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Abstract
The present work evaluates the role of silicon (Si) in barley (Hordeum vulgare L. var. Rihane) plants subjected to potassium 
(K+) deficiency. Plants were grown hydroponically either under K+-sufficient (+ K, 3 mM) or K+-deficient (-K, 10 µM) 
conditions supplied or not with 1 mM Si. Several parameters were determined in both shoots and roots [growth, macronutri-
ents (K and Ca) and micronutrients (Fe and Zn) dynamics, protein and malondialdehyde (MDA) contents, and antioxidative 
enzymes activities (superoxide dismutase (SOD), catalase (CAT), and guaiacol peroxidase (GPX)]. Results showed that 
K+ deficiency resulted in a reduction of growth and K+ concentration in both shoots and roots compared to control plants. 
The exogenous application of Si alleviated the reduction of plant growth induced by K+ deficiency but did not influence 
K+ nutrition. Concerning Ca, Fe, and Fe nutrients, the addition of Si adjusts their uptake, translocation, and use efficien-
cies. Leaf MDA concentration was not affected by K+ deficiency, while an increase was noted in roots. The increase of root 
MDA concentration was mitigated by the addition of Si. Modulation of antioxidant enzyme activities was also observed. As 
a whole, the data indicate the beneficial effects of Si on barley plants grown under a K+-deficient medium by modulating 
mineral nutrition and antioxidative response. This suggests the possible use of Si as an effective, cheap, and environmentally 
safe fertilizer to improve the plant’s response to K+ deficiency.
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1  Introduction

In their natural habitats, plants are frequently exposed to a 
shortage supply of several nutrients. Among them, K+ defi-
ciency constitutes a serious environmental stress restricting 
plant growth as well as crop yield and quality (Hafsi et al. 
2014; Wang and Wu 2015). Despite its abundance in the 
upper soil layer of the majority of agricultural soils, around 
10–20 g  kg−1 (Sparks 1987), K+ deficiency affects the 
majority of arable fields worldwide because of its very low 
availability (2–10%) to plants (Römheld and Kirkby 2010). 

K+ is implicated in several physiological processes includ-
ing photosynthesis, enzyme activation, osmoregulation, 
protein synthesis, and ion homeostasis (Blaha et al. 2000; 
Hafsi et al. 2016; Zhu et al. 2019). Upon K+ deficiency, 
plant growth and productivity were generally restricted as 
a consequence of reduced photosynthetic activity (Lu et al. 
2016; Hafsi et al. 2016). In addition, K+ deficiency may lead 
to an overproduction of reactive oxygen species (ROS) such 
as superoxide anion (O2

.−), hydroxyl radical (.OH), hydrogen 
peroxide (H2O2), and singlet oxygen (1O2) produced in dif-
ferent cellular sites including plasma membranes, apoplast, 
mitochondria, chloroplasts, mitochondria, and peroxisomes 
(Singh et al. 2019; Hasanuzzaman et al. 2020). Owing to 
their high reactivity, ROS can provoke oxidative damage 
to lipids, proteins, pigments, and nucleic acids (Hafsi et al. 
2011b; Choudhary et al. 2020). These negative effects may 
be alleviated by antioxidative mechanisms including non-
enzymatic and enzymatic defense systems. The non-enzy-
matic defense system comprises numerous molecules such as 
ascorbate, glutathione, and polyphenols (Hafsi et al. 2011b, 
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2021). The enzymatic system includes several enzymes 
implicated in the detoxification of ROS such as superoxide 
dismutase, catalase, peroxidases, ascorbate peroxidase, glu-
tathione reductase, monodehydroascorbate reductase, and 
dehydroascorbate reductase (Hafsi et al. 2011b; Hernandez 
et al. 2012; Tang et al. 2015).

To remedy K+ deficiency, a conventional approach con-
sists to apply potassium fertilization. Nevertheless, espe-
cially in developing countries, a limiting factor restricting 
the use of fertilizers is related to their economic burdens 
(Miao et al. 2010).

Over the last decade, several studies were conducted 
to investigate the mechanisms by which silicon (Si) can 
improve plant growth and development (da Silva et al. 2021; 
Hussain et al. 2021). In this context, the role of Si in mitigat-
ing the deleterious effects of abiotic constraints was explored 
in several research works (Wu et al. 2019; Laifa et al. 2021; 
Das et al. 2021). In rice plants grown under manganese tox-
icity, Che et al. (2016) demonstrated that Si is important in 
alleviating the toxicity of this microelement by decreasing 
its uptake and translocation from roots to shoots. Khan et al. 
(2020) demonstrated that the exogenous application of Si 
to date palm subjected to the combined effects of salinity 
and cadmium resulted in a reduction of Cd uptake and an 
improvement of macronutrient uptake. The beneficial effect 
of Si on the plant growth of sorghum and sunflower plants 
grown under salinity stress was associated with a decrease 
of Na+ uptake and an increase in macronutrients and micro-
nutrients uptake and use efficiencies (Hurtado et al. 2019). 
Laifa et al. (2021) showed that silicon was of great efficiency 
enabling sea barley plants to successfully recover from salt 
stress effects. An increase in Fe use and translocation effi-
ciencies was registered in sorghum (Teixeira et al. 2020) 
and sea barley (Ksiaa et al. 2021) plants subjected to iron 
deficiency. The ameliorative role of this element on plants 
subjected to K+ deficiency may be attributed to several ways 
including (i) increasing plant growth, leaf area, root length, 
root density, and root area (dos Santos Sarah et al. 2021), (ii) 
improving water status by increasing K+ accumulation in the 
xylem (Chen et al. 2016a), (iii) decreasing oxidative stress to 
membrane lipids and H2O2 accumulation and modulating the 
activities of antioxidant enzymes, alleviating leaf chlorosis 
by decreasing the accumulation of the polyamine putrescine, 
increasing pigment and protein contents, and photosynthetic 
activity (Miao et al. 2010; Chen et al. 2016b; dos Santos 
Sarah et al. 2022), and (iv) stimulating K+ absorption and 
distribution efficiencies (Miao et al. 2010). It was demon-
strated that Si modifies the expression of numerous genes 
implicated in the uptake and translocation of several mineral 
nutrients such as P (Hu et al. 2018), N (Haddad et al. 2018), 
and K (Chen et al. 2016a). Interactions between K uptake 
and utilization with the other nutrients have been observed 
in previous research works (Pujos and Morard 1997; Hafsi 

et al. 2011a) which can either increase or decrease their 
uptake and use efficiencies. However, the effect of Si on 
nutrient dynamics in plants grown under K+-deficient condi-
tions is not well documented. So, the present work was con-
ducted to investigate the effect of exogenous Si addition in 
barley plants subjected to K+ deficiency by analyzing plant 
growth, nutrient uptake, use, and translocation efficiencies, 
and antioxidant enzymes response.

2 � Materials and methods

2.1 � Plant material and culture conditions

Seeds of Hordeum vulgare (var. Rihane) were kindly pro-
vided by Dr. Abderrazak SMAOUI (LPE—CBBC, Tunisia). 
After surface sterilization with 1% NaClO and washed sev-
eral times with distilled water, they were germinated in Petri 
dishes on filter paper moistened with distilled water for five 
days. Thereafter, seedlings were transferred into plastic pots 
and irrigated with 5 L of modified Hewitt’s (1966) nutri-
ent solution (Hafsi et al. 2017). After a pretreatment period 
(14 days), plants were divided into four lots correspond-
ing to the following treatments: + K-Si = complete medium 
containing 3  mM  K+ without Si, + K + Si = complete 
medium containing 3 mM K+ with 1 mM Si, -K-Si = com-
plete medium containing 10 µM K+ and without Si, and 
-K + Si = complete medium containing 10  µM  K+ with 
1 mM Si. Potassium deficiency was created by replacing 
KCl by an equivalent amount of NaCl. For control plants 
(without Si), 2 mM NaCl was added to the nutrient solu-
tion to maintain the same concentration of Na+. The low K+ 
concentration was chosen based on previous research works 
conducted in barley (Zeng et al. 2018; Ye et al. 2021). Sili-
con was applied as Na2SiO3. The aerated hydroponic culture 
was maintained in a greenhouse under sunlight conditions in 
the Centre of Biotechnology of Borj-Cedria (North-East of 
Tunisia, 36°42 ′32.9″ N, 10°25 ′40.9″ E) with day/night tem-
peratures of 25 °C/18 °C and relative humidity of 70–75%. 
Nutrient solutions were renewed twice a week to prevent 
nutrient depletion. After 17 days of treatment, plants were 
harvested. To remove extracellular nutrients, roots were 
carefully washed with cold HCl solution (0.01 M), then 
rinsed three times with distilled water, and finally dried 
with filter paper as described by Laifa et al. (2021). The 
fresh weights (FW) were immediately weighted. Samples 
were then oven-dried for 48 h at 60 °C for dry weight (DW) 
determination. Fresh leaves and roots were collected for the 
determination of malondialdehyde contents (MDA) and the 
antioxidant enzyme activities (superoxide dismutase (SOD), 
catalase (CAT), and guaiacol peroxidase (GPX)).
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2.2 � Nutrient extraction and analysis

For nutrients extraction, 100 mg of shoot and root dried 
samples were digested with 1 N H2SO4 (20 ml) at 80 °C for 
1 h according to Zorrig et al. (2019). K was determined by 
a flame photometer (BWB). Ca, Fe, and Zn concentrations 
were measured by atomic absorption spectrophotometer 
(SpectrAA 220; Varian, Australia).

Nutrient uptake efficiency = Total nutrient accumulation 
in plant/Root dry weight (Rabhi et al. 2007).

Translocation factor = Nutrient contents in shoots/Nutri-
ent contents in roots (Malik et al. 2010).

Nutrient utilization efficiency = Shoot or root dry weight/
Nutrient content of each element (Hafsi et al. 2011a).

2.3 � Relative growth rate (RGR) determination

The mean relative growth rate (RGR) was calculated accord-
ing to the following equation (Hunt 1990):

RGR = (lnDW2 − lnDW1)/(t2 − t1), with DW, leaf, root or 
whole plant dry weight (g), t = time (d), and the subscripts 
1 and 2 = initial and final harvest.

2.4 � Estimation of lipid peroxidation

Lipid peroxidation was estimated by measuring malon-
dialdehyde (MDA) formation using the thiobarbituric acid 
method as described by Buege and Aust (1978). Briefly, leaf 
and root samples were ground in a cold mortar using 50 mM 
Tris–HCl (pH 7.5) as a buffer containing 0.2 mM EDTA and 
0.2% (v/v) Triton X-100. The obtained homogenate was cen-
trifuged at 16,700 g for 30 min. To 200 µl of supernatant was 
added 1 ml of 0.375% (w/v) thiobarbituric acid containing 
15% (w/v) trichloroacetic acid and 0.01% butylated hydroxy-
toluene. The mixture was heated at 100 °C for 15 min and 
then quickly cooled in an ice bath. After centrifugation at 
5,500 g for 5 min, the absorbance of the supernatant was 
read at 535 and 600 nm. The MDA content was calculated 
by using a molar extinction coefficient of 155 mM−1 cm−1.

2.5 � Enzyme extraction and activity assays

Enzyme extractions were carried out at 4 °C according to 
Pereira et al. (2002). Fresh plant leaves and roots were frozen 
in liquid nitrogen and ground with an ice-cold pestle and 
mortar and then extracted in 100 mM potassium phosphate 
buffer (pH 7.5) containing 1 mM EDTA, 3 mM DTT, and 5% 
(w/v) insoluble PVP in the ratio of 1:3 (w/v). The resulting 
homogenate was centrifuged at 14 000 g for 30 min. After 
that, the supernatant was collected and stored at -80 °C for 
SOD, CAT, and GPX analysis. Protein was determined by 
the method of Bradford (1976) using bovine serum albumin 
(BSA) as a standard.

SOD (EC 1.15.1.1) activity was measured according to 
the method described by Giannopolitis and Ries (1977). The 
assay is based on the inhibition of the photochemical reduc-
tion of nitroblue tetrazolium (NBT). One unit of SOD activ-
ity was defined as the amount of protein inhibiting 50% of 
the initial reduction of NBT under illumination, expressed 
as U mg−1 protein.

CAT (EC 1.11.1.6) activity was by the UV method previ-
ously described by Aebi (1984). The activity was assayed by 
monitoring the disappearance of H2O2 at 240 nm and was 
expressed as U mg−1 protein min−1.

GPX (EC 1.11.1.7) activity, expressed as U mg−1 pro-
tein min−1, was determined by monitoring the increase in 
absorbance after H2O2-induced guaiacol oxidation at 470 nm 
according to the method of Chance and Maehly (1955).

2.6 � Statistical analysis

Data were subjected to a one-way analysis using the 
XLSTAT software, version 2014 (Addinsoft, Paris, France). 
Means were compared using one-way analysis of variance 
(ANOVA) followed by Duncan’s multiple range test at 
p ≤ 5% level.

3 � Results

3.1 � Plant growth

K+ deficiency resulted in a reduction of root length, shoot 
DW, root DW, and whole plant DW by 15.5%, 31.3%, 37.5%, 
and 32.1%, respectively (Table 1). The exogenous applica-
tion of Si restores these parameters to a level comparable 
to control plants (+ K-Si treatment). K+ deficiency had no 
significant effect on shoot height and root/shoot DW ratio 
compared to K+-sufficient plants. An increase of shoot and 
root length was observed in K+-sufficient plants supplied 
with Si. Concerning RGR, a significant reduction was reg-
istered in shoots, roots, and whole plants by K+ deficiency. 
Si had a beneficial effect on the root and whole plant’s RGR 
(Table 1).

3.2 � Mineral concentrations

3.2.1 � Potassium and calcium concentrations

K+ deficiency reduced K+ concentration in both shoots and 
roots compared to control plants (+ K-Si-treated plants) 
(reductions of 79.4% and 76%, respectively) (Fig. 1A,B). 
Concerning Ca2+ concentration, a reduction of 30.8% was 
observed in shoots, while no significant effect was regis-
tered in roots (Fig. 1C,D). The addition of Si in the culture 
medium had no significant effect on the concentrations of 
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these two macronutrients under K+-deficient conditions 
(Fig. 1C,D).

3.2.2 � Iron and zinc concentrations

Contrarily to shoots where K+ deficiency had no significant 
effect on Fe concentration, a reduction of 62.2% was regis-
tered in roots compared to control plants (+ K-Si treatment). 

This reduction was more pronounced following Si addition 
(a reduction of 82.4%). Si had no significant effect in K+ 
sufficient plants (Fig. 1E,F). In shoots, K+ deficiency had 
no significant effect on Zn concentration while a reduction 
was observed in roots (-64%). Si application to K+-deficient 
plants increased Zn concentration in shoots (+ 127.4%) but 
had no significant effect on roots (Fig. 1G,H).

Table 1   Variation of shoot height, root length, shoot dry weight 
(DW), root dry weight,  wholeplant dry weight, root/shoot DW 
ratio,and shoot, root, and whole plant relative growth rate (RGR) in 
H. vulgare (var. Rihane) grown hydroponically during 17 days either 

under K+-sufficient (+ K, 3 mM) or K+-deficient (-K, 10 µM) condi-
tions supplied or not with 1 mM Si. Data are the mean of six repli-
cates ± SE. Means followed by the same letters are not significantly 
different at 5% according to Duncan’s multiple range test

Parameters  + K-Si  + K + Si -K-Si -K + Si

Shoot height (cm plant−1) 41.83 ± 3.35 b 49.76 ± 2.23 a 43.94 ± 2.57 b 49.16 ± 1.41 a
Root length (cm plant−1) 20.46 ± 1.29 b 22.96 ± 1.91 a 17.29 ± 1.59 c 24.06 ± 0.98 a
Shoot DW (g plant−1) 0.48 ± 0.04 a 0.42 ± 0.04 ab 0.33 ± 0.03 c 0.41 ± 0.02 ab
Root DW (g plant−1) 0.08 ± 0.004 a 0.07 ± 0.008 ab 0.05 ± 0.007 c 0.07 ± 0.006 ab
Whole plant DW (g plant−1) 0.56 ± 0.04 a 0.49 ± 0.004 a 0.38 ± 0.005 b 0.48 ± 0.006 a
Root/Shoot DW ratio 0.17 ± 0.01 a 0.14 ± 0.03 a 0.16 ± 0.02 a 0.17 ± 0.02 a
Shoot RGR (day−1) 0.133 ± 0.005 a 0.125 ± 0.006 ab 0.112 ± 0.011 b 0.117 ± 0.011 b
Root RGR (day−1) 0.084 ± 0.003 a 0.069 ± 0.007 b 0.059 ± 0.007 c 0.075 ± 0.005 ab
Whole plant RGR (day−1) 0.123 ± 0.004 a 0.113 ± 0.006 ab 0.101 ± 0.010 c 0.108 ± 0.009 b

Fig. 1   Shoot and root K+, 
Ca2+, Fe2+, and Zn2+ concen-
trations in H. vulgare (var. 
Rihane) grown hydroponically 
during 17 days either under 
K+-sufficient (+ K, 3 mM) 
or K+-deficient (-K, 10 µM) 
conditions supplied or not with 
1 mM Si. Data are the mean 
of six replicates ± SE. Means 
followed by the same letters are 
not significantly different at 5% 
according to Duncan’s multiple 
range test
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3.3 � Mineral absorption and translocation 
efficiencies

3.3.1 � Potassium and calcium absorption and translocation 
efficiencies

K+ deficiency caused a decrease in KAE (78.6%) and CaAE 
(23.7%) compared to control plants. The exogenous supply 
of Si to plants grown under K+-deficient conditions did not 
change KAE and CaAE (Fig. 2A,C).

Concerning K+ translocation efficiency, no signifi-
cant effect was observed between all applied treatments 
(Fig. 2B). K+ deficiency provokes a decrease of Ca2+ trans-
location efficiency by 53.2% in comparison to control plants 
(Fig. 2D). The addition of Si resulted in a higher reduction 
of Ca translocation both in plants grown under sufficient and 
K+-deficient conditions (Fig. 2D).

3.3.2 � Iron and zinc absorption and translocation 
efficiencies

FeAE and ZnAE were reduced by K+ deficiency (reduc-
tions of 34.7% and 42.5%, respectively) compared to control 
plants (+ K-Si treatment). The addition of Si in the culture 

medium caused a more pronounced reduction of FeAE 
(-59.2%), while an increase of ZnAE to a value similar to 
control plants was observed (increase by 63.6% compared 
to K+-deficient plants (-K-Si plants). Si had no significant 
effect in control plants (Fig. 2E,G).

K+ deficiency increased Fe translocation efficiency (3.8-
fold) compared to control plants (+ K-Si-treated plants). This 
increase was more important following Si application (5.9-
fold) in comparison to control plants (Fig. 2F). Concerning 
Zn, an increase was observed only in plants subjected simul-
taneously to K+ deficiency and exogenous Si supply com-
pared to control plants. Si had no significant effect on Fe and 
Zn translocation efficiencies in K+ sufficient plants (Fig. 2H).

3.4 � Mineral contents and partitioning

3.4.1 � Potassium and calcium contents and partitioning

The relative partitioning of K+ among shoots and roots was 
91% and 9%, 92% and 8%, 90%, and 10%, and 90% and 10% 
in plants subjected to + K-Si, + K + Si, -K-Si, and -K + Si-
treated plants, respectively (Fig. 3A). The Ca2+ partition-
ing among shoots and roots was 96% and 4% under con-
trol conditions (+ K-Si treatment), 75% and 25% in plants 

Fig. 2   Potassium absorption 
efficiency (KAE), K trans-
location efficiency, calcium 
absorption efficiency (CaAE), 
Ca translocation efficiency, iron 
absorption efficiency (FeAE), 
Fe translocation efficiency, 
Zinc absorption efficiency 
(ZnAE), and Zn translocation 
efficiency in H. vulgare (var. 
Rihane) grown hydroponically 
during 17 days either under 
K+-sufficient (+ K, 3 mM) 
or K+-deficient (-K, 10 µM) 
conditions supplied or not with 
1 mM Si. Data are the mean 
of six replicates ± SE. Means 
followed by the same letters are 
not significantly different at 5% 
according to Duncan’s multiple 
range test
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grown under + K + Si-treated plants, 92% and 8% in plants 
subjected to K+ deficiency without Si (-K-Si treatment), 
and 87% and 13% in plants grown under -K + Si treatment 
(Fig. 3B).

Except for root Ca2+ content which remained constant, 
shoot and root K+ and shoot Ca2+ contents were reduced 
by K+ deficiency. The exogenous application of Si to plants 
grown under K+-deficient conditions had no significant 
effect (Fig. 3A,B).

3.4.2 � Iron and zinc contents and partitioning

The Fe partitioning among shoots and roots was 31% and 
69% under control conditions (C-Si treatment), 36% and 64% 
in plants grown under + K + Si-treated plants, 59% and 41% 
in plants subjected to K+ deficiency without Si (-K-Si treat-
ment), and 70% and 30% in plants grown under -K + Si treat-
ment (Fig. 3C). The relative partitioning of Zn among shoots 
and roots was 64% and 36%, 63% and 37%, 77% and 23%, 
and 85% and 15% in plants subjected to + K-Si, + K + Si, 
-K-Si, and -K + Si-treated plants, respectively (Fig. 3D).

K+ deficiency caused significant reductions in the root 
Fe, shoot Zn, and root Zn contents. The addition of Si to 
K+-deficient plants increased shoot Zn contents, whereas 
no significant effects were observed for shoot and root Fe 
contents and root Zn contents (Fig. 3C,D).

3.5 � Mineral use efficiencies

3.5.1 � Potassium and calcium use efficiencies

K+ deficiency increased KUE 5 and 4.2-fold in both shoots 
and roots, respectively compared to control plants. Si 

application did not influence KUE in both vegetative organs 
(Fig. 4A,B). K+ deficiency alone had no significant effect 
on CaUE in both shoots and roots. The addition of Si to K+ 
deficient plants increased the root CaUE (increase by 1.9-
fold), while no significant effect was registered in shoots. 
Under control conditions, the exogenous supply increased 
CaUE in both shoots and roots (Fig. 4C,D).

3.5.2 � Iron and zinc use efficiencies

Shoot FeUE was decreased by about 32% following K+ 
deficiency compared to control plants (+ K-Si treatment) 
(Fig. 4E). An increase by 2.4-fold was registered in roots 
(Fig. 4F). The addition of Si to K+-deficient plants caused 
an increase in FeUE in both shoots and roots (1.3- and 2.4-
fold, respectively). Si had no significant effect on FeUE in 
K+-sufficient plants (Fig. 4E,F).

K+ deficiency increased ZnUE by 52.8% and 81.8% in 
shoots and roots, respectively in comparison to K+-sufficient 
plants. The addition of Si to K+-deficient plants decreased 
ZnUE in shoots to a value similar to control plants, while an 
increase by about 109% was observed in roots (Fig. 4G,H).

3.6 � Protein and malondialdehyde concentrations

K+ deficiency reduced leaf protein content by about 58% 
in comparison to control plants. The addition of Si to 
K+-deficient plants did not change protein content (Fig. 5A). 
In roots, K+ deficiency caused an increase in protein content 
compared to K+-sufficient plants (about 159%). The exog-
enous application of Si had no significant effect on protein 
content in K+-sufficient and deficient plants compared to 
their respective control plants (Fig. 5B).

Fig. 3   Potassium (A), calcium 
(B), iron (C), and zinc (D) 
partitioning between shoots (the 
upper portions of the histo-
grams) and roots (the lower 
portions of the histograms) 
and quantities (numbers in 
brackets) in shoots and roots of 
H. vulgare (var. Rihane) grown 
hydroponically during 17 days 
either under K+-sufficient (+ K, 
3 mM) or K+-deficient (-K, 
10 µM) conditions supplied or 
not with 1 mM Si. Data are the 
mean of six replicates ± SE. 
Means followed by the same let-
ters are not significantly differ-
ent at 5% according to Duncan’s 
multiple range test
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Fig. 4   Potassium use efficiency 
(KUE), calcium use efficiency 
(CaUE), iron use efficiency 
(FeUE), and zinc use efficiency 
(ZnUE) in shoots and roots of 
H. vulgare (var. Rihane) grown 
hydroponically during 17 days 
either under K+-sufficient (+ K, 
3 mM) or K+-deficient (-K, 
10 µM) conditions supplied or 
not with 1 mM Si. Data are the 
mean of six replicates ± SE. 
Means followed by the same let-
ters are not significantly differ-
ent at 5% according to Duncan’s 
multiple range test
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Leaf malondialdehyde (MDA) concentration, an esti-
mation of lipid peroxidation, was not affected by K+ defi-
ciency either without or with Si compared to control plants. 
A decrease was registered in K+-sufficient plants supplied 
with Si (Fig. 5C). In roots, K+ deficiency increases MDA 
concentration (+ 75%). The addition of Si to K+-deficient 
plants decreased MDA concentration to a level similar to 
K+-sufficient plants (Fig. 5D).

3.7 � Antioxidative enzymes

In leaves, K+ deficiency increased SOD activity (+ 59%) 
compared to K+-sufficient plants. This increase was more 
pronounced following the Si application (+ 117.4%). The 
addition of Si to K+-sufficient plants had no significant 
effect on SOD activity (Fig. 6A). In roots, a decrease of 
SOD activity (-67.7%) was noted in comparison with the 
control. This decrease was comparable following Si applica-
tion to K+-deficient plants. A reduction of SOD activity was 
also observed in K+-sufficient plants receiving Si (Fig. 6B).

Leaf CAT activity was not significantly affected by all 
applied treatments (Fig. 6C). In roots, CAT activity was 
reduced by K+ deficiency (-73.3% compared to control). The 
addition of Si to plants subjected to K+ deficiency resulted in 
an increase of CAT activity in both leaves and roots, while 
no significant effect was observed in K+-sufficient plants 
(Fig. 6D).

Leaf GPX activity was significantly increased by K+ defi-
ciency (4.6-fold) in comparison with control plants (+ K-Si 
treatment). The addition of Si did not change GPX activity 
either for K+-sufficient or deficient plants (Fig. 6E). In roots, 
GPX activity was significantly decreased by K+ deficiency 
(-64.5% compared with the K+-sufficient plants). In contrast 
to K+-sufficient plants where a reduction of root GPX activ-
ity was observed, the addition of Si to K+-deficient plants 
had no significant effect on the activity of this enzyme 
(Fig. 6F).

4 � Discussion

The present work studies the effect of K+ deficiency–silicon 
interaction on growth, nutrient dynamics, and antioxidant 
enzymes activity in the cultivated barley H. vulgare.

Results showed that K+ deficiency results in a decrease 
in dry biomass production of vegetative organs (shoots 
and roots). This reduction may be explained partially by a 
decrease in root length and leaf number (Table 1). Similar 
results were observed in several previous reports (Hafsi et al. 
2011a, 2016; Wang et al. 2015). The addition of Si to the 
growing medium improved the growth of shoots and roots 
of barley plants grown under K+-deficient conditions. How-
ever, the addition of Si to the medium containing adequate 
K+ concentration (3 mM: control) did not influence dry 
biomass production. These results are in agreement with 

Fig. 6   Superoxide dismutase 
(SOD), catalase (CAT), and 
guaiacol peroxidase (GPX) 
activities in shoots and roots of 
H. vulgare (var. Rihane) grown 
hydroponically during 17 days 
either under K+-sufficient (+ K, 
3 mM) or K+-deficient (-K, 
10 µM) conditions supplied or 
not with 1 mM Si. Data are the 
mean of three replicates ± SE. 
Means followed by the same let-
ters are not significantly differ-
ent at 5% according to Duncan’s 
multiple range test
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those obtained by Miao et al. (2010) on soybean, Chen et al. 
(2016a) on sorghum, and Buchelt et al. (2020) on two forage 
plants subjected to K+ deficiency. The present data suggest 
that Si may play an important role in alleviating the negative 
impact of K+ deficiency on plant growth.

It has been suggested that K+ deficiency may affect bio-
mass distribution between shoots and roots as a consequence 
of a difference in photoassimilate distribution between the 
two organs (Gerardeaux et al. 2010). Our results showed that 
the root/shoot dry mass ratio was affected neither by K+ defi-
ciency nor Si supply (Table 1). Similar results were observed 
by Chen et  al. (2016a). Contrarily, Miao et  al. (2010) 
observed an increase in this ratio following Si application 
under K+-deficient conditions. An increase of root length 
was registered following exposure of Sulla carnosa (Hafsi 
et al. 2016) to K+ deficiency, while a decrease was observed 
in Triticum aestivum (Ruan et al. 2018), and banana (He 
et al. 2020). Our results showed a negative impact of low 
K+ on root length (Table 1). The addition of Si significantly 
increased the length of these organs in concordance with the 
results obtained by Miao et al. (2010).

The effects of Si on the uptake, translocation, and distri-
bution of several nutrients are not well documented (Greger 
et al. 2018) particularly under K+-deficient conditions. In 
this context, we analyzed the dynamics of two macronutri-
ents (K and Ca) and two micronutrients (Fe and Zn).

K+ deficiency resulted in a reduction of shoot and root 
K+ concentrations and contents (Fig. 1A,B3A). This is 
verified by a reduction in KAE (Fig. 2A). The transloca-
tion factor, an important parameter used to assess K+ effi-
ciency (Liu et al. 2017), was not affected by K+ deficiency 
(Fig. 2B). It is important to note the preferential allocation 
of K+ toward shoots. Expressed as percent of the total K+ 
uptake, shoot quantities represented 91% in control plants 
(+ K-Si treatment) and 90% in K+-deficient plants (-K-Si 
treatment) (Fig. 3A). This suggests that roots accumulate 
sufficient K+ and hence regulate its unloading to the xylem 
sap probably via activation of outward-rectifying K+ chan-
nel (SKOR, Stellar K+ outward rectifier) expressed in stellar 
parenchyma (Gaymard et al. 1998; Liu et al. 2006). Miao 
et al. (2010) observed that Si increased the K+ contents of 
vegetative organs of soybean plants grown under low-K+ 
conditions. In wheat plants grown in a nutrient solution, 
Mali and Aery (2008) demonstrated that Si improved K+ 
uptake through the activation of H+-ATPase. Chen et al. 
(2016a) showed that K+ deficiency results in a decrease of 
K+ concentrations in shoots and roots and that addition of 
Si to the growing medium had no ameliorative effect sug-
gesting that the beneficial effect of Si on growth is not due 
to enhanced K+ uptake and translocation efficiencies. Our 
results are in agreement with the latter suggestion. Indeed, 
silicon did not influence K+ concentrations and contents 
under control and K+-deficient conditions (Fig. 1A,B;3A). 

As a response to K+ limitation, H. vulgare increased KUE 
for biomass production.

A fivefold increase in shoot KUE was registered in 
K+ deficient plants compared to the K+-sufficient plants 
(Fig. 4A). In roots, KUE was increased by 4.2-fold in plants 
subjected to -K-Si treatment (Fig. 4B). Similar results were 
observed by Degl'Innocenti et al. (2009) and Hafsi et al. 
(2011b). Increased KUE reflects (i) the ability of H. vul-
gare to economize this macronutrient (Hafsi et al. 2007), 
(ii) its capacity to substitute the nonspecific functions of 
K+ with other ions like Na+ and Mg2+ (Hafsi et al. 2011a) 
and molecules such as carbohydrates and amino acids (Her-
mans et al. 2006; Zhu et al. 2019), and (iii) the capacity to 
translocate and redistribute the absorbed K+ within the plant 
(White 2013). The addition of Si did not improve KUE in 
both vegetative organs. (Fig. 4A,B) because no effect on K+ 
concentration was observed (Fig. 1A,B).

A modulation of Ca2+ concentrations in response to K+ 
deficiency has been reported in several research works (Pujos 
and Morard 1997; Jordan-Meille and Pellerin 2008; Hafsi 
et al. 2011a). In our study, K+ deficiency caused a reduc-
tion in shoot Ca2+ concentrations (Fig. 1C) and contents 
(Fig. 3B) but not in roots (Fig. 1D) suggesting the presence 
of an antagonism K+-Ca2+ in the aerial parts. Similar results 
were observed in Hordeum maritimum (Hafsi et al. 2011a). 
Like K+, the highest Ca2+ quantities were observed in shoots 
representing between 75 and 96% depending on the treat-
ments (Fig. 3B). Si application reduced the translocation of 
Ca2+ in plants grown under sufficient and K+-deficient con-
ditions (Fig. 2D). CaAE was reduced by K+ deficiency; Si 
had no significant effect under these conditions. The applica-
tion of Si reduced significantly CaAE in plants grown under 
sufficient K+-conditions (Fig. 2C). Despite these reductions, 
H. vulgare plants were able to save Ca for biomass produc-
tion. In fact, an increase in CaUE was registered generally 
following Si application, except for shoots from plants sub-
jected to K+ deficiency (Fig. 4C,D). This may be due to 
a replacement of the role of Ca by Si in the formation of 
cell wall components. Hence, it was observed that Si forms 
complexes with several structural cell polymers, like pectin 
and callose (Boylston et al. 1990).

In Arabidopsis thaliana, Ye et al. (2019) demonstrated 
that K+ nutrition plays an important role in mitigating Fe 
deficiency through amelioration of Fe reutilization from 
cell walls and vacuoles as well as an increase of Fe trans-
location from roots to leaves. A synergistic relationship 
between K and Fe was noted by Tewari et al. (2013). It was 
observed that Si application ameliorates Fe uptake in barley 
by overexpression of strategy II genes (Nikolic et al. 2019) 
and improved Fe translocation and use efficiencies (Teix-
eira et al. 2020). In the present study, shoot Fe2+ concentra-
tion was not affected by K+ deficiency, while a decrease 
was observed in roots. Si application further decreases the 
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Fe2+ concentration in roots (Fig. 1E,F). Fe quantities were 
also slightly decreased following Si application (Fig. 3C). 
This is proven by a decrease in FeAE (Fig. 2E). It is impor-
tant to note that K+ deficiency caused an increase in Fe2+ 
translocation factor being the most pronounced following 
Si supply in K+-deficient plants (Fig. 2F). This might be 
explained by a beneficial effect of Si on Fe2+ translocation to 
shoots. In this context, an opposite behavior was registered 
between FeAE and Fe translocation factor in plants grown 
under K+-deficiency conditions (Fig. 2E,F). The increased 
Fe translocation could be attributed to the beneficial effect of 
Si on (i) the mobility of Fe and its translocation from roots 
to shoots in the xylem and (ii) the induced-biosynthesis of 
some Fe-chelation compounds like citrate in the xylem and 
leaf tissues as suggested by Pavlovic et al. (2013) and Bityut-
skii et al. (2014). Consequently, in the current work, the pri-
mary nutritional role of Si is Fe translocation rather than its 
uptake. An opposite response was observed by Greger et al. 
(2018). FeAE was significantly reduced by K+ deficiency 
alone or in combination with Si and consequently plants 
improved their FeUE for the shoot and root biomass produc-
tion (Fig. 4E,F). Under K+ sufficient conditions, Si had no 
significant effect on FeAE and Fe translocation (Fig. 2E,F).

Concerning Zn2+ concentrations, a reduction was 
observed only in roots following K+ deficiency compared 
to K+-sufficient plants. The exogenous application of Si 
provokes an increase of shoot Zn2+ concentrations, no ben-
eficial effect of Si was noted in roots (Fig. 1G,H). Under 
these conditions, an amelioration of ZnAE and Zn2+ trans-
location factor by Si was observed (Fig. 2G,H) which led to 
more allocation of Zn2+ to shoots (85% vs 77% in -K + Si 
and -K-Si-treated plants, respectively) (Fig. 3D). In contrast, 
a reduction of root-to-shoot translocation of Zn was reg-
istered in Cardaminopsis likely by the formation of Zn-Si 
complex in the roots which reduced Zn toxicity (Neumann 
and Zurnieden, 2001). K+ deficiency increased shoot and 
root ZnUE. The addition of Si decreased shoot ZnUE, while 
no change was found in roots (Fig. 4G,H).

K+ deficiency led to a reduction of leaf soluble pro-
tein contents (Fig. 5A). These results are in concordance 
with the crucial role played by K+ for protein synthesis 
owing particularly to its implication in the synthesis of 
ribosomes and aminoacyl-tRNA, the transport and move-
ment of ribosomes, and the binding of tRNA to ribosomes 
(Evans and Wildes 1971; Blaha et al. 2000; Austin and 
First 2002). The decrease in protein contents may reflect 
an accumulation of amino acids which may replace K+ 
for osmotic adjustment as suggested by Zhu et al. (2019). 
In contrast, Ashraf and Zafar (1997) observed no effect of 
K+ deficiency on soluble proteins accumulation in lentil 
plants. A surprising effect was registered in roots where an 
increase in soluble proteins was noted (Fig. 5B) which may 
be an adaptative response controlling several processes 

including morphological, physiological, metabolism, and 
stress and antioxidative defense traits. Application of Si 
had no significant effect on soluble protein contents either 
under K+-sufficient and deficient conditions (Fig. 5A,B). 
In contrast, an improvement of soluble protein accumula-
tion following Si application was observed by Chen et al. 
(2016b).

Malondialdehyde (MDA), a product of lipid peroxidation, 
is often used as a tool to assess the severity of the oxidative 
stress and the degree of cell membranes damage in plants 
subjected to environmental constraints (Miao et al. 2010; 
Ma et al. 2015). In the present work, K+ deficiency affects 
differentially MDA content in both roots and shoots. While 
no significant effect was registered in shoots, an increase 
in MDA content was observed in roots (Fig. 5C,D) sug-
gesting the induction of oxidative stress in these organs. 
An increase in MDA contents was previously observed in 
several works (Tewari et al. 2007; Hafsi et al. 2011b; Her-
nandez et al. 2012; Zhao et al. 2021). Miao et al. (2010) 
suggested that exogenous application of Si could alleviate 
the oxidative damage caused by K+ deficiency. Our results 
are in agreement with these suggestions. Indeed, a decrease 
in MDA levels is recorded in the roots of plants subjected to 
the -K + Si treatment compared to those of the -K-Si treat-
ment (Fig. 5D).

A modulation of antioxidant activities by K+ deficiency 
is observed in several works (Hafsi et al. 2011b; Hernandez 
et al. 2012; Tang et al. 2015). The beneficial effects of Si 
on plants growing under environmental stresses may be in 
part due to a regulation of the antioxidant enzyme activities 
(Liang et al. 2007; Miao et al. 2010; Chen et al. 2016b). 
Because of this, a determination of the activity of some 
enzymes (SOD, CAT, and GPX) is determined in leaves 
and roots (Fig. 6).

SODs, a family of metalloenzymes containing Mn, Fe 
or Cu, and Zn as prosthetic groups in their active sites, rep-
resent the first line of defense against the toxic effects of 
superoxide radicals produced in various cellular compart-
ments (Wang et al. 2016). This enzyme catalyzes the dis-
mutation of superoxide ions (O2

.−) to hydrogen peroxide 
(H2O2) and oxygen (O2). In the present study, an increase in 
SOD activity following K+ deficiency is observed in leaves 
(Fig. 6A) in contrast to roots (Fig. 6B) where a reduction is 
noted. These results suggest an increase in the production 
of superoxide ions in leaves under the culture conditions 
and thus indicating their important role in the conversion of 
O2

.− to H2O2. An increase in the activity of this enzyme was 
observed in several works (Tewari et al. 2007; Hafsi et al. 
2011b; Qi et al. 2019). The addition of Si to K+-deficient 
plants further increased leaf SOD activity. On the contrary, 
Miao et al. (2010) and Chen et al. (2016b) observed that the 
addition of Si to the growing medium resulted in a decrease 
in SOD activity.
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The detoxification of H2O2 is performed by several 
enzymes such as ascorbate peroxidase, catalase, and guai-
acol peroxidase (Azevedo Neto et al. 2006). Catalase, an 
enzyme exclusively localized in peroxisomes, ensures the 
conversion of H2O2 to H2O and O2 (Corpas et al. 1999). An 
increase in catalase activity was observed by Tewari et al. 
(2004) in maize. No effect of K+ deficiency on the activity of 
this enzyme is observed in Morus alba (Tewari et al. 2007) 
and H. maritimum (Hafsi et al. 2011b). On the contrary, a 
reduction is noted in H. vulgare (Hafsi et al. 2010). Our 
results showed that K+ deficiency did not alter catalase activ-
ity in leaves (Fig. 6C), whereas a reduction was recorded in 
roots (Fig. 6D) indicating a limited role of catalase in detoxi-
fying H2O2 under our conditions. It is important to note that 
the addition of Si to K+-deficient plants enhanced the activ-
ity of this enzyme in both leaves and roots. A reduction of 
this enzyme activity by Si was observed in previous research 
works (Miao et al. 2010; Chen et al. 2016b). In plants grown 
under K+ deficiency and Si supply (-K + Si treatment), root 
catalase may play a protective role in preventing oxidative 
stress as evidenced by the observed increase of catalase 
activity (Fig. 6D) and a reduction of MDA concentration 
(Fig. 5D). These results indicate that Si mitigates oxida-
tive damage by enhancing antioxidant system. In addition 
to catalase, H2O2 detoxification could also be carried out by 
peroxidases including guaiacol peroxidase that uses guaiacol 
as an electron donor (Azevedo Neto et al. 2006). The strong 
increase in the activity of this enzyme in leaves (Fig. 6E) 
indicates its involvement in H2O2 detoxification in these 
organs in contrast to roots where a significant reduction was 
observed (Fig. 6F). Under K+-deficient conditions, the appli-
cation of Si did not influence GPX activity in contrast to the 
results registered by Miao et al. (2010) where a reduction 
was noted. It is noteworthy that the increase in SOD activity 
in leaves and its reduction in roots is in agreement with the 
activities of enzymes involved in H2O2 removal.

5 � Conclusion

K+ deficiency reduced plant growth and K+ concentrations 
in shoots and roots. A beneficial effect of Si was recorded 
for plant growth but not K+ nutrition indicating that the 
beneficial effect of Si on growth is not due to enhanced K+ 
uptake and translocation efficiencies. In addition, silicon 
differentially influences K+, Ca2+, Fe2+, and Zn2+ uptake, 
translocation, distribution, and use efficiencies suggesting 
an individual regulation of each nutrient. A differential reg-
ulation of antioxidant enzymes was also registered. These 
physiological and biochemical changes mediated by Si 
may contribute to the improvement of barley growth under 
K+-deficient conditions.
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