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Heavy metal pollutants such as mercury can inhibit rice growth and increase trimercury accumulation in plant
tissues. Using a two-stage hydroponic screening method, we assessed varietal tolerance to mercury stress and identified
potential cultivars based on their growth response, mercury accumulation, and translocation characteristics. 25 rice types
were assessed in the first phase using a split-plot design at five HgCl, concentrations (0, 2, 4, 6, and 8 ppm), with three
replications per treatment. In the second stage, a completely randomized design was used to assess 16 plants of each variety
at 6 ppm HgCl, with four replications. Hg uptake, tolerance index (TI), and physical characteristics were among the
measured traits. Growth parameters were significantly affected by Hg exposure, with a significant treatment-variety
interaction. In the second stage, 16 plants of each variety were evaluated at 6 ppm HgCl, with four replications using a
completely randomized design. The tolerance index (TI), Hg uptake, and morphological characteristics were among the
traits measured. Mercury exposure had a significant impact on growth metrics, with a strong treatment-variety interaction.
Varietal responses to Hg stress varied significantly. The Batang Pariaman, IR 64, IPB 9G, Harum, and Sertani stems showed
greater tolerance, with TI values of > 0.85. Pariaman, IR 64, and Sertani stems also showed more consistent root growth
with increasing Hg concentrations, as indicated by the RRL parameter. Hierarchical clustering, integrating growth
characteristics, Hg concentration, and uptake, identified distinct varietal adaptation mechanisms to Hg stress. Batang
Pariaman, Bakwan, Srikandi, Banang Pulau and Junjuang stems stood out as attractive choices because they maintained
biomass while limiting Hg transport from roots to shoots, indicating greater Hg retention in root tissues. Further validation
in Hg-contaminated soil and during the reproductive phase is required to confirm their potential in preventing Hg
deposition in rice grains.

Keywords: Nutrient culture; Heavy metal accumulation; Rice plant growth; Rice variety testing; Principal Component
Analysis (PCA).
Abbreviations: HgCl,, mercury(II) chloride; NaOH, sodium hydroxide; HCI, hydrochloric acid.

Introduction

Contemporary agricultural development often leads to heavy metal pollution of agricultural land (Zwolak et al., 2019),
affecting rice, a staple food consumed daily in Asia (Hussain et al., 2021). Recently, many researchers have studied the
accumulation of heavy metals in rice. Mercury (Hg) accumulation has attracted worldwide attention owing to its impact on
human health and ecosystems (Chen et al., 2024). Gold mining is the primary factor contributing to total Hg contamination
(Enamorado-Montes et al,, 2021). A recent study in Indonesia examined productive community-owned rice fields used for
gold mining in the Sijunjung Regency, West Sumatra. Hg is used in the mining process as an amalgamation agent, resulting
in Hg concentrations of 32 mg kg in the soil (Gusmini et al,, 2023). China's national food safety standard, GB 2762-2022
(Maximum Limits of Contaminants in Food), sets a maximum limit of mercury in cereals and rice of 20 pg kg1, as part of a
strategy to manage risks to human health.

Owing to its detrimental impact on human health, mercury-contaminated rice is harmful. Owing to flooding and anaerobic
circumstances, when inorganic mercury transforms into methylmercury, the most hazardous and bioaccumulative form,
mercury pollution in rice is more complicated. Rice soil is a major reservoir for mercury accumulation, and methylation in
this setting raises mercury concentrations in rice (Hang et al., 2018). This condition adversely affects rice growth and
development, including inhibition of root growth (Wang et al., 2018), suppression of photosynthesis, yield reduction,
disruption of transport systems and water uptake, leaf chlorosis (yellowing), necrosis (tissue death), and inhibition of
potassium uptake (Arunrat et al., 2024).
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Exposure to Hg can reduce the nutritional quality of rice, rendering it unsafe for consumption. Continuous consumption of
Hg-contaminated rice leads to Hg accumulation in the body. The World Health Organization (WHO) considers mercury to
be among the 10 most hazardous substances worldwide. Hg in the form of methylmercury at chronic high doses can cause
irreversible neurological disorders and impaired fetal neurodevelopment, while chronic exposure to low doses can cause
severe pneumonia and respiratory and gastrointestinal disorders (Shi et al., 2026).

Based on the aforementioned issues, an adaptive approach is needed to test the tolerance of rice varieties to Hg stress. The
success of this development depends on the selection methods, environments, and criteria used. An effective selection
method should be repeatable and easy to apply. The most widely used method is hydroponic culture because it is an
effective, rapid screening method and is commonly used for abiotic stress at the early seedling stage, which is the most
sensitive phase. Previous research has used this method for rapid selection in rice plants under abiotic stress, such as
salinity (Anshori etal., 2021), Fe stress (Nugraha etal., 2016), and Cadmium (Cd) stress in tomato plants (Piotto et al., 2014).

Previous research by Triyanti et al. (2024) conducted Hg tolerance screening during the early vegetative phase using HgCl,
treatments (0 and 60 mg HgCl,) on 23 local and national rice varieties grown in soil media. The intricacy of the soil matrix
can influence Hg bioavailability and plant responses by altering soil physicochemical properties, such as pH, organic matter
content, cation exchange capacity, microbial activity, and the presence of other elements, even though the soil-based
approach more closely mimics natural environmental conditions. These circumstances may make it more difficult to
precisely link physiological changes to Hg exposure and increase the diversity of plant responses.

The intricacy of the soil matrix can influence Hg bioavailability and plant responses by altering soil physicochemical
properties, such as pH, organic matter content, cation exchange capacity, microbial activity, and the presence of other
elements. The soil-based approach more closely mimics natural environmental conditions. These circumstances may make
it more difficult to precisely link physiological changes to Hg exposure and increase the diversity of plant responses. The
creation of a two-stage hydroponic screening framework based on a gradient of HgCl, concentration makes this study novel.

The first stage evaluated the initial growth response based on relative root length (RRL), root growth characteristics,
biomass, and leaf greenness index (SPAD) to obtain a more comprehensive genotype dose-response pattern at
concentrations of 0, 2, 4, 6, and 8 ppm. The second stage integrates the characterization of Hg accumulation and distribution
by measuring Hg concentration in roots and shoots, Hg uptake, and translocation factor (TF), thereby allowing separation
between growth-maintenance-based tolerance mechanisms and mechanisms regulating Hg accumulation and translocation
in plant tissues. The results of this study provide a scientific basis for identifying potential candidate varieties for further
validation under Hg-contaminated soil conditions, including evaluation during the reproductive phase and measurement of
Hg accumulation in grains as an indicator of relevance to food safety.

Results and discussion

ANOVA and model diagnostics for mercury (Hg) stress experiment

Table 2 shows a significant interaction between Hg concentration and rice variety for all observed variables, namely root
length, dry weight of the shoot (combination of stem and leaves), dry weight of the root, biomass, root volume, SPAD, relative
root length (RRL), relative biomass, and tolerance index (TI). These findings indicate that the physiological responses and
growth of rice to Hg stress are genotype-specific, with each variety showing different levels of tolerance to Hg accumulation
and toxicity. The negative responses across most parameters indicated that increased Hg concentrations consistently
suppressed plant growth and physiological activity. This is in line with the mechanism of Hg toxicity that can disrupt
nutrient absorption and water transport, thereby inhibiting root development (Triyanti et al,, 2024) and inducing the
formation of reactive oxygen species (ROS), which then causes extensive damage to proteins, nucleic acids, and lipids,
ultimately leading to cell death (Yang et al., 2023). Significant variations across all metrics suggest a genotype-dependent
response, with some cultivars retaining superior growth and physiological functions under mercury stress.

Table 2. Analysis of variance (ANOVA) for evaluating the effects of Hg concentration, rice varieties, and their interaction
on growth, physiological, and stress indices.

Response Source Dfiil;l(:)sn(:f F value p value Significance
Hg 4 131.84 0.00 *
Error (a) 10 - - -
Root Length (cm) Varieties 24 54.80 0.00 *
Hg x Varieties 96 9.04 0.00 *
Error (b) 240 - - -
Hg 4 2749.55 0.00 *
Error (a) 10 - - -
Shoot dry weight (g) Varieties 24 260.70 0.00 *
Hg x Varieties 96 48.22 0.00 *
Error (b) 240 - - -
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Degrees of

Response Source freedom F value p value Significance
Hg 4 68.82 0.00 *
Error (a) 10 - - -
Root dry weight (g) Varieties 24 20.87 0.00 *
Hg x Varieties 96 6.13 0.00 *
Error (b) 240 - - -
Hg 4 955.79 0.00 *
Error (a) 10 - - -
Biomass (g) Varieties 24 185.8 0.00 *
Hg x Varieties 96 35.53 0.00 *
Error (b) 240 - - -
Hg 4 4462.35 0 *
Error (a) 10 - - -
Root Volume (mL) Varieties 24 597.08 0 *
Hg x Varieties 96 96.13 0 *
Error (b) 240 - - -
Hg 4 3294.56 0 *
SPAD value / Error (a) 10 ’ i |
Chlorophyll content Varieties 24 383.41 0 *
index Hg x Varieties 96 91.19 0 *
Error (b) 240 - - -
Hg 4 120.26 0 *
Error (a) 10
lé)zlative rootlength Varieties 24 17.41 0 *
Hg x Varieties 96 4.29 0 *
Error (b) 240 - - -
Hg 4 505.99 0 *
Error (a) 10 - - -
Relative biomass (%) Varieties 24 48.15 0 *
Hg x Varieties 96 12.47 0 *
Error (b) 240 ) i )
Hg 4 505.99 0 *
Error (a) 10 - - -
TI Varieties 24 48.15 0 *
Hg x Varieties 96 12.47 0 *
Error (b) 240 - - -

Values are marked with * indicating significance at p < 0.05.

The majority of the parameter variables had p-values > 0.05, according to the Shapiro-Wilk test results, suggesting that the
residuals were normally distributed (Table 3). Nevertheless, p-values < 0.05 for root volume, SPAD, and relative root length
indicate that the residual data are not normally distributed. The residual distributions for these three parameters typically
remained approximately normal, as indicated by the normal probability plot (Q-Q plot), with slight deviations at the heads
and tails of the distributions (Fig. 1). This suggests that the deviation from normalcy is minimal and remains within the
ANOVA's tolerance bonds. The assumption of homogeneity of variances is also supported by Levene's test, which yields a
p-value of > 0.05, indicating that the variances across the treatments are homogeneous. All things considered, the ANOVA
model was appropriate for further analysis.
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Table 3. Results of Shapiro-Wilk and Levene tests for ANOVA assumption checking.
Shapiro-Wilk (p

Response value) Levene (p value) CV (a) (%) CV (b) (%) Transformation

Root Length (cm) 0.39ns 1.00ns 20.87 4.83 Not required

Shoot dry weight (g) 0.11ns 1.00ns 6.43 4.47 Not required

Root dry weight (g) 0.06ns 1.00ns 30.36 12.98 Not required

Biomass (g) 0.45ns 1.00 ns 10.26 4.97 Not required

Root Volume (mL) 0.0004* 1.00 ns 2.32 1.63 square-root transformation, not
successful

SPAD va.lue / Chlorophyll 0.0001* 0.999 ns 165 121 square-root transformation, not

content index successful

Relative root length (RRL) 0.0004* 0.993 ns 17.98 6.63 square-root transformation, not

(%) successful

l(((;ol)atlve Biomass (RB) 0.1009 ns 1.00 ns 8.26 3.72 square-root transformation

Tolerance Index (TI) 0.1008ns 0.996 ns 8.26 3.72 square-root transformation

Note: ns = not significant (p > 0.05), indicating that the assumption of normality (Shapiro-Wilk test) or homogeneity of variance (Levene’s
test) was met; * = significant (p < 0.05), indicating a violation of the corresponding assumption. coefficient of variation (CV).
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Fig. 1. Normal probability (Q-Q) plots for (A) root volume at HgCl, concentrations (0, 2, 4, 6, and 8 ppm), (B) SPAD at HgCl,
concentrations (0, 2, 4, 6, and 8 ppm), and (C) RRL at HgCl, concentrations (2, 4, 6, and 8 ppm).

Identification of a discriminatory Hg concentration for screening rice varieties based on root growth response

The integration of multiple analytical techniques, such as RRL response (Table 4), data variation indicated by CV values
(Table 4), separation patterns between varieties through boxplots (Fig. 2), and clustering patterns based on PCA analysis
(Fig. 3), was used to determine the most discriminative Hg concentration. All the rice types studied showed a significant
decrease in relative root length (RRL) with increasing mercury levels. In general, the 2-ppm treatment had the highest RRL,
which dropped to 4 and 6 ppm before reaching the lowest value at 8 ppm. This trend suggests a dose-dependent response,
in which physiological disruptions in the root system led to greater restriction of root growth at higher levels of Hg toxicity.
Additional testing reveals that some varieties, Batang Pariaman, Ciherang, Harum, IPB 3S, IR 64, Jeliteng, Kuniang Aro,
Sertani, and Srikandi, consistently maintain higher RRL values at all Hg levels, while other varieties, Ceredek, Payuang
Onam-onam, Putiah, and Putri Minang, experience a decline.
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Table 4. Effects of Hg concentration and rice varieties interaction on relative root length (RRL).

Variety 2 ppm 4 ppm 6 ppm 8 ppm
RRL (%) Class RRL (%) Class RRL (%) Class RRL (%) Class
Bakwan 86.47+2.011 a-e T 69.65+3.69 b-d M 72.76£1.57 b-f T 39.65%£1.96 c-e

Banang Pulau

Batang Pariaman

76.14+3.86 e-f
79.45+3.01 c-f

66.64+1.23 b-d
73.66%* 0.87 a-c

73.98+3.05 b-f
85.93+3.97 a-b

45.48+0.36 b-e
45.24+1.46 b-e

Bujang Marantau 80.76+2.37c-f 61.77+4.05 c-d 68.06+4.46 d-g 38.39+2.88 ¢

Cakra Buana 75.15+1.75e-f 68.88+0.33 b-d 69.32+4.05 c-g 51.37+6.80 a-e
Ceredek 75.44+2 31e-f 69.74+2.45 b-d 56.25+2.38 g 38.67+1.47 e

Ciherang 78.21+2.35 c-f 71.72+0.66 b-d 73.52+3.83 b-f 52.40+4.93 a-d
Cisokan 74.81+0.77e-f 63.96+0.67 c-d 63.73x1.45 e-g 41.70+2.28 c-e
Harum 90.03+2.19 a-d 72.23+2.72 b-d 75.98+0.70 a-e 47.36+6.25 a-e
IPB 3S 82.06+3.30 b-f 74.29+2.28 a-c 82.03+5.04 a-c 53.14+0.23 a-c
IPB 9G 85.34+1.78 a-e 66.53+0.90 b-d 80.99+1.86 a-d 55.43+2.67 a-b
IR 64 98.14+2.12 a 87.23+2.41a 88.66+5.86 a 59.734191a

Jeliteng 90.82+3.89 a-d 72.53+2.23 b-d 85.58+4.58 a-b 52.62+4.83 a-d
Junjuang 81.92+3.05 b-f 68.25+4.81 b-d 73.93+ 1.77 b-f 43.28+3.63 b-e

Kuniang Aro

Kuniang Pinang

Kuniang Tambago

Kuriak Kusuik
Pandan Wangi

Payuang Onam-onam

81.55%3.74 c-f
91.91£1.60 a-c
91.49+1.54 a-c
88.08+1.31 a-e
80.09+0.56 c-f
82.27x2.07 b-f

Z 39 43 3 3 3 39 39 94 3 39 39 39 39 9 39 39 39 39 39 39 3 3 43

79.01+6.02 a-b
59.26+1.91d
64.55+1.05 c-d
70.77+1.42 b-d
74.97+4.12 abc
70.15%2.62 bed

4 9 4 v »w 2 42 2 w42 494442 944392 392 =2 v

71.74+2.00 c-f
66.29+1.07 e-g
81.47+1.53 a-d
69.31+2.31 c-g
68.55+1.16 c-g
61.20£2.49 f-g

4 43 4 v n n T2 A2 9494949499392 39 0n 2 2 34

50.90+1.32 a-e
39.76+4.73 c-e
44.60+2.07 b-e
41.61+1.61 c-e
49.54+2.18 a-e
46.15+2.75 a-e

wvw v v v "B »viB “»i ¥ ! » L »n L »©h »©h L L L L " "B v »n n Wn

Putiah 95.44+1.84 a-b 61.99+1.17 cd 62.28+2.87 e-g 38.99+6.22 d-e
Putri Minang 77.68+1.64 d-f 59.39+1.39d 60.86+1.71 f-g 39.37£1.96 d-e
Sertani 87.80+2.55 a-e 78.88+4.31 ab 82.26+3.02 a-c 56.22+1.93 a-b
Srikandi 80.69+1.59 c-f 74.29+2.52 abc 72.62+2.14 b-f 43.57+1.77 b-e
Tarabas 69.02+3.09 f 72.57+3.25 bed 72.44£3.50 b-f 47.65+3.72 a-e
CV (%) 9.43 10.71 13.86 16.71

Note: Values are presented as mean #* standard error (SE), coefficient of variation (CV). Different letters within the same column indicate
significant differences among treatments based on Tukey’s HSD test at p < 0.05. Rice varieties were classified into tolerance groups based on
relative root length (RRL) thresholds under Hg stress conditions: T, tolerant (>71%); M, moderate (63-70%); and S, sensitive (<63%)
(Triyanti et al,, 2024).

Based on the tolerance classification, varieties that showed a relatively small decrease in RRL were categorized as tolerant
(RRL>71%), while varieties with moderate decreases were classified as moderate (RRL>63-70%) and sensitive
(RRL<63%). These results indicate a diversity in tolerance levels among the 25 tested rice varieties, which can serve as a
basis for selecting potential varieties for Hg-contaminated soils. The most tolerant varieties were IR 64, Batang Pariaman,
and Jeliteng, which had RRL values above 85% in the 6 ppm treatment. The most sensitive are Ceredek, Kuriak Kusuik,
Putiah, and Putri Minang. At high concentrations, Hg exposure reduces important growth parameters and affects plant
metabolic processes, including decreases in carbohydrate and protein levels and antioxidant enzyme activity (Mani et al,,
2024; Mani et al., 2025). The reduction in root length at high Hg concentrations may also indicate inhibition of physiological
processes in plants, such as water and nutrient transport, which depend heavily on root integrity (Meng et al., 2014). Wang
etal. (2013) also reported that relative root length is used as an indicator of mercury tolerance in rice plants. Varieties that
are more tolerant to Hg can be more efficient in translocating and accumulating heavy metals, allowing them to survive
under more contaminated conditions. Among the tested concentrations, 6 ppm HgCl, provided the highest discriminatory
capacity for varietal screening. This concentration showed greater phenotypic variation based on CV analysis (13.86%) than
2 and 4 ppm, while maintaining sufficient variation among the genotypes. In contrast, 2 ppm induced mild stress with
limited differentiation, whereas 8 ppm caused severe growth inhibition across most varieties, reducing the ability to
distinguish genotypic variations.

Boxplot analysis also showed that 6 ppm produced the widest interquartile range and clearer median separation between
varieties, indicating stronger differentiation in growth performance at this stress level (Fig. 2). Furthermore, this was
reinforced by the PCA results (Fig. 3), which showed a clearer, more dispersed genotype distribution at 6 ppm compared
with a more clustered pattern at 2 ppm and a highly compressed distribution at 8 ppm. Overall, this supporting evidence
indicates that 6 ppm Hg is the optimal intermediate stress level, because it can balance the intensity of physiological stress
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and genotypic resolution. Therefore, this concentration provides the most informative conditions for distinguishing
responses to Hg exposure and identifying differences in tolerance mechanisms.
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Fig. 2. Distribution of relative root length (RRL) across treatments using box plot analysis at HgCl, concentrations (2, 4, 6,
and 8 ppm).
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Fig. 3. PCA of rice traits under Hg stress at HgCl, concentrations (2, 4, 6, and 8 ppm).

Growth responses of rice varieties

Compared with the other cultivars, Harum and Batang Pariaman showed better growth performance under 6 ppm Hg stress
(Table 5), as evidenced by increased biomass accumulation, root development, and physiological activity. Batang Pariaman
maintained higher root length, biomass production, and leaf greenness (SPAD), while Harum displayed the highest root and
shoot biomass and root volume. Payuang Onam-onam and Tarabas, on the other hand, showed diminished growth
responses, especially in biomass accumulation and root development. As evidenced by a decrease in root length of
approximately 61.20% compared with the best-performing genotype and a lower RRL value, Payuang Onam-onam's inferior
growth performance suggested a greater inhibitory effect of Hg poisoning on root growth (Table 4). This result is consistent
with that of Huang et al. (2022), who discovered that under 160 uM Hg stress, root length drastically decreased by 27.9%.
However, it did sustain good root length performance with an RRL value of 72.44% at 6 ppm Hg, in contrast to the Tarabas
variety, which showed poor growth performance.
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Table 5. Growth characteristics of rice varieties at 6 ppm HgCl,.

Variety

Bakwan

Banang Pulau
Batang Pariaman
Bujang Marantau
Cakra Buana
Ceredek
Ciherang
Cisokan

Harum

IPB 3S

IPB 9G

IR 64

Jeliteng

Junjuang
Kuniang Aro
Kuniang Pinang
Kuniang Tambago
Kuriak Kusuik
Pandan Wangi
Payuang Onam-onam
Putiah

Putri Minang
Sentani

Srikandi

Tarabas

CV (%)

Root length

19.87 £0.55 b-d
20.23 £1.07 a-c
2293 +1.05a
18.30+1.31c-g
17.23 £1.07 d-i
15.13 +0.68 i-j
16.53 +0.80 f-i
15.27 £0.22 h-j
19.43 +0.83 c-e
22.57+0.81 a-b
18.97+0.77 c-g
17.37+£1.08 d-i
18.97+£1.28 c-g
19.23+0.77 c-f
14.70+0.30 i-j
18.00+0.00 c-h
22.30+0.56 a-b
20.3+0.97 a-c
17.00£0.40 e-i
13.63+0.90 j
16.30+0.15 g-j
18.43+0.76 c-g
18.47+£1.25c-g
20.57+0.47 a-c
16.40+0.10 g-i
14.49

Shoot dry
weight

0.16+0.003 e-g
0.15+0.003 g-j
0.20+0.003 a-b
0.12+0.003 k
0.11+0.003 k
0.14+0.003 g-j
0.13+0.006 a-k
0.15+0.003 g-j
0.22+0.003 a
0.19+0.000 b-d
0.17+0.003 d-g
0.16+0.007 e-g
0.15+0.007 f-i
0.18+0.009 b-e
0.19+0.006 b-d
0.20£0.003 b-c
0.16+0.003 f-h
0.17+0.003 c-f
0.14+0.003 h-k
0.11+0.003 k
0.19+0.000 b-d
0.13+0.003 j-k
0.17£0.003 c-f
0.16+0.003 f-h
0.08+0.0031
21.01

Root dry weight

0.047+0.007 a-d
0.040+0.006 b-e
0.063£0.003 a
0.033+0.003 d-e
0.033+0.003 d-e
0.040+0.006 b-e
0.057+0.003 a-b
0.050+0.006 a-d
0.063£0.003 a
0.060£0.006 a
0.047+0.007 a-d
0.053+0.003 a-c
0.050+0.000 a-d
0.053+0.003 a-c
0.053+0.003 a-c
0.047+0.003 a-d
0.050+0.006 a-d
0.060£0.006 a
0.037+0.007 c-e
0.033+0.003 d-e
0.060£0.006 a
0.040+0.000 b-e
0.053+0.003 a-c
0.047+0.003 a-d
0.027£0.003 e
25.072

Biomass

0.210£0.010 d-g
0.187+0.009 g-i
0.267+0.003 a-b
0.150+0.006 j-k
0.147+0.003 k
0.183+0.009 g-j
0.187+0.007 g-i
0.197+0.009 f-i
0.287+0.007 a
0.250+0.006 b-c
0.213+0.009 d-g
0.217+0.003 c-g
0.203+0.007 e-h
0.237+0.012 b-e
0.243+0.007 b-d
0.243+0.007 b-d
0.207+0.009 e-h
0.233+0.007 b-e
0.173+0.009 h-k
0.147+0.003 k
0.250+0.012 b-c
0.167+0003 i-k
0.227+0.007 c-f
0.203+0.007 e-h
0.110+0.006 i
20.84

Root volume

0.620+0.010 f-g
0.547£0.012 h-j
0.757+0.009 c
0.447£0.007 m
0.463+0.007 Im
0.513+0.007 j-1
0.5270.015 i-k
0.610£0.010 g
0.933£0.009 a
0.863£0.019 b
0.493£0.007 j-m
0.727£0.015 c-d
0.593£0.007 g-h
0.630£0.010 e-g
0.727£0.003 c-d
0.667+0.017 e-f
0.750+0.006 c
0.850£0.012b
0.483%0.017 k-m
0.360£0.010 n
0.683£0.009 d-e
0.45020.017 m
0.753+0.003 c
0.577£0.015 g-i
0.293£0.007 0
25.84

SPAD

31.033+0.145 b-c
31.800£1.150 b
33.100+0.173 a
25.033+0.088 j

30.233£0.120 c-d

29.700£0.058 d-e
26.267+0.088 i

29.267+0.203 d-g

28.267+0.120 g-h

28.700£0.153 e-h
27.700£0.173 h

30.133£0.186 c-d
31.500£0.208 b

31.133+0.033 b-c

28.433+0.120 f-h

24.467+0.176 j-k

29.667+0.176 d-e
33.333+0.233 a
21.567+0.2731

29.500£0.115 d-f
23.833+0.033 k

29.667+0.233 de
26.200£0.058 i

29.267+0.219 d-g
27.733£0.133 h

9.97

Values are presented as mean + standard error (SE). Different lowercase letters within the same column indicate significant differences
among treatments based on Tukey’s HSD test at p < 0.05. Different uppercase letters indicate significant differences among Hg
concentrations at p <0.05 (if applicable). CV (%) = coefficient of variation; SE = standard error.

Through a variety of processes, including altering membrane composition, activating antioxidant defense systems, and
controlling osmolytes and protein metabolism, tolerant cultivars can enhance their tolerance to mercury (Yang et al., 2023).
By promoting cell wall lignification, increasing Hg binding in root tissues, and reducing Hg transit into the circulatory
system, cysteine (Cys) and glutathione (GSH) also play crucial roles in Hg detoxification (Kim et al., 2026). Moreover, Hg
sequestration and reduced cellular oxidative damage are facilitated by increased activity of antioxidant enzymes, such as
superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), as well as by increased glutathione and phytochelatin
metabolism (Huang et al., 2022). The Harum and Batang Pariaman varieties showed better growth, but this does not
necessarily indicate that the plants were exposed to low levels of Hg or did not experience metabolic disturbances. Plants
can maintain growth through physiological compensation mechanisms, but toxic processes still occur at the cellular level.
Therefore, the evaluation of Hg tolerance should be supported by indicators of Hg content in tissues

Evaluation of variety tolerance to Hg stress based on tolerance indices

Table 6 shows that the Batang Pariaman, IPB 9G, IR-64, Harum, and Sertani varieties had relatively high RB (>85%) and TI
(>0.85) values, and relatively low SSI (<0.35) values. The response pattern indicates that these varieties have a better ability
to adapt to stress conditions, as they can maintain biomass relatively well, even under environmental pressure. A high TI
value reflects the genotype's capacity to maintain growth and basic metabolic functions under stress conditions, whereas a
negative SSI value indicates that the reduction in biomass under stress is lower than that under normal conditions. This
phenomenon indicates the presence of tolerance mechanisms that involve resource-use efficiency, maintenance of
photosynthetic activity, and regulation of physiological and biochemical processes to minimize the negative impact of stress.
In contrast, the Payuang Onam-onam, Putri Minang, and Ceredek cultivars had SSI values greater than 2.00, TI values less
than 0.55, and RB values less than 55.00%. This suggests that under mercury stress, these three types have a comparatively
poor capacity to sustain growth. Their detoxification and oxidative stress regulatory systems, photosynthetic activity,
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metabolite use efficiency, and other critical physiological processes may contribute to their greater vulnerability to Hg

toxicity.

Table 6. Relative biomass, tolerance index and stress susceptibility index of rice varieties at 6 ppm HgCl,

Variety RB TI SSI

Bakwan 53.869+£2.663 f-h 0.539+0.027 f-h 1.792
Banang Pulau 54.461+3.175 f-h 0.545+0.032 f-h 1.755
Batang Pariaman 106.782+2.859 a 1.068+0.029 a -0.131
Bujang Marantau 53.532+0.959 f-h 0.535+0.010 f-h 1.812
Cakra Buana 65.839+3.064 d-f 0.658+0.031 d-f 1.093
Ceredek 50.049+2.754 g-h 0.501+0.028 g-h 2.091
Ciherang 74.855+4.314 c-e 0.749+0.043 c-d 0.709
Cisokan 73.694+2.475 c-e 0.737+0.025 c-d 0.744
Harum 89.583+2.083 a-c 0.896+0.021 a-c 0.243
IPB 3S 60.976x1.408 e-g 0.610+0.014 e-g 1.338
IPB 9G 93.152+6.036 a-b 0.932+0.060 a-b 0.163
IR 64 89.256+3.305 a-c 0.893+0.033 a-c 0.257
Jeliteng 74.542+3.734 c-e 0.745+0.037 c-e 0.720
Junjuang 54.193+2.648 f-h 0.542+0.026 f-h 1.767
Kuniang Aro 77.655+1.877 b-d 0.777+0.019 b-d 0.601
Kuniang Pinang 75.236%0.521 c-e 0.752+0.005 c-e 0.687
Kuniang Tambago 76.543%3.266 b-d 0.765+0.033 b-d 0.641
Kuriak Kusuik 67.429+3.159 d-f 0.674+0.032 d-f 1.016
Pandan Wangi 74.759+6.470 c-e 0.748+0.065 c-e 0.724
Payuang Onam-onam 46.433+2.198 h-i 0.464+0.022 h-i 2.424
Putiah 76.471+ 2.328 b-d 0.765+0.023 b-d 0.641
Putri Minang 37.593+0.663 i 0.376+£0.007 i 3471
Sertani 86.135+3.216 b-c 0.861+0.032 b-c 0.338
Srikandi 58.752+2.707 f-h 0.588+0.027 f-h 1.474
Tarabas 86.752+2.802 b-c 0.868+0.028 b-c 0.317
CV (%) 24.25 24.25 -

Values are presented as mean + standard error (SE). Different lowercase letters within the same column indicate significant differences
among treatments based on Tukey’s HSD test at p < 0.05. Different uppercase letters indicate significant differences among Hg
concentrations at p <0.05 (if applicable). CV (%) = coefficient of variation; SE = standard error.

Correlation and Principal Component Analyses

To assess the connections between the growth and physiological traits of the rice plants under observation, Pearson
correlation analysis was performed. Based on the correlation coefficients (r), the correlation matrix (Fig. 4) shows the
relationships between the parameters. Root development, biomass accumulation, and physiological performance were
weakly to moderately positively correlated with root length (RL), root dry weight (RDW) (r = 0.30), shoot dry weight (SDW)
(r = 0.35), root volume (RV) (r = 0.37), and SPAD value (r = 0.25). Root dry weight (RDW) exhibited strong positive
correlations with shoot dry weight (SDW) (r = 0.85) and root volume (RV) (r = 0.88). In contrast, RDW showed a weak
positive association with the SPAD value (r = 0.19). These findings show that while there is little correlation between root
biomass accumulation and leaf physiological state, it is strongly linked to increased shoot biomass output and root system
growth. There was a significant positive correlation (r = 0.80) between shoot dry weight (SDW) and root volume (RV). In
contrast, there was a marginally positive correlation (r = 0.08) between SDW and SPAD. These results show that while there
is little correlation between shoot biomass and leaf physiological conditions, as measured by SPAD values, there is a strong
correlation between shoot biomass accumulation and root system development. Growth-related characteristics and SPAD
values had a weakly positive connection (r = 0.20). This suggests a limited linear correlation between changes in plant
growth characteristics and variations in leaf chlorophyll status, as indicated by the SPAD values.

Kaiser-Meyer-0lkin (KMO) and Bartlett's sphericity tests were used to evaluate data adequacy before principal component
analysis (PCA). They assessed sample adequacy and confirmed the presence of sufficient correlations between variables.
With an Overall Measure of Sampling Adequacy (MSA) of 0.78 and significant findings (p < 0.001), the results show that the
observed correlation matrix between characters is sufficiently adequate (acceptable) for PCA. Additionally, the Bartlett test
showed significant results, with a chi-square value of 77.23, 10 degrees of freedom, and a p-value of 1.7 x 10712, indicating
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that the data were suitable for PCA analysis. The principal components have eigenvalues greater than 2, specifically 3.11,
and can explain 62.21% of character variance. Two other principal components had eigenvalues less than 2 (Table 7). This
indicates that the first component is the most significant in explaining the variation in rice varieties.

Fig. 4. Correlation analysis showing significant parameters associated with vegetative growth in rice under mercury stress
at 6 ppm HgCl,. A total of 5 parameters were evaluated: leaf greenness measured using a SPAD meter, root length (RL), root
volume (RV), root dry weight (RDW), and shoot dry weight (SDW).

Table 7. Eigenvalues, explained variance and cumulative variance from principal component analysis at 6 ppm HgCl,.

Dimension Eigenvalue Variance (%) Cumulative (%)
comp 1 3.110 62.21 62.21
comp 2 1.096 21.93 84.14
comp 3 0.548 10.96 95.10
comp 4 0.140 2.80 97.89
comp 5 0.105 211 100.00

Factor loading analysis showed that Dim1 made a dominant contribution to character diversity, with a factor loading= |0.60|
(Table 8). Most of the plant's morphological characteristics, namely root length, root dry weight, shoot dry weight, and root
volume, had relatively large negative loading values on Dim1. This indicates that the main differences between the rice
varieties exposed to Hg stress are closely related to their vegetative growth characteristics. On the other hand, SPAD showed
a dominant contribution in Dim 2, with a loading value of 0.861, indicating that it reflects aspects of the plant's physiological
status and photosynthetic ability.

Table 8. Factor loadings from principal component analysis (PCA) at 6 ppm HgCl,.

Variable Dim. 1 Dim. 2 Dim. 3 Dim. 4 Dim. 5
Root volume -0.652 0.461 -0.600 0.017 0.031
Root dry weight -0.923 -0.192 0.171 0.246 0.147
Shoot dry weight -0.909 -0.288 0.060 -0.276 0.106
Root volume -0.950 -0.148 0.056 0.028 -0.267
SPAD -0.324 0.861 0.389 -0.042 0.006

The distribution of individuals in the PCA biplot showed variations in response among rice varieties based on the
combination of growth and physiological traits, namely root length, root dry weight, shoot dry weight, root volume, and
SPAD value under Hg stress (Fig. 5). Several variety groups showed similar positions, such as Sertani and Cisokan, with [PB
9G, indicating similar growth patterns and physiological responses to Hg stress. On the other hand, Tarabas, Banang Pulau,
Pandan Wangi, and Putiah were positioned differently. Variable contributions in the PCA were evaluated to determine the
importance of and relationships among traits contributing to principal component formation (Fig. 6). The PCA results
showed that root volume (RV) had a relatively large contribution to the formation of principal components, as indicated by
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the higher contribution of color intensity and longer vector length. Root dry weight (RDW) and shoot dry weight (SDW) also

contributed significantly, indicating substantial correlations.

Individuals - PCA

Dim2 (21.9%)

Dim1 (62.2%)

Groups
Bakwan

Banang Pulau

Batang Pariaman

Bujang Marantau

Cakra Buana
Ceredek
Ciherang
Cisokan

> Harum
IPB 3S
IPB 9G
IR 64
Jeliteng

Junjuang

Kuniang Aro
Kuniang Pinang
Kuniang Tambago
Kuriak Kusuik
Pandan Wangi
Payuang Onam-onam
Putiah

Putri Minang
Sentani

Srikandi

Tarabas

Fig. 5. Individual PCA score plot illustrating the distribution and similarity patterns of rice varieties based on SPAD value,
root length, root volume, root dry weight, and shoot dry weight under HgCl, stress conditions, 6 ppm.
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Fig. 6. Contribution and relationship of growth and physiological traits of rice varieties based on PCA analysis at 6 ppm
HgCl,. Parameters: SPAD, root length (RL), root volume (RV), root dry weight (RDW), and shoot dry weight (SDW).
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Rice cultivars differ significantly in terms of root and shoot dry weight (RDW and SDW), according to a statistical study
(Table 9). These findings suggest that the root is the primary organ for the entrance and initial storage of mercury. Varieties
that could sustain higher RDW and SDW values during mercury stress exhibited greater physiological adaptability.
Therefore, changes in these characteristics are crucial markers for identifying rice genotypes that are more resistant to Hg,

while also perhaps lowering the likelihood of Hg transfer to the upper portions of the plant.
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Table 9. Kruskal-Wallis analysis for growth and Hg-related traits among rice varieties at 6 ppm HgCl,.

Parameter Chi-square Degrees of freedom p value
Shoot dry weight 62.576 15 9.05 x 1078*
Root dry weight 61.592 15 1.34x1077*

Note: ns = not significant (p > 0.05); * = significant (p < 0.05)

The lack of significant differences in the paired comparison test with Holm correction for RDW and SDW (Table 10) suggests
little heterogeneity in the growth response between types under Hg-stress conditions. This implies that, rather than
variations in biomass, variations in tolerance between cultivars are more likely to be associated with Hg-regulation
mechanisms, such as retention in roots and control of translocation to the shoot. Batang Pariaman had the highest root
mercury concentration, suggesting that root tissue may accumulate more mercury. In contrast, IPB 9G and Putri Minang
showed the highest shoot Hg concentrations, suggesting differences in the capacity to transport Hg from the roots to higher
plant tissues. This pattern suggests that two factors affect how different types respond to Hg: the amount ingested and the

plant's capacity to control its distribution among tissues.

Table 10. Growth performance, Hg uptake, and translocation characteristics among rice varieties under Hg stress at 6

ppm HgCl,.
Variety conlzzgtlg%ion co:?:r?ttr]:tgion SLEEECRATEEE | O ATE B u;ﬁgﬁzlzig u]saltl:l({)(: l(-lnglg Hg TF
(mgkg™)  (mgkg™) ® ® plantl)  plant™)

Bakwan 591.0950 4.3850 0.3360+0.0011 0.1430+0.0004 0.0845 0.0015 0.0074
Banang Pulau 390.0500 4.0500 0.3310+0.0004 0.1410+0.0007 0.0550 0.0013 0.0105
Batang pariaman 734.9350 7.5300 0.2810+0.0004 0.1406+0.0001 0.1034 0.0021 0.0102
Ciherang 479.3300 6.7200 0.1730+0.0007 0.1140+0.0004 0.0546 0.0012 0.0140
Harum 463.5600 5.4750 0.2430+0.0004 0.1130+0.0004 0.0524 0.0013 0.0118
IPB9 G 447.0450 10.6250 0.1860+0.0004 0.0830+0.0004 0.0371 0.0020 0.0248
IR 64 435.1500 9.1050 0.2755+0.0003 0.1290+0.0002 0.0561 0.0025 0.0214
Jeliteng 536.4500 5.8850 0.2470+0.0004 0.1156+0.0001 0.0620 0.0015 0.0111
Junjuang 382.0850 4.0400 0.2710+0.0003 0.1183+0.0004 0.0452 0.0011 0.0106
Kuniang Aro 380.4550 5.8500 0.2780+0.0007 0.1406+0.0004 0.0535 0.0016 0.0154
Putri Minang 525.5700 10.2250 0.2190+0.0004 0.0796+0.0002 0.0418 0.0022 0.0340
Kuniang tambago 177.6650 5.8800 0.2650+0.0004 0.1140+0.0008 0.0203 0.0016 0.0116
Pandan wangi 440.6100 5.0950 0.2810+0.0004 0.1223+0.0001 0.0539 0.0014 0.0195
Sertani 485.2950 4.5500 0.2968+0.0009 0.1313+0.0000 0.0637 0.0014 0.0094
Srikandi 636.1900 3.8350 0.2760+0.0004 0.1253+0.0002 0.0797 0.0011 0.0063
Tarabas 534.7900 7.8450 0.2570+0.0004 0.1130+0.0002 0.0604 0.0020 0.0151

Note: Root dry weight and shoot dry weight values are presented as mean * standard error (SE) based on four biological replicates.
Root and shoot Hg concentrations, root and shoot Hg uptake, and Hg translocation factor values represent the mean of duplo ICP-MS
measurements for each rice variety. TF, Hg translocation factor.

The highest shoot dry weight was found in Bakwan (0.3360+0.0011 g), Banang Pulau (0.3310+£0.0004 g), Batang Pariaman
(0.2810+0.0004 g), and Sertani (0.2968+0.0009 g), while the highest root dry weight was found in Bakwan (0.1430+0.0004
g), Banang Pulau (0.1410+0.0007 g), Batang Pariaman (0.1406%0.0001 g), and Kuniang Aro (0.1406+0.0004 g). This
indicates that these varieties have a better ability to maintain growth under Hg stress. Root Hg uptake is higher in the roots
compared to the shoots. This indicates that these varieties have a better ability to maintain growth under Hg stress. This is
in line with the research by Enamorado-Montes et al. (2021), who found that Hg accumulation in roots is higher than that
in other organs, such as shoots, husks, and rice. The highest root Hg uptake was found in Batang Pariaman (0.1034 mg
plant™), Srikandi (0.0797 mg plant™'), and Bakwan (0.0845 mg plant™"), while the highest shoot Hg uptake was found in IR
64 (0.0025 mg plant™), Batang Pariaman (0.0021 mg plant™*), and Kuniang Pinang (0.0022 mg plant™*). High root Hg uptake
does not always indicate sensitivity, because it may reflect a mechanism of Hg retention in the roots if it is followed by low
translocation.

The highest translocation factor (TF) values were found in Putri Minang (0.0340) and IPB 9G (0.0248), whereas the lowest
values were found in Srikandi (0.0063) and Bakwan (0.0074). Low TF indicates the ability of the variety to limit the
translocation of Hg to the shoots; therefore, varieties with a combination of high biomass, low Hg uptake in the shoots, and
low TF are potentially more tolerant to Hg stress and have a lower risk of Hg accumulation in the grain. Du et al. (2023)
stated that TF is an important indicator of nutrient accumulation efficiency in plants. The higher the TF value, the greater
the capacity of the plant to accumulate nutrients and its accumulation potential. In this study, all rice varieties showed
greater mercury (Hg) accumulation in roots than in shoots (stems and leaves). This is in line with the research by Strickman
et al. (2024) and Yang et al. (2023), who also found higher Hg concentrations in root organs.
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It is worth noting that IR 64 showed a high tolerance index in the first screening phase, suggesting that it may continue to
develop under mercury stress. Nevertheless, additional analyses showed a different pattern of Hg partitioning, with
substantial shoot Hg uptake and a comparatively large translocation factor. This result implies that limited Hg mobility in
plant tissues does not always correlate with growth-based tolerance. As a result, even though IR 64 demonstrated a high
level of physiological tolerance, its greater ability to translocate Hg may restrict its use as a potential variety for lowering
Hg migration toward edible tissues.

Hierarchical Clustering Dendrogram

Based on the features of SDW, RDW, root and shoot Hg content, root and shoot Hg uptake, and TF, the hierarchical clustering
analysis was divided into two groups (Fig. 7). Under mercury stress, Clusters 1 (red) and 2 (green) displayed different
response patterns, suggesting that different rice types have different strategies for maintaining growth and distributing
mercury. Higher biomass production, greater Hg accumulation in roots, lower Hg concentration in shoots, and lower TF
were all indicators that Cluster 1 had better Hg response characteristics than Cluster 2. Cluster 2, on the other hand, had
higher shoot Hg concentrations and TF values, indicating increased Hg mobility toward shoot tissues. These variations imply
that each cluster type responds to Hg exposure in different ways.

%
& ¢

Ba

Fig. 7. Hierarchical clustering dendrogram shows the grouping of 16 rice varieties based on traits related to Hg uptake in
shoots at 6 ppm HgCl,. The varieties were grouped into two clusters, shown in green and red.

This combination of characteristics implies that Cluster 1 cultivars are better at maintaining Hg in root tissues while
preventing it from moving toward organs above ground. By lowering Hg exposure in photosynthetically active tissues, this
response approach enables plants to sustain growth under Hg stress. Cluster 1 varieties are, therefore, more viable
candidates for Hg tolerance; nevertheless, additional testing during the reproductive stage is necessary to ascertain their
capacity to restrict Hg deposition in rice grains.

Materials and methods

This study was conducted at Bogor Agricultural University's Cikabayan Greenhouse. There was conducted in two phases of
the study. The first phase took place between March and April 2025, while the second phase took place between June and
August of the same year. Rice varietals, 1 N NaOH, 1 N HCI, AB mix, and sand were among the ingredients utilized. Styrofoam
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buckets (55 cm by 35 cm by 8 cm), air compressors, cutting instruments, pH meters, measurement instruments, an
analytical balance, ovens, cameras, pipettes, and a measuring tape were among the gear used. Ambient temperature
fluctuations followed natural climatic variations because the experiment was conducted in a basic greenhouse without an
automated temperature control system, which is a limitation of this study. The mean temperature ranged from 25.7 °C to
41.3 °¢, whereas the mean humidity ranged from 39.2% to 90.3%. The pH of the nutrient solution was maintained at 4.5-
4.8 and monitored every 2 days until harvest. When the pH exceeded the upper threshold, adjustment was performed with
5 M HCl, and pH values below the lower threshold were corrected with 1 N NaOH. Electrical conductivity (EC) of the nutrient
solution was maintained between 1.8 and 2.0 mS cm™ throughout the experimental period.

Experiment 1

The experimental design used was a two-factor split plot. The main plot consisted of HgCl, doses (0 ppm, 2 ppm, 4 ppm, 6
ppm, and 8 ppm), and the subplot consisted of 25 rice varieties: IR 64, Jeliting, Cakra Buana, Sertani, Ciherang (national
superior varieties), Pandan Wangi and Tarabas (local rice varieties from West Java), Junjuang, Cisokan, Ceredek, Srikandji,
Banang Pulau, Batang Pariaman, Kuriak Kusuik, Bakwan, Putri Minang, Harum, Putiah, Kuniang Tambago, Kuniang Pinang,
Kuniang Aro, Payuang Onam-onam, Bujang Marantau (local varieties from West Sumatera), IPB 9G, and IPB 3S (superior
rice varieties from IPB University). The treatment was repeated three times, resulting in 15 Styrofoam containers. Each
Styrofoam container contained 25 varieties of rice. Each rice variety was planted with three seedlings. Total plants: 375
plants.

Screening procedure

Rice seedlings were screened using a hydroponic system containing AB mix nutrient solution (3 mL L™* concentrate A and
3 mL L™* concentrate B) supplemented with HgCl, according to the treatment concentrations described in Table 1. The
HgCl,-containing nutrient solution was renewed on the seventh day after treatment initiation to maintain stable Hg
exposure throughout the screening period. For the first three days, the rice seeds were germinated on wet tissue paper.
Based on radicle development, uniform seedlings with radicle lengths of roughly 0.5-1.0 cm were chosen, and they were
then moved to a sand substrate for ten days of early seedling growth. Prior to hydroponic transplantation, each seedling
was inserted through apertures in floating Styrofoam sheets after the roots had been meticulously cleaned to remove any
sand particles that might have stuck to them. Plastic tubing attached to an air compressor was used to continuously aerate
the hydroponic system while maintaining static conditions. Throughout the screening experiment, porous air stones were
affixed to aeration outlets to enhance oxygen diffusion by producing tiny bubbles. This increased the air-solution
interaction and maintained sufficient oxygen availability in the root zone.

Table 1. Preparation of HgCl, solutions for different Hg treatment concentrations.

Target Hg concentration (mg L™%) Nutrient solution volume (L) HgCl; required (mg)
0 ppm 12 0
2 ppm 12 24
4 ppm 12 48
6 ppm 12 72
8 ppm 12 96

Growth assessment and tolerance classification

Based on the relative root length (RRL) response, all seedlings were collected 10 days after exposure to Hg and categorized
into tolerant, moderately tolerant, or sensitive groups. According to the classification standards provided by Triyanti et al.
(2024), varieties with RRL values above 71% were classified as tolerant, those with values between 63 and 70% as
moderately tolerant, and those with values below 63% as sensitive. Growth and physiological traits were evaluated based
on root length (cm), measured from the root collar to the root tip using a ruler; root and shoot dry weights (g), determined
after oven-drying samples at 80 °C for 48 h and weighing using an analytical balance; and total plant biomass (g), calculated
as the sum of root and shoot dry weights. Leaf greenness was measured using a SPAD chlorophyll meter.

Relative root length (RRL) was calculated to evaluate the inhibitory effect of Hg stress on root development as the ratio of
root length under Hg treatment to the root length of the corresponding control, expressed as a percentage:

RLy,
RRL(%) = —2—x 100

Control

where RLug represents root length under Hg exposure and RLcontrol represents root length of non-Hg-treated seedlings.
Higher RRL values indicate a greater ability of rice genotypes to maintain root growth under Hg stress.
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Relative biomass (RB) was calculated to determine the ability of the rice genotypes to maintain biomass production under
Hg stress. RB was calculated as the ratio of dry biomass under Hg exposure to that of the corresponding control treatment
and was expressed as a percentage:

Biomass,,,
RB(%) = ——x 100
Biomass;, ..

where Biomassy, represents the total dry biomass of seedlings exposed to Hg, and Biomass controi represents the biomass of
non-Hg-treated seedlings. Higher RB values indicate greater biomass maintenance capacity and improved tolerance to Hg
stress.

The tolerance index (TI) was calculated to quantify the ability of rice genotypes to maintain biomass production under Hg
stress. TI was calculated as the ratio between biomass under Hg exposure and biomass under non-stressed conditions:
Biomass
TI = .—Hg

Biomasscontrol
where Biomassug represents the dry biomass of rice seedlings exposed to Hg, and Biomasscontror represents the biomass of
non-Hg-treated seedlings. Higher TI values indicate greater biomass maintenance capacity and improved Hg tolerance.

The stress susceptibility index (SSI) was calculated based on biomass reduction to evaluate the relative sensitivity of rice
genotypes to Hg stress. SSI was calculated according to Fischer and Maurer (1978) as follows:

s1 = 1= /%)
1- (/%)
where Ys and Yp represent the dry biomass of the individual genotypes under Hg stress and control conditions, respectively.

Biomass was calculated as the sum of root dry weight and shoot dry weight (RDW + SDW). Lower SSI values indicate greater
biomass stability and higher tolerance to Hg stress.

Statistical analysis

Data were analyzed using split-plot analysis of variance (ANOVA). The residual assumptions of normality and homogeneity
of variance were evaluated using the Shapiro-Wilk and Levene tests. Data that did not meet the ANOVA assumptions were
transformed using square root transformation (\/x). If the treatment showed a significant effect (p < 0.05), the differences
between treatments were further tested using Tukey’s Honestly Significant Difference (HSD) significance test (p < 0.05).
ANOVA analysis was conducted using STAR software 2.0.1. Correlation analysis was performed using the Pearson method
with the corrplot package, and Principal Component Analysis (PCA) was performed in R version 4.6.1 (2026-06-24 ucrt)
using the ggplot2, FactoMineR, factoextra, and dplyr packages. Before the PCA analysis, all variables were standardized
using z-score transformation (mean = 0 and standard deviation = 1) to eliminate differences in measurement scales between
parameters.

Experiment 2

This study uses a Completely Randomized Design (CRD) with a single factor: rice varieties. Sixteen rice varieties were
evaluated for their response to 6 ppm HgCl, stress in the first experiment, with classification based on relative root length
(RRL) values. Tolerant varieties included IR 64, Sentani, Ciherang IR 64, Sentani, Ciherang, Junjuang, Srikandi, Banang Pulau,
Batang Pariaman, Bakwan, Harum, Kuniang Tambago, Kuniang Aro, Jeliteng, Tarabas, dan IPB 9G. Variety yang moderat was
Pandan Wangi, sedangkan variety yang sensitif was Putri Minang. Each variety consisted of four biological replicates. Each
variety was placed in a single unit of a hydroponic system made of Styrofoam consisting of 20 netpots. The netpots were
divided into four groups of repetitions, namely netpot rows 1-5 as the first repetition, rows 6-10 as the second repetition,
rows 11-15 as the third repetition, and rows 16-20 as the fourth repetition. Each netpot contained 15 plants, so each variety
consisted of 300 plants (20 netpots x 15 plants). The second experimental stage was the same as the first, except that the
seedlings were transplanted two weeks after sowing. Planting was performed in each planting hole (net pot) at the base of
the Styrofoam with 15 seedlings. Two weeks after transplanting, HgCl, was applied at 6 ppm (72 mg in 12 liters of water).
The HgCl, solution was replaced every week with the ABmix solution. The plants were harvested three weeks after
treatment when they were three weeks old. The observed variables include the following:

Dry weight of roots and shoots and Hg content in tissues

Three weeks after exposure to HgCl,, the plants were harvested for the analysis of Hg content. The root tissues were
carefully washed using deionized water to remove any residual nutrient solution and external Hg adhering to the root
surface. Next, the roots and shoots were separated and dried in an oven at 70 °C for 48 h until a constant weight was
achieved. The dry samples were then weighed to obtain root dry weight (RDW) and shoot dry weight (SDW). All plants from
each biological replicate were pooled to generate a composite sample, and ICP-MS analysis was conducted in duplicate. The
composite samples were then thoroughly homogenized and analyzed in duplicate using an ICP-MS instrument to ensure the
accuracy of the analytical measurements. The analysis of Hg concentration in plant tissues was conducted using AOAC
Method 971.21 (AOAC, 2012), with modifications to the detection stage, via Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS). Approximately 0.5 g of homogenized dry plant samples were weighed and subjected to a digestion process using
a microwave-assisted digestion system with the addition of concentrated nitric acid (HNO3) and hydrogen peroxide (H,0,).
A gold (Au) solution was added during digestion to stabilize Hg and reduce Hg loss due to volatility, and lutetium (Lu) was
used as a marker to monitor potential analyte loss during sample preparation. The solution obtained from digestion was
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diluted to a specific volume with ultrapure deionized water and analyzed by ICP-MS, with Rh, In, and Tm as internal
standards. A multi-element standard solution was used to generate the calibration curve. To ensure the precision and
reliability of the measurement results, quality assurance and quality control (QA/QC) were carried out using analytical
blanks, calibration standard verification, and Certified Reference Materials (sCRMs) with matrix characteristics matching
those of the plant samples. Hg concentration data was used to describe the accumulation and distribution patterns of Hg
among varieties in the root and shoot tissues.

Mercury uptake in roots and shoots

Mercury uptake in roots and shoots was calculated based on the Hg concentration and corresponding dry biomass. Root Hg
uptake and shoot Hg uptake were determined using the following equations:

ngoot = CHQ(TOOf) X DW

root

Hgshoot = CHg(shoot) X Dwshoot

where Cug represents Hg concentration in plant tissues (mg kg™* dry weight), and DW represents dry biomass (kg plant™).
Total Hg uptake was calculated as the sum of Hg accumulated in the roots and shoots.

The translocation factor (TF)

The translocation factor (TF) was calculated to evaluate the ability of rice plants to transport Hg from the roots to the
aboveground tissues. TF was calculated as the ratio between the Hg concentration in the shoots and roots:

CHg(shoot)

TF =
CHg(Toot)
where Crg(shoot) and Crg(root) represent Hg concentrations in shoot and root tissues (mg kg™ dry weight), respectively. TF
values below one indicate limited Hg translocation from the roots to shoots, whereas TF values above 1 indicate greater Hg
mobility within the plant (Strickman et al.,, 2024).

Statistical analysis

Plant growth data, namely root and shoot dry weights, were analyzed using a non-parametric approach. Differences in
growth responses among varieties were evaluated using the Kruskal-Wallis test; if a significant effect was observed (p <
0.05), the analysis was continued with pairwise Wilcoxon rank-sum test with Holm adjustment at the 5% significance level.
Root Hg concentration, shoot Hg concentration, root Hg uptake, shoot Hg uptake, and translocation factor, were not analyzed
using inferential tests because these values were obtained from composite samples of each variety and ICP-MS
measurements in duplo. Hierarchical clustering analysis was conducted using the parameters root dry weight, shoot dry
weight, root Hg concentration, shoot Hg concentration, root Hg uptake, shoot Hg uptake, and translocation factor after data
standardization via z-score transformation. The degree of similarity between varieties was calculated based on the
Euclidean distance, while the hierarchical clustering structure was built using the Ward D2 linkage method. The silhouette
coefficient determined the optimal number of clusters, and the dendrogram identified groupings of types with comparable
Hg accumulation, distribution, and translocation patterns. R software version 4.6.1 (2026-06-24 ucrt) was used for all
statistical analyses and visualizations.

Conclusion

In conclusion, our study showed that the responses of 25 different rice cultivars to Hg stress varied significantly. Relative
root length (RRL), tolerance index (TI), and stress susceptibility index (SSI) were used in the initial screening to identify
tolerant and sensitive varieties based on their responses to increasing doses of HgCl,, especially at 6 mg L™*. Root dry weight,
shoot dry weight, and root volume were among the main characteristics influencing variability in Hg tolerance responses,
as indicated by the principal component analysis (PCA) of the initial screening experiment, suggesting their significance as
early selection markers. Subsequent analysis of the 16 selected cultivars under mercury stress revealed distinct strategies
for preserving growth and controlling mercury distribution in plant tissues. These findings show that integrating growth-
based tolerance with Hg partitioning features is crucial for identifying more trustworthy candidates, and that growth-based
tolerance alone is insufficient for selecting Hg-tolerant rice varieties. The types were divided into two main groups with
different Hg response methods based on hierarchical clustering of biomass output, tissue Hg content, Hg absorption, and
translocation factor (TF). Higher biomass output, greater Hg retention in roots, less Hg buildup in shoots, and less Hg
translocation were among the most advantageous tolerance traits observed in the first cluster. Batang Pariaman, Bakwan,
Srikandi, Banang Pulau and Junjuang were identified as promising Hg-tolerant candidate varieties based on their integration
of growth performance and Hg partitioning features.
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