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Abstract
Quinoa (Chenopodium quinoa Willd.) plants possess epidermal bladder cells (EBCs) on the leaf surface that accumulate 
excess sodium  (Na+). However, whether excess cesium  (Cs+) is transported from the leaf to the EBCs has not been eluci-
dated in quinoa plants. In this study, the  Cs+ concentration of EBCs and leaves of quinoa plants grown in soil treated with 
high concentrations of NaCl was investigated via pot experiments. Three different treatments were performed: 9.75 g 
plot, and 19.50 g plot, and a control (with no added NaCl). In 9.75 g plot and 19.50 g plot, 9.75 g and 19.5 g of NaCl were 
applied to the soil, respectively. And 0.10 g of CsCl were applied to all pots. We observed that  Na+ concentration in EBCs 
and leaves with and without EBCs increased with increasing NaCl concentration at the vegetative and flowering stages; 
 Na+ concentration was lower in the EBCs than in both types of leaves at both growth stages.  Cs+ concentration in EBCs 
and both types of leaves increased with increasing NaCl concentration;  Cs+ concentration was higher in EBCs than in 
both types of leaves at both growth stages. However, NaCl application did not affect the number of EBCs at both growth 
stages, but the number of EBCs in older leaves was lower than that in younger leaves at both growth stages. Moreover, 
EBC diameter increased with NaCl application at both growth stages; the EBCs of younger leaves (1st leaf ) were larger 
than those of older leaves (5th leaf ) at both growth stages. Therefore, NaCl increased the  Cs+-accumulation capacity of 
quinoa plants by increasing the size of the EBCs.

Article Highlights

• The concentration of  Cs+ in the EBCs was promoted by tNaCl application and the concentrations of  Cs+ were higher 
in the EBCs than in the leaves.

• The size of the EBCs increased with increasing application rate of NaCl.
• NaCl enabled the accumulation of  Cs+ in EBCs of quinoa plants by increasing the size of EBCs and Cs concentration.
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1 Introduction

High levels of radioactive cesium (Cs) were released into the environment due to the Fukushima Daiichi Nuclear 
Power Plant accident (March 11, 2011) and the Chernobyl Nuclear Power Plant accident (April 26, 1986). The released 
radioactive Cs were deposited in agricultural fields, forest soils, and residential areas. Therefore, efficient and cost-
effective methods for the removal of Cs from the soil are essential to manage such disasters in the future. After the 
Fukushima Daiichi accident, Cs were removed from the soil by stripping the soil surface, which is a costly and labor-
intensive method. Phytoremediation is a cost-effective alternative for Cs removal, but earlier it was not considered 
feasible because of the low Cs-absorbing capacity of plants [1–3]. However, in 2021, a protein involved in Cs uptake 
was identified in Arabidopsis roots [4]. Recently, several studies have reported that phytoremediation has applica-
tion potential for the removal of Cs from soil [5, 6]. However, for the phytoremediation of Cs-contaminated soils, the 
plants should have high Cs-absorbing ability and biomass. Quinoa plants (Chenopodium quinoa Willd.) have been 
reported to exhibit the highest Cs-absorbing capacity [7, 8] and biomass [9, 10]. Therefore, quinoa is one of the 
most commonly used plants for the phytoremediation of Cs-contaminated soils. Moreover, previous studies have 
reported that the growth of and absorption of Cs by quinoa plants was enhanced by the application of NaCl in soil 
[9–12]. Wada et al. [10] reported that the maximum proportion of Cs was accumulated in the leaves of quinoa plants, 
and Cs was not translocated from the leaves to the panicle after the seed-filling stage. Cs are toxic to plants when 
absorbed at high concentrations [13–17], and high concentrations of Cs accumulated in quinoa leaves should be 
extracellularly excreted or detoxified. Quinoa plants possess epidermal bladder cells (EBCs) on the leaf surface, and 
excess Na accumulates in these cells [18–20]. However, whether the accumulated Cs are transported from the leaves 
to the EBCs in quinoa plants is unclear. Thus, in this study, we investigated the concentration of Cs in EBCs and leaves 
of quinoa plants grown in soil treated with high concentrations of NaCl.

2  Materials and methods

2.1  Cultivation conditions and plots

The present study was conducted in an experimental field at Nihon University (Fujisawa City, Kanagawa, Japan) in 
2019, and 2020. We used the quinoa (Chenopodium quinoa Willd.) variety CICA-127 for this study. The experiments 
were performed in Wagner pots (1/5000a a; diameter: approximately 16 cm; height: approximately 25 cm) filled with 
2.6 kg of field soil, 0.95 g of ammonium sulfate (TORAY Ind., Tokyo, Japan), 1.14 g of superphosphate (Katakura & 
Co-op Agri Corporation), and 0.10 g of CsCl (Wako Pure Chemical Industries, Tokyo, Japan). This field soil was used 
for all plots, including the control. The pots were subjected to three different plots: 9.75 g NaCl plot, 19.50 g NaCl 
plot [10] and control (0.00 g NaCl) treatments. In the 9.75 g and 19.50 g plots, 9.75 g and 19.5 g of NaCl were added 
to the field soil, respectively. NaCl and fertilizer were mixed with 2.6 kg of soil, and CsCl was added to the top 5 cm of 
the soil in all pots. Twenty quinoa seeds per pot were sown on May 16, 2019, and on June 22, 2020. All pots (60 pots 
per plot) were placed randomly and independently in unheated vinyl (roof ) and net (side) houses from the sowing 
stage to the leaf sampling stage. Weeds, diseases, and insects were controlled during cultivation. The seedlings were 
thinned to three plants per pot at the third-leaf stage.

2.2  Experiment 1: Determination of Cs content in leaves and EBCs

All leaves were sampled from 15 pots in each plot on the following dates: June 24, 2019 (vegetative stage); July 22, 
2019 (flowering stage); August 3, 2020 (vegetative stage); and August 24, 2020 (flowering stage). In this experiment, 
leaves from three pots were used as one replicate; thus, five replicates were prepared for each growth stage in a 
randomized block design. After removing the EBCs from the leaf surface using a brush [21], the leaves without EBCs, 
and EBCs were collected. Intact leaves (with EBCs) were collected from the quinoa plants in the remaining 3 pots at 
both stages. The EBCs and the leaves with and without EBCs were dried at 80 °C for 48 h using a drying machine. The 
dried leaves with and without EBCs were ground to a powder using a blender. For the measurement of Cs, K, and Na 
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concentrations, 0.3–0.5 g of ground material and EBCs was digested in 20.0 mL of  HClO4 (Kanto Chemical Co., Inc., 
Tokyo, Japan) for 3 h at 100 ℃ using an acid digestion system, and Cs, K, and Na concentrations were determined 
using atomic absorption spectrophotometry (AAS; iCE 3300 AAS Thermo Fisher Scientific, Waltham, MA, USA).

The top 5 cm of the soil from each plot (0.00 g plot, 9.75 g plot and 19.50 g plot) at the time of sowing was air-
dried to measure the following physicochemical properties of the soil: pH  (H2O), electrical conductivity (EC), and 
total Cs, K, and Na concentrations. The pH and EC were measured using a glass electrode and 1:5 water extraction 
method, respectively. For the measurement of total Cs, K, and Na concentration, 1.0 g of air-dried soil was digested 
in 20.0 mL of  HClO4 (Kanto Chemical Co., Inc., Tokyo, Japan) for 3 h at 100 ℃ using an acid digestion system, and 
Cs, K, and Na concentrations were determined using atomic absorption spectrophotometry (iCE 3300 AAS Thermo 
Fisher Scientific, Waltham, MA, USA).

2.3  Experiment 2: Determination of the number and diameter of EBCs

The leaves on the upper 1st, 3rd, and 5th nodes of the main stem of six pots in each plot were sampled on June 
24, 2019 (vegetative stage); July 22, 2019 (flowering stage); August 3, 2020 (vegetative stage); and August 24, 2020 
(flowering stage). The leaves on the upper first node of the main stem are the youngest leaves on the main stem, 
and the leaves on the third and fifth nodes become older. In this experiment, leaves from one pot (three plants) were 
used as one replicate; thus, six replicates were prepared for each growth stage in a randomized block design. The 
number and diameter of EBCs were analyzed at the face and the center of the leaf surface using scanning electron 
microscopy (SEM) (S-3500N Hitachi Ltd., Tokyo, Japan). The number of EBCs was counted in a 0.292-mm2 leaf area 
(length × width: 623 µm × 468 µm) of 18 plants (3 plants × 6 replicates) in each plot. The diameter of the EBCs (μm) 
was measured in randomly selected nine cells per leaf of 18 plants in each leaf position and plot. The diameter was 
measured with a distance measurement system on the screen of an electric microscope.

2.4  Statistical analysis

In experiment 1, all values are expressed as average and their standard error. Significant differences at 5% level among 
plots (0.00 g, 9.75 g and 19.50 g plots) and parts (leaf, EBC and leaf without EBC) were determined using Tukey’s 
multiple means test and three-way (year, part, and plot) analysis of variance (ANOVA) using the Kaleida Graph ver. 
4.0 software. In Table 1, the lowercase letters indicate between plots in each year. In Tables 2,3 and 4, the lowercase 
letters indicate between plots in each year, the capital letters indicate between parts (leaf, EBC and leaf without EBC) 
in each plot and year.

In experiment 2, all values are expressed as average and their standard error. The significant differences at 5% level 
among the plots (0.00 g, 9.75 g and 19.50 g plots) and leaf position on the main stem (1st, 3rd and 5th node) were 
determined using Tukey’s multiple means test and two-way (leaf position and plot) ANOVA using the Kaleida Graph 
ver. 4.0 software. In Tables 4 and 5, the capital letters indicate between plots in each leaf position.

Table 1  Soil analyze at sowing 
time

Average ± standard error

Values followed by different letters are significantly different at P ≦ 0.05 by the Tukey’s multiple test

Year Plot (g) pH EC Cs K Na
(dS/m) (mg/g) (mg/g) (mg/g)

2019 0.00 5.60 ± 0.10a 0.54 ± 0.10b 0.06 ± 0.00a 0.40 ± 0.00a 1.18 ± 0.04b
9.75 5.45 ± 0.05ab 2.42 ± 0.82ab 0.05 ± 0.00a 0.41 ± 0.01a 4.60 ± 0.56ab

19.50 5.15 ± 0.05b 4.55 ± 0.09a 0.05 ± 0.01a 0.49 ± 0.05a 10.64 ± 3.09a
2020 0.00 5.60 ± 0.00a 0.59 ± 0.16c 0.05 ± 0.00a 0.74 ± 0.00a 3.28 ± 0.06c

9.75 5.45 ± 0.03a 1.71 ± 0.06b 0.04 ± 0.00ab 0.78 ± 0.01a 6.32 ± 0.12b
19.50 5.05 ± 0.06b 4.72 ± 0.20a 0.04 ± 0.00b 0.75 ± 0.03a 15.31 ± 0.74a
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3  Results

3.1  Physicochemical characteristics of the soil at the sowing stage

Soil pH of 0.00 g plot was 5.60 in both years. EC (electrical conductivity) of 0.00 g plot was 0.54 dS/m in 2019, and 0.59 dS/m 
in 2020. Na concentration of 0.00 g plot was 1.18 mg/g in 2019, and 3.28 mg/g in 2020. Soil pH of 9.75 g and 19.50 g plots 
decreased with increasing NaCl application, whereas EC and Na concentration of both plots increased with increasing NaCl 
application in both years. The EC of the 9.75 g plot was about 3.0 times higher than that of 0.00 g plot in 2020. The EC of the 
19.50 g plots in both years was about 8.0 times higher than that of 0.00 g plots. The Na concentration of the 9.75 g plot was 
about 2.0 times higher than that of the 0.00 g plot in 2020. The Na concentration of the 19.50 g plots in each year was about 
9.0 times in 2019, about 4.5 times in 2020 higher than those of the 0.00 g plots. These differences were significant at the 5% 
level. However, Cs concentration in 2019 and K concentration in both years did not exhibit any change with increasing NaCl 
application (Table 1).

Table 2  Effects of NaCl application on the Cs concentration of leaf, EBC and leaf without EBC

Average ± standard error

Values followed by different letters are significantly different at P ≦ 0.05 by the Tukey’s multiple test. The lowercase letters indicate between 
plots in each leaf position, and the capital letters indicate between leaf positions in each plot

ns, not statistically significant at P ≦ 0.05, ***, *, Statistically significant at P ≦ 0.001, and 0.05, respectively

Year Plot (g) Leaf(mg/g) EBC(mg/g) Leaf without EBC(mg/g)

Vegetative stage Flowering stage Vegetative stage Flowering stage Vegetative stage Flowering stage

2019 0.00 1.09 ± 0.13b B 2.67 ± 0.19a A 1.76 ± 0.21b   A 2.93 ± 0.25b   A 0.87 ± 0.07b B 2.27 ± 0.19c A
9.75 1.15 ± 0.19b B 3.08 ± 0.18a A 2.29 ± 0.12ab A 3.65 ± 0.27ab A 1.20 ± 0.24b B 3.03 ± 0.58b A

19.50 2.28 ± 0.53a A 3.27 ± 0.56a B 2.75 ± 0.34a   A 4.26 ± 0.33a   A 2.26 ± 0.45a A 3.96 ± 0.38a A
2020 0.00 1.46 ± 0.20b B 1.99 ± 0.05b B 2.77 ± 0.05a   A 3.05 ± 0.05b  A 1.78 ± 0.06b B 1.97 ± 0.16b B

9.75 1.82 ± 0.38a B 2.74 ± 0.18a B 2.55 ± 0.07a   A 3.80 ± 0.02a   A 1.75 ± 0.16b B 2.30 ± 0.30b B
19.50 1.94 ± 0.10a B 2.82 ± 0.18a B 2.59 ± 0.10a   A 3.87 ± 0.06a   A 2.13 ± 0.07a AB 3.15 ± 0.26a B

Three-way ANOVA Vegetative stage Flowering stage

Year 2019 1.74 ± 0.23 3.24 ± 0.21
2020 2.09 ± 0.15 2.85 ± 0.23

Part Leaf 1.62 ± 0.19 2.76 ± 0.18
EBC 2.45 ± 0.16 3.59 ± 0.21
Leaf without EBC 1.67 ± 0.22 2.78 ± 0.30

Plot 0.00g 1.62 ± 0.27 2.48 ± 0.19
9.75g 1.79 ± 0.23 3.10 ± 0.23
19.50g 2.33 ± 0.12 3.56 ± 0.23

Year (A) *** ***
Part (B) *** ***
Plot (C) *** ***

A × B ns *
A × C ns ns
B × C ns ns
A × B × C ns ns
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3.2  Concentration of different ions in EBCs and leaves with and without EBCs

3.2.1  Cs+ concentration

First, the  Cs+ concentration of leaves, EBCs and leaves without EBCs were compared between plots each year. The  Cs+ 
concentration in the leaves increased with increasing NaCl application in both growth stages; moreover, except for 
the flowering stage in 2019. In 2019, there was a significant difference at the 5% level between the 0.00 g and 19.50 g 
plots at the vegetative stage, in 2020, there was a significant difference at the 5% level between the 0.00 g, and 9.75 g 
or 19.50 g plots at both growth stages. The  Cs+ concentration of the EBCs increased with increasing NaCl application 
except for vegetative stage in 2020. In 2019, there was a significant difference at the 5% level between the 0.00 g and 
19.50 g plots at both growth stages, in 2020, there was a significant difference at the 5% level between the 0.00 g, and 
9.75 g or 19.50 g plots at flowering stage. The  Cs+ concentration in leaves without EBCs increased with increasing NaCl 
application at both growth stages. In both years, there was a significant difference at the 5% level between the 0.00 g 
and 19.50 g plots at both growth stages.

The  Cs+ concentration of the same plot was compared between leaves, EBCs and leaves without EBCs at each growth 
stage in each year. The  Cs+ concentration of the EBCs was higher than those of leaves and leaves without EBCs. At vegeta-
tive stage in 2019, the  Cs+ concentration of leaves and leaves without EBCs of 0.00 g and 9.75 g plots were significantly 
lower than that of EBCs. At the flowering stage in 2019, the  Cs+ concentration of leaves of 19.50 g plot was significantly 
lower than that of EBCs and leaves without EBC. In 2020, the  Cs+ concentration of leaves and leaves without EBCs of all 

Table 3  Effects of NaCl application on the K concentration of leaf, EBC and leaf without EBC

Average ± standard error

Values followed by different letters are significantly different at P ≦ 0.05 by the Tukey’s multiple test. The lowercase letters indicate between 
plots in each leaf position, and the capital letters indicate between leaf positions in each plot

ns, not statistically significant at P ≦ 0.05, ***, **, statistically significant at P ≦ 0.001, and 0.01, respectively

Year Plot (g) Leaf(mg/g) EBC (mg/g) Leaf without EBC (mg/g)

Vegetative stage Flowering stage Vegetative stage Flowering stage Vegetative stage Flowering stage

2019 0.00 45.2 ± 4.2a B 41.6 ± 3.4a B 210.6 ± 2.7a A 188.7 ± 4.8a  A 36.4 ± 2.4a B 45.8 ± 2.4a B
9.75 39.1 ± 4.2a B 46.5 ± 3.7a B 200.2 ± 5.3a A 158.0 ± 3.8b  A 42.5 ± 2.7a B 46.9 ± 2.0a B

19.50 54.2 ± 4.4a B 38.2 ± 4.3a B 203.6 ± 5.5a A 154.2 ± 0.4b  A 36.6 ± 2.5a B 48.8 ± 2.4a B
2020 0.00 56.0 ± 4.9a B 44.8 ± 1.2c  B 162.7 ± 2.1b A 218.6 ± 2.8a   A 45.0 ± 1.9b B 55.5 ± 0.6a B

9.75 58.9 ± 4.5a B 56.3 ± 1.9b B 194.9 ± 3.7a A 196.5 ± 5.1ab A 51.6 ± 2.2b B 56.1 ± 1.4a B
19.50 65.3 ± 5.6a B 70.8 ± 1.7a B 117.1 ± 8.6c A 178.5 ± 9.0b  A 74.7 ± 3.4a B 51.3 ± 4.9a B

Three-way ANOVA Vegetative stage Flowering stage

Year 2019 96.5 ± 27.2 85.4 ± 20.7
2020 91.8 ± 18.1 103.2 ± 24.0

Part Leaf 53.1 ± 3.9 49.7 ± 4.9
EBC 181.5 ± 14.6 182.4 ± 9.9
Leaf without EBC 47.8 ± 5.9 50.7 ± 1.8

Plot 0.00 g 92.7 ± 30.5 99.2 ± 33.3
9.75 g 97.9 ± 31.7 93.4 ± 27.0
19.50 g 91.9 ± 24.9 90.3 ± 24.6

Year (A) ***  ***
Part (B) ***  ***
Plot (C) **  ns
A × B ***  ***
A × C ns  ns
B × C ***  ***
A × B × C ns  ns
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plots at both growth stages, except for leaf without EBCs of 19.50 g plot at vegetative stage were significantly lower 
than those of EBCs.

Three-way ANOVA detected the significant effect of year, part and plot on the  Cs+ concentration at both growth 
stages (Table 2).

3.2.2  K+ concentration

First, the  K+ concentration of leaves, EBCs and leaves without EBCs were compared between plots each year. The  K+ 
concentration of leaves, EBCs and leaves without EBCs did not increase with increasing NaCl application in both growth 
stages, and years, except for leaves at flowering stage and leaves without EBCs at vegetative stage in 2020.

The  K+ concentration of same plot was compared between leaves, EBCs and leaves without EBCs at each growth stage 
in each year. The  K+ concentration of EBCs was significantly higher than those of leaves and leaves without EBCs at both 
growth stages in both years.

Three-way ANOVA detected the significant effect of year, part and plot on the  K+ concentration at both growth stages, 
except for the plot at flowering stage (Table 3).

3.2.3  Na+ concentration

First, the  Na+ concentration of leaves, EBCs and leaves without EBCs were compared between plots each year.

Table 4  Effects of NaCl application on the Na concentration of leaf, EBC and leaf without EBC

Average ± standard error

Values followed by different letters are significantly different at P ≦ 0.05 by the Tukey’s multiple test. The lowercase letters indicate between 
plots in each leaf position, and the capital letters indicate between leaf positions in each plot

ns, not statistically significant at P ≦ 0.05, ***, **, and * statistically significant at P ≦ 0.001, 0.01, and 0.05, respectively

Year Plot (g) Leaf(mg/g) EBC (mg/g) Leaf without EBC (mg/g)

Vegetative stage Flowering stage Vegetative stage Flowering stage Vegetative stage Flowering stage

2019 0.00 1.20 ± 0.42b  A 0.15 ± 0.02b   B 0.83 ± 0.06c A 0.72 ± 0.03b A 0.83 ± 0.09c   A 0.14 ± 0.01b   B
9.75 12.80 ± 1.29a  A 1.12 ± 0.28ab A 1.64 ± 0.18b B 0.80 ± 0.02b A 12.36 ± 1.12b   A 0.60 ± 0.09b   A

19.50 11.64 ± 2.25a  A 2.21 ± 0.62a   A 2.76 ± 0.16a B 1.14 ± 0.03a B 16.83 ± 1.28a   A 2.77 ± 0.61a   A
2020 0.00 0.37 ± 0.07b  A 0.18 ± 0.01b   B 0.60 ± 0.02c A 0.62 ± 0.02b A 0.37 ± 0.01b    A 0.12 ± 0.01b   B

9.75 3.49 ± 0.85a   A 2.50 ± 1.09ab AB 1.03 ± 0.03b B 0.65 ± 0.03b B 4.26 ± 0.11a   A 4.33 ± 1.33ab A
19.50 2.83 ± 0.52a   AB 4.94 ± 0.93a   A 1.28 ± 0.03a B 1.11 ± 0.02a B 4.42 ± 0.69a   A 6.24 ± 1.53a   A

Three-way ANOVA Flowering stage Flowering stage

Year 2019 6.77 ± 2.16 1.07 ± 0.29
2020 2.07 ± 0.56 2.30 ± 0.77

Part Leaf 5.38 ± 2.21 1.85 ± 0.74
EBC 1.36 ± 0.32 0.84 ± 0.09
Leaf without EBC 6.51 ± 2.71 2.36 ± 1.04

Plot 0.00 g 0.70 ± 0.13 0.32 ± 0.11
9.75 g 5.93 ± 2.16 1.67 ± 0.61
19.50 g 6.63 ± 2.53 3.07 ± 0.86

Year (A) ***  ***
Part (B) ** **
Plot (C) *** ***
A × B ** **
A × C ns ns
B × C * *
A × B × C ns ns
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The  Na+ concentration in the leaves with EBCs increased with increasing NaCl application at both growth stages in 
both years. At vegetative stage, the  Na+ concentrations of the leaves, EBCs and leaves without EBC of 9.75 g and 19.50 g 
plots were significantly higher than those of 0.00 g plots in both years. At flowering stage, the  Na+ concentrations of 
the leaves, EBCs and leaves without EBCs of 19.50 g plot were significantly higher than that of 0.00 g plot in both years.

The  Na+ concentration of same plot was compared between leaves, EBCs and leaves without EBCs at each growth 
stage in each year.

At vegetative stage in 2019, the  Na+ concentration of leaves and leaves without EBCs of 9.75 g and 19.50 g plots were 
significantly higher than that of EBCs. At flowering stage in 2019, the  Na+ concentration of leaves and leaves without 
EBCs of 19.50 g plot was significantly higher than that of EBCs. At vegetative stage in 2020, the  Na+ concentration of 
leaves and leaves without EBCs of 9.75 g plots were significantly higher than that of EBCs. At flowering stage in 2020, 
the  Na+ concentration of leaves of 19.50 g plot and leaves without EBCs of 9.75 g and 19.50 g plots were significantly 
higher than that of EBCs.

Three-way ANOVA detected the significant effect of year, part and plot on the  Na+ concentration at both growth 
stages (Table 4).

3.3  Number and diameter of EBCs

3.3.1  Number

In this table, the first leaf is the youngest among all leaves, and the fifth leaf is older than the first and third leaves. At 
vegetative stage, the number of EBCs of first, third and fifth leaves of 0.00 g plot were 266.1 cells/mm2, 126.7 cells/
mm2 and 60.9 cells/mm2, respectively. At flowering stage, the number of EBCs of first, third and fifth leaves of 0.00 g 

Table 5  Effects of NaCl application on the number of EBC on leaf surface

Average ± standard error

Values followed by different letters are significantly different at P ≦ 0.05 by the Tukey’s multiple test. The lowercase letters indicate between 
plots in each leaf position, and the capital letters indicate between leaf positions in each plot

ns, not statistically significant at P ≦ 0.05, ***, **, Statistically significant at P ≦ 0.001, and 0.01, respectively

Leaves are younger in the order of 1st, 3rd and 5th leaves

Leaf position on the stem Plot (g) Vegetative stage (cells/mm2) Flowering stage 
(cells/mm2)

1 0.00 266.1 ± 34.0a A 285.6 ± 2.2a   A
9.75 195.1 ± 8.9a   A 157.2 ± 29.6b A

19.50 272.4 ± 19.6a A 286.2 ± 14.4a A
3 0.00 126.7 ± 15.1a B 146.0 ± 21.1a B

9.75 121.3 ± 9.0a   B 99.1 ± 9.9a  AB
19.50 108.3 ± 12.8a B 177.6 ± 29.7a B

5 0.00 60.9 ± 10.3a B 81.9 ± 19.5a C
9.75 52.3 ± 14.8a C 77.6 ± 16.1a B

19.50 52.0 ± 3.3a    C 60.9 ± 12.7a C

Two-way ANOVA Vegetative stage Flowering stage

Leaf position on the stem 1 244.5 ± 15.2 243.0 ± 18.0
3 118.8 ± 7.1 140.9 ± 14.2
5 55.1 ± 5.8 73.5 ± 9.1

Plot 0.00 g 151.3 ± 24.0 171.2 ± 22.5
9.75 g 122.9 ± 15.4 111.3 ± 13.7
19.50 g 144.3 ± 23.9 174.9 ± 24.9

Leaf position on the stem (A) *** ***
Plot (B) ns ***
A × B ns ns



Vol:.(1234567890)

Research Discover Applied Sciences            (2024) 6:75  | https://doi.org/10.1007/s42452-024-05713-8

plot was 285.6 cells/mm2, 146.0 cells/mm2 and 81.9 cells/mm2, respectively. The number of EBCs did not change with 
increasing NaCl application at both growth stages.

The number of EBCs of same plot was compared between leaf positions at each growth stage.
The number of EBCs of the older leaves was lower than that of the younger leaves at both growth stages. At 

vegetative stage, the number of EBCs of first leaves of all plots was significantly higher than those of third and fifth 
leaves, and at flowering stage, the number of EBCs of first leaves of 0.00 g and 19.50 g plots was significantly higher 
than those of third and fifth leaves.

Two-way ANOVA detected the significant effect of leaf position on the number of EBCs at both growth stages, and 
the significant effect of a plot on the number of EBCs at flowering stage (Table 5, Fig. 1).

3.3.2  Diameter

At vegetative stage, the diameter of EBCs of first, third and fifth leaves of 0.00 g plot was 69.8 μm, 57.9 μm and 
50.2 μm, respectively. At flowering stage, the diameter of EBCs of first, third and fifth leaves of 0.00 g plot was 61.4 μm, 
57.3 μm and 41.9 μm, respectively. The diameter of the EBCs of first and third leaves increased with increasing NaCl 
application at vegetative stage. However, the diameter of the EBCs of fifth leaf did not increase with increasing NaCl 
Application at vegetative stage. In first leaf at vegetative stage, the diameter of EBCs of 9.75 g and 19.50 g plots was 
significantly bigger than that of 0.00 g plot. In third leaf at vegetative stage, the diameter of EBCs of 9.75 g plot was 
significantly bigger than that of 0.00 g plot. And at flowering stage, the diameter of the EBCs of first leaf increased 
with increasing NaCl application. The diameter of EBCs of the third and fifth leaves did not increase with increasing 
NaCl at flowering stage. In first leaf at flowering stage, the diameter of EBCs of 19.50 g plots was significantly bigger 
than those of 0.00 g and 9.75 g plots.

The diameter of EBCs of same plot was compared between leaf positions at each growth stage. At vegetative stage, 
the diameter of EBCs of 9.75 g and 19.50 g plots of first leaf were bigger than those of third and fifth leaves. At flowering 
stage, the diameter of EBCs of 19.50 g plots of first and third leaves was bigger than that of fifth leaf.

At vegetative stage, the average diameter of EBCs of first, third and fifth leaves was 94.5 μm, 71.7 μm and 58.3 μm, 
respectively. The average diameter of EBC of 0.00 g, 9.75 g and 19.50 g plots were 59.6 μm, 89.4 μm and 75.5 μm, respec-
tively. At flowering stage, the average diameter of EBCs of first, third and fifth leaves was 68.1 μm, 61.3 μm and 47.4 μm, 
respectively. The average diameter of EBCs of 0.00 g, 9.75 g and 19.50 g plots were 53.6 μm, 55.6 μm and 67.6 μm, 
respectively. Two-way ANOVA detected the significant effect of leaf position plot on the diameter of EBCs at both growth 
stages (Table 6, Fig. 1).

Fig. 1  EBCs of the leaf surface on upper 1st, 3rd and 5th node of main stem
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4  Discussion

4.1  Effects of NaCl on the concentration of  Na+,  K+ and  Cs+ ions in leaves and EBCs

The presence of toxic compounds in the cytoplasm or around the nucleus of plant cells impairs their physiological 
functions and can lead to cell death. However, some plants translocate toxic compounds to the vacuoles to maintain 
cellular physiology and metabolic functions [22–24]. EBCs with large vacuoles are larger than epidermal cells; thus, 
they push the nucleus to the edge of the cell [25]. Therefore, EBCs accumulate large amounts of toxic substances and 
ions.  Na+ is an ion that inhibits plant growth [26]. In the present study, the average  Na+ concentration of the soil and 
the leaves from both NaCl application (9.75 g and 19.50 g) plots increased (Tables 1 and 4). However, the average  Na+ 
concentration in the EBCs was lower than those in the leaves and leaf without EBCs at both growth stages (Table 4); 
this result does not follow those of previous studies [18–20]. Quinoa is characterized by the presence of EBCs on the 
surface of leaves, stem, and panicles, and the EBCs accumulate high proportion of  Na+, thereby enhancing the salt 
tolerance of the plants [20, 27–31]. However, Wada et al. [10] reported that in quinoa plants, the highest concentra-
tion of  Na+ was accumulated in the stems (leaf, stem, and panicle), indicating that quinoa plants can accumulate 
 Na+ in the stem. Thus, quinoa plants accumulate excess  Na+ in the EBCs present on the stem surface but not in those 
on the leaf surface. Moreover, we determined the  Na+ concentration of only leaves and EBCs on the leaf surface but 
did not investigate that of the stems and EBCs on the stem surface. Therefore, to identify the most functional EBCs 
for  Na+ accumulation, it is essential to compare the  Na+ concentrations in the EBCs of the leaves and in those of the 
stems of quinoa plants.

Many plants absorb  K+ ions from the soil to maintain cellular osmolality under high salinity conditions [32, 33]. In 
the present study, the  K+ concentration in the leaves and EBCs did not increase with NaCl application except for the 

Table 6  Effects of NaCl application on the diameter of EBC on leaf surface

Average ± standard error

Values followed by different letters are significantly different at P ≦ 0.05 by the Tukey’s multiple test. The lowercase letters indicate between 
plots in each leaf position, and the capital letters indicate between leaf positions in each plot

ns, not statistically significant at P ≦ 0.05, ***, *, Statistically significant at P ≦ 0.001, and 0.05, respectively

Leaves are younger in the order of 1st, 3rd and 5th leaves

Leaf position on the stem Plot (g) Vegetative stage (μm) Flowering stage(μm) 

1 0.00 69.8 ± 6.6c  A  61.4±4.3b A
9.75 116.0 ± 3.9a  A  62.1±5.4b A

19.50 97.8 ± 2.9b  A  80.7±2.6a A
3 0.00 57.9 ± 5.7b  A  57.3±5.4a A

9.75 88.8 ± 3.5a   B  55.0±7.6a A
19.50 68.4 ± 6.4ab B  71.5±4.5a A

5 0.00 50.2 ± 10.0a A  41.9±7.3a A
9.75 63.4 ± 8.2a  C  49.6±8.2a A

19.50 60.4 ± 6.9a  B  50.5±8.2a B

Two-way ANOVA Vegetative stage Flowering stage

Leaf position on the stem 1 94.5 ± 4.2 68.1 ± 2.8
3 71.7 ± 3.7 61.3 ± 3.6
5 58.3 ± 4.8 47.4 ± 4.5

Plot 0.00 g 59.6 ± 4.4 53.6 ± 3.5
9.75 g 89.4 ± 4.8 55.6 ± 4.1
19.50 g 75.5 ± 4.2 67.6 ± 3.8

Leaf position on the stem (A) ***  ***
Plot (B) ***  *
A × B ns  ns
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leaf at flowering stage and leaf without EBC at vegetative stage in 2020. And the results of two-way ANOVA showed 
that  K+ concentration was not affected by the plot (NaCl application) at flowering stages. Moreover, at average  K+ 
concentration of 0.00 g plot was 92.7 mg/g, and that of 19.50 g plot was 91.9 mg/g. The value of 19.50 g plot was 
not higher than that of 0.00 g plot (Table 3). One reason for this result could be that  K+ was not added to the soil. 
Moreover, NaCl application increased the absorption of Cs, a Group I alkali metal, instead of  K+ (Table 2), and aver-
age  Cs+ concentration of the EBCs of all plots at both growth stages (2.45 mg/g at vegetative stage, 3.59 mg/g at 
flowering stage) was higher than that of the leaves (1.62 mg/g and 2.76 mg/g) (Table 2). This suggested that the  Cs+ 
absorbed by the leaves was transferred to the ECBs. At high concentrations,  Cs+ is toxic to plants [4, 5, 34]. Moreover, 
as  Cs+ concentration in the cells increases, cytotoxicity increases due to the decrease in or the inhibition of enzyme 
activity [6]. Therefore, upon absorption of high concentrations of  Cs+ by the leaves, it is actively transferred to EBCs, 
which possess large vacuoles, to avoid damage. Each EBCs complex consists of a leaf epidermal cell, a stalk cell, and 
a bladder; the stalk cells function as both a selectivity filter and flux controller of ions and other metabolites [35], 
suggesting that the stalk cells also play an important role in the transport of  Cs+ to EBCs. However, further studies 
are needed to verify this hypothesis. Therefore, most of the absorbed  Cs+ in quinoa plants is accumulated in the EBCs 
on the leaf surface to discharge  Cs+ from the leaves.

4.2  Effects of NaCl on the number and size of EBCs

Many halophytes have developed salt glands as an evolutionary mechanism to store and exclude salt [36, 37]. Various 
types of salt glands are present in plants, including EBCs, multicellular glands, bicellular hair, and unicellular hair [38]. 
Several studies have reported that EBCs play an important role in enhancing the salt tolerance of quinoa plants [25, 30, 
31, 39, 40]. Therefore, we hypothesized that the size and density of EBCs are important factors in conferring the salt-
tolerance ability of quinoa plants. In the present study, the average density of EBCs on the leaf surface in younger leaves 
of all plots was higher than that in mature leaves at both growth stages (244.5 cells/mm2 in first leaf, 118.8 cells/mm2 in 
third leaf and 55.1 cells/mm2 in fifth leaf at vegetative stage, 243.0 cells/mm2 in first leaf, 140.9 cells/mm2 in third leaf 
and 73.5 cells/mm2 in fifth leaf at flowering stage) (Table 5, Fig. 1), which is similar to that reported by Orsini et al. (2011). 
Moreover, the density and size of the leaf epidermal salt glands vary in response to various environmental conditions, 
such as salinity, light intensity, and aeration. For example, the size of EBCs and ploidy level of M. crystallinum increase 
under salinity stress [29]. In contrast, Orsine et al. [41] did not report any significant differences in EBCs density between 
untreated and salt-treated plants. Karimi and Ungar [42] reported that an increase in salinity led to a decrease in salt 
hair density and an increase in EBCs size. Thus, the effects of salt stress on the size and density of EBC may vary among 
plant species and experimental conditions. In the present study, the density of the EBC did not increase; however, the 
results of two-way ANOVA showed that the size of the EBCs was affected with NaCl application at both growth stages. 
The average EBCs diameter of the 9.75 g (89.4 μm at vegetative stage, 55.6 μm at flowering stage) and 19.50 g (75.5 μm 
at vegetative stage, 67.6 μm at flowering stage) plots were bigger than that of the 0.00 g (59.6 μm at vegetative stage, 
53.6 μm at flowering stage) plots at both growth stages (Table 6, Fig. 1). Therefore, the accumulation capacity of toxic 
ions, i.e.,  Cs+ and  Na+, increased by the application of NaCl. Isobe et al. [9] and Wada et al. [10] reported that the growth 
of quinoa plants and their Cs-absorbing increased with the application of NaCl. Moreover, the present study elucidates 
that NaCl promoted the growth, Cs-absorbing capacity, and size of the EBC to increase Cs accumulation. Thus, quinoa 
can be used for the phytoremediation of Cs-contaminated soil.

5  Conclusions

Quinoa plants possess EBCs on the leaf surface, and excess Na accumulates in these cells. We observed that NaCl appli-
cation increased the growth of the aboveground parts of Cs absorption by quinoa plants in a previous study. However, 
whether the accumulated  Cs+ are transported from the leaves to the EBCs in quinoa plants is unclear. Thus, in this study, 
we investigated the concentration of  Cs+ in EBCs and leaves of quinoa plants grown in soil treated with high concentra-
tions of NaCl. We observed that the concentrations of  Cs+ were higher in the EBCs than in the leaves and the accumulation 
of  Cs+ in the EBC was promoted by the application of NaCl. NaCl application did not affect the number of EBCs, but, the 
diameter of EBC increased with NaCl application. The accumulation of  Cs+ was also supported by the increase in the size 
of EBC. Therefore, the optimal conditions for increasing both these parameters should be investigated in future studies. 
The results of this study suggest that quinoa can be used for the phytoremediation of Cs-contaminated soils.
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