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Abstract
Freezing temperatures are a severe issue in North Florida, primarily due to occasional cold snaps and frost events in winter and 
early spring that cause damage to citrus groves, resulting in reduced fruit yield. The apoplasm is the primary cell component that 
interacts with environmental stress and is essential for plant tolerance to freezing temperatures. The present study was conducted 
to gain insight into how the application of silicon (Si) and potassium (K) are involved in the leaf apoplasm contributes to freezing 
stress tolerance, and regulates carbohydrate metabolism. We used Satsuma mandarin (Citrus unshiu Marc.), the most successful 
commercially grown citrus cultivar in North Florida, and treated trees with two concentrations of Si and K (50 and 100 ppm) 
both individually and combined as foliar spray to determine their effect as they relate to improving cold hardiness. Freezing stress 
(-6 °C) caused a severe reduction in photosynthesis, and modulations in leaf carbohydrate metabolism resulted in inhibited plant 
growth. The exogenous application of Si and K both improved the photosynthesis rate, soluble sugars, and activities of enzymes 
of carbohydrate metabolism such as fructokinase, phosphofructokinase, hexokinase, sucrose and phosphate synthase, and acid 
and neutral invertase. Applying Si (100 ppm) and combined treatment (Si + K-50) showed the best response by inducing the 
maximum tolerance to freeze stress. Our data demonstrated the ameliorative effect of Si and K under freezing stress in citrus is 
associated with modification in carbohydrate metabolism in the leaf apoplasm. This study provides direction for future research 
to investigate the effect of Si and K on the transcriptome and metabolome in citrus plants and their tissues under freezing stress.
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1  Introduction

Freezing temperature is one of the major factor affecting 
plant growth, limiting yield and having a negative effect 
on economic value [1]. Citrus is an important perennial 

fruit crop and an excellent source of vitamin C, but its pro-
duction is negatively affected due to several issues such as 
Huanglongbing (HLB) and other abiotic stresses such as 
salinity, heat, flooding, and freezing temperature. Freez-
ing stress is one of the principal abiotic stress that leads to 
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severe losses in citrus [2]. Some citrus species can tolerate 
temperatures as low as -7 °C, but their growth gradually 
decreases due to several physiological and biochemical 
alterations inside the plants, such as carbohydrate metabo-
lism, antioxidant enzyme activities, hormonal changes, etc. 
[3]. Freezing temperature affects plants with clear symp-
toms like surface lesions, discoloration, a water-soaked 
appearance, tissue breakdown, membrane damage, and 
quick decay of the plant by adversely affecting metabolic 
activities within plant tissues [4, 5]. Freezing is the most 
challenging factor [6], particularly for citrus production in 
areas with severe unpredicted freeze events in winter and 
early spring. Thus, considering the above limitations under 
freezing, cost-effective, eco-friendly, and sustainable miti-
gation strategies are highly demandable for perennial fruit 
production in tropical and subtropical regions.

Plants exposed to an environment with specific conditions 
reach an optimal state where their metabolism is improved. 
This optimization includes changes in enzymatic activity and 
metabolic capacity, allowing the plants to perform as effi-
ciently as possible under these conditions [7]. This environ-
mental change interferes with plants in three categories, i.e., 
molecular, physiological, and biochemical [8–10]. In citrus, 
a series of physiological changes occur when the plants are 
exposed to low temperatures, which includes an increase in 
unsaturated fatty acids, a decrease in enzymatic and photo-
synthetic activity, disruption in chloroplast structure, and ion 
leakage [8, 11]. During freezing stress, the fluidity of the cell 
membrane decreases due to a higher amount of unsaturated 
fatty acids in membrane lipids, which alters the ratio and 
composition of lipids to proteins [12]. The detrimental effect 
of freezing is the formation of ice, which first forms in the 
intercellular spaces of the plant, reduces the water potential, 
and causes dehydration, which further leads to electrolyte 
leakage [13]. The severity of these ice crystals ruptures the 
plant cell walls, leads to cytosol outflow, and eventually 
causes plant tissues and possibly the entire plant to die [14].

Plants exposed to freezing temperatures have a variety 
of metabolic changes that enable them to withstand stress 
conditions and exhibit changes in soluble carbohydrates, 
including soluble sugars (sucrose, glucose, and fructose) 
and sugar alcohols such as mannitol, sorbitol, xylitol, etc. 
[15], whereas the specific functions of these various carbo-
hydrates remain largely unknown, they may protect plants 
from chilling stress in a variety of ways [16, 17]. The for-
mation of soluble sugars [12, 18] and starch [19] are some 
of the main metabolic changes caused when the plants are 
exposed to freezing temperatures. Sugars that accumulate in 
freeze-adapted plants have numerous important functions, 
such as soluble sugars that can control gene expression in 
photosynthesis, sugar metabolism, and osmolyte produc-
tion [20]. Sucrose and glucose are osmolytes that help to 
maintain cellular homeostasis [21] and play a role in cellular 

signal transduction in stressful environments [22, 23]. Fur-
thermore, carbohydrates can help to remove reactive oxygen 
species (ROS) created during stress and oxidized sugar syn-
thesis [24]. During freezing stress, several enzymes regulate 
soluble carbohydrate metabolism, through which sucrose 
phosphate synthase (SPS) converts glucose and fructose into 
sucrose. The breakdown of sucrose into glucose and fructose 
is catalyzed by acid invertase (AI) and neutral invertase (NI), 
which play a critical role in plant growth [25, 26]. Sucrose 
synthase (SS) mainly functions in the direction of cleavage 
despite playing a dual role in both synthesis and hydrolysis 
[27]. There is a positive association between SPS and SS 
activities and sucrose content [28].

Silicon (Si) is the second most common element on 
Earth and has several beneficial effects on plant growth and 
metabolism, particularly under alleviating stress conditions 
[29]. The exogenous application of Si mitigates the nega-
tive impact of freezing stress by regulating macronutrient 
homeostasis and hormone balancing [30, 31]. Several stud-
ies have reported that the exogenous application of Si under 
low-temperature stress regulates the antioxidant defense sys-
tem and alleviates freeze damage [32]. Si improves leaf and 
stem strength by maintaining cell wall polysaccharides and 
lignin polymers. Si affects a variety of plant physiological 
activities, including photosynthetic rate, stomatal conduct-
ance, water use efficiency, stomatal size and number, transpi-
ration rate, and the hydraulic conductance of roots in many 
crops [33, 34]. The ameliorative effect of Si against freez-
ing has been reported in numerous crops, including grapes 
[35], mangoes [36], cucumber [37], tomato [38], barley [39], 
wheat [40], alfalfa [41] and turfgrass [42]. Potassium (K) is 
another major element in plants that plays an important role 
in mitigating different abiotic stresses such as drought, heat, 
and cold [43, 44]. It is also revealed that the adequate supply 
of K effectively protects the plants against the adverse effects 
of freezing temperatures [43]. It also stimulates the trans-
location of sugars and regulates carbohydrate and sucrose 
metabolism [45]. Several physiological and metabolic pro-
cesses are transformed due to the lower availability of K, 
which affects plant photosynthetic activity, carbon fixation, 
electron transport, and stomatal conductance, and are the 
primary targets of freezing stress in plants [46, 47] grape-
vines [48], olives [49], and pistachio [50]. Therefore, K 
application in plants helps maintain physiological functions 
at their optimum level to survive under adverse environmen-
tal conditions.

Under stress conditions, carbohydrate accumulation 
can play an important role in osmotic adjustments, osmo-
protectants, carbon storage, and radical scavenging [51]. 
So, due to the beneficial role of Si and K in regulating 
plant growth under freezing stress, we hypothesized that 
they may have a regulatory effect on plant carbohydrate 
metabolism. This study aimed to identify the individual 
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and combined effect of Si and K on the cold hardiness of 
citrus and to investigate their effects on the plant photo-
synthetic activity and carbohydrate metabolism in leaves 
under freezing stress.

2 � Material and Methods

2.1 � Plant Material and Treatment Plan

Two-year-old Satsuma mandarin (cv. Owari) plants (Cit-
rus unshiu Marc.) grafted onto Rich 16–6 (Poncirus trifo-
liata L.) rootstock were used for this study and grown in 
the greenhouse facility of Horticultural Science Depart-
ment at North Florida Research and Education Center, 
University of Florida, Quincy, FL (27° 25′ 32.6604'' N; 
80° 24′ 18.7092'' W). The plants were grown in Citri 
pots (10.16 × 10.16 × 34.29 cm) filled with coconut fiber 
growing media. The plants were grown in a controlled 
greenhouse, maintaining an average day and night tem-
perature of 25 ℃ ± 2 ℃, with 80% relative humidity and 
a photoperiod of 12 h. The experiment was performed in 
a randomized complete block design (RCBD) with six 
treatments, and each treatment consisted of four replicates 
with ten plants per replicate. The six treatments were as 
follows: (T1) control; plants treated with distilled water, 
(T2) Si 50 ppm, (T3) Si 100 ppm, (T4) K 50 ppm, (T5) 
K 100 ppm, (T6) combination of Si and K with 50 ppm 
of both.

2.2 � Silicon and Potassium Application Strategy

Silicon dioxide (SiO2) provided by Dyna-Gro (Pro-TeKt) 
Richmond, California, United States, was used for the Si 
treatments, and potassium sulphate 99% (K2SO4) by Thermo 
Scientific Waltham, Massachusetts, United States, was used 
for the K treatment. Since the silicon product used in this 
study also contains 3% potassium, both silicon treatments Si 
50 ppm and Si 100 ppm, include some additional K by 16 
and 32 ppm, respectively, and K treatments were adjusted 
accordingly. The foliar application of planned treatments 
was applied to plants daily for twenty-one days. After the 
treatments, the plants were moved to a programmed walk-
in freezing chamber with a photoperiod of 14 h of daylight 
and 10 h of dark with 96% relative humidity. Initially, plants 
were maintained at 25 °C for 24 h, then the temperature 
gradually decreased from 25 ⁰C to -6 °C for 24 h; then, the 
plants were subject to continuous exposure at -6 °C for 24 h. 
Leaf samples were collected before and after the freezing 
treatment.

2.3 � Determination of Photosynthesis Activity

The net photosynthetic rate of fully expended leaves was 
measured using a portable photosynthesis system (Li-6800 
Licor Inc, Lincoln, NE, United States). All the observations 
were taken under both temperature conditions. Three fully 
matured leaves from each plant of individual replicate were 
selected, and photosynthesis was measured from the leaf's 
different leaf positions, i.e., leaf center, side of the leaf [52]. 
In addition, the photosynthesis instrument conditions were 
as follows: flow (400 µmol s−1), relative humidity (55%), 
CO2 (420 µmol mol−1), temperature (25 °C), and light inten-
sity (500 µmol m−2 s−1).

2.4 � Measurement of Sugars and Starch Contents

Soluble sugars were determined by using the High-perfor-
mance liquid chromatography (HPLC) system (HPLC, Shi-
madzu, Kyoto, Japan) following the method described by 
Chow and Dong [53, 54] with some modifications. Briefly, 
the collected leaf samples were taken, and soluble sugars 
were extracted with 80% ethanol (v/v) with four replicates at 
75 °C for 10 min. After evaporating the supernatant, the resi-
dues were redissolved in distilled water, filtered through a 
0.45 µm membrane HPLC filter (Whatman, Maidstone, UK), 
and used for soluble sugar analysis. After soluble sugars 
extraction, the leftover residues were used for starch content 
determination according to the method described by Orak 
and Yang [55, 56]. Briefly, the leaf samples were grounded, 
mixed with distilled water, and shaken well using a vortex 
mixer. The sample was homogenized by adding 50 ml of 
distilled water and put in the hot bath for 10 min. After that, 
100 ml water was added and mixed with ultrasonic water 
bath through shaking and later cooled at room temperature. 
Samples were filtered through 0.45 µm membranes (Sarto-
rius, minisat RC25), and 20 µL of the extract was injected 
into HPLC. The starch concentration was determined by 
external standard calibration using extra pure soluble starch. 
The chromatographic conditions used for this analysis were 
as follows: detector (Hewlett-Packard HP 1047 A refrac-
tive index detector), column: (BIO-RAD, aminex HPX-87, 
300 mm × 7.8 mm), mobile phase (100% ultra distilled water 
obtained from Millipore Synergy-185), water quality (18.2 
MΩ cm), flow rate (0.6 ml/min), column compartment tem-
perature (85 ⁰C), and injection volume (20 µL).

2.5 � Enzyme Extraction and Activity Assay

Enzymatic activity was quantified by using the method 
described by Iqbal [52]. 0.5 g of frozen leaf tissues were 
taken to determine the activities of enzymes involved in 
carbohydrate metabolism. Leaves were homogenized with 
50  mM Tris-hydrochloric acid added with magnesium 
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chloride (5 mM), mercaptoethanol (5 mM), ethylenediami-
netetraacetic acid (1 mM), ethylene glycol-bis-β-aminoethyl 
ether (1 mM), 2-hydroxyl-1-ethanethiol (0.1 mM), and 
glycerol (15%). The homogeneous mixture was centrifuged 
at 17,000 g for 15 min at 4 °C. The supernatant was used 
to determine the different enzymatic activities. For total 
acid invertase (AI), the reaction mixture (1 mL) contained 
0.2 mL extract, sodium acetate (0.1 M, pH 4.8), and sucrose 
(0.1 M). For neutral invertase (NI), the reaction mixture 
was comprised of dipotassium phosphate (0.1 M), sodium 
citrate (0.1 M), and sucrose (0.1 M). The reaction mixture 
was added with 0.2 mL of enzyme extract for AI and NI and 
incubated at 37 °C for 40 min. The reaction mixture was then 
stopped by adding dinitro salicylic acid (1 mL). The activity 
of AI and NI was determined by a spectrophotometer at the 
wavelength of 540 nm.

Sucrose phosphate synthase (SPS) and sucrose synthase 
(SS) enzymes were obtained using the methods used by 
Rufty and Huber [57]. The SPS activity for SS and SS activ-
ity for sucrose cleavage were evaluated by Bird's method 
[58]. Fructokinase was examined by the method of [59]. The 
reaction mixture contained magnesium chloride (5 mM), 
Tris-hydrochloric acid (0.1  M, pH 8.5), nicotinamide 
adenine dinucleotide (0.5 M), fructose (10 mM), glucose-
6-phosphate dehydrogenase (2 U) and adenosine triphos-
phate (2  mM). Hexokinase (HK), phosphofructokinase 
(PFK), and pyruvate kinase (PK) activities were determined 
using enzyme kits (Sigma-Aldrich, USA) by following the 
manufacturer's protocols and using a spectrophotometer at 
the wavelength of 340 nm.

2.6 � Statistical Analysis

The data were analyzed through Statistix 10.0 (Analytical 
Software, USA) using ANOVA and LSD test for significant 
differences. The graphs were generated using Sigmaplot (v 
15.0) software. Each treatment consisted of four replicates 
with 10 plants per replicate in RCBD. The principal compo-
nent analysis (PCA) and correlation analysis were performed 
using R (v 4.3.3).

3 � Results

3.1 � Photosynthetic Activity

Freezing stress significantly reduced photosynthetic activity, 
while the exogenous application of Si and K improved the 
photosynthetic activity. Plants under the normal temperature 
showed a photosynthesis rate between 20.74 to 23.78 µmol 
CO2 m−2 s−1 with no significant difference among treat-
ments. When the plants were exposed to freezing stress (-6 
⁰C), all the treatments showed a decrease in photosynthesis 

rate compared to the control of normal temperature. Plants 
treated individually with Si (100 ppm) and K (100 ppm) 
under freezing stress showed a maximum photosynthesis 
rate (17.92 and 14.36 µmol CO2 m−2  s−1), respectively, 
followed by the plants treated with the combination of Si 
and K (Si-50 ppm + K-50 ppm) which is 11.98 µmol µmol 
CO2 m−2 s−1. However, the plants treated with K (50 ppm) 
showed the lowest photosynthesis rate among all treatments 
during freezing stress (Fig. 1).

3.2 � Soluble Sugars and Starch Contents

In this study, a noticeable increase was observed in the 
concentration of glucose and fructose under freezing stress 
(-6 °C) compared to the control plants. The application of Si 
and K significantly affects these concentrations. A maximum 
concentration of 21.29 and 5.88 mg g−1 DW (Dry weight) 
glucose and fructose, respectively, was observed when the 
plants were treated individually with Si (100 ppm). The com-
bined application (Si-50 ppm + K-50 ppm) also increased the 
glucose and fructose content (8.38 and 6.16 mg g−1 DW), 
followed by K (100 ppm) i.e., 7.31 and 3.67 mg g−1 DW, 
respectively. Meanwhile, the K (50 ppm) treatment exhibited 
the lowest concentration (7.01 and 3.17 mg g−1 DW), respec-
tively, among all treatments (Fig. 2A and B).

Similarly, total soluble sugars (TSS), sucrose, and starch 
concentration revealed a higher concentration under freez-
ing stress than control plants. The higher concentrations of 
TSS, sucrose, and starch were recorded when the plants were 
treated with Si (100 ppm) individually, i.e., 125.89, 19.83, and 
82.37 mg g−1 DW, respectively. The combined effect of Si and 
K (50 ppm of both) also showed an increase in these concen-
trations (103.28, 19.65, and 77.03 mg g−1 DW), followed by 

Fig. 1   Effect of Si and K on the photosynthesis rate of satsuma man-
darin under normal and freezing temperatures. The lower-case letters 
on graphs represent significant differences using the least significant 
difference (LSD) at p < 0.05, while vertical bars represent the mean 
standard error (n = 4)
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K (100 ppm) and K (50 ppm) i.e. 98.42, 16.44, 72.66 mg g−1 
DW, and 77.31, 13.99, 68.11  mg  g−1 DW, respectively 
(Fig. 2C, D and E). Notably, the concentration of soluble sug-
ars and starch contents significantly increased during freezing 
stress in response to Si and K application compared to those 
plants grown under normal temperatures.

3.3 � Enzymes of Carbohydrate Metabolism

3.3.1 � Fructokinase and Hexokinase

Freezing stress significantly increases the activities of fruc-
tokinase (FK) and hexokinase enzymes (HK). The enzymatic 

activity of FK significantly increased in both Si-and 
K-treated plants in freezing stress compared to the normal 
temperature treatment plants. At the same time, HK showed 
significant differences in some treatments compared to the 
control. Under freezing stress, the maximum activity of FK 
(21.01 µmol min−1 mg−1) was recorded in the plants applied 
with the Si (100 ppm), followed by plants treated with the 
blend of Si with K (20.21 µmol min−1 mg−1) and an indi-
vidual K (100 ppm) application (12.14 µmol min−1 mg−1) 
(Fig. 3A). The maximum activity of HK (1.56 U mg−1) was 
recorded in control plants, followed by plants treated with 
Si (100 ppm) and the blend of Si with K i.e. 1.50 and 1.42 
U mg−1, respectively ( Fig. 3B).

Fig. 2   Effect of Si and K on glucose (A), fructose (B), total soluble 
sugars (C), sucrose (D), and starch (E) concentration of satsuma man-
darin under normal and freezing temperatures. The lower-case letters 

on graphs represent significant differences using the least significant 
difference (LSD) at p < 0.05, while vertical bars represent the mean 
standard error (n = 4)
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3.3.2 � Phosphofructokinase and Pyruvatekinase

Freezing stress caused a significant reduction in the activi-
ties of phosphofructokinase (PFK) and pyruvatekinase (PK). 
The activities of PFK and PK were increased in response 
to the foliar application of Si and K under freezing stress. 
While comparing the control of freeze-stressed and normal 
plants, the plants under freeze-stress gradually decreased 
the PK concentration from 9.86 to 2.95 µmol min−1 mg−1. 
The activity of PFK under freezing stress (-6 ⁰C) and nor-
mal conditions (25 ⁰C), didn’t show a significant difference, 
while the activity of PK showed a significant difference 
under the control condition of both normal and freeze-
stressed plants. The maximum activities of PFK and PK 
were recorded in the plants treated with Si (100 ppm) appli-
cation (1.75 U mg−1 and 11.05 µmol min−1 mg−1, respec-
tively), followed by the combined (Si and K) and individual 
(K) applications. The lowest activities (1.11 U mg−1 and 
5.79 µmol min−1 mg−1) of PFK and PK were observed in 
plants treated with K (50 ppm) among Si and K treatments 
(Fig. 4A and B).

3.3.3 � Sucrose Synthase and Sucrose Phosphatesynthase

Plants grown under freezing stress showed higher sucrose 
synthase (SS) and sucrose phosphatesynthase (SPS) 

activities than those grown under normal temperature i.e., 
25 ⁰C. However, the enzymatic activities of SS and SPS 
were further increased by the exogenous application Si 
and K application. The highest activity of SS and SPS was 
recorded in the plants treated with Si (100 ppm) (0.94 and 
0.29 µmol min−1 mg−1), followed by those plants treated 
with the combined application of Si and K (0.90 and 
0.30 µmol min−1 mg−1) and individual K (100 ppm) appli-
cations (0.74 and 0.23 µmol min−1 mg−1), respectively. The 
plants applied with a lower concentration of K (50 ppm) had 
the minimum SS and SPS activities but were higher in those 
activities compared to the control plants (Fig. 5A and B).

3.3.4 � Acid Invertase and Neutral Invertase

Plants under freezing stress exhibited higher acid invertase 
(AI) and neutral invertase (NI) activities than those grown 
under normal temperatures. The exogenous application of 
Si and K significantly enhanced the AI and NI activities 
under freezing stress. The activity of AI and NI (0.83 and 
0.18 µmol  min−1  mg−1, respectively) were measured in 
plants treated with higher concentrations of Si (100 ppm) 
under freezing conditions. The plants applied with a blend 
of Si and K (50 ppm of each) also showed an increase in AI 
and NI activities (0.86 and 0.18 µmol min−1 mg−1) under 
freezing stress but comparatively less than plants treated 

Fig. 3   Effect of Si and K on the 
enzymatic activity of fructoki-
nase (A) and hexokinase (B) 
in carbohydrate metabolism of 
satsuma mandarin under normal 
and freezing temperatures. The 
lower-case letters on graphs 
represent significant differences 
using the least significant dif-
ference (LSD) at p < 0.05, while 
vertical bars represent the mean 
standard error (n = 4)

Fig. 4   Effect of Si and K on the enzymatic activity of phosphofruc-
tokinase (A) and pyruvatekinase (B) in carbohydrate metabolism 
of satsuma mandarin under normal and freezing temperatures. The 

lower-case letters on graphs represent significant differences using the 
least significant difference (LSD) at p < 0.05, while vertical bars rep-
resent the mean standard error (n = 4)
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with a higher concentration of Si i.e., 100 ppm. Overall, the 
application of a higher level of Si (100 ppm) followed by 
the combined application of Si and K (50 ppm of each) was 
found to be more effective in improving the activities of AI 
and NI (Fig. 6A and B).

3.4 � Principal Component Analysis and Correlation

Principal component analysis (PCA) was performed to rec-
ognize the uncorrelated variables and identify patterns of 
factors in high-dimensional datasets. The PCA of this study 
represents the PC1 and PC2 components of the explained 
variables i.e., 21.4 and 38.3%, respectively. The variables 
close to each other are correlated, while those far from them 
are dissimilar (Fig. 7A). The variables starch, PK, FPK, 
and AI are closer to each other, so they lie in one group, 
while other variables, such as SP, TSS, HK, glucose, etc. lie 
together and make one group. So, the variables presented 
in the PC plot are similar. On the other hand, the correla-
tion plot showed the relationship and their association in the 
data (Fig. 7B). The correlation analysis showed the degree 
of correlation among variables and differentiated based on 

Pearson’s value. The correlation among variables is char-
acterized by color and significance level as p < 0.05 (* sig-
nificant), p < 0.01 (** more significant), and p < 0.001 (*** 
highly significant).

4 � Discussion

In North Florida and the Golf Coast states, i.e., Alabama, 
Georgia, Louisiana, and Mississippi, unexpected severe 
freezing events in the winter and spring are the most restric-
tive factors for cold hardy citrus production [60, 61]. The 
cold hardy citrus industry is emerging in the southeastern 
United States; however, early and late freeze events threaten 
successful citrus production. Growers of cold hardy citrus 
regions continually seek cost-effective methods to enhance 
the resilience of their groves and minimize damage from 
freezes. Phytohormones and plant-beneficial nutrients are 
tools used to improve the cold hardiness in agricultural 
crops. Silicon (Si) and potassium (K) are reported to be 
effective in improving plant resilience to different abiotic 

Fig. 5   Effect of Si and K on the enzymatic activity of sucrose syn-
thase (A) and sucrose phosphatesynthase (B) in carbohydrate metabo-
lism of satsuma mandarin under normal and freezing temperatures. 

The lower-case letters on graphs represent significant differences 
using the least significant difference (LSD) at p < 0.05, while vertical 
bars represent the mean standard error (n = 4)

Fig. 6   Effect of Si and K on the enzymatic activity of acid invertase 
(A) and neutral invertase (B) in carbohydrate metabolism of satsuma 
mandarin under normal and freezing temperatures. The lower-case 

letters on graphs represent significant differences using the least sig-
nificant difference (LSD) at p < 0.05, while vertical bars represent the 
mean standard error (n = 4)
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stresses, including freezing stress [62, 63]. In our study, the 
exogenous application of Si and K significantly improved 
plant growth and carbohydrate metabolism, resulting in 
enhanced photosynthetic activities under freezing stress, 
which is consistent with the earlier findings in barley [39], 
maize [64], tomato [65], and beans [66].

Photosynthesis is one of the main processes that signifi-
cantly contribute to plant growth by providing energy in the 
form of carbohydrates, which helps the plant regulate several 
metabolic processes for optimum vegetative and reproduc-
tive development [67]. Freezing stress exhibited an adverse 
effect on photosynthesis in plants [68], as it affects various 
photosynthetic components like electron transport, carbon 
and nitrogen metabolism, and translocation [69, 70]. Si has 
shown a protective role in plant growth, specifically pho-
tosynthetic preservation under different abiotic and biotic 
stress conditions [52, 71, 72] that allow the plants to grow 
better under adverse conditions. Silicon has been reported to 
be very effective in alleviating the destructive effect caused 
by various stress factors on the photosynthetic apparatus in 
multiple species, including strawberries [73], tomatoes [74], 
rice [75], and maize [76]. Similarly, potassium (K) also plays 
a significant role in photosynthesis and carbohydrate metab-
olism by regulating chlorophyll inflorescence and stomatal 
conductance [77]. The present study also showed decreased 
photosynthesis when exposed to freezing stress. In contrast, 

applying Si and K helps the plants maintain optimal photo-
synthetic activity under freezing stress. Our findings align 
with the previous studies reported in plantain and sugar-
cane, which described that Si and K improve photosymbiotic 
activity under different biotic and abiotic stress conditions 
[45, 78]. The findings of this study also provided evidence 
that the application of Si and K improved the photosynthetic 
performance of citrus trees under freezing temperatures, 
which might allow the plants to have a constant supply of 
assimilates between source and sink, resulting in improved 
tolerance to freezing temperatures.

Soluble carbohydrates can be easily identified in plants 
under freezing stress and play an important role in osmoreg-
ulation, cryoprotection, and signaling [79]. Sugars function 
as protective, signaling, and regulatory molecules in plants 
under various biotic and abiotic stresses. Sucrose is one of 
the main components in carbohydrate metabolism [80]; 
maintaining balance among sucrose production, translo-
cation, and usage is important for sustaining normal plant 
growth. However, the accumulation of soluble sugars such 
as glucose, fructose, and sucrose can be observed under vari-
ous environmental stresses [81–83]. Soluble sugars such as 
sucrose, glucose, and fructose serve as an immediate source 
of energy for plant metabolism; their concentration in low 
amounts can lead to decreased growth, reduced stress tol-
erance, and imbalanced nutritional status [84]. Si showed 

Fig. 7   Principal component analysis (PCA) (A) and correlation analy-
sis (B) of all parameters used in this study of satsuma mandarin under 
normal and freezing temperatures. The X-axis and Y-axis show the 
PC1 and PC2 values, respectively. Parameters in cluster showing 
more closely to each other In the correlation graph, the positive and 

negative correlation is shown by the color strip given on the right 
side of the graph. The asterisk (*) showed the significance level as 
p < 0.05 (* significant), p < 0.01 (** more significant), and p < 0.001 
(*** highly significant)
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beneficial effects under various conditions on plant growth 
has been extensively reported [85, 86]. The present study 
indicated that plants under normal conditions had lower lev-
els of soluble sugars while applying Si and/or K improved 
concentrations of soluble sugars under freezing stress. In the 
present study, Si and K perform best under freezing stress, 
helping plants accumulate soluble sugars at optimum lev-
els, resulting in a balanced energy level within plant tissues. 
These results suggested that Si and K positively affect vari-
ous enzymatic activities in plants involved in carbohydrate 
biosynthesis. In addition, a higher concentration of sucrose 
can promote starch biosynthesis, serve as a main carbohy-
drate store in higher plants, and can be speedily degraded to 
release soluble sugars for plant utilization [87, 88]. In this 
study, under freezing stress, silicon and potassium reduced 
the starch biosynthesis, thereby decreasing the starch accu-
mulation, suggesting that Si and K improved sugar synthesis 
from the source.

The activity of acid invertase (AI) and neutral invertase 
(NI) are important for plant metabolism as they help the 
plant catalyze the hydrolysis of sucrose into glucose and 
fructose [89]. Few studies have reported the Si supple-
mentation effect on NI, but it has been reported to alter 
plant carbohydrate metabolism, potentially impacting 
invertase activity [90, 91]. In this study, Si and K-medi-
ated plants showed an increase in invertase activity during 
freezing stress, which helped the plants improve their car-
bohydrate metabolism and translocate to different plant 
parts. Similarly, the level of sucrose synthase (SS) and 
sucrose phosphatesynthase (SPS) also improved with Si 
and K-mediated plants under freezing stress, indicating 
that Si has a significant role in mediating carbohydrate 
metabolism under freezing stress. So, the baseline level 
of sucrose accumulation is directly associated with higher 
SPS activity.

Our present results support earlier studies that sug-
gest increased metabolic activities that could enhance the 
resilience of plants to tolerate adverse stress conditions 
[9, 92]. In plant metabolic processes, glycolysis is a criti-
cal enzymatic reaction that provides energy to various 
plant parts and is regulated by enzymes like FK, HK, 
PFK, and PK [93]. In this study, we observed an increase 
in the enzymes of carbohydrate metabolism in response 
to Si and K application under freezing stress. Our find-
ings align with other studies confirming the significant 
role of enzymatic enzymes in improving plant growth 
and development [94]. The PCA result of this study also 
showed a similar group between the enzymatic activities 
and solubles sugars showing their interaction with each 
other, improving plant internal metabolism and overall 
growth.

5 � Conclusion

Our findings demonstrate the beneficial effect of Si in miti-
gating the freezing stress on photosynthetic activity and 
carbohydrate metabolism in citrus plants. Applying both Si 
and/or K improved the photosynthetic activity, subsequently 
helping the plants produce soluble sugars to provide energy 
to plants for optimum growth and development. The exog-
enous application of Si and K might activate the plant's 
internal metabolism and effectively trigger its biosynthesis 
process, thereby improving its ability to tolerate freezing 
stress. The findings of this study suggest that foliar applica-
tion of Si (100 ppm) could be an effective and eco-friendly 
strategy to improve cold hardiness in citrus plants.
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