
ORIGINAL PAPER

Salt tolerance conferred by overexpression of Arabidopsis
vacuolar Na+/H+ antiporter gene AtNHX1 in common
buckwheat (Fagopyrum esculentum)

Li-Hong Chen Æ Bo Zhang Æ Zi-Qin Xu

Received: 19 September 2006 / Accepted: 16 February 2007 / Published online: 31 May 2007

� Springer Science+Business Media B.V. 2007

Abstract Agriculture productivity is severely af-

fected by soil salinity. One possible mechanism by

which plants could survive salt stress is to compart-

mentalize sodium ions away from the cytosol. In the

present work, transgenic buckwheat plants overex-

pressing AtNHX1, a vacuolar Na+/H+ antiporter gene

from Arabidopsis thaliana, were regenerated after

transformation with Agrobacterium tumefaciens.

These plants were able to grow, flower and accumu-

late more rutin in the presence of 200 mmol/l sodium

chloride. Moreover, the content of important nutrients

in buckwheat was not affected by the high salinity of

the soil. These results demonstrated the potential

value of these transgenic plants for agriculture use in

saline soil.
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Introduction

Buckwheat is a dicotyledonous crop of the Polygon-

aceae family. In general, only two species of

buckwheat, common buckwheat (Fagopyrum

esculentum) and tartary buckwheat (Fagopyrum

tartaricum) are used as food around the world

(Bonafaccia et al. 2003). Buckwheat seeds contain

10–12.5% protein and have high nutritional value

(Greenway et al. 1980). Flavones, flavonoids, sterols,

fagopyrin, and thiamin-binding proteins in buckwheat

seeds possess potential effects in treating some

chronic diseases (Kreft et al. 2006). Flavonoids are

a group of polyphenolic plant secondary metabolites

important for plant biology and human nutrition. In

these compounds, flavonols are potent antioxidants,

and their dietary intake is correlated with a reduced

risk of cardiovascular diseases (Bovy et al. 2002). In

buckwheat, the main component of flavonoids (80%)

is rutin, a flavonol glycoside (quercetin 3-rhamno-

sylglucoside). Rutin can antagonize the increase of

capillary fragility associated with haemorrhagic dis-

ease (Im et al. 2003; Kreft et al. 1999), reduce high

blood pressure (Abeywardena et al. 2001), decrease

the permeability of the blood vessels, reduce the risk

of arteriosclerosis (Wojcicki et al. 1995), have an

anti-oedema effect and antioxidant activity (Holasova

et al. 2001; KrkosKova et al. 2005; Park et al. 2000;

Watanabe 1998). However, buckwheat is a salt-

sensitive glycophyte cereal crop and the growth and

grain yields of buckwheat are significantly affected

by soil salinity. Therefore, cultivation of buckwheat

with higher salt tolerance would produce remarkable

economic and medicinal benefits.

Soil salinity is one of the major environmental

factors limiting agricultural productivity in many
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regions of the world. The reason is that most crop

species are glycophytes, which are usually salt sensi-

tive. High Na+ concentration in the cytosol is detri-

mental to plant growth and leaves are usually more

susceptible to Na+ toxicity than roots. Many metabolic

and physiological processes can be inhibited by high

concentration of Na+ accumulated in the cytoplasm

and possibly also in the nucleus, including the activities

of enzymes and transcription factors (Xue 2002).

Tolerance of some glycophytes to soil salinity is

achieved by either extruding Na+ out of cells or

sequestering Na+ into the vacuole, and Na+/H+ anti-

porters in plasma membrane and tonoplast play a vital

role in these processes. The functions of maintaining

Na+ out from the cytoplasm of plant cells and

maintaining low cytosolic Na+ concentrations under

salinity conditions (Blumwald et al. 2000) is accom-

plished by pumping Na+ either out of cells (plasma

membrane antiporter) or into vacuole (vacuolar anti-

porter) in exchange of H+. Although studies on the

activity of Na+/H+ antiporter in plant cells started as

early as in 1976 (Ratner et al. 1976), only recently,

plasma membrane and vacuolar Na+/H+ antiporter

genes were identified in plants (Apse et al. 1999;

Gaxiola et al. 1999; Shi et al. 2000; Tao et al. 2002). It

has been proposed that compartmentalization of Na+

into the vacuole, through the action of vacuolar Na+/H+

antiporters, provides an efficient mechanism to avert

the deleterious effects of Na+ in the cytoplasm. This

compartmentalization process can also maintain intra-

cellular osmotic potential by the use of Na+ as an

osmoticum to drive water into the cells (Blumwald

et al. 2000). Furthermore, the vacuolar volume of plant

cells can increase during salt stress (Mimura et al.

2003), thus further enhancing the capacity of plant cells

to sequester Na+ into the vacuole.

Improvement of the salt tolerance of crops has

been tackled by traditional breeding (Shannon 1997;

Schachtman et al. 1992). Until recently, with the

development of genetic transformation technology of

many plant species, a new engineering approach by

introduction of a specific gene has been employed to

achieve the potentially radical improvement of plant

salt tolerance. A novel and direct strategy was carried

out by the manipulation of Na+/H+ antiporter genes to

reduce the Na+ level in the vital subcellular sites of

plant cells. Apse et al. (1999) found that the

overexpression of a vacuolar Na+/H+ antiporter gene

from Arabidopsis thaliana, AtNHX1, significantly

enhanced the salt tolerance of transgenic Arabidopsis.

The effectiveness of overexpressing a vacuolar Na+/

H+ antiporter gene in improving salt tolerance has

also been shown in tomato (Zhang and Blumwald

2001), Brassica napus (Zhang et al. 2001), rice (Ohta

et al. 2002), Perennial ryegrass (Wang et al. 2005)

and wheat (Zhe et al. 2004) under greenhouse

experimental conditions. These studies demonstrated

the important role of Na+/H+ antiporters in the salt

tolerance of plants and genetic manipulation of Na+/

H+ antiporter gene can be adopted to increase

agricultural productivity in saline soils.

In vitro regeneration via adventitious shoot organ-

ogenesis represents an ideal alternative, not only for

clonal propagation, but also for genetic transforma-

tion of plants. Studies on plant regeneration of

buckwheat have been conducted (Jin et al. 2002)

and improved by modifying the tissue culture tech-

nique (Chen et al. 2006). However, there is still no

report about genetic transformation in buckwheat.

Further improvement of buckwheat regeneration

system and establishment of a high-efficiency trans-

formation system would make a significant contribu-

tion to buckwheat genetic engineering.

The purpose of this study was to optimize condi-

tions for producing organogenic calli and regenerating

plants from hypocotyls and cotyledon segments, and

to develop an efficient transformation protocol that

can be used for genetic transformation and other

fundamental studies. Meanwhile, we have examined

whether salt tolerance in buckwheat can be improved

by enhancing the level of vacuolar Na+/H+ antiporters.

A vacuolar Na+/H+ antiporter gene from Arabidopsis,

AtNHX1, driven by a constitutive promoter was

introduced into buckwheat via Agrobacterium tum-

efaciens and several parameters were measured for the

evaluation of the salt tolerance of transgenic plants.

Our results showed that the salt tolerances of the

transgenic buckwheat plants over-expressing the Na+/

H+ antiporter gene had dramatically been improved in

comparison with the wild type plants.

Material and methods

Plant material

Seeds of buckwheat cultivar ‘‘PingLiang’’ were

provided by Gan Su Academy of Agricultural
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Science. Plant expression vector pHZX1 harboring

the Na+/H+ antiporter gene (AtNHX1) was kindly

provided by Dr. HX Zhang of National Institute of

Plant Physiology, in Shanghai. The AtNHX1 gene

was under the control of the cauliflower mosaic virus

(CaMV) 35S promoter, and the terminator region

contained the polyadenylation signal of the nopaline

synthetase gene (Nos). The plasmid could be identi-

fied by digestion with BamHI.

Callus induction and plant regeneration

Seeds were surface-sterilized with 70% ethanol for

30 s and then 0.1% HgCl2 for 12 min. After rinsing

four to five times with sterile distilled water, seeds

were placed on MS medium to germinate at

moderate light intensity (1000 lux: 16 h day/8 h

night). The cotyledons and hypocotyls were dis-

sected aseptically from the sterile seedlings (10–

12 days) and cultured in precuture medium con-

taining 2 mg/l 2, 4-D, 1.5 mg/l 6-BA, 600 mg/l

casein hydrolysate (CH) and 300 mg/l yeast extract

(YE) to induce the calli in darkness for 7–12 days.

The well-grown calli were transferred to regenera-

tion medium supplemented with 2.0 mg/L 6-BA,

1.0 mg/L KT, 0.1 mg/L IAA, 600 mg/l CH and

300 mg/l YE and sub-cultured (1000 lux: 16 h day/

8 h night) for 4–6 weeks at 2 week intervals. Green

shoots were transferred onto root-inducing medium

containing 1/2MS, 1.0 mg/L IBA and 0.5 mg/l

NAA and illuminated at 5000 lux. All media were

based on MS with 0.75% agar and 30 g/l sucrose.

The pH was adjusted to 5.8–6.2 prior to autoclaving

at 1218C and 1.2 bars for 25 min.

Effects of acetosyringone (AS)

Agrobacterium tumefaciens strain LBA4404 con-

taining pHZX1 binary vector was used in transfor-

mation experiments. To study the effects of AS on

transformation efficiency, AS was added at differ-

ent transformation stages: A, without AS in trans-

formation process; B, AS was added only in the

incubation process with LBA4404; C, AS was

added in callus preculture, incubation with

LBA4404 and co-culture process. The AS concen-

tration used in all the tests was 200 mmol/L.

Buckwheat transformation

A single colony of LBA4404 was picked into a test

tube containing YEB liquid medium (5.0 g/L Difco

Bacto beef extract, 5.0/L g tryptone, 5.0 g /L sucrose,

1.0 g/L YE, 0.5 g/L Mg2SO4�7H2O, 50 mg/L

kanamycin), and incubated at 27 * 29. 88C with

shaking (200 rpm) overnight. The bacterium suspen-

sion were transferred into 100 ml YEB liquid medium

containing 200 mmol/L AS and cultured for 7 * 8 h

until the density of Agrobacterium (OD600) achieved

0.5 * 0.8. Then the bacteria were pelleted by

centrifugation at 12,000 rpm for 1 min and resus-

pended in AAM liquid medium (MS plus 3% sucrose

and 200 mmol/l AS, pH 5.2), the OD600 was

adjusted to 0.5 * 1.0. Fresh calli precultured for

0 * 4 days were immersed in Agrobacterium

suspension for 8 * 25 min in the dark. Excess

bacteria on the calli surface were removed with

sterilized filter paper and the calli were co-cultured

(preculture medium containing 200 mmol/L AS) at

258C in the dark for 1 * 4 days. Then the infected

calli were rinsed with sterile water for 5 to 6 times,

and subcultured on selection medium (regeneration

medium supplemented with 50 mg/L kanamycin,

200 mg/L cefotaxime) at 2 week intervals. Approx-

imately 6 weeks later, survived shoots were trans-

ferred onto root-inducing medium to induce roots.

PCR and Southern blotting analysis

PCR was adopted to verify the insertion of AtNHX1

gene in the genomic DNA of putative transgenic

p l an t s , w i th a p r imer pa i r o f 5 0-ACT-

CACCTAAACCACGAAGC-3 0 and 5 0-CAGA

CCACCAAATCACAACC-30. Thirty cycles (958C
for 30 s, 538C for 1 min and 728C for 1 min) were

performed using rTaq polymerase (TianWei, China).

Integration of AtNHX1 gene was further confirmed by

Southern blotting analysis. Ten milligram of genomic

DNA of each putative transgenic line was digested

with different restriction endonucleases and separated

by electrophoresis in 1.0% agarose gel, then trans-

ferred to nylon membrane and hybridized with Dig-

labeled AtNHX1 gene probe. The probe was a 1.6 Kb

PCR product of AtNHX1 gene through PCR. The

hybridization was carried out as previously described

(Sambrook et al. 1989).

Transgenic Res (2008) 17:121–132 123

123



RT-PCR analysis of AtNHX1 expression in

transgenic buckwheat

Reverse transcription PCR (RT-PCR) was performed

using total RNA pre-treated with RNase-free DNase I

as described by Li et al. (2004). One microgram of

total RNA from each sample was used in a 10 ml RT

reaction system with oligo dT as primer. One

microlitre of the RT reaction mixture after the

completion of cDNA synthesis was used for ampli-

fication of AtNHX1 in a 20 ml PCR system and the

conditions were as mentioned above.

Northern blotting hybridization

Total RNA for gel-blot analysis was isolated from

putative transgenic plant tissues according to the

method of Li et al. (2004). Fifteen microgram of

RNA was fractionated in 1% (v/v) formaldehyde

agarose gel before transfer to nylon membrane and

hybridization with Dig-labeled AtNHX1 fragment.

Hybridization was performed at 658C in 0.25 mmol/L

sodium phosphate buffer containing 7% (w/v) SDS,

1% (w/v) BSA, 1 mmol/L EDTA and pH 8. Blot was

washed at 658C, twice with 2 · SSC and 0.1% (w/v)

SDS, twice with 0.2 · SSC and 0.1% (w/v) SDS

(1 · SSC = 0.15 mol/L NaCl, 0.015 mol/L sodium

citrate, pH 7), and autoradiographed with an inten-

sifying screen at 378C for 30 min.

Determination of Na+, K+ and proline

concentrations in leaf and root

Different transgenic lines (Tr) and wild-type lines

(CK) of buckwheat were cultured on MS medium for

2 weeks and then treated with MS solution containing

0–200 mmol/l NaCl (0, 50, 100 and 200 mmol/l) for

3 days. Roots were rinsed with distilled water, then

the leaves and roots of each treatment were collected

and dried at 708C. Na+ and K+ concentrations were

measured by atomic absorption spectrum (SOLAR

M6, IRIS Advantage ICP, Instrument, America). The

proline concentrations were determined as described

by Bates et al. (1973). Leaf and root segments were

homogenized with 3% sulfosalicylic acid and the

homogenates were centrifuged at 3,000g for 20 min.

The supernatant was treated with acetic acid and acid

ninhydrin, after boiling for 1 h, the absorbance at

520 nm was determined. Contents of proline are

expressed as mmol g�1 FW.

Determination of rutin concentrations in leaf and

root

Samples were quickly ground to a fine powder using

a mortar that had been dried at 2008C and rutin was

then extracted with 1 ml of methanol per 0.05 mg dry

sample at 508C for 3 h. The centrifuged supernatant

was filtered through a 0.2 mm PTEF membrane

(Iwaki Co. Ltd., Japan) and the filtrate was used for

HPLC (Suzuki et al. 2002).

Analysis of rutin contents in buckwheat roots,

stems and leaves were performed on Waters 2690

separation module (Waters Milford, USA) equipped

with a photodiode array detection system Waters 996.

The column used was a symmetry C18, 5 mm

(150*3.9 mm) from Waters, and the operation

temperature was 258C. The mobile phase consisted

of 0.5% acetic acid in water (eluent A) and of 100%

methanol (eluent B). The gradient program was 6–

50% A and 40–50% B. The injection volume for all

samples was 10 ml. Spectra were recorded from 200

to 450 nm at a flow-rate of 0.2 ml/min (Kim et al.

2004).

Results

Effects of preculture time and explant type on

transformation frequency of buckwheat

As shown in Fig. 1, the transformation frequencies

changed with the preculture time and explant type

were not the same. Explants became more sensitive

for the integration of T-DNA with increased periods

of preculture. The results demonstrated that the

transformation frequencies of cotyledon and hypo-

cotyl explants could be improved by preculture for 1–

2 days in comparison with the explants without

undergoing preculture. The highest transformation

frequencies of cotyledon and hypocotyls were

observed after 2 days preculture. However, along

with prolonged preculture time, the transformation

frequencies decreased. It is possible that the injury to

explants could become serious with long preculture

time decreasing explants’ viability. Besides, the
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explants would wither easily in the absence of a

preculture process. Therefore, only after suitable

preculture, the transformation frequency of buck-

wheat by Agrobacterium could amount to the best.

However, these results were not fit for all the plants.

When Kim et al. (2004) used Agrobacterium to infect

explants of Perilla frutescens, they found that the

transformation frequency without preculture was

much higher than that of the explants which were

precultured for a period of time. Figure 1A also

showed that the transformation frequencies of hypo-

cotyl explants were much higher compared with the

cotyledon explants, suggesting that the sensibility of

explants to Agrobacterium was changeable due to the

difference of cell growth age and physiological state

from different tissue in the same plant.

Effects of the Agrobacterium infection and co-

culture time on transformation frequency of

buckwheat

Two other important factors affecting the transfor-

mation of buckwheat were the time of infection and

co-culture. When the cotyledon segments were

infected with Agrobacterium for 20 min and hypo-

cotyl segments for 25 min respectively, the transfor-

mation frequency of these two explants came up to

the highest (Fig. 1B). The co-culture time was also

very critical to the transformation of buckwheat.

When the explants without undergoing a co-culture

process were directly transferred to the selection

medium, the transformation frequency was very low

since Agrobacterium did not proliferate enough and

would be killed by cefotaxime (Cef) quickly. In

contrast, if the co-culture time was too long, the

transformation frequency would also decrease due to

the serious cell damage caused by Agrobacterium. In

this study, we found that when the time of co-culture

exceeded 2 days, the following inhibition of bacte-

rium would be very difficult and the consequences

included increase of Cef expenditure, pollution of

plant materials and descent of transformation fre-

quency. As shown in Fig. 2A, co-culture for

1 * 2 days with Agrobacterium was suitable for

the transformation of buckwheat explants.

Effects of AS on transformation of buckwheat

hypocotyl callus

Acetosyringone is thought to be the external signal

molecule which can induce expression of vir genes. It

is the key factor in Agrobacterium-mediated trans-

formation of cereal crops. To increase the transfor-

mation frequency of buckwheat, AS was added at

different stages during the process of experiments

(Fig. 2B). High regeneration frequency of resistant

green shoots could be obtained when AS was

supplemented during the incubation of explants with

bacteria and the co-culture processes. But the trans-

formation frequency did not increase significantly

compared with that without AS in the whole trans-

formation process. Moreover, AS is a very expensive

chemical compound, so it was unnecessary to add AS

in the process of buckwheat transformation.

Production of transgenic buckwheat

Mature seeds were sterilized and then cultured on MS

medium for 10 * 12 days. The cotyledons and

hypocotyls were dissected into 1–5 mm and were

Fig. 1 The influence of

preculture time (A) and

effects of infection time

with Agrobacterium (B) on

transformation frequency of

buckwheat
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used as the explants. Explants precultured for 2 days

were infected and co-cultured for 1–2 days with

Agrobacerium on the same medium. Agrobacterium

was eliminated with Cef in subsequent culture

process. The yellowish and non-friable calli formed

after 7–10 days of culture (Fig. 3A). 73.6% of the

calli could turn into yellowish, nodular, and friable

embryonic calli (Fig. 3B) which were capable to

regenerate plants. Calli were then transferred onto the

regeneration medium. Regenerated healthy green

shoots were transferred into rooting medium and

almost all of them generated strong roots in 1–

2 weeks (Fig. 3C). Rooted shoots were adapted for

2 * 3 days by opening the lids of the containers and

then transplanted to soil.

Molecular identification of the transgenic plants

A total of 5 transgenic lines carrying the AtNHX1

gene were identified by PCR amplification of a

559 bp fragment of AtNHX1 (B1–B5, Fig. 4A). Four

independent transgenic lines (B1–B4) were selected

for Southern blotting analysis. Total genomic DNA

was extracted from the leaves of the transformed and

untransformed plants by SDS. The genomic DNA

was digested respectively with EcoRI and HindIII

which cut at a unique site within the T-DNA, and the

pHZX1 plasmid was digested with EcoRI. As shown

in Fig. 4B, the transgenic plants B1–B4 showed

single integration event of the AtNHX1 gene thereby

confirming their transgenic nature. No hybridization

signal was observed in the untransformed sample

(Fig. 4B, lane 2).

The transgenic lines (B1–B5) positive in PCR

identification were selected for expression analysis of

the CaMV 35S promoter-driven AtNHX1 using RT-

PCR and primers specific for AtNHX1 cDNA based

on their relatively high salt tolerance. An AtNHX1-

specific band with the expected size (559 bp) was

amplified from DNase-treated RNA prepared from 1-

week-old seedlings of transgenic lines B1–B5

(Fig. 4C), but not from wild-type line. To analyze

mRNA accumulation of the introduced AtNHX1

gene, five independent transgenic lines (B1–B5) were

detected by RNA gel blot analysis. Northern analysis

showed that the mRNAs of AtNHX1 could be

accumulated effectively in the transgenic buckwheat

plants (Fig. 4D), and mRNA levels varied among

independent transformants.

Determination of Na+, K+ and proline

concentrations in leaf and root of transgenic

buckwheat

One transgenic line (B1) and wild-type plants of

buckwheat were treated with different concentrations

of NaCl. The concentrations of Na+, K+ and proline

in leaves and roots were measured. The Na+ concen-

tration in the leaves and roots of both transgenic and

wild-type plants increased as NaCl concentration

increased. However, at the range of 50–200 mmol/l

NaCl, the transgenic line preserved more Na+ in

leaves (Fig. 5B) and roots (Fig. 5A) than wild-type

plants except in roots treated with 50 mmol/l NaCl.

For example, at 200 mmol/l NaCl, the Na+ concen-

trations in leaves and roots of transgenic line were

Fig. 2 Effects of co-culture

time (A) and AS addition

scheme (B) on

transformation frequency.

(A) Without AS in

transformation process;

(B) Addition of AS in the

incubation stage with

bacteria; (C) Addition of

AS in the preculture,

incubation with bacteria and

the co-culture processes
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7.12 and 4.54 mg/g dry weight (DW), respectively,

while they were only 4.62 and 2.04 mg/g DW

respectively in the wild-type plants. It indicated that

the transgenic line absorbed more Na+ than wild-type

in the same condition. Despite showing high Na+

content in leaves when the transgenic plants were

stressed with 200 mmol/l NaCl, these plants were

able to grow, flower, and set seeds. These results

clearly demonstrated overexpression of the vacuolar

Na+/H+ antiporter could enhance the accumulation of

Na+. It should be noted that although our experiments

were carried out in the greenhouse, our results were

obtained with a relatively low humidity and high light

intensity. The K+ content in roots and leaves of

transgenic line and wild-type plants decreased as the

NaCl concentration increased. Although there were

significant differences between leaves of wild type

and transgenic plants at each NaCl level tested

(Fig. 5D), there was no significant difference between

the transgenic lines and wild-type plants at each NaCl

level (Fig. 5C) in roots. Under the same NaCl

concentration, the leaves and roots of the wild-type

plants contained more K+ than that of transgenic line.

Adaptation of plants to saline environments not only

depends on their ability to avert the toxic effects of

Na+ per se, but also on their ability to overcome salt-

induced injury and it closely related with K+ uptake

and K+ homeostasis. K+ concentrations in plant cells

are kept under homeostatic control with cytosolic K+

concentrations in the order of 100–200 mmol/l. When

Fig 3 Plant regeneration of

transgenic buckwheat. (A)

The yellowish or slight red

loosen calli induced after

15 days from hypocotyl

explants on MS medium

supplemented with 2.0 mg/

L 2,4-D and 1.0 mg/L 6-

BA; (B) Green adventitious

shoots regenerated after

30 days on differentiation

MS medium supplemented

with 2 mg/L 6-BA, 0.1 mg/

L IAA and 1 mg/L KT; (C)

The roots formed after

10 days from adventitious

shoots on 1/2 MS with

1.0 mg/L IBA and 0.5 mg/L

NAA; (D), The transgenic

plants grew vigorously in

the presence of 200 mmol/L

NaCl afer 21 days; (E) The

wild-type plants withered in

the presence of 200 mmol/L

NaCl after 21 days
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exposed to relatively low NaCl concentrations, Na+

can promote growth of many plants at low K+

concentrations in the growth medium. Under high-

salinity conditions, Na+ may displace K+ from its

carrier binding sites and this competition results in

impaired K+ uptake and lower K+ cytosolic concen-

trations. Nevertheless, the growth of the transgenic

plants was not significantly affected by high salinity,

suggesting that K+ nutrition was not compromised in

the transgenic plants. Table 1 showed that the proline

content in transgenic line were higher than wild-type at

each NaCl level both in roots and leaves. Transgenic

plants were stressed with 100 mmol/l NaCl displayed

1.60 (root) and 1.73 (leaf) fold increase in proline

content compared with wild-type plant. The accumu-

lation of proline in response to high salinity has been

well-documented. Proline contributes to osmotic

adjustment, protection of macromolecules during

dehydration, and as hydroxyl radical scavenger.

Salt-tolerance of the transgenic buckwheat plants

One transgenic line (B1) and wild-type buckwheat

plants were transplanted to plastic pots and watered

with a nutrient solution. When the buckwheat plants

grew vigorously, they were irrigated with a nutrient

solution containing 0–200 mmol/L NaCl 21 days

later, the growth of the wild-type and transgenic

buckwheat plants were affected by salt stress, and the

inhibitory effect correlated with NaCl concentration

(Table 2). When the concentration of NaCl amounted

to 200 mmol/L, the wild-type plants gradually

withered and died after 21 days (Fig. 3D–E) whereas

the transgenic lines survived and continued growing.

These results demonstrated that the transgenic line

was less-inhibited by salt stress compared to wild-

type plants, showing that overexpression of the Na+/

H+ antiporter cDNA can indeed improve salt-

tolerance.

Fig. 4 Identification of

transgenic buckwheat.

(A) PCR analysis of

AtNHX1: Ck, wild type

buckwheat were used as

negative control; P, plasmid

control; B1–B5,

independent transgenic

buckwheat lines.

(B) Southern blotting

analysis of transgenic

buckwheat lines: P, plasmid

pHZX1 digested with

EcoRI as positive control;

Ck, wild type buckwheat

digested with EcoRI; B1

and B3, independent

transgenic buckwheat lines

digested with EcoRI; B2

and B4, independent

transgenic buckwheat lines

digested with HindIII.

(C) RT-PCR analysis of

transgenic buckwheat lines:

Ck, wild type buckwheat,

B1–B5, independent

transgenic buckwheat lines.

(D) Northern blotting

analysis of transgenic

buckwheat lines: Ck, wild

type buckwheat; B1–B5,

independent transgenic

buckwheat lines
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Fig. 5 Na+ and K+

concentration in roots (A,
C) and leaves (B, D) of

transgenic and wild-type

buckwheat under different

NaCl concentrations

Table 1 Proline contents in roots and leaves of transgenic and wild-buckwheat under different NaCl concentrations

NaCl

concentration

(mmol/L)

Mean of proline content in

CK root (mmol/gFW)

Mean of proline content in

transgenic root (mmol/gFW)

Mean of proline content

in CK leaf (mmol/gFW)

Mean of proline content in

transgenic leaf (mmol/gFW)

0 5.29 ± 0.3 b 5.39 ± 0.7 b 4.86 ± 0.4 a 5.18 ± 0.5 b

50 7.39 ± 0.6 d 13.12 ± 0.2 g 7.34 ± 0.3 d 9.31 ± 0.7 e

100 6.42 ± 0.1 c 10.27 ± 0.5 e 5.86 ± 0.6 b 10.14 ± 0.3 e

200 6.8 ± 0.3 c 11.19 ± 0.1 f 6.48 ± 0.4 c 11.03 ± 0.2 f

Note: The data in the table represent mean ± S.E. of four replicates

Values followed by different letters are significantly different (P < 0.01)

Table 2 The growth parameters of the wide-type plants and transgenic plants under different NaCl concentrations after two weeks

treatments

Growth parameters Wild-type plants (mmol/L) Transgenic plants (mmol/L)

0 50 100 0 50 100 200

Height (cm) 15.6 ± 2.0 4.9 ± 2.3 3.3 ± 1.2 17.8 ± 3.4 14.9 ± 1.7 15.8 ± 2.3 14.7 ± 3.5

Fresh weight (g) 16.1 ± 0.8 5.3 ± 0.3 2.7 ± 0.5 24.3 ± 1.1 21.4 ± 1.3 22.8 ± 0.9 20.6 ± 0.7
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Determination of rutin concentrations in leaf,

stem and root

Buckwheat is a plant that produces rutin, a compound

known for its pharmacological effects. The following

actions of rutin make it a potential anti-cancer agent.

They include cell cycle regulation, interaction with

type II estrogen binding sites, and tyrosine kinase

inhibition. In addition, rutin appears to be non-toxic

(Davis and Matthew 2000). To investigate the

changes of rutin contents after overexpressing the

vacuolar Na+/H+ antiporter gene of Arabidopsis in

buckwheat, the rutin concentrations of leaves, stems

and roots in both transgenic line and wild-type plant

were measured. The results were showed in Table 3.

The rutin concentrations of leaves, stems and roots in

transgenic line were 6.4, 2.4 and 4.3-fold of the wild-

type plant respectively. Thus, it suggested that the

synthesis of rutin was enhanced in transgenic plants

overexpressing AtNHX1.

Discussion

The improvement of plant salt-tolerance by the

overexpression of a vacuolar Na+/H+ antiporter gene

AtNHX1 from Arabidopsis has been carried out in

dicot species, such as A. thaliana, tomato and

B. napus, cotton and others (Yamaguchi and Blum-

wald 2005). The effects of preculture, addition of AS,

infection, and extent of co-culture time were evalu-

ated by the transformation frequency of explants

infected with A. tumefaciens strain LBA4404 harbor-

ing the plasmid pHZX1. The results showed that

AtNHX1-positive transgenic plants could be regener-

ated effectively from hypocotyl co-cultured for

1*2 days with Agrobacterium after preculture for

2 days and infection for 20*25 min. However,

another factor affecting transformation efficiency,

AS, did not increase the transformation frequency.

The salt tolerance trait in natural wheat genotypes

and many other monocot species is often closely

associated with a low level of Na+ accumulation in

leaves and a high ratio of leaf K+/Na+ content

(Schachtman et al. 1992; Gorham 1990; Gorham

et al. 1990). This is contrary with dicot species, where

there is no apparent correlation between salt tolerance

and the leaf Na+ content (Tester et al. 2003). In this

report, we monitored the Na+ content of buckwheat

treated with NaCl (0–200 mmol/l) and found that the

Na+ content in leaves and roots of the transgenic line

were higher than that of wild-type plant (Fig. 5). And

Na+ mainly accumulated in leaves in comparison

with roots, and the transgenic plants showed

enhanced salt-tolerance compared with the wild-type.

Similar results have also been obtained in Arabidop-

sis thaliana, tomato, Brassica and other plants

overexpressing vacuolar Na+/H+ antiporter gene

AtNHX1 (Yamaguchi and Blumwald 2005). Ohta

et al. (2002) and Fukuda et al. (2004) found that the

salt-tolerance of transgenic rice overexpressing hal-

ophyte (A. gmelini) gene AgNHX1 and rice gene

OsNHX1 was improved in comparison with wild-type

plant under NaCl stress. However, the Na+ content of

leaves increased both in the transgenic and wild-type

plants similarly. These results confirmed that the Na+/

H+ antiporter gene could partially sequester Na+ into

the vacuoles and avert the toxic effects of excessive

Na+ on the cells.

A markedly lower level of K+ accumulation and

K+/Na+ ratio in the leaves of the transgenic lines

under severe saline conditions (200 mmol/l NaCl)

was also observed, compared with the non-transgenic

control. This is likely to be the result of increased Na+

import, because the rate of K+ transport can be

affected by Na+ levels through its competition for K+

binding sites of transport proteins which function in

acquisition of K+ (Blumwald et al. 2000). For

example, wheat transport proteins, HKT1 and

LCT1, capable of transporting K+, can also mediate

the uptake Na+ (Schachtman et al. 1997; Schachtman

et al. 1994) and the competitive interactions of K+

and Na+ for binding to HKT1 has been shown by

Gassmann et al. (1996).

When grown under the same conditons, rutin

concentrations of transgenic buckwheat line were

Table 3 The rutin content of different tissues in buckwheat

Materials Peak area

(mv*sec)

Retention time

(min)

Content

(mg/g)

Root 728300 7.9 2.719

Stem 2270849 7.3 8.250

Leaf 2876894 7.9 9.775

Transgenic root 3657570 7.2 11.740

Transgenic stem 6812629 7.5 19.680

Transgenic leaf 24011620 7.2 62.962
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higher than that of wild-type plant, which indicated

that overexpression of Na+/H+ antiporter gene could

influence rutin metabolism and its possible accumu-

lation in the vacuole. Vacuolar Na+/H+ antiporters

have been shown to have significant effects in

intravesicular trafficking and protein targeting (Sot-

tosanto et al. 2004), and it is possible that the increase

in rutin content was due to the altered homeostasis

brought about by the expression of AtNHX1. There-

fore, when AtNHX1 gene was introduced into buck-

wheat by Agrobacterium, the medical value of

buckwheat would not be affected.

Genetic transformation of many higher plants has

been achieved using several methods, such as silicon

carbide fiber-mediated transformation (Dalton et al.

1998), direct gene transfer to protoplast (Wang et al.

1997), biolistic transformation and others (Cho et al.

2000; Altpeter et al. 2000; Dalton et al. 1999).

However, buckwheat transformation was not

achieved unitl now. In this study, the salt tolerant

gene AtNHX1 was introduced into buckwheat with

Agrobacterum-mediated method, demonstrating the

suitability of buckwheat for genetic transformation.

The salt tolerance of the resultant transgenic buck-

wheat has been improved, suggesting that these

plants could be important for agricultural production

in saline soils or could be irrigated with non-potable

saline water.
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