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ABSTRACT
The genus Vigna contains important crops such as cowpea and mungbean. Wild Vigna showing
higher salt tolerance than Vigna crops were screened and their tolerance mechanisms are dis-
cussed. Primary screening using 7 Vigna crops and 23 wild Vigna under 300 mM NaCl selected
V. luteola, V. marina and V. vexillata. A study under different salt concentrations revealed the
highest survival ability of V. marina. Diversity of salt tolerance in each species was revealed using
a total of 230 accessions. Growth and physiological responses under 150 mM NaCl were then
compared using two selected accessions from each species. The pattern of Na+ accumulation in
roots, stems and leaves suggested that V. vexillata (V1) and V. luteola (L8, L9) are ‘Na+ excluder’
type, while V. marina (M1, M4) is ‘Na+ includer’ type. V. luteola (L8, L9) showed the highest dry
matter production under control condition and well-maintained shoot dry weight under salt stress.
Interestingly, V. luteola (L9) accumulated the highest Na+ in roots (3000 μM g−1) and increased root
dry weight under salt stress, which might work as Na+ reservoir restricting Na+ transition to the
leaves, leading to the increased photosynthetic rate. V. luteola has great potential in areas where
moderate salt damage occurs. V. marina (M1, M4) accumulated Na+ at high level in roots, stem, and
leaves. Under salt stress, they increased stomatal conductance, transpiration rate, and photosyn-
thetic rate, which suggested the adaptational regulation of aquaporin gene expression. V. marina
will be useful as food, pasture and phytoremediation legumes in highly salt-damaged areas.
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Introduction

The genus Vigna is an important taxonomic group for
agriculture, including several food legumes such as cow-
pea, mungbean and azuki bean. The genus Vigna con-
sists of about 100 wild species found in tropical and
subtropical areas (Takahashi et al., 2016). Soil salinity is
a serious problem in food production, because high salt
concentrations in soil prevent plant growth, delaying
maturation and decreasing crop production or causing
withering. According to the Food and Agriculture
Organization (FAO, 2008), more than 800 million hec-
tares of land throughout the world are affected by salt.
NaCl is easily soluble in water and is the major composi-
tion of seawater, the main cause of salt stress. Some wild
Vigna species live in severe natural environments, such
as saline land on sandy beaches, acidic land, and flood-
prone land beside rivers (Tomooka et al., 2014). The wild

Vigna species, with adaptability and resistance to severe
environmental stress, are an interesting genetic resource
for breeding, green manure, and domestication as crops.
Research on crop wild relatives has attracted attention
recently because some wild species have better toler-
ance to environmental stress than crops do.

In this study, three experiments were conducted. In
‘Experiment 1ʹ, salt tolerance of 7 Vigna crop species and
23 wild Vigna species were compared. In ‘Experiment 2ʹ,
intraspecific diversity in salt tolerance was surveyed
using 230 accessions from 3 African wild Vigna species
(V. vexillata, V. luteola, V. marina), which were selected as
high salt-tolerance species in ‘experiment 1ʹ. In
‘Experiment 3ʹ, selected accessions, respectively, from
three wild Vigna species were used to clarify their spe-
cific strategy against salt stress by comparing detailed
growth characteristics under salt stress. We examined
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their growth, Na+ accumulation and physiological
responses under salt stress in a hydroponic environment
to analyze their dry-matter production ability and salt-
tolerance mechanism. Studies of wild genetic resources
closely related to crops will have possibilities of resis-
tance against salt stress that will not be found from
studies of crop varieties, which will be valuable for utiliz-
ing such genetic resources to improve the stress toler-
ance of crops and enhance crop production for foods
and feeds in problem soils where show low crop
productivity.

Materials and methods

(Experiment 1) comparison of Vigna crops and wild
species

Salt tolerance of 7 Vigna crop species (moth bean, azuki
bean, black gram, mungbean, creole bean, rice bean,
cowpea, 9 accessions in total) and 23 wild Vigna species
(31 accessions) were compared (Table 1). The experi-
ment was conducted at the Genetic Resources Center,
NARO in Tsukuba, Japan (36°03′N, 140°10′E). Two plants
per accession without replication (a total of two plants)

Table 1. Salt tolerance of 7 Vigna crop species and 23 wild Vigna species.
Scientific name (crop name) JP No Origina Subgenusb 100 mMc 200 mM 300 mM

Vigna crops
V. aconitifolia (moth bean) 104332 Pakistan C MS S S
V. angularis (azuki bean) 37752 Japan C S S S
V. angularis (azuki bean) 81481 Japan C R S S
V. mungo (black gram) 109668 India C R S S
V. radiata (mungbean) 110830 Thailand C S S S
V. reflexo-pilosa (creole bean) 109684 Philippines C MS S S
V. umbellata (rice bean) 99485 Japan C MS S S
V. umbellata (rice bean) 217439 Myanmar C S S S

African Vigna crop (subgenus Vigna)
V. unguiculata (yardlong bean) 81610 Sri Lanka V R MS S

Wild Vigna accessions

Asian wild Vigna species (subgenus Ceratotropis)
V. angularis 87910 Japan C S S S
V. angularis 226665 Laos C MR S S
V. angularis 110658 Japan C MS S S
V. aridicola 205894 Sri Lanka C MR S S
V. dalzelliana 210811 Myanmar C MR S S
V. exilis 205884 Thailand C MR S S
V. grandiflora 107862 Thailand C S S S
V. hirtella 109681 Thailand C MS S S
V. hirtella 220131 Laos C S S S
V. minima 107869 Thailand C R S S
V. mungo 107874 India C MR S S
V. nakashimea 107879 Korea C S S S
V. nepalensis 107881 Nepal C MS MS S
V. radiata 107877 Madagascar C MS S S
V. radiata 226874 PNG C S S S
V. reflexo-pilosa 108867 Japan C R S S
V. riukiuensis 108810 Japan C R MS MS
V. stipulacea 205892 Sri Lanka C R MS S
V. subramaniana 229284 India C MR S S
V. subramaniana 110836 India C R S S
V. tenuicaulis 109682 Thailand C MR S S
V. tenuicaulis 227438 Myanmar C S S S
V. trilobata 205895 Sri Lanka C MR MR MR
V. trinervia 108840 Thailand C MS S S
V. umbellata 109675 Thailand C MR S S
V. umbellata 210644 Thailand C S S S
V. umbellata 210639 Thailand C MS S S

African wild Vigna species (subgenera Plectrotropis and Vigna)
V. vexillata 230747 PNG P R MS MS
V. unguiculata 89083 Nigeria V R MS S
V. luteola 230741 PNG V R MR MS
V. marina 201540 Japan V R R R

a Origin, PNG: Papua New Guinea
b Subgenus, C: Ceratotropis, P: Plectrotropis, V: Vigna
c100 mM: 100 mM NaCl for 2 weeks, 200 mM: 200 mM NaCl for 2 weeks,
300 mM: 300 mM NaCl for 2 weeks.
R (Resistant) = No leaves wilted, MR (Moderately Resistant) = 1–25% of leaves wilted, MS (Moderately Susceptible) = 26–50% of leaves wilted,
S (Susceptible) = 51–100% of leaves wilted.
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were grown in plastic pots (7 cm in diameter × 9 cm in
height) under natural light condition in a greenhouse
from June in 2008. The soil used in the pot was KUREHA-
Engei-Baido (KUREHA Inc, Japan). Twenty-one days after
sowing, an adequate amount of salt solutions was
applied in the pool and then the pots were immersed
for 2 weeks. Three concentrations of salt solutions (100,
200 and 300 mM NaCl) were used. Tolerance was eval-
uated at 2 weeks after treatment started. Average of two
plants was visually scored by percent of wilted leaves as
follows: R (Resistant) = No leaves wilted, MR (Moderately
Resistant) = 1–25% of leaves wilted, MS (Moderately
Susceptible) = 26–50% of leaves wilted, S (Susceptible)
= 51–100% of leaves wilted (Table 1).

(Experiment 2) intraspecific variations in three wild
Vigna

(Experiment 2–1) survivability under different NaCl
concentrations
Eleven accessions of V. vexillata, five accessions of V. luteola
and nine accessions of V. marina were used to clarify
survivability of each species under different NaCl concen-
trations (Supplementary Table 1). Two plants per accession
with two replications (a total of four plants) were grown in
plastic pots (7 cm in diameter × 9 cm in height) under
natural light condition in a greenhouse from June in 2009.
The soil used in the pot was KUREHA-Engei-Baido (KUREHA
Inc, Japan). Twenty-one days after sowing, an adequate
amount of salt solutions was applied in the pool and then
the potswere immersed for 4weeks. Five concentrations of
salt solutions (200, 250, 300, 350 and 400 mM NaCl) were
used. Tolerance was evaluated at 1-week interval until 4
weeks after treatment started. Average of two plants (with
two replications) was visually scored by percent of wilted
leaves as follows: R (Resistant) = 0–24% of leaves wilted, MR
(Moderately Resistant) = 25–49% of leaves wilted, MS
(Moderately Susceptible) = 50–74% of leaves wilted,
S (Susceptible) = 75–100% of leaves wilted.

(Experiment 2–2) diversity of salt tolerance within
each species
One hundred thirty accessions of V. vexillata, 50 accessions
of V. luteola and 50 accessions of V. marina were used to
clarify the diversity of salt tolerance within each species
(Supplementary Tables 2–1, 2–2, 2–3). Twoplants per acces-
sion were sown in plastic pots with KUREHA-Engei-Baido
supported and kept in greenhouse for 7 days. Each plant
was transplanted to a hydroponic culture in greenhouse
from August 2009. One culture pool (62.5 cm × 100 cm ×
17 cmheight) contained 64plants (8 ×8plants). The culture
pool contained diluted nutrient solution of a 1:1 ratio of
Otsuka house No. 1 (1.5 g/L): Otsuka house No. 2 (1 g/L)

(Otsuka Chemical Co., Osaka, Japan: N, P, K, Ca and Mg =
18.6, 5.1, 8.6, 8.2 and 3.0 mEq/L, respectively). The nutrient
stock solution was diluted to reach EC at 100 mS/m with
water. Four days after transplanting, salt stresswas initiated.
NaCl concentrations were different for each species. Salt
stress treatments were applied for 8 weeks with the gradu-
ally increasing NaCl concentrations. Based on the surviva-
bility to different salt concentrations revealed in Experiment
2–1, different concentrations of salt stresseswere applied to
each Vigna species. For V. vexillata, salt stress was started at
50mM NaCl for 3 days, followed by 150 mM for 4 days,
250mM for 3weeks, and 350mM for 4weeks. For V. luteola,
salt stress was started at 50mMNaCl for 3 days, followed by
150 mM for 4 days, 300 mM for 3 weeks, and 400 mM for 4
weeks. For V. marina, salt stress was started at 100mMNaCl
for 3 days, followed by 200 mM for 4 days, 350 mM for 3
weeks, and 500mM for 4 weeks. Average of two plants was
visually scored by percent of wilted leaves as follows:
R (Resistant) = 0–24% of leaves wilted, MR (Moderately
Resistant) = 25–49% of leaves wilted, MS (Moderately
Susceptible) = 50–74% of leaves wilted, S (Susceptible) =
75–100% of leaves wilted.

(Experiment 3) growth and physiological responses
of three Vigna species

Plant materials and NaCl treatment
Six accessions of three Vigna species which showed high
level of tolerance or interesting growth response were
used, V. vexillata ‘V1ʹ (JP202334) and ‘V5ʹ (JP235869),
V. luteola ‘L8ʹ (JP233389) and ‘L9ʹ (JP236246), and
V. marina ‘M1ʹ (242,349) and ‘M4ʹ (JP247220).

The experiment was conducted in a greenhouse under
natural light and temperature conditions at the Graduate
School of Bioresources, Mie University, Tsu, Japan
(34º44.666N, 136º31.322E), in August and September of
2013. The daily mean air temperature conditions at the
site were 23.3°C to 33.1°C during the experiment. The
seeds were washed with a solution of 70% ethanol and
5% sodium hypochlorite and rinsed well with distilled
water. The cleaned seeds were scratched on the seed
coat for stimulation of germination and then germinated
on the surface of tap water in plastic baskets.

About 1 week after germination, the seedlings were
transplanted into a hole in a forming polystyrene board
and placed on a plastic container (55 × 85 × 21 cm) filled
with 60 L of Kimura A culture solution containing (mM) 0.36
(NH4)2SO4, 0.57 K2SO4, 0.73 MgSO4, 1.10 KNO3, 0.36 KH2

PO4, 0.36 Ca (NO3), and 0.03 FeO3 (Baba & Takahashi, 1958).
Four days after transplantation, salt treatment was started
with renewed culture solution including 50 mM NaCl; 2
days later, the concentration of NaCl was increased from 50
to 100mM, and then 2 days later, the concentration of NaCl
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was increased from 100 to 150 mM to reduce osmotic
stress. The plants were then grown there for 15 days until
the end of the experiment. For the control group, a culture
solution without NaCl was used. The culture solution was
adjusted to pH 6.5 by 1N KOH or 1N H2SO4, and the culture
solution was changed every 3 days during the treatment.
Formerly, we have observed that Vigna plants showed
preferable growth without aeration in hydroponics. Thus,
we compared the growth of Vigna species with and with-
out aeration in hydroponics and confirmed that they
showed preferable growth without aeration (Marubodee,
Chakhatrakan & Ehara, 2012). Considering our previous
results, we did not set aeration system in the hydroponics
in this experiment.

Measurement of the photosynthetic rate
The photosynthetic rate of an expanded leaf on the
top of the plant was measured at day 13 of the NaCl
treatment using a portable photosynthetic meter
(SPB-H4, SHIMADZU, Japan). The photosynthetic rate
was measured at photosynthetically active radiation
of 1300–1500 μmol m−2 s−1, simulating fine seasonal
weather, using a light source device (LG-PS2,
OLYMPUS, Japan). The SPAD value was measured on
the leaves of each accession to measure the photo-
synthetic rate in the control and the NaCl-treated
plant using a chlorophyll meter (SPAD-502, KONICA
MINOLTA, Japan) on the last day of NaCl treatment.

Measurement of plant growth and growth analysis
The plants of each accession, both the control and NaCl
treated, were sampled twice: at transplantation and at
the end of NaCl treatment. Plant samples were rinsed
with tap water and then cut into three parts: roots,
stem (stem + petioles), and leaves. The total leaf area
was determined by scanning the leaves of each plant into
image data, and the data were then analyzed with the
program software (Scion Image, USA). The dry matter
weight was obtained after drying the divided plants at
70°C for 3 days. Growth analysis was conducted in accor-
dance with the protocol of Kevet, Ondok, Necas and
Jarvis (1971) to determine the relative growth rate
(RGR), net assimilation rate (NAR), leaf area ratio (LAR),
leaf weight ratio (LWR), and specific leaf area (SLA) on the
days between transplantation and the end of treatment.

Ion concentrations in the different plant parts
The dried samples, which were ground into a powder,
were burned to ashes at 450°C for 8 h in an electric
muffle furnace (FO300, Yamato, Japan) and then
extracted with 1N HNO3. In this extract, the Na+ and K+

concentration in each plant part was detected using ion
chromatography with a conductivity detector (IC-C4,

CDD-6A, SHIMADZU, Japan) (Yoshida et al., 2016).
Oxalic acid (3.3 mM) was used as the mobile phase.
The mobile phase was degassed by the degasser (DGU-
12A) and pumped with a liquid chromatograph pump
(LC-9A) at a speed of 1 μL min-1. This mobile phase was
flown to the auto-injector (SIL-6B) and mixed with 10 μL
of plant sample solutions after diluted appropriately. The
ion concentrations were detected through the analytical
column (IC-C4) in the column oven (CTO-10A) at 40°C,
and the results were printed by a chromatopac (C-R6A).
The standard ion solution was used for calibration and
for calculation of the correct ion concentrations of the
plant sample solutions.

Statistical analysis
A statistical analysis was performed for the growth para-
meters by t-test for between the control and the NaCl-
treated plants of each accession and for ion concentrations
by a Tukey’s honestly significant difference test among
different plant parts using the SPSS (IBM SPSS
Statistics, USA).

Results

(Experiment 1) comparison of Vigna crops and wild
species

All of the six Asian Vigna crop species (moth bean, azuki
bean, black gram, mungbean, creole bean and rice bean)
were susceptible (S) under 200 mM NaCl stress for 2
weeks (Table 1). African Vigna crop species (cowpea)
were moderately resistance (MS) under 200 mM stress.
Under 300 mM stress, all of the Vigna crop species (seven
species) were susceptible (S) (Table 1). On the other
hand, five wild Vigna species (V. riukiuensis, V. trilobata,
V. vexillata, V. luteola, V. marina) showed higher levels of
tolerance than Vigna crop species, evaluated as either
moderately susceptible (MS), moderately resistance (MR)
or resistance (R) (Table 1).

(Experiment 2) intraspecific variations of three wild
Vigna species

(Experiment 2–1) survivability under different NaCl
concentrations
Among five wild Vigna species which showed higher salt
tolerance than Vigna crops, three African wild Vigna
species (V. vexillata, V. luteola, and V. marina) were
used in Experiment 2 and their salt-tolerance levels
were clarified (Supplementary Table 1). Most V. vexillata
accessions were susceptible (S) under 200 mM NaCl for 4
weeks and could not tolerate higher salt concentrations.
In contrast, most V. marina accessions were resistant (R)
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under 300 mM NaCl for 4 weeks. Even under 400 mM
NaCl for 4 weeks, no V. marina accession became wilted
(S). V. luteola accessions showed intermediate level of
salt tolerance. Some V. luteola accessions could survive
under 250 mM NaCl for 4 weeks.

(Experiment 2–2) diversity of salt tolerance within
each species
Diversity of salt tolerance within each species was exam-
ined under different concentrations of salt stress, i.e.
250 mM (first 4 weeks) to 350 mM NaCl (next 4 weeks)
for V. vexillata, 300 mM to 400 mM NaCl for V. luteola,
and 350 mM to 500 mM NaCl for V. marina (Figure 1).
Under each salt stress condition, the percentage of sus-
ceptible accessions (S) gradually increased. At the end of
first 4 weeks salt stress treatment, 74.6% of V. vexillata,
34.0% of V. luteola, and 2.0% of V. marina accessions
became wilted (S). At the end of next 4 weeks salt stress
treatment, most accessions of V. vexillata and V. luteola
(96.9% and 90.0%, respectively) became wilted (S). On
the other hand, only 36.0% of V. marina accessions
became wilted (S) at the end of stress treatment
(350 mM for 4 weeks and 500 mM for the next 4 weeks).

Response of each accession in each species during 8
weeks' salt stress treatment was listed in Supplementary
Tables 2–1 (V. vexillata), 2–2 (V. luteola), and 2–3
(V. marina).

(Experiment 3) growth and physiological responses
of three Vigna species

Effect of NaCl treatment on dry-matter production
Most of the V. vexillata (V5) plants died under 150mMNaCl
treatment for 15 days and were considered salt-sensitive

types (Table 2). There was no dead plant in the other five
accessions of three Vigna species with 150 mM NaCl treat-
ment until day 15; therefore, these accessions were consid-
ered tobe salt-resistant (Table 2). The total dryweight of the
salt-treated plants in V5 was the dry weight of dead plants.

Dry-matter production under non-stress condition
Among the five tolerant accessions, the total dry weight
of the control plants was highest in L8 (0.79 g), followed
by L9 (0.54 g) of V. luteola and V1 (0.46 g) of V. vexillata
(Table 2). M1 and M4 of V. marina showed comparatively
small control plant total dry weights of 0.33 g and 0.35 g,
respectively, which meant they had the lowest dry-
matter production rate among the three species. In
a comparison of dry-matter partitioning of the control
plants, V. marina distributed dry matter largely to leaves
(56–60%) and less to the stem (26–29%) (Table 3). In the
case of V. luteola, the dry-matter distribution to leaves
was lower (46–48%) and was comparatively high to the
stem (41–44%). V. vexillata showed intermediate dry-
matter partitioning compared to the other two species.

Ability to maintain dry-matter production under salt
stress condition
The total dry weight of the salt-treated plant relative to
the control (data were shown as percent of control) was
highest in accessions of V. luteola (L8: 66%; L9: 71%),
followed by the accessions of V. marina (M1: 61%; M4:
53%) (Table 1). The accession of V. vexillata (V1) was highly
affected by the NaCl treatment, and its relative total dry
weight was 32%. In all accessions, shoot dry weight reduc-
tion was severer (29–66%) than root dry weight reduction
(59–115%) (Table 2). V. luteola could maintain highest
shoot dry-matter production (L8: 64%; L9: 66%), followed
by V. marina (M1: 57%; M4: 50%). In case of V. vexillata
(V1), its shoot growth was depressed to 29%.

The relative root dry-matter production was high in
V. luteola (L8: 83%; L9: 115%) and V. marina (M1: 83%;
M4: 73%). V. luteola (L9) increased root dry weight and
the maximum root length (Table 2 and Figure 2).
V. vexillata (V1) root growth was highly suppressed,
and its relative root dry weight was 59%.

Growth analysis to clarify the factors to maintain
dry-matter production
The growth analysis was conducted to reveal the factors to
maintain dry-matter production of each accession under
a saline condition (Figure 3). The relative growth rate (RGR),
expressed as a percentage of the control showed the same
tendency as relative dry matter production, i.e. the highest
in the accessions of V. luteola (L8: 87%; L9: 88%), followed
by those of V. marina (M1: 82%; M4: 77%) and that of the
accession of V. vexillata (V1) was the lowest (69%).
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Figure 1. Intra-specific diversity of salt tolerance indicated as
change in percent of susceptible accessions within three wild
Vigna species.
One hundred thirty accessions of V. vexillata, 50 accessions of V. luteola and
50 accessions of V. marina were used. Salt tolerance was examined under
different concentrations of salt stress, i.e. 250 mM (First 4 weeks) to 350 mM
NaCl (Next 4 weeks) for V. vexillata (▲), 300 mM to 400 mM NaCl for
V. luteola (■), and 350 mM to 500 mM NaCl for V. marina (●).
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The RGR can be divided into two parameters: the net
assimilation rate (NAR: physiological factor) and the leaf
area ratio (LAR: morphological factor). In the accessions
of V. luteola (L8: 102%; L9: 123%) and V. marina (M1:
113%; M4: 98%), NARs were maintained or even became
higher under salt stress condition. In contrast, LARs of
V. luteola (L8: 85%, L9: 72%) and V. marina (M1: 73%, M4:
79%) decreased with NaCl treatment (Figures 3 and 4).
These data indicated the leaves of V. luteola and
V. marina did not suffer physiological damage but leaves
morphogenesis was affected by salt stress. In case of
V. vexillata (V1), the salt treatment affected both NAR
and LAR (75% and 78%, respectively), indicated leaves of
this accession were suffered both physiologically and
morphologically.

The decreases in LARs of all accessions were based on
the decrease of the specific leaf area (SLA) under the NaCl
treatment (M1: 73% – L8: 88% as a percentage of the
control), which meant that the leaves became thicker and
the leaf area expansion was depressed. The change in
leaf weight ratio (LWR) with the NaCl treatment was
negligible in V. marina (M1: 100%; M4: 95%), V. luteola
(L8: 97%), and V. vexillata (V1: 104%). In the accession of

V. luteola (L9), the LWR decreased slightly to 91% and the
root dry weight increased under the NaCl treatment.

Physiological responses in leaves under salt
stress

To clarify the physiological responses in leaves under salt
stress, the photosynthetic rate, stomatal conductance,
transpiration rate, and SPAD (soil plant analysis develop-
ment) value (index of chlorophyll content) of each leaf
were measured (Figure 5).

Comparison of leaf physiological characters under
non-stress condition

Under non-stress condition (the control plants), the
V. marina accessions showed somewhat specific leaf
physiological characteristics compared with V. luteola
and V. vexillata accessions (Figure 5, white bars). The
V. marina accessions showed lower photosynthetic
rate, nearly half that of the other species, and a higher
transpiration rate (Figure 5(a,b)). There were no distinct
differences in the stomatal conductance and chlorophyll
content (SPAD values) among accessions of V. marina,
V. luteola and V. vexillata (Figure 5(c,d)).

The effect of NaCl stress

The photosynthetic rate tended to increase in V. marina
(M1: 132%, M4: 121%) and V. luteola (L9: 125%), while it
decreased in V. luteola (L8: 86%) and V. vexillata (V1:
91%) (Figure 5(a)). V. marina (M1, M4) showed an
increase in the transpiration rate (M1: 135%, M4: 177%)
and stomatal conductance (M1: 128%, M4: 160%) with
NaCl treatment (Figure 5(b,c)). On the other hand, the
transpiration rate and stomatal conductance both
decreased in V. luteola (L8: 87% for transpiration and
82% for stomatal conductance, L9: 88% and 86%) and
remarkably decreased in V. vexillata (V1: 65% and 53%).

Table 3. Dry-matter partitioning of leaf, stem and root
as percent (%) in the control and NaCl-treated plants.

Species Acc. Evaluation Plot

Leaf Stem Root

– – – – – – % – – – – – –

V. vexillata V1 Resistant Control 53 38 9
Treated 56 ** 27 ** 17 **

V5 Sensitive Control 52 37 11
Treated 35 41 24 **

V. luteola L8 Resistant Control 48 42 10
Treated 46 ** 41 13 **

L9 Resistant Control 47 42 11
Treated 42 ** 40 18 **

V. marina M1 Resistant Control 60 26 14
Treated 61 20 ** 19 **

M4 Resistant Control 56 29 15
Treated 52 ** 26 21 **

Asterisks indicate significant difference between the control and the treated
plants at the 0.01 probability level.

Table 2. Comparison of dry-matter weight between the control and NaCl-treated plants.
Species Acc. Evaluation Plot Leaf DW (g) Stem DW (g) Root DW (g) Shoot DW (g) Total DW (g)

V. vexillata V1 Resistant Control 0.25 0.17 0.04 0.42 0.46
Treated 0.08 ** (34%) 0.04 ** (23%) 0.03 ** (59%) 0.12 ** (29%) 0.15 ** (32%)

V5 Sensitive Control 0.23 0.17 0.05 0.40 0.45
Treated 0.01 ** (6%) 0.02 ** (10%) 0.01 ** (20%) 0.03 ** (8%) 0.04 ** (9%)

V. luteola L8 Resistant Control 0.38 0.33 0.08 0.71 0.79
Treated 0.24 ** (63%) 0.22 ** (65%) 0.07 * (83%) 0.45 ** (64%) 0.52 ** (66%)

L9 Resistant Control 0.25 0.22 0.06 0.47 0.54
Treated 0.16 ** (63%) 0.15 ** (69%) 0.07 (115%) 0.31 ** (66%) 0.38 ** (71%)

V. marina M1 Resistant Control 0.20 0.09 0.04 0.28 0.33
Treated 0.12 ** (62%) 0.04 ** (46%) 0.04 (83%) 0.16 ** (57%) 0.20 ** (61%)

M4 Resistant Control 0.19 0.10 0.05 0.29 0.35
Treated 0.10 ** (50%) 0.05 ** (49%) 0.04 * (73%) 0.14 ** (50%) 0.18 ** (53%)

Data are the mean value of n = 10, and n = 4 (V5 (Treated)). Numerals in the parenthesis of the treated rows express the percent of each control. Asterisks
indicate significant difference between the control and the treated plants at the 0.01 (**) or 0.05 (*) probability level.
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The SPAD value increased significantly with NaCl treat-
ment in all of the accessions (Figure 5(d)).

Mechanism of salt tolerance

Na+ absorption and accumulation

Two patterns of Na+ absorption and accumulation
were observed. In V. luteola (L8, L9) and V. vexillata
(V1), the concentration was highest in the roots, fol-
lowed by the stem and the leaves (roots > stem >
leaves) (Figure 6(a)). The Na+ concentration in the
roots of V. luteola (L9) was extremely high, up to
2814 μM. By this filtering, the Na+ concentrations in
the leaves were lower than 1500 μM in V. luteola (L8,
L9) and V. vexillata (V1). In contrast, the Na+ concen-
tration of V. marina (M1, M4) tended to be high in
the stem and leaves rather than in the roots (roots <
stem = leaves); the value was about 2500 μM and
2000 μM in the stem and leaves, respectively.
However, V. marina did not show leaf death and
could maintain physiological activities, such as the
photosynthetic rate and transpiration rate in Na+

accumulated leaves (Figure 5(a,b)). For wilted acces-
sion, V. vexillata (V5), the Na+ concentration was
higher in the stem and leaves than in the roots
(roots < stem = leaves) being over 2000 μM in the
leaves.

K+ absorption and accumulation

The K+ concentration decreased to around half with the
NaCl treatment, and its difference in the various plant
parts was negligible among un-wilted accessions (Figure
6(b)).

Na+/K+ ratio

In un-wilted accessions, Na+/K+ ratio values in the roots
were lower than those in the top part 4 (Figure 6(c)).
Na+/K+ ratio values in the stem were conspicuously high
in V. marina (M1, M4) (Figure 6(c)). Besides, the Ca2+

concentration was tended to be high in the leaf and
low in the roots in the accessions (Figure 6(d)).

Discussion

Evaluation method of salt tolerance

In this experiment, V. vexillata (V1) showed
a comparatively low maintenance ability of dry-matter
production, down to a 30% relative total dry weight
(Table 2), which was lower than that in V. marina (M1,
M4) and V. luteola (L8, L9). The physiological activities
of the V. vexillata (V1) leaf, such as NAR, decrease to
75% (Figure 3(b)), and an apparent decrease in stoma-
tal conductance and transpiration rate (Figure 5(b,c))

M1L8 L9V5 M4

5cm

V1

Control

M1L8 L9V5 M4

5cm

V1

Treated

Figure 2. Comparison of the root between the control and NaCl-treated plants in each accession.
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was found as compared with M1, M4, L8, and L9. On
the contrary, according to Iseki, Takahashi, Muto, Naito
and Tomooka (2016), V. vexillata (V1) was classified into

the highest salt-tolerance group I. Iseki et al. (2016)
reported that the maintenance ability of dry-matter
production in V. vexillata (V1) was about 45% relative
total dry weight, which was at the same level as
V. luteola (L8, L9) after 200 mM NaCl treatment for 2
weeks. Furthermore, the physiological activity of the
leaf expressed as the relative quantum yield in
V. vexillata (V1) was also maintained at the same level
as that in V. luteola (L8, L9).

The cause of the different tendency in salt-tolerance
evaluation between our current result and the former
report (Iseki et al., 2016) was not clear, though we point
out a possibility that the different experimental condi-
tions led to the different tendencies. Although Iseki et al.
(2016) conducted the evaluation of plants grown in a pot
filled with soil and soaked in a salt solution, we con-
ducted the current experiment in a hydroponic system.
Yoshida et al. (2016) also reported an example of the
different tendency between the results from a soil cul-
ture and a hydroponic culture. In their case, Vigna naka-
shimae was evaluated as highly salt tolerant in a soil
culture, but that classification was lowered for the result
in a hydroponic culture.

In light of the former report and our current study, we
should discuss the result of the salt-tolerance evaluation,
keeping in mind the possibility that a highly salt-tolerant
accession evaluated in a soil culture may be recognized
as sensitive in a hydroponic culture. Yoshida et al. (2016)
evaluated salt tolerance of many accessions in both
a soil culture and a hydroponic culture and reported
that most of the results from the two different culture
systems corresponded. Actually, the highly salt-tolerant
accessions evaluated in the hydroponic culture showed
high salt tolerance in the salt-affected field damaged by
the tsunami of the Great East Japan Earthquake (Soma,
Fukushima, Japan) (Yoshida et al., 2016). Considering
these facts, the result of the salt-tolerance evaluation in
a hydroponic culture can be employed to conduct
a screening for production in a real field.

Potential use of salt-tolerant accessions in saline
land

Vigna vexillata
There are plenty of previous reports about the excellent
tolerance of wild V. vexillata against diseases such as
powdery mildew (James & Lawn, 1991), cowpea mottle
virus (Ogundiwin, Thottappilly, Aken’Ova, Ekpo &
Fatokun, 2002; Thottappilly, Ng & Rossel, 1994), against
pests such as cowpea weevil (Vincenzo et al., 2005), pod
borer (Jackai, Padulosi & Ng, 1996) and environmental
stresses such as waterlogging (Miller & Williams, 1981),
acid soils (United States of America. National Research
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Council (NRC), 1979) and alkaline soils (Lawn & Cottrell,
1988; Lawn & Watkinson, 2002), hence this species has
attracted attention as a genetic resource for cowpea
breeding programs. Its genetic diversity revealed by
SSR analysis is extra-ordinary high (Dachapak, Somta,
Poonchaivilaisak, Yimram & Srinives, 2017).

Tubers of wild V. vexillata have been used as protein-rich
food in Ethiopia and Sudan (Duke, 1981), eastern andnorth-
ern Indian Himalayas (the United States of America.
National Research Council (NRC), 1979; Sasikumar &
Sardana, 1988) and in Australia (Lawn & Cottrell, 1988). It
has been used also as a forage crop in African countries
(Maxted et al., 2004; Vanderborght, 1989) and in Australia
(Miller & Williams, 1981). In this study, V. vexillata (V1) was
revealed to have higher salt tolerance than all the Vigna
crops. It is therefore considered that V. vexillata has high
potential as food and/or pasture crop in lands where the
major Vigna crops cannot grow because of various environ-
mental problems.

A domesticated strain of V. vexillata called tuber cow-
pea was recently discovered in Bali, Indonesia, where
local farmers still cultivated tuber cowpea mainly to
produce high protein edible tubers (Dachapak et al.,
2018; Karuniawan, Iswandi, Heinzemann & Grüneberg,

2006). According to Iseki et al. (2016), the tuber cowpea
(Bali) is highly sensitive to salt stress. Consequently,
V. vexillata (V1) was considered a promising material to
improve the salt-tolerance of Bali cultivars.

Vigna luteola
In this study, the salt-tolerant accessions of V. luteola (L8,
L9) showed the highest rate of shoot dry-matter produc-
tion under the non-stress condition and the best ability
of shoot dry weight maintain ability (66% and 71%,
respectively) under the salt stress condition (Table 2).
Based on such results, V. luteola (L8, L9) were considered
to be the most suitable and useful for forage production
in salt-affected fields. Actually, V. luteola has been used
for pasture production in Australia, and cv. Dalrymple
was released. This cultivar showed high flood tolerance
under short-term (17 days) and long-term (6 months)
waterlogging treatment (Miller & Williams, 1981;
Whiteman, Seitlheko, Siregar, Chudasama & Javier,
1984). Therefore, the salt-tolerant accessions of
V. luteola (L8, L9) have great potential to be used as
genetic materials to improve salt tolerance of V. luteola
cv. Dalrymple.
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Vigna marina
In this study, V. marina accessions showed the highest
survivability under high NaCl concentrations based on
soil pot experiment (Supplementary Table 1). In this
experiment, even under 400 mM NaCl for 4 weeks, no
V. marina accession became wilted (S). In a hydroponic
experiment using 50 accessions each of V. marina and
V. luteola, the percentage of dead plants in V. luteola was
34% under 300 mM NaCl treatment for 4 weeks and only
2% in V. marina under a higher salt concentration,
350 mM NaCl, for 4 weeks (Figure 1). Therefore, it is
clear that salt-tolerant accessions of V. marina, rather
than V. luteola, will be able to maintain dry-matter pro-
duction in highly salt-damaged areas.

In addition, as shown in this study, the salt-
tolerant accessions of V. marina could accumulate
a comparatively high level of salt, up to 2500 μM
Na+, evenly in leaves, stem, and roots and could
maintain the physiological activity of the leaf.
Considering these characteristics of V. marina, this
species is promising as phytoremediation plant in
a saline field. V. marina is a legume distributed in
sandy beaches and has evolved symbiosis with root
nodule bacteria which show higher salt tolerance
than its host plant, V. marina (Elanchezhian,
Rajalakshmi & Jayakumar, 2009). The use of legume-
rhizobial symbiosis for phytoremediation would allow
faster plant coverage without expensive artificial
nitrogen fertilization of the soil (Checcucci,
Bazzicalupo & Mengoni, 2017). It is worth to point
out that V. marina has been cultivated as a food crop
on Foah Mulaku island and Gamu island in the
Maldives (Mehra & Ibrahim, 1989). Therefore, the uti-
lization of both salt-tolerant edible V. marina and salt-
tolerant root nodule bacteria together is recom-
mended for phytoremediation (Tug & Yaprak, 2017).

Salt-tolerance mechanisms

There are three types of salt-stress tolerance mechanisms:
(1) tolerance to osmotic stress, (2) Na+ exclusion from the
leaf blade (excluder type in this study), and (3) tissue
tolerance (includer type in this study) (Levitt, 1980;
Munns & Tester, 2008). According to the Na+ accumulation
pattern in different plant parts in this study, V. vexillata
(V1) and V. luteola (L8, L9) tended to have developed
excluder type mechanism, the ability to exclude Na+

from the leaf blade, and V. marina (M1, M4) tended to
have developed includer type mechanism with tissue tol-
erance. In this study, some interesting responses against
salt stress were observed in V. luteola (L9) and V. marina
(M4, M5) and these will be discussed in detail below.

Response of Vigna luteola (L9)

The response of V. luteola (L9) to salt stress was interest-
ing because it had the highest concentration of Na+

accumulated in the roots (3000 μM g−1, Figure 6(a))
and increased its root dry weight and root length
under salt stress (Table 2 and Figure 2). The root dry
weight increase under salt stress was observed only for
V. luteola (L9). This might lead to the enlargement of root
volume being used for Na+ storage and depressing the
Na+ transition to leaves. This kind of mechanism is also
reported in sorghum (Chaugool, Naito, Kasuga & Ehara,
2013): cultivars that showed a larger increase in root dry
weight under salt stress had a higher Na+ concentration
in the roots but a lower Na+ concentration accumulated
in the stem and leaf blades. Moreover, the root-system
development under salt stress might contribute not only
as Na+ storage but also to the absorption of water and
nutrients. Under salt stress, only V. luteola (L9) signifi-
cantly increased the photosynthetic rate (Figure 5(a)),
suggesting this accession could well maintain water
and nutrient absorption.

Soil salinity is always heterogeneous (Munns &
Gilliham, 2015), sodium distribution in soil is not uni-
form, and there is usually a mixture of higher and
lower sodium concentration spots. The ability to
increase root volume and length under salt stress
would assist plants to mine non-saline or lower saline
areas in soil for water and minerals. In fact, arabidopsis,
tomato, and sorghum roots exposed to a band of high-
NaCl medium exhibit negative halotropism; that is, their
roots grow away from the salt band (Galvan-Ampudia
et al., 2013). The genetic factors controlling the adapta-
tion abilities of V. luteolla (L9) under salt stress, such as
higher Na+ accumulation ability in the roots, the main-
tenance ability of root physiological activities, root mass
increase and root elongation ability, are unknown and
are very interesting topics need to be clarified.

Response of Vigna marina (M1, M4)

The V. marina (M1, M4) was considered ‘salt includer’
type, and they might have developed a tissue tolerance
mechanism. Although M1 and M4 accumulated Na+ at
a higher level in all parts (roots, stem, and leaves) (Figure
6(a)), their physiological activities, such as the photosyn-
thetic rate, were well maintained under salt stress
(Figure 5). According to Shabala (2013), highly salt-
tolerant species, such as halophytes, generally have
high Na+ and Cl− concentration in leaves, where the
traits of tissue tolerance are evident. Such plants usually
compartmentalize most of the leaf Na+ and Cl− in
vacuoles to keep the cytosolic and organellar ion
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concentrations below toxic levels and use organic osmo-
lytes to balance the osmotic pressure.

The most interesting response observed in V. marina
(M1, M4) was the increase in stomatal conductance and
transpiration rate (Figure 5(b,c)). The translocation of
Na+ from roots to shoot depends on the vapor pressure
gradient in the vessel based on transpiration flux, and
the flux will be determined by stomatal conductance
(Yoo, Pence, Hasegawa & Mickelbart, 2009). Plants
usually reduce the stomatal aperture or stomata den-
sity to restrict the transpiration rate and prevent water
deficiency in the body and restrict Na+ translocation
from roots to shoot with transpiration flux to regulate
Na+ concentration in the leaf (Hasegawa, 2013).
However, the reduced transpiration rate will have
a negative influence such as the decrease in carbon
assimilation rate, nutrient uptake, and latent heat
release to maintain leaf temperature (Yoo et al., 2009).
As far as we know, there are no reports describing the
increase in transpiration rate with increased stomatal
conductance under salt stress. The responses of
V. marina (M1, M4) seemed to be a very unique strategy
to salt stress.

The expression regulation of an aquaporin (AQP)
gene, which is a membrane protein promoting cell-
membrane permeability of water and CO2, might play
an important role on the increase in stomatal conduc-
tance, transpiration rate, and photosynthetic rate under
salt stress (Uehlein, Lovisolo, Siefritz & Kadenhoff, 2003).
Recently, regulation of PIP gene (member of AQPs)
expression under salt stress was reported (Boursiac
et al., 2005; Postaire, Verdoucq & Maurel, 2007; Zhou
et al., 2014). In soybean, the expression level of PIP
(GmPIP1;6) decreased at the early osmotic stress stage
and then increased during the salt acclimatization stage
(Zhou et al., 2014).

Over-expression of AQPs resulted in the improved
growth of tomato, soybean, sorghum, and banana
under salt stress (Liu et al., 2015; Sade et al., 2010;
Sreedharan, Shekhawat & Ganapathi, 2015; Zhou
et al., 2014). When the aquaporin gene of the
tobacco was over-expressed in tomato plants, the
stomatal conductance, transpiration rate, and photo-
synthetic rate became higher than those of the wild
type plants under 100 mM NaCl, resulted in two
times higher fruit yield compared with the control
plant (Sade et al., 2010).

An aquaporin (GmPIP1;6) over-expressed soybean
plants could maintain higher stomatal conductance, tran-
spiration rate and photosynthetic rate under 100 mM NaCl
stress compared with those of the wild type plants (Zhou
et al., 2014). As a result, PIP over-expressed soybean plants
could produce significantly higher shoot fresh weight

without showing leaf yellowing (the wild type plants
showed severe leaf yellowing), probably because of the
lower Na+ concentration in the leaves. Interestingly, PIP
over-expressed soybean plants performed better in the
non-salt stress field. They showed a significantly higher
seed yield, which was attributed to seed size increase
(pod and seed number unchanged). These reports sug-
gested that the expression regulation of aquaporin genes
in plants could improve their growth both under salt
stressed and non-salt stress environments. Since V. marina
(especially M1) showed much higher (about twice) tran-
spiration rate compared with V. luteola and V. vexillata
even under non-stress condition, V. marina, growing on
a sandy beach, seemed to have developed higher expres-
sion system of aquaporin genes before encounter the salt
stress. They might further increase the expression of aqua-
porin genes, which led the observed higher stomatal con-
ductance, transpiration rate and photosynthesis rate,
resulted in the highest salt tolerance. To clarify the genetic
factors underlying high salt tolerance of V. marina, genetic
analyses of aquaporin genes as well as other salt tolerance
related genes such as SOS (Na+ exclusion) and NHX (Na+

compartmentalization) should be conducted.

Future perspectives

Crop wild relatives have developed much higher levels
of stress tolerance compared with domesticated crops.
Consequently, they offer us the possibility to find out
novel stress tolerance gene(s) which could not be
attained by the study targeting only crop gene pool. In
the present study, we could find out several salt-tolerant
wild accessions showing unique physiological responses
under salt stress.

The L9 of V. luteola, which showed an increase in root
volume containing a high concentration of Na+, was
collected at the clay soil bank of a river around 10km
inland from the coast in northern New South Wales,
Australia. The M1 of V. marina, that showed an increase
in stomatal conductance and transpiration rate under
salt stress, adapts to inhabit the coral sandy beach on
Iriomote Island in Okinawa, Japan. Studies to clarify the
stress tolerance gene(s) of crop wild relatives growing on
extremely harsh environment might offer novel clues to
develop stress-tolerant crops. The collection, evaluation
and use of crop wild relatives should be one of the most
important topics for sustainable food production in the
coming era of climate change and global warming.
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