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Pulsed electric field treatment of seeds
altered the endophytic bacterial community
and promotes early growth of roots

in buckwheat
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Abstract

Background Endophytic bacteria provide nutrients and stimulate systemic resistance during seed germination

and plant growth and development, and their functional properties in combating various stresses make them a
powerful tool in green agricultural production. In this paper we explored the function of the endophyte community
in buckwheat seeds in order to provide a theoretical basis for the application and scientific research of endophytes in
buckwheat cultivation. We used pulsed electric field (PEF) technology to treat buckwheat seeds, monitored the effect
of high-voltage pulse treatment on buckwheat seed germination, and analyzed the diversity of endophytic bacteria in
buckwheat seeds using the amplicon sequencing method.

Results PEF treatment promoted root development during buckwheat seed germination. A total of 350 Operational
taxonomic units (OTUs) that were assigned into 103 genera were obtained from control and treatment groups using
16SrRNA amplicon sequencing technology. Additionally, PEF treatment also caused a significant decrease in the
abundance of Actinobacteria, Proteobacteria, and Bacteroidetes. The abundance of 28 genera changed significantly
as well: 11 genera were more abundant, and 17 were less abundant. The number of associated network edges was
reduced from 980 to 117, the number of positive correlations decreased by 89.1%, and the number of negative
correlations decreased by 86.6%.

Conclusion PEF treatment promoted early root development in buckwheat and was able to alter the seed
endophytic bacterial community. This study thus makes a significant contribution to the field of endophyte research
and to the application of PEF technology in plant cultivation.
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Introduction

Plant endophytic bacteria communities are rich in diver-
sity and provide a treasure trove of microbial resources
to the plants themselves. Endophytic bacteria promote
plant health when plants are stressed abiotically or bioti-
cally and thus help plants cope better with environmental
stress [1]. Endophytic bacteria also play an important role
in seed germination and plant growth and development,
and their functional properties in combating multiple
stresses by providing nutrients or stimulating systemic
disease resistance make them a powerful tool in green
agricultural practices [2]. The main types of plant endo-
phytes were Firmicutes, Bacteroidetes, Proteobacteria,
and Actinobacteria, but the core community structure of
and roles they play differ between plants [3-5].

In recent years emerging technologies such as cold
plasma, pulsed electric fields (PEF), ultrasound, and
chemical methods have been applied to the endophyte
research [6—8]. Research on the electro-biological effects
generated by PEF actually began in the 18th century. The
first researchers to do this treated more than 20 varieties
of seeds such as barley, corn, rice, cotton, and rapeseed
with PEF, and the effects of PEF on seed viability, seed
germination, seedling growth, and plant development
were analyzed in turn [9]. They found that PEF treat-
ment had significant effects in improving seed germina-
tion rate, inhibiting seed degradation, shortening plant
growth cycle, increasing yield, and enhancing plant stress
resistance.

The inhibitory and stimulating effects of electric fields
on seed growth are related to the physiological state, elec-
tric field intensity, and intensity of the seeds, resulting
in significant biochemical and physiological differences
involved in the various methods of seed germination
and swelling. However, PEF technology can be used to
manipulate all of these processes [10]. PEF treatment
can improve water absorption rate, germination rate, and
seedling growth of wheat seeds, and the total phenols,
chlorophyll, carotenoids, soluble proteins, minerals, and
amino acids in wheat seeds treated with PEF have been
shown to be significantly elevated as well [11]. As of this
writing PEF has not been used in the study of plant endo-
phytes. With this in mind we set out to apply PEF meth-
ods to buckwheat seeds and discovered a phenomenon
whereby PEF can effectively remove endophytic bacteria
from the seeds. In addition, expedited root growth was
promoted when the PEF intensity was 1kv/cm for 1 h. We
also used 16 S rRNA sequencing to analyze the response
of the endophytic bacteria in the buckwheat seeds to
pulsed electrical fields and found that these pulses altered
the structure of the endophytic bacterial community of
the seeds. The bacterial taxa became differentiated in
response to PEF. This study thus provides a new approach
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to the application of PEF technology in the field of endo-
phyte function research.

Materials and methods

Samples collection

This study was carried out in accordance with the rel-
evant national/institutional guidelines. The plant mate-
rial was purchased from the “Hongqiaodi” seed company
from Yunnan, China. Common buckwheat (Fagopyrum
tataricum) seeds were harvested in 2020 for experiments
conducted between 2020 and 2021, and the experiments
were divided into control (CK) and pulsed electric field
(PEF) treatments.

Seed treatment with PEF

A PEF power supply was used to connect positive and
negative electrodes in a glass box of 40 cm x 60 c¢cm to
form an adjustable electric field device capable of gener-
ated uniformly distributed electric discharges (Fig. 1).
The seeds were placed in a PEF at room temperature,
with electric field intensity, frequency, and duty ratio
of 1 kV/cm, 120 Hz, and 70%, respectively, for 1 h. The
treated buckwheat seeds were then used for 16 S rRNA
sequencing and seed germination experiments. The seed
germination experiments were carried out in filter paper
petri dishes, with 3 ml of added deionized water, and ger-
mination indicators were collected on the third day. All
experiments were repeated 3 times. Eighty seeds for each
of 3 independent experiments were used for each experi-
mental group.

Research has shown that excessive electric field inten-
sity can kill microorganisms, so experiments on the pro-
motion of seed activity using PEF use only low intensity,
high-voltage pulses. Therefore, we selected an electric
field intensity of 1 kV/cm for our experiment. To estab-
lish an optimum PEF treatment duration, buckwheat
seeds were treated for 1, 2, or 4 h of cumulative treatment
duration, though our results indicated that treatment
timeout could not promote seedling root growth.

16SrRNA sequencing and analysis

Using primers 341 F and 806R, amplification of the bac-
terial 16 S rRNA gene v3-v4 region was performed. PCR
testing was then conducted using specific primers with
Barcode, Phusion®, and High-Fidelity PCR Master Mix
with GC Buffer from New England Biolabs, and high-effi-
ciency high-fidelity enzymes according to the selection
of the sequencing region. The amplification procedure
was as follows: pre-denaturation at 95Cfor 5 min and 35
cycles (denaturation at 95°Cfor 45 s, retreatment at 55°C
for 45 s, extension at 72°C for 90 s), followed by stable
extension at 72 °C for 7 min, and all PCR products were
detected by electrophoresis on a 2% agarose gel. Quali-
fied PCR products were purified by magnetic beads,
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Fig. 1 Schematic view of seed treatment with PEF. Buckwheat seeds were treated in containers with high-voltage pulsed electrodes, and then seed

germination experiments and 16SrRNA sequencing were performed

quantified by enzyme labeling, and samples were mixed
in equal amounts according to the concentration of PCR
products. After thorough mixing, we used 2% agarose gel
electrophoresis to detect the PCR products and used the
gel recovery kit provided by Qiagen to recover the prod-
ucts of the target bands. According to the characteristics
of the amplified 16 S region, a small fragment library was
then constructed, and paired-end sequencing was per-
formed on the library based on the Illumina NovaSeq
sequencing platform. Finally, splicing and filtering, OTUs
clustering, species annotation, and abundance analysis
were all carried out.

Analysis of alpha and beta diversity index

The data of each sample was homogenized using the
sample with the least amount of data as the standard for
homogenization. Alpha diversity analysis and beta diver-
sity analysis were then conducted based on the homog-
enized data. The significance of differences between
samples from different compartments was tested using
the Kruskal-Wallis test (p-value<0.05), and the cumula-
tive sum scaling (CSS) method was used to normalize the
OTUs to estimate beta diversity. Bray-Curtis distances
between samples were used for principal coordinate anal-
ysis (PCoA), with Qiime software (Version 1.9.1) used to
draw PCoA diagrams. To test the impact of location and
compartment on the estimated explained variance, PER-
MANOVA analysis was also performed.

Bacterial correlation networks
SparCC co-occurrence analysis was performed using
the R package “SpiecEasi” to calculate the correlation

coefficient values between the communities. The true
score was evaluated based on the Dirichlet distribution
of the observed values, and then the observed score was
obtained by averaging 5 estimates. Random substitution
based on resampling was used to evaluate statistical sig-
nificance. The SparCC algorithm begins by resampling
the original dataset using the bootstrap method to obtain
a random dataset. P-values are calculated from these
random data to evaluate the significance of the initial
observation scores. The correlations of the OTUs are cal-
culated in the random dataset to obtain the correlation
matrix of these random values. Then, p-values are gener-
ated again by comparing the distribution of values in the
correlation matrix of observed values to the correlation
matrix of random values. We used R to build a network
from the adjacency matrix and convert the network for-
mat. Correlations with a magnitude>0.5 and statistical
significance (p-value<0.05) were included into subse-
quent network analysis, where the networks were visual-
ized in Gephi.

Statistical analysis

The Uparse algorithm was used to cluster the effective
tags of all samples, and the sequences were clustered
into OTUs with 97% consistency. The Mothur method
and the SSUrRNA SILVA138 database SILVA138 were
used for species annotation analysis to obtain taxonomic
information and classify the organisms at each taxonomic
level. The differences in microbial composition between
the control and treatment groups were calculated using
ANOVA (p-value<0.05).
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Table 1 Seed germination data

Dry matter sprouting weight of 100 germina-

weight(g) rates(%) buds(g) tion index
CcK 2.206+0.092 923+25 6.32+0.06 4746+242
PEF 2.216+0.045 91+4 6.67+0.25 48.19+1.73

Results

Effect of PEF treatment on seed germination and seeding
root length

To investigate the role of endophytic bacteria in buck-
wheat seeds and to explore the application of PEF
technology in plant cultivation, we used PEF to treat
buckwheat seeds and conducted seed germination exper-
iments. The results indicate that the germination rate of
the untreated seeds was 92.3%+2.5%, and that of the PEF-
treated seeds was 91%+4%. The hundred seeding weight
was 6.32 g+0.06 and 6.67 g+0.25 g, and the germination
index was 47.46+2.42 and 48.19+1.73 for the untreated
and treated groups, respectively (Table 1). The PEF did
not cause statistically significant changes in germina-
tion percentage, hundred seeding weight, or germination
index. However, the root length of PEF-treated germina-
tion (2.38+0.14 cm) was significantly different from that
of CK (2.01+£0.07 cm)(Fig. 2).

Effects of PEF on the diversity of endophytic bacteria

To explore the effects of PEF on the endophytic bacterial
community under the condition of promoting seeding
root development, 16 S rRNA sequencing was performed
using the NovaSeq 6000 platform. In total, 631,851 raw
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reads were generated. 619,646 clean tags were obtained,
and the effective tag totals were 198,570 and 271,835 for
the CK and PEF treated, respectively. The quality score
(Q30) percentage was above 93%. OTUs clustering was
performed on the effective tags of all samples, with 97%
identification. A total of 350 bacterial OTUs were iden-
tified and assigned into 10 phyla and 103 genera. Alpha
diversity analysis revealed that the endophytic bacte-
rial Shannon index was significantly lower in the PEF
treated seeds. Moreover, the PCoA of beta diversity
indicated that the microflora of the CK and PEF treated
seeds exhibited a clear separation (Fig. 3). Collectively,
PEF exerted significant effects on the seed bacterial
communities.

Dynamics of the endophytic bacteria co-occurrence
network

Co-occurrence network analysis to evaluate the remodel-
ing effects of PEF treated on inter-bacteria interactions.
The correlation values between the OTUs using the Spie-
cEasi R package and constructed the co-occurrence net-
work used Gephi. The results indicate that the untreated
network had a higher level of edge connectivity com-
pared to the PEF treated seeds. The number of network
nodes was 180 for the CK, compared to 42 for the PEF
treated (Fig. 4A, B). In addition, the number of edges was
980 for the CK and 117 for the PEF treated. Similarly,
the number of positive correlations was 545 for the CK
compared to 59 for the PEF treated, and negative correla-
tion was 435 compared to 58 for the CK and PEF treated,

2=

root length(cm)

T
CK PEF

Fig. 2 Image of buckwheat seeding cultured for three days after PEF treatment. Representative samples (A) and root length (B) of buckwheat seedlings

before (CK) and after (PEF) treatment (***p<0.001)
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Fig. 3 Alpha and beta diversity of bacterial community in buckwheat seeds before and after PEF treatment. (A) Alpha diversity measurements for mi-
crobial communities from the Buckwheat seeds (**p<0.01). (B) PCoA of beta diversity indicated that PEF treatment affected the bacterial community

respectively. Correlation results show that the proportion
of positive correlations was 55.6% compared to 50.4% and
that negative correlation was 44.4% compared to 49.6%
for the CK and PEF treated (Fig. 4C).

To reveal the effect of PEF treatment on the main bac-
teria present in the community, we further analyzed
them at the phylum level. The statistics for the nodes at
this level showed that the number of Proteobacteria, Bac-
teroidetes, Actinobacteria, and Firmicutes were lower
by 40, 15, 28, and 30, respectively in the CK. Specifically,
positive correlations with Proteobacteria were 82.31%
lower, Bacteroidetes were 100% lower, Actinobacteria
were 98.31% lower, and Firmicutes were 98.7% lower in
the PEF treated. The same statistics for negative corre-
lations were 81.33%, 100%, 95.07%, 95.96%, respectively
(Fig. 4D).

Furthermore, the network connectivity of the Bac-
teroidetes was O in the treatment group, though the
proportion of Proteobacteria in the network was 64%
compared to 97% for the untreated and treated seeds,
respectively. Collectively, Actinobacteria, Bacteroidetes,
and Firmicutes had the largest difference in the number
of associated network edges, and Bacteroidetes had the
smallest. Finally the differences in positive correlation
were greater than those in negative correlation (Fig. 4E).

Effects of PEF on endophytic bacteria composition
Classification analysis was performed to analyze the
effects of PEF treatment on the bacterial community. A
total of 10 bacterial phyla were annotated across all sam-
ples (Fig. 5A). A decrease in the abundance of Actino-
bacteria, Proteobacteria, and Bacteroidetes was observed
after PEF treatment (Fig. 5B). However, the abundance
of Firmicutes, which has the thickest cell wall of these
groups of bacteria, was not statistically different between
groups, which may indicate that the bacterial cell wall
played a role in the response to PEF.

At the genus level, Pseudomonas was the predomi-
nant genus (44.4% of total sequences) in the CK. Other
OTUs belonged to the bacterial classes Rhizobium (3.3%),
Sphingomonas (1.4%), Stenotrophomonas (1.2%), Methy-
lobacterium (1%), and Pantoea (0.7%) (Fig. 6A). Among
them, the abundance of 28 genera changed significantly
after PEF treatment. Notable differences observed after
PEF treatment included a large relative decrease in the
abundance of Streptococcus, Neisseria, Bifidobacterium,
Brevibacterium, Delft, Bacillus, and Hydrogenobacteria
(Fig. 6B). All genera except Bacillus are non-sporogenic,
which may provide clues to their bacterial response to
PEF.

Next, we utilized the linear discriminant analysis effect
size (LEfSe) algorithm, and these results revealed that
Bacillus, Weissella, Methylobacterium, Pantoea, and
Pseudomonas were consistently depleted after PEF treat-
ment (Fig. 7). In addition, whether in the environment
or in plants, the number of bacilli was greater than the
number of cocci [12]. Similarly, the number of changes
in the abundance of the bacilli from our treatment was
much greater than that of the cocci (higher abundance:
9 bacilli, 2 cocci; lower abundance: 15 bacilli, 2 cocci) as
well. In total there were 14 Gram-positive and 14 Gram-
negative bacteria from 28 taxa with significant abun-
dance changes.

Discussion

PEF affected the endophytic bacterial community in
buckwheat seeds

Endophytes exist in various parts of plants and play an
important role in plant growth and development [13].
However, existing functional studies of endophytes are
very limited, because many endophytes are difficult to
isolate and culture and therefore cannot be studied by
directional removal of a single endophyte group [6, 14].
Recently, however, physical methods such as cold plasma,
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Fig. 4 Analysis of bacterial interaction network in buckwheat seeds control (A) and PEF treated (B). The edge color represents positive (red) and negative
(black) correlations. The point color represents Bacteroidetes (Blue), Actinobacteria (pink), Proteobacteria (yellow) and Firmicutes (green) correlations.
The number of edges (C). Statistics of the number of edges of the associated network (D), and the X-axis represents correlation between Actinobacteria
and Bacteroidetes (AB), Actinobacteria and Firmicutes (AF), Actinobacteria and Proteobacteria (AP), Bacteroidetes and Firmicutes (BF), Bacteroidetes and
Proteobacteria (BP) and Proteobacteria and Firmicutes(PF). The number of control and PEF treatment edges is at the Phylum level (E)

ultrasound, and PEF have been gradually applied to the
study of microbial community structure and function,
although little is still known about the effects of endo-
phytes compared to the effects of physical methods such
as PEF on plant growth and development.

Currently, PEF is mostly used in sterilization proce-
dures in food processing since it can kill Escherichia coli
in cider (electric field strength 80 kV/cm), Lactobacillus
in beer (electric field strength 13 kV/cm), Saccharomyces
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cerevisiae in orange juice (35 kV/cm), and Alternaria and
Xanthomonas on seed surfaces (electric field strength
12 kV/cm) [15-18]. However, these studies use high
(greater than 10 kV/cm) to achieve sterilization. Here,
our study did kill some buckwheat seed endophytes using
a lower PEF strength (1 kV/cm), but this electric field
strength has only been suggested in previous studies to
promote the growth and development of plants such as
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Fig. 6 The genus level of bacterial community in buckwheat seeds. (A) Relative abundances of bacterial genus. (B) Significant differences in the abun-

dances of genus. P values were calculated using Student’s t test (***p <0.001)

wheat, sorghum, and eggplant by treating their seeds [10,
19].

Previous studies have demonstrated that PEF treatment
and the absence of bacterial blooms during such treat-
ment times can cause abundance changes that may only
result in fewer distinct taxa [20]. Such studies support
our claim that PEF treatment killed some bacteria, result-
ing in changes in bacterial community abundance. In
addition, plant cells differ from bacterial cells, and such
treatment conditions may not be sufficient to affect seed
survival [21, 22]. Our research thus provides a basis for
the killing of plant endophytes by PEF as well as a novel
first step for research methods into plant endophytes.

Different bacterial taxa respond differently to PEF

PEF treatment produces reversible and irreversible elec-
troporation due to differences in cell membrane repair
capacity [23], so differences in bacterial cell membranes
are an important factor in their response to PEF. In addi-
tion, although PEF has a strong penetrative ability, we
speculate that the distribution of bacteria in seeds and
the difference in water content inside the seeds may affect

the penetration effect of PEF on bacteria as well. More-
over, most existing studies are in liquid or food, and the
bacteria are relatively active in these environments [20].
With the low water content in seeds, the state of their
bacteria is still unknown, and it remains to be explored
whether the differences in PEF responses are due to the
state of the bacteria.

Existing studies have shown that the differences in
bacterial protein abundance are consistent between cer-
tain low-intensity stress stimuli, such as cold plasma
treatment, low-intensity UV-B treatment, and electro-
magnetic field treatment [24, 25]. However, we can-
not determine the extent of the effect of PEF on various
proteins in the cell membrane, so whether our observed
effects of PEF treatment on bacterial taxa stem from a
biological relationship or were just noise still needs fur-
ther research.

This study has attempted to lay the foundation for the
application of PEF technology to the detection of bacte-
rial status and stress resistance. The PEF method can
remove some endophytic bacteria while protecting the
normal germination of seeds, which may spark new
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ideas for the study of the association between seeds and
endophytes.

Positive effects of PEF treatment on seeds

Endophytic bacteria play an important role in seed ger-
mination and plant growth and development by provid-
ing nutrients and stimulating systemic disease resistance
[26, 27]. PEF treatment resulted in less microbial diver-
sity in buckwheat seeds, primarily in Proteobacteria,
Actinobacteria and Bacteroidetes. This lower abundance
led to a higher abundance of some other bacteria, and
the overall endophytic bacterial community in the buck-
wheat seeds changed. This phenomenon had no signifi-
cant adverse effect on the health of the seed germination,
but instead promoted root development during germi-
nation. However, PEF treatment may still affect seeds in
other aspects, such as cellular metabolism [11].

The dominant phyla in buckwheat seeds are Proteobac-
teria, Actinobacteria, and Firmicutes, which are similar
to those found in in rice, cereals, and Arabidopsis [], and
they may play a similar functions in each of these plants.
It was found that Methylobacter exhibited growth-pro-
moting effects in a variety of plants [29], and other studies
have shown that Sphingomonas have growth-promoting
functions in plants as well [3031]. Here, PEF treatment
resulted in a greater abundance of Methylobacter and
Sphingomonas in buckwheat seeds, and this higher abun-
dance may be one of the reasons that the PEF promoted
seed root development. In addition, among the 28 genera
with significant changes in abundance in this study, Pan-
toea is the only phytopathogen-related one to be identi-
fied as such in multiple papers [32]. Pantoea is common
in endophytes, and the treatments in this study resulted
in a significantly lower abundance of it, which may have
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had a positive effect on seed germination. Similarly, Pseu-
domonas is quite common in the rhizosphere and plant
tissues and is considered to have positive significance for
plant growth and development as well [33]. Moreover,
it has a dominant position in buckwheat seeds. Its core
position was not changed by PEF treatment, which may
also have had positive implications for seed survival.

Crucially, PEF can perforate the cell membrane and
cause the migration of metal ions, which can affect plant
growth and development as well as that of bacteria [19,
34]. Iron in particular is a key nutrient for the survival
of most bacteria and also affects the growth and devel-
opment of plants [35]. Bacteria take up iron through
siderophores, and different taxa exert positive and nega-
tive effects on plants during this process [36, 37]. Under
the action of PEF, the connection among iron elements,
bacteria, and seeds may therefore also produce complex
changes. Studies have shown that Methylobacter and
Sphingomonas all have the ability to produce sidero-
phores, and these taxa have also been shown to help host
plants acquire iron [38—41]. Changes in the abundance of
these taxa may thusly affect the growth and development
of plants. In addition, the reduction of bacterial commu-
nity diversity also reduces reduce competition for nutri-
ents and promotes the utilization of nutrients by plants
rather than bacterial communities.

One limitation to our study is that we only detected
the endophytic bacterial groups in seeds after PEF treat-
ment, and did not detect the endophytic bacterial group
in the plumule. However, the study of the structure and
function of the initial endophytic bacterial community in
seeds also holds research significance in the field of plant
growth and development.

Conclusion

Collectively, our results show that PEF treatment pro-
moted early root development in buckwheat and was also
able to alter the seed endophytic bacterial community.
This study thus makes a significant contribution to the
field of endophyte research and the application of PEF
technology in plant cultivation.
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