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Abstract：　The effect of functionalized graphene on the growth and development of Vicia faba L. was investigated by analyzing
its impact on the composition and diversity of the microbial community in rhizosphere peat soil. Seedlings of V. faba planted in this
peat soil were treated with either distilled water (CK) or 25 mg·L−1 (G25) of functionalized graphene solution. Results showed that
the height and root length of V. faba seedlings in the G25 group were significantly larger than those in CK group. The microbial com-
munity was analyzed by amplifying and sequencing the 16S rRNA gene V3–V4 region of bacteria and internal transcribed spacer re-
gion of  fungi  in  rhizosphere soil  using Illumina MiSeq technology.  Alpha and beta  diversity  analysis  indicated that  functionalized
graphene increased the richness and diversity of bacteria and fungi in the V. faba rhizosphere peat soil. The abundances of three ni-
trogen cycling-related bacteria, Hydrogenophaga, Sphingomonas and Nitrosomonadaceae, were also altered after treatment with the
functionalized graphene. The relative abundance of Basilicum, related to soil phosphorus solubilization, decreased in the fungal com-
munity, while the relative abundance of Clonostachys and Dimorphospora, which exhibited strong biological control over numerous
fungal plant pathogens, nematodes and insects, increased in the soil after functionalized graphene treatment. Redundancy analysis re-
vealed that the potential of hydrogen (pH), organic matter, and total phosphorus contributed the most to the changes in bacterial and
fungal community composition in the rhizosphere soil. Overall, our findings suggested that the addition of functionalized graphene
altered  the  relative  abundances  of  nitrogen  and  phosphorus  cycling-related  microorganisms  in  peat  soil,  promoting  changes  in  the
physicochemical properties of the soil and ultimately leading to the improved growth of V. faba plants.
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 1    Introduction
Functionalized graphene has a large specific sur-

face  area,  stable  structure  and  excellent  adsorption
properties[1]. Due to these physicochemical properties,
researchers  are  beginning  to  use  functionalized
graphene in agriculture, for example, as a retarder for
potassium nitrate  fertilizers  or  as  a  carrier  for   pesti-
cides[2-3].  Kamal et  al[4] discovered that functionalized
graphene treatment  accelerated  the  root  and   above-
ground  growth  of  seedlings  in  two  plants,  cotton
(Gossypium  hirsutum)  and  periwinkle  (Catharanthus
roseus),  but  did  not  explain  the  action  mechanism of
functionalized  graphene  to  promote  the  growth  of

both plants.
So  far,  most  research  has  focused  on  the  effects

of  functionalized  graphene  on  plant  growth  from  the
perspective of molecular or physiological data. For in-
stance,  a  recent  study  showed  that  functionalized
graphene enhanced  root  respiration,  leading  to   in-
creased plant  root  growth based on the transcriptome
data[5].  In  maize,  treating  the  roots  with  25  mg/L  of
functionalized graphene  increased  the  levels  of   am-
monium ions (NH4

+) and potassium (K+) in the rhizo-
sphere soil,  and  upregulated  the  expression  of   nitro-
gen  and  potassium  metabolism  genes[6].  In  tomato
roots, functionalized graphene elevated the root auxin
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content and  induced  the  expression  of  root   develop-
ment-related  genes[7].  Another  study  indicated  that
functionalized graphene  could  enhance  the  photosyn-
thetic capacity  of  leaves,  increase  the  yield  and  mor-
phological characters of roots and leaves, improve the
protein  and  amino  acid  contents  of  leaves  in  Aloe
vera[8].  However,  there  is  still  no  research  on  the
mechanism of how functionalized graphene affects the
activity or  abundance  of  soil  microorganisms  to  pro-
mote  plant  growth.  Since  soil  microorganisms  play  a
crucial role in the biochemical cycle of soil[9], it is ne-
cessary  to  investigate  the  effects  of  functionalized
graphene on  soil  microbial  community  diversity   be-
fore widespread use of functionalized graphene in ag-
riculture.

Current  studies  on  the  effect  of  functionalized
graphene  on  soil  microbial  communities  are  divided
into  3  categories.  (1)  The  first  category  explores  the
effect  of  functionalized  graphene  on  soil  microbial
communities  in  the  presence  of  heavy  metal  ions[10].
(2) the  second  category  examines  the  effect  of   func-
tionalized  graphene  on  soil  microorganisms  after
forming  complexes  with  nanoparticles[11].  However,
both of these types of studies are influenced by heavy
metal ions  and  composites,  making  it  difficult  to  de-
termine the effect of functionalized graphene alone on
soil microorganisms.  (3)  The  third  category   investig-
ates the effect  of  functionalized graphene on soil  mi-
crobial communities under greenhouse conditions[12-14].
However, there have been no studies conducted on the
impact of  functionalized graphene on the diversity of
plant rhizosphere soil microbial communities.

The entry of functionalized graphene into the soil
environment  inevitably  has  direct  or  indirect  effects
on soil microbial communities, changing the microbi-
al community structure and function.  Microbial  com-
munity diversity  is  an  important  indicator  of  the   im-
pact of foreign materials on soil activity and metabol-
ic  capacity[15].  Therefore,  it  is  important  to  study  the
effects of  functionalized graphene on microbial  com-
munity  diversity  in  the  rhizosphere  soil  of  plants.
Herein,  we  report  the  effects  of  functionalized
graphene on the diversity and composition of microbi-

al communities in V. faba rhizosphere soil, as well as
its effects on soil physical and chemical properties. By
exploring  the  relationship  between  changes  in  the
rhizosphere soil microbial composition of V. faba and
the  growth  status  of  the  plants,  the  relationship
between functionalized graphene, rhizosphere soil mi-
crobes, and  physicochemical  properties  can  be   veri-
fied. This  help  us  to  explain  the  mechanism of   func-
tionalized graphene  in  promoting  the  growth  and  de-
velopment of V. faba plants.

 2    Materials and methods
 2.1    Preparation and characterization of function-
alized graphene

The  functionalized  graphene  used  in  this  study
was  prepared  in-house  through  an  electrochemical
method. Briefly, graphite was used as both the anode
and  cathode,  while  distilled  water  was  used  as  the
electrolyte.  The  graphite  electrode  was  electrolyzed
and  oxidized  using  high-frequency  pulse  current  to
obtain the  functionalized graphene.  The electrochem-
ical electric  field  was  used  to  insert  external   electro-
lyte ions into the layered materials in a way similar to
liquid  phase  stripping.  The  electric  field  was  applied
to drive the intercalation of electrolyte molecules into
the  graphite  cathode  directly  by  an  electrochemical
route.  Consequently,  the  spacing  between  graphite
layers increased, and the van der Waals force between
them decreased. In summary, functionalized graphene
was  obtained  by  electrochemically  stripping  graphite
using a nonoxidizing method.

The  characteristics  of  the  functionalized
graphene  were  analyzed  using  Raman  spectroscopy
(HORIBA, LabRAM HR Evolution). A Renishaw in-
Via Qontor with a 532 nm excitation laser was used to
obtain  the  Raman  spectra.  The  morphology  of  the
functionalized  graphene  was  examined  using  both
scanning electron microscopy (SEM, TESCAN MAIA
3 LMH) and transmission electron microscopy (TEM,
TecnaiG2F20  S-TWIN  TMP).  The  C/O  ratio  of  the
functionalized  graphene  was  determined  using  X-ray
energy-dispersion spectroscopy (EDS) (OXFORD IN-
STRUMENTS, INCAx-act). XRD spectra were meas-
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ured using a PAN-analytical X’Pert Pro diffractomet-
er  (Cu  Kα  radiation  between  2  and  702).  The  XPS
spectra  (C  1s  and  O  1s)  were  measured  using  an
ADES-400  spectrometer  (VG  Scientific,  UK)
equipped  with  a  hemispherical  analyser,  a  scanning
electron gun (Kimball Physics, model EGG-3101) and
an X-ray excitation source.
 2.2    Pretreatment of experiment

The V. faba seeds of the same size were divided
into 2  groups:  the  blank  group  (CK)  and  the   experi-
mental group (G25), each containing 30 seeds, and the
experiment  was  repeated  6  times.  The  seeds  were
planted  in  pots  filled  with  peat  soil.  Distilled  water
and  25  mg·L−1  functionalized  graphene  solution  was
poured into the flowerpot at 6 pm every Sunday for 4
weeks. After 30 days, the peat soil in the pot was re-
moved,  and  the  soil  attached  to  the  roots  was  saved.
Then,  the  rhizosphere  soil  samples  were  mixed  in  a
large iron dish and divided into 4 parts.  A portion of
the soil samples were immediately frozen in liquid ni-
trogen and stored in a −80 °C refrigerator for soil mi-
crobial  sequencing.  The  remaining  soil  samples  were
dried naturally and used to measure soil physicochem-
ical properties.
 2.3    Determination of plant height and root length
of V. faba

The plant height of V. faba was measured using a
ruler with a measuring range of 1 m, and the distance
from  the  cotyledon  node  to  the  apical  meristem  was
defined  as  plant  height.  The  V.  faba  roots  were
washed  carefully  with  deionized  water,  and  the  root
morphology  of V.  faba was  scanned  using  an  Epson
Perfection V850 Pro  (Seiko  Epson  Corp.,  Tokyo,   Ja-
pan) at 600 dpi. WinRHIZO 4.0 b software was used
to analyze the scanned root images[16].
 2.4    Determination of physicochemical properties
of rhizosphere peat soil

To determine  the  soil  properties,  10  g   rhizo-
sphere peat soil was weighed and dissolved in 25 mL
of  distilled  water.  The  mixture  was  stirred  for  a
minute and left for 30 min. After that, the pH value of
the  supernatant  was  measured  using  a  calibrated  pH
meter (Thermo Orion, Waltham, MA, USA). The con-

tents of  ammonium nitrogen  (AN),  available  potassi-
um (AK) and available phosphorus (AP) were determ-
ined by soil nutrient rapid analyzer (TPY-8A)[17].

The  contents  of  organic  matter  were  determined
with the following method. In detail, we first weighed
39.23 g  of  dried  potassium dichromate  and dissolved
it  in  600  mL  of  distilled  water,  then  adjusted  the
volume to  1  L  to  obtain  the  required  potassium   di-
chromate solution. We next weighed 1.376 g of dried
glucose  into  a  beaker,  and  added  a  small  amount  of
water to dissolve it.  We then added 1 mL of concen-
trated  sulfuric  acid  and  adjusted  the  final  volume  to
100  mL  to  create  the  0.5%-C  standard  solution.  The
standard  solution  was  obtained  by  adding  2  mL  of
0.5%-C standard solution to 1 mL of distilled water in
a  100  mL  beaker.  Subsequently,  1  g  of  soil  sample
was added to a 100 mL beaker with 3 mL of distilled
water  and  shook  vigorously  to  create  the  solution  to
be  tested.  Finally,  10  mL  of  potassium  dichromate
solution and 10 mL of concentrated sulfuric acid were
added to  the  above  small  beaker  and  shaken   vigor-
ously  for  20  min,  followed  by  the  addition  of
10 mL distilled water after which it was shaken again.
After  standing,  10  mL  of  supernatant  was  taken  and
the  volume  was  set  to  50  mL.  A  soil  nutrient  rapid
meter was used to obtain the OM content.

Total  nitrogen  (TN)  content  in  rhizosphere  peat
soil samples  was  measured  using  the  soil  total   nitro-
gen  assay  (Kjeldahl  method,  HJ  717-2014)[18].  Total
phosphorus  (TP)  content  was  measured  using  soil
total  phosphorus  assay  (NY/T  88-1988)[19].  The  total
potassium (TK)  content  was  determined  by  soil  total
potassium assay (NY/T 87-1988)[20].
 2.5    Microbiome sequencing and analysis

The  HiPure  soil  DNA  kit  (D3142)  produced  by
Guangzhou Meiji Biotechnology Co., Ltd. was used to
extract  0.25  g  of  peat  soil  total  DNA,  and  the  purity
and concentration of extracted DNA were detected by
NanoDrop microspectrophotometer. The DNA was di-
luted with sterile water to a concentration of 1 ng/μL.
Peat soil  DNA  was  used  as  template  for  PCR   reac-
tions,  and  the  specific  primers  341F  (5'-
CCtacGGGNGGCWGCAG-3')  and  806R  (5'-GGac-
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tachVGGGtatCTAat-3') were used to amplify the tar-
get  region  of  prokaryotic  16S  rRNA  (V3-V4).  The
specific  primers  ITS1-F  (5'-CTTGGtCATTTagag-
gaagtaa-3')  and  ITS2  (5'-GCTGCGTTCTTCATCG-
ATGC-3')  were  used  to  amplify  the  internal  gene
spacer  region  (ITS)  of  fungal  ribosomal  RNA.  The
PCR reaction  system  was  50  μL.  PCR  thermal   cyc-
ling  conditions  were  denaturated  at  95  °C  for  5  min,
followed  by  30  cycles  (95  °C/1  min,  60  °C/1  min,
72  °C/1  min)  followed  by  a  final  extension  at  72  °C
for 7 min. The AMPure XP Beads were used for PCR
product purification. Finally, the library was construc-
ted  and  sequenced  using  the  Illumina  Novaseq  6000
PE250 mode.
 2.6    Quality screening of sequencing data

The  raw  bacterial  and  fungal  sequence  reads
were subjected  to  FASTP  data  quality  control  to   re-
move  sequences  with  high  proportion  of  N  and  low
quality  in  reads.  Then  the  software  FLASH  (v
1.2.11)[21]  was  used  to  concatenate  the  original  data,
and  the  concatenated  sequences  were  filtered  by  the
software  Trimmomatic  (v  0.33)[22]  to  get  high-quality
tags sequences.
 2.7    Species annotation and taxonomic analysis

Operational Taxonomic  Units  (OTU)  were   ob-
tained by clustering the Clean Tags at the level of sim-
ilarity ≥97%  using  USEARCH  (v  9.2.64)[23-24].  The
RDP  Classifier  (V  2.2),  Silva  (Release132,  http://
www.arb-silva.de)  database  and  Unite  (Release  8.0,
http://unite.ut.ee/)  database  were  used  to  identify  and
annotate bacterial  and  fungal  OTUs  with  the   confid-
ence threshold as 0.8. The community composition of
each sample was counted at each level (phylum, class,
order, family, genus, species)[25-27].
 2.8    Diversity analysis and redundancy analysis of
physicochemical properties

The inter-group Venn analysis was carried out in
the  R  language  software  VennDiagram  package  (v
1.6.16)[28].  Sobs,  Chao1, ACE, Shannon and Simpson
index were calculated by QIIME (v 1.9.1) software[29].
The LefSe  analysis  was  used  to  identify  the   signific-
ance  of  differences  between  the  CK  and  treatment
groups  at  each  classification  level[30].  Sobs  represents

the  number  of  OTUs  detected  by  sequencing,
Chao1/ACE index  mainly  reflects  the  species   rich-
ness information of  samples,  Shannon index compre-
hensively  reflects  the  species  richness  and  evenness,
and the values of the 4 indices are proportional to the
diversity. Principal Component analysis (PCA), simil-
arity  analysis  (ANOSIM)  and  redundancy  analysis
(RDA) were performed in the R software Vegan pack-
age  (v  2.5.3)[31].  Shannon  index  curves  and  rank
abundance curves were plotted in the R language soft-
ware ggplot2 package (v 2.2.1)[32].

 3    Results and discussion
 3.1    Characteristics of functionalized graphene

Functionalized  graphene  used  in  this  study  was
characterized by different methods. Scanning electron
microscopy was  used  to  observe  and  analyze  its   sur-
face  morphology  (Fig.  1a).  The  results  showed  that
the functionalized graphene used in this paper presen-
ted  a  state  of  stacking  and  folding,  with  an  obvious
layered  structure  (Fig.  1a).  The  transmission  electron
microscopy (TEM) images indicated that the function-
alized graphene had a sheet-like morphology with dif-
ferent transparencies (Fig. 1b). Dark areas indicate the
thick  stacking  nanostructure  of  functionalized
graphene layers and the higher transparency areas cor-
respond  to  the  thinner  films  of  functionalized
graphene  layers  (Fig.  1b).  Both  Raman  spectroscopy
and  infrared  spectroscopy  were  used  to  characterize
the structure of functionalized graphene. Raman spec-
troscopy can characterize the defect state of function-
alized graphene. As shown in Fig. 1c, the representat-
ive  peak  D  and  peak  G  of  functionalized  graphene
was obvious[33].  The G peak generated by the stretch-
ing and farmoving of  sp2-hybridized atoms in  carbon
rings,  appeared  near  1 578  cm−1,  representing  the
ordered  sp2  bond  structure[34].  The D  peak,  related  to
the sp3 hybrid structure,  was near 1 349 cm−1,  repres-
enting defects and amorphous structures at the edge of
functionalized graphene[35]. The infrared spectrum was
used  to  characterize  the  surface  functional  groups  of
functionalized  graphene  (Fig.  1d),  showing  that  the
functionalized  graphene  included  different  oxygen-
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containing  functional  groups,  including  C―O
(1 135 cm−1), C―OH (1 400 cm−1), C＝C (1 625 cm−1)
and ―OH (3 401 cm−1)[36]. The XRD pattern of func-
tionalized graphene showed the characteristic peak for
(002) crystal plane positioned at 2θ = 10.8° (Fig. 1e),
indicating  a  short-range  order[37].  The  survey  XPS
spectra  recorded  from  the  functionalized  graphene
showed the carbon and oxygen at the surface (Fig. 1f).
The  prepared  functionalized  graphene  samples
showed a high content of oxygen (30.5%) with a C/O
ratio about  7 :  3,  which resulted from the analysis  of

the area under C 1s and O 1s spectra (Fig. 1f).
 3.2    Functionalized graphene  treatment  pro-
moted  plant  height  and  root  development  of V.
faba

The  phenotypes  of  V.  faba  plants were   photo-
graphed after  30  days  of  treatment  with  distilled  wa-
ter  and  25  mg·L−1  functionalized  graphene  solution,
respectively  (Fig.  2a).  Fig.  2b  showed  that  the  plant
height  of  V.  faba  significantly increased  after   func-
tionalized  graphene treatment  (t =  2.246, P<0.05).  In
addition, the root phenotype of V. faba was also pho-
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tographed (Fig. 2c). The total root length of the func-
tionalized  graphene-treated V.  faba  was  significantly
longer than that  of the CK group (t = 3.661, P<0.05)
(Fig.  2d).  These  results  indicated  that  the  application
of  25  mg·L−1  functionalized  graphene  solution  could
promote the  growth  of  both  underground  and   above-
ground parts in V. faba.

Several  studies  have  shown  that  functionalized
graphene  at  appropriate  concentrations  can  promote
the  growth  and  development  of  plants.  For  example,
Guo et  al.[7]  showed that  functionalized graphene can
increase the  biomass  accumulation  in  tomato   seed-
lings and  mature  plants  within  a  specific   concentra-
tion  range,  while  also  promoting  root  development.
Similarly,  Kamal et  al.[4] observed that functionalized
graphene treatment could accelerate the growth rate of
root and shoot of cotton and periwinkle seedlings. Ren
et  al.[38]  demonstrated  that  functionalized  graphene  at
low concentration  could  remove  ROS in  the  roots  of
Zea  mays  seedlings,  thereby  weakening  oxidative

stress  and  promoting  the  increase  of  plant  height. V.
faba plants  have also  been studied in  response to  the
functionalized  graphene  from  different  perspectives.
For  example,  it  has  been  shown  that  functionalized
graphene can affect  growth parameters,  H2O2-decom-
posing enzymes  and  the  coordination  between   gluta-
thione-regenerating and  glutathione-metabolizing   en-
zymes[39-40]. In our study, we found that treatment with
a  25  mg·L−1  solution of  functionalized  graphene   in-
creased  the  plant  height  and  total  root  length  of  V.
faba  by  13.2%  and  61.3%, respectively.  This   indic-
ated  that  a  low  concentration  of  functionalized
graphene solution can effectively promote the growth
and development of V. faba plants.
 3.3    Analysis of physical and chemical properties
of rhizosphere peat soil

The effects on the physicochemical properties of
rhizosphere  peat  soil  of V.  faba  seedlings after   func-
tionalized  graphene  treatment  are shown  in  Table  1.
Compared with CK, the contents of total nitrogen and
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total potassium in the experimental group were signi-
ficantly  decreased  (t  =  4.558  and  3.774,  P  <  0.05),
while  the  total  phosphorus  content  increased  by  1.27
times. In addition, the experimental group had higher
ammonium nitrogen,  available  phosphorus  and  avail-
able  potassium  contents  than  CK  in  the  rhizosphere
peat soil,  but the differences were not significant (t =
2.768,  0.784  and  0.159,  P  >  0.05).  Finally,  the  pH
value  and  organic  matter  content  of  the  rhizosphere
peat soil in the experimental group slightly decreased
with  the  differences  not  significant  (t  =1.397  and
1.783, P > 0.05).

It  was  observed  that  functionalized  graphene
treatment caused a decrease in the pH value of the V.
faba  rhizosphere  peat  soil  along  with  an  increase  in
the  H+  content, which  was  consistent  with  the   previ-
ous conclusion[41]. The decrease in pH value can be at-
tributed  to  the  deprotonation  of  carbonyl  groups  on
the functionalized graphene surface and the release of
H+  ions[42-43].  Baysal  et  al.  also  found  that  phosphate
concentration increased with the increase of function-
alized graphene  nano-contamination,  which  was  con-
sistent  with  the  increase  of  total  phosphorus  content
and  available  phosphorus  content  in  peat  soil  in  this
experiment.  The  contents  of  ammonium  nitrogen,
available  phosphorus,  and  available  potassium  in  the
soil of the experimental group increased, which might
be related  to  the  addition  of  low-concentration   func-
tionalized  graphene  solution  that  can  accelerate  the
decomposition  of  organic  matter  in  V.  faba  rhizo-
sphere  peat  soil  and  increase  the  content  of  nutrients
available to plants in the soil[44].
 3.4    OTU analysis of PCR-amplified bacterial 16S
rRNA and fungal ITS sequences

A total of 774 067 16S rRNA raw reads and 766
134 ITS raw reads  were  generated from the  peat  soil
sample DNA.  After  quality  screening  of  all   sequen-

cing sequences, 653 937 16S rRNA effective tags and
624  373  ITS  effective  tags  were  obtained  (Table  S1,
S2).  According  to  the  Shannon  index  curve
(Fig. 3a, b) and rank abundance curve (Fig. 3c, d), the
number of effective 16S rRNA sequences and ITS se-
quences obtained  was  sufficient  to  reflect  the   di-
versity  and  abundance  of  bacteria  and  fungi.  These
results indicated that the abundance of bacteria in the
rhizosphere peat soil of V. faba seedlings was greater
than  that  of  fungi,  and  the  diversity  of  fungi  was
greater than that of bacteria between the two groups.
 3.5    Comparison of  microbial  community  struc-
ture  and  diversity  in  rhizosphere  peat  soil  of V.
faba seedlings

Under  the  condition  of  97%  similarity,  effective
tags were clustered to obtain peat soil OTUs. In total,
bacterial  sequences  were  clustered  to  9  144  OTUs,
which belong to 39 phyla and 350 genera according to
biological  taxonomy  (Fig.  4a).  Out  of  these,  5  791
bacterial  OTUs  were  in  the  CK  group,  and  5  791
OTUs  were  in  the  G25  group.  There  were  2  598
OTUs overlapping in these 2 groups, 3 193 unique to
the  CK  group,  and  3  353  unique  to  the  G25  group
(Fig.  4a).  Regarding  fungal  sequences,  they  were
clustered into 790 OTUs, which belong to 156 genera
in 18 phyla (Fig. 4b). Out of these, 392 fungal OTUs
were in the CK group, and 577 fungal OTUs were in
the G25  group.  There  were  279  fungal  OTUs   over-
lapped between the 2 groups,  with 213 unique OTUs
in  the  CK  group  and  298  unique  OTUs  in  the  G25
group.  (Fig.  4b). The  PCA  analysis  showed   signific-
ant  differences  in  bacterial  and  fungal  communities
between the CK and G25 groups, with principal com-
ponent  1  of  bacterial  community  explaining  60.68%
of the variance (Fig. 4c) and principal component 1 of
the fungal community explaining 64.83% of the vari-
ance (Fig. 4d).

 

x̄± sTable 1    Physicochemical properties of rhizosphere peat soil of V. faba seedlings ( )

Concentration/(g·kg−1) Concentration/(mg·kg−1)
pH valueTN TP TK OM AN AP AK

CK 13.70±0.00 0.41±0.00 20.55±0.92 3.57±0.08 20.41±3.13 14.54±1.33 50.74±2.23 7.42±0.18
G25 13.03±0.21* 0.52±0.00 18.06±0.20* 3.46±0.02 27.07±3.38 15.78±1.81 51.72±8.30 7.25±0.19

Note: * represents significant difference between experimental group and CK (P < 0.05)
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According to the ANOSIM analysis, there was a
difference in the bacterial community between the CK
and G25 groups, but it was not statistically significant
(Fig. 5a). However, there was a significant difference
in  the  fungal  community  between  the  CK  and  G25
groups  (Fig.  5b).  Table  2  shows  the  Alpha  diversity
index of bacteria and fungi in the rhizosphere peat soil
of  V.  faba  seedlings  in  both  CK  and  G25  groups,
among which the Sobs, Chao1 and ACE index of bac-
terial and fungal communities in the G25 group were
higher than those in the CK group. These indicate that
the abundance,  evenness  and  diversity  of  the   rhizo-
sphere  bacterial  and fungal  communities  increased in
peat soil after functionalized graphene treatment.

Soil microbial  community is  involved in  the de-
composition  of  nutrients  and  the  cycling  of  elements
in soil, which is closely related to soil health[45]. Zhou
et  al.[12]  investigated  the  effects  of  functionalized
graphene on the microbial number and bacterial com-
munity  in  4  different  types  of  soils  (red  paddy  soil,
yellow loam soil,  Yellowstone soil  and yellow paddy

soil).  The  results  showed  that  the  microbial  number,
diversity and abundance of the bacterial community in
soil increased  after  functionalized  graphene   applica-
tion. In this study, the structure of bacterial and fungal
communities in peat soil in the experimental group did
not change significantly at the phylum level, but their
diversity and abundance increased slightly. Forstner et
al.[14]  found that functionalized graphene had less im-
pact on the bacterial community structure in soil com-
pared  to  the  fungal  community  structure.  This  was
consistent with the results of the similarity analysis of
the  two  groups  of  bacterial  and  fungal  community
structures in our study. The overall effect of function-
alized  graphene  on  the  microbial  community  in
25  mg·L−1  soil was  positive,  and  the  effect  of   func-
tionalized  graphene  on  fungal  community  structure
was greater than that of bacteria.
 3.6    Comparison  of  microbial  composition  in
rhizosphere peat soil of V. faba seedlings

Bacterial  OTU in the rhizosphere peat  soil  of V.
faba  seedlings  derived  from  39  phyla.  The  most
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abundant  bacterial  OTUs  belong  to  ten  major  phyla,
with  eight  of  those  phyla  accounting  for  more  than
80% of the total bacterial OTUs (Fig. 6a). These eight
phyla were Proteobacteria, Acidobacteria, Bacteroid-

etes, Chloroflexi, Actinobacteria, Gemmatimonadees,
Planctomycetes,  and  Patescibacteria  (Fig.  6a).
Among these  phyla,  functionalized  graphene   treat-
ment caused significant changes in the proportions of
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x̄± sTable 2    Alpha diversity index of microorganisms in V. faba seedling rhizosphere peat soil ( )

Index Sobs Shannon Simpson Chao1 ACE

Bacteria
CK 6 175±151 10.69±0.06 0.9979±0.0001 6 386±123 6 745±119
G25 6 432±385* 10.75±0.16 0.9982±0.0002 6 615±369* 6 947±368*

Fungi
CK 156±27 4.54±0.2 0.8730±0.0177 171±38 172±38
G25 227±20* 5.10±0.93 0.8888±0.1032 243±24* 246±24*

Note: * represents significant difference between experimental group and blank group (P<0.05)
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Proteobacteria,  Bacteroidetes,  Chloroflexi,  Actin-
obacteria,  Gemmatimonadees,  and  Planctomycetes.
The proportions of Proteobacteria, Bacteroidetes, and
Planctomycetes  were  significantly  lower  than  in  the
G25 group, however, the levels of Chloroflexi, Actin-
obacteria,  and Gemmatimonadees  in  the  G25  group
were  significantly  higher  than  in  the  CK  group
(Fig.  6a). At  the  family  level  of  bacterial  OTUs,  dif-
ferences between the 2 groups were mainly caused by
changes in  the levels  of Gemmatimonadaceae, Nitro-
somonadaceae,  Sphingomonadaceae,  Chitino-
phagaceae,  and  Burkholderiaceae  (Fig.  6b).  Du  et
al.[46]  found  that  the  abundance  of  bacteria  related  to
nitrogen  metabolism  in  the  soil  bacterial  community
was changed after  functionalized graphene treatment.
In  our  study,  after  treatment  of V. faba  root  peat  soil
with  functionalized  graphene,  the  relative  abundance
of hydrophagocytes and sphingosinomonas (denitrify-
ing bacteria) decreased, while the abundance of nitro-
somonas (nitrifying bacteria) increased, indicating that
functionalized graphene  could  change  nitrogen   cyc-
ling in soil by affecting the microorganisms that were
involved  in  this  process[47-48].  Burkholderiaceae  (the

family  of Hydrogenophaga) was  associated  with   ni-
trogen  cycling  in  soil,  and  the  relative  abundance  of
Burkholderiaceae  and  Sphingomonadaceae  (Denitri-
fying  bacteria)  was  proportional  to  the  total  nitrogen
content  in  the  soil  and  inversely  proportional  to  the
ammonium nitrogen content[49]. Li et al.[50] discovered
that Brevibacillus significantly reduced nitrogen meta-
bolism.  On  the  other  hand,  Li  et  al.[47]  found  that
CL500_29_marine_group  could  promote  nitrogen
cycling. From these,  it  can  be  concluded  that  the  ap-
plication of  functionalized graphene changed the  rate
of nitrogen cycling in soil, increased the content of ni-
trogen  available  to  plants,  and  further  to  promote V.
faba plant growth.

Fungal  OTU in  rhizosphere  peat  soil  of V.  faba
seedlings  derived  from  18  phyla.  The  rhizosphere
fungal community  also  mainly  consisted  of  ten  dom-
inant  phyla  with  six  of  those  ten  phyla: Anthophyta,
Ascomycota, Ciliophora, Chlorophyta, Mortierellomy-
cota,  and  Basidiomycota,  accounting  for  more  than
80% of the fungal OTUs (Fig.  6c).  The levels of An-
thophyta,  Ascomycota,  Chlorophyta,  Mortierellomy-
cota,  and Basidiomycota  were  significantly  different
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Fig. 6    Change of microbial community diversity in peat soil after functionalized graphene treatment. Relative abundance of major bacteria at (a) phylum and
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between the 2 groups. Among them, Anthophyta level
in the G25 group was significantly lower than the CK
group,  while  Ascomycota, Chlorophyta, Mortierello-
mycota,  and Basidiomycota  levels  were  significantly
higher  than  the  CK  group  (Fig.  6c).  At  the  family
level,  changes  in  the  diversity  of  fungal  OTUs  were
mainly caused by changes  in  the  levels  of Fabaceae,
Amaranthaceae,  Halteriidae,  Chaetomiaceae,
Pseudeurotiaceae,  Trichocomaceae,  Lindgomyceta-
ceae, and Myrmecridiaceae (Fig. 6d).

By  studying  the  difference  of  fungi  in  V.  faba
rhizosphere peat soil between the 2 groups, the experi-
mental  group  had  more  dominant  OTUs  in  fungi.
Among them, Dimorphospora can be used as a fungal
antagonist  to  control  plant  fungal  diseases[51].  Poly-
spora pink is  a  fungal  parasite,  which  can  live  in   in-
sect  pests  such  as  Coleoptera  and  nematodes,  inhibit
the growth of insect pests, and achieve the purpose of
biological  control[52]. Mucor can  not  only  inhibit   dis-
eases,  but  also  promote  the  growth  of  tomato[53].
Humicola is a filamentous fungus that degrades cellu-
lose[54], Podospora is a lignocellulosic degrading bac-
terium[55-56]. Under the combined action of these fungi,
the  content  of  organic  matter  in  the  rhizosphere  peat
soil  of  V.  faba  decreased.  The  interaction  force  of
phosphate-soluble  fungi  was  stronger  than  that  of
phosphate-soluble  bacteria[57].  Talaromyces  was  a
phosphate-soluble fungus,  but  it  was  significantly   in-
hibited by functionalized graphene, resulting in the in-
crease of total phosphorus content in soil[58].
 3.7    Differences of  indicator  species  in  rhizo-
sphere peat soil of V. faba treated with functional-
ized graphene

The microbial  community  diversity  of   rhizo-
sphere  peat  soil  treated  with  distilled  water  and
25  mg·L−1  functionalized  graphene  was  significantly
different.  According  to  LEfSe  analysis  in  Fig.  7,  the
differences  between  the  bacterial  communities  of  the
2  groups,  the  abundance  of  Hydrogenophaga  (CK-
1.67%  vs.  G25-0.1%),  Brevibacillus  (CK-0.23%  vs.
G25-0.005%) and Sphingomonas (CK-2.33% vs. G25-
1.67%) was significantly higher in the CK group than
in  the  G25  group  (Fig.  7a).  The  abundance  of

CL500_29_marine_group  was  0.73%  in  the  G25
group, which was significantly higher than in the CK
group (0.97%) (Fig. 7a).

In the  comparison  analysis  of  the  fungal   com-
munity between  the  two  groups,  the  relative   abund-
ance of three genera: Talaromyces (CK-11% vs. G25-
0.67%), Humicola (CK-27% vs. G25-4%) and Powel-
lomyces (CK-1.33% vs. G25-0.57%) in the CK group
was  significantly  higher  than  that  in  the  G25  group
(Fig. 7b). However, the abundance of Clohesyomyces
(CK-0.02%  vs.  G25-6.67%),  Leptosphaeria  (CK-
0.32% vs. G25-0.37%), Myrmecridium (CK-0.25% vs.
G25-4%),  Podospora  (CK-0.02%  vs.  G25-6.67%),
Nectria  (CK-0 vs.  G25-0.14%), Clonostachys  (0.44%
vs. G25-3.63%), Dimorphospora (CK-1.47% vs. G25-
6.67%), Tausonia  (0.03% vs.  G25-0.3%),  and Mucor
(CK-0.15% vs. G25-0.19%) in the G25 group was sig-
nificantly higher than that in the CK group (Fig. 7b).
 3.8    Redundancy analysis  of  microbial  com-
munity composition  and  physicochemical  proper-
ties

To  investigate  the  relationship  between  the
physicochemical  properties  of  rhizosphere  peat  soil
and microbial  communities,  distance-based   redund-
ancy was analyzed at the phylum and family taxonom-
ic levels, respectively. The results of redundancy ana-
lysis of  bacterial  community  diversities  and  physico-
chemical properties are shown in Fig. 8 (a, b). At the
phylum taxonomic level, the first and second coordin-
ates  explained  54.81%  and  27.66%  of the  total   vari-
ation  between  bacterial  community  composition  and
physicochemical  properties  of  rhizosphere  peat  soil,
respectively (Fig. 8a). In detail, Planctomycetes, Pro-
teobacteria  and Bacteroidetes were positively   correl-
ated  with  TN.  Bacteroidetes  and  Nitrospirae  were
positively  correlated  with  pH  values.  Chloroflexi,
Acidobacteria and Actinobacteria were positively cor-
related with AP. Rokubacteria, Proteobacteria, Gem-
matimonadetes  and  Actinobacteria  were  positively
correlated  with  OM and  AK (Fig.  8a).  Among  them,
pH value was the main factor affecting the change of
rhizosphere bacterial community composition (F=1.3,
P=0.1). In addition, at the family taxonomic level, the
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first  and  second  coordinates  explained  68.19%  and
22.76% of the total variation between the top ten dom-
inant families of bacterial communities and the physi-
cochemical  properties,  respectively  (Fig.  8b).  Sphin-
gomonadaceae,  Gemmatimonadaceae  and  Chitino-
phagaceae  were  positively  correlated  with  OM.
Chitinophagaceae,  Burkholderiaceae,  Sphingomon-
adaceae  and  Pyriformaceae  were positively   correl-

ated with TN. Gemmatimonadaceae and Nitrosomon-
adaceae were  positively  correlated  with  TP,  AP  and
AN.  According  to  these  results  of  the  distribution  of
bacterial  species  in  rhizosphere  peat  soil,  TP was the
primary  factor  affecting  the  change  of  rhizosphere
bacterial community composition (F=6.9, P= 0.078).

The results  of the redundancy analysis of fungal
community diversities  and  physicochemical   proper-
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ties were shown in Fig. 8c, d. At the phylum taxonom-
ic  level,  the  first  and  second  coordinates  explained
90.06%  and 5.75% of  the  total  variation  between the
fungal  community  composition  and  physicochemical
properties  (Fig.  8c). Ascomycota  was  positively   cor-
related  with  AN,  while  Calcarisporiellomycota,
Rozellomycota,  Chytridiomycota  and  Mucoromycota
were  positively  correlated  with  OM,  TN  and  TK.
After the interpretation of environmental factors, OM
was  found  to  be  the  primary  factor  affecting  the
change of rhizosphere fungal community composition
(F=4.2, P=0.094).  At the family taxonomic level,  the
first  and  second  coordinates  explained  81.42%  and
10.22% of the total variation between the top ten dom-
inant families of the fungal community and the physi-
cochemical properties  of  rhizosphere  peat  soil,   re-

spectively  (Fig.  8d).  There  was  a  positive  correlation
between  Chaetomiaceae,  Nectriaceae  and  Tri-
chocomaceae  with  TK  and  TN.  Myrmecridiaceae,
Lindgomycetaceae  and  Chaetomiaceae  were  posit-
ively  correlated  with  TP,  AN  and  AP.  According  to
the influence of environmental factors on the distribu-
tion of fungal species in rhizosphere peat soil, TP was
the  main  factor  affecting  the  change  of  rhizosphere
fungal  community  composition  (F=13.5,  P=0.078).
Through  redundancy  analysis,  it  was  found  that  the
correlation  between  fungal  community  composition
and  physicochemical  properties  was  higher  than  that
of bacteria after functionalized graphene treatment.

These results of the redundancy analysis showed
that  Trichocomaceae  was  negatively  correlated  with
total phosphorus  content,  indicating  that   functional-
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ized  graphene  application  reduced  the  abundance  of
phospho-soluble fungi, slowed down the phospho-sol-
uble effect,  and  changed  the  rate  of  phosphorus   cyc-
ling  in  soil.  There  was  a  significant  correlation
between  phosphorus  nutrient  content  and  plant
yield[59-60]. Thus,  it  was  necessary to  extend the   treat-
ment  time  of  V.  faba  seedlings  with  functionalized
graphene  to  study  the  relationship  between  V.  faba
yield  and  soil  phosphorus  solubilizing  bacteria  or
fungi contents. Finally, our study demonstrated the re-
lationship  between  functionalized  graphene-rhizo-
sphere  soil  microbe-physicochemical  properties,  and
explained the  microbiome  mechanism  of   functional-
ized graphene in promoting V. faba plant growth and
development.

 4    Conclusions
In  this  study,  V.  faba  roots  were  treated  with

0  and  25  mg·L−1  functionalized  graphene  solutions.
The results showed that functionalized graphene had a
significant effect on the richness and diversity of bac-
teria  and  fungi  in V.  faba  rhizosphere  peat  soil.  And
the  effect  of  functionalized  graphene  on  the  fungal
community is  greater  than  that  on  the  bacterial   com-
munity.  After  the  application  of  the  functionalized
graphene, the content of bacteria that promote soil ni-
trogen cycling and cellulose decomposition increased,
further promoting the growth of V. faba seedlings. In
the  fungal  community  composition,  functionalized
graphene  significantly  decreased  the  abundance  of
phosphate-soluble  fungi,  which  may  have  an  impact
on  the  subsequent  reproductive  development  of  V.
faba  seedlings.  Further  studies  are  needed  to  gain  a
better understanding of this impact.
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功能化石墨烯对蚕豆根际土壤细菌和真菌多样性的影响

陈志文1,2,†，　任    静3,†，　乔    俊1,2,3,*，　赵建国1,2,3,*，　李经纬1,2,3，　
刘泽慧1,3，　李伟佳1,2，　邢宝岩1，　张    进1,3，　聂    慧1

（1.  山西大同大学  煤基生态碳汇技术教育部工程研究中心 ,  山西  大同 ,  037009；

2.  山西大同大学  石墨烯林业应用国家林业和草原局重点实验室 ,  山西  大同 ,  037009；

3.  山西大同大学  化学与化工学院 ,  山西  大同 ,  037009）

摘　要：　功能化石墨烯的亲水、吸附性能优异，在农业领域应用广泛。如用于农作物的缓释肥、鲜切花的抗菌剂、杀虫剂

的载体等。本研究从功能化石墨烯对蚕豆根际泥炭土微生物群落组成和多样性的影响方面入手，探索功能化石墨烯对蚕豆

生长发育的机理。利用蒸馏水和 25 mg·L−1 的功能化石墨烯溶液培养种植于泥炭土的蚕豆幼苗。实验组蚕豆幼苗株高和根

长显著高于空白组。利用高通量测序技术对土壤中细菌的 16S  rRNA基因（V3–V4 区）和真菌内转录间隔区序列

（ITS2区）进行扩增测序，聚类得到 9 144个细菌 OTUs，归类于 39个门及 350个属；得到 790个真菌 OTUs，归类于

18个门及 156个属。根据 alpha、beta多样性分析，功能化石墨烯可以增加蚕豆根际泥炭土中细菌和真菌的丰度和多样

性，两组间细菌和真菌群落的差异显著，且真菌群落的差异大于细菌群落。细菌群落中噬氢菌属、鞘氨醇单胞菌属和亚硝

化单胞菌科 3种氮循环相关的细菌在经功能化石墨烯处理后，丰度发生改变，进而促进蚕豆生长。真菌群落中，与土壤溶

磷功能相关的篮状菌属的相对丰度下降，而对多种植物真菌病原菌、线虫和昆虫具有较强的生物防治能力的真菌属 Clono-
stachys、Dimorphospora相对丰度增加。最后通过冗余分析发现，pH值、有机质（OM）、全磷（TP）3个土壤理化因子对

土壤中细菌和真菌群落组成改变的贡献最大。

关键词：　功能化石墨烯；蚕豆；根际泥炭土；理化性质；微生物多样性
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