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a short time may inhibit over-expression of FtNHX1 
gene.
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1 Introduction

Buckwheat is a dicotyledonous plant of Fagopyrum 
Mill., belonging to Polygonaceae. The main culti-
vated species are common buckwheat (F. esculen-
tum Moench) and Tartary buckwheat (F. tataricum 
[L.] Gaertn.). Buckwheat is drought resistant and 
leanness tolerant, with adaptability and short growth 
cycle (80–90 days). Buckwheat is a crop species, but 
it is different from rice and wheat;  not belonging to 
Poaceae family.  Rather, it is a crop with edible and 
medicinal value. Buckwheat is rich in protein, dietary 
fiber, trace mineral elements and vitamins, as well as 
flavonoids and rutin. The latter two components are 
not found in many gramineous crops. They function 
in human  health in lowering blood cholesterol and 
preventing cardiovascular sclerosis, that can also help 
treat hypertension and diabetes (Bonafaccia et  al. 
2003; Fabjan et al. 2003; Kim and Kim 2006).

Soil salinization is a worldwide problem. At pre-
sent, the area of saline alkali land in the world has 
reached 1 ×  109  hm2, the total area of soil salinization 
in China has reached 0.99 ×  108  hm2, which is one of 
the largest saline alkali land countries in the world 
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(Wang et al. 2020). Studies have shown that the dam-
age of NaCl stress on cotton germination and seedling 
growth mainly includes three aspects: First, osmotic 
stress, in which the salt concentration in the soil is 
too high, and  the osmotic potential will be reduced. 
So,  the water potential of plant cells will be greater 
than that of soil solution, which will affect the water 
content of seeds, and the plants begin to dehydration 
or even die. The second is the  ionic toxicity. Under 
salt stress, plant cells absorb a large amount of  Na+, 
and the concentration of other nutrient ions (such as 
 Mg2+ and  Ca2+) required for plant growth decreases, 
causing damage to plants. This is the main damage 
caused by salt to plants. Third, salt inhibits the activ-
ity of oxidase and breaks the balance between the 
production and elimination of reactive oxygen spe-
cies in plants. It can accumulate more reactive oxy-
gen species in plants and cause irreversible damage to 
plant cell membrane (McCord 2000; Sun et al. 2000; 
Yang et al. 2006; Su 2012).

DNA methylation is a common  epigenetic phe-
nomenon and a widely studied epigenetic regulation 
mechanism. DNA methylation generally refers to the 
methylation process on the fifth carbon atom of CpG 
dinucleotide. According to the different bases before 
and after the carbon atom, it can be divided into CG, 
CHG and CHH. It is a product formed by transferring 
methyl to DNA cytosine through DNA methyltrans-
ferase, which is called 5-methylcytosine (Kinoshita 
et  al. 2004; Zhang and Jacobsen 2006; Cokus et  al. 
2008). DNA methylation is conserved in mammals 
and plants. This precise conserved pattern plays an 
important role in the development of genomic DNA 
methylation (Zhang et  al. 2018). Therefore, DNA 
methylation is an important step in many biological 
processes. It is found that the destruction of DNA 
methylation can lead to abnormal growth and devel-
opment of animals and plants, such as immature 
tomato fruit and DNA death of mouse embryo (Rob-
ertson 2005; Cortellino et al. 2011; Lang et al. 2017).

Taking the salt-sensitive variety Chuanqiao No.2 
of Tartary buckwheat as the material, the relationship 
between DNA methylation level and the expression 
of salt tolerance gene was analyzed from the perspec-
tive of DNA methylation, the effects of different DNA 
methylation levels on salt tolerance of Tartary buck-
wheat were understood, and the role of DNA meth-
ylation in salt stress adaptation of Tartary buckwheat 
was determined, so as to provide a certain basis for 

the study of the molecular regulation mechanism of 
plant salt tolerance.

2  Material and methods

2.1  Plant material and treatment

Salt-sensitive variety Chuanqiao No.2 of Tartary 
buckwheat was used as the material. Full seeds were 
selected, shaken and disinfected with 1% sodium 
hypochlorite for 5 min, and washed with sterile water 
for 3 times, each time for no less than 2  min. Five 
seeds were evenly sown in each small plastic basin. 
After emergence, the seedlings were watered with 1/2 
Hoagland nutrient solution, once every 3  days, with 
routine management, natural light, relative humid-
ity of about 60%, and day and night temperature of 
26  °C/18  °C. When the seedlings grew to the three 
leaf stage, the following five treatments were started: 
(1) 5-Azacytidine (5-azaC, a DNA methylation inhib-
itor) with different concentrations (10, 50, 100, 200, 
500 µM) was used as the infection solution for 3 days; 
(2) 100 mM NaCl treatment for 2 days; (3) 100 mM 
NaCl treatment for 2 days and then 100 µM 5-azaC 
infection for 3 days; (4) 100 µM 5-azaC infection for 
3 days; (5) 100 µM 5-azaC infection for 3 days and 
then 100  mM NaCl treatment for 2  days. Hoagland 
nutrient solution was used as control (CK). Each 
treatment was repeated 3 times.

2.2  Screening of DNA methylation related genes

Based on the transcriptome sequencing results of Tar-
tary buckwheat, the functional annotation informa-
tion of the four major databases was used to screen 
the genes that may be related to DNA methylation, 
and the promoter sequences of these genes were 
extracted from the transcriptome information. The 
gene promoter sequence was analyzed by Methyl 
Primer Express V1.0 software. Based on containing 
the CpG island (CpG island is a special fragment rich 
in CG dinuclear glycine contained in the biological 
genome. Generally, if the GC concentration is higher 
than 40%, it is defaulted as CpG island. The probabil-
ity of CpG island in the gene promoter region or exon 
region is very high) combined with the changes of 
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gene expression after demethylation, the genes stud-
ied in this experiment were screened.

2.3  Infection method

Prepare 5-azaC of corresponding concentration as 
infection solution (avoid light at 4  °C). Avoid light 
during infection. Before infection, 5 small holes were 
evenly punched on the leaves of Tartary buckwheat 
with a needle, and the whole leaf was immersed in 
the infection solution for 10–15 s. After infection, it 
was treated in dark for 8 h every day. After repeating 
this process for 3 days, the follow-up experiments can 
be carried out.

2.4  Total RNA extraction from Tartary buckwheat

RNA was extracted according to the method of 
Takara Plant Total RNA Extraction Kit. The quality 
was detected by electrophoresis and the RNA concen-
tration was determined by spectrophotometer.

2.5  Reverse transcription method

gDNA was obtained (for subsequent fluorescence 
quantitative template): prepare several RNase-free 
centrifuge tubes, prepare the reagent according to 
Step 1 in Table  S1, and finally add RNA samples. 
The PCR program was set to 42 °C for 3 min, and the 
reaction was terminated at 4  °C to remove genomic 
DNA. The reagent was then added according to 
the Step 2, and the reaction was briefly centrifuged 
and mixed. The PCR procedure was set at 42 °C for 
15 min and 85 °C for 1 min, and the reaction was ter-
minated at 4 °C. gDNA are obtained (all reagents and 
mixtures were prepared in ice bath). After the reac-
tion, the whole system was taken out and diluted with 
30 μL RNase-free  dH2O for real-time quantitative 
PCR.

cDNA was obtained (for subsequent gene sequence 
amplification to detect mutation): prepare several 
RNase-free centrifuge tubes and prepare the reaction 
solution system of Step 1 according to Table S2. The 
reaction solution system of Step 1 was briefly centri-
fuged and mixed. The PCR program was set to 65 °C 
for 5 min. Cooling after ice bath can denature RNA 
and improve reverse transcription efficiency. The 
reaction solution system of Step 2 was then added to 
each test tube and briefly centrifuged and mixed. The 

PCR procedure was set to 42 °C for 60 min and 70 °C 
for 15  min. The reaction was terminated at 4  °C to 
obtaine cDNA (all reagents and the mixture were pre-
pared in ice bath).

2.6  Total DNA extraction from Tartary buckwheat

The total DNA of Tartary buckwheat leaves was 
extracted by improved CTAB method.

2.7  DNA bisulfite transformation of Tartary 
buckwheat

It was added 1  mL  ddH2O, 200 μL CT conversion 
Diluent and 100 μL CT conversion Buffer into a tube 
of CT conversion Powder, mixing and rotating for at 
least 1 min until dissolved, and prepared solution CT 
Conversion Mix (one tube can be used for 10 reac-
tions, preferably available at any time).

The reaction solution (Table S3) was added to 200 
μL sterilized PCR tube, mixed and briefly centrifuged 
to collect the reaction solution. After the reaction, the 
product was purified for subsequent experiments.

2.8  BPS technology primer design principles

In view of the particularity and difficulty of methyla-
tion amplification in promoter region, the fragment 
amplified each time should not exceed 600 bp. If the 
gene sequence is long, it is suggested to design prim-
ers in sections for amplification.

The segmentation of gene sequence can be ana-
lyzed by software to ensure that the segmented 
sequence contains at least 3 CG loci.

The designed primer sequence should not cross the 
CG site as far as possible, and the length should not 
be short.

The GC concentration of segmented detection 
sequence should be guaranteed, generally not less 
than 35%, otherwise it will affect the amplification 
efficiency.

2.9  Real-time fluorescence quantitative PCR 
technology (RT-qPCR)

RT-qPCR was used to detect the changes of gene 
expression. The research gene sequence was extracted 
from the transcriptome data of Tartary buckwheat, 
and the quantitative primer design was completed on 
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the NCBI website. The following design principles 
were followed: blasting the sequence to determine 
the location of the conserved region. Generally, the 
product length is 200–300  bp. The primer length is 
generally 18–25  bp. The GC concentration is usu-
ally between 45 and 55%. Prepare the reaction solu-
tion system according to the RT-qPCR kit provided 
by Novizan (Table S4), and the primers for RT-qPCR 
are shown in Table S5. The prepared reaction solution 
system was dispersed and mixed, centrifuged briefly, 
and then put into RT-qPCR instrument for detection 
(the whole process was carried out in ice bath and 
avoided light). The relative expression of genes was 
calculated by  2−∆∆CT method (Livak and Schmitt-
gen 2001). The instrument procedure was set as fol-
lows: 95 °C for 10 s, 40 cycles, including 95 °C for 
5 s, 55 °C for 30 s and 72 °C for 20 s. The melting 
process includes 95 °C for 1 min, 55 °C for 30 s and 
95 °C for 30 s, and then 25 °C for 1 min. After cool-
ing, it was stored.

2.10  Data analysis

Different concentrations of 5-azaC treatment and 
different NaCl and 5-azaC treatment time were sub-
jected to a TWO-WAY analysis of variance (TWO-
WAY ANOVA) and mean values compared by Tukey 
test (Wang et  al. 2010). All statistical analyses were 
performed using SPSS 17.0 software.

3  Results

3.1  Determination of 5-azaC infection method

5-azaC, full known as 5-azacytosine nucleoside, is a 
cytosine analog. It can directly act on 5-mC in DNA 
or RNA and take away methyl to achieve demeth-
ylation, to reduce the methylation level of genomic 
DNA, which is called methylation inhibitor. In this 
study, seedlings were treated with 5-azaC smear, 
injection and infection, and the gene expression level 
was measured. The gene expression levels of Tartary 
buckwheat seedlings treated by smear method did not 
change compared with the control, indicating that the 
smear method can not make 5-azaC enter the plant 
to play the role of demethylation. Compared with 
the control group, the gene expression of seedlings 
treated with injection was  changed. However, due 

to the small and thin leaves of seedlings, it was dif-
ficult to inject, and seedlings were easy to be dam-
aged. When the seedlings were treated with infection 
method, only a small needle was needed to prick a 
few holes in the leaves, which could not only reduce 
the damage to the seedlings, but also change com-
pared with the control group from the result of gene 
expression. Therefore, the seedlings were finally 
treated by infection.

3.2  Determination of 5-azaC concentration and 
effect of DNA demethylation on FtNHX1 gene 
expression

Transcriptome results showed that FtNHX1 gene had 
high homology with many plant NHX amino acid 
sequences. It was a  Na+/H+ antiporter, and its expres-
sion was significantly induced by salt stress. After the 
leaves were infected with DNA methyl inhibitor, the 
expression of FtNHX1 gene was analyzed. Figure  1 
shows the changes of FtNHX1 gene expression after 
five concentrations of 5-azaC infected Chuanqiao 
No.2 seedlings. The expression level of FtNHX1 gene 
increased after 10, 50, 100, 200 and 500 μM 5-azaC 
treatment. Compared with the control, the expression 
level of 5-azaC treatment was increased by 340.75%, 
532.87%, 399.44%, 714.52% and 38.62%, respec-
tively. When the concentration of 5-azaC reached to 
500 µM, the expression level of FtNHX1 gene began 
to decrease rapidly.

5-azaC is an inhibitor of DNA methylation. In 
recent years, many researchers have applied 5-azaC 
to plant demethylation in order to study the role of 
5-azac in plant growth and development. Studies 
showed that using 100  μM (or above) 5-azaC can 
affect the growth and development of wheat, such 
as increasing grain mass and tiller number (Chen 
and Wang 2011). Wu (2017) sprayed Rhododendron 
hybridum with different concentrations of 5-azaC for 
a week, and found that the flower buds broke the dor-
mant period, differentiated and blossomed earlier, and 
some physiological indexes changed significantly.

As shown in Fig.  1, after 200  μM 5-azaC treat-
ment, the expression of FtNHX1 gene was increased 
the most. However, combined with the growth status 
of Tartary buckwheat seedlings treated with differ-
ent concentrations of 5-azaC (Fig. 2), when the con-
centration of 5-azaC exceeded 100  μM, most seed-
lings withered or even died. Therefore, 100 μM was 
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selected and used as the treatment concentration of 
5-azaC for subsequent experiments.

3.3  Cloning of promoter region

This paper mainly analyzed whether DNA meth-
ylation in gene promoter region could regulate gene 
expression and affect the response of Tartary buck-
wheat to salt stress. The reasons for studying DNA 
methylation in gene promoter region are as follows: 
(1) Promoter sequence is not a DNA sequence that 
can be accurately located.

At present, it is generally believed that the pro-
moter sequence is about 2000 bp upstream of the gene 
transcription initiation site. (2) There are conserved 
transcriptional sequences in the promoter sequence. 
The promoter acts as a switch to control and affect 
some transcription factors and regulate the tran-
scriptional activity of genes. (3) The gene sequence 
of any species will contain multiple discontinuous 
CpG islands. CpG islands are usually hypomethylated 
without external influence. If the methylation of CpG 
islands changes, gene expression will change. Stud-
ies found that CpG islands exist near the transcription 
initiation sites of many genes (Zhang et  al. 2019a; 

Fig. 1  Changes of FtNHX1 gene expression of Tartary 
buckwheat after demethylation treatment. Data are the 
means ± standard deviation (SD) (n = 3). * indicates sig-
nificant difference (P < 0.05) and ** indicates especially 
significant difference (P < 0.01)

Fig. 2  Effect of 5-azaC with different concentrations on seedling growth of Tartary buckwheat
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Hughes et al. 2020), so researchers will focus on the 
promoter region of gene transcription initiation site.

This study showed that the salt tolerant gene 
FtNHX1 underwent DNA demethylation after being 
interfered by exogenous inhibitors. Next, it is neces-
sary to study whether DNA methylation in the pro-
moter region of the gene regulates gene expression 
through transcription initiation sites, so as to make 
Tartary buckwheat respond to salt stress quickly. 
Combined with the sequencing results of Tartary 
buckwheat transcriptome and the genomic informa-
tion of Zhang et  al. (2017), the 2000  bp sequence 
upstream of the transcription start site of Tagopyrum 
tartaris was extracted as the promoter sequence, and 
the promoter sequence was piecemeal amplified by 
PCR (PCR primers are shown in Table S6) to ensure 
the sequence accuracy of the sequence and check 
whether the sequence base was mutated for subse-
quent research.

Figures  3 and 4 show the sequencing results 
of PCR amplification containing only CpG island 
sequence in the gene promoter region (due to the 
results of many segmented amplification, only the 
sequencing results containing CpG island sequence 
are shown here, and the other two sequences have 
no base mutation). Figure 3 shows the electrophore-
sis results, and Fig. 4 shows the sequencing results of 
the 1270–1833  bp sequence of FtNHX1 gene, with 
its CpG island located at 1306–1790 bp. After PCR 
amplification, agarose gel electrophoresis showed 
that the bands were bright and no heterozygosity. 

Sequencing showed that there was no base muta-
tion in the whole sequence. These results indicated 
that the extracted promoter sequence can be used as 
a control sequence to compare the changes of DNA 
methylation sites with the sequencing results under 
salt stress.

3.4  Expression analysis of FtNHX1 gene

NHX1 was first identified as a  Na+/H+ antiporter 
gene in yeast and has been proved to be directly 
related to plant salt tolerance (Yang et  al. 2005). At 
present, the gene has been cloned in many plants, 
such as Arabidopsis AtNHX1, wheat TaNHX1, rice 
OsNHX1 and alfalfa MsNHX1 (Nass et  al. 1997). 
Liu et  al. (2017) cloned the FtNHX1 gene of Tar-
tary buckwheat and analyzed it bioinformatics. Fig-
ure 5 showed that the expression of FtNHX1 gene in 
Chuanqiao No. 2 reached the maximum at 12 h under 
NaCl stress, which was increased by 4127.26% com-
pared with the control. After NaCl + 5-azaC treat-
ment, the expression of FtNHX1 gene decreased first 
and then increased after 12 h. After 5-azaC treatment, 
the expression of FtNHX1 gene in Chuanqiao No.2 
increased significantly at 6 h and reached the highest 
expression at 48  h, which was increased by 96.82% 
compared with the control. After 5-azaC + NaCl 
treatment, compared with 5-azaC treatment, the 
expression of FtNHX1 gene in Chuanqiao No.2 was 
increased by 1359.10% at 12 h.

Fig. 3  FtNHX1 gene 
sequencing result of CpG 
island sequences of Tartary 
buckwheat



191Theor. Exp. Plant Physiol. (2022) 34:185–195 

1 3
Vol.: (0123456789)

3.5  DNA methylation analysis of FtNHX1 gene 
under salt stress

Using MethPrimer software (Li 2007) (http:// www. 
uroge ne. org/ methp rimer/), the distribution of CG 
sites in the promoter region of FtNHX1 gene and the 
regional distribution of CpG island (parameter setting 
CG concentration≧50%) were analyzed. As shown in 
Fig. 6, the CG high enrichment region of the gene is 

1450–1600 bp. Further analysis showed that the CpG 
island was close to one end of the gene ATG (trans-
lation start site), and is distributed at 1306–1790 bp 
in the promoter region. We found a high enrichment 
region of CG, at about 500 to 1000 bp. BSP sequenc-
ing analysis was performed according to the location 
of CpG island. Table  1 shows the BSP sequencing 
primers.

Fig. 4  FtNHX1 gene electrophoresis result of CpG island sequences

Fig. 5  Relative expression 
of FtNHX1 gene of Tartary 
buckwheat after demethyla-
tion treatment. Data are the 
means ± standard devia-
tion (SD) (n = 3). Values 
followed by different letters 
indicate significant differ-
ence (P < 0.05)

http://www.urogene.org/methprimer/
http://www.urogene.org/methprimer/
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According to the enrichment degree of CG sites, 
the whole promoter sequence was divided into three 
segments (detection regions 1, 2 and 3). Each seg-
ment contained a CG enrichment region of no more 
than 600  bp, which was amplified by PCR after 
bisulfite transformation. Table  2 shows the DNA 
methylation in the promoter region of FtNHX1 gene. 
After 6 h of salt stress, the methylation rate of Chuan-
qiao No.2 in detection region 1 did not change. The 
DNA methylation rate of Chuanqiao No.2 in detec-
tion region 2 increased significantly, which was 
44.76% higher than that of the control, indicating that 
it has obvious hypermethylation. The fragment of 
detection region 3 was close to the gene translation 

initiation site, and the methylation ratio of Chuanqiao 
No.2 did not change after salt treatment. Through the 
comparison and analysis of sequencing results, the 
increase of methylation rate under salt stress was due 
to the hypermethylation of many cytosine (C) sites in 
the gene sequence. The DNA methylation pattern of 
Chuanqiao No.2 changed in the detection regions 1 
and 3, but did not affect the total DNA methylation 
rate.

Fig. 6  CG enrichment and BSP detection in FtNHX1 promoter region

Table 1  BSP primers in the 3-segment detection region of 
FtNHX1 promoter region

BSP Primers Sequence (5′ → 3′)

Detection region 1-F CGA ACA ACT CCA ACA CGT T
Detection region 1-R CCC TAC GTT AAT AAG AGT TCA ATT 

T
Detection region 2-F TTA TGA GAA GAC GTT GTT GTC TCG 
Detection region 2-R CAC CAA TGC TTG TCT TTC TTA ACA 

T
Detection region 3-F GGA GAT GTT AAG AAA GAC AAG 

CAT T
Detection region 3-R AAG TAG AAT CCG TAA GCA CTT TGA 

Table 2  DNA methylation pattern and methylation rate in 
FtNHX1 promoter region

Detection 
region

Methylation pattern Methylation rate (%)

NaCl, 0 h NaCl, 6 h

1 CG 100.00 100.00
CHG 100.00 100.00
CHH 100.00 100.00
Total ratio 13.17 13.17

2 CG 88.89 88.89
CHG 66.67 55.56
CHH 21.43 41.43
Total ratio 7.44 10.77

3 CG 96.15 88.46
CHG 84.21 100.00
CHH 95.83 94.44
Total ratio 19.30 19.30
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4  Discussion

Since DNA methylation mainly occurs in cytosine 
(C), CG in CpG islands is very high, and 70– 80% 
of CpG islands in the genome are methylated, 
affecting various physiological processes of plants 
(Chen 2017; Choi 2020; Galbally et  al. 2020). 
According to the annotations of four databases, the 
genes related to DNA methylation were preliminar-
ily screened. The CpG island in the gene promoter 
region was analyzed by Methy Primer software, and 
FtNHX1 was determined as the gene studied in this 
paper.

DNA methylation and demethylation play an 
important role in plant growth, development and 
resistance to various stresses. Studies have shown 
that Arabidopsis DNA demethylation could activate 
disease resistance genes and improve disease resist-
ance in fungal infected plants (Gehring et  al. 2006; 
Penterman et al. 2007). Demethylation can be divided 
into active demethylation and passive demethyla-
tion. Active demethylation is an active behavior in 
plants, which can be demethylated by 5-azaC treat-
ment (Choi et al. 2002; Zhang et al. 2019b). In these 
studies, it is not enough to only rely on the change of 
gene expression as research evidence, but also need 
the change of gene sequence to improve the accuracy. 
The techniques used in this part include MSAP, MSP 
and BSP. MSAP technology can analyze the pattern 
of DNA methylation through the obtained bands, but 
it cannot analyze the cytosine changes at CG sites of 
specific genes (Peng et al. 2018). MSP and BSP were 
transformed into DNA by bisulfite and then ampli-
fied by PCR. The main differences between them are 
as follows: First, the design principles of primers are 
different. Secondly, MSP technology can only judge 
whether there is DNA methylation in the fragment 
by amplifying strip, while BSP technology can ana-
lyze the changes of CG sites by sequencing (Fu et al. 
2012; Stenz et al. 2018; Zeng et al. 2018). We found 
that the expression of FtNHX1 gene in Chuanqiao 
No.2 was strongly induced by 5-azaC, indicating 
that the expression of FtNHX1 gene in Tartary buck-
wheat was obviously regulated by the level of DNA 
methylation.

In this paper, the changes of cytosine (C) in DNA 
sequence after salt stress for 6  h were detected by 
BSP technology as further evidence. Under salt stress, 
the promoter detection region 2 of FtNHX1 gene in 

Chuanqiao No.2 showed hypermethylation, which 
may inhibit the high expression of salt stress related 
genes, so it is more sensitive to salt stress. However, 
whether this DNA hypermethylation phenomenon 
will affect the expression of FtNHX1 gene needs fur-
ther experiments.
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