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Tobacco (Nicotiana tabacum) root affects the yield and quality of tobacco leaves. To
gain insight into the responses of the tobacco root system to different soil types,
we integrated morphological characteristics, the physiological index, the metabolic
pathways of the root system, and the aboveground biomass of tobacco cultivated in
limestone soil (LS), paddy soil (PS), and red soil (RS). Compared with plants growing in
LS and PS, the chemical composition of tobacco leaves in RS tended to be coordinated.
Red soil facilitated the accumulation of aboveground and belowground biomass of flue-
cured tobacco and had the most significant effect on the dry matter quality of the roots.
In addition, it promoted an increased root length, root surface area (RSA), root volume,
and a higher number of root forks and improved root vigor and nitrate reductase (NR)
activity; however, the activities of superoxide dismutase (SOD) and peroxidase (POD)
were decreased. We studied differentially the abundant proteins (DAPs) of the flue-
cured tobacco roots cultivated in different soil types by isobaric tags for the relative
and absolute quantification (iTRAQ) of the proteomic profiles of cultivar. In total, 699,
650, and 569 differentially abundant proteins (DAPs) were identified from limestone soil
(LS) vs. PS, LS vs. RS, and PS vs. RS, respectively, including 412/287, 291/359, and
323/246 up-/downregulated proteins, respectively. These DAPs were mainly involved
in starch and sucrose metabolism, phenylalanine metabolism, the biosynthesis of
secondary metabolites, microbial metabolism in different environments, and ribosomes.
The parallel reaction monitoring (PRM) and quantitative reverse transcription PCR (qRT-
PCR) analysis showed that the results of the iTRAQ proteomics were reliable. Overall,
our study facilitates a new understanding of the responses of tobacco roots to different
soil types at the protein level.
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INTRODUCTION

The root system in an important vegetative organ of plants,
providing support, water and nutrient absorption storage,
and the secretion of metabolites (Zhang and Lu, 2021),
making it an integral part of plants (He and Wang, 1980).
As the root system can be used as an index of plant
growth and development (Nagel et al., 2009; Hou et al.,
2018), investigating the mechanisms underlying root growth
and distribution, root changes in different growth stages,
and different environments can facilitate crop production.
According to a previous study, plant roots can synthesize
18 kinds of amino acids, including not only 15 protein
amino acids but also γ-aminobutyric acid and alvanic acid
(Wu et al., 2021).

The root system of flue-cured tobacco is the main place
where tobacco plants secrete secondary metabolites, such as
nicotine and plant hormones (Wang et al., 2016). The amount
of nicotine synthesized by flue-cured tobacco roots accounts
for 99% of the total nicotine produced (Xu et al., 2004).
As the root system of flue-cured tobacco directly affects the
coordination of chemical components (Xie et al., 2010), it has
indirect effects on the yield and quality of flue-cured tobacco.
Hou (2003) found that the root weight of flue-cured tobacco
was positively correlated with plant height and maximum leaf
length and width, and compared with tobacco plants with a
lower average root weight, the incidence and disease index
of flue-cured tobacco with higher root weight were decreased.
In addition, the yield, average price, proportion, and output
value of middle- and high-grade tobacco, all increased with
the increasing root weight. When the root weight per plant
was 133.2 g, the chemical composition in leaves tended to
be coordinated, with the highest levels in reducing sugars,
total sugars, and Schmuck’s value. In addition, the protein
and total nitrogen levels decreased, facilitating an increased
tobacco quality. Hu (2015) showed that the root morphology
of flue-cured tobacco affects soil water and nutrient absorption
and use efficiency, which is directly related to the fixation
effect of roots. Huang (2008) reported that the main part of
nutrient uptake by roots is the young root tip, which is not yet
embolized nor lignified.

Flue-cured tobacco can produce numerous adventitious roots
after transplanting, which are younger than the main and lateral
roots and are the main sites of absorption and synthesis. When
tobacco plants are subjected to nutritional stress, adventitious
roots will compensate or over-compensate nutrient losses (Xu
and Fan, 1997; Zeng et al., 2015; Sascha et al., 2020).

The effect of soil type on the root growth of flue-cured tobacco
is greater than that of soil moisture and temperature. Ma et al.
(2003) studied the characteristics of tobacco root development
under different soil types and showed that the root dry weight of
flue-cured tobacco increased with throughout the growth period
and peaked at the dome stage. Based on their results, the root
development characteristics of flue-cured tobacco varied across
10 different soil types, along with the effects of the different
soil types on the growth, development, and distribution of flue-
cured tobacco.

In another study, different nitrogen forms had different effects
on microorganisms in the yellow cinnamon soil and fluvo-
aquic soil, thereby differing in their impacts on the growth and
development of roots and the absorption and use of nitrogen
(Liu et al., 2004). Yellow cinnamon soil and fluvo-aquic soil
are dominated by clay and sand-grained complexes, respectively
(Shen, 1994). In contrast to fluvo-aquic soil, the nutrients in
yellow cinnamon soil are not easy to be mineralized. Gao
et al. (2007) proposed that overly sandy or sticky soils are not
conducive to the growth of flue-cured tobacco root systems. Chen
R. X. et al. (2012) studied the effect of soil type on the growth
of flue-cured tobacco; the authors used paddy soil (PS), purple
soil, and red loam and found that the purple soil had the highest
content of total potassium, whereas PS was rich in organic matter,
and the pH in red soil (RS) was most suitable for the growth
of flue-cured tobacco. In addition, the soil texture and water-
holding capacity differed among the different soil types, resulting
in differences in nutrient uptake.

Appropriate field water conditions can promote root growth,
whereas drought or waterlogging will seriously affect the root
growth. Yang et al. (2017), in a pot experiment, found that the
root system of flue-cured tobacco developed slowly at a field
water content of 20%, whereas at 80%, root vigor was impeded;
the most suitable field water content was 50%. Han and Zhang
(1992) showed that field water content of 60%, 80% and 60%
respectively is beneficial to the root growth of flue-cured tobacco,
in the three growth stages of flue-cured tobacco: root elongation,
prosperity and maturity.

Tobacco soil acidity and alkalinity can also impact the growth
and development of flue-cured tobacco roots, consequently
affecting mineral absorption and nicotine synthesis (Chen et al.,
2010). Xu et al. (2004), in a hydroponic experiment, found that
the dry weight and volume of the root system increased with
increasing pH values, albeit only within a range of 4.5–7.5; at
higher levels, the dry weight and volume of the root system
decreased. At a pH of 8.5, the active absorption area, total
absorption area, root vigor were lowest.

Zhou et al. (1999) studied the adaptability of different flue-
cured tobacco varieties to various rhizosphere pH levels and
observed differences among the varieties; additionally, the root
system could self-regulate the rhizosphere pH. When the soil
environment is too acidic, with a pH as low as 4.5, root growth
is seriously inhibited. Guo et al. (2000) used the sand culture
method to explore the effect of pH on flue-cured tobacco roots;
within a certain range, with increasing pH, the ATP content and
respiration of roots also increased.

The term proteome was originally put forward by the
Australian scholars Wilkins et al. (1996) at a conference in 1994
and refers to “a complete set of proteins expressed by a genome”
and which has a certain diversity and variability. The proteome
as such constantly changes over time and depending on the
conditions (Swinbanks, 1995; Meng and Huo, 2005). Proteomics
involves the study of proteomes to clarify the existence modes,
functions, and activity modes of all proteins in the cells,
tissues, and bodies (Chen et al., 2005). Since the proteome is
constantly changing, it is difficult to analyze all proteins in
the organism; therefore, currently, proteomics mainly studies
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the changes in cell protein composition in different periods.
Studies have also investigated proteins in terms of protein
post-translational modification, expression, structure, functional
model, and protein–protein interaction (Anderson et al., 2000;
Sun et al., 2005; Ruan et al., 2006; Cai, 2014).

Isotope-labeled relative and absolute quantitative isobaric
tags for relative and absolute quantitation (iTRAQ)/tandem
mass tag (TMT) is a new quantitative technique for the high-
throughput screening of proteins. The tags used in the analysis
can be divided into reflection group, equilibrium group, and
reporter group; they are used for labeling 8–10 samples at
the same time, and almost all proteins in the sample can be
labeled (Xiang et al., 2010; Liu R. L. et al., 2016; Chen et al.,
2017). The underlying principle is to combine the “isotope
tag” peptide tag with liquid chromatography with tandem mass
spectrometry (LC-MS/MS), and through the signal intensity
difference of “tag” in MS/MS (MS2), the relative quantitative
analysis of each protein expression level in multiple groups of
samples can be performed (Zhang et al., 2014). The iTRAQ/TMT
technology has the characteristics of a high labeling efficiency,
a simpler labeling process, and a wide tagging range (Yao,
2015).

Recently, tobacco has been intensively studied, and as a
new method, the proteomics technology has achieved important
results. For example, Lin et al. (2012) compared four total
protein extraction methods, namely, conventional lytic solution,
tricarboxylic acid (TCA)/acetone precipitation, trizol extraction,
and the phenol method, using the growing roots of cultivated
tobacco variety K326, and tested the effect of protein separation
by subsequent 2-DE. The results showed that the trizol extraction
and the phenol method were most suitable for follow-up
analysis. Cai et al. (2015) used comparative proteomics to
study the protein expression of flue-cured tobacco leaves in
Kunming and Lijiang. The authors identified 33 differentially
abundant proteins, among which those related to defense/stress
resistance, protein synthesis, and mineral metabolism were highly
expressed in Kunming tobacco leaves, whereas those related
to enhanced photosynthetic efficiency were highly expressed
in tobacco leaves in Lijiang. Chen Z. Y. et al. (2012) applied
proteomics to study the effects of different ultraviolet radiation
levels on physiological metabolism and regulation pathways of
flue-cured tobacco planted on a low-elevation plateau, whereas
Lei et al. (2016) used the iTRAQ technique to quantitatively
study the protein expression and bioinformatics in tobacco
leaves planted in two different regions. Based on the results,
the proteome expression patterns of tobacco leaves in the
same ecological region were different and were involved in the
differential expression of proteins related to photosynthesis and
secondary metabolite biosynthesis, resulting in the formation
of different aroma substances in tobacco leaves from the
different regions.

In this context, the purpose of this study is to understand
the genetic regulation mechanism of tobacco roots to different
soil types at the protein level. This work will provide new
insights into the response of tobacco roots to soil types and into
the key proteins, with the overall aim to improve the tobacco
yield and quality.

MATERIALS AND METHODS

Plant Material and Growth Conditions
In this study, the flue-cured tobacco variety K326 (provided
by Yuxi Zhongyan Seed Co. Ltd., Yunnan, China) was used.
The experiment was conducted at the Yanhe Experimental Base,
Hongta District, Yuxi City, Yunnan Province, China, from April
to August 2019, at an elevation of 1,635 m. In the dry shed
experiment, different soil types widely distributed in Yunnan
were selected, namely, limestone soil (LS), paddy soil (PS), and
red soil (RS) (Figure 1). Table 1 shows the Nutrient contents
of the soils used in the experiment of three types of soil
as a supplement. Each planting area had a size of 23.90 m2

(4.15 m × 5.76 m), and the different planting areas were divided
by concrete pouring. A random block arrangement was used,
with three replicates per treatment. The pest control and other
field management measures were identical for each treatment and
carried out in accordance with the guidelines for the production
and management of high-quality tobacco leaves in Yunnan
Province. After topping, three tobacco plants with uniform
growth were randomly selected from each plot as the biological
replicates; the roots were rinsed under running water, the root
tip was preserved in liquid nitrogen (3–5 cm), and the samples
were stored in a refrigerator at −80◦C for the determination of
various indices.

Morphological Characteristics of the
Root System
The flue-cured tobacco roots were cleaned with deionized water,
scanned with a root scanner (Epson Experssion 10000XL, EU-
88, Seiko Esson., Nagano-ken, japan), and the image was stored
on the computer. When scanning, 10–15 mm distilled water
was injected into the transparent tray to facilitate the expansion
of flue-cured tobacco roots. The characteristic parameters of
tobacco roots, such as root length, root surface area (RSA),
root volume, root average diameter, root tip number, and root
fork number, were measured using the root analysis software
WinRHIZO (WinRHIZO Pro 2017, Regent Instruments Canada
Inc., Quebec, Canada). Each process was repeated three times.

Root Physiological Index
Root Vigor
Root vigor was determined according to Shahid et al. (2017),
with slight modifications. Briefly the 0.5 of the root tip sample
was incubated in a test tube with a mixture of 0.4% triphenyl
tetrazolium chloride (TTC) and 0.06 mol/L phosphate buffer (pH
7.0) at 10 ml, 37◦C, for 1–3 h, and the reaction was terminated
after adding 2 ml of 1 mol/L sulfuric acid. Subsequently, the
sample was taken out of the test tube, placed in a mortar, spiked
with 3–4 ml of ethyl acetate and a small amount of quartz
sand, ground, and extracted with TPF; the ground liquid was
transferred to a new test tube, and the volume was brought to
10 ml with ethyl acetate. The optical density (OD) was recorded
using a spectrophotometer at a wavelength of 485 nm; each
process was performed in triplicate.
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FIGURE 1 | Morphological characteristics of the different soil types. (a) Limestone soil (LS); (b) paddy soil (PS); and (c) red soil (RS).

TABLE 1 | Nutrient contents of the soils used in the experiment.

Soil
type

Rhizosphere soil bulk
density (g/cm3)

Rhizosphere soil
poPODity (%)

Rhizosphere soil
water content (%)

Organic
matter (%)

pH Available nitrogen
(mg/kg)

Available
phosphorus (mg/kg)

Available
potassium (mg/kg)

LS 1.27 56.87 19.38 2.71 7.16 136.0 27.4 56.7

PS 1.42 46.26 24.90 4.37 7.8 175.8 10.1 88.2

RS 1.40 51.49 21.04 3.91 6.04 120.4 10.5 133.5

LS, limestone soil; PS, paddy soil; RS, red soil.

Nitrate Reductase Activity
The determination of NR activity was performed as described in
Liu R. L. et al. (2016), Liu J. P. et al. (2016), with modifications.
Briefly, 0.5 g of the root tip sample was placed into a test tube,
and 5 ml of a mixed solution containing 100 mmol/L KH2PO4
(pH 7.5), 2% propanol, and 30 mmol/L KNO3. The samples were
vacuumed for 5 min and incubated in the dark for 30 min in
an oscillating water bath at 25◦C. After incubation, 1 ml from
each sample was transferred to a new test tube, and 1 ml of
sulfonamide reagent, 0.02% naphthalene diamine, and 50 µl of
acetonitrile were added. After incubation at room temperature
for 30 min, absorbance at 540 nm was measured using a
spectrophotometer. Each process was performed in triplicate.

Superoxide Dismutase Activity
The activity of superoxide dismutase (SOD) was determined
according to Liu (2019), with modifications. For this, 0.5 g of
flue-cured tobacco was ground, placed into a test tube, and mixed
with 1.5 ml of 0.05 mol/L phosphate buffer (pH 7.8), 0.3 ml
of 1% polyvinylpyrrolidone (PVP), and 0.3 ml of 1 mmol/L
ethylenediaminetetraacetic acid (EDTA). The homogenate was
centrifuged at 15,000 × g at 4◦C for 15 min, and the supernatant
was used to determine the activity of SOD. Subsequently,
250 µmol/L nitroblue tetrazolium chloride (NBT), 2.8 mmol/L
N, N, N′, N′-tetramethylethylenediamine (TEMED), 22 µmol/L
riboflavin, and 3 ml crude enzyme solution were added, and the
mixture was incubated in the dark for 25 min. After this, the tubes
were placed in a box lined with aluminum foil and irradiated
at room temperature with two 20-W light-emitting diode (LED)
illuminators until the SOD active band was visible. After the
reaction, the absorbance values of the blank and the reaction

solution were determined spectrophotometrically at 560 nm;
each process was performed in triplicate.

Peroxidase Activity
The activity of peroxidase (POD) was determined according to
Guo et al. (2018), with slight modifications. Briefly, 0.5 of the root
tip sample was ground and placed into a test tube, followed by the
addition of 2.9 g/ml of 0.05 mol/L phosphate buffer solution (pH
5.5). After incubation, the supernatant was centrifuged for 10 min
at 5,000 g, and 0.1 ml of the supernatant was added to a new test
tube and spiked with 1 ml of 0.05 mol/L guaiacol and 1 ml of 2%
H2O2. The final volume was 5 ml, and absorbance was recorded
at 470 nm; each process was carried out in triplicate.

Protein Extraction
For this, 0.5 g of root tip tissue was ground to a powder,
and 2 ml of protein lysate (7 mol/L urea, 2 mol/L thiourea,
4% SDS, 40 mmol/L Tris-HCl, pH8.5, 1 mmol/L PMSF, 2
ED mmol/LTA) was added. After mixing and incubating for
5 min on ice, a dithiothreitol (DTT) solution with a final
concentration of 10 mmol/L was added. The solution was
subjected to ultrasound for, centrifuged at 13,000 g for 20 min
at 4◦C, and the obtained supernatant was transferred to a new
centrifuge tube. After the addition of four times the volume of
the supernatant of cold acetone, the mixture was left overnight
in a dark chamber at −20◦C and subsequently centrifuged at
13,000 g for 20 min; the precipitated protein pellet was collected.
The reduction reaction was carried out with 8 mol/L urea and
100 mmol/L tetraethylammonium borohydride (TEAB) (pH 8.0)
in a water bath at 56◦C for 30 min. Finally, iodacetamide (IAM)
with a final concentration of 55 mmol/L was added, and the
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protein concentration was determined by the Bradford method
(Bradford, 1976). Each process was performed in triplicate.

Isobaric Tags for the Relative and
Absolute Quantification Labeling
The peptides were dissolved in 0.5 mol/L TEAB and labeled with
iTRAQ (AB SCIEX, United States), according to the instructions
of the iTRAQ-8 standard kit. The root samples of flue-cured
tobacco grown in PS, RS, and LS were labeled with iTRAQ
114, 116, and 118, respectively, at three replications. After
labeling and mixing, the samples were separated by an SCX
column in triplicate.

Liquid Chromatography With Tandem
Mass Spectrometry Analysis
Triple TOF 5600 (AB SCIEX, Framingham, MA, United
States)+ liquid chromatography-mass spectrometry (AB SCIEX,
Framingham, MA, United States) was used for mass spectrometry
(MS) data acquisition, and the samples were analyzed using
a Triple TOF 5600 plus mass spectrometer coupled with an
Eksigent nanoLC system (AB SCIEX, Framingham, MA, United
States). The polypeptide sample was dissolved in 2% acetonitrile
and 1% formic acid and eluted with a time gradient of 90 min
and a flow rate of 300 nl/min. The two mobile phases were
buffer A (2% acetonitrile, 0.1% formic acid, and 98% H2O) and
buffer B (98% acetonitrile, 0.1% formic acid, and 2% H2O), and
finally freeze-dried. The mass-charge ratio ranges of primary
and secondary scanning were 350–1,500 and 100–1,500 m/z,
respectively. Each process was performed in triplicate.

Protein Identification and Quantification
For this, the data were retrieved from the Protein-PilotTM (v4.5)
search engine and compared with the tobacco protein database.
By further filtering the identification results of Protein-Pilot, we
assumed that further quantitative identification can be carried
out only at a credibility level above 95% (unused score ≥ 1.3)
and a false discovery rate (FDR) below 5%. In the pairwise
comparisons of flue-cured tobacco roots under three different
soil types, the filter criterion of differential proteins was set as a
maximum p of 0.05, and the difference multiple was more than
1.5 × or less than 0.83 × (fold changes). The trusted protein
contains at least one unique peptide before it can be used for
protein quantification.

Bioinformatics
The differentially abundant proteins were functionally classified
and annotated by Gene Ontology (GO),1 and their pathways were
analyzed using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database.2

Protein Validation by Parallel Reaction
Monitoring
The protein expression level and the protein function obtained
by iTRAQ analysis were verified using the parallel reaction

1http://www.geneontology.org
2http://www.genome.jp/kegg/

monitoring (PRM) technique. For this, the protein extract and
trypsin digestion solution were prepared according to the iTRAQ
technology; subsequently, the trypsin peptides were loaded on
a C18 capture column for desalination, and PRM verification
was carried out using a TripleTOF 5600 LC-MS/MS system
(AB SCIEX, Ma limestone soil Massachusetts, United States).
Collections MS1 and MS2 were analyzed in the range of 350–
1,500 and 100–1,500 m/z. Some trypsin peptides were mixed
and detected by MS data-dependent (DD) acquisition. Protein
quality was determined by the Protein-Pilot software, and the
MS data were processed using the Skyline software (spectrum
library). The target peptide m/z was added to the inclusion list,
the PRM collection method was established, and the PRM data
collection of mixed samples was optimized and adjusted. Using
the optimized PRM MS collection method, the data of each
sample and PRM spectral files were collected, and the quantitative
information of the proteins was obtained by analysis.

RNA Extraction and Quantitative Reverse
Transcription PCR Analysis
After extracting the total RNA from tobacco root samples with
TRTzol reagent (Invitrogen, New York, NY, United States),
cDNA was reverse-transcribed from 1 µg total RNA with
ReverTra Ace qPCR RT kit (TOYOBO) according to the
manufacturer’s instructions, using cDNA as a template for
three replications. Real-time fluorescence quantitative PCR (RT-
qPCR) internal reference gene actin primers were used for
q-PCR amplification to verify cDNA quality, using the following
conditions: denaturation at 95◦C for 1 min, 95◦C for 15 s, 40
cycles, followed by annealing and extension at 60◦C for 30 s.
The expression level of each gene was calculated and analyzed
as described in Livak and Schmittgen (2013), using the 2−11Ct

method, using three biological replicates.

Statistical Analysis
For data analyses, SPPS18.0 (SPPS, Chicago, IL, United States)
Duncan’s multiple test (Duncan’s multiple range test) and the
logarithmic data processing and analysis software Origin8.0
(OriginLab. Corp., Northampton, MA, United States) were used.

RESULTS

Morphological Characteristics of the
Root System
As shown in Figure 2, irrespective of the treatment, the lateral
and adventitious roots were the main parts of the root system.
The root system of flue-cured tobacco in RS was well-developed,
and the numbers of lateral and adventitious roots were larger
than those in limestone and PS. Compared with limestone and
PS, in RS, the root system was more developed, facilitating
nutrient uptake.

Table 2 shows the results of the morphological analysis.
Regarding root length, there were significant differences between
RS and LS and between RS and PS, whereas for the RSA, there
was a significant difference between RS and PS. For the root
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FIGURE 2 | Root morphology of flue-cured tobacco under different soil treatments. LS, limestone soil; PS, paddy soil; RS, red soil.

TABLE 2 | Morphological root characteristics under different soil types.

Treatment RL/cm RSA/cm2 RV/cm3 RAD/mm RT RF

LS 1,273.32 ± 107.02b 576.38 ± 59.71ab 11.07 ± 2.81b 0.81 ± 0.25b 1,918.67 ± 339.75b 16,413.33 ± 2,997.08b

PS 1,337.47 ± 126.64b 460.88 ± 60.31b 12.93 ± 4.03b 0.94 ± 0.21ab 13,456.33 ± 1254.26a 13,476.33 ± 1,254.06b

RS 1,863.25 ± 60.97a 673.05 ± 60.31a 20.13 ± 3.16a 1.21 ± 0.17a 2,984.33 ± 1254.06b 22,070.00 ± 3,869.91a

Mean ± SE. Means within each column followed by the same letters are not significantly different at p < 0.05 based on one-way ANOVA followed by Duncan’s
multiple-range test. RL, root length; RSA, root surface area; RV, root volume; RAD, root average diameter; RT, root tips; RF, root forks; LS, limestone soil; PS, paddy
soil; RS, red soil.

volume, there were significant differences between RS and LS
and between RS and PS. The average root diameter followed the
order PS > RS > LS, with significant differences between RS and
LS and between RS and PS. The number of root tips differed
significantly between PS and LS and between PS and RS, whereas
the number of root forks differed significantly between RS and LS
and between RS and PS.

Root Physiological Index
As shown in Figure 3, root vigor, nitrate reductase activity,
SOD activity, and POD activity differed significantly under the
different soil types (p < 0.05), following the order RS-grown
plants > PS-grown plants > LS-grown plants. The root vigor of
RS-grown plants was 35.23 and 21.02% higher than that of LS-
and PS-grown plants, respectively. The NR activity of RS-grown
plants was 51.43 and 25.71% higher than that of LS- and PS-
grown plants, respectively. The SOD activity of RS-grown plants
was 34.09 and 20.45% higher than that of LS- and PS-grown
plants, respectively, whereas the POD activity of RS-grown plants
was 37.29 and 21.19% higher than that of LS- and PS-grown
plants, respectively.

Protein Identification and Profiling
The volcanogram (Figure 4) shows the proportions of
differentially abundant proteins (DAPs) of the total quantitative

proteins, with log2 (FC) as the abscissa and negative logarithm-
log10 (p) as the ordinate. In this study, 699 differentially
abundant proteins were identified in PS vs. LS, such as 412
upregulated and 287 downregulated proteins (Figure 4A). When
comparing LS vs. RS, we obtained 650 differentially abundant
proteins, such as 291 upregulated and 359 downregulated
proteins (Figure 4B). Similarly, there were 569 differentially
abundant proteins between PS and RS, such as 323 upregulated
and 246 downregulated proteins (Figure 4C).

When the protein difference obtained by iTRAQ analysis
was more than 1.2-fold or less than 0.83-fold, and the p
was less than 0.05, the protein was identified as differentially
expressed (significantly upregulated and downregulated protein,
respectively). Among the 1,282 differential proteins in the
three comparison groups, 102 proteins occurred in the three
comparison groups (Figure 5). There were 432 proteins in two
comparison groups, such as 190 in PS vs. LS and LS vs. RS; 135
in PS vs. LS and PS vs. RS, 107 in PS vs. LS and PS vs. RS; 748 in
only one comparison group, 300 in PS vs. LS, 233 in LS vs. RS,
and 225 in PS vs. RS.

Enriched Pathways of Differentially the
Abundant Proteins in Tobacco Roots
To further understand the biological functions of differential
proteins in flue-cured tobacco roots in different soil types, we
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FIGURE 3 | Root physiological indices of flue-cured tobacco under different soil types. (A) Root; (B) nitrate reductase (NR); (C) superoxide dismutase (SOD); (D)
peroxidase (POD); Duncan’s multiple-range tests; p < 0.05; LS, limestone soil; PS, paddy soil; RS, red soil. Different lowercase letters showed significant difference
(P < 0.05).

investigated the different pathways. In the PS vs. LS comparison
group, 520 differential proteins were annotated to 103 pathways
and significantly enriched in 15 metabolic pathways, based on
KEGG enrichment analysis. In the LS vs. RS comparison group,
444 differential proteins were annotated to 104 pathways and
significantly enriched in 18 metabolic pathways (p < 0.05). In
the PS vs. RS comparison group, 398 differential proteins were
annotated to 101 pathways and significantly enriched in 15
metabolic pathways.

Changes in Abundances of Differential
Proteins
A hierarchical cluster analysis of 102 differential proteins co-
existing in the three contrasting groups was carried out, and
a heatmap (Figure 6) was generated, which showed significant
differences among the comparison groups. Through their
abundance patterns and functional annotations, we could easily

identify significant enrichment metabolic pathways in response
to different soil types, indicating the rationality of the identified
differential proteins and further proving the reliability of the data.
In this study, nine significantly enriched metabolic pathways
were detected from the 102 common differential proteins in flue-
cured tobacco root samples. Numerous differential proteins were
involved in starch and sucrose metabolism (12), phenylalanine
metabolism (9), the biosynthesis of secondary metabolites (10),
microbial metabolism in different environments (6), ribosomes
(7), glutathione metabolism (4), RNA degradation (4), DNA
replication (4) splice bodies (4), and others (13).

Differentially the Abundant Proteins
Involved in Defense Mechanisms
The iTRAQ analysis revealed that 13 proteins related to defense
mechanisms were screened out from 102 common differential
proteins in the three comparison groups (Figure 7). A total
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FIGURE 4 | Volcano plot showing the corrected values of p for the changes in
the patterns of all identified proteins in pairwise comparisons. (A) Differentially
abundant proteins (DAPs) in LS vs. PS; (B) DAPs in LS vs. RS; and (C) DAPs
in PS vs. RS. Red indicates significantly upregulated proteins. Green indicates
significantly downregulated proteins. Black indicates proteins whose levels did
not significantly change. Yellow indicates significantly share-regulated
proteins. Blue indicates significantly spec-regulated proteins.

FIGURE 5 | Venn diagram of DAPs from different comparison groups in
tobacco root samples.

of eight DAPs were involved in the secondary metabolic
pathway, two DAPs were involved in glucose metabolism, two
in the synthesis of glutathione, and one in the synthesis of
methionine. Among the 13 differential proteins related to defense
mechanisms, 10 were upregulated in LS vs. RS and/or PS vs.
RS, and three were down-regulated. Based on these results,
we suggest that the different soil types affected the defense
mechanism of flue-cured tobacco roots, and the regulatory
network was more complex.

Parallel Reaction Monitoring Verification
The expression levels of the top 16 target proteins were
quantitatively analyzed by PRM to verify the reliability of the
iTRAQ proteomic results (Figures 8A–C). We analyzed the
expression levels of these 16 proteins under the three different
treatments (PS vs. LS, LS vs. RS, and PS vs. RS). The results
of the PRM showed that 8, 11, and 11 proteins among the
three comparison groups were consistent with the results of
the iTRAQ, whereas 8, 5, and 5 proteins contrasted with the
results of the iTRAQ. The results showed that five proteins were
consistent with the quantitative results of the iTRAQ in the three
comparison groups, such as A0A1S3YEB5, A0A1S3YHI6,
A0A1S3ZA22, A0A1S4BNE4, A7XAQ5, A0A1S3YEB5,
A0A1S3YHI6, A0A1S3ZA22, and A0A1S4BNE4. Overall,
the results were reliable and reproducible.

Quantitative Reverse Transcription PCR
Complementation
The mRNA expression levels of seven differentially expressed key
protein coding genes were detected by real-time quantitative PCR
(qRT-PCR) to provide accurate data for studying the molecular
mechanisms of tobacco root responses to different soil types.
These seven proteins or genes are involved in the defense
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FIGURE 6 | Differential protein relative expression matrix heatmap of the three groups. The color in the figure indicates the relative protein abundance level of the
protein in the sample. The red color indicates that the protein has an increased protein abundance level in the sample, and the blue color represents a decreased
protein abundance level.
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FIGURE 7 | The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of DAPs related to defense mechanisms. Upregulated proteins are marked with
upward red arrows and down-regulated proteins with downward green arrows; the numbers represent the fold change. The left arrows or numbers represent the
differential proteins in LS vs. PS, the middle arrows or numbers represent the differences in proteins in LS vs. RS, the right arrows or numbers represent the
differences in proteins in PS vs. RS.

mechanism; the qRT-PCR data of the seven genes were consistent
with the results of the iTRAQ (Figure 9).

DISCUSSION

Analysis of Root Morphological
Characteristics of Flue-Cured Tobacco
Grown in Different Soil Types
Root morphological characteristics (root length, surface area,
root volume, root average diameter, root tip number, and root
fork number) play an important role in determining nutrient and
water absorption efficiencies and in assessing the adaptability of
a plant to stress (Zhang, 2018). The root system of flue-cured
tobacco is highly diverse, with a pronounced plasticity. Based
on our results, changing the rhizosphere environment of the
root system can improve the morphological characteristics of the
tobacco root system, thereby promoting the plant growth. Wang
(2020) found that different soil types can differently affect the
morphological characteristics of maize roots.

Based on previous studies, soil physical and chemical
properties, temperature, nutrient content, moisture, air
permeability, organic matter content, poPODity, and other
factors affect the root growth of flue-cured tobacco. LS has a high
sand content, light texture, fast fertilizer effect, poor ability of
water and fertilizer conservation, low organic matter content,
and large temperature changes; however, its air permeability and
water permeability are good (Zhang, 2011). PS, as a product of
farming activities, is generally subjected to long-term flooding,

with a low oxygen content, a thin soil layer, and a heavy soil
texture (Zang et al., 2021). Regarding red loam soil, the available
potassium level is higher, the soil is stickier, the fertilizer effect is
more prolonged, and the water-holding capacity is larger, and the
soil pH is neutral to slightly acidic (Li et al., 2015). Li et al. (2020)
indicated that acidic soil has a higher effective nutrient content,
which is suitable for the growth of flue-cured tobacco.

Affected by various factors in the soil, the root morphology
of flue-cured tobacco also differs with the soil type (Wang et al.,
2006). It is generally believed that the formation of a longer root
with a smaller diameter facilitates nutrient and water absorption.
On the other hand, a thicker root system can exert greater
strength to overcome the mechanical resistance of the soil and
make the root system elongate, which is beneficial in more
compact soil (Gong et al., 2020). In this experiment, the root
length of tobacco after topping was higher under RS compared
with PS and LS; the average root diameter followed the order
PS > RS > LS. The root length was therefore highest under
RS, with a moderate diameter and a good root system growth.
However, the average root diameter under PS was larger, which
may be related to the large soil capacity and compactness. In LS,
root length and diameter were relatively small, although the soil
texture of LS was relatively loose; the root system of flue-cured
tobacco collected in this experiment was in the late growth stage,
after topping. In LS, nutrient conservation was weak, and the
soil did not provide sufficient nutrients for tobacco root growth.
This also resulted in a small average root diameter. RSA and root
volume are related to the contact area between the root system
and the soil. The larger the contact area, the more water and
nutrients are absorbed, enhancing plant growth (Hu, 2013).
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FIGURE 8 | Column map of parallel reaction monitoring (PRM) quantitative
protein differences among different samples. (A) LS vs. PS; (B) LS vs. RS;
and (C) PS vs. RS. The proteins corresponding to the column on the upside
of the transverse axis 0 represent upregulated proteins, the proteins
corresponding to the column on the underside of the transverse axis 0
represent downregulated proteins, numbers on columns represent multiple
differences (non-logarithmic), for example: if the number in the underside
column is 2, the WM is two times as much as the IM in the expression level; if
the number in the upside column is 2, the WM is 0.5 times as much as the IM
in the expression level.

FIGURE 9 | Complementation of isobaric tags for relative and absolute
quantitation (iTRAQ) results by real-time quantitative PCR (qRT-PCR). Values
represent the means ± SE (n = 3). ASR-2, aquaporin PIP1 2b; HSP70, heat
shock protein 70; POD-12, peroxidase 12-like; GST, probable glutathione
S-transferase; adomet, S-adenosylmethionine synthase; POD-72, peroxidase
72-like; FRK-2, fructokinase-2; LS, limestone soil; PS, paddy soil; RS, red soil.

In this study, the RSA and root volume of RS flue-cured
tobacco were larger than those of LS and PS plants, suggesting
that RS promoted an increase in RSA and root volume. According
to a previous study, higher RSA and root volume values facilitate
the drought resistance of plants (Zhang et al., 2016). Generally,
the different soil types had no effects on root length, surface
area, root volume, root average diameter, and root tip number
of flue-cured tobacco.

Effects of Different Soil Types on Root
Physiological Indices of Flue-Cured
Tobacco
Root vigor is a physiological index reflecting the metabolic level
of the root system and the synthesis of various compounds.
It directly affects the growth and development of plants, with
a significant correlation between root vigor and the chemical
composition of tobacco leaves. The higher the root vigor,
the stronger the stress resistance of flue-cured tobacco plants.
According to Zhao et al. (2010), in tobacco, root vigor is affected
by the soil type. In our study, under RS, the root vigor was
significantly higher than that under PS and LS, which could be
explained by the fact that the soil water content is the main factor
limiting root vigor; in LS, with the largest pore space, the water-
holding capacity was lowest. In addition, high temperatures
and fertilizer levels, which were encountered in PS, can inhibit
root vigor. In contrast, RS had a more favorable water-holding
capacity. Based on these results, RS was most suitable for the
absorption and use of soil water by tobacco roots, supported the
growth of aboveground parts, and created favorable conditions
for high tobacco yield and quality. At the same time, topping
promoted root vigor and contributed to the full yellowing of
flue-cured tobacco in the later stage.
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Nitrate reductase is a key enzyme in plant nitrogen
metabolism. Under the action of NR, glutamine synthetase,
and glutamate synthetase, nitrate nitrogen is reduced to nitrite
nitrogen in roots, which is transformed into amino acids and then
participates in nitrogen metabolism. The NR activity therefore
reflects the level of nitrogen metabolism. Li et al. (2007), in
a study on tobacco, showed that within a certain range, with
increasing soil water content, the activity of NR increases, thereby
promoting the plant metabolism. As different soil types differ
in their water contents, water supply is also different. In this
experiment, the water content was highest in RS, which therefore
also promoted the NR activity of flue-cured tobacco roots.

Cell metabolism can produce reactive oxygen species (ROS),
which can harm the biological system; the activity of antioxidant
enzymes is therefore a key factor in active oxygen detoxification.
SOD plays an important role in plant oxygen metabolism (Guo
et al., 2012) and is the first line of defense against ROS oxidative
damage. In addition, POD is an important antioxidant enzyme in
plants (Yang et al., 2016), and in this study, the SOD and POD
activities of RS flue-cured tobacco roots were lower than those
under PS and LS; this is in agreement with the findings of Zhang
(2018).

Proteins Associated to Defense
Mechanisms
As defense molecules, secondary metabolites can protect plants
under various adverse conditions. Numerous plants can produce
secondary metabolites after external stimulation, and the
regulation mechanism of these metabolites involved in plant
defense responses is highly complex. A variety of defense
signal pathways form a defense network, which can effectively
resist various biological stresses to a certain extent (Afrin
et al., 2015). Lei et al. (2016) found that the change in the
secondary metabolic pathway may change the composition and
content of secondary metabolites. In this study, the KEGG
pathway analysis showed that the biosynthesis pathway of
secondary metabolites was one of the metabolic pathways of
root enrichment in flue-cured tobacco under the three soil
types, and hundreds of differentially abundant proteins related
to secondary metabolite biosynthesis were identified. In LS vs.
RS and PS vs. RS, the proportion of upregulated proteins related
to secondary metabolite biosynthesis was higher than that of
downregulated proteins. In the comparison of PS and LS, the
opposite pattern was observed. These differential proteins may
be involved in phenolic biosynthesis, terpene biosynthesis, and
alkaloid synthesis, thereby improving the stress resistance of
tobacco roots. The results of the KEGG annotation showed that
the differential proteins were enriched in the biosynthesis of
phenylalanine. Ye et al. (2001) showed that different soil physical
and chemical properties had various effects on phenylalanine
synthesis. In the present study, the phenylalanine biosynthesis
pathway may have been involved in the response of tobacco roots
to different soil types.

Phenylpropane compounds are secondary metabolites of
plants and play an important role in the interaction between
plant growth and the environment. Studies have shown that

phenylpropanoids can prevent the invasion of pathogens by
increasing the thickness of the secondary cell walls. The
metabolism of phenylpropanoids provides plants with a large
number of important phenolic compounds (Zhao, 2020). In our
experiment, a high number of differentially expressed proteins
were detected in the phenylpropanoid biosynthesis pathway. In
the PS vs. LS comparison group, 37 proteins were involved in
the phenylpropanoid biosynthesis pathway, of which 29 were
upregulated and 8 were downregulated. We observed 42 proteins
in the LS vs. RS group, of which 17 were upregulated and 25 were
downregulated. In the PS vs. RS comparison groups, 24 proteins
were detected, with 20 being upregulated and 14 downregulated.
Based on these results, we can speculate that the phenylpropane
biosynthetic pathway may be involved in the soil type response
of tobacco roots. Wu et al. (2018) confirmed that phenylpropane
biosynthesis metabolism is involved in the regulation of the
antioxidant activity of tobacco plant cells.

In this study, 21 proteins related to defense mechanisms
were screened from 102 common differential proteins in three
comparison groups in which peroxidase could inactivate toxic
substances and protect plants from the toxic effects of high
oxygen concentrations. Glutathione S-transferase (GST) plays an
important role by catalyzing the binding reaction of nucleophilic
glutathione with various foreign chemicals, thereby facilitating
detoxification. GST is the key enzyme of the glutathione
binding reaction and catalyzes the initial step of this reaction
(Song et al., 2010).

Fructokinase has also been found to be involved in the
stress response of plant cells. The abundance of these proteins
decreased in the comparison group PS vs. LS and increased
in the LS vs. RS and PS vs. RS groups. The pathways of 13
differential proteins involved in stress defense were analyzed;
among them, 8 differential proteins were involved in secondary
metabolism, 2 in glucose metabolism, 2 in glutathione synthesis,
and 1 in methionine synthesis. Among the 14 differential proteins
related to defense mechanisms, 10 were upregulated in LS vs.
RS and/or PS vs. RS, and 3 proteins were downregulated. Based
on these results, the defense mechanism of flue-cured tobacco
roots in different soil types is highly complex, with an even more
complex regulatory network. The above results lead us to infer
that compared with LS and PS, the resistance of tobacco roots to
stress was higher in RS, in addition to the well-developed root
system in RS, providing enhanced resistance.

Proteins Linked to Carbohydrates and
Energy Metabolism
Carbohydrate and energy metabolism is one of the most
important biological metabolisms of flue-cured tobacco roots
in response to different soil types. The pathways related to
carbohydrate and energy metabolism include the glycolysis
gluconeogenesis pathway, the starch and sucrose metabolism
pathway, the TCA cycle, and the pentose phosphate metabolism
pathway, among others. In plants, sucrose synthase is a
key enzyme in sucrose metabolism and can catalyze the
decomposition and synthesis of sucrose; it also plays an
important role in starch synthesis, stress resistance, and plant
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growth (Li and Kong, 2015). In our study, we found three
differentially expressed sucrose synthase proteins (A0A1S3YFR7,
A0A1S4ACT4, and A0A1S3ZPV3) in PS vs. LS, LS vs. RS, and
PS vs. RS; they were significantly downregulated in the PS vs.
LS comparison group and upregulated in LS vs. RS and PS vs.
RS. This indicates that the sucrose metabolism of tobacco roots
may be affected by different soil types and that sucrose synthase
may play a key role in the regulation of carbon metabolism and
nitrogen fixation. The upregulated expression of sucrose synthase
under RS suggests that the activity of the sucrose metabolism
pathway in flue-cured tobacco roots was higher in RS.

Based on a previous study, the TCA cycle is the main way
for plants to obtain energy, providing the carbon skeleton for
plants to synthesize various substances (Wang et al., 2019).
Several proteins involved in the TCA cycle, such as citrate
synthase (W8SRJ8), were upregulated in PS vs. RS. Two
malate dehydrogenases (A0A1S3YXG6 and A0A1S3ZI08) in
PS vs. LS were upregulated, whereas succinate dehydrogenase
(A0A1S4AC19) was downregulated. Fumarate hydratase
(A0A1S3WYC1) and succinate-CoA ligase (A0A1S3XSQ4) in
LS and RS were upregulated. Compared with LS and PS, the
expression of proteins related to the TCA cycle was upregulated
under the condition of RS, which resulted in the provision or
larger amounts of energy.

In this study, we selected 10 proteins related to carbohydrate
and energy metabolism, out of 102 common differential proteins.
For example, glucose-6-phosphate and glucose-1-phosphate
adenylate transferase are involved in carbohydrate transport and
metabolism, aconitine hydratase is involved in the TCA cycle,
and other proteins are involved in carbohydrate transport and
metabolism. Therefore, the biological processes and pathways
related to sugar and energy metabolism may be important
factors regulating the adaptation of flue-cured tobacco roots to
different soil types.

Proteins Linked to Protein Synthesis
Ability
Since proteins are the direct executors of various biological
processes, protein synthesis is directly related to the general
activities of plants (Hu et al., 2018). Ribosomes play an
important role in protein translation and synthesis. In this
study, 8 ribosome-related proteins were screened from the
102 common differential proteins in the three comparison
groups, of which 5 were upregulated in LS vs. RS and PS vs.
RS and 3 in PS vs. LS. They were 40S ribosomal proteins
(40S ribosomal protein [A0A076L2E2 and A0A1S3Y218]),
60S ribosomal protein (60S ribosomal protein [A0A1S4DPX6,
A0A1S4AEL0, and A0A1S4D1U6]), alanine-tRNA ligase
(Alanine–tRNA ligase [A0A1S4B5E8]), and ribonuclease
(ribonuclease [A0A1S3YIR2]). Among all differential proteins
determined, 17 and 20 were upregulated in the ribosomal
pathway in LS vs. PS and LS vs. RS, respectively. These
upregulated proteins may promote protein synthesis, indicating
that the protein synthesis of flue-cured tobacco roots under PS
and RS conditions is higher than that under LS. Similar results
have been obtained in a study investigating tobacco roots under
two cropping systems (You et al., 2014).

CONCLUSION

Based on determining the morphological characteristics and
physiological indices of flue-cured tobacco roots, an iTRAQ
technique was used to study the differential changes in root
proteins under different soil types (LS, PS, and RS). The results
showed that root length, RSA, and root volume were higher in
RS than in LS and PS, indicating that RS was most suitable for
tobacco growth. The soil type significantly changed the proteomic
profiles of tobacco roots. The stress resistance, carbohydrate
and energy metabolism, and protein synthesis of RS flue-cured
tobacco roots were higher than those in LS and PS. Based on
PRM and qRT-PCR analysis, the results of iTRAQ proteomics
were correct and reliable. The response mechanism of flue-
cured tobacco roots to different soil types could be revealed at
the protein level.
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