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Abstract

Tobacco seedlings produced by floating system are susceptible to cold injury. This problem can be solved by pre-planting
technique. However, little is known about the mechanism underlying the improved cold tolerance in pre-planting tobacco. To
investigate it, the cytological features of the leaf and root cells from floating and pre-planting tobacco were studied. Obvious
cold injury and rupture of cell membrane system were observed in the cells from floating tobacco under cold stress conditions
but very little in the cells from pre-planting tobacco. The cell wall in cells from pre-planting tobacco was thicker than in
floating tobacco before cold stress. The cell wall was higher in cellulose and pectin contents in pre-planting tobacco than in
floating tobacco before and after cold stress. These results suggest that pre-planting technique facilitates the accumulation of
cell wall compositions-cellulose and pectin in pre-planting plants to prevent the cold injury, and possibly attenuates the

negative effect of flooding stress on cell wall composition. © 2021 Friends Science Publishers
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Introduction

Tobacco (Nicotiana tabacum L.) is cultivated worldwide as
an important economic crop (Xu et al. 2019). In China,
tobacco is mainly planted in Hunan, Yunnan and Guangxi
provinces for commercial purposes (Xiao et al. 2007; Liu et
al. 2020). These provinces are located in southern China,
where the large-scale floating system is widely used for
tobacco seeding due to less cost, improved quality and yield
of its products (Zhou et al. 2019). However, there are some
problems associated with the floating system, such as
prolonged seedling period, delayed root development,
decreased disease resistance, and enhanced cold sensitivity
(Zhou et al. 2019). For example, the temperature is low, and
sunlight is sparse in Hunan province when the tobacco
seedlings are transplanted to the fields in March or April
(Xu et al. 2019). Most tobacco seedlings produced by
floating system would die from severe cold damage (Xu et
al. 2019). Nevertheless, pre-planting technique helps the
growth of floating seedlings and increases their survival rate
under cold stress (Fang 2015). It is known that pre-planting
treatment causes lots of physiological changes, such as ion
and osmotic homeostasis and photosynthesis, thereby
affecting plant growth (Gao and Zhou 2001). The

mechanisms underlying the decreased cold injury through
pre-planting needs to be further investigated.

Cold stress at seedling stage seriously affects tobacco
growth and production (Hu et al. 2016). Plants normally
adapt to low temperature environments through cold
acclimation whereas the freezing tolerance can be achieved
by low non-freezing temperature (Chen et al. 2014). During
cold acclimation, a lot of biochemical and molecular cell
biological changes would occur. Lipid composition, sugar
and soluble protein contents, phytohormone levels are all
changed during plant adaption to cold (Welin et al. 1995;
Chen et al. 2014). Along with it, many cold responsive and
regulatory genes associated with improved freezing
tolerance are activated, such as the cold-inducible
transcription factor genes and the cascade genes mediated
by  the well-known C-repeat (CRT)-binding
factor/dehydration-responsive element (DRE) binding factor
(CBF/DREB) (Chinnusamy et al. 2003; Tian et al. 2013;
Hu et al. 2016).

Cold stress can damage or rupture cell membrane
including both plasma membrane and membrane of cellular
organelles, which are the fundamental mechanism of plant
cold injury (Seo et al. 2010; Chen et al. 2014). In addition,
cell wall plays a role in plant response to cold stress
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(Parrotta et al. 2019). Plant cell wall is mainly composed of
cellulose, hemicellulose, lignin, pectin, and proteins (Zhao
et al. 2019). In maize, cold stress causes remarkable
decrease of pectin level and the enzyme activity associated
with it (Bilska-Kos et al. 2018). The cold-tolerant maize has
thickened cell wall of leaf cells and changed cell wall sugars
(Bilska-Kos et al. 2018). Cold stress increases the
expression of cinnamyl alcohol dehydrogenase (CAD) gene
leading to the increase of CAD enzyme activity and beta-
(D)-glucans content in Miscanthus (Parrotta et al. 2019).
CAD gene is involved in lignin synthesis and the synthesis
of beta-(D)-glucans which are the components of
hemicellulose (Carpita et al. 2001; Domon et al. 2013).
Silencing an inhibitor of cell wall invertase increases
invertase activity and enhances the chilling tolerance in
tomato (Xu et al. 2017). In tobacco pollen tubes, cold stress
alters the deposition of cellulose, pectin, and callose in cell
wall (Parrotta et al. 2019).

In present study, the plant phenotypes were
investigated for cold response and the subcellular features of
tissues from floating tobacco and pre-planting tobacco. The
results indicate that the cell wall structure and composition
are possibly involved in different degrees of cold tolerance
between floating and pre-planting tobacco under cold
treatment.

Materials and Methods
Plant culture

The seed of Yunyan 87, the most widely planted cultivars in
China (Jiao et al. 2010), was sown in the holes of floating
trays (55 cm x 35 cm, 200 holes/plate) on the water culture.
Half of the germinated seedlings continued to grow in
floating trays as the floating group; another half of the
germinated seedlings were transplanted to moist nutrient
culture as the pre-planting group at 45 days post sowing. All
seedlings were grown in greenhouse with the settings of a
16/8 h light/dark cycle, 25°C and 40% humidity for 15 days.

Cold treatment

All seedlings were grown in greenhouse with the above
growth conditions for 10 days. Then, the condition was
switched to 12/12 h light (4°C)/dark (0°C) cycle with 50%
humidity for 5 days. The samples were collected at 0 and 5
days under cold treatment. The cold treatments were
biologically repeated three times and the results from one
replicate were shown.

Microscopic structures analysis

The ultrastructure of tobacco leaf and root cells was studied
by transmission electron microscopy. The leaves and the
elongation zone of roots were sampled at 0 and 5 days after
cold treatment. The tobacco tissues were cut into 1x2 mm

pieces which were immediately fixed in 2.5% (w/v)
glutaraldehyde in 0.1 M phosphate buffer solution (PBS)
(pH 7.2) at 4°C overnight. The fixed tissues were washed
three times in PBS with each time at room temperature
(20-25°C) for 30 min, postfixed for 2 h in 1% osmium
tetroxide, dehydrated in a graded series of acetone,
infiltrated with Spurr resin (SPI, SPI Chem, West Chester,
PA, United States) followed by polymerization at 65°C for
48 h. The samples were cut into ultrathin sections (60-70
nm thick), stained with 2% uranyl acetate, and examined
with a Hitachi transmission electron microscope (H-7650,
Hitachi, Japan) at 80 kV. For each sample, 3 biological
replicates were prepared and at least 3 ultrathin sections per
replicate were observed under the electron microscope. To
quantify the cells exhibiting broken plasma membrane and
protoplast shrinkage, 80 mesophyll and cortical cells each
in total were observed from four leaf and root for each
treatment group. To measure the thickness of cell wall, 16
mesophyll and cortical cells were chosen from four leaf and
root respectively of each treatment group where the
thickness of cell wall was measured at four spots in each
cell.

The tissue samples from tobacco leaves and roots at 0
day under cold stress were fixed in 2.5% v/v glutaraldehyde
in PBS (pH 7.2) buffer. The fixed samples were dehydrated,
infiltrated and embedded in LR White acrylic resin
(Electron Microscopy Sciences, Pennsylvania, U.S.A.).
Embedded samples were cut into 0.5 um thick sections,
stained with Calcofluor White (Sigma-Aldrich, Missouri,
U.S.A.) for 1 min, and viewed under 2 s of UV exposure by
Nikon 80i fluorescence microscope (Nikon, Tokyo, Japan).
There were 3 biological replicates for each sample, and at
least 3 sections were observed per replicate.

Assays of cell wall composition

Cellulose, hemicellulose, pectin, and lignin contents from 2
g powdered leaf or root were analyzed using the Kits for
their measurement (COMINBIO, Suzhou, China) (Li et al.
2019). The contents of each composition in all the samples
were calculated based on the absorbance values at 660 nm
using orcinol monohydrate spectrophotometric method, at
540 nm using anthrone spectrophotometric method, at 280
nm using acetyl bromide spectrophotometric method, and at
530 nm using carbazole spectrophotometric method
respectively.

Statistical analysis

The significant difference between floating and pre-planting
tobacco was evaluated using pairwise Student’s t-test in
Excel (Microsoft, http://www.microsoftstore.com) for
phenotype comparison, including leaf and root number, root
system length, the number of cells with broken plasma
membrane and protoplast shrinkage, the thickness of cell
wall and the contents of cell wall compositions.
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Fig. 1: Leaf and root phenotypes of floating and pre-planting tobacco. Black arrows, cold injury in the leaves. (A, C) Leaf phenotypes in
floating and pre-planting tobacco. (B, D) Root phenotypes in floating and pre-planting tobacco. (E, F, G) Percentage of leaves with no
cold injury, root number and root length per plant in floating and pre-planting tobacco. Data are presented as means of 11 leaves from 4
floating tobacco and 8 leaves from 4 pre-planting tobacco, all roots, and the root system from 4 tobacco plants respectively + standard
error (SE). Letter “a” indicates the statistically significant difference between 0 day and 5 day after cold stress at P < 0.01 in the same
tobacco plants. Double asterisks (** P < 0.01) and single asterisk (* P < 0.05) indicate the significant difference between floating

tobacco and pre-planting tobacco at the same day after cold stress
Results
Effects on growth

The leaf and root phenotypes of floating and pre-planting
tobacco were compared under low temperature treatment
(Fig. 1). At 0 day after cold stress, the leaves from the two
groups of plants appeared similar (Fig. 1A); however, the
number and length of roots in floating tobacco were
significantly more and longer than pre-planting tobacco
(Fig. 1B, F, G). At 5 days after cold stress, the cold injury
symptoms were shown in almost all the leaves of floating
tobacco but only in some leaves of pre-planting tobacco
(Fig. 1C); the number of leaves in floating tobacco without
visible damage was significantly less than both in floating
tobacco at 0 day after cold stress and in pre-planting tobacco
(Fig. 1E). At 5 days after cold stress, the number of roots in
floating tobacco was significantly less than both in floating
tobacco at 0 day after cold stress and in pre-planting tobacco
(Fig. 1D, F). At 5 days after cold stress, the length of roots
in floating tobacco was still longer than in pre-planting
tobacco (Fig. 1G).

Ultrastructure of mesophyll cells

The analyzed ultrastructure of mesophyll cells in leaves of
both floating and pre-planting tobacco was showed (Fig.
2). At 0 day after cold stress, a few intact chloroplasts and
plasma membrane tightly attached by cell wall were
observed (Fig. 2A, A-1, A-2). At 5 days after cold stress,
the mesophyll cell of floating tobacco showed ruptured
plasma membrane, broken chloroplast membrane, and
protoplast shrinkage (Fig. 2B, B-3). However, at 5 days
after cold stress, the chloroplasts around the cell wall and
their membrane remained intact and there was
considerable amount of cytoplasmic matrix in pre-planting
tobacco (Fig. 2B, B-4). Meanwhile, at 5 days after cold
stress, the number of mesophyll cells showing broken
plasma membrane in floating tobacco was significantly
more than both in floating tobacco at 0 day after cold
stress and in pre-planting tobacco (Fig. 2C). At 5 days
after cold stress, the number of mesophyll cells showing
broken plasma membrane in pre-planting tobacco was also
more than in pre-planting tobacco at 0 day after cold stress
(Fig. 2C).
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Fig. 2: Many mesophyll cells with broken plasma membrane in leaves of floating tobacco. CW, cell wall; Ch, chloroplast; V, vacuole; N,
nucleus; white arrows, rupture of plasma membrane; black arrows, rupture of chloroplast membrane. The 1, 2, 3 and 4 black rectangles
representing the enlarged images at their right sides. (A) The normal ultrastructure of mesophyll cells in floating and pre-planting
tobacco. (B) The damaged mesophyll cell of floating tobacco comparing with the normal mesophyll cell in pre-planting tobacco. (C)
Number of mesophyll cells with broken plasma membrane in floating and pre-planting tobacco. Data represent means of 80 observed
cells from 4 plants + SE. Letters “a” and “b” indicate the statistically significant difference between 0 and 5 days after cold stress at P <
0.01 and P < 0.05 in the same tobacco. Double asterisks (** P < 0.01) and single asterisk (* P < 0.05) stand for the significant difference
between floating and pre-planting tobacco at the same day under cold stress

Ultrastructure of cortical cells

The ultrastructure of cortical cell in root of floating and pre-
planting tobacco under cold stress showed different
ultrastructure changes between them (Fig. 3). At 0 day after
cold stress, the cytosol with nucleus and mitochondrion
around the cell wall was condensed in the cortical cells of
the roots from both floating tobacco and pre-planting
tobacco (Fig. 3A, A-1, A-2). At 5 days after cold stress, the
protoplast shrinkage and some rupture of plasma membrane
were observed in the cortical cells of floating tobacco (Fig.
3B, B-3), but the cortical cells of pre-planting tobacco had
intact nuclei and considerable amount of cytoplasmic matrix
around cell wall (Fig. 3B, B—4). Meanwhile, at 5 days after
cold stress, there were significantly more cortical cells with
protoplast shrinkage in floating tobacco than both in floating
tobacco at 0 day after cold stress and in pre-planting tobacco
(Fig. 3C). At 5 day after cold stress, the number of cortical
cells showing protoplast shrinkage in pre-planting tobacco
was also more than in pre-planting tobacco at 0 day after
cold stress (Fig. 3C).

Changes of cell wall compositions

The cell wall features of mesophyll and cortical cells in both
the leaf and root samples were analyzed in ultrastructural
level (Fig. 4). At 0 day under cold stress, the cell wall
electron-density of both types of cells in floating tobacco
was higher than in pre-planting tobacco (Fig. 4A, B), and
their cell walls in floating tobacco were also significantly
thinner than in pre-planting tobacco (Fig. 4C, D).

To further investigate the cell wall difference between
floating and pre-planting tobacco, the transverse semi-thin
sections of leaf and root were stained by calcofluor and
observed under a fluorescence microscope. Results showed
that the calcofluor fluorescence intensity of cell wall was
weaker in both mesophyll and cortical cells from floating
tobacco than of the cells from pre-planting tobacco at 0 day
under stress (Fig. 5A, B). The contents of cellulose and
pectin in leaf and root samples from floating tobacco were
significantly less than from pre-planting tobacco (Fig. 5C);
while the contents of hemicellulose and lignin in the tested
samples did not show any significant difference between
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Fig. 3: Many cortical cells with protoplast shrinkage in roots of floating tobacco. CW, cell wall; V, vacuole; N, nucleus; white arrows,
protoplast shrinkage; black arrows, rupture of plasma membrane. The 1, 2, 3 and 4 black rectangles representing the enlarged images at
right sides. (A) The normal ultrastructure of cortical cells in floating and pre-planting tobacco. (B) The damaged cortical cell in floating
tobacco comparing with the normal cortical cell in pre-planting tobacco. (C) Number of cortical cells with protoplast shrinkage in
floating and pre-planting tobacco. Data represent means of 80 observed cells from 4 plants + SE. Letters “a” and “b” indicate the
statistically significant difference between 0 and 5 days after cold stress with P < 0.01 and P < 0.05 in the same tobacco. Double asterisks
(** P <0.01) stand for the significant difference between floating and pre-planting tobacco at the same day under cold stress

floating and pre-planting tobacco (Fig. 5C). In addition, the
contents of cellulose, hemicellulose, pectin and lignin in
floating tobacco and pre-planting tobacco were not
different between at O day after cold stress and at 5 days
after cold stress (Fig. 5C; Fig. S1). At 5 day under cold
stress, the contents of cellulose and pectin in floating
tobacco and pre-planting tobacco were similar to the
contents in tobaccos at O day under cold stress (Fig. 5C;
Fig. S1).

Discussion

Cell membrane rupture caused by various factors often leads
to plant injury (Chen et al. 2014). For example, freezing
stress-induced membrane rupture occurs due to the extreme
dehydration of extracellular materials, which, leads to the
increase of electrolyte leakage in plant tissues (Kaye et al.
1998). The electrolyte leakage is slightly lowered by
heterologous expression of two cold-acclimation proteins in
transgenic tobacco plants under cold stress (Kaye et al.
1998). Low temperature severely affects tobacco growth
(Hu et al. 2016). The rupture of cell membrane is the main

underlying cause for plant cold injury (Chen et al. 2014). In
present study, the rupture of plasma and chloroplast
membrane was observed in leaf and root cells of floating
tobacco but not in the cells from the pre-planting tobaccos at
5 days under cold stress (Fig. 2B, 2C, 3B, 3C). These
ultrastructure changes indicated clear tissue injury in
floating tobacco. The pre-planting tobacco plants had better
cold tolerance based on the intact cell membrane system
under cold stress.

Plant cell wall serves as the first barrier against cold
stress (Parrotta et al. 2019) and not all the cell wall
compositions are increased for cold-tolerance in plants (Xu
et al. 2020), the thickened cell wall and increased
accumulation of cell wall components are commonly
considered as one of the main mechanisms in plant
adaptation to abiotic stress (Ployet et al. 2018). It is shown
that the leaf cells of cold-tolerant maize have increased
thickness of cell wall to prevent the chilling injury (Bilska-
Kos et al. 2018). The increased accumulation of cellulose
or pectin can modulate cell wall rigidity to prevent
freezing-caused cell damage (Le et al. 2015; Ployet et al.
2018). Cell wall modification is associated with the
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Fig. 5: Less cell wall compositions in floating tobacco than pre-
planting tobacco. (A, B) The intensity of calcofluor fluorescence
(bright blue) in floating and pre-planting tobacco. (C) The
contents of cellulose, hemicellulose, pectin, and lignin in floating
and pre-planting tobacco (% dry matter) (n=3). Data represent
means from at least 5-10 tobacco plants + SE. Double asterisks
(** P < 0.01) and single asterisk (* P < 0.05) stand for the
significant difference between floating and pre-planting tobacco

freezing tolerance of pea (Lucau-Danila et al. 2012).
Normal cell wall under transmission electron microscope
was shown as the layer of structure with low electron-
density, but the cell wall broken by biotic stress was
reported to have high electron-density because of the
deposition of osmiophilic material in cell wall (Cao et al.
2020). These results from the present study showed slightly
thicker cell wall in the leaf mesophyll and root cortical cells
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Fig. 4: The high electron-density of thin cell wall in floating
tobacco. CW, cell wall; Ch, chloroplast; V, vacuole. (A, B) The
higher electron-density of cell wall in floating tobacco than pre-
planting tobacco. (C, D) The thinner cell wall of floating tobacco
than pre-planting tobacco. Data represent means of 16 cells from 4
plants + SE. Double asterisks (** P < 0.01) stand for the significant
difference between floating tobacco and pre-planting tobacco

from pre-planting tobacco than cells from floating tobacco
before cold stress (Fig. 4). In the meantime, Calcofluor
specifically staining glucans such as cellulose (Haigler et
al. 1980), the contents of cell wall compositions including
cellulose and pectin in pre-planting tobacco were
significantly higher than in floating tobaccos before and
after cold stress (Fig. 5; Supplementary Fig. 1). Thus, cell
wall composition and thickness may attribute to difference
in cold tolerance between floating and pre-planting
tobacco.

It is important to consider the effects of flooding
stress when a floating system is used for cultivation.
Flooding causes hypoxia which leads to deleterious effects
on the roots of soybean and wheat where root elongation
and lateral root development are suppressed (Le et al.
2015). Flooding also causes the hyponastic movement of
leaf due to the remodeling of cell wall of leaf cells,
regulated by a transcription factor affecting the expression
of expansin and endo-B-transglucosylases/hydrolases (Rauf
et al. 2013). Flooding also causes the down-regulation of
cellulosic synthesis related genes in soybean roots and gray
polar (Nanjo et al. 2011). In addition, flooding induces the
degradation of cell wall polysaccharide and reduction of
pectin content in maize and azuki bean seedlings (Vitorino
et al. 2001; Ooume et al. 2009). The roots and hypocotyls
of soybean seedlings exhibit decreased lignin deposition,
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polysaccharides cross-linking, and protein modification
within cell wall under flooding (Komatsu et al. 2010). In
this study, the tobacco seedlings grew on water cultures for
25 days (Zhou et al. 2019). Thus, their roots suffered
flooding stress before tobacco seedlings were transplanted
to the fields (Zhang et al. 2016). At 0 and 5 days under cold
stress, the decreased contents of cell wall compositions
including cellulose and pectin were also observed in root
and leaf of floating tobaccos in comparison with pre-
planting tobaccos (Fig. 5; Fig. S1). These evidences
suggest that the floating treatment reduces the cell wall
compositions in floating tobaccos which leads to higher
cold-sensitivity. In other words, pre-planting eliminates the
flooding stress and has relatively higher accumulation of
cell wall compositions-cellulose and pectin that improves
the tolerance to cold treatment.

Conclusion

In conclusion, the floating tobacco plants suffered cold
injury characterized by the rupture of cell membrane system
possibly because the flooding induced the decrease of cell
wall compositions. Furthermore, the pre-planting tobacco
plants, which suffered less flooding stress because of pre-
planting treatment, maintained the cell wall integrity and
cell wall composition contents to mediate cold tolerance.
However, cold tolerance is considered to be a quantitative
trait (Chen et al. 2014). The cold-resistance involving cell
wall in pre-planting tobacco will be further investigated
through transgenic tobacco with modified expression of cell
wall related genes responding to cold stress.
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