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Abstract In this study, we clarified the accumulation
and concentration of Cs, Na, and K in each organ
(leaves, stem, and panicle) of quinoa (Chenopodium
quinoa Willd.) under NaCl application condition. Pot
experiments using Wagner pots (1/5000a) were con-
ducted in an experimental field at Nihon University in
2018 and 2019, using quinoa variety CICA-127. The
growth of quinoa as well as Cs accumulation and con-
centration was promoted by increasing the amount of
NaCl applied. Quinoa accumulated most of the Cs in the
leaves, and it was not translocated from the leaves to
panicle after the seed filling stage. Cs accumulation by
the aboveground parts under NaCl application was at
least four times higher than that in the control. Accumu-
lation of Na in stem was highest among organs. The
quinoa plants had the mechanism to accumulate Na in
the stem. Quinoa has bladder cells on the leaf surface,
and excess Na accumulates in these cells. It is unknown
whether bladder cells are present on the surface of the
stem. Since Cs and Na inhibited the growth of plants, it
is necessary to clarify the suppression method of
stunting by Cs and Na. Thus, we believe that quinoa
can be used for phytoremediation of Cs. Quinoa varie-
ties with high Cs absorption need to be selected for
effective phytoremediation in the future experiment.
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1 Introduction

A large amount of radioactive cesium (134Cs and
137Cs) was released into the environment after the
accident at Fukushima Daiichi Nuclear Power Plant that
occurred on March 11, 2011 (Chino et al. 2011; Fujii
et al. 2014). Contamination of soil surface with 137Cs
occurred in a vast land area in Fukushima Prefecture,
Japan. Radioactive Cs deposited on the soil surface was
transferred from soil to crops (Tanoi et al. 2013;
Tsukada et al. 2002; Kubo et al. 2017), and the crops
that accumulated radioactive Cs could not be shipped to
the market (Miyahara 2014; Watanabe 2014; Sato
2014). In Cs-contaminated land, the soil surface was
stripped to remove radioactive Cs (Ministry of
Agriculture, Forestry and Fisheries of Japan 2013).
However, this method adversely affected the physical
properties and ecosystem of the soil. Phytoremediation
is a useful technique for decontaminating soil, and it can
help decontaminate large areas of agricultural land at
low cost (Broadley et al. 1999; Hayakawa and Kurihara
2002; Sato 2014; Ogata et al. 2015; Kubo et al. 2017).
For example, after the Chernobyl nuclear accident, am-
aranth (Amaranthus spp.) plants were used to remove
radioactive Cs from contaminated soil (Dushenkov et al.
1999). As dicotyledonous (Magnoliopsida) plants have
higher Cs accumulation ability than monocotyledonous
(Liliopsida) plants, the use of dicotyledonous plants for
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phytoremediation was more effective than that of mono-
cotyledonous plants. Many plant species of Dicotyle-
dons, including sunflower (Helianthus annuus L.),
kokia (Bassia scoparia L.), and quinoa (Chenopodium
quinoa Willd.), have been used for phytoremediation
(Hirayama et al. 2012; Ogata et al. 2015; Tamaoki et al.
2016). Quinoa is a plant species with high Cs accumu-
lation ability (Broadley et al. 1999). Therefore, the use
of quinoa is considered to be effective for the removal of
radioactive Cs from soil. Moreover, the growth of qui-
noa was promoted by applying NaCl to the soil; Cs
accumulation increased with an increase in Na accumu-
lation (Isobe et al. 2019). However, as Cs is toxic to
plants (Hampton et al. 2004; Adams et al. 2013), the
absorbed Cs in plants should be detoxified or expelled.
Most of the absorbed Cs from roots is translocated to
leaves, flowers, and fruits (Menzel and Heald 1955; Zhu
and Smolders 2000). For example, in H. annuus L.,
most of the absorbed Cs accumulated in young leaves
(Soudek et al. 2006). Buckwheat (Fagopyrum
esculentum M.) mainly absorbed Cs until the flowering
stage and translocated Cs from the roots to shoots and
from shoots to the reproductive organs (Kubo et al.
2017). In tomato (Solanum lycopersicum L.), the
absorbed Cs is mainly accumulated in the leaves, but
less than 10% of absorbed Cs is stored in fruits after the
reproductive stage (Sabbarese et al. 2002). In rice
(Oryza sativa L.), 73% of absorbed Cs accumulated in
straw (Tsukada et al. 2002). The distribution of
absorbed Cs varies among different plant species, and
the accumulation rate in each organ varied with the
growth stage (Kubo et al. 2017).

Quinoa is one of the plants with high cesium
accumulation, and Cs accumulation of quinoa was
promoted by applying NaCl to the soil (Isobe
et al. 2019). However, the distribution of accumu-
lated Cs in each organ and the translocation of Cs
among different growth stages are not clear. In this
study, we aimed to clarify the organs of quinoa in
which Cs was accumulated. Furthermore, the Cs
concentration in each organ was analyzed under
conditions of NaCl application.

2 Materials and Method
The study was conducted in an experimental field at

Nihon University (Fujisawa City, Kanagawa, Japan) in
2018 and 2019 using quinoa variety CICA-127. Wagner
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pots (1/5000a; diameter around 16 cm, height around
25 cm) were used for the study.

For the experiment, 2.6 kg of field soil, 0.95 g of
ammonium sulfate (TORAY Ind. Inc., Tokyo, Japan),
1.14 g superphosphate (Katakura & Co-op Agri Corpo-
ration), and 0.10 g of CsCl (Wako Pure Chemical In-
dustries, Tokyo, Japan) were applied to all pots. Three
different treatments were performed: NaCl-1 plot, NaCl-
2 plot, and a control with no added NaCl. In NaCl-1 plot
and NaCl-2 plot, 9.75 and 19.5 g of NaCl were applied
to the soil, respectively. NaCl and fertilizer were equally
mixed with 2.6 kg of soil, and CsCl was added to the top
5 cm of soil in all plots. Twenty quinoa seeds per pot
were sown on August 16, 2018, and August 26, 2019.
All pots (14 pots per plot) were placed randomly and
independently in an unheated glass (roof) and net (side)
house from sowing to sampling of aboveground parts.
Weeds, diseases, and insects were controlled as neces-
sary during the cultivation period. The seedlings were
thinned to three plants per pot at the second or third leaf
stage.

On October 9, 2018, and November 7, 2018, and on
October 7, 2019, and November 11, 2019, the above-
ground parts of plants from five (October 9, 2018, and
October 7, 2019) or nine (November 7, 2018, and No-
vember 11, 2019) pots in each plot were cut at the soil
surface. Fresh and dry weights of aboveground parts
(leaf, stem, and panicle) and Cs, K, and Na concentra-
tion and accumulation of each organ (leaf, stem, and
panicle) were measured. The leaf areas were measured
with a leaf area meter (LO-310, LI-COR Inc., Lincoln,
NE, USA). The fresh and dry weights of the above-
ground parts of plants were measured using an electron-
ic balance. The dry weight of aboveground parts of
plants was determined after oven drying the fresh sam-
ples at 80 °C for 48 h. Each dried organ (leaf, stem, and
panicle) was ground to a powder using a blender. To
measure Cs, K, and Na concentrations, 0.5 g of ground
material was digested in 20.0 mL HC1O, (Kanto Chem-
ical Co., Inc., Tokyo, Japan) for 3 h at 100 °C using an
acid digestion system, and Cs, K, and Na concentrations
were determined by atomic absorption spectrophotom-
etry (iCE 3300 AAS Thermo Fisher Scientific, Wal-
tham, MA, USA). Cs, K, and Na accumulation by each
organ was measured by multiplying the dry weight of
each organ by the Cs, K, and Na concentration.

All values were expressed as averages and standard
errors. The data were analyzed statistically, and signif-
icant differences at a 5% level among the plots or organs
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were determined by Tukey multiple means test using
Kaleida Graph ver.4.0 software.

3 Results
3.1 Quinoa Growth

The leaf area as well as fresh and dry weights of above-
ground parts of plants increased with increasing NaCl
application rates. Significant differences at the 5% level
were observed in leaf area, fresh weight, and dry weight
between plots, except for the dry weight of aboveground
parts of plants at 54 days after sowing in 2018 (Table 1).

3.2 Cs, K, and Na Accumulation

Accumulation of Cs and Na by the aboveground parts of
plants increased with increasing NaCl application rates
in both years. Significant differences at the 5% level
were observed in Cs and Na accumulation between plots
(Table 2). Accumulation of K by the aboveground parts
of plants increased with increasing NaCl application
rates in both years. However, significant differences at
the 5% level were observed only in K accumulation
between plots at 83 days after sowing in 2018 (Table 2).

Accumulated of Cs by each organ (leaf, stem, and
panicle) increased with increasing NaCl application
rates. Significant differences at the 5% level were ob-
served in Cs accumulation by each organ between plots,
except for stem at 77 days after sowing in 2019. Accu-
mulation of Cs by leaves at 54 days after sowing in 2018
and 42 days after sowing in 2019 was the highest among
all organs. However, at 83 days after sowing in 2018
and 77 days after sowing in 2019, the accumulation of
Cs by panicle was the highest among all organs
(Table 3).

The accumulation of K was not affected by NaCl
application in different plots. Among all organs, accu-
mulation of K by leaves or stems was the highest at
54 days after sowing in 2018 and 42 days after sowing
in 2019. There were significant differences at the 5%
level in K accumulation between organs. At 83 days
after sowing in 2018 and 77 days after sowing in 2019,
the accumulation of K by panicle was higher than that
by the other organs at 5% level (Table 3).

Accumulation of Na by each organ (leaf, stem, and
panicle) increased with increasing NaCl application
rates. Significant differences (5% level) in Na

accumulation were observed among plots in all organs,
except for leaves at 54 days after seeding in 2018.
Accumulation of Na by stems was the highest among
all organs. There were significant differences at 5%
level in Na accumulation between organs, except for
stems at 42 days after sowing in 2019 (Table 3).

3.3 The concentration of Cs, K, and Na in Each Organ

The concentration of Cs in each organ (leaf, stem, and
panicle) increased with increasing NaCl application
rates. A significant difference (5% level) was observed
between plots, except for stem and panicle at 83 days
after sowing in 2018. Among the different organs, the
concentration of Cs was the highest in leaves. There
were significant differences in concentration of Cs at the
5% level between organs (Table 4).

Among different plots and organs, the concentration
of K was not affected by NaCl application (Table 4).

Concentration of Na in each organ (leaf, stem, and
panicle) increased with increasing NaCl application
rates. There were significant differences at the 5% level
between the plots, except for Na concentration in pani-
cle 54 days after sowing in 2018. Among the different
organs, concentration of Na in the stem was highest,
except for 19.5 g NaCl at 77 days after sowing in 2019
(Table 4).

4 Discussion

4.1 Quinoa Growth and Accumulation of Cs, K, and Na
in Aboveground Parts

Quinoa (C. quinoa Willd.) is a halophyte with high
salinity tolerance, and its growth is promoted under high
NaCl conditions (Isobe et al. 2014; Saleem et al. 2017).
In this study, the leaf area, aboveground fresh weight,
and aboveground dry weight of quinoa increased with
the increasing application rate of NaCl (Table 1). This
result is almost similar to that of the study by Isobe et al.
(2019). Cs accumulation by quinoa is promoted by low
available K content in soil (Ii et al. 2015) and application
of NaCl (Isobe et al. 2019). One of the reasons for
increased Cs accumulation with decreasing available K
content in soil was that Cs and K belong to group I alkali
metals (White and Broadley 2000; Nishioka et al. 2011).
In addition, the influx of Cs into root cells is mediated
by the same molecular mechanism of K influx (White
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Table 1 Effects of NaCl application on the quinoa growth

Year Day after sowing Plots Leaf area (cm?/pot) Fresh weight of aboveground Dry weight of aboveground
parts of plants (g/pot) parts of plants (g/pot)
2018 54 days Control 3745+2720b 18.5+£0.82b 3.70+0.18 a
9.75 g NaCl 585.2+20.2 ab 27.9+0.58 a 470+0.13 a
19.5 g NaCl 609.8+101.0 a 279+398a 374+042a
83 days Control 153.8+11.2b 20.7+1.07b 5.74+030¢
9.75 g NaCl 1454+19.2b 343+135a 827+024a
19.5 g NaCl 271.6+204 a 33.6+1.66a 6.81+0.34b
2019 42 days Control 299.6+25.1b 14.1+£1.19b 1.60£031b
9.75 g NaCl 397.5+£59.7b 21.0+3.21 ab 2.86+0.64 ab
19.5 g NaCl 557.5+£33.0a 279+122a 327+022a
77 days Control 141.8+17.1b 21.9+2.83b 6.75+0.76 b
9.75 g NaCl 215.7+499a 30.0+3.76 a 8.77+1.05 ab
19.5 g NaCl 283.5+525a 39.4+1.75a 924+044 a

Average + standard error. Values followed by different letters are significantly different at P =0.05 by the Tukey’s multiple test

and Broadley 2000; Adams et al. 2015; Furukawa
2014). On the other hand, the reason for increased

mechanism of accumulated Cs in quinoa plants
should be clarified in future studies.

Cs accumulation instead of K under high saline

conditions (Table 2) is probably to increase salt
tolerance by Na accumulation (Tuteja 2007). As K

4.2 Accumulation and Concentration of Cs in Each
Organ

fertilizer was not applied in this study, it was

considered that Cs accumulation was promoted
by lower available K content of soil (Table 2).
Because Cs is toxic to plants (Hampton et al.
2004; Adams et al. 2013), the accumulated Cs
should be detoxified or expelled out of the plant.
Therefore, the metabolic changes or excretion

The accumulation of Cs and Na by each organ increased
with increasing NaCl application rates in both years.
However, the accumulation of K by each organ did
not increase with increasing NaCl application rates
(Table 3). These results showed the same trend as the
accumulation of each chemical element (Cs, K, and Na)

Table 2 Effects of NaCl application on the Cs, Na, and K accumulation of aboveground parts of plant

Year Plots Cs (mg/pot) K (mg/pot) Na (mg/pot)
54 days after 83 days after 54 days after 83 days after 54 days after 83 days after
sowing sowing sowing sowing sowing sowing
2018 Control 2.60+0.16 b 331+033b 137.38+931a  131.39+13.11b 0.16+0.01 b 022+0.03b
975 ¢g 7.65+0.32 a 7.88+043 a 160.94+1234a 162.07+5.67ab 19.59+090ab  38.53+3.3la
NaCl
195¢g 7.84+145a 7.49+0.93 a 188.08+2897a 223.85+23.06a 43.86+12.62a 50.86+7.33a
NaCl
42 days after 77 days after 42 days after 77 days after 42 days after 77 days after
sowing sowing sowing sowing sowing sowing
2019 Control 2.75+0.34 ¢ 8.23+0.88b 65.50+7.58 a 76.54+1530a  1.92+021b 431+0.28b
975 ¢ 9.63+0.55b 18.21+4.88ab  94.86+32.89a  107.39+31.16a 43.83+6.05a 43.13+11.77 ab
NaCl
195¢g 13.53+1.77a 2731+1.74a 161.00+22.41a 93.15+6.38a 65.53+8.44 a 9234+1621a
NaCl

Average =+ standard error. Values followed by different letters are significantly different at P=0.05 by the Tukey’s multiple test
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Table 3 Effects of NaCl application on the Cs, Na, and K accumulation of each organ

Year Day after sowing Plots Leaf Stem Panicle
Cs (mg/pot) 2018 54 days Control 1.42+0.08 b A 096+£0.11 b B 0.22+0.05 b C
9.75 gNaCl 4.26+0.24 ab A 2.12+0.13 a B 1.27+0.23 a B
19.5 gNaCl 5.74+1.23 a A 150+031 ab B 0.60+0.04 b B
83 days Control 0.74+0.15 b B 0.83+0.12 b B 1.74+0.19 b A
9.75 g NaCl 1.52+0.02 ab B 1.52+0.13 a B 484054 a A
19.5 gNaCl 2.67+0.45 a AB 1.12+0.14 ab B 3.69+0.50 a A
2019 42 days Control 1.88+0.31 b A 088+0.11 b B —
9.75 gNaCl 7.01+0.73 a A 262+1.05 ab B —
19.5 gNaCl 9.68+1.31 a A 385+047 a B —
77 days Control 1.18+0.23 b B  2.89+025 a B 582+0.62 b A
9.75 gNaCl 4.98+1.61 ab A 572+1.36 a A 942+125 a A
19.5 gNaCl 6.86+1.82 a B  685+127 a B 12.23+£0.70 a A
K (mg/g) 2018 54 days Control 50.74+£2.46 a B 7475+704 a A 11.90+4.05 b C
9.75 g NaCl 60.37+9.70 a A 59101024 a A  40.04+4.57 a A
19.5 gNaCl 106.12+£21.39 a A  59.85+1423 a AB 22.11+432 ab B
83 days Control 11.63+1.33 b B 2603+£3.11 ab B 93.74+1573 a A
9.75 g NaCl 8.65+0.69 a B 1332+134 b B 140.10£481 a A
19.5 g NaCl 44.06+2.65 a B 3311+628 a B 146.69+1641 a A
2019 42 days Control 35.33+6.03 a A 3017226 b A —
9.75 gNaCl 41.24+14.12 a A  53.62+21.58 ab A —
19.5 gNaCl 66.49+10.00 a A 9451+£1247 a A —
77 days Control 10.85+1.97 a B 1884+£220 a B  5477+544 b A
9.75 g NaCl 23.98+8.32 a B 14.5+1.57 a B 81.60+1.57 a A
19.5 g NaCl 22.5+4.53 a B 646+0.56 b B  56.05+0.56 ab A
Na (mg/g) 2018 54 days Control 0.04+0.01 a B 0.12+0.01 b A 0.01+£0.00 b C
9.75 g NaCl 5.81+2.09 a B 1430+£097 ab A  045+0.07 a B
19.5 g NaCl 10.09 +4.38 a B 3350+819 a A 027+0.05 a B
83 days Control 0.02+0.01 b B 0.17£0.03 b A 0.03+£0.00 b B
9.75 g NaCl 3.86+0.31 a B 31.15£385 a A  3.52+031 a B
19.5 gNaCl 9.78 +1.78 a B 3750+485 a A 3.58+£1.16 a B
2019 42 days Control 0.79+0.13 b A 113+0.14 b A —
9.75 gNaCl 17.02+2.99 a A 2681+637 a A —
19.5 gNaCl 24.69 +3.00 a A 4084+546 a A —
77 days Control 0.20+0.04 b C 3.60+£0.26 b A 063£0.06 B
9.75 gNaCl 5.53+1.83 b B 3602+979 ab A 1.71+£022 b B
19.5 g NaCl 18.24+4.57 a B 6422+1275 a A 887+054 a B

Average + standard error. Values followed by different letters are significantly different at P = 0.05 by the Tukey’s multiple test. The lower
case letters indicate between plots in each sowing date, and the capital letters indicate between organs in each plot

by the aboveground parts (Table 2) and were almost
similar to the findings of Isobe et al. (2019).

The accumulation of Cs by leaves was higher than
that by the other organs (stem and panicle) at 54 days
after sowing in 2018 and 42 days after sowing in 2019.

However, at 83 and 77 days after sowing, the accumu-
lation of Cs by panicle was higher than that by the other
organs (leaf and stem) (Table 3). In this study, the
flowering stage was observed at 54 days after sowing
in 2018, vegetative stage was observed at 42 days after

@ Springer



552 Page 6 of 9

Water Air Soil Pollut (2020) 231: 552

sowing in 2019, and seed filling stages were observed at
83 and 77 days after sowing. Thus, it was considered
that Cs accumulation by leaves was higher than that by
the other organs from the vegetative stage to the
flowering stage, and Cs accumulation by panicle was

Table 4 Effects of NaCl application on the Cs, Na, and K concentration of each organ

higher than that by the other organs after seed filling
stage. The reason for the higher Cs accumulation by
panicle than by the other organs was not due to the high
Cs concentration in panicle (Table 4) but by the high dry
weight of panicle. In contrast, decreased Cs

Year  Day after sowing  Plots Leaf Stem Panicle
Cs (mg/pot) 2018 54 days Control 1.05+0.11 b A 050+0.03 b B 084004 b A
9.75 g NaCl 2.44=+0.12 a A 098+0.05 a B 197+0.21 a A
19.5 gNaCl 3.21+041 a A 0.89+0.01 a B 197+035 a AB
83 days Control 1.10+0.15 b A 043+0.07 a B 0.78+0.12 a AB
9.75 gNaCl  2.44+0.08 a A 043+0.06 a C 1.06£0.11 a B
19.5 gNaCl 2.71+0.31 a A 047+0.06 a B 1.11+£001 a B
2019 42 days Control 2.59+0.07 c A 149+0.03 c B —
9.75 gNaCl 427006 b A 2.04+0.02 b B —
19.5 gNaCl 5.60+0.14 a A 2.61+0.03 a B —
77 days Control 2.95+0.01 c A 122+001 b C 2.02+0.01 ¢ B
9.75 gNaCl 536007 b A 1.60+0.03 a C 269+002 b B
19.5 gNaCl  6.12+0.07 a A 1.64+0.01 a C 3.16+0.03 a B
K (mg/g) 2018 54 days Control 37154029 b A 3949+£093 a A 4436+414 b A
9.75 gNaCl 33.76+561 b B 2759+538 a B 62724079 a A
19.5 gNaCl 59.62+256 a A 3566+626 a B 6753+£153 a A
83 days Control 1782+1.73 b B 1354+162 a B 40.17£106 a A
9.75 gNaCl 13.84+053 b B 13.82+063 a C 3068+135 b A
19.5 gNaCl 4543+377 a A 1338+047 a B 4438+283 a A
2019 42 days Control 48.67+143 a A 52.09+330 b A —
9.75 gNaCl 4859+121 a A 4133+305 b A —
19.5gNaCl 3839+1.89 b B 6384+0.13 a A —
77 days Control 2720+026 a A 7.90+0.38 a C 1926+1.08 b B
9.75 gNaCl 2533+£125 a A 449+1.13 b B 2307+094 a A
19.5 gNaCl 20.66+101 b A 170042 b C 1463+1.03 ¢ B
Na (mg/g) 2018 54 days Control 0.03£000 b B 0.06£000 b A 0.03+000 a B
9.75 gNaCl 324+1.15 ab B 6.63+0.61 b A 0.71+0.09 a B
19.5 gNaCl 5.07+1.72 a B 1981+349 a A 0.95+0.37 a B
83 days Control 0.04+0.01 c B 0.09+£0.01 c A 001+000 b B
9.75gNaCl 6.18£027 b B 8.69+0.31 b A 077006 a C
19.5 gNaCl 9.89+1.20 a B 1549+081 a A 1.03+0.19 a C
2019 42 days Control 1.09+0.03 c A 193£0.02 c A —
9.75 gNaCl 1338+0.19 b B 1605+018 b A —
19.5¢gNaCl 1432+0.15 a B 27584016 a A —
77 days Control 0.51+0.01 c B 1.52+0.02 c A 022+001 c C
9.75 gNaCl 593+0.21 b B 993+043 b A 050+002 b C
19.5 gNaCl 1638+0.11 a A 15344028 a A 229+0.04 B

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 sowing date, and the capital letters indicate between organs in each plot
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accumulation by leaves after the seed filling stage was
mainly due to the decrease in leaf dry weight. The
phenomenon of accumulation of most of the Cs
absorbed by roots in the leaves (Table 4) was also
observed in konjac (Amorphophallus konjac K. Koch),
rapeseed (Brassica napus L.), and amaranth
(Amaranthus spp.) (Hirayama 2012; Hirayama et al.
2013; Ogata et al. 2015). In the present study, the Cs
concentration in leaves was highest among all organs
from the vegetative stage to the seed filling stage
(Table 4). Isobe et al. (2019) clarified that the weight
of the panicle increased from the flowering stage to seed
filling stage, but the Cs concentration of the above-
ground parts did not increase after flowering stage.
Thus, it was hypothesized that quinoa accumulates most
of the Cs in leaves, and after the seed filling stage, most
of the Cs did not translocate from the leaves to the
panicle. And it is considered that Cs is not accumulated
to grains at seed filling stage. To clarify the above
hypothesis, it is necessary to compare the Cs concentra-
tion in fresh leaves and defoliation and clarify the
change in Cs concentration in leaves with growth prog-
ress. However, in this experiment, the Cs concentration
of grain after seed filling stage was not analyzed and did
not compare the Cs concentration in fresh leaves and
defoliation. And, in the future, it is necessary to inves-
tigate the Cs concentration of grain and leaves at matu-
rity stage. At present, it is considered that the removal of
radioactive Cs from soil by plants (phytoremediation) is
not realistic, because the Cs accumulation ability of
plants is very low (Sato 2014; Ogata et al. 2015). How-
ever, the Cs accumulation ability of quinoa and growth
of its aboveground parts were promoted by the applica-
tion of NaCl (Tables 1, 3, and 4). Cs accumulation by
the aboveground parts in NaCl application plots was at
least four times higher than that in the control (Table 2).
Thus, quinoa can be used for phytoremediation of Cs by
selecting varieties with high Cs accumulation ability;
the conditions that increase Cs accumulation by quinoa
should be clarified in the future.

4.3 Na Tolerance Mechanism of Quinoa

The accumulation of Na by stem was highest among all
organs in both years (Table 3). A possible reason for this
is the highest dry weight of stem among all organs
(particularly, at 54 days after sowing in 2018). Another
reason could be the highest Na concentration in stem
among all organs (Table 4). Increased Na accumulation

in stem was also observed in watermelon (Citrullus
lanatus (Thunb.) Matsum. & Nakai) and pumpkin
(Cucurbita spp.) (Yamauchi et al. 1986). In rice
(O. sativa L.), most of the Na accumulated in leaf
sheaths to avoid excessive Na accumulation in leaf
blade and panicles (Kobayashi et al. 2017). The expres-
sion of OsHKTI;5 gene was responsible for the accu-
mulation of Na in leaf sheaths in rice, and it prevented
Na translocation to leaf blade and panicle (Kobayashi
et al. 2017). In wheat, the high salt tolerance varieties
showed low Na concentration in leaf blade (Poustini and
Siosemardeh 2004). Taken together, the lower Na con-
centration in leaf blade than in stem (Table 4) and the
higher dry matter weight and leaf area under the appli-
cation of NaCl (Table 1) is evidence for the high salt
tolerance of quinoa.

The growth of many plants is inhibited by in-
creased Na accumulation, and these plants could
die by excessive Na accumulation (Tuteja 2007).
Na suppressed plant growth by suppressing water
absorption via increasing osmotic pressure of root
cells and suppressing the absorption of other es-
sential elements (Flowers and Yeo 1995), Khan
et al. 2000; Horie et al. 2011; Gupta and Huang
2014). In plants, there are various preventive
mechanisms against growth suppression by Na.
For example, excessive Na accumulated by man-
groves is excluded in the root and hypocotyls
(Krishnamurthy et al. 2014). In Shichimensou
(Suaeda japonica Makino), a halophyte, the leaves
fall to exclude excessive Na (Shimizu et al. 2008).
Furthermore, in Mesembryanthemum crystallinum
L., excessive salts are accumulated in bladder
cells, which are present on the surface of above-
ground parts (Adams et al. 1998). In quinoa, blad-
der cells are present on the surface of leaves, and
excessive Na is accumulated in these cells (Adams
et al. 1998; Agarie et al. 2007; Adolf et al. 2013).
In the present study, most of the accumulated Na
was accumulated in the stem, and Na concentra-
tion in the stem was higher than that in the other
organs (leaves and panicle) (Tables 3 and 4).
However, the presence of bladder cells on the
surface of the stem has not yet been confirmed
in quinoa. Therefore, in the future, it is necessary
to clarify the preventive mechanisms against
growth suppression by Na, such as the presence
of bladder cells on the surface of stem and accu-
mulation of Na in each cell organelle.
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5 Conclusion

In summary, we clarified the accumulation and concen-
tration of Cs, Na, and K in each organ (leaves, stem, and
panicle) of quinoa under NaCl application condition.
The growth of quinoa as well as Cs accumulation and
concentration was promoted by increasing the amount
of NaCl applied. Quinoa accumulated most of the
absorbed Cs in the leaves, and Cs was not translocated
from the leaves to panicle after the seed filling stage.
Thus, it was considered that the most efficient Cs re-
moving growth stage was the maximum leaf area stage
of quinoa, was not seed filling or maturity stage. Cs
accumulation by the aboveground parts under NaCl
application was at least four times higher than that in
the control. Thus, quinoa can be used for
phytoremediation; effective phytoremediation can be
achieved by selecting varieties with high Cs accumula-
tion. Moreover, for the use quinoa in phytoremediation
of Cs, the environmental conditions that increase Cs
accumulation should be clarified in future studies.

References

Adams, P., Nelson, D. E., Yamada, S., Chmara, W., Jensen, R. G.,
Bohnert, H. J., & Griffiths, H. (1998). Growth and develop-
ment of Mesembryanthemum crystallinum (Aizoaceae). New
Phytologist, 138, 171-190.

Adams, E., Abdollahi, P. & Shin, R. (2013). Cesium inhibits plant
growth through jasmonate signaling in Arabidopsis thaliana.
International Journal of Molecular Sciences, 14(3), 4545—
4559.

Adams, E., Chaban, V., Khandelia, H., & Shin, R. (2015).
Selective chemical binding enhances cesium tolerance in
plants through inhibition of cesium uptake. Scientific
Reports, 5, 1-10.

Adolf, V. 1, Jacobsen, S. E., & Shabala, S. (2013). Salt tolerance
mechanisms in quinoa (Chenopodium quinoa Willd.).
Environmental and Experimental Botany, 92, 43-54.

Agarie, S., Shimoda, T., Shimizu, Y., Baumann, K., Sunagawa,
H., Kondo, A., Ueno, O., Nakahara, T., Nose, A., &
Cushman, J. C. (2007). Salt tolerance, salt accumulation,
and ionic homeostasis in an epidermal bladder-cell less mu-
tant of the common ice plant Mesembryanthemum
crystallinum. Journal of Experimental Botany, 58(8), 1957—
1967.

Broadley, M. R., Willey, N. J., & Mead, A. (1999). A method to
assess taxonomic variation in shoot caesium concentration
among flowering plants. Environmental Pollution, 106,341—
349.

Chino, M., Nakayama, H., Nagai, H., Terada, H., Katata, G., &
Yamazaki, H. (2011). Preliminary estimation of release
amounts of 1311 and 137cs accidentally discharged from

@ Springer

the Fukushima Daiichi nuclear power plant into the atmo-
sphere. Journal of Nuclear Science and Technology, 48,
1129-1134.

Dushenkov, S., Mikheev, A., Prokhnevsky, A., Ruchko, M., &
Sorochinsky, B. (1999). Phytoremediation of radiocesium-
contaminated soil in the vicinity of Chernobyl, Ukraine.
Environmental Science & Technology, 33, 469-475.

Flowers, T. J., & Yeo, A. R. (1995). Breeding for salinity resis-
tance in crop plants: where next? Australian Journal of Plant
Physiology, 22(6), 875-884.

Fujii, K., Ikeda, S., Akama, A., Komatsu, M., Takahashi, M., &
Kaneko, S. (2014). Vertical migration of radiocesium and
clay mineral composition in five forest soils contaminated by
the Fukushiuma nuclear accident. Soil Science & Plant
Nutrition, 60, 751-764.

Furukawa, J. (2014). The terrestrial environmental dynamics of
radioactive nuclides released by the Fukushima nuclear acci-
dent. Yakugaku Zasshi, 134(2), 143—148.

Gupta, B. & Huang, B. (2014). Mechanism of salinity tolerance in
plants: physiological, biochemical, and molecular character-
ization. Int. J. Genom., 2014, Article ID 701596, 18 pages.

Hampton, C. R., Bowen, H. C., Broadley, M. R., Hammond, J. P.,
Mead, A., Payne, K. A., Pritchard, J., & White, P. J. (2004).
Cesium toxicity in Arabidopsis. Plant Physiology, 136,
3824-3837.

Hayakawa, T., & Kurihara, H. (2002). Trial for phytoremediation
on the heavy metal pollution. Journal of Environment and
Biotechnology, 2, 103—115.

Hirayama, T. (2012). Transfer of radiocesium in soil to konnyaku
and behavior of radiocesium in production process of
konnyaku powder. Tohoku Agric. Res., 65, 83—-84.

Hirayama, T., Suzuki, Y., Saitou, T., Sato, M., Kobayashi, H.,
Takahashi, Y., Kato, H., & Yakushido, K. (2012).
Phytoremediation effects of radiocesium in soil by use of
sunflowers. Jpn.J. Crop Science, 81(2), 18-19.

Hirayama, T., Keitoku, S., & Yoshioka, K. (2013). Sequential
changes of uptake of radio-cesium in soil to rape seeds.
Crop Science Society of Japan Lecture summary, 235, 242.

Horie, T., Kaneko, T., Sugimoto, G., Sasano, S., Panda, S. K.,
Shibasaka, M., & Katsuhara, M. (2011). Mechanism of water
transport mediated PIP aquaporins and their regulation via
phosphorylation events under salinity stress in barley roots.
Plant & Cell Physiology, 52, 663—675.

Ii, L., Tanoi, K., Uno, Y., Nobori, T., Hirose, A., Kobayashi, N.,
Nihei, N., Ogawa, T., Tao, Y., Kanno, M., Nishiwaki, J., &
Mizoguchi, M. (2015). Radioactive caesium concentration of
lowland rice grown in the decontaminated paddy fields in
litate-Vallage in Fukushima. Radioisotopes, 64, 299-310.

Isobe, K., Ogishima, E., Sato, R., Sugiyama, H., Higo, M., &
Torigoe, Y. (2014). Varietal and specific differences in sa-
linity tolerance of quinoa (Chenopodium quinoa Willd.) for
germination and initial growth. Japanese Journal of Crop
Science, 83, 9—14.

Isobe, K., Nakajima, E., Morita, M., Kawakura, S., & Higo, M.
(2019). Effects of NaCl on growth and cesium absorption in
quinoa (Chenopodium quinoa Willd.). Water, Air, and Soil
Pollution, 230, 66.

Khan, M. A., Ungar, 1. A., & Showalter, A. M. (2000). Effects of
salinity on growth, water relations and ion accumulation of
the subtropical perennial halophyte. Atriplex griffithii var.
stocksii. Annals of Botany, 85, 225-232.



Water Air Soil Pollut (2020) 231: 552

Page 9 of 9 552

Kobayashi, N. 1., Yamaji, N., Yamamoto, H., Okubo, K., Ueno,
H., Costa, A., Tanoi, K., Matsumura, H., Fujii-Kashino, M.,
Horiuchi, T., Nayef, M. A., Shabala, S., An, G., Ma, J. F., &
Horie, T. (2017). OsHKT1; 5 mediates Na+ exclusion in the
vasculature to protect leaf blades and reproductive tissues
from salt toxicity in rice. The Plant Journal, 91, 657-670.

Krishnamurthy, P., Jyothi-Prakash, P. A., Qin, L., He, J., Lin, Q.,
Loh, C. S., & Kumar, P. P. (2014). Role of root hydrophobic
barriers in salt exclusion of a mangrove plant a vicennia
officinalis. Plant, Cell and Environment, 37, 1656-1671.

Kubo, K., Fujimura, S., Kobayashi, H., Ota, T., & Shinano, T.
(2017). Effect of soil exchangeable potassium content on
cesium absorption and partitioning in buckwheat grown in
a radioactive cesium-contaminated field. Plant Production
Science, 20(4), 396-405.

Menzel, R. G., & Heald, W. R. (1955). Distribution of potassium,
rubidium, cesium, calcium, and strontium within plants
grown in nutrient solutions. Soil Science, 80(4), 287-294.

Ministry of Agriculture, Forestry and Fisheries of Japan (2013).
Technical document for decontamination measures for farm-
land, (Part 1 Survey/Design), 1—57.

Miyahara, S. (2014). Surface soil scraping by agricultural tractors
for farm land decontamination. Japanese Society of Soil
Science and Plant Nutrition, 85, 125-128.

Nishioka, H., Momose, T., Inoue, D., Fujiwara, K., Kitajima, T.,
Ohno, S., Tanaka, M., & Suzuki, T. (2011). Surface struc-
tures induced by alkali metal (K, Cs) adsorption on Si (111) -
clusters observed for adsorbate coverages close to the satu-
ration coverage. Journal of Surface Science Society of Japan,
32,302-307.

Ogata, N., Fyjita, T., & Kato, M. (2015). Phytoremediation of
radioactive cesium contaminated soil by cultivation
Amaranthus spp. Japanese Journal of Crop Science, 84(1),
9-16.

Poustini, K., & Siosemardeh, A. (2004). Ion distribution in wheat
cultivars in response to salinity stress. Field Crops Research,
85, 125-133.

Sabbarese, C., Stellato, L., Cotrufo, M. F., D’Onoftio, A., Ermice,
A., Terrasi, F., & Alfieri, S. (2002). Transfer of 137Cs and
60Co from irrigation water to a soil-tomato plant system.
Journal of Environmental Radioactivity, 61(1), 21-31.

Saleem, M. A., Basra, S. M. A., Afzal, I., Rehman, H. U., Igbal, S.,
Saddiq, M. S., & Naz, S. (2017). Exploring the potential of
quinoa accessions for salt tolerance in soilless culture.

International Journal of Agriculture and Biology, 19, 233—
240.

Sato, M. (2014). Verification of radiocesium removal by
phytoremediation. Japanese Journal Soil Science and Plant
Nutrition, 85, 136-137.

Shimizu, K., Cao, W., Abiko, N., Ishikawa, N., & Hamamura, K.
(2008). Slat tolerance of Suaeda japonica M. and use in salt-
affected lands. Trop Agr Develop, 52(1), 1-6.

Soudek, P., Valenova, S., Vavrikova, Z., & Vanek, T. (2006).
(137)Cs and (90)Sr uptake by sunflower cultivated under
hydroponic conditions. Journal of Environmental
Radioactivity, 88, 236-250.

Tamaoki, M., Yabe, T., Furukawa, J., Watanabe, M., Ikeda, K.,
Yasutani, 1., & Nishizawa, T. (2016). Comparison of poten-
tials of higher plants for phytoremediation of radioactive
cesium from contaminated soil. Environmental Control in
Biology, 54(1), 65-69.

Tanoi, K., Kobayashi, N. 1., Ono, Y., Nakanishi, T., Nemoto, K.,
& Fujimura, S. (2013). Radiocaesium distribution in rice
plants grown in the contaminated soil in Fukushima
Prefecture in 201 1. Radioisotopes, 62, 25-29.

Tsukada, H., Hasegawa, H., Hisamatsu, S., & Yamasaki, S.
(2002). Rice uptake and distributions of radioactive 137Cs,
stable 133Cs and K from soil. Environmental Pollution, 117,
403-409.

Tuteja, N. (2007). Mechanisms of high salinity tolerance in plants.
Methods in Enzymology, 428, 419-438.

Watanabe, Y. (2014). Burying radioactive cesium-contaminated
soil by ploughing. Japanese Society of Soil Science and Plant
Nutrition, 85, 129-131.

White, P. J., & Broadley, M. R. (2000). Mechanisms of caesium
uptake by plants. New Phytologist, 147, 241-256.

Yamauchi, M., Matsumoto, N., Maeda, Y., & Nagai, T. (1986).
The relations between salt tolerance and the characteristics of
sodium absorption and distribution in cuculbitacea plants.
Bulletin of the Faculty of Agriculture, Tottori University,
39, 12-18.

Zhu, Y. G., & Smolders, E. (2000). Plant uptake of radiocaesium:
a review of mechanisms, regulation and application. Journal
of Experimental Botany, 51, 1635-1645.

Publisher’'s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Effects of NaCl Application on Cesium Accumulation in the Aboveground Parts of Quinoa (Chenopodium quinoa Willd.)
	Abstract
	Introduction
	Materials and Method
	Results
	Quinoa Growth
	Cs, K, and Na Accumulation
	The concentration of Cs, K, and Na in Each Organ

	Discussion
	Quinoa Growth and Accumulation of Cs, K, and Na in Aboveground Parts
	Accumulation and Concentration of Cs in Each Organ
	Na Tolerance Mechanism of Quinoa

	Conclusion
	References


