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Abstract: Graphene-based materials (GBMs) have become potential soil pollutants due to their wide applications in
agricultural environments. Although physiological mechanisms of plant responses to GBMs have been previously ex-
plored, the underlying molecular mechanisms remain unclear. In this paper, we analysed the physiological and trans-
criptomic changes of buckwheat (Fagopyrum spp.) roots exposed to 100 mg/L graphene oxide (GO) with different dia-
meter. GO negatively affected root growth and higher diameters of GO caused more adverse effects on the root. In total
3 724 GO-responsive genes were identified in root by transcriptome analysis. 70 differentially expressed genes (DEGs)
were involved in ROS detoxification, and 37 transporter-encoding genes were found to be involved in GO response.
These transporters may regulate the uptake and transport of GO in buckwheat. The gene expression of 84 transcription
factors (TFs) showed a response to GO stress in the root, which may regulate the transporters and reactive oxygen spe-
cies (ROS) detoxification-related genes. Finally, the difference in the transcriptomic response of the root to the three
GO materials with different diameters was investigated. 49 GO-responsive genes may be involved in the difference in
the toxicity of GO with different diameters. This study provides new insights into the molecular mechanisms of plant
roots to GBMs.
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Graphene is a two-dimensional carbon-based na-
nomaterial composed of monolayer carbon atoms
(Zhao et al. 2022a). Graphene and graphene-based
materials (GBMs) have been widely used in vari-
ous fields, including electronics, optical industries,
biosensors, semiconductors, pipes, solid-phase ex-

traction, packaging, medicine and agriculture (Hu
et al. 2018; Alamdari et al. 2019). As far, there are
many kinds of GBMs produced from graphene, such
as graphene quantum dots, graphene oxide (GO)
and reduced GO (rGO) (Zhang et al. 2022). Of these
GBMs, GO have better characteristics than other
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GBMs, with excellent physiological stability, bio-
compatibility and hydrophilicity (Yang et al. 2022).
GO is the oxidized form of graphene that contains
extensive oxidative modifications in its basal plane
(Poulsen et al. 2021). Nowadays, GO was extensively
produced and widely applied in many areas, which
will gradually be released into the environment,
and ultimately affecting ecosystems and organisms
(Sun et al. 2019; Zhao et al. 2023). Previous studies
suggested that GBMs can enter into human (Homo
sapiens), mice and zebrafish (Danio rerio), and brains,
lung, liver, umbilical vein endothelial cells and neural
stem cells were damaged by GBMs (Sun et al. 2019;
Tang et al. 2019; Luo et al. 2021; Poulsen et al. 2021).
Therefore, the underlying environmental behaviour
and ecological toxicity of GO on organisms should
be deeply elucidated.

Plants often suffer from numerous contaminated
stress conditions, and some pollutants can be ab-
sorbed by plants and then enter into the food chain
(Liu et al. 2022). Previous studies in Arabidopsis,
buckwheat (Fagopyrum spp.), lettuce (Lactuca sa-
tiva L.) and wheat (Triticum aestivum L.) suggested
that GO can enter into plant cell and result in toxic
effects on plant growth (Zhao et al. 2015; Gao et al.
2020; Weng et al. 2020; Liu et al. 2022). GO with
high concentrations significantly inhibited seed
germination, rhizome elongation, plant growth and
biomass (Cheng et al. 2016; Weng et al. 2020; Zhang
etal. 2020; Lee et al. 2021). How GO adversely affect
the growth of plants? A previous study showed that
50~100 mg/L GO treatment inhibited root growth
of Brassica napus L. by affecting abscisic acid (ABA)
and indole-3-acetic acid (IAA) biosynthesis (Cheng
et al. 2016). Recent studies in alfalfa and white clover
(Trifolium repens L.) suggested that GO can suppress
plant growth and root development by inducing
structural impairment, photosynthesis inhibition,
oxidative stress, and nutrient imbalance (Zhao et al.
2022b, 2023). Although the ecotoxicological risk
of GO on plant was studied in above studies, more
studies are needed to investigate the detailed physi-
ological mechanisms.

The molecular mechanisms of plant responses
to GO have been preliminary explored. In tomato
(Solanum lycopersicum L.), GO inhibited the ex-
pression of IAA-responsive gene and induced root
development-related genes (Guo et al. 2021). In ap-
ple (Malus domestica), GO modulated adventitious
root growth by regulating the expression of auxin
efflux carrier, auxin influx carrier and cytokinin
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(CTK) biosynthetic enzyme encoding genes (Li et al.
2018). In B. napus, GO regulates root growth via
regulating many hormone pathway signaling genes’
expression (Xie et al. 2019, 2020). Additionally, GO
exposure suppressed wheat root activity and NO3
uptake by inhibiting nitrate transporter encoding
gene’ expression (Weng et al. 2020). However, the
molecular mechanism of plant response to GO needs
to be deeply investigated.

Previous studies suggested the differences in the
size of nanomaterials resulted in distinct toxic-
ity in plants. For example, single-walled carbon
nanotubes exhibit the strongest phytotoxic effect
as compared to multi-walled carbon nanotubes (Ba-
siuk et al. 2019). For GBMs, 200 mg/L of graphene
with 1-2 layers promoted wheat root elongation,
while graphene with < 30 layers inhibited rice
root growth (Liu et al. 2015; Zhang et al. 2016).
In Aloe vera L., 0-100 mg/L GO with few lay-
ers could increase the morphological characters
and yield of root and leaf and enhance the photo-
synthetic capacity of leaves (Zhang et al. 2021b).
In buckwheat, 100 mg/L GO with < 3 layers and
the diameter of 0.5-3 um significantly inhibited
buckwheat root growth (Liu et al. 2022). In wheat,
single-layer GO treatment induced a more severe
inhibitory effect on root growth than multi-layer
GO (Zhu et al. 2022). It is suggested that the layer
numbers have significant impact on the toxicity
of GO on plants. However, there is no report on the
phytotoxicity of GO with different sizes at other
dimensions, such as diameter.

Buckwheat is a pseudocereal crop belonging to Po-
lygonaceae family and Fagopyrum genus, which was
considered as a good model plant to investigate the
regulatory mechanisms of crops respond to hazardous
materials (Liu et al. 2022; Zhang et al. 2023). In our
previous study, it was found that high concentrations
of GO inhibited buckwheat seedlings growth, and
GO can penetrate into buckwheat root and stem
cells (Liu et al. 2022). In addition, buckwheat roots
exhibited significant physiological and transcriptomic
responses to GO (Liu et al. 2022). However, the
detailed molecular mechanisms of buckwheat root
respond to GO are needed to be explored. In this
study, the GO materials with different diameters were
used to treat buckwheat seedlings, and the physi-
ological and transcriptomic response of root were
analysed. This paper will improve our knowledge
on the molecular responsive mechanism of plant
root to the toxicity of GO.
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MATERIAL AND METHODS

Plant material and growth conditions. A widely
cultivated buckwheat variety, Chuangiao No. 1, was
used. The buckwheat seeds were sterilized by 0.1%
KMnO4 and washed by ddH;O, and then placed
in culture plates for germination (Liu et al. 2022). The
three-day-old seedlings were placed in the culture
plates containing 100 mg/L GO with three different
diameters, which were purchased from the Chengdu
Organic Chemicals Co. Ltd., Chinese Academy of Sci-
ences (Chengdu, China). The GO with diameters
of 0.5-3, 8—15 and > 50 pum were selected for this
study, which were named as GO-0, GO-10 and GO-50,
respectively. The layers, thickness and ash content
of the three GO materials are < 3, 0.55-1.2 nm and
< 1.5 %, respectively. Finally, the roots of 10-day-old
seedlings that were cultivated in a growth chamber
(light 24/dark 20 °C, 14/10 h) were collected.

Morphology and biochemical analysis of seed-
lings. The seedlings which were treated with 0 and
100 mg/L GO were collected. The roots of seedlings
were scanned using a scanner (Epson 12000XL, Bei-
jing, China). The length and weight of the root were
recorded, respectively.

As described in our previous study, the contents
of hydrogen peroxide (H,O,) and malondialdehyde
(MDA), and the activities of peroxidase (POD) and
catalase (CAT) were measured using their respective
test kits (Liu et al. 2022).

Transcriptome profiling analysis. The roots that
were treated with 0 and 100 mg/L GO (GO-0, GO-10 and
GO-50) were collected for transcriptomic sequencing.
Each experiment had three biological replicates. The
methods of RNA extraction, RNA libraries construction
and Illumina sequencing were performed as described
in our previous studies (Liu et al. 2021, 2022). The
raw data of transcriptome sequencing was submit-
ted to NCBI Short Read Archive database (accession
number: PRINA1020781). The raw data were filtered
and then mapped to the buckwheat genome (http://
mbkbase.org/Pinkul/) by using HISAT2 (Ver. 2.2.1)
software. The gene expression level was estimated
by reads per kilobases per million reads (RPKM). The
differentially expressed genes (DEGs) between the
two different samples were identified in the DEseq2
package (Ver. 1.10.1), and P-value < 0.05 and |log2FC]|
> 1 was set as the cut-off. Gene ontology enrichment
of the DEGs was analysed by GOseq R package.

The correlation of the expression patterns between
different DEGs was analysed by Pearson’s correla-

tion coefficient, and the correlation index > 0.95
or < —0.95 was set as the threshold for correlation
analysis. Finally, Cytoscape (Ver. 2.8.2) software
was used to display the result of correlation analysis
(Shannon et al. 2003).

Quantitative real-time PCR (qRT-PCR) analysis.
The seedling roots, which were treated with 0 and
100 mg/L GO, were collected for qRT-PCR analysis.
All the experimental procedures for qRT-PCR, includ-
ing RNA extraction, cDNA synthesis and qRT-PCR
reaction, were performed as described in a previous
study (Liu et al. 2021). The reactive system for qRT-
PCR analysis was prepared using SYBR® Green Real-
time PCR Master Mix kit (TOYOBO, Osaka, Japan).
The qRT-PCR reactions were conducted by using
qTOWER3 G Real-Time PCR System (Analytik Jena
AG, Germany), and all the reactions were performed
in three biological replicates. FEACTIN7 gene was
used as an internal control and gene’ expression was
performed using 272" method. Twelve genes were
selected for qRT-PCR validation, and their primers
used in this study are specified in Table S1 in Elec-
tronic Supplementary Material (ESM).

Statistical analysis. The data of morphology,
biochemical and qRT-PCR analysis were processed
by Microsoft Excel 2019 (Microsoft, Redmond, WA,
USA), the significant differences were analysed
by SPSS 25.0 software (SPSS Inc., Chicago, IL, USA)
with Duncan multiple-range test, and the graphics
were displayed by GraphPad prism 9 (GraphPad
Software, La Jolla, USA).

RESULTS

The effect of GO on buckwheat root by morphol-
ogy and biochemical analyses. Our previous study
demonstrated that 100 mg/L is the critical concentra-
tion of GO for influencing buckwheat growth (Liu
et al. 2022), and thus 100 mg/L GO with different
diameters were used to treat buckwheat in this study.
The weight and length of root under GO stress were
evaluated. The length and weight of root were sig-
nificantly suppressed by GO treatments (Figure 1).
The effect of GO-10 and GO-50 on root growth
is stronger than that of GO-0 (Figure 1, Figure S1
in ESM), which indicates that higher diameters of GO
may cause more adverse effects on the root.

The roots that were treated with or without GO
were collected for biochemical analysis. The contents
of MDA and H,O,, as well as CAT activity in the
root, were significantly improved under GO treat-
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ment (Figure 1C-E). POD activity was significantly
inhibited by GO (Figure 1F). These results are similar
to the data that were reported in our previous study
(Liu et al. 2022). Additionally, GO with greater di-
ameters exhibited greater effects on MDA content
and the activities of CAT and POD (Figure 1), which
suggested that the effect of GO on root growth may
depend on its size. However, the H,O, contents
of roots have no significant difference among the
three GO materials treatments, which may be af-
fected by other factors.

Identification of DEGs in root under GO stress
by transcriptome analysis. Transcriptome profiling
of buckwheat root under GO stress was performed,
and more than 494 million clean reads were obtained
(Table S2 in ESM). The clean data was matched
to the buckwheat genome, and most sequences
of CK (91.19~91.35%), GO-0 (90.65~92.05%), GO-10
(91.4~92.87%) and GO-50 (91.8~91.97%) were
matched (Table S2 in ESM).

The DEGs in the root under GO stress were identi-
fied. 2 255 DEGs, including 877 up- and 1 378 down-
regulated genes, were found between CK and GO-0
(CKvs GO-0). 3 155 DEGs, including 1 231 up- and

https://doi.org/10.17221/69/2024-CJGPB

1924 down-regulated genes, were found between CK
and GO-10 (CK vs GO-10). 1 114 DEGs including
643 up- and 501 down-regulated genes were found
between CK and GO-50 (CK vs GO-50) (Figure 2A).
It is interesting that the number of DEGs in CK
vs GO-50 is lower than another two comparisons.
The accuracy of transcriptome data was confirmed
by qRT-PCR analysis. As shown in Figure S2 in ESM,
the expression patterns of the 12 selected genes
calculated by qRT-PCR exhibited good accordance
with transcriptomic expression data.

Expression and gene ontology enrichment analy-
sis of GO-responsive DEGs. The DEGs between CK
and GO were compared by Venn diagram analysis,
and 3 724 GO-responsive DEGs were generated
(Figure 2B). All these DEGs are mainly showing
two different expression patterns (Figure 2C). Gene
ontology enrichment analysis showed these DEGs
were more enriched into membrane (GO: 0016020),
integral component of membrane (GO: 0016021),
oxidation-reduction process (GO: 0055114), pro-
tein phosphorylation (GO: 0006468), regulation
of transcription DNA-templated (GO: 0006355),
transmembrane transport (GO: 0055085), ATP bind-
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Figure 1. The effect of graphene oxide (GO) on buckwheat root growth: root weight under GO treatment (A), root length
under GO treatment (B), the malondialdehyde (MDA) content of root under GO treatment (C), the hydrogen peroxide
(H20,) content of root under GO treatment (D), catalase (CAT) activity of root under GO treatment (E), peroxidase

(POD) activity of root under GO treatment (F)

The means were compared by Duncan’s test; data are means + SDs; significant differences (P < 0.05) are marked with different
letters; CK represents the root treated with 0 mg/L GO; GO-0, GO-10 and GO-50 represent the GO with diameters of 0.5-3,

8-15 and >50 um, respectively
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Figure 2. Identification of graphene oxide (GO)-responsive genes in root: the number of differentially expressed genes
(DEGs) among the three comparisons (A), Venn diagram showing the overlapping DEGs among the three compari-
sons (B), heatmap of the DEGs (C), gene ontology enrichment analysis (D)

Colour scale indicates the degree of expression; red — high expression; blue — low expression; CK represents the root treated

with 0 mg/L GO; GO-0, GO-10 and GO-50 represent the GO with diameters of 0.5-3, 8—15 and > 50 um, respectively

ing (GO: 0005524), protein binding (GO: 0005515),
DNA binding (GO: 0003677) and protein kinase
activity (GO: 0004672) (Figure 2D).

Identification of DEGs involved in reactive oxy-
gen species (ROS) detoxification. The above results
of biochemical analysis showed GO may affect the
root growth by regulating ROS detoxification, and
thus the genes participating in ROS detoxification
were analysed. In total 70 DEGs involved in ROS de-
toxification were identified, including 42 peroxidase
(PER), 17 glutathione S-transferase (GST), seven
glutaredoxin (GRX) and four L-ascorbate oxidase
(ASO) (Table S3 in ESM). Within the 42 FtPER genes,
13 FtPER genes’ expression was down-regulated
by all the GO treatments, while the expression levels
of 15 FtPER genes were up-regulated by GO (Fig-
ure 3A). The expression of 14 FtPER genes was down-
regulated by GO-0 and GO-10 treatments, but these
genes showed no response to GO-50. Of the seven
FtGRX genes, the expression of FtGRX4/6/10 was
down-regulated by GO, while the other four FtGRX
genes’ expression was up-regulated (Figure 3B). Most

of GST genes’ expression was significantly enhanced
by GO stress, and expression of all the ASO genes
was inhibited (Figure 3C-D). In addition, five pu-
tative ROS detoxification-related genes, including
four late embryogenesis abundant protein (LEA)
and one respiratory burst oxidase (RBOH) encoding
genes, were found (Table S3 in ESM). The expres-
sion of FtLEAS5/34 was up-regulated by GO, while
FtLEA14-A/65 and FtRBOHH expression was down-
regulated (Figure 3E, Table S3 in ESM).
Identification of DEGs encoding transport-
ers. Our previous study preliminarily identified
some transporters may be involved in the uptake
and transport of GO in buckwheat (Liu et al. 2022).
In this study, 37 DEGs encoding transporters were
also identified, including 26 ATP-binding cassette
(ABC) transporters, three sulfate transporters (SUL-
TRs), three zinc transporters (ZIPs), two magnesium
transporters (MRS), one copper transporter (COPT),
one Fe transport protein (IRT) and one silicon efflux
transporter (LSI) encoding genes (Table S4 in ESM).
Of the 26 FtABC genes, 13 genes’ expression was
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Figure 3. Expression analysis of genes involved in reactive oxygen species (ROS) detoxification under graphene oxide

(GO) treatment: heatmap of peroxidase (PER) family genes (A), heatmap of glutaredoxin (GRX) family genes (B), heatmap

of glutathione S-transferase (GST) family genes (C), heatmap of L-ascorbate oxidase (ASO) family genes (D), heatmap

of late embryogenesis abundant protein (LEA) family genes (E)

Colour scale indicates the degree of expression; blue — low expression; yellow — high expression; CK represents the root treated
with 0 mg/L GO. GO-0, GO-10 and GO-50 represent the GO with diameters of 0.5-3, 8—15 and > 50 um, respectively
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Figure 4. Expression analysis of genes encoding transporters under graphene oxide (GO) treatment: heatmap of ATP-
binding cassette (ABC) transporter family genes (A), heatmap of other transporter encoding genes (B)

Colour scale indicates the degree of expression; blue — low expression; yellow — high expression; CK represents the root treated
with 0 mg/L GO; GO-0, GO-10 and GO-50 represent the GO with diameters of 0.5-3, 8—15 and > 50 um, respectively
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down-regulated by GO, while the expression levels
of other ABC genes were up-regulated (Figure 4A).
Four genes, FtZIP1-2, FtIRT3, FtSULTR3 and
FtMRS2-1.2, showed lower expression levels under
GO stress (Figure 4B). Besides, the expression of
FtSULTR31/35, FtZIP1-1/6, FtLSI2, FEMRS2-1.1 and
FtCOPT6 was up-regulated by GO.

Identification of DEGs encoding transcription
factors (TFs). 84 DEGs encoding TF were identified,
including 23 ethylene-responsive transcription fac-
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tor (ERF), 14 WRKY, 11 basic leucine zipper (bZIP),
eight GATA, eight homeobox-leucine zipper protein
(HD-ZIP), eight heat stress TF (HSF), four MADS-box
TF (MADS) and other TFs encoding genes (Table S5
in ESM). Of these TFs, most of ERF, WRKY and
HD-ZIP genes’ expression was up-regulated by GO
stress, while most of GATA and MADS genes’ ex-
pression was down-regulated (Figure 5). In addition,
other TF genes are mainly showing two different
expression patterns (Figure 5).
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1.50
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Figure 5. Expression analysis of genes encoding transcription factors (TFs) under graphene oxide (GO) treatment: he-
atmap of ethylene-responsive transcription factor (ERF) family genes (A), heatmap of WRKY family genes (B), heatmap
of basic leucine zipper (bZIP) family genes (C), heatmap of GATA family genes (D), heatmap of homeobox-leucine
zipper protein (HD-ZIP) family genes (E), heatmap of heat stress transcription factor (HSF) family genes (F), heatmap

of MADS family genes (G), heatmap of other TFs (H)

Colour scale indicates the degree of expression; blue — low expression; yellow — high expression; CK represents the root tre-
ated with 0 mg/L GO; GO-0, GO-10 and GO-50 represent the GO with diameters of 0.5-3, 8—15 and > 50 pum, respectively

243


https://www.agriculturejournals.cz/web/cjgpb/
https://cjgpb.agriculturejournals.cz/esm/69/2024-CJGPB/1.pdf

Original Paper

Czech Journal of Genetics and Plant Breeding, 60, 2024 (4): 237-248

(A)

FIPER722— FIABF2
FIGATAS:
\FIPER51 / \
FIWRKY29

FABRT —— PNt

FILEA34

FERF110-1

FPER-1

NC1-2FIPER72:1

HERFM/ \ ;R“ \F‘WR
. -\

FIARKY70. i {GRXCH

i ER‘F
X 4/ \
FRAP2-1 ’\’e’ ‘

FIARKY18

FtHSFA2C-3

https://doi.org/10.17221/69/2024-C]JGPB

(B) Fizip121_——EtWRKY75-2
FDREB3

FtABCC3-:

FtMADS14

GATA19
FMRSZ»L‘I/ /
N

FtERF98-1

l\ FHOX22* :
_—/IN F‘GAIAS' FibzIP34? /)

FATHBI20__FtABCGHT tHSFBI)

\/

ERF 1B .

FtHSFCT—

FtWRKY 7/

FtABCG11-3—{tAGLS-

4
(WRKY}s FIWRKY60
N

~ A
V /) ’ '\ N '
Wi

FtABCB15-2

/ FIABCG11-2
F(GATA5-4/'A

FtERF5

FtATHB-16

vl

FtABCG25

FABCI7-
N\ SFA2C-2

FtRAP2-7 /
T FtABCH:
S\EQWRKYZQ

FERF110-1 \

FtERF4-1

Figure 6. The correlations of reactive oxygen species (ROS) detoxification-related and transporter encoding genes with

transcription factors (TFs) genes: the correlations between TFs and ROS detoxification-related genes (A), the correla-

tions between TFs and transporter encoding genes (B)

The genes marked by red colour represent TFs; the genes marked by black represent ROS detoxification-related or transporter-

encoding genes

Correlations between TF genes and transport-
ers/ROS detoxification-related genes’ expression
were conducted. Most TF genes’ expression had
high correlations with that of transporters/ROS
detoxification-related genes under GO stress (Fig-
ure 6). The above results provided insight into the
transcriptional regulation of the GO-responsive
transporters and ROS detoxification-related genes.

Identification of GO-responsive DEGs among the
three GO materials with different diameters. The
above data showed that GO-0, GO-10 and GO-50
distinctly influence root growth by biochemical and
transcriptome analysis (Figure 1, 2), and the differ-
ence in the effect of these three GO materials on root
was also investigated. 62 GO-diameter-dependent
genes were generated (Figure 7A). Venn analysis
showed that 49 of the 62 genes are GO-responsive
DEGs (Figure 7B). Expression analysis showed that
the 49 DEGs exhibited four expression patterns (Fig-
ure 7C). The expression of 20 genes, such as the genes
encoding ABCC, CYP76AD1, GLP, GSTU, NAC21
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and OPR2, was up-regulated by GO-0 and GO-10
but showed no response to GO-50. The expression
levels of 18 genes, such as AUX22, EXO70A1, PER and
XTH encoding genes, were down-regulated by GO-0
and GO-10 but showed no response to GO-50.
The expression of ten genes, including DREB, GASA,
GRXS and HHT encoding genes, was up-regulated
by GO-50 but was down-regulated by GO-0 and GO-10.
Additionally, 14 genes (such as ASR, CYP76B6, ERF,
PP2C and YUC encoding genes) showed no response
to GO-0 and their expression was up-regulated
by GO-10 and GO-50 (Figure 7C).

DISCUSSION

The roots anchor the plant in the earth and per-
form close biological interactions with soil, and
thus, roots are the first organ to encounter soil
pollutants and hazardous materials (Zhao et al.
2023). With the wide application of GBMs, which
have become the potential soil pollutants. Previous
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studies revealed the toxic effects of GO on plant
roots. GO with high concentrations significantly
inhibited plant root growth (Cheng et al. 2016;
Zhao et al. 2022b, 2023). High concentration of GO
inhibited root growth by destroying the root cell
structure, inducing oxidative stress and affecting
normal root physiology (Jiao et al. 2016; Chen et al.
2018). In our previous study, GO can penetrate into
buckwheat root and affect root growth (Liu et al.
2022). To improve our knowledge on the effects
of GO on root growth, the response of buckwheat
root to GO with different diameters was analysed.
The results showed that all three GO materials
negatively affect root growth (Figure 1), which in-

(A) (B)

GO-10vs GO-50

GO-0vs GO-50

GO-response DEGs

dicated the potential risk of GO in the agricultural
production of buckwheat.

In previous studies, GO regulated root growth
by modulating the expression of plant hormone
biosynthesis and signalling genes (Li et al. 2018; Xie
et al. 2019, 2020; Guo et al. 2021; Liu et al. 2022).
However, there is no more information on the mo-
lecular mechanism of root response to GO. In this
study, the molecular mechanism on the response
to GO in buckwheat root was explored by transcrip-
tome analysis. In total 3 724 GO-responsive DEGs
were found in root (Figure 2). 70 DEGs involved
in ROS detoxification and 37 potential transporters
regulating GO transport were identified (Figure 3, 4).

GO-diameter-dependent genes

EXO70A1, LBD,
PDC, PER (5), PR,
RPPL, S-ACP-DES,

GO-0vs GO-10
(C) 1.50
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] 1.00
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I
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Figure 7. Identification of differentially expressed genes (DEGs) among the three graphene oxide (GO) materials with
different diameters: Venn diagram showing the overlapping DEGs among the three GO materials (A), Venn diagram
showing the GO-responsive genes among the three GO materials (B), heatmap of GO-responsive genes among the three

GO materials, as well as identification of key DEGs (C)

Colour scale indicates the degree of expression; blue — low expression; yellow — high expression; CK represents the root treated
with 0 mg/L GO; GO-0, GO-10 and GO-50 represent the GO with diameters of 0.5-3, 8—15 and > 50 um, respectively
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In our previous study, the transporters involved in the
uptake and transport of GO in buckwheat were also
found (Liu et al. 2022). ABC transporters play a cru-
cial role in various processes of plant growth and
development, which are involved in toxic chemicals
transport (Shen & Li 2023). The functions of these
transporters are worthy of further study.

In this study, some genes from the 3 724 GO-
responsive DEGs were found to be enriched into
regulation of transcription DNA-templated (GO:
0006355) and DNA binding (GO: 0003677), which
indicated TFs participating in the response of root
to GO stress (Figure 2D). Here, 84 genes encoding
TF were identified, including ERF, WRKY, bZIP,
GATA, HD-ZIP, HSF, MADS and many other TFs
(Table S5 in ESM). In B. napus, Pinus tabuliformis
Carr. and maize (Zea mays L.), some TF genes were
found to be involved in GO response (Cheng et al.
2016; Xie et al. 2019, 2020; Chen et al. 2021; Zhang
etal. 2021a). Additionally, most of these TFs shared
a high correlation with the expression of transport-
ers and ROS detoxification-related genes under GO
stress (Figure 6). The networks involved in the tran-
scriptional regulation on the GO transport and ROS
detoxification were suggested.

Some previous studies suggested GO with dif-
ferences sizes showed distinct toxicity on plants.
The layer numbers have a significant impact on the
phytotoxicity of GO on Aloe vera L., buckwheat and
wheat (Zhang et al. 2021b; Liu et al. 2022; Zhu et al.
2022). In this study, the toxicity of the GO with dif-
ferent diameter and similar layer on plants was first
researched. It is found that higher diameters of GO
may cause more adverse effects on root growth and
stronger changes in ROS pathways (Figure 1), and
the effect of GO on root growth may depend on its
diameter. These genes, such as ABCC, CYP76ADI,
GSTU, PER, NAC21, OPR2,AUX22,EXO70A1, XTH,
DREB, ERF, PP2C and YUC encoding genes, were
found to be involved in the difference on the toxicity
of GO with different diameters (Figure 7). Addition-
ally, it is unexpected that the number of GO-respon-
sive DEGs under GO-50 is less than those under
GO-0 and GO-10 (Figure 2A), which indicates that
buckwheat root exhibited various responses to the
GO with different diameters. However, much more
works are needed to investigate the detailed molecu-
lar mechanism on the response of root to GO stress.
This study improved our knowledge on GO response
in plant root growth and provided new insight into
the phytotoxic effects of GO with different sizes.
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CONCLUSION

All three GO materials negatively affected root
growth and induced ROS production. Higher di-
ameters of GO caused more adverse effects on root.
In total 3 724 GO-responsive DEGs were identified.
Of these genes, 70 DEGs were involved in ROS de-
toxification and 37 transporter-encoding genes were
found to be involved in GO response. These trans-
porters may be involved in the uptake and transport
of GO in buckwheat root. 84 TFs showed a response
to GO stress in the root, which may regulate the
transporters and ROS detoxification-related genes.
Additionally, the difference on the transcriptomic
response of root to different GO materials was in-
vestigated. 49 GO-responsive DEGs, such as ABCC,
PER, NAC, DREB, ERF, PP2C and YUC encoding
genes, may be involved in the difference on the tox-
icity of GO with different diameters. Our analysis
provides new insights into the physiological and
molecular mechanisms in relation to the phytotoxic
effects of GO with various sizes.
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