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ABSTRACT

Nowadays, metal-based nanoparticles have been widely applied at a small dose for plant-growth and agronomic yield
promotion, leading to significant economic and environmental benefits. The interaction mechanism between
nanoparticles (NPs) and plants has been reported, however, not been completely elucidated yet. Therefore, this study
aims to look at the global DNA methylation status and the expression of germination- related genes of NP treated
soybean plants. The analysis indicated that the global DNA methylation, one important epigenetic mechanism in
controlling gene expression, of NP treated plants was obviously changed from the control plants, especially in primary
roots. The DNA methylation levels in primary roots were decreased significantly at 18 hours and increased at 48 hours
after seed treatment with Fe or Co NPs and these values were opposite with Cu, ZnO NP treatment. Together with
changes in DNA methylation, the expression of representative germination-related genes such as Glyma.08G018000,
Glyma.07G007000, Glyma.09G21700, Glyma.04G096500 and Glyma.02G163900, which encoding for enzymes
involved in ethylene biosynthesis and mobilization of seed reserves was increased under all NP treatments. The obtained
results suggest that metal-based nanoparticles stimulate seed germination and seedling growth of soybean via regulation
of DNA methylation and related gene expression.

Key words: DNA methylation, gene expression, germination, metal nanoparticles, seed treatment, soybean.
Published first online January 21, 2021 Published final August 07, 2021.

INTRODUCTION

Mineral nutrition is an indispensable
requirement for the increase in crop productivity,
especially in case of growing population worldwide.
Recently, nanotechnology is known to provide solutions
to enhancing agricultural productivity with limited inputs
due to transformation to new biologically forms
(Morales-Díaz et al., 2017). Mineral nanoparticles (NPs),
both major essential (K, Ca, Mg, Na, P and S) and
essential trace (Fe, Mn, Zn, Cu, B, Mo, As, Se, Ni, V, Cr
and Co) have been reported to affect plant physiology
and development, depending on their sizes, composition,
concentration and mode of application. ZnO NPs at
various concentrations have been showed to enhance the
germination and plant growth in peanut Arachis
hypogaea (Prasad et al., 2012), Cicer arietinum (Pandey
et al., 2010) and Zea mays (Adhikari et al., 2015). Fe2O3
NPs also have a similar role as ZnO NPs in improving
germination, young plant growth, and antioxidant
enzymes in Citrullus lanatus (Li et al., 2013). The growth
and glycoprotein and protein concentrations in leaves of
A. hypogea also found to be promoted when seeds were
treated with another Fe NP form - Fe3O4 at a
concentration of 4000 mg/L (Suresh et al., 2016). The
vigor, synthesis and mobilization of starches and proteins
in seedlings of Z. mays were increased in case seeds

priming with Cu-chitosan NPs (Saharan et al., 2016). Our
recent study also found the positive effects of Fe, Cu,
ZnO and Co NPs on germination of soybean (Pham et al.,
2018).

The physiological and molecular mechanisms
behind nano-mineral effects on plants have been reported,
however, there are many questions remained to be
addressed. Lahiani et al. (2013) was only one of few
studies dealing with molecular mechanism of soybean,
maize and barley seeds responded with NPs and revealed
that multi-walled carbon nanotubes (MWCNTs) had a
role in regulating the expression of genes encoding
several types of water channel proteins. Khodakovskaya
et al. (2012) suggested that MWCNTs could act as
regulators for seed germination and plant growth by
boosting the expression of CycB, NtLRX1 and NtPIP1
which were considered as the marker genes for cell
division, cell wall formation and water transport,
respectively.

Different from animals, plants cannot run away
from environmental stresses. Therefore, the
developmental plasticity is required and the flexible
epigenetic regulation is essential for reprogramming of
plant gene expression for rapid responses and adaptation
to environmental cues. The information regarding DNA
methylation state in plants provides important knowledge
of the gene expression control. During different stages of
seed maturation of soybean, An et al. (2017) found that
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DNA methylation levels in promoter regions were
dynamics. In different organs of tomato or rice and Silene
latifolia, significant alterations of DNA methylation level
have been observed (Messeguer et al., 1991; Xiong et al.,
1999; Zluvova et al., 2001). The variation in DNA
methylation even existed within a population with a
similar genotype such as among 96 natural accessions of
Arabidopsis thaliana (Vaughn et al., 2007). Our previous
results (Pham et al., 2018), in which the improvement in
soybean germination under NP treatments was obtained,
led us to speculate that the better germination
performance of soybean may be consequences of DNA
de-methylation and expression enhancement of enzymes
involved in the soybean germination process. Han et al.
(2013) reported the expression of several proteins
involving lipid, protein and carbohydrate metabolism in
soybean germinating seeds. Most of lipid metabolism-
and amino acid metabolism- related proteins are belong
to the lipoxygenase family and the usease, methionine
synthase, respectively. In addition, ten groups of
carbohydrate metabolism-related proteins were detected,
including- amylase and α-glucan water dikinase (Han et
al., 2013). Recently, a transcriptome analysis of soybean
embryonic axes revealed that a number of genes involved
in the biosynthesis and signaling of the germination-
promoting hormones including gibberellins and ethylene
were up-regulated in different stages during germination
(Bellieny-Rabelo et al., 2016).

In practice, the improvement of plant
development traits including seed germination under NP
application was not inherited into the next generation, but
repeated use of NP has to be done every season.
Therefore, the NP effects may be associated with
epigenetic regulation such as global DNA methylation
level and epigenetic expression of key genes, which were
known to modulate physiology and development of
plants. In order to elucidate the possible roles of NPs in
stimulating soybean germination and young plant growth,
the global DNA methylation level of NP treated soybean
seeds during germination was investigated in this study.
Following, the semi quantitative expression of
representative genes encoding for 1-aminocyclopropane-
1-carboxylic acid synthase (ACC synthase) in ethylene
biosynthesis, lipoxygenase in lipid mobilization, urease in
nitrogen metabolism, β- amylase and α-glucan water
dikinase in carbohydrate metabolism was also examined.
The obtained results could partly set a light in the effect
mechanism of NPs in germination and development of
plants and provide knowledge for confident and
sustainable application of nano-materials in agriculture
production.

MATERIALS AND METHODS

Seed treatment: Seeds of soybean cultivar DT26
harvested in the winter of 2017 were provided by
Legumes Research and Development Center, Food Crops
Research Institute, Vietnam Academy of Agriculture
Sciences. Healthy and unique size seeds were selected
and surface sterilized using chlorine gas as described by
Clough and Bent (1998). Iron (Fe), zinc oxide (ZnO),
copper (Cu) and cobalt (Co) nanoparticles with purity >
95% and 40-60 nm in size, provided by the Institute of
Environmental Technology, Vietnam Academy of
Science and Technology (VAST), were suspended in
distilled deionized water by ultrasonic at 200 W and 37
kHz for 30 min. Sterilized seeds (150 seeds, app. 30 g)
were soaked for 30 min in 10 mL of 50 mg/L Fe NP; 50
mg/L ZnO NP; 50 mg/L Cu NP or 0.05 mg/L Co NP,
separately. These concentrations are chosen according to
obtained results from our previous study (Pham et al.,
2018). Control was treated with 10 mL of distilled
deionized water. Seeds (50 per replication) were
germinated on 10 x 20 x 15 cm rectangular plastic
containers containing 0.5% agar solution (Duchefa
Biochemie BV, catalog number: D1001) in darkness at
room temperature. Each NP treatment was performed in
three replications.

For DNA and RNA analysis, primary root and
leave samples were collected at 18, 48 hours (h) and 63,
87 h after NP treatment, respectively. The collected
samples were immediately put in liquid nitrogen and kept
at -80°C for further use. All experiments were carried out
at Institute of Marine Biochemistry, VAST in 2018.

DNA extraction and digestion: Total genomic DNA
was extracted from plant samples using cetyl
trimethylammonium bromide (CTAB) method (Doyle,
1991). RNA contamination was removed by addition of 1
µL RNase A 10 mg/mL and incubation at 37oC for 2 h.
After digestion, 1 µL of EDTA 50 mM was added and
incubated at 65oC in 10 min, followed by 3 M NaOAc
(pH 5.4) to a final concentration of 0.3 M. DNA was
precipitated with ice-cold isopropanol 100% for 30 min at
-20oC and were collected by centrifuging at 13000 rpm
for 15 min, 4oC. The DNA pellet were washed with 0.5
mL of 70% (v/v) cold ethanol, air dried, dissolved in 30
µL of deionized free DNase RNase H2O and stored at -
20oC. DNA purity and concentration were estimated
using Nanodrop spectrophotometer (Thermo Scientific).

Double stranded DNA was denatured by
incubating at 95oC for 5 min and cooled immediately on
ice for 5 min. DNA samples (40 µg DNA in 20 µL of
deionized H2O) were digested by adding 2 µL of nuclease
P1 solution (0.1 U/µL nuclease P1 in 30 mM NaOAc pH
5.2; 5 mM ZnCl2 and 50 mM NaCl) and incubating 37oC
for 4 h. Following the digestion, 0.5 µL of alkaline
phosphatase (0.1 U/µL) and 2.5 µL of 10X
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dephosphorylation buffer was added. Then, the solution
was mixed gently and incubated at 37°C for 4 h. The
digested DNA was collected by centrifuged at 10000 rpm
for 5 min and stored at -20oC until HPLC analysis.

DNA methylation analysis: Plant DNA methylation
analysis was performed using HPLC method as
recommended by Johnston et al. (2005) and Magana et
al. (2007) with minor modifications suitable for our
samples and HPLC system. The modifications are as
following: 10 µL of DNA sample (0.45 µm filtered)
(equivalent to 15 µg of hydrolysed DNA) was injected
onto a HPLC Agilent 6120 Series Quadrupole LC/MS
System with VertiSep GES C18 column (4.6 x 150 mm,
5 μm particle size) attached to a VertiSep GES C18 guard
column (4.6 x 10 mm, 5 μm particle size) (Vertical,
Thailand). The gradient program for this column: 0-5 min
– 5%A, 10-15 min- 10%A, 25 min-50%A and 30-50 min-
95%A at a total flow rate of 0.5 mL/min for 50 min at
25°C (solvent A, MeOH and solvent B, H2O). The results
monitored at 275 nm with UV detection. The calibration
lines for 5-methyl-deoxy-cytidine (5mdC) and deoxy-
cytidine (dC) were constructed by the dilution of stock
standard solution (2 mg/mL) for 5mdC (0.5-50 µg/µL)
and dC (1-200 µg/µL). The level of 5mdC present in the

DNA samples was calculated using the following
equation: 5mdC (%) = [5mdC][5mdC] + [dC] × 100

In which [5mdC] and [dC] are the respective
concentration of 5-methyldeoxycytidine and
deoxycytidine, as deduced from the calibration curves for
external standards of known concentrations.

Each analysis was performed with three
biological replicates and experimental data was
statistically analysed using Microsoft Excel software. The
data were analysed using one-way ANOVA followed by
Tukey Test. Differences between the means were
considered significant at p＜0.05.

Reverse transcription polymerase chain reaction
analysis: Gene information and sequences were obtained
from National Center for Biotechnology Information -
NCBI (https://www.ncbi.nlm.nih.gov/) and Phytozome
v11 database
(https://phytozome.jgi.doe.gov/pz/portal.html)
(Goodstein et al., 2012). Specific PCR primer pairs for
each gene were designed using Primer3Plus software
(http://frodo.wi.mit.edu/primer3/). The sequences of
primers used are listed in Table 1.

Table 1: Gene information and primer sequences for PCR analysis.

No. Gene ID Gene description Primer sequences (5’-3’) Amplicon
length (bp)

1. Glyma.08G018000 1-aminocyclopropane-1-
carboxylic acid synthase

GTAGAACAAGAGGAAACAGAGTC 389AGATACAAGATGGATACGCTTC

2. Glyma.03G237300 Linoleate 9S-lipoxygenase 5 GCGTGCTTCACCCTATTTAT 360CTGTGTCATCTTCCTTGTAGTAG

3. Glyma.07G007000 Lipoxygenase GAAGATGTGCGTAGTCTCTATGA 424CAGTAGGTAGGCTGTTTATCCT

4. Glyma.09G21700 β-amylase 8 GTATCCTGGTATCGGTGAGTT 450CTGGAAGATGAAATCCTAAGC

5. Glyma.05G219200 β- amylase 3 GTTTACGATTGGAGAGGGTATG 388CCTGTGAAGAGAATGAAGGATA

6. Glyma.04G096500 α-glucan water dikinase 2 GGAATAGCTATCTAACTGGAGGA 424CTATTCCCTGCAAAGTTATCTC

7. Glyma.02G163900 Urease accessory protein
UreD

GACGGTAGAGGAAGAATAATGAG 292TGTAAACCTTAGTGGAACCTTG

8. Glyma.14G039400 Urease accessory protein
UreF

GTTCAGTCCCACTTAGTGTCTAAT 292ATACAGTCTCTAAACCCAGAGAAG

9. Glyma.19G147900 Actin GACCTTCAACACCCCTGCTA 423ATGGATGGCTGGAACAGAAC

Total RNA was isolated using TRizol reagents
(Rio et al., 2010) and then treated with RNase-free
DNaseI 1 U/µL (Thermo Scientific) to remove residual
genomic DNA. First-strand cDNA was synthesised from
1 µg RNA using Revert Aid First Strand cDNA Synthesis
Kit (Thermo Scientific) as the manufacturer’s guidelines.
PCR was carried out in a 25 µL reaction containing 1 µL
cDNA, 2.5 µL 10X PCR buffer, 2 µL dNTP (2.5 mM), 2

µL MgCl2 (25 mM), 0.5 µL Primer F (10 µM) and 0.5 µL
Primer R (10 µM ), 0.5 µL Dream Taq polymerase (5
U/µL) and 16 µL H2O. Thermal cycling began with a
denaturation step at 95oC for 10 min, followed by 35
cycles at 95oC for 45 seconds, 54oC for 45 seconds and
72oC for 1 min, and a final extension at 72oC for 7 min.
The PCR products were identified on 0.8% agarose gel
electrophoresis stained with ethidium bromide.
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RESULTS
DNA methylation analysis of germinated soybean
from NP treated seeds: In this study, DNA methylation
of germination seeds treated with Fe, Cu, ZnO and Co NP
was analysed in order to elucidate the possible molecular
mechanism associated with morphological responses
during early germination of NP treated soybean seeds,
which was obtained in our previous report (Pham et al.,
2018). The primary roots and leaves of germinated
soybean seeds were collected from 18 and 63 h after NP
treatment, respectively, because it was the time they can
be obviously seen.

The degree of DNA methylation is expressed as
a percentage of the 5mdC in the analysed DNA samples.
The DNA methylation levels in primary roots of the NP
treated seeds were alternated significant compared to the
control (Figure 1). At 18 h (when the primary roots ~ 10
mm in length), the DNA methylation level in primary
roots of Fe and Co NP treated seeds decreased
significantly compared to the control, from 1.53% down
to 1.02 and 0.87%, respectively. Meanwhile, the DNA
methylation levels with Cu and ZnO NP treatments were
increased up to 1.72% and 2.06%, respectively. After 48
h from NP treatment (when root lengths reaching ~ 30
mm), the DNA methylation levels in primary roots of the
Fe and Co NP treated seeds became similar to the control.
In opposite to those at 18 h time point, DNA methylation
levels in primary roots of the Cu and ZnO NPs at 48 h
time point were significantly lower than the control, from
1.34% down to 0.93 and 0.72%, respectively (Figure 1).

Different from primary roots, the DNA
methylation levels in primary leaves of NP treated seeds

at 63 h were higher than the control, especially with Cu
and ZnO NP treatments. Their DNA methylation levels
were up significantly from 1.2% 5mdC of the control to
1.88 and 1.56% 5-mdC, respectively. At 87 h, DNA
methylation levels of all NP treatments return to the
control level (Figure 2).

PCR analysis of germination related genes: The
treatment of soybean seeds with metal NP before sowing
has a significant influence on the expression of 8
representative germination-related genes in primary root
at both time points of 18 and 48 h after treatment.
Although, expression of the housekeeping gene (Actin,
Glyma.19G147900) was equal among samples, the
expression levels of targeted genes seem to depend on NP
types and development periods (Figure 3).

The results shown in Figure 3 reveal that, most
of studied genes (except Glyma.14G039400) did not
transcript in 18-hour- primary roots without NP treatment
since no PCR product was observed in the control
primary roots (Ctrl lane). Meanwhile, five genes,
including Glyma.08G018000 (encoding for ACC
synthase), Glyma.07G007000 (encoding for
lipoxygenase), Glyma.09G21700 (encoding for beta-
amylase), Glyma.04G096500 (encoding for glucan water
dikinase) and Glyma.02G163900 (encoding for urease),
were found to express under all NP treatments. Among
them, the strongest were Glyma.08G018000,
Glyma.07G007000 and Glyma.09G21700, following
Glyma.02G163900 and Glyma.04G096500. The two
genes, Glyma.03G237300 and Glyma.05G219200 were
only expressed under Fe and ZnO NP treatments.

Figure 1: The effect of metal NPs on DNA methylation levels of primary roots at 18 and 48 h after NP treatments.
Values are the means of three replicate samples and bars indicate standard errors. Means with different
letters are significant different (Tukey’HSD, p ≤ 0.05).
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The above pattern was changed at the time point
of 48 h. Apart from the house keeping gene (Glyma.
19G127900), the expression of Glyma. 08G018000,
Glyma. 07G007000, Glyma. 05G219200, Glyma.
02G163900 and Glyma. 14G039400 was observed in
primary roots for all treatments, including the control.
While Glyma.03G237300 and Glyma.09G21700 genes
were found to be expressed under all 4 NP treatments,
Glyma.04G096500 gene was only expressed in primary
roots under Cu, ZnO and Co NP treatments. The

expression of Glyma.03G237300 was seen due to NP
treatments; however, it was the strongest with Co NP
treatment (Figure 3).

In primary leaves, NP treatments make very
little changes in the expression of interested genes at the
early stages of soybean germination (63 h and then 87 h
after NP treatments) (Figure 4). This obtained result is
also matching with the DNA methylation levels of
primary leaves shown in Figure 2.

Figure 2: The effect of metal NPs on DNA methylation levels of primary leaves at 63 and 87 h after NP
treatments. Values are the means of three replicate samples and bars indicate standard errors. Means
with different letters are significant different (Tukey’HSD, p ≤ 0.05).

Figure 3: The expression of representative germination-related genes in primary roots at 18 and 48 h after NP
treatments. (-): negative control of PCR (without template); Ctr: primary roots from untreated seeds; Fe,
Cu, ZnO and Co: primary roots from NP treated seeds.
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Figure 4: The expression of representative germination-related genes in primary leaves at 63 and 87 h after NP
treatments. (-): negative control of PCR (without template); Ctr: primary leaves from untreated seeds;
Fe, Cu, ZnO and Co: primary leaves from NP treated seeds.

DISCUSSION

Gene expression was known to be regulated by
both epigenetic and genetic mechanisms, in which
epigenetic regulation mechanisms at molecular level
include DNA methylation, histone modifications, and
RNA-based mechanisms (Chen et al., 2010). In this
study, the DNA methylation during the soybean seed
germination under NP treatment was analysed using
HPLC method, which is considered to be the gold
standard for quantifying methylated cytosine. The
changes in global DNA methylation levels within hours
of germination could be coupled with the enhancement in
the growth rate of primary roots and leaves under NP
treatments. While NPs seem have a little effect on
primary leaf development at early stages, DNA de-
methylation was observed in primary roots after 18 and
48 h from NP treatments. This phenomenon may generate
more or higher expression of genes needed for
germination process. The DNA methylation is known to
be dynamic during plant development and its levels in
gene promoters can change during different stages of
soybean development (An et al., 2017). When compare
the DNA methylation levels of dry and germinating
Arabidopsis seeds, Kawakatsu et al. (2017) observed the
reprogramming of global DNA methylation during both
phases and gave an explanation that the high level DNA
methylation in dry seeds as results of preventing the
expression of unfavorable genes or transposable element
activation. In opposite, this level could be reduced to
promote the expression of germination-related genes
when conditions for germination are available.

Several genes encoding to germination-related
enzymes were selected for examination their expression
in germinated soybean seeds after NP treatments. Among
them, eight genes, Glyma.08G018000, Glyma.
03G237300, Glyma. 07G007000, Glyma. 09G21700,
Glyma. 05G219200, Glyma. 04G096500, Glyma.
02G163900, Glyma. 14G039400 have been changed their
expression between NP treatments and the control. The
results here revealed that most above genes showed
different expression pattern at earlier stage (18 h)
between NP and non-NP treatment (control) primary
roots. At this time point, the expression of most genes
tends to be enhanced in NP-treated seeds. The expression
of Glyma.08G018000 encoding for ACC synthase was
presented earlier in primary roots (at 18 h time point) and
seemed to be increased under all NP treatments (at 48 h
time point). According to Corbineau et al. (2014),
ethylene is involved in the boost of germination of non-
dormant seeds. Therefore, its production in non-dormant
seeds was found much higher than in dormant ones
(Matilla, 2000; Corbineau et al., 2014) and positively
correlated with the germination rate of non-dormant
seeds (Gorecki et al., 1991). The highest amount of
ethylene was noticed when germination process was
completed, however it was already measureable long
before radicle through seed coat. The expression of
ethylene biosynthesis enzymes such as 1-
aminocyclopropane-1-carboxylic acid oxidase (ACO, the
ethylene-forming enzyme) during seed germination was
reported in legume species (Petruzzelli et al., 2000).

Similar to Glyma.08G018000, mRNA
expression of Glyma.03G237300 and Glyma.07G007000
encoding for lipoxygenases (LOXs) was increased in
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primary roots, especially at 18 h time point. LOXs are
normally present in the seeds of plants and should be
abundant in soybean seed, where lipids are known to be
one of major reserves. During germination, the levels of
LOX enzyme were observed to be increased (Uma et al.,
2005). Maximal accumulation of LOX protein and the
corresponding mRNAs lasted from a few hours to few
days after germination. With a proteomic analysis of
germinating soybean seeds, Han et al. (2013) found the
present of a number of LOX enzymes, suggesting the oils
in soybean seeds might be degraded through a LOX-
dependent pathway. The presence of LOX in the
germination process was also detected in pea seeds
(Pisum sativum L) (Mo and Koster, 2006).

The increased expression of genes for amylase
may accelerate seed germination. According to
Mahakham et al. (2017) the improvement of the
germination ability of rice seeds treated with metal NPs
was consequences of the increase in α-amylase activity
and the water absorption by enhancing expression of
genes coding for water channel proteins (aquaporin). Our
result also showed the early expression of
Glyma.09G21700 and Glyma.05G219200 to produce β-
amylases at the 18 h in germinating seeds treated with
NPs. This observation correlated with the fact that
amylases play a key role in the mobilization of energy
reserves stored in insoluble starch.

However, different from other crops, stored
reservation of soybean mainly contains oils and proteins,
the mobilization of reserves during germination including
lipids and proteins, not only starches. Urease has been
proposed by Thompson (1980) to play an important
function in the utilization of seed protein reserves during
germination. It can convert urea to ammonia for nitrogen
assimilation (Wang et al., 2008) and promoted the
germination of nitrogen-limited Arabidopsis thaliana
seeds (Zonia et al., 1995). Recently, urease also was
reported as one of the main group of amino acid
metabolism-related proteins found in germinating
soybean seeds (Han et al., 2013). In this study, the
increase in expression of Glyma.02G163900 encoding for
urease could lead to activating protein mobilization in
germinating soybean germination. Altogether, the high
expression level of studied enzymes in germinating NP
treated-seeds could partly explain for the positive effect
of NP treatments in germination improvement of local
DT26 soybean cultivar as described in our previous study
(Pham et al., 2018).

Conclusion: There are evidences from our studies that
the NP treatments of seeds before sowing trigger DNA
methylation pattern changed in germinated soybean,
especially in primary roots. That may lead to the
expression enhancement of important germination-related
genes and as consequence to promote germination
process of experimental soybean cultivar. However,

quantitative information about related gene expression
and protein accumulation should be done in different
development stages of soybean plants in order to
confident application of NP seed treatment for soybean
production.
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