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Abstract In this study, we clarified the effects of NaCl
application on the growth and Cs absorption in quinoa
(Chenopodium quinoa Willd.). Pot experiments using
Wagner pots (1/5000a) were conducted in an experimen-
tal field at Nihon University during 2014, 2015, and
2016, using quinoa variety CICA-127. Growth of quinoa
and Cs absorption by quinoa were promoted by the
application of NaCl. The Cs content of aboveground parts
of plants was also increased by the application of NaCl;
however, the differences in Cs content among plots were
not significant. Thus, the reason for the increase in Cs
absorption was the promotion of biomass by the applica-
tion of NaCl. The exchangeable K content in the soil and
the growth of quinoa were increased by the application of
KCl. Therefore, increasing the exchangeable K content in
soil by the application of KCl has contributed to the
increased accumulation of K and the decreased accumu-
lation of Cs in the aboveground parts of plants. Thus, the
lower exchangeable K content in soil led to a lower plant
K content and a greater absorption of Cs by quinoa.

Keywords Cesium . Exchangeable potassium . NaCl .
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1 Introduction

Many plant species are very sensitive to soil salinity, and
growth is often inhibited under high salinity conditions
(Tuteja 2007). However, the growth of some plant species
is promoted under high salinity conditions; these plant
species are generally known as halophytes (Tuteja 2007;
Flower and Colmer 2008; Orlovsky et al. 2016). Quinoa
(Chenopodium quinoaWilld.) is known to be a halophyte,
with high salinity tolerance (Jacobsen et al. 2003; Koyro
et al. 2008; Adolf et al. 2012). Several studies have shown
quinoa to be highly tolerant to salinity at germination and
various other growth stages (Isobe et al. 2014; Saleem
et al. 2017). Many halophytes absorb K ions (K+) from
soil in order to grow under high salinity conditions (Tuteja
2007). K and Cs are group I alkali metals, with similar
chemical properties (White and Broadley 2000; Nishioka
et al. 2011). The influx of these cations to root cells is
mediated by the same molecular mechanism (White and
Broadley 2000). Thus, we consider that under high salin-
ity conditions, quinoa plants increase absorption of Cs
ions (Cs+), but not absorb them instead of K+ from soil.
Quinoa plants have been identified to have with the
highest Cs absorption capacity (Broadley et al. 1999).

A large amount of radiocesium (134Cs and 137Cs) was
released into the environment as a consequence of the
accident at Fukushima Daiichi Nuclear Power Plant that
occurred on March 11, 2011 (Chino et al. 2011; Fujii
et al. 2014). The released radiocesium was deposited on
land and sea surfaces. In agricultural fields, there has
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been a focus on reducing the translocation of
radiocesium from soil to the edible parts of crops
(Miyahara 2014; Watanabe 2014; Sato 2014).
Phytoremediation is a useful plant-based cleanup tech-
nique for decontaminating soils; it can decontaminate
large areas of agricultural land at a low cost (Broadley
et al. 1999; Dushenkov et al. 1999; Hayakawa and
Kurihara 2002; Sato 2014; Ogata et al. 2015; Kubo
et al. 2016; Kang et al. 2017; Kubo et al. 2017). As
quinoa has a very high Cs absorption capacity (Broadley
et al. 1999) and grows well under high sodium chloride
(NaCl) conditions (Jacobsen et al. 2001; Wilson et al.
2002; Isobe et al. 2014), we hypothesized that when
quinoa growth is promoted under high NaCl conditions,
its Cs absorption capacity would also increase. In this
study, thus, we aimed to clarify the effects of NaCl
application on the growth of quinoa and Cs absorption
by quinoa.

2 Materials and Methods

Pot experiments were conducted in an experimental
field at Nihon University (Fujisawa City, Kanagawa,
Japan) during 2014, 2015, and 2016, using quinoa va-
riety CICA-127. Wagner pots (1/5000a; diameter about
16 cm, high about 25 cm) were used in all experiments.

3 Experiment 1: Effects of NaCl on Quinoa Growth

In pots containing a mixture of 3.2 kg field soil
(Andosol) and 0 g, 8 g, 16 g, 24 g, 32 g, or 48 g of
NaCl (Wako Pure Chemical Industries, Tokyo, Japan),
20 quinoa seeds per pot were sown on August 18, 2014.
In this experiment, N, P, and K fertilizers were not
applied to the pots. The seedlings were thinned to three
plants per pot at the second or third leaf stage. All pots
(10 pots per plot) were placed randomly and indepen-
dently in an unheated glass (roof) and net (side) house
from sowing to maturity, and weeds, diseases, and in-
sects were controlled as necessary during the cultivation
period. On November 6, 2014, the aboveground parts of
plants (stems and leaves) of ten pots per plot were cut at
the soil surface, and about 20 g of soil in these pots was
sampled randomly.

The dry weight of aboveground parts of plants from
five pots per plot was determined after the samples had
been oven dried at 80 °C for 48 h. The fresh weight, Na

content, and K content of aboveground parts of plants as
well as leaf area were measured using the aboveground
parts of plants from another five pots. The fresh weight
of aboveground parts of plants was measured with an
electric balance. Leaf areas were measured with an area
meter (LI-310, LI-COR Inc., Lincoln, NE, USA). The
fresh aboveground parts of plants were ground using a
pestle and mortar. The Na and K contents of the above-
ground parts of plants were determined with an Na ion
meter (SO30, HORIBA, Tokyo, Japan) and a K ion
meter (SO22, HORIBA, Tokyo, Japan), respectively.
The Na and K absorptions of the aboveground parts of
plants were calculated by multiplying the fresh weights
of the aboveground parts of plants by the Na and K
content values.

The soil samples were air-dried to measure the fol-
lowing chemical properties: pH (H2O), electrical con-
ductivity (EC), and soil available Na content. pH and
ECwere measured using the glass electrode method and
the 1:5 water extraction method, respectively. The soil
available Na was extracted from the soil samples using a
soil-to-solution ratio of 1:5 in water and shaking with a
shaker (MMS-310, EYELA, Tokyo, Japan) for 1 h. The
soil available Na content was determined by atomic
absorption spectrophotometry (Z-8200, Hitachi High-
Tech Science, Tokyo, Japan).

All values were expressed as averages and standard
errors. The data were analyzed statistically, and signifi-
cant differences at 5% level among the plots were de-
termined by Tukey multiple means test using Kaleida
Graph ver.4.0 software.

4 Experiment 2: Effects of N and P Fertilizer
and NaCl on Cs Absorption and Growth of Quinoa

Twenty quinoa seeds per pot were sown on August 18,
2015, in pots containing 3.2 kg of field soil and 0.10 g of
CsCl (Wako Pure Chemical Industries, Tokyo, Japan).
CsCl was added to the top 5 cm of the soil in all plots
(contain control). In this experiment, there were four
treatments: NaCl, fertilizer, NaCl + fertilizer, and a
control with no added NaCl or fertilizer, and prepared
ten pots in each plot. In the NaCl plot, 24.0 g of NaCl
was applied to each pot. In the fertilizer plot, 0.2 g of
each N and P2O5, as ammonium sulfate (TORAY Ind.
Inc., Tokyo, Japan) and superphosphate (Katakura &
Co-op Agri Corporation), respectively, was applied to
each pot; this fertilizer amount was shown by pre-
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experiment to result in the optimum growth of quinoa in
this type of pot. In the NaCl + fertilizer plot, NaCl and N
and P2O5 fertilizer were applied to each pot. The seed-
lings were thinned to three plants per pot at the second or
third leaf stage. In this experiment, the NaCl (24.0 g)
and fertilizer (0.2 g of each N and P2O5) were equally
mixed with 3.2 kg of soil.

On October 21 and November 10, 2015, the above-
ground parts of plants from five pots in each plot were
cut at the soil surface. The fresh weight of aboveground
parts of plants, the leaf area, and the dry weights of
aboveground parts of plants was measured by the same
method of experiment 1. The dry aboveground parts of
plants were ground to a powder using a blender. To
measure Cs concentration, 0.5 g ground material was
digested in 20.0 mL HClO4 (Kanto Chemical Co., Inc.,
Tokyo, Japan) for 3 h at 100 °C using an acid digestion
system, and Cs content was determined by atomic ab-
sorption spectrophotometry (Z-8200 Hitachi High-Tech
Science, Tokyo, Japan). The Cs absorption of above-
ground parts of plants was measured by multiplying the
dry weight of the aboveground parts of plants by the Cs
content.

At the start (August 18) of this experiment, the top 5-
cm surface soil from five pots was sampled. The soil
samples were air-dried to measure the following chem-
ical properties: pH (H2O), EC, total Cs content, and soil
available Na content. The pH, EC, and available Na
content were measured by the same method of experi-
ment 1. To measure soil total Cs concentration, 2.0 g air-
dried soil sample was digested in 20.0mLHClO4 for 3 h
at 100 °C. The total Cs content and available Na content
were determined by atomic absorption spectrophotom-
etry (Z-8200 Hitachi High-Tech Science, Tokyo, Japan).

All values were expressed as averages and standard
errors. The data were analyzed statistically, and signifi-
cant differences among the plots were determined by
two-way ANOVA using Kaleida Graph ver.4.0
software.

5 Experiment 3: Effect of KCl on Cs Absorption
and Growth of Quinoa Under High NaCl Conditions

In this experiment, 3.2 kg field soil, 24.0 g of NaCl,
0.10 g of CsCl, and 0.2 g each of N and P2O5, as
ammonium sulfate and superphosphate, respectively,
were applied to all pots. The exchangeable K of the soil
was 11.83mg per 100 g; the treatments comprised 0.0 g,

0.8 g, or 3.0 g of KCl. In each plot, 20 quinoa seeds per
pot were sown on April 30, 2016. The seedlings were
thinned to three plants per pot at the second or third leaf
stage.

On June 28 and July 18, 2016, the aboveground parts
of plants of 10 pots per each plot were cut at the soil
surface, and the soil sampled. The fresh weight of
aboveground parts of plants, leaf area, K content, and
K absorption (K content × fresh weight) of aboveground
parts of plants from five pots per plot were measured by
the same method of experiment 1. The dry weight, Cs
content, and Cs absorption of aboveground parts of
plants from five pots per plot were determined by the
same method of experiment 2.

At the start (April 30) of this experiment, the top 5-
cm surface soil from five pots was sampled. The soil
samples were air-dried to measure the following chem-
ical properties: pH (H2O), EC, available K content, and
total Cs content. The pH, EC, and total Cs content were
measured by the same method of experiment 1 or 2. The
available K content was extracted from the soil samples
using a soil-to-solution ratio of 1:2 in 0.1 M ammonium
acetate and shaking for 10 min. The available K content
was determined by atomic absorption spectrophotome-
try (Z-8200).

All values were expressed as averages and standard
errors. The data were analyzed statistically, and signifi-
cant differences at 5% level among the plots were de-
termined by Tukey multiple means test using Kaleida
Graph ver.4.0 software.

6 Results

6.1 Experiment 1

6.1.1 Soil Chemistry

Soil pH decreased with increasing NaCl application
rates. There was also an increase in EC and Na content
with increasing NaCl application rates. These differ-
ences were significant at the 5% level (Table 1).

6.1.2 Quinoa Growth

There were significant differences at the 5% level in the
leaf area, fresh weight of aboveground parts of plants,
and dry weight of aboveground parts of plants between
plots. There was an increase in leaf area and fresh
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weight of aboveground parts of plants with increasing
NaCl application rates up to 32 g per pot. However, the
leaf area and fresh weight of aboveground parts of plant
of the 48-g plot were significantly lower than those of
the 32-g plot. The dry weight of aboveground parts of
plant increased with increasing NaCl application rates
up to 16 g per pot. However, NaCl application rates
from 16 g per pot to 48 g per pot resulted in a decrease in
dry weight of aboveground parts of plants. However,
there were no significant differences in the leaf area,
fresh weight of aboveground parts of plants, and dry
weight of aboveground parts of plants between the plots
with applications of 16 g, 24 g, and 32 g of NaCl
(Table 2, Fig. 1).

6.2 Na and K Absorption

Na content and Na absorption of the aboveground parts
of plants increased with increasing NaCl application
rates, with significant differences at the 5% level be-
tween plots. There were no significant differences in the
K content of the aboveground parts of plants between
plots. There were significant differences at the 5% level
in the K absorption of aboveground parts of plant

between plots, with an increase in K absorption of the
aboveground parts of plants with increasing NaCl ap-
plication rates up to 32 g per pot; the K absorption of the
aboveground parts of plants decreased when the NaCl
application rate was increased from 32 g per pot to 48 g
per pot. However, there were no significant differences
in the K absorption of the aboveground parts of plants
among the 16-g, 24-g, 32-g, and 48-g plots (Table 3).

6.3 Experiment 2

6.3.1 Soil Chemistry

There were significant differences at 1% or 0.1% level
in soil pH, electric conductivity, and available Na con-
tent between NaCl and fertilizer treatments. The soil pH
of the NaCl plot was lower than that of the other plots.
The NaCl plots also resulted in a higher EC and avail-
able Na content than the other plots. However, there was
no significant difference in the total Cs content between
all treatments (Table 4).

6.3.2 Quinoa Growth

On October 21, there were significant differences in
the leaf area, fresh weight of aboveground parts of
plants, and dry weight of aboveground parts of plants
between NaCl treatments. The leaf area, fresh weight,
and dry weight of NaCl and NaCl + fertilizer plots
were higher than those of control and fertilizer plots.
However, on October 21, there were no significant
differences between the fertilizer and NaCl in fertil-
ize treatments. On November 10, there were signifi-
cant differences in leaf area, fresh weight, and dry
weight between NaCl and fertilizer treatments. The
leaf area, fresh weight, and dry weight of NaCl,

Table 1 Effects of NaCl application on the soil chemistry

Plots pH EC (dS m−1) Na (mg 100 g−1)

0 g 6.0 ± 0.02 a 0.07 ± 0.00 d 0.8 ± 0.0 d

8 g 5.2 ± 0.02 b 0.97 ± 0.13 cd 73.7 ± 3.8 cd

16 g 5.0 ± 0.02 bc 2.73 ± 0.02 bc 301.7 ± 31.0 bc

24 g 5.0 ± 0.00 bc 2.78 ± 0.16 bc 354.3 ± 18.5 b

32 g 5.0 ± 0.02 bc 4.06 ± 0.53 b 507.5 ± 76.3 b

48 g 4.8 ± 0.02 c 7.01 ± 0.77 a 919.2 ± 111.9 a

Average ± standard error. Values followed by different letters are
significantly different at P = 0.05 by the Tukey test

Table 2 Effects of NaCl application on the quinoa growth

Plots Leaf area (cm2 pot−1) Fresh weight of aboveground
parts of plants (g pot−1)

Dry weight of aboveground
parts of plants (g pot−1)

0 g 125.4 ± 12.5 c 10.3 ± 1.0 d 2.23 ± 1.91 d

8 g 191.2 ± 14.6 bc 16.1 ± 1.2 c 3.20 ± 2.91 bc

16 g 229.9 ± 20.3 ab 21.3 ± 1.9 ab 4.21 ± 2.45 a

24 g 251.0 ± 19.4 ab 21.3 ± 1.8 ab 3.63 ± 3.14 ab

32 g 300.2 ± 24.7 a 22.7 ± 1.9 a 3.79 ± 3.91 ab

48 g 220.0 ± 19.1 b 17.2 ± 1.4 bc 2.54 ± 2.19 cd

Average ± standard error. Values followed by different letters are significantly different at P = 0.05 by the Tukey test
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fertilizer, and NaCl + fertilizer plots were higher than
those of control (Table 5).

6.3.3 Cs Absorption

On October 21 and November 10, there was no
significant difference in Cs content of the above-
ground parts of plants between NaCl treatments.
However, there was a significant difference at 5%
level in Cs absorption of aboveground parts of
plants between NaCl treatments. But, differences
between fertilizer treatments detected only for Cs
content of aboveground parts of plants on October
21. On October 21 and November 10, there was no
significant difference in Cs content and absorption
of aboveground parts of plants between the NaCl in
fertilize treatments. The highest Cs absorption of the
aboveground parts of plants was for the NaCl +

fertilizer plot; those were 1.10 mg per pot and
4.44 mg per pot, on October 21 and November 10,
respectively (Table 6).

6.4 Experiment 3

6.4.1 Soil Chemistry

Significant differences at the 5% level were observed in
soil pH, EC, and K content among plots. The soil pH of
the 0.0-g plot was lower than that of the other plots. The
highest EC and available K content among plots were in
the 3.0-g plot. The K content was 11.8 mg per 100 g,
19.7 mg per 100 g, and 26.7 mg per 100 g in the 0.0-g,
0.8-g, and 3.0-g plots, respectively. There were no sig-
nificant differences in total Cs content between plots
(Table 7).

Fig. 1 Effects of NaCl
application on the quinoa growth

Table 3 Effects of NaCl application on the K and Na absorption

Plots Na content of aboveground
parts of plant (ppm)

Na absorption of aboveground
parts of plant (mg pot−1)

K content of aboveground
parts of plant (%)

K absorption of aboveground
parts of plant (mg pot−1)

0 g 170 ± 16.1 c 1.76 ± 0.16 c 1.03 ± 0.14 a 106.4 ± 9.2 c

8 g 290 ± 19.9 c 4.56 ± 0.32 c 0.94 ± 0.06 a 152.1 ± 13.7 bc

16 g 340 ± 27.3 bc 7.19 ± 0.66 bc 1.00 ± 0.10 a 212.3 ± 21.4 ab

24 g 620 ± 53.8 ab 13.12 ± 1.39 ab 1.06 ± 0.03 a 226.5 ± 14.3 a

32 g 640 ± 66.0 ab 14.23 ± 0.99 ab 1.05 ± 0.15 a 237.5 ± 21.9 a

48 g 926 ± 89.2 a 15.98 ± 1.23 a 1.06 ± 0.12 a 182.0 ± 18.8 ab

Average ± standard error. Values followed by different letters are significantly different at P = 0.05 by the Tukey test
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6.4.2 Quinoa Growth

There were significant differences at the 5% level in leaf
area, fresh weight of aboveground parts of plants, and
dry weight of aboveground parts of plants among plots.
On June 28 and July 18, the highest leaf area and fresh
weight of aboveground parts of plants were in the 3.0-g
plot. The highest dry weight of aboveground parts of
plants was in the 0.8-g plot and the 3.0-g plot on June 28
and July 18, respectively (Table 8).

6.4.3 K and Cs Absorption

K content and K absorption of the aboveground parts of
plants increased with increasing KCl application rates,

with significant differences at the 5% level between
plots. However, Cs content and Cs absorption of the
aboveground parts of plants decreased with increasing
KCl application rates, with significant differences at the
5% level between 0.0-g plot and the other plots
(Table 9).

7 Discussion

7.1 Effects of NaCl on the Growth of Quinoa

Salinity is the most important abiotic stress that adverse-
ly affects crop productivity. A number of studies have
indicated that quinoa is regarded as having a high

Table 4 Effects of N and P fertilizer and NaCl application on the soil chemical

Plots pH EC (dS m−1) Available Na (mg 100 g−1) Total Cs (mg 100 g−1)

Control 5.4 ± 0.02 0.07 ± 0.00 2.3 ± 0.1 9.63 ± 4.88

NaCl 4.6 ± 0.02 4.34 ± 0.26 498.3 ± 20.2 7.33 ± 0.08

Fertilizer 5.3 ± 0.06 0.08 ± 0.01 1.3 ± 0.1 6.38 ± 0.08

NaCl + fertilizer 5.2 ± 0.06 2.01 ± 0.14 228.0 ± 11.6 7.83 ± 0.08

ANOVA

NaCl ** *** *** ns

Fertilizer ** ** *** ns

NaCl × fertilizer ** ** *** ns

Average ± standard error

ns not statistically significant at P = 0.05

***, **Statistically significant at P = 0.001 and 0.01, respectively

Table 5 Effects of N and P fertilizer and NaCl application on the quinoa growth

Plots Leaf area (cm2 pot−1) Fresh weight of aboveground
parts of plants (g pot−1)

Dry weight of aboveground
parts of plants (g pot−1)

Oct. 21 Nov. 10 Oct. 21 Nov. 10 Oct. 21 Nov. 10

Control 183.7 ± 7.4 134.1 ± 13.2 9.9 ± 0.4 10.9 ± 1.1 1.45 ± 0.23 1.72 ± 0.26

NaCl 281.3 ± 14.3 218.5 ± 21.2 16.9 ± 0.9 20.6 ± 0.7 2.01 ± 0.17 3.34 ± 0.11

Fertilizer 168.1 ± 10.3 241.1 ± 32.8 8.7 ± 0.5 14.1 ± 1.6 1.10 ± 0.07 2.21 ± 0.36

NaCl + fertilizer 241.0 ± 37.1 521.6 ± 13.9 13.9 ± 1.0 38.0 ± 2.8 1.64 ± 0.27 5.54 ± 0.78

ANOVA

NaCl ** *** ** *** * **

Fertilizer ns *** ns ** ns *

NaCl × fertilizer ns ** ns ** ns ns

Average ± standard error

ns not statistically significant at P = 0.05

***, **, *Statistically significant at P = 0.001, 0.01, and 0.05, respectively
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tolerance to salinity. For example, Morales et al. (2011)
clarified that quinoa plants exhibited a greater tolerance
to salt stress than the model plant, Thellungiella
halophila. Jacobsen et al. (2001) evaluated the level of
salt tolerance in quinoa on application of saline water.
Plants were treated with nine levels of salinity, with EC
from < 1 to 40 dS m−1. In this experiment, the highest
seed yield was obtained at an EC of 15 dS m−1. Quinoa
salinity sensitivity studies have also been conducted on
the cultivar Andean Hybrid (Wilson et al. 2002). In this
experiment, the quinoa plants exhibited an increase in
growth at 11 dS m−1, compared with that at 3 dS m−1. In
our experiment 1, the highest leaf area was 32-g plot,
and the highest dry weight was 16-g plot. EC of both
plots ranged from 2.73 to 4.06 dS m−1 (Table 1). From
these results, the optimum EC for quinoa growth was
2.78 to 4.06 dS m−1 in this condition. Jacobsen et al.
(2001), Wilson et al. (2002), and we measured EC at the
start of experiments. However, our result was different
from those of other experiments (Jacobsen et al. 2001;
Wilson et al. 2002). We think that one of the reasons of
difference of optimum EC for quinoa growth was the
difference of the growth environments, for example, pot

size. However, the growth of quinoa was also promoted
by the application of NaCl (Table 2, Fig. 1). The results
of these experiments indicated that quinoa is a faculta-
tive halophyte and that the growth of quinoa is promoted
under saline conditions. Moreover, in our experiment 2,
the growth of quinoa was also promoted by the applica-
tion of NaCl (Table 5), with the growth in the NaCl +
fertilizer plot being greater than that of the NaCl plot
(Table 5). This result suggested a difference in the
mechanism of growth promotion by NaCl and that by
N and P2O5 fertilizer.

The presence of salt in the soil reduces the ability of a
plant to take up water, which leads to a reduction in
growth (Tuteja 2007). This is referred to as the osmotic
or water-deficit effect of salinity. One of reasons for
quinoa’s high adaptability to soil salinity is better met-
abolic control, compared with that of the non-halophytic
species (Ruffino et al. 2010). Quinoa maintains cell
turgor and limits transpiration under saline conditions,
avoiding physiological damage from drought and thus
potential death.Moreover, ionic and osmotic relations in
quinoa have been studied by exposing plants to six
salinity levels (Hariadi et al. 2011). In this experiment,

Table 6 Effects of N and P fertilizer and NaCl application on the Cs absorption

Plots Cs content of aboveground parts of plant (mg g−1) Cs absorption of aboveground parts of plant (mg pot−1)

Oct. 21 Nov. 10 Oct. 21 Nov. 10

Control 0.20 ± 0.01 0.21 ± 0.08 0.23 ± 0.03 0.29 ± 0.11

NaCl 0.49 ± 0.08 0.41 ± 0.14 1.04 ± 0.24 1.37 ± 0.46

Fertilizer 0.70 ± 0.22 0.23 ± 0.05 0.83 ± 0.28 0.48 ± 0.12

NaCl + fertilizer 0.56 ± 0.06 0.68 ± 0.20 1.10 ± 0.20 4.44 ± 1.78

ANOVA

NaCl ns ns * *

Fertilizer * ns ns ns

NaCl × fertilizer ns ns ns ns

Average ± standard error

ns not statistically significant at P = 0.05

*Statistically significant at P = 0.05

Table 7 Effects of KCl application on the soil chemical

Plots pH EC (dS m−1) Available K (mg 100 g−1) Total Cs (mg 100 g−1)

0.0 g 5.2 ± 0.03 b 3.53 ± 0.19 b 11.8 ± 0.4 c 7.08 ± 0.16 a

0.8 g 5.3 ± 0.02 a 3.62 ± 0.29 ab 19.7 ± 1.1 b 8.75 ± 0.12 a

3.0 g 5.3 ± 0.05 a 3.98 ± 0.16 a 26.7 ± 1.0 a 9.33 ± 0.18 a

Average ± standard error. Values followed by different letters are significantly different at P = 0.05 by the Tukey HSD test
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up to 80% of the osmotic adjustment in the leaves was
achieved by means of the accumulation of inorganic
ions (Na+, K+, and Cl−) under high NaCl levels, while
the contribution of organic osmolytes was very limited.
Additionally, the K+ level in shoots progressively in-
creased with the increased salinity in leaves; this is
interpreted as evidence for the important role of K+ in
leaf osmotic adjustment under high saline conditions.
However, in our experiment 1, the Na+ content of the
aboveground parts of plants was greater under condi-
tions with high NaCl application, whereas the K+ con-
tent of the aboveground parts of plants did not increase
(Table 3). This result was different from that reported by
Hariadi et al. (2011). In our experiment 1, the applica-
tion of NaCl did not increase the K content of above-
ground parts of plants (Table 3). We think that available
K in soil might be limited for quinoa growth, because no
K fertilizer was added in this experiment. This may be
one of the reasons why the results of our result were
different from previous work (Hariadi et al. 2011). A
further study is needed to clarify this point.

7.2 Effects of NaCl and KCl on Cs Absorption

In our experiment 2, the Cs absorption of above-
ground parts of plants was increased by the applica-
tion of NaCl. Additionally, there were significant

differences in the Cs absorption of aboveground
parts of plants between NaCl treatments (Table 6).
The reason for the increase in Cs absorption was the
promotion of growth by the application of NaCl
(Table 5). We think that Cs content of aboveground
parts of plants was apparently increased by the NaCl
treatment, even if might not have a significant dif-
ference. This means that Cs uptake might be accel-
erated by the NaCl treatment, possibly due to the
decrease in available K content in soil in the NaCl
treatment, because Cs is absorbed by plant roots
competitively with K. We think that available K
content in soil might be lower in the NaCl treatment
due to the bigger biomass (Table 5). Tamaoki et al.
(2016) reported a positive relationship between total
137Cs absorption and plant biomass, and the contri-
bution rate of plant biomass to the total 137Cs uptake
by plants was 91.3%. These results were almost the
same as the results of our experiment (Tables 5 and
6) and indicate that a higher biomass is important
for Cs absorption. In this experiment, the Cs content
of aboveground parts of plants was also increased by
the application of NaCl. However, there were no
significant differences in Cs content between NaCl
treatments (Table 6). Thus, the effects of NaCl ap-
plication on the Cs content of quinoa remain to be
elucidated.

Table 8 Effects of KCl application on the quinoa growth

Plots Leaf area (cm2 pot−1) Fresh weight of aboveground
parts of plants (g pot−1)

Dry weight of aboveground
parts of plants (g pot−1)

Jun. 28 Jul. 18 Jun. 28 Jul. 18 Jun. 28 Jul. 18

0.0 g 583.3 ± 24.0 c 334.0 ± 31.9 b 42.9 ± 2.6 b 42.4 ± 2.6 b 6.8 ± 0.4 b 9.3 ± 0.5 b

0.8 g 779.1 ± 47.2 b 335.5 ± 34.0 b 65.6 ± 3.4 a 56.5 ± 2.3 a 10.9 ± 0.7 a 13.9 ± 0.5 a

3.0 g 957.7 ± 14.1 a 624.7 ± 68.1 a 65.8 ± 2.4 a 67.1 ± 3.6 a 10.2 ± 0.5 a 14.8 ± 0.8 a

Average ± standard error. Values followed by different letters are significantly different at P = 0.05 by the Tukey HSD test

Table 9 Effects of KCl application on the K and Cs absorption

Plots K content of aboveground
parts of plant (%)

K absorption of aboveground
parts of plants (mg pot−1)

Cs content of aboveground
parts of plants (mg g−1)

Cs absorption of aboveground
parts of plants (mg pot−1)

Jun. 28 Jul. 18 Jun. 28 Jul. 18 Jun. 28 Jul. 18 Jun. 28 Jul. 18

0.0 g 0.71 ± 0.03 c 0.80 ± 0.10 b 304.7 ± 18.5 c 337.4 ± 20.6 c 0.82 ± 0.07 a 0.78 ± 0.04 a 5.56 ± 0.47 a 7.21 ± 0.34 a

0.8 g 0.96 ± 0.01 b 1.09 ± 0.06 ab 627.5 ± 32.6 b 617.4 ± 25.2 b 0.17 ± 0.02 b 0.13 ± 0.02 b 1.85 ± 0.22 b 1.74 ± 0.21 b

3.0 g 1.13 ± 0.03 a 1.27 ± 0.03 a 745.4 ± 27.1 a 850.3 ± 45.0 a 0.06 ± 0.03 b 0.06 ± 0.01 b 0.60 ± 0.27 b 0.86 ± 0.13 b

Average ± standard error. Values followed by different letters are significantly different at P = 0.05 by the Tukey HSD test

66 Page 8 of 10 Water Air Soil Pollut (2019) 230: 66



In our experiment 3, the exchangeable K content in
soil and the growth of quinoa were increased by the
application of KCl (Tables 7 and 8). Therefore, increasing
the exchangeable K content in soil by applying KCl has
contributed to the increased accumulation of K and the
decreased accumulation of Cs in the aboveground parts
of plants of quinoa (Table 9). Ii et al. (2015) reported that
radiocesium in rice was reduced depending on the ex-
changeable K content of the soil, which plateaus at
around 20 mg K2O per 100 g dry soil. In our experiment
3, the exchangeable K content in the 0.8-g and 3.0-g plots
was 19.7 mg (K2O 23.7 mg) and 26.7 mg (K2O 32.2 mg)
per 100 g dry soil, respectively. From this result, the
absorption of Cs in the 0.8-g and 3.0-g plots was inhibited
by the increase in exchangeable K content. Physiological
studies have demonstrated that K+ and Cs+ compete for
influx in excised roots, suggesting that the influx of these
cations to root cells is mediated by the same molecular
mechanism (White and Broadley 2000; Adams et al.
2005). From this, we suggest that when the K content
of plants is increased, the Cs content is decreased. In our
experiment 3, the Cs content of aboveground parts of
plants decreased with the increasing application of KCl,
resulting in a greater K content (Table 9).

8 Conclusion

In this study, we clarified the effects of NaCl application
on the growth and Cs absorption activity of quinoa
(C. quinoa Willd.). The growth and Cs absorption of
quinoa, and the Cs content of quinoa aboveground parts
of plants, were promoted by the application of NaCl. The
reason for the increase in Cs absorption was the promo-
tion of biomass by the application of NaCl. The ex-
changeable K content in the soil and the growth of quinoa
were increased by the application of KCl. Therefore,
increasing the exchangeable K content in the soil by the
application of KCl contributed to the increased accumu-
lation of K and the decreased accumulation of Cs in
quinoa aboveground parts of plants. Thus, the lower
exchangeable K content in soil led to a lower plant K
content, resulting in greater Cs absorption by quinoa.
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