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Abstract

Effects of the mycorrhizal fungus Glomus intraradices on establishment of subterranean clover
(Trifolium subterraneum L.) seedlings in saline conditions were studied in a glasshouse experiment.
Growth and nutrient uptake were determined 10, 20 and 30 days after transplanting of mycorrhizal
and nonmycorrhizal matched seedlings into soils with five different levels of salinity. Mycorrhizal
plants had greater shoot and root dry weight than nonmycorrhizal plants. The enhancement in
seedling dry weight due to mycorrhizal fungi was greater under high salinity levels. The detrimental
effects of salinity stress on plant growth were appeared immediately after application low salinity
stress to nonmycorrhizal plants (3.5 dS/m), but it was only observed in mycorrhizal plants at 7.5
dS/m and above. Mycorrhizal fungi increased P concentrations in shoots and roots compared with
nonmycorrhizal plants particularly at 12 dS/m. Root K/Na ratio was also increased in mycorrhizal
plants, possibly contributing to salinity tolerance. Calculation of mycorrhizal responses in terms of
plant dry weight, P and K contents showed that the beneficial effects of mycorrhizal fungi on
seedling salinity tolerance are due to different mechanisms at different stage of growth: increased P
uptake during early growth and increased K uptake at the later stages. Results are discussed in the
context of application of mycorrhizal inoculation to revegetation of salt affected lands.
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Introduction

Approximately 7% of the global land surface is covered with saline plant habitats
(Ruiz-Lozano et al., 1996). Most importantly, about 20% of irrigated land has suffered
from secondary salinization and 50% of irrigation schemes are affected by salt (Flowers et
al., 1997). Many of the salt-affected areas remain unproductive for many years because of
plant establishment problems. Despite using salt-tolerant plants and other techniques for
plant establishment in these habitats, revegetation can be very difficult. Revegetation of
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saline lands decreases soil erosion and produces forage for livestock and wildlife and can
convert these degraded areas into productive lands.

Direct seeding and seedling transplantation are both possible methods to revegetate salt
affected lands, but because of high levels of salinity, seed germination and plant
establishment in saline environment need great care (Malcolm et al., 2003). Seedling
establishment is a critical phase in revegetation of degraded lands, but it is particularly
crucial in saline soils due to the effects of salinity on reduction of plant root growth and
osmotic stress. Besides using soil amendments, use of salt-tolerant plants, conventional and
modern plant breeding techniques are the prevalent methods to increase plant salinity
tolerance in saline lands. In conjunction with breeding and using salt tolerant plants, it has
been reported that mycorrhizal fungal colonization might further enhance tolerance
(Asghari et al., 2005; Al-Karari et al., 2001; Cantrell and Linderman, 2001). Arbuscular
mycorrhizas (AM) are the most common and widespread mycorrhizal associations and it is
estimated that this symbiosis occurs in over two-thirds of terrestrial vascular plant species
(Fitter and Merryweather, 1992). Their contributions to agriculture are well known, but
their role in helping plants to establish in saline conditions has received less attention (Giri
et al., 2002). Mycorrhizal seedlings of neem (Azadirachta indica) have been shown to have
more dry matter accumulation as compared to non-mycorrhizal seedlings over a range of
salinity levels (Pande and Tarafdar, 2002). Mycorrhizal wild bean plans (Strophostyles
helvola) had greater vigour and enhanced growth because of increased chlorophyll
contents, shoot dry weight, root available water and number of root nodules compared to
nonmycorrhizal plants in saline conditions (Tsang and Maun, 1999). Increased plant
growth and vigour via mycorrhizal symbiosis under saline conditions may be important in
revegetation of salt affected lands.

Most previous research has used conditions in which plants were established into the
soil and salt concentrations increased gradually or suddenly, followed by assessment of
mycorrhizal development and function, but in this study pre-existing saline conditions were
used, and preinoculated mycorrhizal transplants were used to overcome problem of initial
AM colonization under saline conditions. This method can be of the practical importance in
field conditions for saline land revegetation. Seedlings were grown in nursery conditions
under non-saline conditions and sufficient time was allowed to elapse between inoculation
and imposition of salinity stress to allow colonization to occur. The objective of this study
was to investigate the effects of mycorrhizal fungi on plant dry weight, nutrient contents
and seedling establishment at different harvests in saline conditions.

Material and methods
Soil

A soil with a loamy sandy surface texture was collected from Ferries McDonald
Conservation Park, Monarto area of South Australia. This area is located 60 km south- east
of Adelaide on the eastern flank of the Mount Lofty Ranges. Soil was passed through a 2
mm mesh sieve, mixed thoroughly and autoclaved (110 °C, 1 h, twice at 48 h intervals) to
remove indigenous AM propagules. Soil properties were 82.5% sand, 7.5% silt, 10% clay,
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1.8% organic matter, pH 8.2, electrical conductivity (EC.) 2.2 dS/m; 13.5 mg/kg P
(Colwell, 1963). The soil total cation exchange capacity (CEC) was 9.7 meq/100g (Mg, Ca,
Na and K were 1.5, 6.2, 0.6 and 1.2 meq/100g respectively). Seedlings for transplanting
into test soils were raised in autoclaved Ferries McDonald soil (see below). Five levels of
salinity (2.2, 3.5, 5, 7.5 and 12 dS/m) were produced by adding 0, 0.25, 0.5, 1 and 2g NaCl
per kg of the soil. Soils were incubated for one week, and then pots were filled with 1.4 kg
of soil.

Seedling production and transplanting

The subterranean clover (Trifolium subterraneum) seeds were soaked for 10 minutes in
a mixture of 1 part sodium hypochlorite (NaOCI 12.5% w/v), 2 parts of reverse-osmosis
water (R.O), rinsed with R.O water three times and germinated on moist filter paper at
23°C in a germinator. Seeds were coated with a suspension of Rhizobium leguminosarum
biovar trifolii to promote nodule development, prior to planting. Pre-germinated seeds were
sown in autoclaved Ferries McDonald soil (one per 60 cm® pot) inoculated or not with
Glomus intraradices Schenk and Smith (DAOM 181602). The inoculum was dried pot
culture material, consisting of soil/sand mix plus colonized root fragments, spores and
external hyphae. This was mixed with Ferries McDonald soil in the ratio 10% inoculum to
90% soil. Non-inoculated pots received an additional 10% Ferries McDonald soil. R.O
water was added to maintain soil moisture at 80% field capacity. Long Ashton nutrient
solution (Hewitt, 1966) without P was added (10 ml per pot) once per week for 2 weeks
during which time mycorrhizal colonization became established (approx 20% root length
colonized). At this stage no major differences in growth or P nutrition had occurred. One
mycorrhizal or nonmycorrhizal seedling was then transplanted into the salinity treatments
there were three replicates. The plants were grown in a glasshouse with natural light and
mean diurnal temperatures of 22°C day and 14°C nights and watered with R.O. water thrice
weekly to maintain soil moisture at 80% field capacity.

Measurements

Plants were harvested 10, 20 and 30 days after transplanting. They were washed
thoroughly and leaf number, shoot and root fresh and dry weights, shoot and root P, Na and
K concentrations and root mycorrhizal colonization were measured at each harvest. Plant P
concentration was determined colorimetrically after nitric-perchloric acid digestion
(Hanson, 1950) and K and Na were determined using flame photometry (Ryan et al., 1996).
Visual observation of mycorrhizal colonization was made by clearing washed roots with
10% KOH for 5 days at room temperature and staining with trypan blue using a
modification of the method of (Phillips and Hayman, 1970) omitting phenol from the
reagents. After root staining mycorrhizal colonization was determined by a gridline
intersect method (Giovannetti and Mosse, 1980).
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Calculations and data analysis

This experiment had a randomized complete block design with three replications per
treatment and harvest. The treatments in this experiment were 2 levels of AM inoculation
(inoculated and non-inoculated), 5 levels of salinity (2.2, 3.5, 5, 7.5 and 12 dS/m) and 3
harvest times (10, 20 and 30 days after transplanting). Data were analysed statistically
using analyses of variance with GenStat 6 Release 6.1 (2002) software. Probabilities of
significance among treatments and interactions and LSDs (P<0.05) were used to compare
means within and among treatments.

Salinity response of shoot dry weight was calculated in mycorrhizal (M) or
nonmycorrhizal (NM) plants as follows:

- - 1
DW (+salt) - DW (-salt) 100 (1)
DW (-salt)

Mycorrhizal growth response (MGR) was calculated using the individual total plant dry
weight (DW) of M and the mean dry weight of NM plants at each harvest as follows:

% Salinity response =

DW(M) - mean DW (NM) 5
mean DW (NM)

%MGR = 100 (@)

Mycorrhizal P response (MPR) was calculated as follows:

3
P content (M) - mean P content (NM) o 3)

mean P content (NM)

%MPR = 100

Mycorrhizal potassium (K) response (MKR) was calculated similarly.
Results
Plant growth

A trail experiment showed that 15 day after planting M plants had 20% colonization
and there were no significant differences between M and NM seedlings on SDW and shoot
P concentration (data not shown). The average of SDW at transplanting time was 25 mg
and shoot P concentration was 0.1% in both M and NM seedlings. At 10 days after
transplanting colonization had increased from 20% to between 50 and 65%, with no
significant differences between salinity treatments (Figure 1). Differences in colonization
within salinity treatments between the first and the second harvest were not significant, but
colonization significantly decreased at the third harvest particularly at 7.5 dS/m and above.
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Figure 1. Colonization of roots of Trifolium subterraneum grown in different levels of salinity at different
harvests.

Analysis of variance on total shoot and root dry weight indicated highly significant
effects due to mycorrhizal fungi and, salinity and harvest (Figure 2). M plants were larger
than NM plants in all treatments. There were no significant differences in shoot and root
dry weight between M and NM plants at 10 days after transplanting, but significant
differences were apparent at 20 and 30 days at all salinity levels.

The effects of different levels of salinity on plant shoot dry weight are shown in terms
of salinity responses (Eqn 1) at the first and third harvests (Figure 3). With increasing
salinity SDW decreased in M and NM plants at both harvests. Reduction of shoot dry
weight was apparent at all salinity levels in NM plants, but only at 7.5 dS/m and above in
M plants at 30 days after transplanting. Salinity responses in M plants were higher at high
levels of salinity at 10 days after transplanting compared to NM plants, but lower at 30
days at the same salinity level. The same trend was apparent for root dry weight (results not
shown).

Mycorrhizal growth responses (Eqn 2) in terms of total dry weight at different salinity
levels and different harvests are shown in Fig 4. The effect of salinity and plant age on
MGR was significant. As salinity increased MGR decreased. However, MGR increased
with time, so that the greatest effect of mycorrhizal fungi in increasing plant dry weight
occurred at 3.5 dS/m at the third harvest.

P uptake

Salinity and mycorrhizal inoculation had some effects on plant nutrient concentration
(Tables 1 and 2). P concentrations were significantly higher in M plants than NM plants at
all salinities in shoots and roots at the first harvest. There was a trend towards decreased P
concentrations in shoots and roots of M and NM plants with increasing salinity, but it was
non significant. M plants had significantly higher shoot P concentration at first harvest, but
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not at the third harvest. Root P concentration was significantly higher in M plants than NM
at all harvests.

P contents of the shoots were used to calculate MPR (Figure 5), using Eqn 3. MPR
increased significantly with increasing salinity up to 5 dS/m, but subsequently decreased to
a minimum at 12 dS/m. MPRs were significantly higher at first harvest than second and
third harvests. The same trend was found for MPR in roots (results not shown).
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Figure 2. Shoot (A) and root (B) dry weights growth at different salinity levels in mycorrhizal and nonmycorrhizal
Trifolium subterraneum.
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Figure 3. Salinity responses of shoot dry weight in mycorrhizal and nonmycorrhizal Trifolium subterraneum at
first (A) and third (B) harvests.
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Figure 4. Mycorrhizal growth response (MGR) on Trifolium subterraneum total dry weight at different salinity
levels and different harvests.
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Table 1. Shoot and root nutrient concentrations of mycorrhizal (M) and non-mycorrhizal (NM) Trifolium
subterraneum at 10 days after transplanting to different salinity levels. Means of 3 replicates + standard error.

Salinity Root (mg/g) Shoot (mg/g)
Treatments S/
(dS/m) P K Na P K Na
M 22 3.340.2 2.1+0.1 8.9+1.2 2.7+0.0 14.1£3.5 6.3+1.3
3.5 4.140.1 35.2+¢0.9 12.8+1.1 2.4+0.2 16.5+£2.3 6.9+0.7
5 3.940.3 37.842.3 17.2+£0.4 3.1+0.4 12.6£1.8 8.2+1.2
7.5 4.540.3 37.4+£3.5 14.9+0.8 2.9+0.2 10.6£1.7 11.0£1.1
12 3.7+40.4 46.4+0.3 13.0£1.6 2.540.3 15.0+2.3 16.5£2.2
NM 22 0.940.1 34.6+1.2 10.7£0.8 0.5+0.1 16.4+£2.9 5.840.3
3.5 0.540.1 37.6+1.8 13.440.6 0.7£0.1 17.340.6 4.6+0.2
5 0.6+0.2 32.0£1.8 12.0£0.1 0.6+0.1 17.3t1.4 6.1+0.4
7.5 0.410.1 33.4+1.1 17.2£1.4 0.50.1 12.0£1.3 6.3£1.1
12 0.240.0 28.242.0 19.3£2.4 0.4+0.1 14.9£2.2 1.7+1.2
Inoculation Hokok *ok ns Hokk ns ok
Salinity ns ns ns ns ns oAk

** kxk significant at the 0.01, 0.001 probability levels, respectively
ns not significant at P<0.05

Table 2. Shoot and root nutrient concentrations of mycorrhizal (M) and non-mycorrhizal (NM) Trifolium
subterraneum at 30 days after transplanting to different salinity levels. Means of 3 replicates + standard error

Salinity Root (mg/g) Shoot (mg/g)
Treatments (dS/m) P K Na P K Na
M 22 2.1£0.7 7.2+2.4 8.4+.0.9 2.240.3 16.1£5.9 4.7+1.3
35 2.140.7 23.7£3.4 10.5¢1.1 1.9+0.4 18.8+1.8 8.1+0.7
5 2.740.2 21.1+1.9 9.5+0.8 1.8+0.4 21.2+14 8.5£2.4
7.5 3.3+0.0 28.8+1.7 10.320.7 1.410.4 10.7£0.9 10.9+1.7
12 3.4+0.2 26.4+£1.1 12.1£0.6 1.840.1 8.8+1.4 17.6£2.3
NM 22 1.840.3 27.4+1.3 8.140.4 1.7+0.4 32.4£12.1 4.1£0.6
35 1.6£0.1 28.442.2 10.0£0.4 1.8+0.4 29.2+10.9 5.3+1.0
5 1.710.2 29.8%1.3 10.540.1 1.240.1 16.246.0 10.3+2.2
7.5 1.240.0 22.6x1.4 9.840.1 1.6+0.0 14.8+£3.7 9.9£1.5
12 1.6£0.1 26.4+5.1 16.5£1.5 1.840.1 14.0+3.7 23.142.2
Inoculation woHk * ns ns ns ns
Salinity ns ns HoHE ns ns ok

* *** significant at the 0.05, 0.001 probability levels, respectively
ns  not significant at P<0.05
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K and Na uptake

Root K concentration was significantly reduced with increasing salinity in NM plants,
but there was an increase in M plants (Tables 1 and 2). Increased salinity also decreased K
concentration in roots of NM plants, but there was a significant increase in roots of M
plants. There were no significant differences in shoot K concentrations by increasing
salinity. The MKR in shoots shows that mycorrhizal effects on K uptake were generally
higher at 30 days than at 10 days, but decreased with increasing soil salinity at all harvests,
although the extent of this difference decreased with increasing salinity between 3.5 and 12
dS/m (results not shown). Values at 20 days varied rather less between treatments. MKR in
roots showed the same trend as shoots (results not shown). With increasing salinity shoot
Na concentration was significantly increased in both M and NM plants (Tables 1 and 2).
Na concentration significantly increased in roots of NM plants against a reduction in M
plants (particularly at 10 days). However at 12 dS/m root Na concentration in M plants was
significantly lower than NM plants.
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Figure 5. Mycorrhizal P response (MPR) of Trifolium subterraneum shoots at different salinity in three harvests.

The K/Na ratio in terms of concentration in shoots of both M and NM plants decreased
greatly as salinity increased with values for NM plants generally higher than for M plants.
Differences decreased as salinity increased. In roots salinity had little effects on K/Na ratio
in M plants, but in NM plants values declined significantly as salinity increased. Major
differences between M and NM plants were observed at 2.2 (NM>M) and 12 dS/m
(M>NM) (results not shown).

Discussion

Overall the results show that seedling growth and hence establishment was increased by
preinoculation of subterraneum clover with Glomus intraradices (Schenk and Smith) in
saline conditions compared with non-inoculated conditions. Preinoculation increased
mycorrhizal effectiveness and ensured root colonization under salt stress. There was no
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significant effect of salt on root colonization at 10 days after transplanting (Figure 1).
Initial mycorrhizal colonization depends on germination of spores or other fungal
propagules in the soil, growth of hyphae through the soil and finally hyphal entry to the
roots (Bowen, 1987). Previous studies in which seeds or seedlings were planted into the
soil and the salt concentration increased gradually or suddenly (Azcon and Elatrash, 1997;
Al-Karaki, 2000; Al-Karari et al., 2001), showed that mycorrhizal colonization was
negatively affected by increased soil salinity, possibly via the effects of salinity on initial
colonization. In this investigation seedling preinoculation allowed the fungi to become
established before salinity stress was imposed, and the percentage of mycorrhizal
colonization was not significantly affected by salt level. It is concluded that preinoculation
in the nursery would increase mycorrhizal colonization and consequently improved ability
of seedlings to benefit from any mycorrhizal effects (tolerate salinity stress after
transplanting to the field).

The results present are in agreement with previous work showing that plant growth in
saline soils is increased by AM inoculation (Al-Karaki, 2006). Nonmycorrhizal plants
showed an immediate dry weight reduction after salinity stress, but there were deferred up
to 7.5 dS/m in M plants. The reason for lack of significant differences in shoot and root dry
weight between M and NM plants at 10 days after transplanting could be related to the low
level of carbon resources available in M plants at this early stage of growth. Carbon
allocated to the developing fungi may have decreased allocation of necessary resources for
salinity tolerance and hence decreased survival in salt stressed conditions (Johnson et al.,
1997).

Increased growth of M plants in saline conditions was at lease partly related to enhance
P concentration in shoots and roots, as suggested by other researchers (Asghari et al., 2005;
Al-Karaki, 2006). A positive mycorrhizal P response was observed at all three harvests and
all salinity levels, although the magnitude of the response decreased at 7.5 and 12 dS/m.

Shoots and roots P concentration significantly increased in M than NM plants grown at
12 dS/m salinity (Tables 1 and 2), this results is in contrast to a study where the effects of
mycorrhizal fungi on tomato shoot P concentration were not significant at the highest
salinity level (7.4 dS/m) (Al-Karaki, 2000). Despite of a few results indicating an increase
in P content with increasing soil salinity (Villora et al., 2000), there are many reports that
demonstrate reduction in plant P uptake in saline conditions in different plants (Pond et al.,
1984; Martinez et al., 1996; Navarro et al., 2001).

Less attention has been paid to the effects of mycorrhizal fungi on plant nutrient uptake
under salt stress during plant growth. Calculation of MPR shows that the efficiency of
mycorrhizal fungi to increase P uptake is highest at 10 days after transplanting and
decreased as plants aged (Figure 5). This is consistent with previous observations that
mycorrhizal colonization increased P inflow at an early stage of plant growth, compared to
nonmycorrhizal plants, and declined with increasing plant age (Smith et al., 1986; Jakobsen
et al., 1992). Furthermore the critical role of P in energy reactions in the plant and high
importance of phosphorus nutrition early during crop plant growth has been demonstrated
(Grant et al., 2001).

In this study increased salinity generally decreased shoot K concentrations in both M
and NM plants. Lower shoot K concentration in M plants could be related to increased
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plant biomass via increased P uptake and consequent dilution of K particularly at third
harvest. Increased K concentration in roots of M plants with increasing salinity was another
important effect of AM fungi, which may be related to salinity tolerance. Potassium is an
essential element for turgor-pressure-driven solute transport in the xylem and water balance
in plants (Marschner, 1995) and its acquisition is a cellular process and critical for
increasing salt tolerance in glycophytic plants (Wu et al., 1996; Zhu et al., 1998).
Potassium deficiency induced by Na is a major problem for plants under salt stress (Grattan
& Grieve, 1999). Some studies have reported that AM fungal colonization had no
significant effects on plant K contents and concentration (Poss et al., 1985; Rozema et al.,
1986; Al-Karaki, 2000; Mohammad et al., 2003), but results of this study indicate root K
concentration increase at high salinity level. Calculation of MKR indicates that M plants
take up more K than NM plants and that response increased with increasing plant age.
Maximum MKRs were observed at 30 days at moderate salinity level. It is concluded that
increased K uptake at a later stage of plant establishment could be another mechanisms to
combat salinity stress in M plants.

The results of this study show that shoot Na concentrations in M plants were greater
than NM plants (Tables 1 and 2). A significant increase in Na concentration was found in
roots of NM plants, but there was a reduction in M plants. Previous reports have been
inconsistent. Some researchers found that concentration of Na in shoot tissue of non
halophytic plants following addition of NaCl to the soil was higher in M plants compared
to NM plants (Allen and Cunningham, 1983; Pfeiffer ~and Bloss, 1988; Cantrell and
Linderman, 2001). In contrast, M plants of halophytic Aster tripolium had less Na in shoots
than NM plants when grown in saline conditions (Rozema et al., 1986). Mycorrhizal
inoculation decreased shoot Na concentration in barley plants grown in a soil with a high
level of salinity (16.6 dS/m), but had no effect when plants were grown in low salinity
(Mohammad et al., 2003).

Decreased Na concentration in roots of M plants accompanied by increased root K
concentration could be important factors to increase the ratio of K to Na and hence plant
salinity tolerance due to AM fungi at high salinity. The ratio of K to Na in saline soils is
often extremely low, so that Na™ ions can inhibit uptake of K" ions, which inhibit enzyme
functions due to ion imbalance (Brain et al., 1999).

In summary, the results indicate that preinoculation with mycorrhizal fungi had a
significant role in promoting seedling growth and establishment of Trifolium subterraneum
in saline conditions, with best results obtained at moderate levels of salinity (3.5-5 dS/m) at
30 days after transplanting. Improved mineral nutrition (Marschner and Dell, 1994; Al-
Karaki and Al-Raddad, 1997), improved water potential (Hildebrandt et al., 2001;
Marulanda et al., 2003), improved physiological processes (increased carbon dioxide
exchange rate, transpiration, stomatal conductance and water use efficiency) (Ruiz-Lozano
et al.,, 1996) are the most important salinity tolerance mechanisms in mycorrhizal plants
that have been reported. The results of this study show that improved nutrient uptake is
probably the major mechanism involved in increasing seedling salinity tolerance. Increased
P uptake plays the main role for salt stress tolerance at early stages and increased K uptake
at later stages after transplanting. These results may be of practical importance as they
highlight the potential of using preinoculated mycorrhizal seedlings to revegetate saline
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lands. Future research is needed to evaluate the role of mycorrhizal fungi on uptake of
other elements in saline conditions in other plant species.
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