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For researchers in the plant metal field, the agar reagent used for the solid plate medium
is a problematic factor because application of different agar types and even a different
lot of the same agar type can mask the plant metal-related phenotypes and impair the
reproducibility. In this study, we systematically assessed effects of different agar reagents
on metal(loid) sensitivity and element accumulation of the Arabidopsis metal sensitive
mutants. Three established mutants (cad1-3, cad1-6, and abcc1/2), and three different
types of purified agar reagents (Type A, Type E, and Nacalai) with two independent
batches for each reagent were subjected to the analyses. First, we found that element
concentrations in the agar reagents largely varied among the agar types. Then the
effects of agar reagents on the mutant metal(loid)-sensitivity were examined under
As(III), Hg(II), Cd(II), and excess Zn(II) conditions. A significant variation of the mutant
metal(loid)-sensitivity was observed among the different agar plates but the variation
depended on the combination of metal(loid) stress and agar reagents. Briefly, the type-
dependent variation was more evident under As(III) and Hg(II) than Cd(II) or excess Zn(II)
conditions. A lot-dependent variation was also observed for Type A and Type E but not
for Nacalai: hypersensitive phenotypes of cad1-3, cad1-6, and abcc1/2 under As(III) or
Hg(II) treatments were diminished when different batches of the Type A or Type E agar
types were used. We also found a significant variation of As and Hg accumulation in
the wild-type and cad1-3. Plant As and Hg concentrations were remarkably higher and
the difference between the genotypes was more evident when grown with Type A agar
plates. We finally analyzed ionomic profiles in the plants exposed to As(III) stress. Agar-
type specific ionomic changes in cad1-3 were more observed with the Type A plates
than with the Nacalai plates. The presented results overall suggest that suitability of
agar reagents for metal(loid)-related phenotyping depends on the experimental design,
and an inappropriate selection of agar reagents can mask even very clear phenotypes of
the established mutant like cad1-3. We also discuss perspectives on the agar problem
in the plant metal study.
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INTRODUCTION

Contamination of environments or foods by heavy metals and
metalloids such as arsenic (As), cadmium (Cd), mercury (Hg),
lead (Pb), and zinc (Zn) is a worldwide concern as environmental,
agricultural or health risks (Järup, 2003; Clemens, 2019). As
health risks, As, Cd, Hg, and Pb rank in the top 10 on the
US Agency for Toxic Substances and Disease Registry (ATSDR)
2017 Priority List of Hazardous Substances.1 Plant-derived foods
(mainly cereal grains) are often major sources of the toxic
elements like As and Cd among the general people (Tsukahara
et al., 2003; Gilbert-Diamond et al., 2011). As for Hg, the
methylated form is a well-known toxicant mainly accumulated
in seafoods, but its inorganic form [Hg(II)] is also toxic and
substantially detected from cereal grains and vegetables harvested
from the contaminated environments (Li et al., 2017; Tang et al.,
2018). Pb is also a toxic metal but its accumulation in plants
hardly becomes a problem unlike the other elements. It is firstly
because phytoavailability of Pb in soils is much lower compared
to those of As, Cd, Hg, and Zn (of the inorganic forms) (Xian,
1987; Jing et al., 2008; Stroud et al., 2011) and secondary,
probably due to the very low uptake and within-plant mobility
of Pb (Kumar and Prasad, 2018). Zn is an essential element
for both plant and human but its excess causes toxicity: excess
Zn treatment leads to over-accumulation of Zn and inhibits
plant growth by disrupting mineral homeostasis and vacuolar
functions (Fukao and Ferjani, 2011; Fukao et al., 2011). With
these reasons, the plant studies of toxic metal(loid)s rather focus
on As, Cd, Hg, and excess Zn than Pb.

Molecular understanding of plant metal transport and
tolerance is an important basis to control plant metal responses
for further mitigating the various toxic element-related
risks (Clemens, 2019). Genetic analyses of the model plants
Arabidopsis and rice largely contribute to identifying molecules
playing crucial roles in plant metal transport and tolerance (see
reviews by Krämer et al., 2007; Uraguchi and Fujiwara, 2013; Ma
et al., 2014; Clemens and Ma, 2016; Bashir et al., 2016; Yamaji and
Ma, 2017). Phenotyping loss-of-function mutants of candidate
player genes is the key to such genetic analyses elucidating the
molecular functions in planta. Under the laboratory conditions,
for both forward and reverse genetic experiments of Arabidopsis,
in particular, artificial solid plate medium is a useful assay system
to observe mutant plant responses against metal(loid) stress.
Murashige-Skoog (MS) based solid medium is widely used for
general plant experiments, however, for phenotyping assay under
metal(loid) stress, diluted media with lower ionic strength are
often preferred (Hou et al., 2005; Tazib et al., 2009; Huang et al.,
2010; Yamaguchi et al., 2016). Medium dilution reduces the
competitive interaction of the supplemented ions in the medium
and sharpens the toxic effects of the target metal(loid). Among
one-tenth strength modified Hoagland medium is one of the
promising media for various metal(loid)-related phenotyping
(Tennstedt et al., 2009; Fischer et al., 2014; Kühnlenz et al., 2014;
Uraguchi et al., 2018, 2019a,b). The assay with this medium
highlights the metal-sensitive phenotypes of several mutants,

1https://www.atsdr.cdc.gov/SPL/

which are not visible under the MS-based conditions (Tennstedt
et al., 2009; Fischer et al., 2014).

In addition to the medium composition, the selection of agar
reagents for plate solidification is another medium-related factor
affecting plant responses to mineral/metal stress. This point has
been examined by a few previous studies in regard to nutrient
deficiency responses of Arabidopsis: elemental composition
of agar reagents largely varies among types or batches of
agar reagents, which consequently affects plant responses and
phenotypes to macro- and micro-nutrient starvation (Jain
et al., 2009; Gruber et al., 2013). As for heavy metal toxicity
assay, it would be also vaguely recognized among researchers
in the plant-metal community that types and lots of agar
reagents can influence metal-related phenotypes and impair the
reproducibility of experiments. Indeed, we have occasionally
experienced agar type- and lot-dependent variation of metal-
sensitive phenotypes of Arabidopsis.

In this study, using a set of Arabidopsis metal-sensitive
mutants, we systematically assessed variation of metal(loid)-
related phenotypes attributed to different agar types and batches.
The further aim of the study was to promoting awareness to the
plant-metal community about the importance of agar reagents
used for metal-related phenotyping. For this purpose, the
established metal-sensitive Arabidopsis mutants were subjected
to the assay: cad1-3 and cad1-6 are loss-of-function alleles of
AtPCS1, the Arabidopsis major phytochelatin (PC) synthase
(PCS). The two alleles respond differently to As(III), Cd(II) and
excess Zn(II) stress (Tennstedt et al., 2009; Uraguchi et al., 2018).
abcc1/abcc2 (hereafter abcc1/2) is the double knock-out mutant
of AtABCC1 and AtABCC2 that function as PC-metal(loid)
complex transporters on tonoplast (Song et al., 2010; Park et al.,
2012). We tested three types of agar reagents often used for metal-
related phenotyping as well as two different lots for each type.
A variation of plant growth under As(III), Hg(II), Cd(II), and
excess Zn(II) attributed to agar reagents, and elemental profiles
of plants and agar reagents were analyzed.

MATERIALS AND METHODS

Agar Reagents and Ionomic Profiles
Three types of agar reagents and two independent lots for
each type were subjected to the study: agar Type A (Sigma-
Aldrich, catalog no. A4550-500G, lot nos. SLBL4283V and
SLBJ9623V, hereafter Type A-1 and Type A-2, respectively),
agar Type E (Sigma-Aldrich, catalog no. A4675-500G, lot nos.
SLBN1798V and SLBL0898V, hereafter Type E-1 and Type E-
2, respectively) and purified agar (Nacalai Tesque, catalog no.
01162-15, lot nos. M7B5170 and M7K8912, hereafter Nacalai-
1 and Nacalai-2, respectively). These agar reagents are often
used for analyzing Arabidopsis responses to metal toxicity or
mineral stress.

To obtain ionomic profiles of the agar reagents, elemental
concentrations of the agar reagents (Type A-1, Type A-
2, Type E-1, Type E-2, Nacalai-1, and Nacalai-2) were
determined as described previously (Uraguchi et al., 2018,
2019a). 100 mg of each agar reagent was wet-digested
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with 3ml of HNO3. After filling up to 5 ml with 2%
HNO3, total Hg concentrations in the digested samples were
quantified by a cold vapor atomic absorption spectrometer
(CV-AAS, HG-400, Hiranuma). Concentrations of elements
other than Hg were quantified by an inductively coupled
plasma-optical emission spectroscopy (ICP-OES, iCAP7400Duo,
Thermo Fisher Scientific).

Plant Materials and Growth Conditions
Arabidopsis thaliana wild type (Col-0), the AtPCS1 null mutant
cad1-3 (Howden et al., 1995), the AtPCS1 T-DNA insertion line
cad1-6 (Tennstedt et al., 2009) and the AtABCC1 and AtABCC2
double knockout mutant line abcc1/2 (Song et al., 2010) were
used for the growth assay. For elemental analyses, Col-0 and
cad1-3 were used.

One-tenth strength modified Hoagland medium was
used for plant cultivation [100 µM (NH4)2HPO4, 200
µM MgSO4, 280 µM Ca(NO3)2, 600 µM KNO3, 5 µM
Fe- N, N′-di-(2-hydroxybenzoyl)-ethylenediamine-N,N′-
diacetic acid (HBED), 1% (w/v) sucrose, 5 mM MES, pH
5.7] (Tennstedt et al., 2009; Kühnlenz et al., 2014). For
metal(loid) sensitivity assay, essential microelements other
than Fe were not added to the medium to avoid possible
interaction between the metal(loid) added. To prepare the plants
for elemental analyses, the following essential microelements
were additionally supplemented to the medium (4.63 µM
H3BO3, 32 nM CuSO4, 915 nM MnCl2, 77 nM ZnSO4, 11
nM MoO3). The concentration of agar reagents used for
medium solidification was 1% (w/v) for Type A and Type E,
and 1.5% (w/v) for Nacalai. The higher concentration of the
Nacalai agar was determined to obtain sufficient gel strength
to reduce root penetration into the medium. Plastic square
plates (AW2000, Eiken Chemical) were used for the agar
plate preparation.

Arabidopsis seeds were surface sterilized by 5 min-immersion
with 70% (v/v) ethanol, followed by 1-min immersion with 99.5%
ethanol (Sotta and Fujiwara, 2017). After air-drying, the sterilized
seeds resuspended with 0.1% (w/v) agar were sown on agar plates
(seven seeds of each genotype per plate for sensitivity assay, and
36 seeds of a single genotype per plate for ionome assay). After 2
days stratification at 4◦C, plants were grown vertically in a growth
chamber (16 h light/8 h dark, 22◦C) as described elsewhere.

Metal(loid) Sensitivity Assay
To examine the effects of agar reagents on metal(loid) sensitivity
of the Arabidopsis metal-hypersensitive mutants, the growth
assay was conducted by modifying the method previously
described for As and Cd treatment (Uraguchi et al., 2017,
2018). For this assay, Col-0, cad1-3, cad1-6, and abcc1/2
were tested with all six agar reagents (Type A, Type E and
Nacalai with two lots, respectively). Plants were grown for
12 days on agar plates containing different concentrations of
As(III) as NaAsO2 (1 and 1.5 µM), Hg(II) as HgCl2 (10 and
15 µM), Zn (II) as ZnSO4 (40 and 50 µM) or Cd(II) as
CdCl2 (2 and 3 µM). These metal(loid) concentrations were
determined based on the previous reports (Tennstedt et al.,
2009; Uraguchi et al., 2017, 2018, 2019b) as well as our

preliminary experiments. The selected treatments were expected
to maximize the phenotypic differences between the wild-type
and the mutants (thus not lethal to the wild-type Col-0 during the
experimental period). Two different levels for each metal(loid)
were examined to cover possible variation of the plant growth
derived from the “agar-effects.” The plates without the addition
of the metal(loid) served as control. After 12 days cultivation,
plants were photographed, and plant growth was assessed by
primary root length and seedling (roots and shoots) fresh
weight measurements. For the respective genotypes, root length
was measured for each plant, and seedling fresh weight was
measured for each plate.

Elemental Accumulation in Plants
To examine the effects of agar reagents on plant elemental
accumulation, elemental concentrations in the plants were
compared among Type A-1, Type A-2, Nacalai-1, and Nacalai-
2. The plant elemental analysis was conducted as described
previously (Uraguchi et al., 2018, 2019a) with a slight
modification. Col-0 and cad1-3 were grown on the control
plates for 10 days. Uniformly grown seedlings were then
transferred to control plates or plates containing 5 µM As
(III) or 10 µM Hg(II) and grown for additional 4 days. At
harvest, roots and shoots from each plate (15 seedlings per
genotype for control and Hg(II) treatment, and 30 seedlings
per genotype for As(III) treatment) were separately pooled
as a single sample. Shoot samples were washed with MilliQ
water twice. Root samples were subjected to sequential washing
procedures: roots were desorbed for 10 min each in ice-cold
MilliQ water, 20 mM CaCl2 (twice), 10 mM EDTA (pH 5.7)
and MilliQ water. Harvested roots and shoots were dried at
50◦C before acid digestion at least for a few days. Dried
plant samples (3–10 mg for control and Hg(II) treatment
samples, and 5–20 mg for As(III) treatment samples) were
wet-digested with 3ml of HNO3. After filling up to 5 ml
with 2% HNO3 in a plastic tube, total Hg concentrations
in the digested samples obtained from the Hg(II) treatment
were quantified by CV-AAS. For the As(III) treated plant
samples, multiple elemental concentrations including As were
quantified by ICP-OES.

Statistical Analyses
The R software (ver. 3.5.1) was used for statistical analyses. The
root growth and seedling fresh weight data obtained from the
growth assay was analyzed by one-way ANOVA, followed by
Tukey’s HSD (p< 0.05) to examine the significance of differences
among the plant genotypes grown under respective metal(loid)
stress and each agar reagent. The Hg and As concentrations in
the plant were also analyzed by one-way ANOVA, followed by
Tukey’s HSD (p< 0.05) to examine the effects of the agar reagents
and the plant genotypes. The plant ionomic data were analyzed by
three-way ANOVA (p < 0.05) to verify the effects of genotypes,
As(III) treatment and agar reagents, and the interaction of these
factors. A post-hoc analysis by Tukey’s HSD (p < 0.05) was
conducted for each agar reagent to examine the cad1-3 specific
ionomic changes under As(III) stress.
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RESULTS

Ionomic Profiles of the Agar Reagents
We expected a variation of ionomic profiles in the agar reagents
used in this study, as previously reported for other agar reagents
(Jain et al., 2009; Gruber et al., 2013). We first quantified total
element concentrations in the agar reagents (Figure 1). The
measured elements were briefly classified into two groups: the
first group included sodium (Na), potassium (K), Fe, copper
(Cu), Zn, phosphorus (P), sulfur (S), and As. These element
concentrations were higher in Type A and Type E agars than
in Nacalai agars. This tendency was drastic for Na, K, Fe,
and P (up to 7-, 27-, 20-, and 100-fold higher in Type A or
Type E than Nacalai, respectively). The second group included

magnesium (Mg) and calcium (Ca), which concentrations were
drastically higher in Nacalai agars. A pattern of manganese (Mn)
was different from these two groups. Nacalai agars contained
relatively higher Mn concentrations than Type A-1, and Type E
agars but Type A-2 showed the highest concentration. Aluminum
(Al) concentrations were almost 2-fold higher in Type A agars
than the other agars.

We then calculated molar concentrations of the respective
elements in the one-tenth strength modified Hoagland medium
supplemented with all micronutrients (Supplementary
Figure S1). The agar concentration used for the calculation
was 1% (w/v) for Type A and Type E, and 1.5% (w/v) for Nacalai
agars, which were the same concentrations used for the plate
preparation in this study. This calculation did not take account

FIGURE 1 | Concentrations of Na, K, Mg, Ca, Mn, Fe, Cu, Zn, P, S, As, and Al in the agar regents (µg g−1). Data represent means with standard deviation of at least
three independent measurements. Means sharing the same letter are not significantly different within each panel (P < 0.05, Tukey’s HSD). n.d., not detected.
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of chemical forms and phytoavailability of the agar-derived
elements, thus it evaluated maximum additive elemental load to
the medium derived from the agar reagents. Proportions of the
additive load to the basal medium were remarkably higher in Fe,
Cu, Zn, P, and S. The agar-derived loads of Fe, Cu, and Zn were
almost equal to the basal medium levels in the highest cases. The
addition of Type A and Type E drastically increased total P and
S concentrations in the medium (up to 20- and 10-fold increase,
respectively). The increase of Fe, Cu, P, and S by Nacalai agar
addition was much more moderate compared to the case of Type
A and Type E agars. In contrast, the additive levels of Mg and Ca
were estimated to be up to 65 and 18% of the respective basal
concentrations in the medium for Nacalai agars but were much
less for Type A and Type E agar reagents.

For non-essential elements, Na and As showed a similar
pattern: higher contents in Type A and Type E and lower in
Nacalai agars (Figure 1). But their molar concentrations in
the medium were < 6 mM for Na and < 0.03 µM for As
(Supplementary Figure S1). These values were way below the
level to cause toxicity to plants. Al concentrations were ˜2-
fold higher in Type A agars compared to Type E and Nacalai
agar reagents (Figure 1). But molar concentrations of Al in
the medium were in a range of 3–5 µM (Supplementary
Figure S1), which was again below the toxic levels used in
many experiments. In addition to the elements presented in
Figure 1 and Supplementary Figure S1, Cd, Hg, and Pb were
also quantified but concentrations of these elements in the agar
reagents were below the quantification limits of our ICP-OES (for
Cd and Pb) and CV-AAS (for Hg) systems.

A lot-dependent variation of the elemental profiles was also
found but not so drastic as the type-to-type variation mentioned
above. A variation between Nacalai agars was overall very minor.
In contrast, compared to Type A-1, Type A-2 contained higher
levels of Na, K, Mg, Ca, Mn, Fe, Zn, and P (Figure 1), but the
difference in the medium concentration basis was little except
for P (Supplementary Figure S1). The total P concentration in
the medium was 2-fold higher with Type A-2 than Type A-1
(Supplementary Figure S1). Type E-2 contained higher levels
of Na, K, Fe, Zn, S, and As and lower levels of Mg and Ca than
Type E-1 (Figure 1). However, comparing the concentrations in
the medium, the difference between the Type E batches was not
that much evident (Supplementary Figure S1).

Agar-Dependent Variation of
As(III)-Sensitive Phenotypes
We then tested the metal(loid)-sensitive phenotypes of the
established mutants (cad1-3, cad1-6, and abcc1/2) with six
agar reagents (Type A-1, A-2, Type E-1, E-2, Nacalai-1, and
Nacalai-2) and four metal(loid) species [As(III), Hg(II), Zn(II),
and Cd(II)]. The plant growth under control conditions was
little affected by the different agar reagents (Supplementary
Figures S2–S4). On the other hand, an agar-dependent
variation of the metal(loid)-sensitivity was prominently observed
for As(III). As(III)-sensitivity assay was conducted under
1 µM (Supplementary Figure S5) and 1.5 µM As(III)
treatments (Figure 2). We previously demonstrated comparable

As(III)-hypersensitivity of cad1-3, cad1-6, and abcc1/2 under
these As(III) conditions (Uraguchi et al., 2018). The mutants
stably exhibited the As(III)-hypersensitive phenotypes when
grown on the plates prepared with Nacalai agars (Figure 2A
and Supplementary Figure S5A). The primary root length
(Figure 2B and Supplementary Figure S5B) and seedling
fresh weight (Figure 2C and Supplementary Figure S5C) of
the mutants were severely reduced by the As(III) treatments
when either Nacalai-1 or Nacalai-2 was used for the plate
preparation. Under 1.5 µM As(III) treatment, abcc1/2 slightly
showed intermediate As(III) sensitive phenotypes compared
to the AtPCS1 mutants cad1-3 and cad1-6 and this trend
was visible on the plates with both Nacalai-1 and Nacalai-
2 agars.

In contrast, a lot-dependent variation of the As(III)-sensitivity
was observed for Type A and Type E agar reagents. The
application of Type A-2 for the medium preparation diminished
the As(III) sensitivity of the mutants, whereas the phenotypes on
the plates with Type A-1 were similar to those obtained from
the Nacalai plates (Figure 2 and Supplementary Figure S5).
The lot-to-lot variation of Type E agar was more serious. The
As(III)-sensitive phenotypes of cad1-3, cad1-6, and abcc1/2 were
clearly observed with Type E-2 agar plates even under 1µM
As(III) treatment, however, the effects of As(III) exposure on
the plant growth were barely visible when Type E-1 was used
for the medium preparation (Figure 2A and Supplementary
Figure S5A). There was no significant difference of the seedling
fresh weight between Col-0 and the mutants under both As(III)
conditions (Figure 2C and Supplementary Figure S5C) and the
difference of the root length among the genotypes was significant
but very little (Figure 2B and Supplementary Figure S5B).

Agar-Dependent Variation of
Hg(II)-Sensitive Phenotypes
The plant growth was examined under 10 µM (Supplementary
Figure S6) and 15 µM Hg(II) treatments (Figure 3). It
has been demonstrated that cad1-3 and abcc1/2 are similarly
hypersensitive to Hg(II) (Ha et al., 1999; Park et al., 2012). And
we found that Hg(II) was the second metal species showing the
agar-dependent variation of the mutant hypersensitivity. As a
major difference from the case of As(III) treatment, the agar type-
dependent variation under Hg(II) stress was more evident than
the variation between the batches of the respective agar types. The
mutants growth was less inhibited by the Hg(II) treatments on the
Nacalai agar plates compared to those of other agar types, whereas
the mutant plants grown on the plates with Type A or Type E
agars showed severe growth reduction. A variation of the root
length among the individuals of each genotype was also larger
when the Nacalai agars were used (Figures 3A,B).

A lot-dependent variation was again observed between Type
E-1 and E-2 as like the case of As(III), but in the opposite
direction: under 15 µM Hg(II) treatment, the growth of cad1-
6 and abcc1/2 was more severely inhibited on the Type E-1
plates than on the Type E-2 plates (Figure 3). The hypersensitive
phenotypes of the tested mutants were remarkably and stably
observed on the Type A plates. The root and shoot development
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FIGURE 2 | As(III)-sensitivity of the phytochelatin-related Arabidopsis mutants on the agar plates prepared with different agar reagents. Three types of agar reagents
with two independent lots for each type were tested. Col-0, cad1-3, cad1-6 and abcc1/2 were grown on the agar medium containing 1.5 µM As(III) for 12 days.
(A) Phenotypes of Col-0, cad1-3, cad1-6, and abcc1/2. Scale bars = 1 cm. (B,C) Relative primary root length (B) and fresh weight of seedlings (C) of Col-0, cad1-3,
cad1-6, and abcc1/2. Values are shown as percentage of each control. Data represent means with SD from at least three independent experiments (n = 19 – 28 for
root length, and n = 3–4 for seedling fresh weight). Means sharing the same letter are not significantly different within each agar reagent (P < 0.05, Tukey’s HSD).
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FIGURE 3 | Hg(II)-sensitivity of the phytochelatin-related Arabidopsis mutants on the agar plates prepared with different agar reagents. Three types of agar reagents
with two independent lots for each type were tested. Col-0, cad1-3, cad1-6, and abcc1/2 were grown on the agar medium containing 15 µM Hg(II) for 12 days.
(A) Phenotypes of Col-0, cad1-3, cad1-6, and abcc1/2. Scale bars = 1 cm. (B,C) Relative primary root length (B) and fresh weight of seedlings (C) of Col-0, cad1-3,
cad1-6, and abcc1/2. Values are shown as percentage of each control. Data represent means with SD from at least three independent experiments (n = 13–28 for
root length, and n = 3–4 for seedling fresh weight). Means sharing the same letter are not significantly different within each agar reagent (P < 0.05, Tukey’s HSD).
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of the mutants was nearly completely impaired after germination
even under lower Hg(II) treatment and the application of
different lots of Type A agar did not change the phenotypes
(Figure 3 and Supplementary Figure S6).

Agar-Dependent Variation of Excess
Zn(II)-Sensitive Phenotypes
To test excess Zn(II)-sensitivity of the mutants, the plants were
grown under 40 µM (Supplementary Figure S7) and 50 µM
Zn(II) treatments (Figure 4). AtPCS1 plays major roles in excess
Zn tolerance: cad1-3 and cad1-6 exhibit enhanced sensitivity to
the excess Zn stress (Tennstedt et al., 2009; Kühnlenz et al., 2016).
But phenotypes of abcc1/2 under excess Zn conditions have not
been reported. The root growth and seedling fresh weight of cad1-
3 and cad1-6 were similarly reduced by 50 µM Zn(II) treatment
when the Nacalai agar reagents were used for the medium
solidification (Figures 4B,C), as reported previously. Under this
condition, the growth of abcc1/2 was overall similar to that of
Col-0. Similar results were obtained for 40 µM Zn(II) treatment
(Supplementary Figure S7), suggesting that the sensitivity of
abcc1/2 to excess Zn stress was Col-0 like.

Agar type- and lot-dependent variation was detected for Type
A and Type E especially for the root growth: the shorter root
length phenotype of cad1-3 and cad1-6 under excess Zn(II) was
also somewhat observed when grown on the plates prepared with
Type A-1 and Type E-1 but less evident on the Type A-2 and Type
E-2 plates (Figure 4B and Supplementary Figure S7B). Seedling
fresh weight of cad1-3 and cad1-6 was also not significantly
different from that of Col-0 under 40 µM Zn(II) treatment with
Type A-2 and Type E-2 agars (Supplementary Figure S7C).

Agar-Dependent Variation of
Cd(II)-Sensitive Phenotypes
Compared to the other tested metal(loid)s, the agar-dependent
variation of the sensitivity of the mutants under Cd(II) stress
was very small. Under both 2 µM (Supplementary Figure S8)
and 3 µM Cd(II) treatments (Figure 5), cad1-3 showed the
highest Cd-sensitivity based on the root length and seedling
fresh weight quantification irrespective of the agar reagents.
cad1-6 shows a weaker/intermediate Cd-sensitivity compared
to cad1-3 (Tennstedt et al., 2009; Kühnlenz et al., 2016) and
indeed, the second allele exhibited the longer root length than
cad1-3 under all the tested agar conditions (Figure 5B and
Supplementary Figure S8B). Larger seedling fresh weight of
cad1-6 was significantly observed on the Type A-1, Nacalai-1 and
Nacalai-2 plates under both 2 and 3 µM Cd(II), whereas there
was no significant difference between cad1-3 and cad1-6 when
Type A-2, Type E-1, and Type E-2 were used for the medium
(Figure 5C and Supplementary Figure S8C).

abcc1/2 is also a Cd-hypersensitive mutant but the phenotype
is reported to be weaker than that of cad1-3 (Park et al., 2012).
In line with this previous result, seedling fresh weight of abcc1/2
under our assay conditions was generally larger than that of cad1-
3 (Figure 5C and Supplementary Figure S8C). Intermediate root
length phenotypes of abcc1/2 as like cad1-6 were also observed on
the Nacalai plates, however, on the Type A and Type E plates, the

abcc1/2 root length was comparable to that of cad1-3 (Figure 5B
and Supplementary Figure S8B).

Agar-Dependent Variation of Plant As
and Hg Accumulation
Because the growth assay demonstrated considerable agar-
dependent variation of the mutant sensitivity especially against
As(III) and Hg(II) stress, we hypothesized that the variation
was attributed to different accumulation levels of As or Hg in
the plants. Thus, we next examined As and Hg accumulation
in Col-0 and cad1-3 grown on the Type A and Nacalai agar
plates. cad1-3 was selected as the representative mutant due to
the evident hypersensitive phenotypes under both As(III) and
Hg(II) stress. Type E agars were not subjected to this experiment
because the remaining Type E-1 was insufficient to complete
the experiment. Unlike the sensitivity assay, the established 10-
d-old seedlings grown on the control plates were transferred to
the plates containing As(III) or Hg(II) to minimize the effects of
different sensitivity to As(III) or Hg(II) stress between Col-0 and
cad1-3 on As or Hg uptake and accumulation.

A variation of As and Hg concentrations in plants was
more prominent between agar types than batches (Figure 6).
As and Hg concentrations in both shoots (Figures 6A,C) and
roots (Figures 6B,D) were generally higher when the Type
A agars were used for the medium than the Nacalai agars.
Genotypic difference between Col-0 and cad1-3 was significant
for As concentrations in roots irrespective of the agar reagents
(Figure 6B) and in shoots harvested from the Type A-1 and
A-2 plates (Figure 6A). There was no significant difference
between the genotypes for Hg concentrations in shoots and roots,
except for that of roots harvested from the Type A-2 plates
(Figures 6C,D). In every significant case, cad1-3 accumulated less
As or Hg compared to Col-0.

Agar-Dependent Variation of Ionomic
Profiles of As(III)-Treated Plants
Because different As accumulation within the plants seemed not
to be a cause for the agar-dependent As(III)-sensitivity variation,
we next analyzed the ionomic profiles of the control and As(III)-
treated plants grown on the Type A or Nacalai agar plates.
Another motivation to conduct ionome analysis of the As(III)-
treated plants was our previous result showing that As(III)
treatment drastically altered Zn accumulation and distribution
specifically in cad1-3 (Uraguchi et al., 2018). Analyzed elemental
concentrations in shoots and roots were shown in Figure 7
and Supplementary Figure S9, respectively, and the obtained
ionome data were analyzed by three-way ANOVA as presented
in Supplementary Table S1. The effects of As(III) treatment,
genotypes (Col-0 and cad1-3) and agar reagents (Type A-1, A-
2, Nacalai-1, and Nacalai-2) were generally significant over the
analyzed elements but were more clearly detected in shoots than
in roots (Supplementary Table S1). The typical case was Cu
concentrations in roots, which was not significantly affected by
any factors. The interaction effects among As(III)-treatment,
genotypes, and agar reagents were also tested (Supplementary
Table S1): significant interaction between As(III)-treatment and
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FIGURE 4 | Excess Zn(II)-sensitivity of the phytochelatin-related Arabidopsis mutants on the agar plates prepared with different agar reagents. Three types of agar
reagents with two independent lots for each type were tested. Col-0, cad1-3, cad1-6, and abcc1/2 were grown on the agar medium containing 50 µM Zn(II) for 12
days. (A) Phenotypes of Col-0, cad1-3, cad1-6, and abcc1/2. Scale bars = 1 cm. (B,C) Relative primary root length (B) and fresh weight of seedlings (C) of Col-0,
cad1-3, cad1-6, and abcc1/2. Values are shown as percentage of each control. Data represent means with SD from at least three independent experiments
(n = 22–28 for root length, and n = 3–4 for seedling fresh weight). Means sharing the same letter are not significantly different within each agar reagent (P < 0.05,
Tukey’s HSD).
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FIGURE 5 | Cd(II)-sensitivity of the phytochelatin-related Arabidopsis mutants on the agar plates prepared with different agar reagents. Three types of agar reagents
with two independent lots for each type were tested. Col-0, cad1-3, cad1-6, and abcc1/2 were grown on the agar medium containing 3 µM Cd(II) for 12 days.
(A) Phenotypes of Col-0, cad1-3, cad1-6, and abcc1/2. Scale bars = 1 cm. (B,C) Relative primary root length (B) and fresh weight of seedlings (C) of Col-0, cad1-3,
cad1-6, and abcc1/2. Values are shown as percentage of each control. Data represent means with SD from at least three independent experiments (n = 24–28 for
root length, and n = 3–4 for seedling fresh weight). Means sharing the same letter are not significantly different within each agar reagent (P < 0.05, Tukey’s HSD).
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FIGURE 6 | Concentrations of As in shoots (A) and roots (B) and Hg in shoots (C) and roots (D) of Col-0 and cad1-3. Plants were grown on the control medium
prepared with the respective agar reagents for 10 days and then transferred to the medium containing 5 µM As(III) or 10 µM As(III). After 4 days, plants were
harvested and As and Hg concentrations in shoots and roots were separately quantified by ICP-OES and CV-AAS, respectively. Data represent means with SD from
two independent experiments (n = 4). Means sharing the same letter are not significantly different within each panel (P < 0.05, Tukey’s HSD).

genotypes was detected in most of the elements analyzed except
for Fe, Cu, and P in shoots and Na, Mn and Cu in roots. In
contrast, for Na, Mn, Fe, Cu, P, and S in shoots and Mn, Fe,
Zn, and S in roots, interaction effects between As(III)-treatments
and agar reagents were significant. Interaction effects between
genotypes and agar reagents were strongly indicated for Na
(P < 0.001), and weakly indicated for Mn, Zn, and P in shoots
(P< 0.05). These statistical results indicate that As(III)-treatment
induces genotype-specific changes in the accumulation of many
elements, and selection of agar reagents influences the degree of
the As(III)-induced changes of Na, Mn, Fe, Cu, P, and S in shoots
and Mn, Fe, Zn, and S in roots.

We then conducted a post-hoc analysis to test significant
differences attributed to As(III) treatment and genotypes
(Figure 7 and Supplementary Figure S9). As suggested by the
three-way ANOVA (Supplementary Table S1), the accumulation
of many elements in shoots was significantly altered by the
As(III) treatment, especially in cad1-3. As(III)-induced reduction
of shoot K, Mg, Ca, Zn, and S concentrations more largely
in cad1-3, irrespective of agar reagents (Figure 7). With the
Type A agars, As(III)-induced increase of Zn levels in cad1-3
roots was larger (Supplementary Figure S9) and alteration of
S concentrations by As(III) treatment was significant even in

Col-0 (Figure 7 and Supplementary Figure S9). In addition, as
Type A agar-specific changes, Na, Mn, and P concentrations in
shoots and Mn concentration in roots were significantly reduced
by As(III) treatment in cad1-3 (Figure 7 and Supplementary
Figure S9). In contrast, a very slight but significant reduction of
Cu concentration under As(III) stress was detected as the only
Nacalai agar specific pattern (Figure 7). In comparison to the agar
type-dependent variation, a lot-dependent variation was minor.
As(III)-dependent reduction in cad1-3 shoot was significantly
clear for Fe on the Type A-1 agar plates but not on the Type
A-2 plates (Figure 7), and the effect of agar batches was minor
for other cases.

DISCUSSION

Significance of Agar Reagents for
Metal(loid)-Sensitivity Assay
Gelling agents including agar are one of the basic components
of the solid medium for plant experiments, and most of the
reports do not mention the details of the gelling reagent
used for the experiment. However, a large variation of various
element contents was previously reported among a number of
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FIGURE 7 | Ionomic profiles in shoots of Col-0 and cad1-3 under normal conditions and As(III) stressed conditions. Plants were grown on the control medium
prepared with the respective agar reagents for 10 days and then transferred to the fresh control medium or the medium containing 5 µM As(III). After 4 days, plants
were harvested and concentrations of Na, K, Mg, Ca, Mn, Fe, Cu, Zn, P, and S in shoots were quantified by ICP-OES. Data represent means with SD from two
independent experiments (n = 4). Means sharing the same letter are not significantly different within each agar reagent (P < 0.05, Tukey’s HSD).
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different gelling reagents, and “carry-on” elemental load derived
from gelling reagents is suggested to mask transcriptional and
morphological responses of Arabidopsis plants under nutrient-
deficient stress (Jain et al., 2009; Gruber et al., 2013). These
studies suggest that the selection of proper gelling agents for
each nutrient element is critical for analyzing plant responses to
nutrient deficiency. Another suggestion by Jain et al. (2009) is
switching a cultivation method from agar-plates to hydroponics.
This can solve the problems imposed by elemental contamination
from gelling reagents.

For studies of plant metal(loid) transport or toxicity, the
importance of selecting appropriate gelling reagents seems to
be implicitly recognized for similar reasons. Co-existing ions
in the medium (and from the agar reagent) can affect root
metal uptake through competitive interactions and therefore
modulate levels of metal toxicity to plants. Indeed, several papers
mentioned specific types of agar reagents used for analyzing plant
metal responses (Thomine et al., 2000; Wong and Cobbett, 2009;
Nishida et al., 2011; Weber et al., 2013; Lešková et al., 2017;
Uraguchi et al., 2017, 2019b). Hydroponic systems are also used
for phenotyping of plant metal responses, which are free from the
agar-derived elemental contamination. However, especially for
studying Arabidopsis plants, the solid plate system still has some
advantages over the hydroponic system. In particular, the plate
assay enables phenotyping of many Arabidopsis lines in parallel
and analyzing young Arabidopsis seedlings even less than one-
week-old. It should be noted that a standard hydroponic protocol
of Arabidopsis requires a few weeks preculture to establish
seedlings before the treatment. The plate-based metal treatment
would also reduce the hazardous risks of handling toxic elements
because it is a closed safer system and requires fewer volumes of
the media compared to the hydroponic system. Thus optimizing
the agar-based metal assay system for Arabidopsis especially in
terms of agar reagents is significant.

Selection of Agar Reagents for Mutant
Metal(loid) Sensitivity Assay
Three types of agars with two independent batches for each
type were examined in this study. Type A (Nishida et al.,
2011; Weber et al., 2013; Uraguchi et al., 2019b) and Type E
agars (LeBlanc et al., 2012; Sone et al., 2017; Uraguchi et al.,
2017) of Sigma-Aldrich, and purified agar of Nacalai Tesque
(Uraguchi et al., 2017, 2018, 2019a,b) are agar reagents previously
used for toxic metal treatment of Arabidopsis. It should be
noted that this “Type-A” agar is different from other “Type A”
agars of Sigma-Aldrich (catalog nos. A1296 and P8169) used
in the previous studies (Jain et al., 2009; Gruber et al., 2013).
The ionomic analysis of the agar reagents used in this study
revealed different elemental backgrounds mainly between the
agar types (Figure 1). And the agar-derived additive loads of
each element to the medium were considerably higher for Mg
and Ca in the Nacalai plates, and for Na, Fe, Cu, P, and S
in the Type A and Type E plates (Supplementary Figure S1).
With these medium conditions, the three established mutant lines
of AtPCS1, AtABCC1 and AtABCC2 were tested as the model
of hypersensitive mutants to metal(loid)s: AtPCS1 catalyzes

synthesis of PCs, metal(loid)-binding peptides and promotes
PC-metal(loid) complex formation in cytosol (Ha et al., 1999;
Blum et al., 2010) and AtABCC1 and AtABCC2 coordinately
pump the PC-metal(loid) complex into vacuoles (Song et al.,
2010; Park et al., 2012).

The comprehensive growth assay demonstrated the significant
agar-dependent variation of the mutant phenotypes. Overall,
Nacalai agar was suggested as the first choice among the tested
three types of agar reagents. Firstly, a lot-dependent variation
of the mutant growth was little between the two tested lots
(Figures 2–5 and Supplementary Figures S5–S8). We also tested
two other lots of the Nacalai agar under some conditions, and
we found the similar phenotypes of the mutants regardless of
the batches (data not shown). Another important advantage of
employing Nacalai agar is that the growth of the wild-type Col-0
and the mutants were more clearly distinguishable than when the
other agars were used, except for Hg(II) treatment (Figures 2–
5 and Supplementary Figures S5–S8). The representative result
was of As(III) treatment. cad1-3 and cad1-6 are equally sensitive
to As(III) treatment showing shorter roots and accumulation of
anthocyanins in leaves, whereas abcc1/2 exhibits slight but yet
better shoot growth without apparent anthocyanin accumulation
(Uraguchi et al., 2018). These genotypic differences were stably
observed with the Nacalai plates but not with either of the two
batches of Type A and Type E agars (Figure 2). For Cd(II)
stress, the application of the Nacalai agars enabled stable and clear
observation of the intermediate Cd-sensitive phenotypes of cad1-
6 (Figure 5 and Supplementary Figure S8), which was previously
reported (Tennstedt et al., 2009; Kühnlenz et al., 2016). The
same goes for phenotyping of excess Zn(II) stress. The growth
difference between Col-0 and the AtPCS1 mutants (cad1-3 and
cad1-6) was smaller than the cases of other metal(loid) stress
but the equally sensitive phenotypes of cad1-3 and cad1-6 were
more sharply and stably detected on the Nacalai plates (Figure 4
and Supplementary Figure S7). Even under such conditions,
the growth of abcc1/2 was overall comparable to that of Col-0,
without an apparent sign of Zn-hypersensitivity. AtABCC1 and
AtABCC2 are crucial players in metal detoxification by mediating
sequestration of the PC-metal(loid) complex into vacuoles (Song
et al., 2010; Park et al., 2012). However, our results suggest for
the first time that AtABCC1 and AtABCC2 do not significantly
contribute to excess Zn detoxification. Another vacuolar Zn
sequestration pathway is likely more dominant. AtMTP1, a
member of the cation diffusion facilitator (CDF) family is a strong
candidate (Kobae et al., 2004; Desbrosses-Fonrouge et al., 2005).

As discussed so far, Nacalai agar was suggested as a versatile
gelling agent for the toxic metal(loid) sensitivity assay, however,
the exception was Hg(II). The application of the Nacalai agar
drastically diminished the Hg(II) sensitivity of the mutant plants
(Figure 3 and Supplementary Figure S6). Contrastingly the same
Hg(II) treatment with Type A and Type E agars severely inhibited
the mutant plant growth, thus these agars rather than Nacalai
agar are suitable for Hg(II)-sensitivity phenotyping. For As(III),
Cd(II), and Zn(II) stress, we found a considerable variation
of the mutant growth between the lots of Type A or Type E
agars, however, the hypersensitive phenotypes of the mutants
were substantially observed when an appropriate batch was used
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(Figures 2, 4, 5 and Supplementary Figures S5, S7, S8). Thus,
Type A or Type E agar would be the alternative choice of a gelling
agent for the growth experiments testing various metal(loid)
stress, especially when including Hg(II).

Agar-Dependent Variation of Plant As
and Hg Accumulation and Toxicity
Because we observed the agar type-dependent or lot-dependent
variation of the mutant phenotypes mainly under As(III) and
Hg(II) treatments, we hypothesized that the agar affected uptake
and accumulation of As or Hg in the plants, and different
accumulation levels of As or Hg resulted in the different growth
sensitivity of the mutant. The results of Hg measurement in Col-
0 and cad1-3 likely explain the agar type-dependent variation
of Hg(II)-sensitivity (Figure 3 and Supplementary Figure S6,
severe toxicity was observed with the Type A plates but not with
the Nacalai plates). Hg concentrations in plants were generally
higher when Type A agars were used for the plate preparation
than Nacalai agars (>2-fold in shoots, and > 4-fold in roots,
Figures 6C,D). The enhanced Hg accumulation with the Type
A plates would sharpen the toxic symptoms in the mutants
which cannot handle Hg(II) ions in the cells due to the loss-
of-function mutations of AtPCS1 or AtABCC1 and AtABCC2
(Ha et al., 1999; Park et al., 2012). A possible cause for the
agar-dependent variation of plant Hg accumulation is higher
Mg and Ca contents in the Nacalai agar plates (Figure 1 and
Supplementary Figure S1). Nacalai agars contained remarkably
higher levels of Mg and Ca, which resulted in up to 65
and 20% increase of the medium Mg and Ca concentrations,
respectively. It is generally believed that root transport systems
for essential cations mediate uptake of non-essential divalent
metals including Hg(II). Antagonistic inhibition of Hg(II) uptake
was reported by co-existing essential cations including Ca
(Esteban et al., 2013; Kis et al., 2017). Taken together, it is very
likely that higher concentrations of Mg and/or Ca in the Nacalai
plates antagonistically affect Hg uptake by the plants, which
consequently diminishes the mutant sensitivity under Hg(II)
stress when grown on the Nacalai agar plates.

Unlike the case of Hg(II), different As concentrations in
plants are not likely the major factor causing the agar-dependent
variation of the mutant As(III)-sensitivity, because the As
concentration in the plants and growth sensitivity of the mutant
were not correlated between Type A and Nacalai agars, and
between Type A-1 and A-2. Plant As concentrations were overall
lower when grown with the Nacalai plates than with the Type
A plates (Figures 6A,B), although the mutant plants exhibited
more severe hypersensitivity to As(III) on the Nacalai plates
(Figure 2 and Supplementary Figure S5). The lot-dependent
variation of plant As accumulation was not found in cad1-3
between the Type A plates (Figure 6B), although there was a
lot-dependent difference of the As(III)-sensitivity with the Type
A plates (Figure 2 and Supplementary Figure S5). Similarly,
no correlation between plant As accumulation and sensitivity
was reported for sel1-8, a loss-of-function mutant of a sulfate
transporter gene SULTR1;2 (Nishida et al., 2016). The study
suggests that total As concentrations in plants are not a reliable

marker for As(III)-hypersensitivity of sel1-8, in which reduced
sulfate uptake appears to disrupt GSH-based cellular redox
maintenance under As(III) stress (Nishida et al., 2016). The agar-
dependent variation of the mutant As(III)-sensitivity observed
in this study would be also caused by different physiological
conditions of the plants like redox activity. Another possibility
is interaction between As(III) toxicity and supplied P levels in
the medium as suggested by Lou-Hing et al. (2011). Increased P
supply to the medium alleviated As(III) toxicity in rice cultivars,
although the mechanism remained elusive. The higher P level
in the Type A-2 agar compared to the Type A-1 (Figure 1
and Supplementary Figure S1) could be a reason for the
As(III)-sensitivity variation between the Type A lots. However,
this hypothesis cannot explain the similar phenotypic variation
between the Type E lots, because the P levels of Type E-1
and E-2 were equal (Figure 1 and Supplementary Figure S1).
Further molecular understanding of the As(III) toxicity in the
plants would provide a clue for the growth condition-dependent
variation of the As(III)-sensitivity.

Apart from the metal(loid) sensitivity variation, the agar-
dependent variation of the plant As and Hg accumulation that we
observed (Figure 6) suggests that the selection of agar reagents
is also important for phenotyping metal(loid) accumulation. It
should be considered that differences of metal(loid) accumulation
between wild-type and mutant plants can be masked by a certain
agar reagent as we observed for Type A and Nacalai agars. As
far as comparing Type A and Nacalai agars, Type A would be
a better selection for assessing plant metal(loid) accumulation
because the Type A plates can provide higher plant As and
Hg accumulation with clear genotypic differences (Figure 6).
Moreover, Type A-specific ionomic alterations were indicated as
the As(III) toxicity for Na, Mn, Fe, and P, and for Zn and S, the
As(III)-induced changes were more evidently detected with the
Type A plates (Figure 7 and Supplementary Figure S9). These
results suggest that the Type A medium is overall suitable for
analyzing plant element accumulation under metal(loid) stress.

Perspectives on the Agar Matter of Plant
Metal Study
The present study conducted a series of experiments using
six different agar reagents and three established metal(loid)-
sensitive Arabidopsis mutant plants to examine the effects of
agar reagents in the medium on the plant responses against
toxic metal(loid) stress. Based on the results presented, we can
draw conclusions that (i) a “wrong” agar reagent can easily mask
phenotypes (plant growth and metal accumulation) of the well-
established Arabidopsis mutants, (ii) suitability of gelling agents
for metal(loid) stress assay depends on the target metal(loid),
and (iii) elemental profiles of agar reagents would help to predict
possible “masking effects” derived from elemental contaminants
in the agar regents.

Regarding (i), the agar effect is terrifying as we demonstrated
that the growth inhibition of cad1-3, one of the most evident
metal(loid)-sensitive mutants was completely masked by a certain
type of agar reagents. Many of other metal(loid)-sensitive
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mutants would exhibit more moderate phenotypes compared
to cad1-3, and then phenotyping with an agar reagent causing
even mild masking effects would result in “misphenotyping,”
and lead to a wrong conclusion. Similarly, the unsuitable
medium composition was reported to cause “misphenotyping”
of several mutants under Zn(II) and Pb(II) stress (Tennstedt
et al., 2009; Fischer et al., 2014). Related to the second conclusion
(ii), what makes the agar problem complicated is that it is
almost impossible to find a “complete agar” which can be
applied for any metal(loid) treatment. Therefore, one should
be careful in the choice of gelling agents for their respective
experiments. Conducting the phenotyping assay with at least two
independent agar reagents would be a solution to avoid such
agar-derived “misphenotyping,” however, it is time-consuming.
One alternative suggestion is including cad1-3 for instance as a
positive control to every assay. Suitability of the experimental
conditions, including a selection of agar reagents, can be judged
based on the cad1-3 performance. Another possible solution to
predict the suitability of agar reagents is an analysis of elemental
profiles of the reagent to be used, as stated in the third remark
(iii). Our data imply that less contaminated agars are less likely
to cause “masking effects,” although it is difficult in some cases to
point out which element contamination would be critical. This is
likely because such “masking effects” are attributed to chemical
and physiological interactions between the elements (Lou-Hing
et al., 2011; Lešková et al., 2017). Agarose, which is prepared
from agar, can be another candidate for medium solidification,
because it generally contains less elemental contaminants than
agar reagents (Gruber et al., 2013), due to the removal of
agaropectin fractions from agar. However, as reported (Gruber
et al., 2013) and as we observed in preliminary experiments, the
plant growth was not fine and uniform on agarose medium plates.

Incidentally, our ionomic data of agar reagents demonstrated
a large variation of the agar-derived load of essential minerals
to the medium, supporting the importance of agar selection for
nutrient deficiency experiments (Jain et al., 2009; Gruber et al.,
2013). Substantial increase of total element concentrations in
the medium was expected for Mg, Ca, Fe, Cu, Zn, P, and S
depending on the agar reagents (Supplementary Figure S1).
As far as comparing plant ionomic data of control conditions
(Figure 7 and Supplementary Figure S9), positive correlations
were only detected for Mg and Ca between total element
concentrations in the medium and plants. For other elements,
concentrations in the plants seemed rather unaffected by the
elemental contents in the agar reagents. This would be because
total concentrations in the agars do not represent phytoavailable
fractions and/or uptake and utilization of these elements by
plants are tightly regulated. Nevertheless, our ionomic analysis
of the agar reagents indicates that Nacalai agars which have

less elemental contamination would be a suitable gelling
reagent for nutrient deficiency experiments among the agars
tested in this study.

In conclusion, the present study demonstrates with a series
of data obtained from several agar reagents that selecting a
proper agar reagent is important for metal(loid) stress-related
phenotypes and ionome of Arabidopsis. We propose to include
a reference mutant such as cad1-3 to the growth assay to
avoid “misphenotyping” caused by agar and other experimental
factors. We also propose to describe types and lot numbers
of agar reagents in the method section when reporting results
of metal-sensitivity growth assay or ionome obtained from
agar plate culture.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

SU conceived and designed the experiments. MK supervised the
study. SU, YOt, HT, NY, HS, and MH conducted the experiments.
SU, YOh, RN, YT, and MK analyzed the data. SU and MK
prepared the manuscript with contributions from all authors.

FUNDING

This work was supported in part by the Japan Society for
the Promotion of Science (Grant Nos. 18K05377 to SU and
18H03401 to MK) and Kitasato University Research Grant for
Young Researchers to SU.

ACKNOWLEDGMENTS

We thank Youngsook Lee (POSTECH), Enrico Martinoia
(University of Zurich), and Stephan Clemens (University of
Bayreuth) for providing the seeds of the mutants. We also thank
Sho Nishida (Saga University) for providing an agar reagent.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00503/
full#supplementary-material

REFERENCES
Bashir, K., Rasheed, S., Kobayashi, T., Seki, M., and Nishizawa, N. K.

(2016). Regulating subcellular metal homeostasis: the key to crop
improvement. Front. Plant Sci. 7:1192. doi: 10.3389/fpls.2016.0
1192

Blum, R., Meyer, K. C., Wünschmann, J., Lendzian, K. J., and Grill, E. (2010).
Cytosolic action of phytochelatin synthase. Plant Physiol. 153, 159–169. doi:
10.1104/pp.109.149922

Clemens, S. (2019). Safer food through plant science: reducing toxic element
accumulation in crops. J. Exp. Bot. 70, 5537–5557. doi: 10.1093/jxb/er
z366

Frontiers in Plant Science | www.frontiersin.org 15 May 2020 | Volume 11 | Article 503

https://www.frontiersin.org/articles/10.3389/fpls.2020.00503/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.00503/full#supplementary-material
https://doi.org/10.3389/fpls.2016.01192
https://doi.org/10.3389/fpls.2016.01192
https://doi.org/10.1104/pp.109.149922
https://doi.org/10.1104/pp.109.149922
https://doi.org/10.1093/jxb/erz366
https://doi.org/10.1093/jxb/erz366
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00503 May 15, 2020 Time: 16:13 # 16

Uraguchi et al. Agar-Dependent Plant Responses to Metals

Clemens, S., and Ma, J. F. (2016). Toxic heavy metal and metalloid accumulation
in crop plants and foods. Annu. Rev. Plant Biol. 67, 489–512. doi: 10.1146/
annurev-arplant-043015-112301

Desbrosses-Fonrouge, A. G. G., Voigt, K., Schröder, A., Arrivault, S., Thomine,
S., and Krämer, U. (2005). Arabidopsis thaliana MTP1 is a Zn transporter
in the vacuolar membrane which mediates Zn detoxification and drives
leaf Zn accumulation. FEBS Lett. 579, 4165–4174. doi: 10.1016/j.febslet.2005.
06.046

Esteban, E., Deza, M., and Zornoza, P. (2013). Kinetics of mercury uptake by
oilseed rape and white lupin: influence of Mn and Cu. Acta Physiol. Plant. 35,
2339–2344. doi: 10.1007/s11738-013-1253-6

Fischer, S., Kühnlenz, T., Thieme, M., Schmidt, H., and Clemens, S. (2014).
Analysis of plant Pb tolerance at realistic submicromolar concentrations
demonstrates the role of phytochelatin synthesis for Pb detoxification. Environ.
Sci. Technol. 48, 7552–7559. doi: 10.1021/es405234p

Fukao, Y., and Ferjani, A. (2011). V-ATPase dysfunction under excess zinc inhibits
Arabidopsis cell expansion. Plant Signal. Behav. 6, 1253–1255. doi: 10.4161/psb.
6.9.16529

Fukao, Y., Ferjani, A., Tomioka, R., Nagasaki, N., Kurata, R., Nishimori, Y., et al.
(2011). iTRAQ analysis reveals mechanisms of growth defects due to excess zinc
in Arabidopsis. Plant Physiol. 155, 1893–1907. doi: 10.1104/pp.110.169730

Gilbert-Diamond, D., Cottingham, K. L., Gruber, J. F., Punshon, T., Sayarath, V.,
Gandolfi, J. A., et al. (2011). Rice consumption contributes to arsenic exposure
in US women. Proc. Nat. Acad. Sci. U.S.A. 108, 20656–20660. doi: 10.1073/pnas.
1109127108

Gruber, B. D., Giehl, R. F., Friedel, S., and von Wirén, N. (2013). Plasticity of
the Arabidopsis root system under nutrient deficiencies. Plant Physiol. 163,
161–179. doi: 10.1104/pp.113.218453

Ha, S., Smith, A., Howden, R., Dietrich, W., Bugg, S., O’Connell, M.,
et al. (1999). Phytochelatin synthase genes from Arabidopsis and the yeast
Schizosaccharomyces pombe. Plant Cell 11, 1153–1164. doi: 10.1105/tpc.11.6.
1153

Hou, X., Tong, H., Selby, J., DeWitt, J., Peng, X., and He, Z.-H. (2005). Involvement
of a cell wall-associated kinase, WAKL4, inArabidopsismineral responses. Plant
Physiol. 139, 1704–1716. doi: 10.1104/pp.105.066910

Howden, R., Goldsbrough, P., Andersen, C., and Cobbett, C. (1995). Cadmium-
sensitive, cad1 mutants of Arabidopsis thaliana are phytochelatin deficient.
Plant Physiol. 107, 1059–1066. doi: 10.1104/pp.107.4.1059

Huang, C.-F., Yamaji, N., and Ma, J. (2010). Knockout of a bacterial-type ATP-
binding cassette transporter gene, AtSTAR1, results in increased aluminum
sensitivity in Arabidopsis. . Plant Physiol. 153, 1669–1677. doi: 10.1104/pp.110.
155028

Jain, A., Poling, M. D., Smith, A. P., Nagarajan, V. K., Lahner, B., Meagher,
R. B., et al. (2009). Variations in the composition of gelling agents affect
morphophysiological and molecular responses to deficiencies of phosphate
and other nutrients. Plant Physiol. 150, 1033–1049. doi: 10.1104/pp.109.13
6184

Järup, L. (2003). Hazards of heavy metal contamination. Br. Med. Bull. 68, 167–182.
doi: 10.1093/bmb/ldg032

Jing, Y., He, Z., Yang, X., and Sun, C. (2008). Evaluation of soil tests for plant
available mercury in a soil–crop rotation system. Commun. Soil Sci. Plant Anal.
39, 3032–3046. doi: 10.1080/00103620802432907

Kis, M., Sipka, G., and Maróti, P. (2017). Stoichiometry and kinetics of mercury
uptake by photosynthetic bacteria. Photosynth. Res. 132, 197–209. doi: 10.1007/
s11120-017-0357-z

Kobae, Y., Uemura, T., Sato, M. H., Ohnishi, M., Mimura, T., Nakagawa, T.,
et al. (2004). Zinc transporter of Arabidopsis thaliana AtMTP1 is localized to
vacuolar membranes and implicated in zinc homeostasis. Plant Cell Physiol. 45,
1749–1758. doi: 10.1093/pcp/pci015

Krämer, U., Talke, I. N., and Hanikenne, M. (2007). Transition metal transport.
FEBS Lett. 581, 2263–2272. doi: 10.1016/j.febslet.2007.04.010

Kühnlenz, T., Hofmann, C., Uraguchi, S., Schmidt, H., Schempp, S., Weber,
M., et al. (2016). Phytochelatin synthesis promotes leaf Zn accumulation
of Arabidopsis thaliana plants grown in soil with adequate Zn supply and
is essential for survival on Zn-contaminated soil. Plant Cell Physiol. 57,
2342–2352. doi: 10.1093/pcp/pcw148

Kühnlenz, T., Schmidt, H., Uraguchi, S., and Clemens, S. (2014). Arabidopsis
thaliana phytochelatin synthase 2 is constitutively active in vivo and can rescue

the growth defect of the PCS1-deficient cad1-3 mutant on Cd-contaminated
soil. J. Exp. Bot. 65. 65, 4241–4253. doi: 10.1093/jxb/eru195

Kumar, A., and Prasad, M. N. V. (2018). Plant-lead interactions: transport, toxicity,
tolerance, and detoxification mechanisms. Ecotoxicol. Environ. Safe. 166, 401–
418. doi: 10.1016/j.ecoenv.2018.09.113

LeBlanc, M. S., McKinney, E. C., Meagher, R. B., and Smith, A. P. (2012). Hijacking
membrane transporters for arsenic phytoextraction. J. Biotechnol. 163, 1–9.
doi: 10.1016/j.jbiotec.2012.10.013

Lešková, A., Giehl, R. F., Hartmann, A., Fargašová, A., and von Wirén, N. (2017).
Heavy metals induce iron deficiency responses at different hierarchic and
regulatory levels. Plant Physiol. 174, 1648–1668. doi: 10.1104/pp.16.01916

Li, R., Wu, H., Ding, J., Fu, W., Gan, L., and Li, Y. (2017). Mercury pollution in
vegetables, grains and soils from areas surrounding coal-fired power plants. Sci.
Rep. 7:46545. doi: 10.1038/srep46545

Lou-Hing, D., Zhang, B., Price, A. H., and Meharg, A. A. (2011). Effects of
phosphate on arsenate and arsenite sensitivity in two rice (Oryza sativa L.)
cultivars of different sensitivity. Environ. Exp. Bot. 72, 47–52. doi: 10.1016/j.
envexpbot.2010.11.003

Ma, J. F., Chen, Z. C., and Shen, R. F. (2014). Molecular mechanisms of Al tolerance
in gramineous plants. Plant Soil 381, 1–12. doi: 10.1007/s11104-014-2073-1

Nishida, S., Duan, G., Ohkama-Ohtsu, N., Uraguchi, S., and Fujiwara, T. (2016).
Enhanced arsenic sensitivity with excess phytochelatin accumulation in shoots
of a SULTR1;2 knockout mutant of Arabidopsis thaliana (L.) Heynh. Soil Sci.
Plant Nutr. 62, 1–6. doi: 10.1080/00380768.2016.1150790

Nishida, S., Tsuzuki, C., Kato, A., Aisu, A., Yoshida, J., and Mizuno, T. (2011).
AtIRT1, the primary iron uptake transporter in the root, mediates excess nickel
accumulation in Arabidopsis thaliana. Plant Cell Physiol 52, 1433–1442. doi:
10.1093/pcp/pcr089

Park, J., Song, W.-Y. Y., Ko, D., Eom, Y., Hansen, T. H., Schiller, M., et al. (2012).
The phytochelatin transporters AtABCC1 and AtABCC2 mediate tolerance to
cadmium and mercury. Plant J. 69, 278–288. doi: 10.1111/j.1365-313X.2011.
04789.x

Sone, Y., Uraguchi, S., Takanezawa, Y., Nakamura, R., Pan-Hou, H., and
Kiyono, M. (2017). A Novel role of MerC in methylmercury transport and
phytoremediation of methylmercury contamination. Biol. Pharm. Bull. 40,
1125–1128. doi: 10.1248/bpb.b17-00213

Song, W.-Y. Y., Park, J., Mendoza-Cózatl, D. G., Suter-Grotemeyer, M., Shim, D.,
Hörtensteiner, S., et al. (2010). Arsenic tolerance in Arabidopsis is mediated by
two ABCC-type phytochelatin transporters. Proc. Nat. Acad. Sci. U.S.A. 107,
21187–21192. doi: 10.1073/pnas.1013964107

Sotta, N., and Fujiwara, T. (2017). Preparing thin cross sections of Arabidopsis
roots without embedding. BioTechniques 63, 281–283. doi: 10.2144/00011
4621

Stroud, J. L., Khan, A. M., Norton, G. J., Islam, R. M., Dasgupta, T., Zhu, Y.-G.,
et al. (2011). Assessing the labile arsenic pool in contaminated paddy soils by
isotopic dilution techniques and simple extractions. Environ. Sci. Technol. 45,
4262–4269. doi: 10.1021/es104080s

Tang, Z., Fan, F., Wang, X., Shi, X., Deng, S., and Wang, D. (2018). Mercury in rice
(Oryza sativa L.) and rice-paddy soils under long-term fertilizer and organic
amendment. Ecotox. Environ. Saf. 150, 116–122. doi: 10.1016/j.ecoenv.2017.1
2.021

Tazib, T., Kobayashi, Y., Ikka, T., Zhao, C.-R., Iuchi, S., Kobayashi, M., et al. (2009).
Association mapping of cadmium, copper and hydrogen peroxide tolerance
of roots and translocation capacities of cadmium and copper in Arabidopsis
thaliana. Physiol. Plant 137, 235–248. doi: 10.1111/j.1399-3054.2009.01
286.x

Tennstedt, P., Peisker, D., Böttcher, C., Trampczynska, A., and Clemens, S. (2009).
Phytochelatin synthesis is essential for the detoxification of excess zinc and
contributes significantly to the accumulation of zinc. Plant Physiol. 149, 938–
948. doi: 10.1104/pp.108.127472

Thomine, S., Wang, R., Ward, J., Crawford, N., and Schroeder, J. (2000). Cadmium
and iron transport by members of a plant metal transporter family in
Arabidopsis with homology to Nramp genes. Proc. Nat. Acad. Sci. U.S.A. 97,
4991–4996. doi: 10.1073/pnas.97.9.4991

Tsukahara, T., Ezaki, T., Moriguchi, J., Furuki, K., Shimbo, S., Matsuda-Inoguchi,
N., et al. (2003). Rice as the most influential source of cadmium intake among
general Japanese population. Sci. Total Environ. 305, 41–51. doi: 10.1016/S0048-
9697(02)00475-8

Frontiers in Plant Science | www.frontiersin.org 16 May 2020 | Volume 11 | Article 503

https://doi.org/10.1146/annurev-arplant-043015-112301
https://doi.org/10.1146/annurev-arplant-043015-112301
https://doi.org/10.1016/j.febslet.2005.06.046
https://doi.org/10.1016/j.febslet.2005.06.046
https://doi.org/10.1007/s11738-013-1253-6
https://doi.org/10.1021/es405234p
https://doi.org/10.4161/psb.6.9.16529
https://doi.org/10.4161/psb.6.9.16529
https://doi.org/10.1104/pp.110.169730
https://doi.org/10.1073/pnas.1109127108
https://doi.org/10.1073/pnas.1109127108
https://doi.org/10.1104/pp.113.218453
https://doi.org/10.1105/tpc.11.6.1153
https://doi.org/10.1105/tpc.11.6.1153
https://doi.org/10.1104/pp.105.066910
https://doi.org/10.1104/pp.107.4.1059
https://doi.org/10.1104/pp.110.155028
https://doi.org/10.1104/pp.110.155028
https://doi.org/10.1104/pp.109.136184
https://doi.org/10.1104/pp.109.136184
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1080/00103620802432907
https://doi.org/10.1007/s11120-017-0357-z
https://doi.org/10.1007/s11120-017-0357-z
https://doi.org/10.1093/pcp/pci015
https://doi.org/10.1016/j.febslet.2007.04.010
https://doi.org/10.1093/pcp/pcw148
https://doi.org/10.1093/jxb/eru195
https://doi.org/10.1016/j.ecoenv.2018.09.113
https://doi.org/10.1016/j.jbiotec.2012.10.013
https://doi.org/10.1104/pp.16.01916
https://doi.org/10.1038/srep46545
https://doi.org/10.1016/j.envexpbot.2010.11.003
https://doi.org/10.1016/j.envexpbot.2010.11.003
https://doi.org/10.1007/s11104-014-2073-1
https://doi.org/10.1080/00380768.2016.1150790
https://doi.org/10.1093/pcp/pcr089
https://doi.org/10.1093/pcp/pcr089
https://doi.org/10.1111/j.1365-313X.2011.04789.x
https://doi.org/10.1111/j.1365-313X.2011.04789.x
https://doi.org/10.1248/bpb.b17-00213
https://doi.org/10.1073/pnas.1013964107
https://doi.org/10.2144/000114621
https://doi.org/10.2144/000114621
https://doi.org/10.1021/es104080s
https://doi.org/10.1016/j.ecoenv.2017.12.021
https://doi.org/10.1016/j.ecoenv.2017.12.021
https://doi.org/10.1111/j.1399-3054.2009.01286.x
https://doi.org/10.1111/j.1399-3054.2009.01286.x
https://doi.org/10.1104/pp.108.127472
https://doi.org/10.1073/pnas.97.9.4991
https://doi.org/10.1016/S0048-9697(02)00475-8
https://doi.org/10.1016/S0048-9697(02)00475-8
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00503 May 15, 2020 Time: 16:13 # 17

Uraguchi et al. Agar-Dependent Plant Responses to Metals

Uraguchi, S., and Fujiwara, T. (2013). Rice breaks ground for cadmium-free cereals.
Curr. Opin. Plant Biol. 16, 328–334. doi: 10.1016/j.pbi.2013.03.012

Uraguchi, S., Sone, Y., Kamezawa, M., Tanabe, M., Hirakawa, M., Nakamura,
R., et al. (2019a). Ectopic expression of a bacterial mercury transporter
MerC in root epidermis for efficient mercury accumulation in shoots
of Arabidopsis plants. Sci. Rep. 9:4347. doi: 10.1038/s41598-019-
40671-x

Uraguchi, S., Sone, Y., Ohta, Y., Ohkama-Ohtsu, N., Hofmann, C., Hess, N.,
et al. (2018). Identification of C-terminal regions in Arabidopsis thaliana
Phytochelatin Synthase 1 specifically involved in activation by arsenite. Plant
Cell Physiol. 59, 500–509. doi: 10.1093/pcp/pcx204

Uraguchi, S., Sone, Y., Yoshikawa, A., Tanabe, M., Sato, H., Otsuka, Y., et al.
(2019b). SCARECROW promoter-driven expression of a bacterial mercury
transporter MerC in root endodermal cells enhances mercury accumulation
in Arabidopsis shoots. Planta 250, 667–674. doi: 10.1007/s00425-019-
03186-3

Uraguchi, S., Tanaka, N., Hofmann, C., Abiko, K., Ohkama-Ohtsu, N., Weber,
M., et al. (2017). Phytochelatin synthase has contrasting effects on cadmium
and arsenic accumulation in rice grains. Plant Cell Physiol. 58, 1730–1742.
doi: 10.1093/pcp/pcx114

Weber, M., Deinlein, U., Fischer, S., Rogowski, M., Geimer, S., Tenhaken, R.,
et al. (2013). A mutation in the Arabidopsis thaliana cell wall biosynthesis gene
pectin methylesterase 3 as well as its aberrant expression cause hypersensitivity
specifically to Zn. Plant J. 76, 151–164. doi: 10.1111/tpj.12279

Wong, C., and Cobbett, C. S. (2009). HMA P-type ATPases are the major
mechanism for root-to-shoot Cd translocation in Arabidopsis thaliana. New
Phytol. 181, 71–78. doi: 10.1111/j.1469-8137.2008.02638.x

Xian, X. (1987). Chemical partitioning of cadmium, zinc, lead, and copper in
soils near smelter. J. Environ. Sci. Health Part A 22, 527–541. doi: 10.1080/
10934528709375368

Yamaguchi, C., Takimoto, Y., Ohkama-Ohtsu, N., Hokura, A., Shinano, T.,
Nakamura, T., et al. (2016). Effects of cadmium treatment on the uptake
and translocation of sulfate in Arabidopsis thaliana. Plant Cell Physiol. 57,
2353–2366. doi: 10.1093/pcp/pcw156

Yamaji, N., and Ma, J. (2017). Node-controlled allocation of mineral elements in
Poaceae. Curr. Opin. Plant Biol. 39, 18–24. doi: 10.1016/j.pbi.2017.05.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Uraguchi, Ohshiro, Otsuka, Tsukioka, Yoneyama, Sato, Hirakawa,
Nakamura, Takanezawa and Kiyono. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 17 May 2020 | Volume 11 | Article 503

https://doi.org/10.1016/j.pbi.2013.03.012
https://doi.org/10.1038/s41598-019-40671-x
https://doi.org/10.1038/s41598-019-40671-x
https://doi.org/10.1093/pcp/pcx204
https://doi.org/10.1007/s00425-019-03186-3
https://doi.org/10.1007/s00425-019-03186-3
https://doi.org/10.1093/pcp/pcx114
https://doi.org/10.1111/tpj.12279
https://doi.org/10.1111/j.1469-8137.2008.02638.x
https://doi.org/10.1080/10934528709375368
https://doi.org/10.1080/10934528709375368
https://doi.org/10.1093/pcp/pcw156
https://doi.org/10.1016/j.pbi.2017.05.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Selection of Agar Reagents for Medium Solidification Is a Critical Factor for Metal(loid) Sensitivity and Ionomic Profiles of Arabidopsis thaliana
	Introduction
	Materials and Methods
	Agar Reagents and Ionomic Profiles
	Plant Materials and Growth Conditions
	Metal(loid) Sensitivity Assay
	Elemental Accumulation in Plants
	Statistical Analyses

	Results*-1pt
	Ionomic Profiles of the Agar Reagents*-1pt
	Agar-Dependent Variation of As(III)-Sensitive Phenotypes
	Agar-Dependent Variation of Hg(II)-Sensitive Phenotypes
	Agar-Dependent Variation of Excess Zn(II)-Sensitive Phenotypes
	Agar-Dependent Variation of Cd(II)-Sensitive Phenotypes
	Agar-Dependent Variation of Plant As and Hg Accumulation
	Agar-Dependent Variation of Ionomic Profiles of As(III)-Treated Plants

	Discussion
	Significance of Agar Reagents for Metal(loid)-Sensitivity Assay
	Selection of Agar Reagents for Mutant Metal(loid) Sensitivity Assay
	Agar-Dependent Variation of Plant As and Hg Accumulation and Toxicity
	Perspectives on the Agar Matter of Plant Metal Study

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


