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Effects of silicon application on leaf structure ==
and physiological characteristics of Glycyrrhiza
uralensis Fisch. and Glycyrrhiza inflata Bat.
under salt treatment
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Abstract

Background: Soil salinization leads to a significant decline in crop yield and quality, including licorice, an important
medicinal cash crop. Studies have proofed that the application of exogenous silicon can significantly improve the abil-
ity of licorice to resist salt stress, however, few studies concentrated on the effects of foliar silicon application on the
morphology, physiological characteristics, and anatomical structure of licorice leaves under salt stress. In this study,
the effects of Si (K,SiO5) on the structural and physiological characteristics of Glycyrrhiza uralensis Fisch. and G. inflata
Bat. leaves under different salt concentrations (medium- and high-salt) were studied.

Results: Compared with the control (without salt), the plant height, total dry weight, leaf area, leaf number, relative
water content, xylem area, phloem area, ratio of palisade to spongy tissue, gas exchange parameters, and photosyn-
thetic pigment content of both licorice varieties were significantly reduced under high-salt (12S) conditions. However,
the thickness of the leaf, palisade tissue, and spongy tissue increased significantly. Applying Si to the leaf surface
increased the area of the vascular bundle, xylem, and parenchyma of the leaf's main vein, promoted water transporta-
tion, enhanced the relative leaf water content, and reduced the decomposition of photosynthetic pigments. These
changes extended the area of photosynthesis and promoted the production and transportation of organic matter. G.
uralensis had a better response to Si application than did G. inflata.

Conclusions: In conclusion, foliar application of Si can improve water absorption, enhance photosynthesis, improve
photosynthetic capacity and transpiration efficiency, promote growth and yield, and alleviate the adverse effects of
salt stress on the leaf structure of the two kinds of licorice investigated.
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Background environment and inappropriate agricultural measures
Presently, it is estimated that soil salinization affects aggravate soil salinization every year, threatening the
one-fifth of total cultivated land and one-third of irri- sustainable development of agricultural production and
gated agricultural land [1]. Deterioration of the natural thereby resulting in considerable challenges for world
agriculture [2]. Soil salinization is mainly characterized
by high soil salt concentration, which has a significant
negative impact on crop yield and quality, such as crop
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development and hinder the sustainable development of
agriculture. High soil salt levels increase the absorption
and accumulation of Na*, cause ion toxicity, reduce the
membrane stability index and antioxidant enzyme activ-
ity of plants, and damage cell function [4]. Zhang et al. [9]
observed that high salt concentrations could reduce leaf
turgor and induce premature leaf senescence by disturb-
ing the water relationship of crops. Arif et al. [10] showed
that high salt concentrations obstruct photosynthesis
and transpiration by destroying chloroplast structure,
reducing photosynthetic pigment content, and closing
stomata, resulting in greatly reduced crop yield. The loss
of agricultural production caused by high-concentration
salt areas worldwide exceeds $12 billion every year [11].
The development and utilization of a large area of salin-
ized land and improving salt resistance and tolerance of
crops has thus become a current research focus.

Glycyrrhiza uralensis Fisch., and G. inflata Bat. are two
original plants of licorice, mainly distributed in the saline
areas of northwest China [12]. They have various phar-
macological effects and exhibit cold resistance, drought
resistance, and salinity resistance due to their well-devel-
oped underground roots and rhizomes and high ground
coverage. Therefore, they are important plant resources
for saline-alkaline land improvement in arid and semi-
arid areas of Northwest China [9]. In recent years, the
market demand for licorice resources has been increas-
ing because of the improvement in the licorice medici-
nal value and the expansion of its fields of application.
Wild licorice resources are very scarce and are on the
verge of depletion due to long-term overexploitation
[13]. As such, artificial cultivation of licorice is an effec-
tive measure to realize sustainable utilization of licorice
resources. However, soil salinization has become increas-
ingly prominent with the deterioration of the ecological
environment. Studies have shown that with an increase
in environmental salt concentration (>6 g kg™! NaCl),
the growth, development, and quality of licorice are
inhibited to varying degrees [9, 13], ultimately leading to
a decrease in its medicinal and economic value.

The leaf is an important photosynthetic organ, and its
anatomical characteristics are key to determining the
survival ability of plants in a specific environment [14].
Chlorophyll (Chl) content and gas exchange parameters
in leaves are important indicators of plant physiological
characteristics and serve as important factors affecting
photosynthetic intensity [15, 16]. Arif et al. [10] showed
that salinity reduced the Chl and carotenoid (Car) con-
tent, resulting in a decrease in the net photosynthetic
rate and stomatal conductance, which hindered photo-
synthesis and significantly reduced crop biomass. The
normal structure is the basis of its physiological function;
a change in the former correspondingly leads to a change
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in its function. For example, changes in the structure of
xylem vessels directly lead to changes in hydraulic con-
ductivity [17], thus affecting its ability to absorb water. In
addition, studies showed that high salt concentrations led
to decreased leaf area and number, increased thickness
of leaves and epidermis, reduced the number and diam-
eter of xylem vessels, enhanced palisade parenchyma
volume and intercellular space, and decreased spongy
parenchyma volume [18, 19], showing leaf structure
destruction and the weakening of photosynthetic capac-
ity. The leaf morphology, physiological characteristics,
and anatomical structure of plants are gradually formed
by adapting to the environment for a long time during
the evolution process, which reflects the adaptive strat-
egy of plants to the environment [20]. However, changes
in morphology, structure, or physiology alone cannot
adequately simulate leaf senescence or death when the
system is stressed, directly impacting plant productivity.
With the increase in mortality, leaf morphology or func-
tion changes may improve the plants’ sensitivity to stress
and even subsequent disorder [21].

Silicon (Si) is an environmentally friendly element that
does not cause corrosion or pollution [22]. It can accu-
mulate in the cell walls of plants in the form of SiO, to
enhance the mechanical effects of the cell wall. Concur-
rently, it can also be used as a physical barrier to reduce
water loss in plants and improve the ability of plants to
resist environmental stress [3, 23]. Si plays an important
role in improving photosynthesis and ion homeostasis,
enhances antioxidant defense capacity, and reduces lipid
peroxidation and electrolyte leakage [4—8, 24, 25]. Hur-
tado et al. [5] studied the antioxidant defense mechanism
of sorghum and sunflower under NaCl stress through
different Si application methods. They found that, com-
pared with the combination of root and leaf-root appli-
cations, foliar application of Si reduced Na*t absorption
and lipid peroxidation, improved antioxidant enzyme
activity, leaf relative water content, leaf area, and above-
ground biomass, and alleviated the damage caused by
high salt. Laane [22] also concluded that foliar Si appli-
cation had a more significant beneficial effect on plants.
When Si is directly applied to the soil, many variables,
from the soil-water environment to the water balance
of plants, may affect the absorption and transportation
of Si by plant roots. However, its foliar application can
ensure that silicic acid can be directly applied to plants
more accurately and that the growth-promotion effects
are more significant [22, 26]. How the foliar application
of Si affects the morphological, physiological, and struc-
tural characteristics of licorice leaves, and the nature of
the relationships among them remains unknown. How-
ever, it is important to understand the mechanism of the
effect of Si on the important physiological functions of
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licorice and fully tap the biological potential of licorice
leaves. Therefore, this study used foliar application of Si
to reveal its effects on G. uralensis and G. inflata leaves
under different salt concentrations. We hypothesized that
Si application could significantly improve the internal
structure of leaves under salt treatment, adjust leaf mor-
phological characteristics, promote gas exchange param-
eters, increase photosynthetic pigment content, enhance
the photosynthetic process, thus ameliorating the effects
of saline stress.

Results

Effects of Si and NaCl treatment on leaf morphological
characteristics

There were significant effects of Si (P<0.01) and NaCl
treatment (P<0.01) on the leaf area and number of leave
of two varieties of licorice. The NaCl treatment also sig-
nificantly affected relative water content of two varieties
of licorice (P<0.01). However, the interaction between Si
and NaCl treatment had no significant effect on leaf area,
leaf number and relative water content of two varieties of
licorice (Table S1). With an increase in salt concentration,
the number of leaves, leaf area, and relative water content
of the two licorice varieties decreased significantly com-
pared with those of CK, while the addition of Si allevi-
ated this inhibition (P<0.05) (Figs. 1 and 2). The supply
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of Si under 12S stress increased the leaf number and
leaf area of G. uralensis by 92 and 43%, respectively, and
that of G. inflata by 51 and 15%, respectively, compared
to the plants grown under 12S stress alone. In addition,
compared to plants lacking Si application (CK, 6S, and
12S), foliar Si application (CK+ Si, 6S+ Si, and 12S + Si)
increased the relative water content of the leaves of both
licorice varieties.

Effects of Si and NaCl treatment on leaf anatomical
structure

With increased salt concentration, the leaf thickness and
mesophyll cell gap of the two varieties of licorice gradu-
ally increased, the cell arrangement loosened, and the
vascular bundle area of the main vein shrank (Fig. 3).
Under 12S treatment, the mesophyll cells of the two vari-
eties of licorice appeared to rupture. After spraying Si on
the leaf surface, the cell gaps in the mesophyll of the two
licorice varieties gradually narrowed, the arrangement
between cells became closer, and the area of the vascular
bundles of the main veins increased.

There were significant effects of Si (P<0.01), NaCl
treatment (P<0.01) and their interactions (P<0.01) on
the xylem area, phloem area and vascular bundle area of
two varieties of licorice (Table S1). According to Fig. 4,
the xylem, phloem, parenchyma, vascular bundle, and

Glycyrrhiza uralensis

el

Glycyrrhiza inflata

Fig. 1 Effects of Si and NaCl treatment on the morphology of two varieties of licorice
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Fig. 2 Effects of Si and NaCl treatment on leaf number (a), leaf area (b), and relative water content (c) of two varieties of licorice. Results are mean
for four replicates with different letters indicating differences at P < 0.05 by Duncan’s multiple comparison tests

main vein thicknesses of G. uralensis were significantly
reduced under the 12S treatment, and the level of reduc-
tion (91, 90, 53, 89, and 31%) were greater than those of
G. inflata (83, 85, 47, 71, and 12%, respectively). In con-
trast to G. uralensis, the epidermal thickness of G. inflata
increased significantly by 16 and 33% under the 6S and
12S treatments, respectively. Compared with CK, the leaf
thickness, palisade tissue thickness, spongy tissue thick-
ness, and tissue structure porosity of the two varieties of
licorice under the 12S treatment increased significantly,
with a greater increase observed in G. inflata (Fig. 5).
Therefore, the xylem, phloem, and vascular bundle areas
of the main vein of G. uralensis under 12S+Si treat-
ment increased by 333, 204, and 138%, respectively, and
the corresponding increases in G. inflata were 246, 136,
and 59%, respectively, compared to the 12S treatment.
Compared with no Si treatment (CK, 6S, and 12S), Si
application (CK+ Si, 6S+Si, and 12S+ Si) increased the
epidermal thickness and tissue structure compactness of
the two licorice varieties but reduced the spongy tissue
thickness and tissue structure porosity. For G. inflata,

the 12S+ Si treatment reduced the leaf thickness (28%),
the palisade thickness and spongy tissues simultaneously,
with a greater decrease in spongy tissue (55%), compared
to the 12S treatment; thus, the ratio of palisade to spongy
tissue increased (Fig. 5¢).

Effects of Si and NaCl treatment on leaf photosynthetic
pigments

There were significant effects of Si (P<0.01), NaCl treat-
ment (P<0.01) and their interactions (P<0.01) on the Chl
a, total Chl, and Car contents of two varieties of licorice,
but the interaction between Si and NaCl treatment had
no significant effect on the Chl a, total Chl, and Car con-
tents of two varieties of licorice (Table S1). As shown in
Fig. 6, NaCl treatment significantly reduced the content
of all photosynthetic pigments in both licorices. Under
the 12S treatment, the Chl a, Chl b, total Chl, and Car
contents of G. uralensis were significantly reduced, and
the level of reduction (60, 57, 59, and 62%) were higher
than those in G. inflata (48%, 47%, 48%, 56%). Applica-
tion of the Si 12S treatment resulted in higher contents of
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Fig. 3 Effects of Si and NaCl treatment on leaf anatomical structure of Glycyrrhiza uralensis (@) and G. inflata (b). co: collenchyma, xy: xylem, ph:
phloem, va: vascular bundle, pa: parenchyma, pt: palisade tissue, st: spongy tissue. Scale bar: 100 um

Chl a (increased by 27 and 32%), Chl b (increased by 74
and 17%), total Chl (increased by 34 and 30%), and Car
(increased by 41 and 43%, respectively), compared to the
6S + Si treatment.

Effects of Si and NaCl treatment on leaf photosynthetic gas
exchange parameters

There were significant effects of Si (P<0.01) and
NaCl treatment (P<0.01) on Pn, Tr, Ci, and Gs of
two varieties of licorice, expect for Ci of G. uralensis.
The interaction between Si and NaCl treatment also

had significant effect on Tr and Ci of two varieties of
licorice, but had no significant effect on Gs (Table S1).
Compared with CK, 6S treatment significantly reduced
the Pn, Tr, Ci, and Gs of both licorice varieties, whereas
12S treatment significantly increased the Ci of G.
uralensis (30%) (Fig. 7). Conversely, foliar Si application
in the 12§ treatment significantly increased (Pn) (53
and 23%), Tr (62 and 37%), and Gs (44 and 31%) of G.
uralensis and G. inflata, respectively, and significantly
reduced the Ci (17%) of G. uralensis, compared to the
12S treatment.
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Effects of Si and NaCl Treatment on licorice growth
parameters

There were significant effects of Si (P<0.01), NaCl
treatment (P<0.01) and their interactions (P<0.05) on
the plant height of two varieties of licorice. The NaCl
treatment also significantly affected the dry weight
of two varieties of licorice (P<0.01), but the interac-
tion between Si and NaCl treatment had no signifi-
cant effect on the dry weight of two varieties of licorice
(Table S1). Salt treatment significantly reduced the
plant height and dry weight of the two licorice varieties
(Figs. 1 and 8). In particular, under the 12S treatment,
compared with CK, the plant height of G. uralensis
and G. inflata decreased by 52 and 43%, respectively,
and the dry weight decreased by 86 and 85%, respec-
tively. In contrast, after foliar application of Si, the
plant height and dry weight of the two licorice varieties
increased significantly. The application of Si under the
12S treatment increased plant height and dry weight
by 42 and 78%, respectively, in G. uralensis, and by 29

and 47% in G. inflata, respectively, compared with the
6S + Si treatment.

Correlation analysis

Pearson’s correlation analysis was performed to monitor
the differences on the morphology, physiological charac-
teristics, and anatomical structure of G. uralensis and G.
inflata leaves (Fig. 9). The dry weight of two varieties of
licorices showed a positive correlation with leaf morpho-
logical characteristics (leaf area, leaf number and relative
water content), the area of xylem, phloem, parenchyma
and vascular bundle, main vein thickness, photosyn-
thetic pigments, photosynthetic gas exchange param-
eters (except for Ci of G. uralensis) and plant height, and
showed a negative correlation with leaf thickness, sponge
tissue thickness and tissue structure porosity. Meanwhile,
the gas exchange parameters and photosynthetic pigment
content of the two varieties of licorices were positively
correlated with the area of xylem, phloem, parenchyma
and vascular bundle, main vein thickness and ratio of
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palisade tissue to sponge tissue, and negatively correlated
with leaf thickness and sponge tissue thickness.

Discussion
The response of plants to salt depends on the plant spe-
cies and the time of exposure to the salt environment, the
salt concentration, and salt type [27, 28]. Similarly, the
effects of Si application are also different because of the
different plant species and salinity [4, 29]. In this study,
both medium and high salt concentrations inhibited the
morphological characteristics, anatomical structure, gas
exchange parameters, photosynthetic pigment content,
plant height, and dry weight of G. uralensis and G. inflata
leaves. Foliar application of Si to the leaves alleviated
the inhibitory effect of salinity on the leaves of the two
types of licorice, but the mitigating effect varied with the
licorice variety.

Generally, plants undergo morphological and struc-
tural changes under high salt concentrations, in which

the reduction in leaf area and number is regarded as two
typical responses [30, 31]. High salt concentrations in the
soil reduce the water potential of the rhizosphere envi-
ronment and cause water stress in plants; the relative
water content of plants is thus regarded as an important
index of the salt tolerance mechanism [32]. The reduction
of leaf area and number under high salt concentration
limited water loss caused by transpiration but reduced
photosynthetic area to a certain extent, thus decreasing
the aboveground productivity of the plants [30]. In the
present study, foliar application of Si effectively increased
the leaf area, leaf number, and relative water content of G.
uralensis and G. inflata under the two NaCl treatments,
similar to Hurtado et al. [5] in sorghum and sunflower.
After applying Si to the leaf surface, Si was absorbed by
the leaves into the inner leaf tissue and deposited in the
cell wall [9]. Due to the hydrophilic characteristics of
Si, the treatment promoted water accumulation in the
leaves, increased the water potential difference between
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leaves and roots, improved the water pull, enhanced
the absorption of soil water and nutrients by roots, and
promoted the growth and development of aboveground
leaves. This coordinated leaf-root development further
promoted the growth of the whole plant and effectively
alleviated the toxic effects of Na™ and CI~ on the plants
[33]. In addition, some studies have pointed out that Si
promotes the opening of leaf stomata by increasing the
relative water content of leaves, conducive to the photo-
synthetic rate and plant growth [9, 32, 34].

Structural changes in the leaves directly affect the
physiological and ecological functions of plants. There-
fore, understanding the response of leaf structure to
the environment is an important basis for exploring the
mechanisms of plant adaptation [35]. The xylem trans-
ports water and inorganic nutrients for photosynthesis,
whereas the phloem transports photosynthetic products
and signaling molecules from the mesophyll to other
parts of the plant [36]. For dicotyledonous plants, the
well-developed vascular bundle structure of the main
vein can ensure the transportation of water and nutrients,

whereas the parenchyma in the main vein is responsi-
ble for storage [9]. In this study, the xylem, phloem, and
vascular bundle areas in the main vein of the two licorice
leaves were significantly reduced under salt treatment,
and this adverse effect was more obvious in G. uralen-
sis. Sarker et al. [11] showed that salt treatment reduces
the diameter of the catheter cavity, resulting in a reduc-
tion of xylem area, thus reducing salt intake, conducive
to better adaptation of plants to the salt environment.
In addition, the reduction in the cross-sectional area of
vascular bundles, especially xylem vessels, sharply weak-
ens the conduction capacity of xylem and phloem, which
reduces the transportation of Na™ in the soil environ-
ment by roots and the water transportation from roots
to aboveground parts, and then decreases the accumula-
tion of Na™ in tissues [37]. After Si application on the leaf
surface, the area of xylem, phloem, vascular bundle, and
parenchyma in the main vein of leaves of both licorice
varieties increased significantly despite salt stress. The
leaf vein thickness also increased, which improved the
water transmission and storage capacity of the plant to
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a certain extent, diluted the concentration of salt ions in
the tissue, and promoted the transportation of nutrients
and photosynthetic products; these changes are known
to ameliorate the adverse effects of salt on plants [38]. In
addition, Si deposition on the leaf cell wall increases the
affinity of xylem vessels for water and reduces water loss,
thus increasing the relative water content of plants [39],
which was also reflected in the results of this study.

The mesophyll is the main component of leaf photo-
synthesis. In the mesophyll parenchyma, the difference
in thickness between palisade and spongy tissues directly
affects the distribution of chloroplasts and the efficiency
of photosynthesis [31]. In this study, the thickness of the
leaves, main vein, palisade tissue, and spongy tissue, and
porosity of the tissue structure porosity of the two vari-
eties of licorice increased under salt treatment. In con-
trast, the ratio of palisade to spongy and tissue structure
compactness decreased, similar to the results for Lycium
ruthenicum [20] and zucchini squash [19]. After Si foliar
application under medium salt treatment, these indices
changed in the opposite way, similar to Taha et al. [38] on
wheat. The ratio of palisade to spongy tissue of the leaves
of the two licorices varieties can effectively improve the
diffusion of CO, in the mesophyll after applying Si under
medium salt treatment, thereby compensating for sto-
matal limitation caused by the salt environment [27].
Concurrently, the increase in palisade tissue thickness

and decrease in spongy tissue thickness can help CO,
effectively diffuse to chloroplasts under reduced stoma-
tal aperture, ensuring the normal photosynthetic reac-
tion [18, 27, 31]. In addition, an increase in the thickness
of the palisade tissue further expands the surface area
of the mesophyll, increases the number of chloroplasts,
increases the chlorophyll content, enhances the ability of
leaves to capture light energy, and promotes photosyn-
thesis [31]. Under high-salt treatment with Si application,
leaf thickness, especially of palisade and spongy tissues,
was significantly reduced (Fig. 5a, b and f). This may be
due to thinner leaves being able to bring mesophyll cells
closer to the epidermis, which not only reduces the diffu-
sion distance of CO, from the surrounding environment
to chloroplasts but also reduces the distance required
for light to radiate through the leaves [34]. In addition,
although the decrease in the thickness of palisade and
spongy tissues reduced the area of mesophyll, Ci, and Pn
in leaves increased significantly in this treatment, which
showed that the main factor affecting photosynthesis
under high-salt treatment was CO, concentration, rather
than the area of photosynthetic reaction.

Chlorophyll is important for capturing light energy
during photosynthesis. Therefore, its content level is an
important indicator of plant physiological characteristics
and the basis of photosynthesis [15]. This study found
that the content levels of photosynthetic pigments in the
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leaves of two varieties of licorice decreased significantly
under salt treatment, which typically leads to a “short
supply” of chlorophyll and hinders the photosynthetic
reaction [15, 24]. This may be due to the inhibition of
chlorophyll enzyme synthesis under high salt concen-
trations, which hindered the process of chlorophyll syn-
thesis [40] or because the high salt levels inhibited the
synthesis of ribulose-1,5-bisphosphate carboxylase [24],
leading to the degradation of chloroplast structure and a
decrease in chlorophyll concentration. However, Si foliar
application to leaves effectively alleviated the adverse
effects of salt treatment on the photosynthetic pigments
of the two licorices varieties. Furthermore, it has been
reported that Si in leaves can increase the levels of chlo-
rophyll precursors (protoporphyrin IX, Mg-protopor-
phyrin IX, and protochlorophyllide), and expressions
of genes encoding enzymes (CHLH, POR, and CAO) in
chlorophyll synthesis, thus increasing the synthesis of
chlorophyll [6], promoting the ability of leaves to capture
light energy and enhancing the Pn [15]. In addition, Si
can alleviate damage to the ultrastructure of chloroplasts
caused by salt ions, increase the number of chloroplasts,
and improve the chlorophyll content [9].

In this study, medium-salt treatment inhibited the Pn,
Tr, Ci, and Gs of the two licorice varieties, consequently
resulting in limiting photosynthesis by stomatal factors,
consistent with the results of Zhang et al. [9]. In con-
trast, under high-salt treatment, the Pn of G. uralensis
leaves decreased significantly, and the Ci increased sig-
nificantly, probably due to high salt significantly reducing
the Gs of the leaves (Fig. 7d), thus affecting the diffusion
of CO, inside and outside the leaves. This reduced the
carbon assimilation capacity of the leaves, resulting in a
large amount of CO, which could not be used for carbo-
hydrate synthesis, instead remaining in the intercellular
space, where photosynthesis was limited by non-stomatal
factors [41]. In contrast, Si foliar application increased
the photosynthetic parameters of the two varieties of
licorice. The reasons may be that (1) to a certain extent,
Si can maintain the structural integrity of mesophyll cells
and chloroplasts, ensure the number of chloroplasts, and
increase the chlorophyll content [9]; (2) Si application on
the leaf surface reduced the concentration of Na* and CI~
in the leaf and improved the water condition [4]; (3) Si
increased the number and size of stomata [9], resulting in
more CO, entering leaf tissue [34], thus improving pho-
tosynthetic and transpiration efficiency, giving flexibility
to photosynthetic function, and effectively improving the
level of carbohydrate synthesis, which may be a reason
for the increase in licorice growth and biomass. However,
based on the results of the present study, this promoting
effect was more obvious for G. uralensis under high-salt
conditions. Notably, many factors affect licorice growth
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in changing environments. In particular, Si application to
roots instead of leaves may directly or indirectly adjust
the root configuration, physiology, and biomass [33] and
then affect the soil environment through the rhizosphere.
Soil affects roots and leaves through rhizosphere micro-
organisms or rhizosphere chemical processes. There-
fore, future research needs to study the complete licorice
plant and its soil environment to reveal the effect of foliar
application of Si on licorice more comprehensively and
systematically.

Conclusion

Medium-salt and high-salt treatments had negative
effects on the growth of G. uralensis and G. inflata; the
inhibitory effect on G. uralensis was more pronounced.
Foliar application of Si led to an increase in leaf water
content, improvements in leaf morphological character-
istics and conduction capacity of leaf vein vascular bun-
dles, and increases in palisade tissue volume, chlorophyll
content, and photosynthetic efficiency, and had a favora-
ble effect on the growth and development of the two
licorices under the tested salt concentrations. However,
there were differences in the effects of Si in different salt
environments based on plant species. In this study, the
promotion effect of foliar Si application on G. uralensis
was more significant under medium and high salt con-
centrations compared with that on G. inflata. Therefore,
we suggest paying more attention to the effect of exog-
enous Si application on the growth of G. uralensis under
salt stress in the future researches.

Material and methods
Experimental design
Glycyrrhiza uralensis and G. inflata were used as test
materials. The pot experiment was conducted in an
experimental field (44° 30’ N, 86° 06’ E) at the School of
Life Sciences of Shihezi University, China, from the end
of April to the beginning of November 2021. G. uralensis
seeds were collected from Wenquan County (Xinjiang,
China; 44° 58’ N, 80° 57’ E), and G. inflata seeds were col-
lected from Korla (Xinjiang, China; 41° 69’ N, 86° 12’ E).
Concentrated H,SO, (98%) was used to break the dor-
mancy of licorice seeds selected for full grains and con-
sistent size, which were then disinfected with 0.1% HgCl,.
Each pot (23.5x 16 x 18 cm®) was filled with 5 kg of
sandy loam. The basic characteristics of the soil were as
follows: pH, 7.63; Si, 0.03 g kg™ ; salt content, 2.91 g kg™ ;
available nitrogen, 42.55 mg kg™'; available phosphorus,
4.23 mg kg'; available potassium, 82.51 mg kg™'; and
soil organic matter, 5.83 g kg™’

Each pot was seeded with eight seeds. When the seed-
lings grew two true leaves, four strong and disease-free
seedlings with the same height and growth trend were
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retained in each pot. After the plants had grown for 30 d,
salt and Si were applied simultaneously. The concentra-
tions of salt and silicon were set according to the appro-
priate salt range of the two licorice [42] and the results
of the previous preliminary experiment. Si was sprayed
onto the leaves in the form of potassium silicate (K,SiOs)
at a 3 mM concentration. The experiment adopted a
completely randomized block design, with a total of six
treatments: (1) 0 g kg™! NaCl (CK), (2) 6 g kg~' NaCl
(medium-salt concentration, 6S), (3) 12 g kg™! NaCl
(high-salt concentration, 12S), (4) CK+Si, (5) 6S+Si
and (6) 125+ Si; there were four replicates of each treat-
ment. In order to eliminate the influence of Kt caused by
K,SiO4 application on the test, and the effects of CI™ on
plants could be almost ignored when its concentration
was low, 6 mM KCl was added to all treatment without
Si [43]. During the experiment, 300 mL of water was used
for watering daily. At the end of the experiment (100 d),
the morphology, anatomical structure, Chl content, gas
exchange parameters, and growth parameters of the two
licorice leaves were measured.

Determination of leaf morphological characteristics

Four licorice plants with the same growth were selected
from each treatment; the number of leaves were meas-
ured using the counting method, and the area of mature
leaves at the same position of each plant was measured
using a leaf area analyzer LC-2400P. Fully developed
leaves on the third or fourth branch from the plant apex
were collected and weighed for the fresh weight (FW).
The leaves were placed in distilled water for 12 h and
removed to measure the turgid weight (TW). The sample
was then placed in an oven at 75 °C for 12 h, removed,
and measured for the dry weight (DW). The relative
water content (RWC) of the leaf was calculated using the
formula [44]:

RWC (%) = [(FW — DW)/(TW — DW)] x 100.

Determination of leaf anatomy

Mature leaves at the same position (on the fourth branch
from the plant apex) were selected, and placed in an
FAA stationary solution (50% ethanol: glacial acetic acid:
formaldehyde =18:1:1). After dehydration in alcohol,
clearing in xylene, embedding in wax, sectioning (8-pum
thickness), staining with safranin-fast green, and sealing
with Canadian gum, permanent slices of cross-sectioned
leaves were made. Images were obtained with a polarized
light microscope (BX51, Olympus, Germany), and pho-
tographs were taken with an Olympus DP70 micrograph
system. Finally, the thickness of leaf, epidermis, main
vein, palisade tissue, spongy tissue and the area of xylem,
phloem, parenchyma, and vascular bundle of the main
vein with Motic Images Advanced 3.2, and the ratio of
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the palisade to spongy tissue, tissue structure compact-
ness, and porosity were calculated as follows:

Ratio of palisade to spongy tissue= [palisade tissue
thickness]/ [spongy tissue thickness].

Tissue structure compactness= [palisade tissue thick-
ness]/ [leaf thickness] x 100%

Tissue structure porosity=[spongy tissue thickness]/
[leaf thickness] x 100%

Determination of photosynthetic gas exchange

parameters

The net photosynthetic rate (Pn), stomatal conductance
(Gs), transpiration rate (7¥), and intercellular CO, con-
centration (Ci) were measured using a portable Li-6400
(Li-COR, Lincoln, USA) photosynthetic instrument
between 10:00 and 12:00 a.m., with a light intensity of
1000 pmol-m~2 s7%, leaf chamber temperature of 28 °C,
and CO, concentration of 400 pmol-mol™' and Each
treatment was repeated four times.

Determination of Chl content

After removing the veins, fresh leaves were cut into 0.2 g
pieces, to which 10 mL acetone (80%, v/v) was added.
After being placed in the dark for 24 h (the fragments of
the leaves became colorless), the absorbance values of the
extracted solution at 470, 646, and 663 nm were deter-
mined using a spectrophotometer (UV-2100). The Chl a,
Chl b, and Car contents were calculated as follows [45]:
Chl a=1221A4;-2.81A5¢ Chl b=20.13A4,-5.03A
Car=(1000A,,, -3.27Chl a-104Chl b)/ 229; total Chl
content=Chl a+ Chl b.

Determination of growth parameters

Plant heights were measured using tape, and the total
dry weight was recorded. The stems, leaves, and roots of
the plants were washed, placed in a drying oven, dried at
75 °C for 48 h, and then weighed.

Statistical analysis

The data were analyzed using the SPSS statistical pack-
age (version 20.0; IBM, Armonk, New York, USA). The
error bars offer the average value of four replicates. Data
were analyzed at the significance level of P<0.05 using
the ANOVA two-way and Duncan’s multiple range tests.

Abbreviations

Car: Carotene; Chl: Chlorophyll; Ci: Intercellular CO, concentration; Pn: Net
photosynthetic rate; Gs: Stomatal conductance; Tr: Transpiration rate; DW: Dry
weight; FW: Fresh weight; RWC: Relative water content; TW: Turgid weight.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03783-7.


https://doi.org/10.1186/s12870-022-03783-7
https://doi.org/10.1186/s12870-022-03783-7

Shen et al. BMC Plant Biology (2022) 22:390

Additional file T: Table ST. Two factor ANOVA (Si and NaCT treatment) for
all parameters studied of licorice significance values.

Acknowledgements

The authors greatly acknowledge the National Natural Science Foundation of
China (31660361), and the Director fund of Education Key Laboratory of Xinji-
ang Phytomedicine Resource Utilization (XPRU202003). We would also like to
thank Editage (www.editage.cn ) for English language editing.

Authors’ contributions

XZP conceived and designed the research. ZHS, XJC, and XYD contributed
samples and carried out the experiments. ZHS, XXD, and XL analysed the data.
ZHS, XZP and SMW drafted the manuscript. The authors have approved of
publication, and there is no conflict of interest. All the authors equally approve
of publication.

Funding

The National Natural Science Foundation of China (31660361), and the Direc-
tor fund of Education Key Laboratory of Xinjiang Phytomedicine Resource
Utilization (XPRU202003).

Availability of data and materials
The datasets used and/or analysed during the current study available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The authors declare that the collection of plant material comply with relevant
institutional, national, and international guidelines and legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details

!College of Life Sciences, Shihezi University, Shihezi 832003, China. 2Pharmacy
School, Key Laboratory of Xinjiang Phytomedicine Resource and Utilization,
Ministry of Education, Shihezi University, Shihezi 832003, China.

Received: 5 May 2022 Accepted: 25 July 2022
Published online: 04 August 2022

References

1. Shrivastava P, Kumar R. Soil salinity: a serious environmental issue and
plant growth promoting bacteria as one of the tools for its alleviation.
Saudi J Biol Sci. 2015;22(2):123-31.

2. Park HJ, Kim WY, Yun DJ. A new insight of salt stress signaling in plant. Mol
Cells. 2016;39(6):447-59.

3. Vandegeer RK, Zhao CC, Cibils-Stewart X, Wuhrer R, Hall CR, Hartley
SE, Tissue DT, Johnson SN. Silicon deposition on guard cells increases
stomatal sensitivity as mediated by K(*) efflux and consequently reduces
stomatal conductance. Physiol Plant. 2021;171(3):358-70.

4. Ali M, Afzal S, Parveen A, Kamran M, Javed MR, Abbasi GH, Malik Z, Riaz
M, Ahmad S, Chattha MS, et al. Silicon mediated improvement in the
growth and ion homeostasis by decreasing Na+ uptake in maize (Zea
mays L.) cultivars exposed to salinity stress. Plant Physiol Biochem.
2021;158:208-18.

5. Hurtado AC, Chiconato DA, Prado RD, Sousa GD, Gratao PL, Felisberto G,
Viciedo DO, dos Santos DMM. Different methods of silicon application
attenuate salt stress in sorghum and sunflower by modifying the antioxi-
dative defense mechanism. Ecotoxicol Environ Saf. 2020,203:11.

6. GouTY,Yang L, Hu WX, Chen XH, Zhu YX, Guo J, Gong HJ. Silicon
improves the growth of cucumber under excess nitrate stress by

20.

AR

22.

23.

24.

25.

26.

Page 13 of 14

enhancing nitrogen assimilation and chlorophyll synthesis. Plant Physiol
Biochem. 2020;152:53-61.

Farouk S S, Elhindi KM KM, Alotaibi MA MA. Silicon supplementation miti-
gates salinity stress on Ocimum basilicum L. via improving water balance,
ion homeostasis, and antioxidant defense system. Ecotoxicol Environ Saf.
2020;206:11.

Khan A, Khan AL, Imran M, Asaf S, Kim YH, Bilal S, Numan M, Al-Harrasi A,
Lee 1J. Silicon-induced thermotolerance in Solanum lycopersicum L. via
activation of antioxidant system, heat shock proteins, and endogenous
phytohormones. BMC Plant Biol. 2020;20(1):18.

Zhang WJ, Zhang XJ, Lang DY, Li M, Liu H, Zhang XH. Silicon alleviates salt
and drought stress of Glycyrrhiza uralensis plants by improving photo-
synthesis and water status. Biol Plant. 2020,64:302-13.

. ArifY, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced physiological

and biochemical changes in plants: an omic approach towards salt stress
tolerance. Plant Physiol Biochem. 2020;156:64-77.

. Sarker U U, Oba S S. The response of salinity stress-induced A. tricolor to

growth, anatomy, physiology, non-enzymatic and enzymatic antioxi-
dants. Front Plant Sci. 2020;11:14.

. LuJH, Lv X, Wu L, Li XY. Germination responses of three medicinal

licorices to saline environments and their suitable ecological regions.
Acta Pratacul Sin. 2013;22(02):195-202.

. Zhang WJ, Yu XX, Li M, Lang DY, Zhang XH, Xie ZC. Silicon promotes

growth and root yield of Glycyrrhiza uralensis under salt and drought
stresses through enhancing osmotic adjustment and regulating antioxi-
dant metabolism. Crop Prot. 2018;107:1-11.

. Tomas M, Flexas J, Copolovici L, Galmes J, Hallik L, Medrano H, Ribas-

Carbo M, Tosens T, Vislap V, Niinemets U. Importance of leaf anatomy
in determining mesophyll diffusion conductance to CO, across
species: quantitative limitations and scaling up by models. J Exp Bot.
2013;64(8):2269-81.

. Jiang D, Lu B, Liu LT, Duan WJ, Meng YJ, Li J, Zhang K, Sun HC, Zhang YJ,

Dong HZ, et al. Exogenous melatonin improves the salt tolerance of cot-
ton by removing active oxygen and protecting photosynthetic organs.
BMC Plant Biol. 2021;21(1):19.

Bojarszczuk J. The influence of soil tillage system on changes in gas
exchange parameters of Pisum sativum L. Agronomy-Basel. 2021;11(5):12.
Gorsuch DM, Oberbauer SF. Effects of mid-season frost and elevated
growing season temperature on stomatal conductance and specific
xylem conductivity of the arctic shrub. Salix pulchra Tree Physiol.
2002;22(14):1027-34.

Acosta-Motos JR JR, Diaz-Vivancos P P, Alvarez S, Fernandez-Garcia

N, Sanchez-Blanco MJ, Hernandez JA. Physiological and biochemical
mechanisms of the ornamental Eugenia myrtifolia L. plants for coping
with NaCl stress and recovery. Planta. 2015;242(4):829-46.

Rouphael Y, De MiccoV, Arena C, Raimondi G, Colla G, De Pascale S. Effect
of Ecklonia maxima seaweed extract on yield, mineral composition, gas
exchange, and leaf anatomy of zucchini squash grown under saline
conditions. J Appl Phycol. 2017;29(1):459-70.

Ni Q Ma YJ, Yang WP, Yang YY. Effect of NaCl treatment on the anatomy of
Lycium ruthenicum leaves. Pratacultural Science. 2019;36(07):1803-10.
Smithwick EAH, Eissenstat DM, Lovett GM, Bowden RD, Rustad LE, Driscoll
CT. Root stress and nitrogen deposition: consequences and research
priorities. New Phytol. 2013;197(3):712-9.

Laane HM. The effects of the application of foliar sprays with stabi-

lized silicic acid: an overview of the results from 2003-2014. SILICON.
2017;9(6):803-7.

Guerriero G, Hausman JF, Legay S. Silicon and the plant extracellular
matrix. Front Plant Sci. 2016;7:8.

Abdelaal KAA, Mazrou YSA, Hafez YM. Silicon foliar application mitigates
salt stress in sweet pepper plants by enhancing water status, pho-
tosynthesis, antioxidant enzyme activity and fruit yield. Plants-Basel.
2020,9(6):15.

Yin JL, Jia JH, Lian ZY, Hu YH, Guo J, Huo HQ, Zhu YX, Gong HJ. Silicon
enhances the salt tolerance of cucumber through increasing polyamine
accumulation and decreasing oxidative damage. Ecotoxicol Environ Saf.
2019;169:8-17.

Hajihashemi S, Kazemi S. The potential of foliar application of nano-
chitosan-encapsulated nano-silicon donor in amelioration the adverse
effect of salinity in the wheat plant. BMC Plant Biol. 2022;22(1):15.


http://www.editage.cn

Shen et al. BMC Plant Biology

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2022) 22:390

Carillo P, Cirillo C, De Micco V, Arena C, De Pascale S, Rouphael Y. Morpho-
anatomical, physiological and biochemical adaptive responses to saline
water of Bougainvillea spectabilis Willd. trained to different canopy
shapes. Agric Water Manag. 2019,212(12):22.

LiJP, LiuY, Zhang MJ, Xu HL, Ning K, Wang BS, Chen M. Melatonin
increases growth and salt tolerance of Limonium bicolor by improving
photosynthetic and antioxidant capacity. BMC Plant Biol. 2022;22(1):14.
Shen Z, Pu X, Wang S, Dong X, Cheng X, Cheng M. Silicon improves ion
homeostasis and growth of liquorice under salt stress by reducing plant
Na™ uptake. Sci Rep. 2022;12(1):5089.

Moura RD, Soares TL, Lima LKS, Gheyi HR, Jesus ON, Coelho MA. Salinity-
induced changes in biometric, physiological and anatomical parameters
of Passiflora edulis Sims plants propagated by different methods. Arch
Agron Soil Sci. 2020;,66(12):1692-706.

Acosta-Motos JR, Ortuno MF, Bernal-Vicente A, Diaz-Vivancos P, Sanchez-
Blanco MJ, Hernandez JA. Plant responses to salt stress: adaptive mecha-
nisms. Agronomy-Basel. 2017;7(1):38.

Zhu 'YX, Gong HJ, Yin JL. Role of silicon in mediating salt tolerance in
plants: a review. Plants-Basel. 2019;8(6):22.

Zhu YX, Xu XB, Hu YH, Han WH, Yin JL, Li HL, Gong HJ. Silicon improves
salt tolerance by increasing root water uptake in Cucumis sativus L. Plant
Cell Rep. 2015;34(9):1629-46.

Zhang CH, Moutinho-Pereira JM, Correia C, Coutinho J, Goncalves A,
Guedes A, Gomes-Laranjo J. Foliar application of Sili-K (R) increases
chestnut (Castanea spp.) growth and photosynthesis, simultaneously
increasing susceptibility to water deficit. Plant Soil. 2013;365(1-2):211-25.
Wu JB, Wang XD. Analyzing leaf anatomical structure of dominant species
Stipa purpurea adapting to alpine and drought environment at Qingzang
Plateau. Chin J Plant Ecol. 2021;45(03):265-73.

Sack L, Scoffoni C, McKown AD, Frole K, Rawls M, Havran JC, Tran H, Tran
T. Developmentally based scaling of leaf venation architecture explains
global ecological patterns. Nat Commun. 2012;3:10.

Chen TX, White JF, Li CJ. Fungal endophyte epichloe bromicola infection
regulates anatomical changes to account for salt stress tolerance in wild
barley (Hordeum brevisubulatum). Plant Soil. 2021;461(1-2):533-46.
Taha RS, Seleiman MF, Shami A, Alhammad BA, Mahdi AHA. Integrated
application of selenium and silicon enhances growth and anatomical
structure, antioxidant defense system and yield of wheat grown in salt-
stressed soil. Plants-Basel. 2021;10(6):19.

Gao XP, Zou CQ, Wang LJ, Zhang FS. Silicon emproves water use effi-
ciency in maize plants. J Plant Nutr. 2004,27(8):1457-70.

Sabater B, Rodrguez M. Control of chlorophyll degradation in detached
leaves of barley and oat through effect of kinetin on chlorophyllase
levels. Physiol Plant. 2010;43(3):274-6.

Pan T, Liu MM, Kreslavski VD, Zharmukhamedov SK, Nie CR, Yu M, Kuznet-
sov VV, Allakhverdiev SI, Shabala S. Non-stomatal limitation of photosyn-
thesis by soil salinity. Crit Rev Environ Sci Technol. 2021;51(8):791-825.

Lu JH, Lv X, Wu L, Li XY. Germination responses of three medicinal
licorices to saline environments and their suitable ecological regions.
Acta Pratacul Sin. 2013;22(02):198-205.

Cui JJ, Zhang EH, Zhang XH, Wang Q. Silicon alleviates salinity stress

in licorice (Glycyrrhiza uralensis) by regulating carbon and nitrogen
metabolism. Sci Rep. 2021;11(1):12.

Barrs H. A re-examination of the relative turgidity technique for estimat-
ing water deficits in leaves. Aust J Biol Sci. 1962;15(3):413-28.
Lichtenthaler HK, Wellburn AR. Determinations of total carotenoids

and chlorophylls a and b of leaf extracts in different solvents. Analysis.
1983;11(5):591-2.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Effects of silicon application on leaf structure and physiological characteristics of Glycyrrhiza uralensis Fisch. and Glycyrrhiza inflata Bat. under salt treatment
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Effects of Si and NaCl treatment on leaf morphological characteristics
	Effects of Si and NaCl treatment on leaf anatomical structure
	Effects of Si and NaCl treatment on leaf photosynthetic pigments
	Effects of Si and NaCl treatment on leaf photosynthetic gas exchange parameters
	Effects of Si and NaCl Treatment on licorice growth parameters
	Correlation analysis

	Discussion
	Conclusion
	Material and methods
	Experimental design
	Determination of leaf morphological characteristics
	Determination of leaf anatomy
	Determination of photosynthetic gas exchange parameters
	Determination of Chl content
	Determination of growth parameters
	Statistical analysis

	Acknowledgements
	References


