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ﬁﬂccemed: Heavy metal contamination, notably lead (Pb), poses a threat to plants and,
ay 16, 2024 . . . .

B — consequently, human health through the food chain. This study investigates Pb
May 28, 2024 accumulation in rice and how it affects the rice DNA. The rice (Oryza sativa) samples
were cultivated in the soil supplemented with Pb at concentrations of 0, 15, 30, 60,
and 120 mg/kg. Then the samples were harvested and analyzed for Pb accumulation
and DNA alterations using the PCR amplification profiles measured through genomic
template stability (GTS). The results demonstrate a Pb concentration hierarchy (root >
stem > leaves), with Bioconcentration Factor (BCF) and Translocation Factor (TF)
rising when soil Pb contents are supplemented. For DNA alterations, observed GTS
values ranged from 23.3 to 76.67%, revealed a general decline with increasing Pb.
This correlation assured the influence of Pb on rice DNA stability. Our findings
suggest that heavy metal concentration, particularly Pb, has a direct influence on the
integrity of rice DNA. Understanding these dynamics is vital for unraveling the
complexities of heavy metal-induced genetic changes in plants and their potential
implications for food safety and environmental health.
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Introduction and manures, and used in various applications,

including inorganic fertilizers, pesticides, and
Lead (Pb) is one of the heavy metals extensively herbicides as reported by Modaihsh et al. (2004),
utilized and released from agricultural and chemical Keepax et al. (2011) and Budianta et al. (2022). The
industries. It is commonly found in animal wastes non-biodegradable nature of Pb and its excessive
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usage contribute to its escalation toxic levels (Nas
and Ali, 2018), presence in the environment, and
pose potential risks to ecosystems, food chains, and
human health. Previous research highlighted Pb's
capacity to induce DNA damage, chromosomal
aberrations, and genotoxicity, leading to various
disorders affecting neurological, nephrological,
cardiovascular, haematological, immunological, and
reproductive functions (Nagaraju et al., 2022).
Consequently, contamination of soil and water with
Pb remains a significant environmental concern due
to its inherent toxicity and persistent presence in the
environment.

In soils contaminated with heavy metals, plants
absorb the metal through their roots, subsequently
translocating them to the shoot through physiological
and biochemical mechanisms within plant cells. The
contamination of agricultural soil with Pb not only
results in its accumulation in plants but also
facilitates its transfer from soil to the human food
chain. Sharma and Dubey (2005) revealed that Pb
alters hormone status, disrupts water and nutritional
balance, and inhibits photosynthesis. Therefore,
excessive Pb exposure leads to toxicity-response
symptoms in plants, including root blackening,
chlorosis, and stunted growth. Furthermore, an
abundance of heavy metals leads to harm in various
cellular components of plants including membranes,
proteins, lipids, especially DNA as reported by Liu et
al. (2005, 2009), Sudmoon et al. (2015), Tanee et al.
(2016, 2018) and Azar and Vajargah (2023).
Advances in molecular technology have provided
essential instruments for DNA analysis in
genotoxicology. Genomic template stability (GTS)
analysis, achieved through the determination of
random DNA amplification profiles, enables the
detection of various types of DNA mutations and
damage, including rearrangements, point mutations,
and insertions or deletions. This analysis has proven
successful in investigating DNA changes induced by
heavy metals in plants as evidenced by Liu et al.
(2005, 2007, 2009), Sudmoon et al. (2015, 2021) and
Tanee et al. (2016, 2018).

The adverse effects of Pb on both living organisms and
the environment highlight the critical need for
sustainable practices and regulations to moderate its
impact and protect ecosystems and human health. In
this study we utilized rice (Oryza sativa L.), which is
one of the major foods globally (Rashid et al., 2018),
especially in Thailand as a model for assessing Pb-
induced genotoxicity. The research is mainly aimed to
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detect Pb concentrations in the rice tissues, including
roots, stems, and leaves, and to assess the extent of its
DNA damage induced by Pb using GTS analysis. This
will contribute to understanding the interactions
between heavy metal exposure, plant physiology, and
genomic stability, revealing potential risks associated
with heavy metal contamination in edible plants. Thus,
leading to the practices and regulations for heavy metal
usage, particularly Pb.

Material and Methods

Rice cultivation in Pb treatment

The soil under investigation was obtained from
random agricultural sites in Maha Sarakham
province, Northeastern Thailand, with initial Pb
concentrations determined before the commencement
of the study. Surface soil samples (0-30 cm depth)
were collected and treated with varying
concentrations of Pb (PbCl,; Univar, Australia): 0 (no
supplements as controls), 15, 30, 60, and 120 mg/kg.
Seeds of O. sativa (Farmer, Thailand) were sown in a
plastic pot contained one kg of the treated soil,
resulting in five seedlings per pot. The pots were
placed in an open field to replicate the natural
cultivation conditions, with the application of organic
fertilizers. The experiment was conducted following
a fully randomized design with three replicates. After
90 days, cultivated rice was harvested and soil
samples were collected for further examination. The
leaf samples were spared for DNA extraction.

Examination of Pb in the rice and the soil

The following assessments were performed in three
replicates. The soil samples initially collected from
the field (pre-experiment) and experimental pots
(post-experiment) were completely dried using an
oven (Binder, USA) set at 105°C for 24 hours. Plant
components, including roots, stems, and leaves, were
dissected, thoroughly rinsed to remove surface
impurities, and dried in the same condition. The
oven-dried tissues were milled using mortars and
pestles. For each sample of soil and plant tissues, one
g was used and added to a 12 ml mixture of HCIO, :
HNO; (1 : 3 ratio) in a test tube. The tubes were
boiled in a water bath set at 100°C for digestion
following the method by Tanee et al. (2013). The
resulting transparent solutions were adjusted to a
volume of 50 ml using distilled-deionized water and
subsequently underwent analysis for Pb levels
utilizing the Atomic Absorption Spectrophotometer
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(AA 6200, Shimadzu, Japan).

DNA preparation for PCR reactions

The leaves were subjected to DNA extraction using
the CTAB method, as described by Porebski et al.
(1997) with some modifications (Tanee et al., 2018).
The extracted DNA samples were stored at -20°C.
The PCR reaction was carried out in 25-ul reactions
containing the PCR mixture (GoTaq Green Master
Mix, Promega, USA), with an addition of 0.5 uM
primer (purchased from Invitrogen, USA), using a
20-ng DNA. Out of 47 short random sequence
primers screened, the ten primers that produced
distinct banding profiles with polymorphisms were
selected for further analysis. The sequences were as
follows (5'-3'): TGCCGAGCTG, GGGTAACGCC,

CAGCACCCAC, TGCGCCCTTC,
GGTGACGCAG, GTCCACACGG,
CTGCTGGGAC, GTGAGGCGTC,

GATGACCGCC, and TGTCTGGGTG.

The reaction solutions underwent a 3-min pre-
denaturation at 94°C. Subsequently, the 35-cycle
amplification was performed by 30-sec denaturation
at 94°C, a 30-sec annealing at 40°C, a 2-min
extension at 72°C, and a final 7-min extension at
72°C utilizing Swift™ Maxi Thermal Cycler (Esco
Micro Pte. Ltd., Singapore). The amplified products
obtained were determined using agarose gel
electrophoresis. The amplifying profiles were
counted and employed for the analysis of GTS.

Data analysis

Pb accumulation: The experiments were carried out
in triplicate, and the data were analyzed utilizing
Microsoft Office Excel 2010. The means and
standard deviations (S.D.) for Pb concentrations in
both the soil and the rice tissues were computed. The
calculation of the Bioconcentration Factor (BCF)
involved determining the ratio of Pb concentrations
in the roots to the soil. Similarly, the Translocation
Factor (TF) was established as the Pb concentration
ratios in the shoots to the roots, in accordance with
the method described by Malik et al. (2010) with the
following calculation formula:

Concentration of Pb in the roots (mg/kg)

BCF =
Concentration of Pb in the soil (mg/kg)

TF

_ Concentration of Pb in the stems (mg/kg) + Concentration of Pb in the leaves (mg/kg)

Concentration of Pb in the roots (mg/kg)
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DNA alterations: The computation of GTS values
followed the formula outlined by Liu et al. (2007)
with the following calculation formula:

a
Percentage of GTS = (1 — Z) x 100

Where 'a' signifies the number of polymorphic loci
detected in each experimental rice sample, and 'n'
represents the total number of the banding loci in the
control rice sample. Polymorphic variant, involving
the disappearance and appearance of characteristic
bands in the experimental rice sample as compared to
the controls, were observed in the amplification
patterns.

Results

Pb accumulations in the soil and plant tissues

The pre-experiment field soils were found to contain
16.18 mg/kg of Pb on average. Table 1 presents the
quantity and dispersion of Pb in the soil samples and
O. sativa tissues exposed to varying concentrations of
Pb (0, 15, 30, 60, 120 mg/kg) added. The levels of Pb
accumulation in the post-experiment soils varied
from non-detectable (nd.) to 316 mg/kg. In roots,
stems, and leaves of the plant, Pb accumulation
ranged from 10.46 to 304.99, nd. to 21.94, and nd. to
31.11 mg/kg, respectively. Notably, the distribution
of Pb within the plant showed a diminishing
sequence with roots having the highest concentration,
followed by stems and leaves. Furthermore, the
concentration levels in all rice tissues are aligned to
the concentration levels supplemented into the soil
samples.

Bioconcentration factor (BCF) and translocation
factor (TF)

The BCF assesses a plant's capacity to amass metals
from soils, whereas the TF gauges its ability to
transfer metals from roots to stems and leaves. Table
1 illustrates the values of BCF and TF for Pb in the
five distinct treatments. In the various treatments,
BCF values for Pb ranged from nd. to 0.96,
signifying the plant's differential uptake of Pb from
the soil. Similarly, TF values for Pb ranged from nd.
to 0.17, indicating that the metal is transported from
the roots to the stems and leaves. The values of both
BCF and TF consistently rise with elevated
concentrations of Pb in the soil (Table 1).
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Table-1. Lead (Pb) accumulations, bioconcentration factor (BCF) and translocation factors (TF), and
genomic template stability (GTS) investigated in Oryza sativa subjected to Pb treatments.

Pb added Pb level (mean mg/kg + SD) BCE | TE GTS
(mg/kg) Soil Root Stem Leaf (%)
0 (control) nd. 10.46+11.49 nd. nd. nd. nd. -
15 44.81+11.42 15.64+5.82 nd. nd. 0.35 | nd. | 76.67
30 52.03+24.48 41.39+15.68 nd. nd. 0.80 | nd. | 233
60 109.53+100.18 95.92+104.04 3.24+6.86 1.66+£3.12 | 0.88 | 0.05 | 60.00
120 316.75+141.21 304.99+109.49 | 21.94+8.92 | 31.11+7.10 | 0.96 | 0.17 | 56.67
nd.= not detected
Effect of Pb exposure on PCR amplification 3 EEroot  E=stem  =ezleaf  —GTS %
profiles of the plants £ s o
The main observation from the DNA amplification ~ § o © 2
profiles was the variations in the banding patterns of £ a0 :Z :
the rice exposed to Pb compared to the control rice. E 1 w &
Figure-1 depicts a representative amplifying profile. 2 20 Z
The set of ten primers generated 37 distinguishable & ™ 0 &
banding loci ranging in size from 100 to 3,000 bp. g L 10
These patterns revealed noteworthy distinctions o= - 2 w0

between the control rice and the Pb-treated rice,
marked by the appearance of new bands or the
absence of existing bands in the patterns produced by
each primer. In total, 24 alterations in the bands,
reflecting the distinct amplified fragments in the
experimented and the control samples, were
observed.

DNA changes in rice exposed to Pb were expressed
as a percentage decrease in GTS, providing a
gualitative assessment of alterations in DNA profiles.
GTS values varied across different Pb treatments,
ranging from 23.30% to 77.67% as shown in Table 1.
A consistent reduction in GTS values was noted with
an escalation in Pb added (Figure-2). However, at a
concentration of 30 mg/kg, the highest reduction
level was detected (GTS = 23.30%), this revealed the
most substantial DNA changes.

Ladder  Control 15 30 60 120 myghg

1 r 1 1 r 1 r 1

Figure-1. An example of amplifying profile with
the primer CTGCTGGGAC showing DNA bands

from the rice treated with different
concentrations of Pb.
&‘f‘tb\"‘
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Concentration of supplemented Pb in soil (mg/kg)

Figure-2. A graph depicts the relationship
between Pb content in plant tissues and genetic
template stability (GTS) values.

Discussion

Accumulation of heavy metals in consumable plants
is a significant issue because it can impair crop yields
and pose a health risk via the food chain. This study
observed that rice can grow in soil containing diverse
levels of Pb and can accumulate Pb in its roots,
shoots and leaves. The concentration in the plant
increased as concentrations of Pb in the soil rose (see
Table 1). These findings align with previous research
demonstrating its capability to accumulate Pb from
the soil (Ashraf et al., 2017; Khan et al., 2021).

The variance in Pb uptake depends on the chemical
and physical characteristics of the soil and the plant's
capacity to absorb heavy metals (Bahemuka and
Mubofu, 1999; Liu et al., 2005). Metal uptake is
often linked to their concentrations in the soil,
especially for mobile elements (Bafiuelos and Ajwa,
1999). In general, as the Pb content in the soil
increased, the plants correspondingly accumulate
higher PDb levels.

The BCF level reflects the capability of the plants to
uptake Pb from the soil, while the TF level indicates
its capability to translocate Pb from its roots to its
shoot. In this study, BCF and TF values were nd. to
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0.96 and nd. to 0.17, respectively (see Table 1).
Consequently, the concentration in the stems and
leaves increased with a rise in Pb level in the soil.
These findings align with previous reports
demonstrating the capacity of plants to accumulate
Pb from the soil (Ashraf et al., 2017; Khan et al.,
2021). However, the BCF and TF values for Pb in
rice were less than 1.0, and TF value was only
observed at Pb concentrations of 60 mg/kg and 120
mg/kg, indicating low Pb bioavailability. A previous
study noted that the translocation of Pb from soil to
the plant was lower than Cd, with a bioaccumulation
coefficient less than 1.0 (Kibria, 2012). Retention of
heavy metals in the roots plays a crucial role in
regulating or facilitating their translocation to the
straw and to the grains. The mobility of Pb in roots
may rely on adsorption to the cell wall and/or
chelation to organic compounds (Kibria, 2012).
Based on the accumulation of Pb in rice,
consumption of plants grown in contaminated soil is
not recommended. Previous studies have shown that
Pb can accumulate in various parts of rice, including
the roots, straw, leaves, and grains, in Pb-
contaminated soils (Kibria, 2012; Ashraf et al., 2017,
Khan et al.,, 2021; Budianta et al., 2022). These
findings emphasize the direct health hazards posed by
Pb toxicity through the food chain, resulting in severe
damage to organs such as the liver, kidneys, brain,
and central nervous and reproductive systems. It can
also induce symptoms such as anemia, hypertension,
renal impairment, immunotoxicity (Kibria, 2012;
World Health Organization, 2023), damage to
hematopoietic organs, reduction in their function in
animals (Vo et al., 2022), and DNA damage in
consumers (Manahan, 2003).

Additionally, previous reports indicate that O. sativa
can compile various heavy metals like cadmium,
chromium, copper, and nickel (Khaniki and Zazoli,
2005; Kibria, 2012; Rashid et al., 2018; Huang et al.,
2022; Budianta et al., 2022). However, studies on the
genotoxic effects of Pb on O. sativa have not been
reported. Our study provides further insight into the
genotoxic effects of Pb, as evidenced by DNA
damage assessed via GTS. While the precise
molecular mechanisms underlying Pb-induced
genotoxicity are not fully elucidated, previous studies
suggest that Pb's genotoxic action primarily occurs
through indirect mechanisms, such as the inhibition
of DNA repair or induction of DNA oxidative stress
(Hemmaphan and Bordeerat, 2022).

Liu et al. (2005, 2007, 2009) and Sun et al. (2009)

&‘f‘tb\"‘
Wi/ Asian ] Agric & Biol. xxxx(x).
) g

reported that heavy metal ions induce various
responses to cellular stress and plant cells. In
genotoxicology, the DNA fingerprinting assay has
been employed to detect DNA changes through GTS
calculation (Sudmoon et al., 2015; Tanee et al.,
2016). The DNA profiles (banding patterns) changes
reflect different types of mutations and damage,
including point mutations, rearrangements, and
insertions or deletions, for examples (Liu et al.,
2007).

In this study, the detection of genotoxic effects
through DNA fingerprints entailed comparing the
DNA profiles of control (unexposed) and treated
(exposed) samples exposed to Pb over a 90-day
period. The DNA damage induced by Pb was evident
through changes in amplification profiles, including
the appearance of new amplified fragments, a
decrease and increase in band intensity, and the
disappearance of bands in the profiles (refer to Table
1 and Figure-1).

Despite the limited total bands in DNA fingerprinting
(37 characters), this data set was adequate for the
GTS determination, encompassing 24 loci indicative
of DNA alterations in comparison to the control
sample. This finding supports the notion that
alterations in DNA patterns resulting from exposure
to genotoxic agents can be explained by a reduction
in GTS, as indicated by Liu et al. (2007).
Furthermore, GTS values were found to decrease
with increasing subjected Pb concentrations (see
Table 1 and Figure-2). The results suggest that Pb
exposure induced changes in the GTS value in O.
sativa, reflecting DNA changes in the plant species.
Previous studies by Cenkci et al. (2010) and Malar et
al. (2014) similarly demonstrated the notable
influence of Pb concentrations on GTS in plant
species. Additionally, this study proposes that DNA
fingerprinting and GTS analysis are valuable
protocols for studying ecotoxicology as well as useful
biomarkers for detecting genotoxic effects of Pb on
plants.

The overall results demonstrated that the elevated
level of Pb in the organisms raises concerns, not only
due to its potential effects on the environment but
also because it causes genomic damage to the plants
themselves.  This  research  underscores the
importance of informing the public about the
implications of heavy metal accumulation in edible
plants. Disseminating these findings is crucial for
prompting careful consideration of the consumption
of such plants. It also emphasizes the need for
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guidance aimed at farmers and other stakeholders,
specifically addressing the proper use of pesticides,
herbicides, and fertilizers to ensure future food safety.

Conclusion

In this research, rice exhibited varying capacities to
accumulate Pb across different plant parts, with the
highest concentrations observed in roots, followed by
stems and leaves. Both BCF and TF values increased
proportionally with soil Pb concentrations, indicating
the plant's capacity to accumulate Pb. However, BCF
and TF values remained below 1.0, signifying
relatively low Pb bioavailability. Additionally, DNA
damage was found to increase with increasing treated
Pb concentrations. These findings designate the
impact of Pb on inducing genetic alterations in plants,
emphasizing the need for sustainable regulations
governing the use of Pb-containing materials to
ensure food safety and safeguard human and
environmental health.
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