conditions (such as soil physical
and chemical properties, soil types, and growing practices) [10-12]. Temperature plays a predominant role
in tobacco production by affecting the rate of soil carbon mineralisation and directly affecting the growth
of tobacco [13]. Tobacco is very sensitive to the water supply. The production of tobacco requires suitable
amounts of soil nutrients such as nitrogen, phosphorus, and potassium for normal growth [14,15]. Under
high soil nitrogen levels, the fresh and dry weights and total nitrogen and nicotine contents of tobacco leaves
usually increase, but the reducing sugar content decreases [16]. In the Honghe tobacco zone in China, the
yield and chemical composition of flue-cured tobacco are significantly correlated with climatic factors [8].
More than 2500 chemical compounds affecting tobacco quality have been identified; in particular, nicotine is
the most important factor affecting tobacco leaf quality. The total sugar and reducing sugar levels in tobacco
leaves determine sweetness and flavour, whereas the total nitrogen and nicotine contents determine the
physical intensity and concentration of smoke [17]. Leaf quality is also affected by many factors, including
cultivation practices, environmental conditions, and genotypes [15]. Owing to environmental destruction
around the world and intensified climate change, environmental conditions, including climatic conditions,
have become more variable and difficult to predict. The intensification of climate change strongly affects
the production of tobacco, leading to a decrease in tobacco yield, a decrease in quality, and an increase
in production costs [18]. Moreover, the interaction between genotype and the environment exacerbates
difficulties in tobacco production. To improve the yield and quality potential of tobacco varieties, it is
necessary to understand the environmental adaptability of different varieties and the influence of major
meteorological factors in planting areas on the chemical composition of tobacco leaves.

Research indicates region-specific impacts of meteorological factors on tobacco chemical composition.
In Hubei, precipitation during the maturity stage predominantly governs nicotine, total sugar content, and
ratio indices, while humidity, precipitation, and sunshine duration during the fast-growing stage regulate
reducing sugar, total nitrogen, and potassium content, respectively [19]. In Baoshan (Yunnan), temperature
exerts the most significant influence, followed by rainfall, humidity, and sunshine duration [20]. The Chang-
sha region demonstrates a contribution hierarchy of temperature > cumulative rainfall > cuamulative sunshine
hours [21]. For flue-cured tobacco sensory quality, field-growth temperature is the primary controlling factor,
with rainfall and sunshine being secondary influences [22]. Chemical components in Guizhou tobacco
are significantly affected by June sunshine duration, July precipitation, and temperature [23]. In Nanping,
mean temperature and precipitation modulate sugar and starch accumulation, whereas sunshine duration
dominates the potassium-chlorine ratio [24].

However, existing research predominantly focuses on analyzing linear relationships using methods
such as correlation analysis, path analysis, and canonical correlation analysis. Although these analytical
approaches can effectively quantify direct or indirect effects between variables, their application efficacy is
constrained by stringent requirements for data distribution patterns, and they struggle to reveal complex
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nonlinear interactions. In contrast, random forest models based on ensemble learning theory demonstrate
significant advantages. By constructing multi-dimensional decision tree systems, they can further clarify
the specific contributions of meteorological factors to the accumulation of chemical components in tobacco
leaves, offering more comprehensive insights into the association mechanisms between meteorological
factors and chemical components. In this work, the correlation and contribution of meteorological factors
to the main chemical constituents in tobacco and their relationships in Guizhou tobacco-growing areas
are investigated by means of canonical correlation analyses and random forest models. This study aims
to reveal the mechanism by which meteorological factors influence the accumulation and contents of
chemical components in tobacco leaves and to provide a scientific basis and reference for the optimisation
of tobacco cultivation.

2 Materials and Methods
2.1 Test Materials

The test material was Nicotiana tabacum Y87. Middle leaves (defined as positions 9-11 from the
apex after topping) were harvested during a centralized harvesting period from 12 to 15 August 2021
in seven tobacco-growing regions in Guizhou Province: Changshun (22°55'53"N, 106°19'15"E), Weining
(26°45'43"'N, 103°59'00"E), Anlong (25°10'52"N, 105°27'43"E), Pingba (26°25'36"N, 106°13'20"E), Jinsha
(27°24'05'N, 106°02'11"E), Yinjiang (28°01'10”N, 108°30/09”E), and Bozhou (27°30'50"N, 107°09'36"E).
These regions are characterized by mountainous and hilly topography with a subtropical humid monsoon
climate. All sampling sites were situated within contiguous tobacco cultivation zones with yellow-brown
earth soils (Detailed physicochemical properties are presented in Table S1), where non-target vegetation
interference was rigorously maintained beyond a 100-m radius. The spatial distribution of sampling points
is detailed in Fig. S1. At each sampling site, three biological replicates were established, with each replicate
comprising 20 tobacco leaves meeting the specified positional and dimensional standards. All target leaves
were tagged prior to harvest, then subjected to standard curing processes post-harvest. The processed
leaves were ground and sieved through a 60-mesh sieve, with the resulting powder stored under controlled
conditions for subsequent analysis. Y87 was cultivated using local technical specifications for high-quality
tobacco plantation management and treated using the three-stage curing method, and the sampled tobacco
was cured, destemmed, crushed, and sifted to test its chemical composition.

2.2 Test Methods
2.2.1 Chemical Composition Testing

The reducing sugar, total sugar, total nitrogen, nicotine, potassium, starch, and chlorine contents were
tested via previously reported methods [16,25]. Chemical composition analysis was conducted using the
AUTOAnalyzer 3 continuous flow analyzer (AA3, Germany, Bran+Luebbe). The specific procedures are
as follows: Starch was ultrasonically purified with an 80% ethanol-saturated NaCl solution, extracted via
thermal ultrasonication with 90% DMSO-HCI, and its content was determined after a color reaction. Total
nitrogen was converted into ammonia through sulfuric acid-catalyzed digestion, oxidized to chloramine
under strongly alkaline conditions by sodium hypochlorite, and reacted with sodium salicylate to form an
indigo dye, which was then detected by the equipment. Total sugar, reducing sugar, nicotine, potassium, and
chlorine were all extracted in one step with 5% acetic acid, and their contents were determined after color
reactions, with potassium content measured via flame photometry.
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2.2.2 Meteorological Data Collection

In 2021, meteorological data (precipitation, mean temperature, sunshine duration, etc.) during the
growth period (April-August) of cured tobacco in seven tobacco planting areas were obtained from Guizhou
Meteorological Bureau monitoring data, and latitudinal and longitudinal data were obtained from the GPS
positions of the sampling points.

2.3 Data Processing and Analysis

Data organisation was conducted using Microsoft Excel 2021, and a random forest model was con-
structed using the random forest function in an R language package to calculate contributions and generate
plots. Canonical correlation analysis and significant difference analysis (Duncan’s method) were performed
using SPSS 25.0.

2.3.1 Random Forest Model

The importance of features was assessed by calculating the IncNodePurity value [26]. The random
forest model was implemented with the following parameters: number of trees (ntree) = 500, node splitting
criterion = variance reduction, and mtry = 5 (approximately 1/3 of 16 total features). Model robustness was
ensured through 10-fold cross-validation with a random seed set to 123.

(1) Node Impurity Calculation: In the construction of the decision tree, the impurity of each node
was measured by the Gini index. The Gini index is calculated as I (p) =1— Z{_l p?, where p; denotes the
probability of the ith category and J is the total number of categories.

(2) Split Node Comparison: The algorithm uses different features for node splitting when constructing
the decision tree and selects the feature that maximises impurity reduction (or increases in information gain).

(3) Cumulative Impurity Reduction Calculation: For each candidate feature, its postsplit impurity was
calculated and compared to its presplit impurity. In all trees of a random forest, for each feature, the reduction
in impurity due to node splitting was accrued. This cumulative value was the IncNodePurity of the feature,
which reflected the overall degree of enhancement of the feature’s model purity at the split nodes.

(4) Relative Contribution Calculation: To more intuitively represent the degree of influence of each
meteorological factor on individual chemical indicators, the IncNodePurity values of all meteorological
factors were converted into percentages to obtain the relative contributions of meteorological factors to
chemical indicators.

2.3.2 Canonical Correlation Analysis

Canonical correlation analysis was performed by extracting representative composite variables U,
and V; (linear combinations of two variable groups) to reflect overall inter-group correlations through
their mutual correlation [27]. The analysis incorporated 21 experimental units (7 regions x 3 biological
replicates) with chemical composition data linked to corresponding regional climatic factors. Three variable
groups were defined: (1) Meteorological factors (April-August precipitation, sunshine duration, and monthly
mean temperature); (2) Chemical constituents (nicotine, total sugar, reducing sugars, total nitrogen, and
starch content in cured tobacco); and (3) Compositional ratios (sugar-nicotine ratio, nitrogen-nicotine
ratio, total-reducing sugar ratio, and potassium-chlorine ratio). This framework enabled exploration of
canonical correlations between meteorological factors and tobacco chemical composition, as well as their
interrelationships, derived through eigenvalue decomposition to maximize p(Uy, V7).
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3 Results and Analysis
3.1 Analysis of the Main Chemical Composition Indicators in Guizhou Tobacco-Growing Areas

Table 1 shows the statistical data for chemical indicators and their contents in cured tobacco leaves in
the Guizhou tobacco-growing areas. There were differences in the contents of various chemical components
among different samples. The mean value of nicotine was 2.92%, and the content ranged from 2.17% to 4.57%,
with a coefficient of variation of 14.93%, Among these regions, Jinsha and Yinjiang exhibited higher mean
nicotine values (3.49% and 3.06%, respectively), while Weining and Bozhou showed lower values (2.76%
and 2.63%, respectively). Notably, the nicotine content in Jinsha was significantly higher than in Bozhou
(Table S2). The mean total sugar content was 27.50%, and the content ranged from 21.17% to 39.80%, with a
coeflicient of variation of 14.59%, Bozhou exhibited a relatively high mean value (30.48%), whereas Anlong
and Jinsha showed lower values (24.93% and 24.74%, respectively). No significant differences in total sugar
content were observed among regions (Table S2). The mean value of starch was 4.29%, and the content
ranged from 2.68% to 8.26%, with a coeflicient of variation of 24.27%, which varied widely among the
samples. Bozhou exhibited a relatively higher starch content (5.56%), whereas Weining showed the lowest
value (3.54%). Starch content in Bozhou was significantly higher than in Weining (Table S2).

Table 1: Chemical indicators and their contents in cured tobacco leaves in different areas

Chemical indicators Mean Min Max CV (%)

Nicotine (%) 292 217 457 14.93
Total sugar (%) 2750 2117 39.80 14.59
Reducing sugar (%) 2019 1755 28.83 15.74
Total nitrogen (%) 1.98 1.33  2.67 12.17
Starch (%) 429 268 826  24.27
Potassium (%) 1.31 038 2.65 46.07
Chlorine (%) 027 011 0.48 3719
Sugar to nicotine ratio 971 478 1834  26.05

Nitrogen to nicotine ratio 0.68 055 0.75 7.39
Total to reducing sugar ratio  0.74  0.62  0.94 9.03
Potassium to chlorine ratio ~ 6.87  0.81 23.64  96.77

3.2 Basic Analysis of Meteorological Factors in Guizhou Tobacco-Growing Areas

The changes in the characteristics of major meteorological factors from April to August in Guizhou
tobacco-growing areas are shown in Table 2. The meteorological factor data for each sampling area are
provided in Table S3. The monthly mean precipitation during the field growing period of tobacco in Guizhou
Province ranged from 105.85 to 234.76 mm, in which the precipitation in June was significantly greater
than that in other months, but the differences in precipitation at different sampling points were large, with
coeflicients of variation greater than 36.57%. The mean temperature of Guizhou tobacco-growing areas from
April to August showed a gradual increasing trend, the mean temperature in July was significantly higher than
that in April to June, and there was no significant difference between June and August. The differences in the
monthly mean temperature at different sampling points were small, with the coefficient of variation ranging
from 9.63% to 12.04%. The mean sunshine duration in different months varied significantly, ranging from
88.57 to 173.41 h, and the sunshine duration in June was significantly lower than that in other months, at only
88.57 h. Overall, during the growth period of tobacco leaves in Guizhou, there were significant differences
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in mean precipitation and sunshine duration across different months and tobacco regions, while the mean
temperature was relatively stable.

Table 2: Characteristics of meteorological factors from April to August in the Guizhou tobacco-growing areas

Meteorological factors April May June July  August

Mean (mm) 105.85° 160.51° 234.76* 149.63 156.42°
Min (mm) 2690 7330 108.00 73.30  48.70
Max (mm) 239.40 280.80 36810 233.40 41700
CV (%) 59.40 4720 3657 3995  68.67
Mean (°C)  16.98¢ 19.24° 2123 2333 2252
Min (°C) 1220 1390 1610 18.60  16.50
Max (°C)  20.00 2240 2490 2760  26.40
CV (%) 1153 10.47 10.7 9.63 12.04
Mean (h)  132.31° 123.02° 8857 168.72* 173.41%
Min (h) 6710 3770  63.90 118.00 13160
Max (h)  196.80 21650 113.70 22930  193.60
CV (%) 2776 4914 1525  23.58 9.15

Precipitation

Mean temperature

Sunshine duration

Note: Different lowercase superscript letters (e.g., a—d) within the same row indicate signifi-
cant differences in meteorological factors across months in Guizhou tobacco-growing areas
(Duncan’s multiple range test, p < 0.05).

3.3 Correlation Analysis between Major Chemical Components and Meteorological Factors in Guizhou
Tobacco Leaves

3.3.1 Simple Correlation Analysis

The simple correlation coefficients between the main chemical components of Guizhou tobacco and
meteorological factors are shown in Table 3. The strength and direction of the linear relationships between the
main chemical components of tobacco and individual meteorological factors were weak and not significant.
Simple correlation analysis cannot be used to adequately reveal overall correlations between variables
when multiple variables are involved, and complex, multidimensional interactions may occur among these
variables, which may be beyond the scope of simple linear relationships.

Table 3: Simple correlations between major chemical components of tobacco leaves and meteorological factors

Meteorological Nicotine  Total Reducing Total Starch  Total sugar- Total nitrogen- Total sugar- Potassium-

factors sugar sugar nitro- to-nicotine to-nicotine to-reducing  to-chlorine

gen ratio ratio sugar ratio ratio

April 0.086 0.381 0.180 —-0.094 0.307 0.171 -0.323 -0.335 0.031
precipitation

May precipitation ~ —0.172 0.029 0.033 -0.117 -0.051 0.087 0.108 -0.010 0.630

June —-0.172 0.015 0.016 -0.113 -0.028 0.123 0.112 -0.019 0.630
precipitation

July precipitation ~ —0.349 -0.016 0.028 -0.198 0.248 0.169 0.299 0.115 0.002

August -0.110 -0.276 —-0.125 0.032 —0.144 —-0.149 0.257 0.291 0.002
precipitation

April mean 0.184 0.117 -0.004  -0.006 0.254 0.009 -0.360 -0.163 0.183
temperature

(Continued)
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Table 3 (continued)

Meteorological Nicotine  Total  Reducing Total Starch  Total sugar- Total nitrogen- Total sugar-  Potassium-
factors sugar sugar nitro- to-nicotine to-nicotine to-reducing  to-chlorine
gen ratio ratio sugar ratio ratio
May mean 0.256 —-0.153 -0.153 0.233 0.028 —-0.172 -0.104 0.020 0.393
temperature
June mean 0.188 0.116 -0.048 0.067 0.305 0.023 -0.263 -0.259 0.164
temperature
July mean 0.339 -0.011 -0.069 0.197 0.169 -0.087 -0.313 -0.096 0.279
temperature
August mean 0.216 0.236 0.104 0.051 0.363 0.102 —0.341 -0.202 0.335
temperature
April sunshine -0.125 -0.324 -0.115 0.069 —-0.288 —0.137 0.350 0.366 —0.132
duration
May sunshine -0.020 -0.389 -0.172 0.142 -0.395 —-0.248 0.289 0.375 -0.150
duration
June sunshine —-0.147  -0.053 0.092 -0.036 0.032 0.022 0.219 0.302 —0.668
duration
July sunshine 0.227 -0.264 —0.161 0.225 -0.240 -0.246 -0.035 0.184 —0.086
duration
August sunshine 0.138 0.191 0.080 -0.022 0.285 0.107 -0.292 -0.158 0.080
duration

3.3.2 Canonical Correlation Analysis between the Contents of Major Chemical Components and
Meteorological Factors

A summary of the canonical correlation analysis models between major chemical components and
meteorological factors in Guizhou tobacco is shown in Table 4. The first canonical correlation coefficient
was 1.000, and its significance level was 0.003, indicating that there was a very strong correlation between
the canonical variables of Group 1 and that this association was statistically significant. The subsequent
canonical correlation coefficients (from the second to the fifth) also showed high correlations, but p > 0.05,
indicating that none of them were significant. Therefore, only the first pair of canonical correlation variables
was selected.

Table 4: Summary of the canonical correlation analysis model

Canonical correlation coeflicient r p
First canonical correlation coefficient 1.000 0.003
Second canonical correlation coefficient 0.951 0.887
Third canonical correlation coefficient 0.918 0.920
Fourth canonical correlation coefficient 0.822 0.965
Fifth canonical correlation coefficient 0.585 0.978

Note: The r value represents the strength of the correlation between canonical variables; the closer
the value is to 1, the stronger the correlation. The p value was used to assess the significance of the
correlation, with p < 0.05 indicating a significant correlation.

The canonical variable model for chemical components is expressed as: Ul = 0.335 x (nicotine) + 0.411
x (total sugar) + 0.134 x (reducing sugar) — 0.128 x (total nitrogen) + 0.513 x (starch).

The canonical variable model for the meteorological factors is given by: V1 = 0.549 x (April precipita-
tion) — 0.154 x (May precipitation) — 0.147 x (June precipitation) — 0.237 x (July precipitation) — 0.407 x
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(August precipitation) + 0.455 x (April mean temperature) + 0.155 x (May mean temperature) + 0.492 x
(June mean temperature) + 0.408 x (July mean temperature) + 0.548 x (August mean temperature) — 0.567
x (April sunshine duration) — 0.552 x (May sunshine duration) — 0.284 x (June sunshine duration) — 0.114
x (July sunshine duration) + 0.432 x (August sunshine duration).

The coeflicients indicate the direction and strength of each original variable’s contribution to the
canonical variables (Ul and V1). A positive coefficient means an increase in that variable elevates the
canonical variable value, while a negative coefficient means a decrease; the larger the absolute value, the
stronger the influence. Ul and V1 capture the overall relationship between chemical and meteorological
factors by maximizing correlation, but the coefficients do not directly imply causation—rather, they reflect
weights in the canonical space. Taking April precipitation as an example, its coefficient in V1 is +0.549. If
April precipitation increases, the value of V1 rises. Since V1 is positively correlated with Ul, the value of
Ul also increases. The coefficients of chemical components in Ul show that nicotine (+0.335), total sugar
(+0.411), reducing sugar (+0.134), and starch (+0.513) increase, while total nitrogen (-0.128) decreases.
Thus, increased April precipitation may lead to the accumulation of sugars and starch in tobacco leaves
but reduce nitrogen content. According to the above model of correlated variables, among the main
chemical components, nicotine, total sugar, and starch were most affected by meteorological factors. Among
the meteorological factors in different months, precipitation in April, mean temperature in June, mean
temperature in August, sunshine duration in April, and sunshine duration in May had the greatest effects
on the main chemical composition of tobacco. Specifically, an increase in precipitation in April, the mean
temperature in June, and the mean temperature in August regulated the synthesis of tobacco nicotine and
total sugar and starch; and an increase in sunshine duration in April and May was not conducive to the
synthesis and accumulation of nicotine in tobacco. The influence of meteorological factors on the main
chemical components of Guizhou cured tobacco at different growth stages varied in degree depending on
the stage and the meteorological factors.

3.3.3 Canonical Correlation Analysis for the Relationships between Major Chemical Components and
Meteorological Factors

A summary of the canonical correlation analysis models for the relationships between major chemical
components and meteorological factors is shown in Table 5. The first canonical correlation coefficient was
0.997, and its significance level was 0.019, indicating that there was a very strong correlation between the
canonical variables of Group 1 and that this association was statistically significant. The subsequent canonical
correlation coeflicients (from second to fourth) also showed high correlations, but p > 0.05, indicating that
none of them were significant. Therefore, only the first pair of canonical correlation variables was selected.

Table 5: Summary of the canonical correlation analysis model

Canonical correlation coefficient r P
First canonical correlation coeflicient 0.997 0.019
Second canonical correlation coefficient 0.993 0.126
Third canonical correlation coefficient 0.895 0.718
Fourth canonical correlation coefficient 0.764 0.793

Note: The r value represents the strength of the correlation between canonical variables; the closer
the value is to 1, the stronger the correlation. The p-value was used to assess the significance of
the correlation, with p < 0.05 indicating a significant correlation.
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In the canonical variable model for chemical relationships, Ul is expressed as: Ul = 0.120 x (sugar—
nicotine ratio) — 0.263 x (total nitrogen-nicotine ratio) — 0.332 x (total sugar-reducing sugar ratio) + 0.957
x (potassium-chlorine ratio)

In the canonical variable model for meteorological factors, V1 is defined as:V1 = 0.154 x (April
precipitation) + 0.579 x (May precipitation) + 0.585 x (June precipitation) — 0.052 x (July precipitation) —
0.102 x (August precipitation) + 0.266 x (April mean temperature) + 0.367 x (May mean temperature) +
0.239 x (June mean temperature) + 0.327 x (July mean temperature) + 0.420 x (August mean temperature)
— 0.253 x (April sunshine duration) — 0.272 x (May sunshine duration) — 0.701 x (June sunshine duration)
— 0.123 x (July sunshine duration) + 0.167 x (August sunshine duration)

The typical correlation variable model presented above revealed that the total nitrogen-nicotine ratio,
total sugar-reducing sugar ratio, and potassium-chlorine ratio were most affected by meteorological factors,
and among the different meteorological factors, the precipitation in May, the precipitation in June, the mean
temperature in August, and the sunshine duration in June were found to play major roles in regulating the
chemical composition of Guizhou tobacco leaves. Specifically, an increase in precipitation in May, an increase
in precipitation in June, an increase in mean temperature in August, and a decrease in sunshine duration
in June caused a decrease in the nitrogen-nicotine ratio and total-reducing sugar ratio. Precipitation and
sunshine duration in June had a significant effect on the regulation of the chemical composition of tobacco.

3.4 Analysis of the Relative Contributions of Meteorological Factors to the Major Chemical Indices of
Tobacco in Guizhou

The impacts of meteorological factors in Guizhou on the relative contributions of major chemical
indicators of tobacco are shown in Fig. 1. The 10-fold cross-validation results are presented in Table S4.
The contribution rates of meteorological factors to the contents of major chemical components and their
regulation varied by month and meteorological factor. Specifically, June sunshine duration and May and
June precipitation contributed more to the potassium-chlorine ratio of tobacco, and May mean temperature
and July precipitation and mean temperature contributed more to the nicotine and total nitrogen contents,
with their contributions to nicotine content reaching 19.17%, 12.19% and 17.36%, respectively. The sunshine
duration in May, the mean temperature in August and the sunshine duration in July contributed more to
starch, with contributions 0f 17.45%, 15.34% and 13.27%, respectively; the sunshine durations in June and May
contributed most to the total-reducing sugar ratio, with contributions of 15.98% and 16.05%, respectively.
In addition, the sunshine duration in May and precipitation in April contributed more to the total sugar
content, and sunshine duration in August and precipitation in May contributed more to reducing sugars.

Note: In the table, the colour represents the relative contribution of meteorological factors to the content

and regulation of chemical components in cured tobacco leaves, with a gradient from blue to red, where red
denotes a greater contribution; the numbers indicate specific contribution values.
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Figure 1: Analysis of the relative contribution of meteorological factors to major chemical indicators of tobacco leaves.
Note: In the figure, color represents the relative contribution of meteorological factors to the content and balance of
chemical components in cured tobacco leaves, with a gradient from blue to red, where blue denotes a lower contribution
and red denotes a higher contribution; the numbers denote the specific relative contributions of meteorological factors
by month to the chemical components in cured tobacco leaves

4 Discussion

Cured tobacco is very sensitive to the environmental conditions under which it grows, including soil
properties, solar radiation, precipitation, and temperature. Stress from temperature, sunshine duration, and
drought can cause early flowering of tobacco, reducing its economic value [8,28]. Precipitation significantly
influences biomass, sugar, and nicotine contents [29]. Excessive rainfall, high temperature, and high humidity
can also exacerbate disease in tobacco [8]. Our findings indicate that precipitation, mean temperature,
and sunshine duration varied greatly between the eastern and western parts of Guizhou tobacco-growing
areas, with coeflicients of variation ranging from 36.57% to 68.67%, 9.63% to 12.04% and 9.15% to 49.14%,
respectively. In tobacco, the range of nicotine content is 1.17%-3.04%, that of the reducing sugar content
is 1.17%-22.25%, that of the nitrogen content is 1.36%-2.31%, and that of the chlorine content is 0.18%—
0.62% [8,30]. The average contents of nicotine and reducing sugars are 2.92% and 15.74%, respectively, which
are within the reported ranges. The mountainous agricultural environment and the climate of Guizhou
tobacco-growing areas constitute the ecological basis for the formation of the honey-sweetness flavour and
fresh-sweetness flavour in Guizhou tobacco. In this study, the contents of nicotine and total sugar were most
significantly and positively affected by mean temperature from the maturation stage to the harvest stage
(June-August) and were most significantly and negatively affected by the duration of sunshine during the
root extension stage and vigorous growth stage (April-May). These results are consistent with the fact that the
total sugar and reducing sugar contents are positively correlated, whereas the contents of nicotine, protein,
and chlorine are negatively related to precipitation in Guizhou Province [8]. The findings of Bu are consistent
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with our study [31], indicating that July rainfall is significantly negatively correlated with total sugar content
in middle leaves, nicotine content decreases with increasing total sunshine duration, and August mean
temperature is significantly positively correlated with total sugar content and the sugar-to-nicotine ratio.
Similarly, Ji found that humidity during the root extension stage (April) is significantly positively correlated
with reducing sugar content, and rainfall during the vigorous growth stage (May) is significantly negatively
correlated with nicotine content, which aligns with our results [21]. However, Ji also reported that the mean
temperature during the root extension stage and the field growth period is significantly negatively correlated
with reducing sugar content [21], which differs from our findings. This discrepancy may be due to the fact
that the temperatures during the root extension and vigorous growth stages of flue-cured tobacco in Guizhou
are slightly lower than those in Baoshan, Yunnan. In regions with relatively lower temperatures, an increase
in mean temperature may favor the accumulation of reducing sugars [32]. Sunshine duration ranging from
500-700 h is suitable for tobacco [33], but sunshine duration ranges from 418-913 h in Guizhou Province.
Therefore, tobacco cultivation must be performed according to the characteristics of the local climate.

Tobacco requires optimum temperature (20°C-30°C), humidity (80%-85%), and sunshine duration
(500-700 h) in its growth phase [8,34]. The results of the relative contribution analysis indicated that in
the Guizhou tobacco-growing areas, the sunshine duration in June and the precipitation in May and June
contributed strongly to the potassium-chlorine ratio of tobacco leaves. Moreover, the mean temperature
in May and the precipitation and mean temperature in July significantly contributed to the contents of
nicotine and total nitrogen, with contributions to nicotine reaching 19.17%, 12.19%, and 17.36%, respectively.
These findings suggested that the mean temperature and precipitation during the vigorous growth stage and
the early maturation stage were favourable for the accumulation of total nitrogen and nicotine. Biglouei
conducted water treatment experiments at different growth stages and found that water management
significantly affects the leaf area index, sugar and nicotine content, as well as the yield and quality of tobacco
leaves. Appropriate water supplementation was shown to improve yield, average price, and output value [29].
Similarly, Wang suggested that total alkaloids are closely associated with temperature in the late maturity
stage and rainfall during the vigorous growth and early maturity stages [35]. Similarly, in the present study,
May sunshine duration, August mean temperature, and July sunshine duration contributed more to starch,
with contributions of 17.45%, 15.34%, and 13.27%, respectively, indicating that longer sunshine duration
and higher temperatures in the vigorously growing stage and late maturation stage were favourable for the
accumulation of starch in tobacco leaves. The maximum contribution of sunshine duration to the total-
reducing sugar ratio was observed in June and May, and the sunshine duration in the vigorous growth stage
and early maturation stage regulated the total-reducing sugar ratio of tobacco. The research findings are
consistent with those reported by Liu et al. [19].

In summary, this study conducted a relatively systematic investigation and discussion on the impacts
of meteorological factors in different tobacco-growing regions of Guizhou on the main chemical quality
and its coordination in tobacco leaves. It has been clarified that meteorological factors during the rooting
stage, vigorous growth stage, and maturity stage primarily influence the accumulation of nitrogen-containing
compounds such as nicotine and total nitrogen. According to local requirements for high-quality tobacco
growth and processing, it is recommended to ensure tobacco seedling transplantation is completed before
May and to appropriately extend the tobacco leaf maturation period. These measures can promote the
accumulation of carbon-nitrogen compounds in tobacco leaves, effectively improving tobacco yield and
quality. However, since meteorological factors significantly influence tobacco quality in cultivation, and this
study only includes one year of experimental data and analysis results, the relevant conclusions still require
more multi-year trials and comprehensive research. Such further studies would help explore the effects of



2396 Phyton-Int J Exp Bot. 2025;94(8)

region-specific meteorological factors on tobacco yield and quality indicators, facilitating the adjustment and
optimization of production techniques.

5 Conclusions

The magnitude and coefficient of variation of meteorological factors during the growth period of
tobacco in Guizhou were large and, in descending order, were precipitation, sunshine duration, and mean
temperature, which all had a significant effect on the accumulation of carbohydrates and nitrogenous
compounds in tobacco leaves. Overall, the precipitation, sunshine duration and mean temperature from
April-June (root extension stage and vigorous growth stage) had major effects on the accumulation of
nitrogenous compounds such as nicotine and total nitrogen, whereas the mean temperature and sunshine
duration from July-August (maturation stage and harvest stage) had major effects on the accumulation of
carbohydrates such as starch and total sugars. In the mountainous areas of Guizhou, areas with abundant
precipitation from April to June, suitable sunshine duration from April to May, and slightly higher mean
temperature from June to August are recommended as high-quality tobacco areas. Additionally, the trans-
planting period and cultivation techniques should be adjusted according to the patterns of precipitation,
sunshine duration, and mean temperature in tobacco-growing areas.
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