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Environmental Significance Statement

Dear Editor of Environmental Science-Nano,

The spread of invasion plant species has caused up to 120 billion dollars loss per year in USA 

from 2005. Imperata cylindrica (L.) Beauv. is a widespread invasive species all over the world. In 

America, I. cylindrica survives best in the southeast (and, according to a 2003 survey, has 

overtaken more acreage in that region than notorious kudzu). According to the United States 

Department of Agriculture (USDA) report, the south part is the rice production area. With the wide 

spread of I. cylindrica, there should come a method to reduce the allelopathy effects and protect 

rice growth from the stress of I. cylindrical invasion. 

This study is firstly an attempt to apply nano-BC to protect the native environment and native 

species, and reduce the stress from invasive species. In our results, we found that the application 

of nano-BC could promote rice seedling growth, enhance biomass, root length and chlorophyll 

concentration, reduce the oxidative stress and lipid peroxidation, and decrease the negative gene 

expressions at molecular level under invasion species root exudate treatment. The results shed new 

light on the impact of addition of nano-BC on the invasion plant control, and the new application 

of nano-BC in environmental science and agriculture.

Thank you so much for your kind consideration and your time.

Sincerely yours,

Xinhua Zhan, Ph. D
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Abstract 

It is reported that Imperata cylindrica, a successful invasive plant in North America, 

has covered many parts of the United States, especially the southeastern region which 

is the main rice growing region. The invasion of I. cylindrica could threaten rice 

production. In this study, we hypothesize that biochar nanoparticles (nano-BC) can 

reduce the stress from the root exudates of I. cylindrica. Ferulic acid (FA) is a major 

chemical of I. cylindrica root exudates, and we selected its analog, salicylic acid, as 

an experimental control. We found that nano-BC has detoxification effects for rice 

seedlings under FA treatments. Rice seedlings grow better and the phenotype of rice 

seedlings recovers after nano-BC application under FA treatments. In comparison to 

the seedlings treated with FA, the biomass of the seedlings increases 344% and 435% 

after adding 200 mg kg-1 and 400 mg kg-1 of nano-BC to the FA treatment in the pot 

experiment, respectively. Superoxide dismutase activities (antioxidant system index) 

and malondialdehyde concentration (lipid peroxidation marker) decline after the 

addition of nano-BC. Additionally, the rice growth is better after the addition of 

nano-BC in the FA treatment. Total chlorophyll concentration displays a recovery 

trend, and the recovery rates are 55% and 96% after 400 mg L-1 and 400 mg kg-1 of 

nano-BC are added to the FA treatments in the hydroponic and pot experiments, 

respectively. The expression of three salicylic acid-related genes also demonstrates 

recovery in the treatment with nano-BC and FA. Therefore, nano-BC is a potential 

material that can be used to protect rice production from the stress of I. cylindrica 

invasion. 
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Introduction 

The spread of invasive plant species has caused up to $120 billion in losses per year in 

the United States since 2005.1 The expansion of invasive plant species could have a 

negative impact on local soil nutrient contents, water balance, and biodiversity;2, 3 it 

could also inhibit the growth of native plants.4, 5 Imperata cylindrica (L.) Beauv. is a 

widespread invasive species in North America, Northern Asia, Europe, and Africa. It 

is listed as an invasive weed in some areas.6 In the United States, it survives best in 

the southeast (and, according to a 2003 survey, it has overtaken more acreage in that 

region than the notorious kudzu), but it has been reported to exist as far north as West 

Virginia and Oregon.7 In Florida, I. cylindrica is found in areas where the soil has 

been disturbed, such as roadsides, building sites, timber harvesting areas, and borrow 

pits.8 According to the United States Department of Agriculture (USDA), the southern 

region of the country is the rice production area. I. cylindrica has already spread and 

invaded in some rice culture regions, such as Papua New Guinea and Indonesia,9,10 

and they cause much economy loss in local areas. With the widespread invasion of I. 

cylindrica, it is urgent to find an effective method to reduce its allelopathic effects on 

rice growth. 

In terms of the new weapon hypothesis (NWH) theory, the allelochemicals released 

from invasive plants are the major factor for the decrease in native plant growth in the 

environment.11, 12 In our previous study, we found that the allelochemicals from 

Bidens pilosa root exudates could inhibit the growth of native Pteris multifida.13 It 

was reported that the release of allyl isothiocyanate in the soil from successful 
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invaders, Alliaria petiolata, could reduce fungal growth and fern spore germination in 

the Trillium Trail Wildflower Reserve forest.14 Therefore, decreasing the 

concentrations of allelochemicals in the soil would be a useful way to control the 

damage that invasive species cause to native plants. Ferulic acid (FA) was reported to 

be a major root exudate from I. cylindrica,15 and, in this study, we employed this 

allelochemical in our Oryza sativa culture experiments. O. sativa has been cultivated 

in the United States for more than 400 years; its harvest area was recorded to be over 

2.7 million ha in the south in 2013, and its production exceeded 19.9 billion pounds in 

2012. The O. sativa cultivation area includes the I. cylindrica invasion region (Fig. 1). 

Thus, in this study, we discuss the negative effects caused by I. cylindrica 

allelochemical and how to reduce this effect via biochar nanoparticles. 

Due to their large specific surface area, surface hydrophobicity, and micro-porosity, 

biochar nanoparticles (NPs) have a higher sorption capacity for a variety of 

contaminants, such as heavy metals, herbicides, polychlorinated biphenyls (PCBs), 

and polycyclic aromatic hydrocarbons (PAHs), and they could be used to neutralize 

acidic soils due to their high pH and alkalinity. 16, 17 Also, nano-carbon materials, such 

as black carbon, activated carbon, and engineered carbon nanoparticles, have been 

found to adsorb dissolved natural organic matter in the environment.18-20 It was found 

that nano Fe2O3 particles have higher capacities for ofloxacin and norfloxacin in the 

soil when their surface is covered with humic acid.21 The single-walled carbon 

nanotube has demonstrated good performance on the sorption capacity of phenoxy 

acid herbicides (a type of organic phenoxy systemic herbicide) in water.22 Biochar 
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particles have characteristics that are similar to other carbon materials.23, 24 Moreover, 

in the present study, we discuss the plant protection capability of nano-BC in 

agriculture. The application of nano-BC is an important topic in the fields of 

environmental science and agriculture. 

We hypothesized that the adsorption of allelochemicals through nano-BC could 

reduce the allelopathic effects from I. cylindrica on O. sativa growth and 

development. This study aimed to: (1) reduce the allelopathic negative effects on O. 

sativa caused by I. cylindrica in agriculture, (2)  propose a new method to protect 

native species, and (3) verify, for the first time, the biological safety of releasing 

nano-BC into an agricultural environment. 

Materials and Methods 

Plant preparation and experiment design 

Oryza sativa L. cv. 'Early Wright' seeds were chosen for this study. This species is 

a popular variety of rice cultivated in the state of Louisiana. The seeds were 

surface-sterilized with 3% H2O2 for 5 min, and then germinated in deionized water in 

the dark at 37oC for three days and transferred to a net floating on deionized water for 

another three days. The seedlings were transferred to a greenhouse with a light 

intensity of 280 μmol-2 s-1 and with humidity of 65%. Temperature was maintained at 

28°C during the day and 25°C during the night with a 12 h photoperiod. The plants 

were grown in a 0.5 strength Kimura B nutrient solution (details about the 
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compositions are presented in Table S1). The pH value of the nutrient solution was 

adjusted to 5.6 with 0.1 M NaOH, and the solution was renewed every three days until 

the 20th day. The biochar and nano-BC preparation and properties are listed in the 

Supplemental Information section (Table S3 and Table S4). And we chose the I. 

cylindrica half maximal inhibitory concentration (IC50) as the maximum ferulic acid 

(FA) treatment concentration in this study.15

Hydroponic experiment. The 20-day seedlings were transferred to 200 mL culture 

bottles. We prepared 285 mg L-1 (2.06 mM) salicylic acid (SA), 400 mg L-1 (2.06 

mM) FA, 400 mg L-1 nano-biochar, 400 mg L-1 FA + 400 mg L-1 nano-BC, and 400 

mg L-1 FA + 200 mg L-1 nano-biochar with the nutrient solution as the treatments for 

a series of experiments. The half strength Kimura B nutrient solution was set as the 

control (Table S1). The nutrient solution was renewed every three days. Each 

treatment was repeated three times. And we adjusted the solution pH at 5.6 at every 

check point. 

Pot experiment. A pot experiment was conducted with three treatments (400 mg 

kg-1 FA, 400 mg kg-1 FA + 400 mg kg-1 nano-BC, and 400 mg kg-1 FA + 200 mg kg-1 

nano-BC) and the control. Each treatment was repeated three times. The pots (6 cm 

bottom diameter and 8 cm height, containing 250 g soil.) were watered with the 

treated solution every six days under the controlled condition (day/night temperature 

of 25/20°C, and relative humidity of 65%) in the greenhouse of the College of Natural 

Science (CNS), University of Massachusetts, Amherst. Forty pots were used in the 

experiments. All-purpose potting soil (ProMix BX. Premier Hort Tech, Quakertown, 
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PA, USA) was added to the pots. At the end of the experiment, the roots of the plants 

were washed with deionized water for biomass measurement and observation. Details 

about the nano-BC particle preparation are presented in the Supplemental Materials 

section. The purity of the SA used in this study is over 99% (Acros Organics, Fisher 

Scientific, USA) and FA purity is over 98% (L’eternel World, LLC, USA). 

Biomass measurement 

Fresh O. sativa samples of the four treatments were harvested at the 6th, 12rd, 18th, 

24th, and 30th days, respectively, and the initial O. sativa total biomass (M0) was 

recorded at day 0. An electronic scale was used to measure the rice total biomass 

(MT). The formula below was used to calculate the relative biomass change (%), using 

the methods described by Shen (2019).25

Relative biomass change (%) = (MT-M0)/M0×100%

Total chlorophyll concentration, superoxidase dismutase (SOD) and 

malondialdehyde (MDA)

Total chlorophyll concentration was calculated via the sum of chlorophyll a and 

chlorophyll b, using the method described by Moran (1982).26 The chlorophyll a and 

chlorophyll b concentrations of the rice seedlings in all treatments are listed in the 

Supplemental Information section (Figure S3). 

Enzyme extraction was done based on the method reported in Bradford (1976).27 

The fresh O. sativa leaf samples of each treatment were pooled and ground into fine 
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powder using liquid nitrogen. Then, 5 g of this powder was homogenized in 5 mL 0.1 

M phosphate buffer (pH 6.5), containing 14 mM dithioerythritol (DTE) and 1 mM 

Ethylenediaminetetraacetic acid (EDTA). The extraction was prepared by 

centrifugation at 10,000 g for 30 min. The supernatant was used to determine the SOD 

activity. 

The SOD [EC 1.15.1.1] activity was determined using the method by Lee et al. 

(2001).28 The reaction mixture (4 mL) consisted of 0.8 mL distilled water, 0.1 mL 

extract, 3.1 mL phosphate buffer (pH 7.5), 80 mg methionine, 4 mg nitroblue 

tetrazolium (NBT), 4 mg Na2EDTA, and 0.4 mg riboflavin. Then, the mixture was set 

under 4000 lux light for 10 min. A control was used without an enzyme in the reaction 

series, and the mixture, which was kept in the dark, served as a blank. One unit of 

enzyme activity was defined as the amount of SOD required to cause 50% inhibition 

of the p-nitro blue tetrazolium chloride reduction rate at 560 nm. 

The MDA concentration was determined using the method described by Kosugi 

and Kikugawa (1985).29 In brief, each group of fresh rice leaf samples of 0.1 g was 

homogenized with 5 mL phosphate buffer (pH 7.0). The homogenate was centrifuged 

at 960 g for 20 min, and the supernatant was used for lipid peroxidation analysis. 

Then, 3 milliliters of 0.1% (w/v) trichloroacetic acid (TCA), composed of 3 mL of 

0.5% (w/v) thiobarbituric acid (TBA), were added to 1 mL of the prepared 

supernatant. The mixture was set in boiling water for 30 min, and then cooled quickly 

in an ice bath. The cooled tubes were centrifuged at 10,000 g for 30 min, and the 

absorbance of the supernatant was observed at 532 nm. Nonspecific absorbance value 
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at 600 nm was monitored and subtracted. The MDA concentration was calculated 

using the extinction coefficient of 155 mM-1 cm-1. 

Gene expression 

To better understand the accumulation of FA in O. sativa, we applied SA, which is 

an analog to FA, in the hydroponic and pot experiments. We selected three SA-related 

genes (OsNCED1, OsABA8ox1, and OsPR10a), and analyzed their expression when 

SA, FA, and nano-biochar were added in the experiments. Total RNA was extracted 

from the leaf samples using the Trizol method.30 Genomic DNA was degraded using 

DNase I (Takara Bio Inc., Shiga, Japan). Polymerase chain reaction (PCR) was 

performed using SYBRs Premix Ex TaqⅡ (Tli RNaseH Plus) (TaKaRa, Japan). Once 

the appropriate DNA fragments were generated by RT-PCR, quantitative RT-PCR 

(qRT-PCR) amplification and detection were performed using the Gene Amp 5700 

sequence detection system (PE Biosystems, Foster City, CA, USA). The primers used 

for RT-PCR are listed in Table S2. The experiments were repeated three times for the 

analysis. 

Statistical analysis 

The experiments were performed with four biological replicates per treatment. 

Statistical analyses of the data were performed using analysis of variance (ANOVA) 

with SPSS 21.0 statistical software (IBM, USA). The means were compared using the 

least significant difference (LSD) test and the Duncan's new multiple range test. 
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Statistical significance was set at the p < 0.05 level. The level of p < 0.05 indicates the 

range of majority of significant changes among the data comparison in this study. 

Results 

The phenotypes and biomass changes

Hydroponic experiment is a rapid and effective way to detect the plant growth 

response to soluble compounds.31, 32 We found that the number of leaves for the O. 

sativa seedlings was one less reduced in the treatments with 285 mg L-1 SA, 400 mg 

L-1 FA, and 400 mg L-1 FA + 200 mg L-1 nano-BC (Figure 2a). The heights of the 

control, 400 mg L-1 nano-BC, and 400 mg L-1 FA + 400 mg L-1 nano-BC seedling 

samples were higher than the heights of the samples in the three other treatments. We 

also found that the root lengths under the SA and FA treatments were significantly 

shorter than the ones in the other four treatments (p < 0.05) (Figure S4). 

To verify the adsorption effects of nano-BC in soil, we performed the pot 

experiment. The seedling growth in the sample treated with FA was significantly 

weakened in comparison to the samples that underwent the three other treatments; and 

the seedling heights were shorter in the two nano-biochar-added treatments than in the 

control, as were the leaf lengths (Figure 2b). In addition, after 400 mg kg-1 nano-BC 

added to FA treatment, the growth of the seedlings and the root lengths turned normal 

(Figure 2b). The root length was significantly shorter in the 400 mg kg-1 

nano-BC-added FA treatment than in the control and the treatment with the addition 
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of nano-BC. 

We then compared the seedling biomass changes in the hydroponic and pot 

experiments (Figure 2b). We found that the growth of the seedlings in the control 

significantly increased in 30 days (p < 0.05), with the highest rate of 343% at day 30; 

the growth in the nano-BC-added group was higher than with the growth in the 

nano-BC-added and FA treatments, and all three treatments showed a growth increase 

trend in during the experimental period, obtaining the maximum rates of 256%, 188%, 

and 118%, respectively. The seedling biomasses of the SA and FA treatments 

displayed a growth decrease trend, with a significant (p < 0.05) minimum of -38% and 

-1%, respectively, at day 30 (Figure 3a). We then analyzed the seedling biomass 

changes in the pot experiment. We found a similar trend in the seedling biomass 

change, and the control and the nano-BC and FA treatment exhibited an increasing 

trend. Specifically, the biomass increase rates of the control and the two 

nano-BC-added treatments significantly increased (p < 0.05) at every check point, and 

the seedling biomass increase rate in the control was higher than the rate of the two 

nano-BC-added treatments, reaching 545%, 435%, and 344%, respectively, at day 30. 

The seedling biomass change rate of the FA treatment was stable for the first 18 days; 

it then decreased significantly (p < 0.05) (Figure 3b). 

Total chlorophyll concentration, SOD activity and MDA concentration changes

  The chlorophyll concentrations of the rice leaf are a significant indicator of plant 

recovery from environmental stress.25 In our study, we found that the exogenous 
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addition of nano-BC could increase the chlorophyll concentration under the FA 

treatments in the hydroponic and pot experiments. Specifically, the total chlorophyll 

concentrations of the rice seedlings in the 200 and 400 mg kg-1 nano-BC-added FA 

treatments were, respectively, 9% and 4% lower than the total chlorophyll 

concentrations in the control at day 30; they were 52% and 55% higher than the 

concentrations in the FA treatment in the hydroponic experiment, respectively (Figure 

4b). At day 30 in the pot experiment, the total chlorophyll concentrations of the rice 

seedlings in the 200 and 400 mg L-1 nano-BC-added FA treatments were 1.80-fold 

and 1.96-fold of the FA treatment (Figure 4b). 

SOD is a kind of antioxidant enzyme that is the first antioxidant to transform a 

superoxide radical into either ordinary molecular oxygen or H2O2 under oxidative 

stress in plant cells,33 and it is often used to describe the stress strength in plant 

cells.34, 35 Our results demonstrate that the SOD activities of all the treatments with 

added exogenous material increased in both the hydroponic and pot experiments, but 

differences in means between plants in different pots when compared to hydroponics 

are not great. Specifically, the SOD activity of the SA treatment demonstrated the 

most significant increase (p < 0.05) among all the treatments, and the activity value 

reached 122.87 U g-1 (Figure 5a). Moreover, the SOD activities of the FA treatment 

from the two experiments were significantly higher (p < 0.05) than the activities of 

the 200 and 400 mg L-1 nano-BC-added FA treatments; the increased values were 

34.03 U g-1 and 31.38 U g-1 and 52.46 U g-1 and  44.85 U g-1 in the hydroponic and 

pot experiments, respectively (Figure 5a,b). 

Page 14 of 26Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



MDA occurs naturally, and it is a marker for oxidative stress and toxicity in plant 

cells.36 In the present study, we applied this index to analyze the toxicity change when 

nano-BC was added to the FA treatments. Our results showed that the MDA 

concentrations all increased when the exogenous materials were added. In the 

SA-treated rice seedlings, the MDA concentration was the highest at day 30 (41.34 n 

mol g-1). The MDA concentrations of the two nano-BC-added groups decreased in the 

FA-added groups in the hydroponic and pot experiments; the values of the 200 and 

400 mg L-1 nano-BC-added treatments decreased to 12.36 n mol g-1, 14.48 n mol g-1, 

and 14.54, 17.11 n mol g-1, respectively. However, the total MDA concentration still 

increased significantly (p < 0.05) for the FA-treated group in the experimental 

periods. We also found that the SA treatment had a significantly stronger effect on the 

SOD activity and MDA concentration than the FA treatment; the difference in the 

rates was 44.80 U g-1 and 10.68 n mol g-1 in the hydroponic experiment, respectively 

(Figure 5a, 6a). Changes in the SOD activity and MDA concentration were similar in 

the 400 mg kg-1 nano-BC-treated rice seedlings and the control; no significant 

changes in the values were observed in the pot experiment (Figure 5b, 6b). 

Related SA gene expression

   At day 30, we harvested the rice seedlings and tested the SA gene expressions of 

the leaves in both the hydroponic and pot experiments using qRT-PCR. The 

expressions of three SA-related genes in the SA and FA treatments were significantly 

(p < 0.05) up-regulated relative to the other treatments (Figure 7). In the hydroponic 
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experiment (Figure 7a), the up-regulation of the OsNCED1, OsABA8ox1, and 

OsPR10a expressions in the rice leaves of the 285 mg L-1 SA and 400 mg L-1 FA 

treatments were high, but the gene expressions decreased after adding 400 and 200 

mg L-1 nano-BC to the FA treatments. The expression of these three genes in the pot 

experiment (Figure 7b) showed a similar trend with the results in the hydroponic 

experiment, but the up-regulation of the three genes was lower. Moreover, in the 

nano-BC-added treatment, the expression of these three genes was the same as the 

control group (no significant up-regulation) in both the hydroponic and pot 

experiments. 

Discussion 

Detoxification effects caused by nano-BC

It is known that invasive plant root exudates increase toxicity to other plants, then 

control native plant growth and damage the antioxidant system.13 After the addition of 

nano-BC, the growth of rice seedlings was better than the growth in the SA and FA 

treatments in the hydroponic experiment and the FA treatment in the pot experiment 

(Figure 2, 3, S4). It has been reported that softwood chip biochar can reduce the 

leaching risks of phenanthrene, sulfamethazine, and isoproturon in soil, and the 

addition of biochar could enhance the chemical’s sorption coefficient.37 After rice 

straw biochar was added, the rice increased its heavy metal resistance, and the 

activities of SOD, peroxidase, and catalase recovered from cadmium (Cd) pollution.38 

In our results, this nano-BC (corn biochar - 350℃ treated) could adsorb over 77.50% 
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FA in solution (Figure S2), and the residual FA concentration was much lower than 

that in the 400 mg L-1 FA solution. In the hydroponic experiment (Table S5), we 

observed that the FA concentration decreased after 30 days of nano-BC addition, and 

our results indicate that the plant resistance increased and more FAs remained in the 

solution. This is an important reason that the seedlings recovered from the stress. 

In an antioxidant system, SOD is the most effective intracellular enzymatic 

antioxidant system (AOS).39 It is well established that various environmental stresses 

often lead to the increased generation of reactive oxygen species (ROS), where SOD 

has been proposed to be important in plant stress tolerance and to provide the first line 

of defense against the toxic effects of elevated levels of ROS.33 Thus, SOD can be 

used as an index of AOS response under environmental stress;25 that is why we chose 

SOD in this study. It has been reported that an increase in SOD activity is an 

indication of stress strengthening in plants.40, 41 We observed that the SOD activities 

of the nano-BC-added groups decreased in comparison to the groups that were only 

treated with FA and SA in both the hydroponic and pot experiments. With an increase 

in nano-BC-added concentration, the SOD activity further decreased, and the recovery 

was better (Figure 5). In the pot experiment, we found that the SOD activities were 

significantly (p < 0.05) lower when the nano-BC concentration increased (Figure 5b). 

Therefore, lower SOD activity means that the stress and toxicity caused by FA and 

SA become weak when nano-BC was added to the FA and SA treatments. 

MDA is the final product of polyunsaturated fatty acids peroxidation in the cell 

lipid peroxidation process of environmental stress.42, 43 At the same time, MDA 

Page 17 of 26 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



damages DNA, forming adducts of deoxyguanosine and deoxyadenosine.44 It has 

been suggested that an increase in the MDA concentration would lead to cell 

membrane system damage and carcinogenesis in plants. We found that the MDA 

concentrations in rice seedlings were significantly higher (p < 0.05) in the FA- and 

SA-treated groups than any of the other treatments. When combined with the rice 

seedling phenotype changes (Figure 2), the rice seedlings in the higher MDA 

concentration groups showed negative growth, and their growths are weaker than the 

control and nano-BC-added groups. The seedlings in all the nano-BC added groups 

grew well, and they underwent the same development stages as the control; that is, 

they all had the fourth and the fifth leaf at the 30th day. Preliminarily, it is inferred that 

the addition of nano-BC could reduce the stress from SA and FA, and the AOS would 

be recovered and the lipid peroxidation process would be weakened. Accordingly, we 

suggest that nano-BC has a detoxification effect in rice seedlings under SA and FA 

treatments. 

Rice growth safety after the addition of nano-BC 

In general, native species would be overwhelmed by invasive plants after invading, 

and there would be no space for native plant survival.45 Recently, it has been reported 

that biochar has negative effects on plant growth.46 It was reported that 0.3 g mL-1 rice 

straw biochar would significantly (P < 0.05) reduce the germination rate of corn, 

wheat and rice seeds.47 Moreover, one study found that wheat chaff biochar particles 

would inhibit wheat seeds germination and seedlings growth.48 The percentage of 
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Lepidium sativum seed germination was significantly reduced under stress of biochar 

particles.49 Our results support the findings reported in previous research studies: 

nano-BC could inhibit rice seedling growth. Specifically, we found that the height and 

the biomass of the rice seedlings that were only treated with the addition of nano-BC 

were lower than those in the control (Figure 2a), and the biomass was reduced 

significantly (p < 0.05) (Figure 3) in the group that was only treated with an addition 

of 400 mg L-1 nano-BC in the hydroponic experiment at day 30. It is suggested that, 

while nano-BC still has toxicity to rice seedlings, the rice seedlings grow better and 

their biomass increases significantly (p < 0.05) in the FA nano-BC-added groups in 

comparison to the groups that only underwent the SA and FA treatments in the 

hydroponic and pot experiments. Thus, it can be inferred that the addition of nano-BC 

could reduce the stress from FA and promote rice seedling growth and development 

under allelochemical treatments. 

Changes in the chlorophyll concentration is an important indicator of 

environmental response in plants, and the concentration becomes decreased when 

plants are under environmental stress.50 The leaf color and chlorophyll concentrations 

are also important for plant safety and protection under environmental stress.49,50 It 

has been reported that tomato chlorophyll concentrations increase after the addition of 

2.5 mM Na2SiO3 under salt stress,51 and the exogenous addition of melatonin could 

alter the Nano-ZnO stress in wheat seedlings, especially recovery of the chlorophyll 

concentration.52 Thus, the recovery of chlorophyll concentration could also offer a 

new insight for improving plant resistance under environmental stress. In our study, 
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the leaf color turned green after the addition of nano-BC (Figure 2, S4), and we also 

recorded the increase in the chlorophyll concentrations after the addition of nano-BC 

under the FA treatments. Thus, nano-BC could protect rice growth. It is suggested that 

the addition of exogenous nano-BC could improve the chlorophyll concentration in 

crops in invasive species-growing agriculture and under conditions of environmental 

stress. 

We also applied three SA-related genes associated with plant growth to test the 

response of rice seedlings at the molecular level after the addition of nano-BC. We 

found that OsNCED1 could regulate rice growth under cold, salt, and leaf senescence 

stress.53-55 OsABA8ox1 encodes ABA 8’-hydroxylase in rice, and its over-expression, 

also controls rice shoot growth.56 OsPR10a (pathogenesis-related protein 10a) is a 

promoter of SA biosynthesis when rice is under stress, and it is also related to leaf 

senescence.57 Our results (Figure 7) demonstrated that the expression of these three 

genes significantly decreased (p < 0.05) after the addition of nano-BC in the FA 

treatment, and the gene expressions of the seedlings in the 400 mg L-1 nano-BC-added 

groups were also lower than those in the 200 mg L-1 nano-BC-added groups and the 

FA treatment in the hydroponic experiment (Figure 7a). The same changes were 

observed in the pot experiment; the expression of these three genes in the 

nano-BC-added groups were significantly lower (p < 0.05) than those in the FA 

treatments (Figure 7b). Based on the functions of the three genes, over-expression of 

OsNCED1, OsABA8ox1, and OsPR10a led to weaker and shorter rice seedlings under 

the SA and FA treatments in the hydroponic experiment. The same changes in the rice 
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seedlings occurred under the FA treatment in the pot experiment. However, after the 

addition of nano-BC, the expression of these three genes decreased, and the gene 

expressions in the two nano-BC-added groups were significantly lower than those in 

the SA and FA treatments in the hydroponic experiment (Figure 7a). The rate of the 

decreased expression of the three genes was higher in the pot experiment (Figure 7b). 

Recovery was also observed in the phenotypes of rice seedlings after the addition of 

nano-BC. In the nano-BC-added groups, the expression of the three genes is still 

higher than in the control. However, the growth of rice seedlings also recovers from 

the FA treatments, although the biomass and rice growth condition are not consistent 

with the control. Thus, at the molecular and phenotype level, it is suggested that rice 

seedlings can recover from the stress caused by FA after the addition of nano-BC, and 

the seedlings could continue growing under the FA treatment.    

Conclusions

  This study attempted to apply nano-BC to protect native environments and native 

species, and to reduce the stress caused by invasive species. Application of nano-BC 

can promote rice seedling growth, enhance biomass, increase the root length and the 

chlorophyll concentration, reduce oxidative stress and lipid peroxidation, and decrease 

the negative gene expressions at the molecular level under invasive species root 

exudate treatment. Therefore, t our study provides a new potential method for 

controlling the spread of invasive species in the environment and offer a new strategy 

for rice production protection under the threat from I. cylindrica. 
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