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Abstract
The physical and chemical properties of tobacco (Nicotiana tabacum L.) plants are sensitive to changes in genetics and the 
environment. However, few studies have investigated the effect of both cultivar and regional factors on tobacco quality at the 
proteomic level. Here, a TMT-based quantitative proteomics method was used to investigate proteome profiling of different 
tobacco leaves under various geographical locations. In total, 8587 proteins were detected, among which 300 differentially 
abundant proteins (DAPs) were identified. Proteins associated with carbohydrate metabolism and amino acid metabolism 
were more abundant in tobacco plants from Yunnan. In contrast, proteins involved in the response to heat were more abun-
dant in tobacco plants from Henan. We found that proteins related to carbon metabolism and defense signaling played an 
important role in the characteristics of different cultivars within the same region. In this work, we identified key proteins and 
pathways involved in the response of Nicotiana tabacum to environmental change and explored the proteomic differences 
among cultivars. Our results provide a better understanding of the effect of environment and cultivar on the tobacco leaf 
proteome, which will be helpful for elucidating the molecular mechanisms of the formation of tobacco characteristic quality.
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Introduction

Tobacco (Nicotiana tabacum L.) is an important model plant 
with great significance in the fields of plant genetics, breed-
ing, physiology, and biochemistry (Liu et al. 2022; Zhao 
et al. 2013; Sierro et al. 2014). Tobacco is widely cultivated 
in many geographical regions around the world, and its 
growth and quality are sensitive to environmental condi-
tions such as temperature, sun exposure time, and rainfall 
(Wu et al. 2013; Zhou et al. 2015; Li et al. 2021). Therefore, 
tobacco can be expected to develop a characteristic quality 
within its cultivation range. Aroma is one of the important 
indicators of tobacco quality. According to the geographic 
region, the aroma type of tobacco leaves can be generally 

classified into light aroma, medium aroma, and heavy aroma. 
In addition to the geographical region, it has been reported 
that cultivar also has a marked influence on the quality of 
tobacco leaves. Different tobacco cultivars have different 
adaptations to the environment (Sun et al. 2015; Tsaballa 
et al. 2020). Previous work has shown that the NC567 and 
Taiyan8 tobacco cultivars exhibit different tolerances to cold 
stress (Hu et al. 2018). Studies on chemical components also 
showed that alkaloids and some aroma substances were sig-
nificantly different among different tobacco cultivars (Xu 
et al. 2017; Sun et al. 2013).

Numerous investigations of the effects of cultivar or geo-
graphical factors on tobacco quality have been performed. 
Tang et al. investigated the effects of environmental factors 
(soil and climatic factors) on the yield and quality of three 
flue-cured tobacco and determine the main regulating factors 
(Tang et al. 2020). Gang et al. reported that polyphenols and 
organic acids in tobacco leaves varied across different growing 
regions in China (Xiang et al. 2010). Karangwa et al. ana-
lyzed the correlation of volatile compounds in mainstream 
smoke and aroma types (Yin et al. 2016). Metabolomics 
studies have also been employed to analyze the impact of the 
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planting environment on the metabolite profile of tobacco in 
recent years (Xu et al. 2020; Zhao et al. 2015; Zhang et al. 
2013). However, most of these studies have been focused on 
the analysis of chemical components, which is insufficient for 
understanding the mechanism by which various geographical 
and cultivar factors influence tobacco quality.

Proteomic analysis provides a robust and reliable approach 
to simultaneously study multiple signaling pathways (Mergner 
and Kuster 2022; Liu et al. 2019; Gupta et al. 2015). Given 
the essential role of proteins in cellular functions, proteomics 
technology has become an important approach for investigat-
ing biological processes due to its ability to provide compre-
hensive qualitative and quantitative information on hundreds 
to thousands of proteins and to reveal functional information 
on the biochemical processes underlying phenotypes that are 
not accessible or predictable by other means. Li et al. utilized 
isobaric tags for relative and absolute quantification (iTRAQ) 
proteomics to understand the genetic regulation mechanism of 
tobacco roots in different soil types (Li et al. 2022). Mo et al. 
performed data-independent acquisition proteomics to analyze 
four tobacco varieties with different nicotine content (Mo et al. 
2022). These studies demonstrate the potential of proteomics 
analysis in understanding the biological processes in tobacco.

To better understand the effect of region and cultivar on 
tobacco quality and to identify the main regulating factors, 
herein, a TMT-labeled quantitative method was used for 
proteomics analysis of different tobacco cultivars from three 
growth regions (Henan, Fujian, and Yunnan). The protein level 
of the Y87 cultivar grown in three different regions was com-
pared to explore the environmental effect on tobacco aroma 
quality. A total of 300 differentially abundant proteins (DAPs) 
were detected, most of which were involved in carbohydrate 
metabolism, amino acid synthesis, and secondary metabolism 
synthesis. To further investigate the impact of cultivar fac-
tors on tobacco, the proteomic responses of different cultivars 
within the same region were compared. There were 324 DAPs 
detected in the comparison of the Z100 and Y87 cultivars from 
the Henan region, while 153 DAPs were found in the com-
parison of Y100 and Y87 from the Yunnan region. This work 
investigates for the first time the effect of both cultivar and geo-
graphic factors on tobacco quality development. Several key 
proteins and pathways associated with geographic origin and 
cultivar differences were identified, providing insight into the 
underlying mechanism of tobacco quality development under 
the regulation of environmental and cultivar factors.

Materials and Methods

Plant Material and Sampling

The tobacco cultivars Yunyan87 and Yunyan100 from 
Qujing, Yunnan Province; Yunyan87 from Nanyang, Henan 

Province; Zhongyan100 from Linying, Henan Province; and 
Yunyan 87 from Longyan, Fujian Province were collected 
and used for this study. The plants were cultivated according 
to the production standards for high-quality tobacco leaves 
in Yunnan, Fujian, and Henan. The plant materials were 
sampled from the middle leaf positions (Nos. 9–11) at the 
mature leaf stage. Leaves from five tobacco plants were col-
lected as a replicate, and three replicates were collected for 
analysis. After harvest, the leaf samples were immediately 
frozen in liquid nitrogen, lyophilized to dryness, and ground 
to a fine powder for subsequent analyses.

Protein Extraction and Digestion

Protein was extracted using the phenol extraction method. 
The ground leaf powder was mixed with 1 mL phenol extrac-
tion buffer, followed by the addition of an equal volume of 
Tris-buffered phenol buffer. The top phenolic layer was col-
lected by centrifugation and transferred to a new tube. Then, 
five volumes of 100 mM ammonium acetate in methanol 
were added, and the mixture was incubated overnight. The 
pellet obtained after centrifugation was washed twice with 
methanol and then washed once with precooled acetone. The 
air-dried pellet was resuspended in 500 μL SDS lysis buffer 
(2% (w/v) SDS, 10 mM DTT, 100 mM Tris-HCl, pH 7.6) 
and incubated for 60 min at room temperature. The super-
natant was collected after centrifugation at 12,000 × g for 
20 min at 4 °C and stored at − 80 °C for further digestion. 
For in-solution digestion, 150 μg of protein from each sam-
ple was alkylated with 30 mM iodoacetamide (IAA) in the 
dark for 30 min at room temperature. Then, the protein was 
precipitated with 10% TCA/acetone overnight at − 20 °C. 
The protein pellet was washed with cold acetone three times 
the next day and digested at 37 °C for 18 h with trypsin (Pro-
mega) at a concentration of 1:50 (w:w, trypsin to protein) in 
100 mM ammonium bicarbonate buffer (ABC). The peptides 
were dried by vacuum centrifugation for TMT labeling.

TMT Labeling and HPLC Fractionation

The peptides were resuspended in 100 mM TEAB, and the 
concentration was determined by the BCA assay. Samples 
of 30 μg peptides were labeled with TMT 10-plex reagents 
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. The peptides were incubated with 
0.4 mg label reagent for 1 h at room temperature, and then, 
the reaction was quenched with 4 μL of 5% hydroxylamine. 
Differentially labeled peptides were combined and desalted 
on a C18 3 cc vac cartridge (Waters, Milford, MA, USA). 
The TMT-labeled peptide mixture was fractionated using a 
Waters XBridge BEH130 C18 3.5 μm 2.1 × 150 mm column 
on an Agilent 1260 HPLC operating at 0.2 mL/min. Buffer A 
of the mobile phase consisted of 10 mM ammonium formate 
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with water, and buffer B consisted of 10 mM ammonium for-
mate with 90% (v/v) acetonitrile. Both buffers were adjusted 
to pH 10 with ammonium hydroxide as described previously 
[18]. The samples were separated and eluted using a 90-min 
gradient and then combined by a concatenation strategy into 
14 fractions. The fractions were lyophilized and resuspended 
in 0.1% FA for nano LC‒MS/MS analysis.

Nanoflow Liquid Chromatography‑Tandem Mass 
Spectrometry

The LC‒MS/MS analysis was performed using a Thermo Q 
Exactive HF with an online nanoflow EASY-nLC1000 HPLC 
system (Thermo Fisher Scientific, USA). The peptides were 
loaded onto a self-packed column (75 μm × 150 mm; 3 μm 
ReproSil-Pur C18 beads, 120 Å, Dr. Maisch GmbH, Ammer-
buch) and separated with a 90-min gradient at a flow rate 
of 300 nL/min. Solvent A contained 100% H2O and 0.1% 
formic acid, and solvent B contained 100% acetonitrile and 
0.1% formic acid. The mass spectrometer was operated in 
data-dependent acquisition (DDA) mode. The full MS scan 
range was set from 375 to 1500 m/z, and the resolution was set 
as 120,000. The AGC target value was 40,000 with a 50 ms 
maximum injection time. The most intense precursors were 
then subjected to HCD fragmentation with a 3 s duty cycle 
and 38% collision energy. The MS2 spectra were acquired 
at a resolution of 50,000 and an isolation window of 1. The 
dynamic exclusion was set as 45 s with a ± 10 ppm window. 
The AGC target value was set as 10,000 with a maximum ion 
injection time of 105 ms. The spray voltage was set as 2.5 kV, 
and the heated capillary temperature was 275 °C.

Data Analysis

The MS data were analyzed via MaxQuant software (http://​
maxqu​ant.​org/, version 1.6.5.0). Carbamidomethyl (C) was 
set as a fixed modification, while oxidation (M) and protein 
N-term acetylation were set as variable modifications. The 
MS/MS spectra were searched against the Common Tobacco 
UniProt FASTA database (UP000084051, containing 73605 
entries), and trypsin/P was selected as the digestive enzyme 
with two potential missed cleavages. The false discovery 
rate (FDR) for peptides and proteins was controlled to < 1% 
by the Andromeda search engine. KEGG pathway annota-
tions and enrichment were performed by KOBAS (Bu et al. 
2021), and the results were visualized via R studio. To fur-
ther annotate and classify the proteins into cellular com-
ponents, molecular functions, and biological processes, the 
DAPs were analyzed using Gene Ontology (GO) annotation 
(http://​www.​geneo​ntolo​gy.​org/).

Results

Protein Identification

In our study, five tobacco samples from two tobacco culti-
vars (Yunyan 87 and Yunyan100) from Yunnan, two tobacco 
cultivars (Yunyan87 and Zhongyan100) from Henan, and 
the tobacco cultivar Yunyan87 from Fujian were analyzed 
(Table S1). Proteome profiling of the tobacco leaves from 
different regions was performed by reversed-phase HPLC 
and LC‒MS/MS. A total of 8587 proteins were identified in 
this study. As shown in the box plot (Fig. S1), the intensity 
data for each sample were distributed similarly, indicating 
good repeatability of the quantitative data. The PCA score 
plots of the five samples showed three distinctive strains, 
revealing that the leaves from different regions could be eas-
ily discriminated based on the identified protein profiling. 
The location of samples from Yunnan and Henan in the score 
plot was entirely opposite, while samples from Fujian were 
located between them (Fig. S2).

Proteome Profiles of Yunyan‑87 (Y87) from Three 
Regions

To investigate the protein response to environmental 
change, the protein level of the Yunyan87 (Y87) culti-
var from Yunnan (YN), Fujian (FJ), and Henan (HN) was 
compared. Y87 tobacco from Yunnan Province (YN-Y87) 
is considered to have a light-aroma type with a character-
istic fresh-sweet scent, while Y87 from Henan Province 
(HN-Y87) is considered to have a heavy aroma. Y87 from 
Fujian (FJ-Y87), is also regarded as having a light aroma 
but featuring a stronger honey-sweet scent compared 
to YN-Y87 (Li et al. 2016; Yang et al. 2014). Differen-
tially abundant proteins (DAPs) with significant changes 
(p-value < 0.5) were selected. The cut-off point was fixed 
at > 2.0-fold change for up-regulated proteins and < 0.5-
fold change for down-regulated proteins. Under these con-
ditions, 300 DAPs were detected in Y87 from different 
regions. A total of 250, 84, and 92 DAPs were detected 
in the comparison of YN-Y87 vs. HN-Y87, YN-Y87 vs. 
FJ-Y87, and HN-Y87 vs. FJ-Y87 (Table S2). The overlaps 
of DAPs between any two groups are illustrated in the 
Venn diagram (Fig. 1A), indicating that Y87 from Henan 
and Yunnan has the greatest difference in abundance. This 
large polarity of HN-Y87 and YN-Y87 in the Venn dia-
gram was also in accordance with the PCA result (Fig. S2). 
The DAPs in tobacco samples from different regions were 
easily discriminated by hierarchical clustering analysis 
(HCA) and can be classified into 5 clusters. We found that 
the abundances of most of the proteins showed the greatest 

http://maxquant.org/
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differences in the HN-Y87 and YN-Y87 samples, with the 
abundances in the FJ-Y87 sample located between them. 
Therefore, proteins in cluster II (95 proteins) and cluster 
IV (119 proteins) that followed this pattern were selected 
for further analysis (Fig. 1B). Cluster II, with proteins 
from the YN region showing the highest abundance, was 
defined as up-regulated, while cluster IV, with a reverse 
order of abundance, was considered as down-regulated.

Functional Annotation and Pathway Analysis 
of DAPs

To refine the effect of region on tobacco leaf quality, we 
performed GO annotation and enrichment on selected DAPs. 
On the basis of the GO analysis, a total of 198 proteins were 
annotated in terms of biological processes, cellular compo-
nents, and molecular functions. The GO annotations were 
assigned to 54 biological process categories, 20 cellular 
component categories, and 31 molecular function categories. 
As shown in Fig. S3, a detailed analysis of the GO enrich-
ment results revealed that most of the proteins enriched in 
biological processes were associated with responses to vari-
ous stresses. Response to heat was the most enriched GO 
category under the biological process term, while cytoplasm 
was the main enriched cellular component. In the molecular 
function term, unfolded protein binding and protein self-
association were the most affected subgroups.

KEGG enrichment was performed to further investigate 
the biochemical pathways associated with environmental 
effects. The top 10 most enriched pathways of both up-
regulated protein and down-regulated proteins are shown in 
Fig. 2. For up-regulated protein, biosynthesis of secondary 

metabolites, carbohydrate metabolism (glycolysis/gluconeo-
genesis, amino sugar, and nucleotide sugar metabolism), and 
amino acid metabolism (tyrosine metabolism, cysteine and 
methionine metabolism, alanine, aspartate and glutamate 
metabolism) were defined as the main affected pathway. As 
for down-regulated protein, the KEGG pathway was mainly 
DNA folding and unfolding (protein processing in the endo-
plasmic reticulum, endocytosis, spliceosome) and biosyn-
thesis of secondary metabolism (porphyrin and chlorophyll 
metabolism, terpenoid backbone biosynthesis). Based on the 
KEGG enrichment results, these pathways are expected to 
be closely related to the characteristic formation of tobacco 
leaves under environmental change.

Proteomic Profiling of Different Tobacco Cultivars 
Within the Same Region

In addition to geographical factors, cultivar differences can 
influence the proteome profile and quality development in 
tobacco. To verify whether different cultivars would exhibit 
disparate responses to geographical variation, the proteomic 
profiles of different cultivars within the same region were 
investigated. Zhongyan-100 is a cultivar widely planted 
in Henan Province that is highly resistant to brown spot 
and black shank (Sun et al. 2018). The Yunyan100 culti-
var from Yunnan was bred from the cross between Y87 
and KX14 and therefore bears much similarity with Y87 
(Zhang et al. 2015). Y100 from Yunnan (YN-Y100) and 
Z100 from Henan (HN-Z100) were selected for comparison 
with the Y87 cultivar in the same region. A total of 324 and 
152 DAPs were observed in the comparison of HN-Z100 
vs. HN-Y87 and YN-Y100 vs. YN-Y87, respectively. The 

Fig. 1   Venn diagram and Heatmap of DAPs identified from Y87 from different regions (three biological replicates). A Venn diagram of DAPs 
identified from different comparisons. B Heatmap of DAPs identified in all three tobacco leaf samples
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number of DAPs induced by different cultivars was similar 
to the 250 DAPs induced by environmental change in Yun-
nan and Henan. This result suggested that cultivar factors 
contribute greatly to the protein level differences.

Furthermore, we analyzed the abundance of 214 selected 
DAPs related to environmental change in the YN-Y100 and 
HN-Z100 samples. The heatmaps for selected DAP expres-
sion in two cultivars from the Yunnan and Henan regions 
were generated and are shown in Fig. S4. In general, the two 
cultivars in Yunnan (Y87 and Y100) exhibited similar pro-
teome profiles, while Zhong100 in Henan did not follow this 
pattern. A total of 109 proteins induced by geographic fac-
tors also showed significant differences in abundance in the 
two cultivars from the Henan region. This result indicates 
that the two cultivars in the Henan region have great differ-
ences and may have different adaptations to the environment.

Discussion

Tobacco is one of the most widely cultivated industrial crops 
and an important model plant for studies of fundamental 
biological processes. The quality of tobacco leaves can be 
affected by various factors, such as cultivar, temperature, 
sun exposure time, and rainfall. Several investigations of the 
effects of cultivar or geographical factors on tobacco qual-
ity have been performed using metabolomic and proteomic 
methods. However, previous proteomics studies on explor-
ing the geographical factors on tobacco quality have mostly 
been limited to 2D gel electrophoresis, a method that leads 
to inadequate quantification and an incomplete proteomics 

comparison. In our study, TMT-based quantitative proteomic 
analysis was performed to obtain a global view of the pro-
teomic profiles of tobacco leaves from different regions. 
First, Y87 cultivars grown in Yunnan, Fujian, and Henan 
provinces were analyzed to investigate proteomics differ-
ences under various environmental conditions. A total of 300 
DAPs were detected in the comparison among three samples 
to help elucidate the mechanism by which environmental 
factors affect the development of tobacco quality. Based on 
the KEGG enrichment results, several candidate DAPs tak-
ing part in the most enriched KEGG pathway were found. 
In addition, we analyzed the proteome profile of different 
tobacco cultivars grown in the same region. The major dif-
ferentially expressed proteins and related metabolic path-
ways of these DAPs are discussed in the following sections.

Proteins Associated with Carbohydrate Metabolism

Plant carbohydrates are fundamental to plant growth, develop-
ment, and stress responses and play an essential role in meta-
bolic regulation within a changing environment (Herrmann et al. 
2019). The analysis of the chemical composition of tobacco 
leaves with different aroma types indicated that the leaf quality 
was mainly influenced by carbohydrates and nitrogen-contain-
ing compounds and their ratios (Song et al. 2007). In this study, 
several DAPs involved in carbohydrate metabolism, including 
UGP1, SuSy, ATP-PFK, ADH, and PDC, were identified, and 
their pathways were illustrated (Fig. 3). The role of UGP1 has 
been studied extensively in plants to increase agricultural produc-
tion. In plant leaves, UGP1 is a key part of the sucrose biosyn-
thesis pathway, is responsible for supplying uridine diphosphate 
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glucose to sucrose phosphate synthase, and is also involved in 
UDP-glucose metabolic processes and cellular carbohydrate bio-
synthetic processes (Sghaier-Hammami et al. 2009). Two sucrose 
synthases (SuSy) were found to increase in abundance in the 
YN-Y87 sample by ~ 2.3-fold over HN-Y87. Previous studies 
have reported that the upregulation activity of SuSy and UGP1 is 
associated with an increase in total sugar content (Coleman et al. 
2006). Research on chemical content has demonstrated that the 
total content of water-soluble sugars in leaves with a light aroma 
is significantly higher than that in medium-aroma and heavy-
aroma leaves, which is basically in accordance with our results. 
Though tobacco in Fujian is also regarded as a light aroma 
type, the level of proteins related to sugar regulation in FJ-Y87 
is located between the level of that in YN-Y87 and HN-Y87. 
According to previous studies, sufficient sun exposure time and 
higher altitude can enhance sugar content (Zhao et al. 2013). 
There were obvious differences in ecological climate among the 
three different regions. Yunnan shows the ecological character-
istics of lengthy sun exposure time in the early stage of tobacco 
growth and relatively weak sunlight, lower temperature, and a 
long rainy season in the late growth period, which is beneficial 

to the accumulation of sugar. For tobacco cultivars growing in 
Fujian Province, the weak light intensity and long rainy period 
in the prosperous stage diminished the accumulation of sugar, 
which may be one of the main reasons for the low sugar content. 
The climate in Henan presents high temperatures, and long sun-
light exposure in the later stage of tobacco growth may also lead 
to a decrease in sugar content. Our results indicate that the sugar 
content difference of tobacco leaves from three regions induced 
by their characteristic climate could be reflected by protein level.

Proteins associated with glycolysis/gluconeogenesis, 
including ATP-PFK, PDC, and ADH, also showed signifi-
cantly high abundance in Y87 samples from Yunnan. All 
these enzymes are involved in the key processes that directly 
regulate glycolysis/gluconeogenesis and the production of 
material for various secondary metabolites. By catalyzing 
the reduction of acetaldehyde to ethanol and the decarboxy-
lation of pyruvate to acetaldehyde, alcohol dehydrogenase 
(ADH) and pyruvate decarboxylase (PDC) are especially 
important enzymes associated with abiotic stress, such as 
low temperature, low oxygen, and salt stress (Strommer 
2011; Kimmerer 1987). In addition, alcohol derived from 

Fig. 3   Pathway of carbohydrate metabolism and amino acid biosynthesis related to metabolism regulation in changing environment. The blue-
marked proteins were up-regulated, and the orange-marked proteins were down-regulated
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pyruvate provides a major source for the synthesis of esters, 
which constitute an important fraction of aroma in various 
plant species (Osorio et al. 2010). In the volatile aroma pro-
duction process, ADH also acts as a key enzyme by partici-
pating in fatty acid metabolism and amino acid metabolism 
pathways, playing a key role in aldehyde/alcohol conver-
sion to form precursors for aroma synthesis. These vola-
tiles, including aldehydes, alcohols, and esters, are known 
as “green scents” in fresh leaves and have been shown to 
mediate both indirect and direct defenses against insect pred-
ators (Strommer 2011; Pichersky and Gershenzon 2002). 
The dihydrolipoamide acetyltransferase component of the 
pyruvate dehydrogenase (PDH) complex and the acetyl-CoA 
carboxytransferase (ACC) in pyruvate metabolism were 
observed in lowest abundance in YN-Y87. We surmise that 
the difference in the abundance of these proteins may be the 
origin of the light aroma of tobacco from Yunnan.

Protein Associated with Amino Acid Metabolism 
and Alkaloid Biosynthesis

Amino acids are a dispensable component in organisms. 
Amino acid metabolism plays a pivotal role in the regula-
tion of C and N metabolism (Fritz et al. 2006; McAllister 
et al. 2016). Three aspartate aminotransferases (AATs) were 
identified in the clusters of proteins with increased levels. 
AAT catalyzes the reversible transamination between gluta-
mate and oxaloacetate to generate aspartate and 2-oxoglutar-
ate and was identified and found to engage in the synthesis 
of several amino acids (de la Torre et al. 2014). Previous 
studies on metabolism profiles have reported a higher amino 
acid content in light-aroma tobacco (Zhao et  al. 2015), 
which also aligns with our results. Additionally, AAT serves 
as a key enzyme in the production of aroma amino acids 
(AAAs) through the shikimate pathway (Fritz et al. 2006). 
The existence of AAAs had a more significant effect on the 
sugar profile. As reported in previous studies, tobacco lines 
that exhibit higher AAA levels show an increase in the lev-
els of several sugars, such as fructose and glucose (Oliva 
et al. 2021). Therefore, we predicted that the upregulation of 
AAT, together with SuSy and UGP1, all resulted in higher 
levels of sugar in Y87 from the Yunnan region. Aspartate 
aminotransferase was also associated with the pathway of 
isoquinoline alkaloid biosynthesis and tropane, piperidine, 
and pyridine alkaloid biosynthesis. Alkaloids are plant sec-
ondary metabolites of the tobacco stress response and also 
serve as main aroma precursors that contribute greatly to 
the quality of tobacco leaves (Liu et al. 2022). Our results 
indicate that the environmental condition in Yunnan may be 
beneficial to the accumulation of sugar and alkaloid biosyn-
thesis in tobacco, thus contributing to the formation of the 
light aroma of tobacco from the Yunnan region. Previous 
studies also reported that tobacco with a light aroma type had 

significantly higher values of sugar and total nitrogen content, 
which is in accordance with the regulation of related proteins 
(Yang et al. 2014).

Various secondary metabolites that function in the plant 
defense response are generated from aroma amino acids 
through the shikimate-phenylpropanoid pathway (Zhang 
and Liu 2015). Two phenylalanine ammonia lyases (PALs), 
which are the first key step enzymes in the phenylpropa-
noid pathway, were detected in the highest abundance in 
the HN-Y87 sample, followed by the FJ-Y87 sample. The 
PAL abundance in YN-Y87 was found to be the lowest. 
PAL activity has been reported to have a direct effect on 
the accumulation of phenylpropanoid products, including 
chlorogenic acid (CGA), lignin, and rutins (Bate et al. 1994; 
Zhang and Liu 2015; Tsaballa et al. 2020). In addition, a 
higher abundance of caffeoyl-CoA O-methyltransferase 
(CCoAOMT), the key enzyme in the biosynthesis of lignin, 
was observed in the HN-Y87 sample. Those phenylpro-
panoid products are closely related to climate change and 
contribute greatly to the aroma type of tobacco leaves. This 
result revealed that PAL and CCoAOMT in the phenylpro-
panoid pathway may play a crucial role in the scent of the 
heavy aroma of tobacco leaves.

Proteins Associated with Protein Folding 
and Unfolding

Cells are repeatedly exposed to environmental or endoge-
nous stresses. Heat shock proteins (HSPs) are a large family 
of molecular chaperones that are well known for their roles 
in protein maturation, refolding, and degradation (Timperio 
et al. 2008). They would get induced in cells during various 
stress conditions produced by cellular insult, environmental 
changes, temperature, and infections to ensure tissue integ-
rity and function. In our study, the abundances of 11 HSPs 
were increased in HN-Y87. HSPs play an essential role in 
chloroplast function under heat stress and have been found 
to stabilize chloroplast development and the functioning of 
PSII (Seydel et al. 2022). Considering the relatively high 
temperature in the Henan region during the later stage of 
tobacco growth, we assumed that the increased abundance 
of HSP in the Henan region was caused by the response to 
temperature stress.

Proteins Involved in Pigment Synthesis

Two metabolic pathways involved in pigment synthesis 
were enriched. Magnesium chelatase and magnesium-pro-
toporphyrin IX monomethyl ester cyclase (MgPME) are 
essential enzymes in chlorophyll biosynthesis (Kong et al. 
2016; Tomiyama et al. 2014). Two geranylgeranyl pyroph-
osphate synthases (GGPSs) in the terpenoid biosynthesis 
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pathway showed higher abundances in HN-Y87. GGPS 
catalyzes the conversion of farnesyl pyrophosphate (FPP) 
and isopentenyl pyrophosphate (IPP) to produce gera-
nylgeranyl pyrophosphate (GGPP), which plays a vital 
role in terpenoid biosynthesis and is essential for plant 
growth and development (Wu et al. 2020b). It has also 
been reported that the expression of chloroplast-localized 
GGPS in tobacco plants has conferred fast plant growth 
(Tata et al. 2016). Considering the higher temperature 
and strong UV exposure in Henan, the upregulation of 
GGPPs may result from increased photosynthesis, which 
could foster plant growth.

The Effect of Cultivar on Tobacco Proteome Profiles

To investigate the proteomic response of different cultivars 
planted under the same geographic conditions, we com-
pared the proteomic profiles of HN-Z100 vs. HN-Y87 and 
YN-Y100 vs. YN-Y87. Of the 324 DAPs identified from 
HN-Z100 vs. HN-Y87, 27 DAPs were heat shock proteins, 
and all had decreased levels in HN-Z100 (Fig. 4). The heat 
tolerance of different species varies significantly. Consider-
ing the important role of HSPs in plant heat response and 
tolerance mechanisms, the differentially expressed HSPs 
may suggest that the Z100 cultivar is less sensitive to high-
temperature stress. Carbon metabolism has profound effects 

Fig. 4   Volcano plots displaying the statistical p-value with the mag-
nitude of abundance changes between two cultivars from Yunnan 
(A) and Henan (B). Blue circles indicate up-regulated proteins, and 
orange circles indicate down-regulated proteins. KEGG pathways of 
DAPs identified in the comparison of YN-Y100 vs. YN-Y87 (C) and 
HN-Z100 vs. HN-Y87 (D). nta01100, metabolic pathways; nta01110, 
biosynthesis of secondary metabolites; nta04141, protein processing 
in endoplasmic reticulum; nta01200, carbon metabolism; nta00710, 
carbon fixation in photosynthetic organisms; nta00030, pentose phos-

phate pathway; nta00520, amino sugar and nucleotide sugar metabo-
lism; nta00010, glycolysis/gluconeogenesis; nta01230, biosynthesis 
of amino acids; nta00940, phenylpropanoid biosynthesis; nta00051, 
fructose and mannose metabolism; nta04016, MAPK signaling path-
way—plant. nta00480, glutathione metabolism; nta00220, arginine 
biosynthesis; nta03010, ribosome; nta00250, alanine, aspartate, and 
glutamate metabolism; nta00710, carbon fixation in photosynthetic 
organisms
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on the production of accessible energy, resistance metabo-
lites, and carbon skeletons for biological activities during the 
growth and development of plants (Nunes-Nesi et al. 2010; 
Zhao et al. 2015). All the proteins associated with carbon 
fixation and over 80% of proteins related to carbon metabo-
lism decreased in abundance in the Z100 cultivar compared 
with Y87 from Henan. 6-Phosphogluconate dehydrogenase 
(6PGD), which participates in carbon metabolism, was 
reduced by 0.08-fold in the Z100 cultivar compared with 
HN-Y87. Several key proteins involved in carbon metabo-
lism, such as glutamate-glyoxylate aminotransferase 2-like 
(GGAT), fructose bisphosphate aldolase (FBA), D-fructose-
1,6-bisphosphate 1-phosphohydrolase (Fru-1,6P2ase), pyru-
vate kinase (PK), phosphoglycerate kinase (PGK), and malic 
enzyme, had significantly decreased levels in HN-Z100. Pro-
teins involved in the production of defense-related metab-
olites had mostly increased levels in HN-Z100 compared 
with HN-Y87. In the present study, seven endochitinases 
and two chitinases were found to increase in abundance in 
the comparison of HN-Z100 vs. HN-Y87. These proteins 
are associated with both mitogen-activated protein kinase 
(MAPK) signaling and amino sugar and nucleotide sugar 
metabolism and are essential for the transduction of defense-
related signals and plant immunity actions against various 
environmental stresses (Bi et al. 2018). Previous studies have 
reported overexpression of chitinase in several biotic and 
abiotic stresses (Wu et al. 2020a). Thus, we assume that the 
differential expression of these proteins resulted from the 
difference in the stress tolerance of the two cultivars.

For the comparison of the two cultivars in Yunnan, 
152 DAPs were identified in YN-Y100 vs. YN-Y87. This 
was half the number of DAPs identified in HN-Z100 vs. 
HN-Y87. The KEGG analysis revealed that the amino 
sugar and nucleotide sugar metabolism, the MAPK sign-
aling pathway, and glutathione metabolism were most 
enriched in the DAPs. The levels of endochitinase, chi-
tinase 134, and pathogenesis-related proteins involved in 
MAPK signaling were both increased in the Y100 culti-
var, while proteins associated with glutathione metab-
olism were all found at low abundances. The levels of 
GGAT, FBA, and 6PGD, which are involved in carbon 
metabolism, were significantly decreased in the Y100 cul-
tivar. Notably, the expression abundance of 6PGD was 
greatly decreased (by 0.06-fold) in YN-Y100. We found 
that defense signal-related proteins, such as endochitinase 
and chitinase, and carbon metabolism-related proteins, 
including GGAT, FBA, and 6PGD, were differentially 
expressed in both HN-Z100 vs. HN-Y87 and YN-Y100 vs. 
YN-Y87. This result suggests that carbon metabolism and 
MAPK signaling might contribute to metabolism regula-
tion in different tobacco cultivars.

Conclusion

In this study, we investigated the effect of environmental and 
cultivar factors on the proteome profiles of tobacco leaves. The 
proteomic results of Y87 show a distinct pattern in different 
growing areas. The levels of proteins related to carbohydrate 
metabolism, carbon metabolism, amino acid synthesis, alka-
loid biosynthesis, protein folding and unfolding, and pigment 
synthesis show obvious differences in the tobacco leaf sample 
from the three regions. This finding indicates that the above 
metabolic process might play a critical role in the regulation of 
the metabolic network to adapt to environmental changes. The 
upregulation of protein associated with sugar, amino acid, and 
alkaloid synthesis pathway may be the main contributor to the 
formation of light aroma for tobacco from the Yunnan region, 
while the PAL and CCoAOMT in the phenylpropanoid path-
way may contribute greatly to the scent of heavy-aroma tobacco 
leaves. The identification of those aroma substance–related pro-
teins is important to support tobacco planning for industries and 
help highlight and optimize the aroma type of tobacco in spe-
cific regions. In addition, the proteomic comparison of different 
tobacco cultivars in the Henan or Yunnan area demonstrated 
that the cultivar factor also has a great effect on proteomic pro-
files. The abundance of proteins involved in carbon metabolism 
and defense signaling was found to be significantly regulated 
in both comparisons from Henan and Yunnan (HN-Z100 vs. 
HN-Y87 and YN-Y100 vs. YN-Y87), suggesting that those 
proteins might be essential for metabolism regulation related 
to tobacco quality. By investigating the proteome profiling of 
different tobacco cultivars with changing geographic origins, 
this work defines the key proteins and pathways related to cul-
tivar and environmental variation and highlights the effect of 
environment and cultivar on tobacco leaf quality.
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