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Introduction

Graphene-family nanomaterials (GFNs) have been 
widely employed in manufacturing, electronics, energy, 
biomedicine, and environment protection due to their 
high surface area, unique optical properties, good thermal 
conductivity, excellent electrical conductivity, and a high 
mechanical strength. With the increasing production 
and intensive use of GFNs, they inevitably enter the air, 
water, and soil (Keller and Lazareva 2013). Because of 
their huge surface area and unique chemical structure, 
GFNs can be the poisonous and harmful substances in the 

environment and cause damage to the animals, plants, and 
microorganisms (Xu et al. 2009). The GFNs could produce 
different effects on plants such as accumulation in plant 
organs, antibacterial activity, negative or positive effects on 
growth, physiological and biochemical traits, and quality 
of produced food (Liu et al. 2015, Cheng et al. 2016, Jiao 
et al. 2016a,b, Chen et al. 2017, Zhou and Hu 2017, Hao 
et al. 2018, Huang et al. 2018). We reported the effects 
of graphene on germination and seedling morphology 
of rice (Oryza sativa L. ssp. indica and ssp. japonica, 
Liu et al. 2015), but we do not know whether the effects 
are genotype-dependent. Therefore, we designed the 

BIOLOGIA PLANTARUM (2021) 65: 39-46� DOI: 10.32615/bp.2020.124 

Growth response of Oryza sativa seedlings to graphene oxide 
and its variability among genotypes
Y. HE1,+, H.M. WEI1,+, S.J. LIU1, Y.C. XU1, Z.Y. ZHU1,2, H. YAN1, J.X. LI1,2,*, and Z.H. TIAN1,2,*

1 College of Life Science, Yangtze University, Jingzhou 434025, P.R. China
2 South China Botanical Garden, Chinese Academy of Sciences, Guangzhou 510650, P.R. China

*Corresponding authors: E-mail: jxli@scbg.ac.cn, zhtian@yangtzeu.edu.cn

Abstract

With the extensive utilization of graphene nanomaterials, they inevitably enter our environment. The potential 
phytotoxicity and environmental impact of graphene oxide (GO) have recently attracted much attention. We designed the 
experiment based on seed germination, seedling morphology, physio-biochemical properties, and antioxidant enzyme 
activities of five rice genotypes (9311, MH63, R527, K866, and Nipponbare) under six concentrations of GO (0, 5, 10, 
50, 100, and 150 mg dm-3). We studied the effects of different concentrations of GO on germination index (GI), shoot 
length (SL) and root length (RL), adventitious root number, shoot and root fresh masses, root/shoot ratio, chlorophyll 
(Chl) content, malondialdehyde content, and activities of superoxide dismutase (SOD), catalase (CAT), and peroxidase 
(POD). Graphene oxide treatments significantly enhanced seed germination and root growth and inhibited shoot growth 
of all genotypes. Furthermore, we found a significant genotype-dependent response to GO treatments. According to the 
relative increment trend of GI, SL, and RL, root/shoot ratio, antioxidant enzyme activities (CAT, POD, and SOD), and 
Chl content, ‘R527’ showed more tolerance to GO treatments than the other four genotypes. The ‘MH63’ and ‘K866’ 
were more sensitive than ‘Nipponbare’ and ‘9311’. It indicates that the GO-tolerant genotype might avoid free radicals 
damage from GO by increased antioxidant enzyme activities. Moreover, we should consider the genotype differences 
when evaluating the potential phytotoxicity of GO and environmental risk to ecosystems.
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experiment to investigate the different effects of graphene 
oxide (GO) on seed germination, seedling morphology, 
physio-biochemical properties, and antioxidant enzyme 
activities of five different genotypes of cultivated rice. It 
will be a benefit to a better understanding of the effects of 
GFNs on plants and evaluating their environmental risks.

Materials and methods

Plants and growth conditions: In this study, we employed 
four indica rice (O. sativa L. ssp. indica) genotypes  9311, 
MH63, R527, and K866, and one japonica rice (O. sativa 
L. ssp. japonica) genotype Nipponbare. Seeds of all 
genotypes were obtained from the College of Life Science, 
Yangtze University, China. Graphene oxide solution of 
3.8 g dm-3 were purchased from Longliang Biological 
Technology Co., Nanjing, China. Rice seeds with uniform 
size were disinfected with 2 % (m/v) NaClO for 10 min. 
The sterilized seeds were placed in 9-cm Petri dishes with 
sterilized double layer filter papers soaked with 5, 10, 50, 
100, and 150 mg dm-3 GO solutions (diluted with pure 
water and pure water was used as control) for germination 
in the dark at 25 ± 1 ℃. All treatments were carried out 
with 40 seeds in triplicate.

Effects of GO on seed germination and seedling 
morphology: A seed that its radicle broke through the 
seed coat and reached at least to the seed length, and its 
germ was at least half of the seed length, was considered 
to be germinated (Liu et al. 2015, Tribouillois et al. 2016). 
The germination index (GI) calculation was conducted 
according to the method reported by Wang et al. (2016): 
GI = ∑Gi/I, where Gi is the number of germination in I day 
(the time of cultivation).

Twenty-five uniform seedlings were randomly selected, 
and each seedling was anchored with a sterilized sponge, 
then transferred into a plastic water bucket containing 
200 cm3 of different concentration GO solutions. Three 
replicates were employed in each treatment. The seedlings 
were cultivated in plant incubator (HP1500GS-D, 
Ruihua, China, set to a 14-h photoperiod, an irradiance of 
165 µmol m-2 s-1, a temperature of 25 ± 1 ℃, and a relative 
humidity of 60 %.

After 16 d, at least ten seedlings were randomly chosen 
from each replicate. Shoot length (SL), root length (RL), 
and adventitious root number (ARN) of each seedling 
were determined. Then, after removed the seed coats and 
drained the surface water of root, the root and shoot of each 
seedling were cut from the root base. The shoot fresh mass 
and root fresh mass were measured and used to calculate 
the root/shoot ratio (R/S).

Determination of chlorophyll and malondialdehyde 
content and antioxidant enzymes activities: To 
determine the chlorophyll (Chl) a+b content, 0.2-g leaf 
samples were extracted using 25 cm3 of 80 % (v/v) acetone 
and the absorbance of extract was measured at 645 and 
663 nm using a spectrophotometer (UV-2600, Shimadzu, 
Kyoto, Japan) according to the method described by Arnon 

(1949).
Root samples (0.5 g) were homogenized with 7.5 cm3 

of cold phosphate buffer solution (PBS; pH 7.8) containing 
1 % (m/v) polyvinylpyrrolidone (PVP) and 0.2 mM 
EDTA, and centrifuged at 10 625 g and 4 °C for 30 min. 
The supernatants were used to analyse malondialdehyde 
(MDA) content carried out by the trichloroacetic acid and 
2-thiobarbituric acid method (Heath and Packer 1968, 
Siddiqui et al. 2015a,b).

Root samples (0.2 g) were used to measure the 
activities of antioxidant enzymes via the method reported 
by Cakmak and Marschner (1992). Superoxide dismutase 
(SOD) activity was determined based on the oxidation-
reduction reaction of nitroblue tetrazolium (NBT). The 
SOD activity unit was defined as the amount of enzyme 
used to inhibit 50 % NBT reduction at 560 nm (Cakmak and 
Marschner 1992). Catalase (CAT) activity was measured 
by monitoring the decomposition of H2O2 at 240 nm in the 
reaction using peroxidase as a catalyst (Abei 1984, Cakmak 
and Marschner 1992, Siddiqui et al. 2015b). Peroxidase 
(POD) activity was performed with the method based on 
guaiacol oxidation reaction and determined by the growth 
of absorbance at 470 nm (Cakmak and Marschner 1992) 
per minute.

Data handling and statistics analysis: All data were 
described as the means ± standard deviations. Statistical 
analysis was performed with a two-way analysis of 
variance (ANOVA) after homogeneity of variance test with 
the SPSS v. 17.0 statistical software (SPSS Inc., Chicago, 
USA). Moreover, Duncan’s multiple range tests were 
employed to compare the significance of means at P < 0.05 
or P < 0.01.

Results

In our study, the performance of seed germination was 
assessed as GI, and seeding morphology was performed 
with SL, RL, ARN, shoot fresh mass, root fresh mass, 
and R/S. The rice genotype-dependent and GO dose-
dependent effects were found to be significant (Figs. 1,2 
and Figs. 1,2 Suppl.).

Graphene oxide enhanced or inhibited seed 
germination of rice. Seed germination of ‘K866’ increased 
with the increase of GO concentration. However, higher 
concentrations of GO suppressed seed germination of 
‘MH63’. Moreover, GO did not affect seed germination 
of ‘R527’ and ‘9311’. The ‘R527’ contributed the highest 
GI in control and GO treatments. In ‘9311’, high GO 
concentrations (50, 100, 150 mg dm-3) promoted seed 
germination more than low GO concentrations (5 or 
10 mg dm-3). Graphene oxide at 5 to 150 mg dm-3 enhanced 
seed germination of ‘Nipponbare’, whereas no significant 
difference existed among GO treatments. (Fig. 1A and 
Fig. 1A Suppl.).

The shoot elongation of all rice genotypes showed a 
decreasing tendency with the increase of GO concentration. 
At relatively high GO concentrations (50, 100, 150 mg dm-3), 
GO treatment significantly inhibited shoot elongation of 
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‘MH63’, ‘R527’, and ‘9311’. When the GO concentration 
was up to 150 mg dm-3, the shoot elongation of ‘Nipponbare’ 
was suppressed. GO at 5 ~150 mg dm-3 inhibited the shoot 
elongation of ‘K866’, but no significant difference was 
found among GO treatments. The ‘MH63’ displayed the 
highest SL at the control or GO treatments, while ‘K866’ 
showed the lowest SL (Fig. 1B and Fig. 1B Suppl.).

Graphene oxide did not affect the root elongation of 
‘Nipponbare’, ‘MH63’, and ‘K866’. However, the root 
elongation of ‘R527’ and ‘9311’ increased with the increase 
of GO concentration, and higher GO concentrations (50, 
100, 150 mg dm-3) could promote root elongation more 
than lower GO concentrations (5, 10 mg dm-3). Meanwhile, 
‘K866’ had higher RL than the other four genotypes under 
most GO treatments, while ‘R527’ and ‘9311’ only showed 

higher RL at high GO concentration (50, 100, 150 mg dm-3). 
‘Nipponbare’ displayed the lowest RL from all rice 
genotypes at GO treatments (Fig. 1C and Fig. 1C Suppl.).

In all rice genotypes, the ARN showed no significant 
response to GO. Compared with the control, only GO at 
150 mg dm-3 significantly reduced the ARN of ‘K866’. 
Moreover, ‘MH63’, ‘R527’, and ‘9311’ displayed higher 
ARN (Fig. 1D and Fig. 1D Suppl.).

Shoot fresh mass (SFM) of rice also showed a 
decreasing tendency with increasing GO concentration. 
In ‘MH63’, ‘R527’, and ‘9311’, higher GO concentrations 
(50, 100, 150 mg dm-3) induced more inhibition than low 
GO concentrations (5, 10 mg dm-3). Although GO did not 
affect the SFM of ‘Nipponbare’ and ‘K866’, a significantly 
decreased SFM could be observed at all GO treatments 

Fig. 1. Germination index (A), shoot length (B), root length (C), and adventitious root number (D) of five different rice genotypes in 
response to different graphene oxide (GO) dosages for 16 d. Means ± SDs, n = 3. Lower-case letters indicate significant differences 
(Duncan’s multiple range test, P < 0.01) between the control and GO treatments within particular genotypes.
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compared with the control (Fig. 2A and Fig. 2A Suppl.).
No significant dose-dependent response to GO 

treatments was found in the root fresh mass (RFM) of all 
rice genotypes except ‘Nipponbare’. GO at 150 mg dm-3 
significantly increased RFM of ‘Nipponbare’. However, 
the genotype-dependent effect of GO treatments could 
be observed. At all GO treatments, ‘R527’ and ‘9311’ 
displayed higher RFM than the other rice genotypes (Fig. 
2C and Fig. 2C Suppl.). 

The R/S of all rice genotypes showed an increasing 
trend with the increase of GO concentration except of 
‘K866’. GO did not affect the R/S of ‘K866’. GO at 5 - 
150 mg dm-3 strengthened R/S of ‘Nipponbare’, while 
no significant difference existed among GO treatments. 
Enhanced R/S of ‘MH63’ and ‘9311’ appeared at GO 50 - 
150 mg dm-3 Furthermore, GO at 100 mg dm-3 strengthened 
R/S of ‘R527’ (Fig. 2B and Fig. 2B Suppl.).

These results suggested that GO could stimulate seed 
germination, root growth, and reduce shoot growth. The 
effectiveness is dose-dependent and genotype-dependent.

Under control and GO treatments, ‘K866’ always 
showed the lowest Chl and MDA content. Graphene oxide 
at concentrations 50 - 150 mg dm-3 significantly reduced 

the Chl content in all rice genotypes except ‘K866’. 
Graphene oxide did not impact the MDA content of all 
rice genotypes (Fig. 3 and Fig. 3 Suppl.).

With the increase of GO concentration, the SOD 
activities showed down-regulation in all rice genotypes 
except ‘MH63’, which showed up-regulation. Meanwhile, 
GO at 50 - 150 mg dm-3 significantly inhibited the SOD 
activities of ‘Nipponbare’, ‘K866’, and ‘9311’, and 
enhanced that of ‘MH63’. The SOD activity of ‘R527’ was 
not affected by GO (Fig. 4A).

The CAT activities of all rice genotypes were 
significantly up-regulated following GO treatments. GO 
at 10 - 150 mg dm-3 enhanced the CAT activities of rice 
genotypes except ‘9311’. High CAT activity of ‘9311’ 
appeared at GO 100 mg dm-3, while CAT activity showed 
no significant difference between the control and GO 
treatments (Fig. 4B).

As shown in Fig. 4C, the POD activities of 
‘Nipponbare’, ‘R527’, and ‘9311’ showed up-regulation 
with the increasing GO concentration, while no significant 
difference was found in ‘R527’. On the contrary, the POD 
activities of ‘MH63’ and ‘K866’ were down-regulated 
by the gradually increased GO concentrations, but they 

Fig. 2. Shoot (A) and root (C) fresh masses, and root/shoot ratio (B) of five different rice genotypes in response to different graphene 
oxide (GO) dosages for 16 d. Means ± SDs, n = 3. Lower-case letters indicate significant differences (Duncan’s multiple range test, P < 
0.01) between the control and GO treatments within particular genotypes.
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differed only a little.

Discussion

The analysis of GI in all selected rice genotypes 
suggested that GO could accelerate, suppress, or not 
affect seeds germination of rice, and the effectiveness is 
genotype-dependent. Some literature reported that carbon 
nanomaterials could enhance seeds germination of a plant 
(Khodakovskaya et al. 2009, Nair et al. 2012, Zhang 
et al. 2015). They hypothesized that carbon nanomaterials 
could penetrate the seed coat, facilitate water uptake of the 
seed, and faster germination. However, some researchers 
reported the inhibition of seed germination by carbon 
nanomaterials (Nair et al. 2012, Liu et al. 2015, Yin et al. 
2018). Nair et al. (2012) considered that micron-sized 
sheets of graphene blocked rice seeds coat pores, thus 
resulted in less water uptake and reduced germination. 
Yin et al. (2018) showed that GO induces the severe H2O2 
production and oxidative stress in maize seeds which 
might suppress their germination. Lin and Xing (2007) 
inclined to the view that selective permeability of seed 
coat (Wierzbicka and Obidzińska 1998) might prevent 
multi-walled carbon nanotubes pass through seed coats 
to affect plant seed germination. In fact, most of this 
literature indicate that carbon nanomaterials could affect 
germination by adjusting water uptake of plant seed.

In our study, the genotype-dependent response of rice 
germination to GO indicated that the difference in seed 
structure might impact the interaction between GO and 
seed, and affect seed germination. Further investigation on 
the differences of seed structure will help us to explain the 
mechanism of GO inhibiting the germination of ‘MH63’ 
and promoting the germination of ‘Nipponbare’ and 
‘K866’. It might be helpful for us to further understand the 
mechanism of GO affecting plant seed germination.

Based on the comprehensive analysis of the seedling 
growth of rice, we found that the GO can inhibit and 
stimulate the shoot and root growth, respectively. Moreover, 
the significantly increased R/S with the increasing GO 
concentration in all genotypes except ‘K866’ confirmed 
that. All selected rice genotypes adopted the same strategy 
to increase R/S at different GO treatments. GO inhibited 
shoot elongation and reduced shoot biomass, and promoted 
root elongation and increased root biomass, while 
didn´t affect ARN. Moreover, effectiveness is genotype-
dependent and dose-dependent (Figs. 1,2).

It is typical for R/S of a plant to increase when water 
is limiting (Wu and Cosgrove 2000, Sinclair et al. 2005). 
As a response to abiotic stressors (Poeplau and Kätterer 
2017), R/S reflects that plants follow distinct strategies to 
up-ground growth for obtaining sufficient sun radiation 
or down-ground growth for competition for uptake of 
water and nutrients (Agathokleous et al. 2019). Roots can 
continue elongation and shoot growth is inhibited at low 

Fig. 3. Chlorophyll (A) and malondialdehyde (MDA) content (B) of five different rice genotypes in response to different graphene oxide 
(GO) dosages for 16 d. Means ± SDs, n = 3. Lower-case letters indicate significant differences (Duncan’s multiple range test, P < 0.01) 
between the control and GO treatments within particular genotypes.
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water potentials (Nonami and Boyer 1990, Chazen and 
Neumann 1994). In our study, the increase of R/S showed 
that the water absorption capacity of rice roots might be 
potentially affected by GO. It is necessary to investigate 
the mechanism of GO enhancing R/S and impacting 
the water uptake capacity of roots. At present, many 
papers suggest an explanation that carbon nanomaterials 
can penetrate root cells or adhese on the roots to adjust 
water uptake by root and affect the root growth. Cañas 
et al. (2008) reported that both functionalized and non-
functionalized carbon nanotubes could form nanotube 
sheets on cucumber root surfaces, while not enter the root, 
and enhance root elongation in both onion and cucumber. 
Khodakovskaya et al. (2009) in tomato proved that the 
carbon nanomaterials are able to penetrate the root systems 
of plants. Miralles et al. (2014) found that the epidermis 
of wheat root tip could uptake of Fe3O4-functionalized 
carbon nanomaterials. Zhang et al. (2015) reported that 
graphene was able to penetrate root tip cells at the stage 
of tomato seedling growth. Zhang et al. (2020) found that 
GO could be absorbed on the rice root surface and make a 
significant change of GO morphology. Moreover, the root 
exudate layer between the GO and the root epidermis cells 
might prevent GO from entering the roots.

The mechanism of carbon nanomaterials improving 
water uptake of plant roots are not yet fully understood. 
Nevertheless, it does not prevent us from considering 
GO as a water-deficit stress factor when evaluating the 
phytotoxicity of GO.

The oxidative damage is a typical response to an 
abiotic stressor. An enhanced antioxidative defense system 
is essential to alleviate oxidative damage. The change of 
Chl and MDA content and antioxidant enzyme activities 
(SOD, CAT, and POD) in plants is usually used to monitor 
the possible oxidative damage (Hegedüs et al. 2001, 
Siddiqui et al. 2015a). Therefore, the change in Chl and 
MDA content and antioxidant enzymes activities in all 
rice genotypes showed that the oxidative damage might 
be occurring. Meanwhile, some researchers reported that 
engineered nanomaterials could conduct the changes of 
physio-biochemical properties and antioxidant enzyme 
activities (Kovacic and Somanathan 2010, Begum et al. 
2014). Even though some mechanisms how abiotic 
stresses affect Chl content have been reported (Ruan et al. 
2002, Panda and Khan 2009), it is not yet fully understood.

Furthermore, MDA content is an important indicator of 
lipid peroxidation (Hegedüs et al. 2001), which reflected 
the damage of cell membranes (Li et al. 2007, Siddiqui 

Fig. 4. A heat map of superoxide dismutase (A), catalase (B), and peroxidase (C) activities of five different rice genotypes in response to 
different graphene oxide (GO) dosages for 16 d. Relative changes are shown as an increased colour intensity according to the instance 
based on a difference between the control and each treatment within the particular genotype, as shown in the key.
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et al. 2015a). In our study, no significant difference of 
MDA content in roots was found among control and GO 
treatments in all genotypes except ‘K866’, which is similar 
to the results that reported by Cheng et al. (2016) and 
Zhang et al. (2020). Moreover, the results suggested that 
‘K866’ suffered less damage than the other four genotypes 
under GO treatments.

The seedling roots of rice might more obviously 
indicate the toxic symptoms of pollutants than shoots 
due to the direct contact with nanoparticles (Sresty and 
Madhava Rao 1999). They would show a dose-dependent 
response of the root growth of sensitive plant species (Lin 
and Xing 2007). Meanwhile, nanoparticles could induce 
oxidative stress due to overproduction of reactive oxygen 
species in the seedling roots, which leads to potential 
damage to major biological macromolecules including 
saccharides, lipids, nucleic acids, and proteins (Kovacic 
and Somanathan 2010, Begum et al. 2014). Thus, the 
antioxidant enzyme activities, including SOD, CAT, and 
POD, could indirectly indicate the response of the plant 
to GO. Our correlation analysis (Fig. 4 Suppl.) of rice 
seedling growth with the antioxidant enzyme activities 
indicated that CAT contributed more than SOD and POD 
to rice seedling growth changes. It is inconsistent with the 
result that plant growth could be regulated by POD, which 
participated in the biosynthesis of lignin and reduced the 
plasticity of cell walls (Gajewska and Skłodowska 2007). 
In our study, we found no obvious changes in MDA, SOD, 
CAT, and POD in rice roots. The studies done by Zhang 
et al. (2020) in rice also proved that GO and reduced 
GO did not conduct changes of SOD, POD, and MDA 
in roots. Moreover, they described a new mechanism of 
nanomaterial phytotoxicity by induced pH alteration, iron 
overload, and subsequent oxidative damage in rice.

Conclusions

Based on the comprehensive analysis of germination, 
seedling morphology, Chl and MDA content, and 
antioxidant enzyme activities, we considered that the 
responses of five rice genotypes to GO exhibited genotypic 
variation. ‘R527’ should be a high tolerant genotype to 
GO, while ‘MH63’ and ‘K866’ were more sensitive than 
‘Nipponbare’ and ‘9311’. Meanwhile, the enhanced seeds 
germination and root growth, and the inhibited shoot growth 
of all five genotypes, were due to the increased antioxidant 
enzyme activities, especially CAT. It indicated that the GO-
tolerant genotype might avoid damage caused by GO by 
the increased antioxidant enzyme activities. Moreover, we 
should consider the genotype differences in the potential 
GO phytotoxicity and confirm the potential environmental 
risk of GO to ecosystems. These results would contribute 
to the objective evaluation of phytotoxicity of carbon-
based engineered nanomaterials including GO, and further 
investigate the potential mechanism of tolerance in rice to 
GO can be important.
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