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Abstract: The aim of this study was to evaluate physiological responses and elemental composi-
tion of three salt tolerant alfalfa (Medicago sativa L.) cultivars, ‘Halo’, ‘Bridgeview’, ‘Rugged’, and
two intolerant cultivars ‘Rangelander’ and ‘Vernal’ under five salinity levels (0 dSm−1, 4 dSm−1,
8 dSm−1, 12 dSm−1 and 16 dSm−1) in a sand based hydroponic system in the greenhouse. The
germination percentage among the cultivars was highest for ‘Halo’ under salt stress. ‘Rugged’ and
‘Halo’ had higher seed vigor than the other cultivars in 16 dSm−1 EC. Among the alfalfa cultivars,
‘Rugged’ had the highest chlorophyll content at 0–12 dSm−1 EC. There was variation for root (p = 0.01)
and shoot (p = 0.03) biomass among the alfalfa cultivars. Salt stress reduced (p < 0.001) plant height
and shoot biomass, with 4.2% and 7.9% reduction for each 1 dS m−1 increase, respectively. Shoot
biomass showed a positive correlation with plant height (p < 0.001, r = 0.80), chlorophyll content
(p < 0.001, r = 0.56), root biomass (p < 0.001, r = 0.51), but was not correlated with seed vigor. This
study demonstrated that seed vigor in the germination stage can not be used to predict salt tolerance
of alfalfa at mature growth stages, however plant height and leaf chlorophyll content can serve as
physiological markers for high shoot biomass selection at mature growth stages under salt stress.

Keywords: alfalfa; germination; salinity; sodium chloride

1. Introduction

Soil salinity is a major restriction in crop production, limiting plant growth and
contributing to land degradation globally [1,2]. Salinization threatens the agricultural pro-
ductivity in the Great Plains of North America, affecting about 6 million ha of agricultural
land in the Canadian Prairies alone [3–5]. To reduce further salinization, it is essential to
grow deep-rooted perennial crops such as alfalfa (Medicago sativa L.) to provide permanent
cover in saline areas where annual crop production is limited. Alfalfa is moderately tolerant
to salinity [6,7], and its deep root system can keep the water table low, thus preventing
salt-laden groundwater from “recharging” the topsoil with salt ions. Beside this, grow-
ing alfalfa in salt affected land supports livestock industry, providing a steady stream of
protein-rich feed supplies [8,9]. Unfortunately, alfalfa becomes increasingly susceptible to
salt stress above 8 ds/m of soil salinity [5], with the germination and seedling stages of
alfalfa being most sensitive to salt stress [10]. Therefore, genetic improvement of alfalfa to
salt tolerance is an important research topic for expanding its adaptation to the salt-affected
areas.

Stepphun et al. [5] reported that alfalfa breeders relied on the germination rate of alfalfa
in saline substrate as a selection indicator for salt tolerance, as the germination responses of
plants to soil salinity determine their early survival rate in saline environments. Because
of this selection method, the majority of the current salt-tolerant alfalfa cultivars showed
improved tolerance at the germination stage [2]. Although it is critical to tolerate salt stress
at early growth stages, plant selection at mature growth stages could improve it’s long-term
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adaptation and forage productivity. As no correlation has been found between germination
and post germination stages’ salinity tolerance [11,12], there is a need for evaluation of
different salt-tolerant alfalfa cultivars from germination to mature growth stages and
regrowth phase to identify specific traits for plant selection, and further understand salt
tolerance mechanisms among alfalfa populations.

Although the reduction of growth rate and shoot biomass is common, high genetic
diversity exists among alfalfa populations under salt stress [5]. The responses to salt stress
may vary between salt tolerant and sensitive alfalfa cultivars due to their genetic make-up.
Salt tolerant alfalfa cultivars maintain growth through the exclusion of ions from leaves
during the early phase of salt stress at mature growth stages [13–16]. However, exposure
to high salt stress induced an increase in sodium and chlorine, which in turn decreased
calcium and potassium levels in alfalfa [17–19]. Increased concentrations of sodium and
chloride ions in the cytoplasm can disrupt cellular processes, exerting damage to the
photosynthetic apparatus [1,19]. This means the maintenance of the regular photosynthetic
rate is an important trait for salt tolerant alfalfa cultivars. Alfalfa populations selected for
improved salt tolerance showed greater leaf production under salt treatment compared to
their unselected initial population [20]. Ashrafi et al. [19] reported that salt tolerant alfalfa
cultivars were characterized by low sodium and magnesium contents and high potassium,
nitrogen, phosphorus, calcium, zinc, and copper contents.

In this study, we hypothesized that there must be specific genotypic variation among
alfalfa cultivars in response to salinity at different growth stages. The response of five alfalfa
cultivars was studied at germination and post germination stages by evaluating seed vigor,
phenotypic and physiological traits at different gradients of salt concentrations, as well as
elemental composition through inductively coupled plasma-mass spectroscopy (ICP-MS).

2. Materials and Methods
2.1. Plant Materials

The plant materials included alfalfa cultivars with contrasting tolerances to salinity,
namely, salt tolerant: ‘Halo’, ‘Bridgeview’, ‘Rugged’, and salt intolerant: ‘Rangelander’ and
‘Vernal’. ‘Halo’ is a saline tolerant, synthetic cultivar of 192 clones, sequentially selected for
germination, seedling growth and mature plant regrowth under repeated irrigation with
100mM NaCl solution in the greenhouse and registered in the United States (www.naaic.org,
accessed on 5 October 2020) [5]. Furthermore, ‘Halo’ is highly resistant to anthracnose,
bacterial wilt, Fusarium wilt, Verticillium wilt, Aphanomyces root rot, Phytophthora root
rot, pea aphid, root knot nematode (Meloidogyne hapla), spotted alfalfa aphid, and stem
nematode (www.naaic.org, accessed on 5 October 2020). ‘Bridgeview’ is a salt tolerant
alfalfa cultivar developed by the Agriculture and Agri-Food Canada (AAFC) Lethbridge
Research Centre. The cultivar ‘Bridgeview’ has a high level of salinity tolerance as well as
winter hardiness. ‘Bridgeview’ is a 226-clone synthetic developed from polycross of seven
alfalfa cultivars, namely ‘Apica’, ‘AC Blue J’, ‘Barrier’, ‘Beaver’, ‘Heinrichs’, ‘Rangelander’,
and ‘Roamer’ [21]. ‘Rugged’ is a synthetic cultivar from 200 parental clones selected for
salinity tolerance during germination and tolerance to continuous grazing [5]. Furthermore,
‘Rugged’ has high resistance to bacterial wilt, Verticillium wilt, Fusarium wilt, Phytophthora
root rot, anthracnose (race 1), Aphanomyces root rot (race 1), pea aphid, and moderate
resistance to stem nematode and Aphanomyces root rot (race 2) (www.naaic.org, accessed
on 5 October 2020). ‘Vernal’ is a synthetic cultivar developed at the University of Wisconsin,
selected for adaptation to the northern states and Canada with good winter hardiness
and bacterial wilt resistance [22]. ‘Vernal’ is a salt susceptible alfalfa cultivar [10,23].
‘Rangelander’ is a creeping rooted alfalfa that persists under long-term grazing, which
was developed by AAFC research center, Swift Current, SK. ‘Rangelander’ is a 15-clone
synthetic cultivar developed through mass selection for good persistence from ‘Rambler’,
‘Roamer’, ‘Drylander’, and strains of Medicago falcata growing in competition with crested
wheatgrass over 8 years [24]. ‘Rangelander’ is a salt sensitive alfalfa cultivar [5,10,25].

www.naaic.org
www.naaic.org
www.naaic.org
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2.2. Experimental Design
2.2.1. Germination Study

The experiments were conducted over a gradient of five salinity levels; 0 dS m−1,
4 dS m−1, 8 dS m−1, 12 dS m−1, 16 dS m−1. EC was maintained through NaCl additions.
The germination experimental design was 5 (cultivar) × 5 (salinity) factorial arrangement
in a randomized complete block design (RCBD) with four replications under day/night
(12/12 h) temperatures of 20/10 ◦C. Twenty-five alfalfa seeds were imbibed on top of
two layers of filter paper (Whatman 597) in 9 cm diameter sterilized plastic Petri dishes
moistened with 5 mL distilled water or 5 mL of respective saline concentrations. The
germination test was carried out in the germination cabinet (CMP 6010, Conviron, China).
The germination experiment was repeated twice. The experimental conditions of germina-
tion are described by Bhattarai et al. [15]. From the germination experiment germination
percentage, germination rate, the length of seedling, and seed vigor were recorded and
calculated using the following formulas (1) and (2) [26,27].

Germination rate = ∑
number o f germinated seeds

day o f count
(1)

Seed vigor = germination percentage × seedling length /100 (2)

2.2.2. Greenhouse Study

The post germination experimental design was a split-plot arrangement in a random-
ized complete block design (RCBD), with the salinity treatment being a main plot and
cultivar being a sub-plot factor. The post germination test was carried out in the College of
Agriculture and Bioresources greenhouse at the University of Saskatchewan (45 Innovation
Blvd., Saskatoon, SK, Canada). In the greenhouse, natural light was supplemented with
high pressure sodium halogen lamps for a total of 490–550 µM s−1 m−2 PAR with a 16 h
photoperiod. Temperature of 21/16 ◦C (day/night) was maintained during the study. Each
treatment combination was replicated four times. For each replication, three pots were
used as one experimental unit, with each pot seeded with five seeds of each alfalfa cultivar.
Pots were later thinned to two plants per pot after 5 weeks. The entire experiment consisted
of 600 plants. The post germination experiments were repeated twice. The experimental
conditions of greenhouse are described in details by Bhattarai et al. [15]. Plant height of
all individual plants were measured 5 times at 14 d interval beginning from the first day
of salt treatment. After reaching the targeted salt concentrations at 4 weeks, plant injury
was scored with a 1–5 scale based on chlorotic spots and necrosis on the leaf and stem
surfaces: 1—(no injury), 2—(<25% injury), 3—(26–50% injury), 4—(51–75% injury) and
5—(>75% injury).

Readings of chlorophyll content were obtained using the Chlorophyll Meter; SPAD-502
(Konica Minolta Sensing, Osaka, Japan). Readings were taken in all individual plants at 7 d
intervals five times after reaching the targeted salt concentrations at 4 weeks. Three fully
expanded leaflets were randomly chosen from each plant to take the chlorophyll content
readings and values were averaged.

Whole plants were harvested after 12 weeks of growth in the greenhouse. Shoot
biomass was harvested manually at 3 cm stubble height and weighed for fresh shoot
biomass. Similarly, fresh root biomass was determined after washing roots with tap water
and shade drying. After measuring fresh biomass, shoot and root samples were dried at
60 ◦C for 48 h in a forced air oven and weighed for dry weight determinations.

Stress tolerance indices of alfalfa cultivars were determined based on shoot dry weight
using formula (3) [28].

Stress tolerance index = (Yc × Ys)/
(
Ŷc

)2 (3)
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where Yc and Ys are shoot dry weight of an individual plant under no salt stress control
and salinity stress, respectively. Ŷc is the shoot dry weight means of all genotypes under
control condition.

At the end of the experiments, surviving plants were counted and expressed as number
of surviving plants × 100/number of total plants.

Crude protein (CP) content was determined using whole plant shoot samples. Dried
shoot samples were ground in a Willey Mill (Thomas-Wiley, Philadelphia, PA, USA) to
pass through a 1 mm mesh screen (Cyclone Mill, UDY Mfg, Fort Collins, CO, USA). The
ground samples were stored in plastic bags prior to CP quantification. Nitrogen content
was determined using LECO CN628 Element Analyzer (LECO, St. Joseph, MI, USA). Crude
protein was calculated as CP = nitrogen concentration (%) × 6.25.

Leaf and root tissues were sampled from the five alfalfa cultivars grown under salt
stress for 8 weeks. Three randomly chosen pots were sampled for each cultivar from each
salt concentration. Leaf, and root tissues were harvested separately, totaling 225 samples.
The samples were ground using the procedure described above for CP determination
and stored in plastic bags prior to element quantification. Quantification of elements
(sodium, chlorine, phosphorus, potassium, calcium, magnesium, sulphur, iron, copper,
zinc, manganese) in leaf and root tissues of alfalfa was done by ICP-MS (Agilent 7500ce,
Palo Alto, CA, USA) using two technical replicates.

2.3. Statistical Analyses

For statistical analysis, analysis of variance (ANOVA) was performed on the data using
Proc Mixed in SAS software version 9.4 (http://www.sas.com/, accessed on 5 February
2020). Tukey’s multiple comparison test was applied to compare means at the significance
level of p < 0.05. Pearson correlation coefficient was also calculated among germination
and post germination traits under salt stress.

3. Results
3.1. Germination Percentage and Germination Rate

The ANOVA showed that seed germination percentage was significantly (p < 0.001)
affected by the interaction between salinity and cultivar. The germination percentage
was the highest for ‘Vernal’ at 0 dS m−1 (90%), but ‘Halo’ had the highest germination
percentage under salt stresses, ranging from 73.0–86.5% (Figure 1A). The germination
percentage of ‘Rugged’ was lower than ‘Halo’, ‘Bridgeview’, and Vernal from 0–12 dS m−1,
but its germination percentage was not negatively affected by salinity (Figure 1A). At 16 dS
m−1 salinity, ‘Halo’ had the highest germination rate followed by ‘Rugged’, ‘Bridgeview’,
and ‘Vernal’. The salt intolerant cultivar ‘Rangelander’ had the lowest germination rate in
all treatments.

Seed germination rate (p < 0.001) was significantly affected by the interaction be-
tween salinity and cultivar (Figure 1B). Germination rate decreased with increasing salin-
ity (p < 0.001) for all five alfalfa cultivars. The germination rate of ‘Halo’ was highest
among all cultivars at all salinity levels, ranging from 7.18–13.77 (Figure 1B). The ger-
mination rate of ‘Rangelander’ was the lowest among all cultivars at all salinity levels
(Figure 1B). ‘Bridgeview’ had higher germination rate than ‘Rugged’ in all treatments
except at 16 dS m−1 salinity.

http://www.sas.com/
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Figure 1. (A) Cumulated seed germination (%), (B) germination rate, (C) seedling length (mm) and
(D) seed vigor of five alfalfa cultivars under five gradients of salinity: 0 dS m−1, 4 dS m−1, 8 dS m−1,
12 dS m−1, 16 dS m−1 (error bar represents standard errors of means).

3.2. Seedling Length and Seed Vigor

Seedling length was significantly (p = 0.043) affected by the interaction between salinity
and cultivar. Salinity had no effect on the seedling length of ‘Rugged’, whereas a significant
effect was observed for the remaining cultivars. The seedling length of ‘Rugged’ was the
longest among the cultivars at different salinities, ranging from 29.6–34.8 mm, while it was
the shortest for ‘Rangelander’, ranging from 10.7–20.5 mm (Figure 1C). ‘Halo’, ‘Bridgeview’,
and ‘Vernal’ had similar seedling length at 0–12 dS m−1, but it was longer for ‘Halo’ than
the other two cultivars at 16 dS m−1 salinity.

Seed vigor was significantly affected by salinity (p < 0.001), cultivar (p < 0.001) and
their interaction (p < 0.001). At 0 dS m−1, ‘Vernal’ showed the highest seed vigor (25.17)
which was similar to ‘Bridgeview’ (20.00), ‘Halo’ (21.55), and ‘Rugged’ (21.55) (Figure 1D).
At 16 dS m−1, seed vigor was the highest for ‘Rugged’ (18.3) and ‘Halo’ (17.8), intermediate
for ‘Bridgeview’ (9.6) and ‘Vernal’ (9.2), and the lowest for ‘Rangelander’ (3.2) (Figure 1D).

3.3. Plant Height

Although alfalfa continued to grow taller over the course of the experiment, plant
height was significantly different among the salt treatments after 10 weeks of growth. At
10 and 12 weeks, plant height decreased with the increase in salinity. Average plant height
at 16 dS m−1 was about half the plant height of controls (Figure 2). There was significant
variation observed between alfalfa cultivars (p < 0.001) for plant heights after 12 weeks of
growth. Among cultivars, plant height at 12th week was highest for ‘Vernal’ at 0 dS m−1

(54.3 cm), 8 dS m−1 (33.6 cm), 12 dS m−1 (29.3 cm), 16 dS m−1 (27.7 cm), while ‘Rugged’
was the tallest at 4 dS m−1 (41.8 cm). However, the growth rate of ‘Vernal’ was lowest
among all cultivars (data not shown).
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Figure 2. Average plant height (cm) of alfalfa plants at different stages of growth under five gradients
of salinity (Electrical conductivities of 0 dS m−1, 4 dS m−1, 8 dS m−1, 12 dS m−1, 16 dS m−1) (salt
stress was applied on 4 weeks old plant; error bar represents standard errors of means).

3.4. Chlorophyll Content

There was significant variation observed among the alfalfa cultivars (p < 0.001) for
chlorophyll content after 12 weeks of growth. Plants in salinity levels 0 dS m−1, 4 dS m−1,
and 8 dS m−1 had similar chlorophyll content. However, there were significant reductions
in chlorophyll at 12 dS m−1, and 16 dS m−1 (Figure 3). The relative chlorophyll content
after 12 weeks of sowing was the lowest for ‘Rangelander’ at all salinity levels and highest
for ‘Rugged’ at salinity levels from 0–12 dS m−1 (data not shown).
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Figure 3. Average chlorophyll content (SPAD value) of alfalfa plants at different stages of growth
under five gradient of salt stresses (Electrical conductivities of 0 dS m−1, 4 dS m−1, 8 dS m−1,
12 dS m−1, 16 dS m−1) (salt stress was applied on 4 weeks old plant; error bar represents standard
errors of means; means followed by same letter are not significantly different at p < 0.05).
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3.5. Plant Injury Score and Plant Survival

Plant injury score increased with increasing salinity (p < 0.001). It also varied among
the alfalfa cultivars (p = 0.007), but there was no salinity × cultivar interaction effect on
plant injury score, indicating a similar trend for all cultivars (Table 1). ‘Rugged’ showed the
highest level of injury at 4 dS m−1 (2.3), 12 dS m−1 (3.3), and 16 dS m−1 (3.6). ‘Rangelander’
showed the highest level of injury at 8 dS m−1 (2.9) (Table 1), while ‘Halo’ showed the least
injuries at 4 dS m−1 (1.7), 8 dS m−1 (2.1) and 12 dS m−1 (2.7). Finally, ‘Bridgeview’ showed
the least injuries at 16 dS m−1 (2.7) (Table 1).

Table 1. Mean value (2-yr) of plant injury, survival, crude protein, dry biomass yield of alfalfa
cultivars under five gradients of salinity 0 dS m−1, 4 dS m−1, 8 dS m−1, 12 dS m−1, 16 dS m−1.

Salinity Cultivar Plant Injury Survival Crude Protein Dry Shoot Yield Dry Root Yield

(%) (%) (g Plant−1) (g Plant−1)

0 dS m−1 Halo 1.0l 100a 14.0bcd 4.4ab 2.5abcdef

Rugged 1.1kl 100a 13.8cd 4.0ab 2.0ab

Bridgeview 1.1kl 100a 12.8d 2.6abc 1.8abc

Rangelander 1.2jkl 100a 13.4cd 1.8cdef 1.0efghi

Vernal 1.1jkl 100a 14.4abcd 3.9a 1.7abcde

4 dS m−1 Halo 1.7ijk 100a 14.6abcd 2.0cdefg 1.8abcd

Rugged 2.3efgh 100a 14.8abcd 2.1cde 2.3a

Bridgeview 1.8hijk 100a 14.8abcd 1.4efgh 1.3bcdef

Rangelander 2.1ghi 100a 13.6cd 1.8defgh 1.3bcdefg

Vernal 1.8hij 100a 13.4cd 2.2bcd 2.4ab

8 dS m−1 Halo 2.1fghi 97.9a 18.1abcd 1.3efgh 1.0defgh

Rugged 2.6bcdefg 93.8a 18.7abc 1.5cdefg 1.0cdefgh

Bridgeview 2.7bcdefg 95.8a 17.1abcd 1.4defgh 1.0defgh

Rangelander 2.9bcde 87.5ab 17.6abcd 1.2efgh 0.6hij

Vernal 2.4defghi 97.9a 15.9abcd 1.2fgh 1.2defgh

12 dS m−1 Halo 2.7bcdefg 60.4d 21.7a 1.4defgh 0.9fghij

Rugged 3.3ab 83.3abc 18.7abc 0.9h 0.5j

Bridgeview 3.1abcd 68.8bcd 19.6ab 0.9h 0.7ghij

Rangelander 2.8bcdef 66.7cd 17.2abcd 1.2h 0.7ij

Vernal 2.7cdefg 87.5ab 20.0a 1.2gh 0.8fghij

16 dS m−1 Halo 3.0bcde 64.6cd - - -
Rugged 3.6a 56.3d - - -

Bridgeview 2.7bcdefg 56.3d - - -
Rangelander 3.1abc 52.1d - - -

Vernal 3.0bcde 58.3d - - -
Salinity *** *** *** *** ***
Cultivar * ns ns * *

Salinity: Cultivar ns ns ns ns ns

*, p < 0.05; ***, p < 0.001; ns, non-significant at p > 0.05; means followed by same letter are not significantly different
at p < 0.05.

Plant survival was significantly affected by salinity (p < 0.001), but no significant
variation was observed among the cultivars. All alfalfa plants survived at the control and
4 dS m−1, whereas 94% of alfalfa plants survived at 8 dS m−1. The survival rate decreased
at 12 dS m−1 (73%) and 16 dS m−1 (57%) after 12 weeks (Table 1). At 16 dS m−1 salinity,
34% of alfalfa plants survived (data not shown). As a result of this poor survival, biomass
yield was not reported for 16 dS m−1.

3.6. Crude Protein

Crude protein was significantly affected by salinity (p < 0.001), but no significant
variation was observed among the cultivars. Crude protein content of all alfalfa cultivars
increased with increase in salinity except in ‘Rangelander’ which showed the highest CP



Agronomy 2022, 12, 2516 8 of 15

at 8 dS m−1 and ‘Vernal’ which showed the least CP at 4 dS m−1 (Table 1). At high salt
stress of 12 dS m−1, ‘Halo’ (21.7%) had numericallyhighest CP followed by ‘Vernal’ (20.0%),
‘Bridgeview’ (19.6%) and ‘Rugged’ (18.7%) with the least CP ‘Rangelander’ (17.2%) ranked
last (Table 1).

3.7. Root and Shoot Biomass and Salt Tolerant Index

There were significant effects of salinity (p < 0.001) and cultivar (p < 0.05) on root
biomass (Table 1). Root biomass was the highest at 4 dS m−1 (1.84 g plant−1) which was
non-significantly different from the control treatment (1.81 g plant−1). Root biomass was
reduced with increase in salinity after 4 dS m−1 to 0.72 g plant−1 at 12 dS m−1 (Table 1).
Root biomass at 0 dS m−1, 4 dS m−1, 8 dS m−1 and 12 dS m−1 was highest for ‘Halo’
(2.5 g plant−1), ‘Vernal’ (2.4 g plant−1), ‘Vernal’ (1.2 g plant−1) and ‘Halo’ (0.9 g plant−1),
respectively (Table 1). At high salt stress of 12 dS m−1, ‘Halo’ (0.9 g plant−1) had the
highest root biomass followed by ‘Vernal’ (0.8 g plant−1), ‘Bridgeview’ (0.7 g plant−1), and
‘Rangelander’ (0.7 g plant−1). This value was with least for ‘Rugged’ (0.5 g plant−1).

There were significant effects of salinity on shoot biomass (p < 0.001). Additionally,
there was significant variation among the alfalfa cultivars for shoot biomass (p = 0.03).
Shoot biomass was 3.32 g plant−1 in the control treatment, which was reduced to 1.12 g
plant−1 at 12 dS m−1 (Table 1). Shoot biomass at 0 dS m−1, 4 dS m−1, 8 dS m−1, and
12 dS m−1 was the highest for ‘Halo’ (4.4 g plant−1), ‘Vernal’ (2.2 g plant−1), ‘Rugged’
(1.5 g plant−1), and ‘Halo’ (1.4 g plant−1), respectively (Table 1). In the high salt stress of
12 dS m−1, ‘Halo’ (1.4 g plant−1) had the highest shoot biomass followed by ‘Vernal’ (1.2 g
plant−1) and ‘Rangelander’ (1.2 g plant−1) while it was lowest in ‘Rugged’ (0.9 g plant−1)
and ‘Bridgeview’ (0.9 g plant−1).

The salt-tolerance index based on shoot biomass showed that ‘Halo’ was the most
tolerant among the five cultivars at the salinity levels of 4 dS m−1 and 12 dS m−1 whereas
‘Rugged’ showed greater tolerance at 8 dS m−1 followed by ‘Halo’ (Table 2).

Table 2. Salt tolerance index of alfalfa cultivars based on shoot biomass yield.

Cultivar 4 dS m−1 8 dS m−1 12 dS m−1

Halo 0.80 0.50 0.57
Rugged 0.76 0.53 0.31

Bridgeview 0.33 0.33 0.20
Rangelander 0.30 0.20 0.20

Vernal 0.78 0.44 0.43

3.8. Correlation among the Measured Variables

Plant height had a significant positive correlation with leaf chlorophyll content (p < 0.001,
r = 0.59), shoot biomass (p < 0.001, r = 0.80), root biomass (p < 0.001, r = 0.51), germi-
nation rate (p < 0.001, r = 0.28), seed vigor (p < 0.05, r = 0.21). Shoot biomass showed
a significant positive correlation with leaf chlorophyll content (p < 0.001, r = 0.56), root
biomass (p < 0.001, r = 0.51), but no correlation was observed with germination rate or seed
vigor. Root biomass showed a significant positive correlation with chlorophyll content
(p < 0.05, r = 0.22) and germination rate (p < 0.05, r = 0.22). Plant injury score showed a
significant negative correlation with plant height (p < 0.001, r = −0.29), leaf chlorophyll
content (p < 0.001, r = −0.38), shoot biomass (p < 0.01, r = −0.29), root biomass (p < 0.01,
r = −0.29), and germination rate (p < 0.001, r = −0.34), and seed vigor (p < 0.05, r = −0.16)
(Table 3).
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Table 3. Pearson correlation coefficient among the traits measured at germination and post germi-
nation stages of alfalfa under salt stress (upper triangular matrix represent positive and negative
correlation coefficient and lower triangular matrix represents significant level).

PH CHL PI DSY DRY GR SV

PH 0.59 −0.29 0.80 0.51 0.28 0.21
CHL *** −0.38 0.56 0.22 0.32 0.24

PI *** *** -0.29 −0.29 −0.34 −0.16
DSY *** *** ** 0.51 0.11 0.04
DRY *** * ** *** 0.22 0.13
GR *** *** *** ns * 0.79
SV * ** * ns ns ***

*, p < 0.05; **, p < 0.01; ***, p < 0.001, ns, non-significant at p > 0.05; PH, plant height on 12th week of growth; CH,
chlorophyll on 12th week of growth; PI, plant injury; DSY, dry shoot biomass yield; DRY, dry root biomass yield;
GR, germination rate; SV, seed vigor.

3.9. Elemental Composition of Alfalfa
3.9.1. Leaf

The elemental composition in leaf tissue of alfalfa cultivars at each level of salinity
as revealed by ICP-MS is shown in Table 4. At 0 dS m−1, there was significant variation
among alfalfa cultivars for sodium (p < 0.001) and sulphur (p = 0.01). At 4 dS m−1 there was
significant variation among alfalfa cultivars for sulphur (p = 0.03), potassium (p = 0.001),
and iron (p = 0.01). At 8 dS m−1, there was significant variation among alfalfa cultivars
for sodium (p = 0.003), sulphur (p = 0.002), potassium (p < 0.001), chloride (p = 0.02), phos-
phorus (p < 0.001), magnesium (p = 0.02), copper (p = 0.001), and manganese (p = 0.01). At
12 dS m−1, there was significant variation among alfalfa cultivars for sodium (p = 0.01),
sulphur (p = 0.01), potassium (p = 0.03), magnesium (p = 0.06), copper (p = 0.01), man-
ganese (p < 0.001), and zinc (p < 0.001). At 16 dS m−1, there was significant variation
among alfalfa cultivars for sodium (p < 0.001), sulphur (p = 0.01), potassium (p < 0.001),
chloride (p = 0.003), phosphorus (p < 0.001), calcium (p < 0.001), copper (p = 0.01), and
manganese (p < 0.001). In leaf tissue at 12 dS m−1, sodium concentration was the highest
for ‘Rugged’, followed by ‘Rangelander’, ‘Bridgeview’, ‘Halo’ and ‘Vernal’. Likewise, at
12 dS m−1 salinity, chlorine concentration was the highest for ‘Rangelander’, followed in
order by ‘Bridgeview’, ‘Vernal’, ‘Halo’, and ‘Rugged’.

3.9.2. Root

The elemental composition in root tissue of alfalfa cultivars at each level of salinity
as revealed by ICP-MS is shown in Table 5. At 0 dS m−1, there was significant variation
among alfalfa cultivars for sodium (p = 0.005), potassium (p = 0.001), magnesium (p < 0.001),
sulphur (p = 0.009), and manganese (p = 0.01). At 4 dS m−1, there was significant variation
among alfalfa cultivars for all measured elements except iron (p = 0.15). At 8 dS m−1,
there was significant variation among alfalfa cultivars for all measured elements except
potassium (p = 0.72) and calcium (p = 0.06). At 12 dS m−1, there was significant variation
among alfalfa cultivars for potassium (p = 0.02), sulphur (p = 0.003), iron (p < 0.001),
copper (p < 0.001), zinc (p < 0.001), and manganese (p < 0.001). At 16 dS m−1, there was
significant variation among alfalfa cultivars for phosphorus (p = 0.009), calcium (p < 0.001),
sulphur (p = 0.004), copper (p = 0.007), zinc (p = 0.02), and manganese (p < 0.001). At 12 dS
m−1 salinity, the sodium and chlorine concentrations were the highest for ‘Rangelander’,
followed by ‘Vernal’, ‘Bridgeview’, ‘Halo’, and ‘Rugged’ in root tissues.
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Table 4. Analysis of variance and mean value of elemental concentrations (mg L−1) in leaf tissue of five alfalfa cultivars (H, ‘Halo’; Ru, ‘Rugged’; B, ‘Bridgeview’; Ra,
‘Rangelander’; V, ‘Vernal’) under five gradients of salt stresses (Electrical conductivities of 0 dS m−1, 4 dS m−1, 8 dS m−1, 12 dS m−1 and 16 dS m−1) as revealed by
inductively coupled plasma-mass spectroscopy.

Salinity 0 dS m−1 4 dS m−1 8 dS m−1 12 dS m−1 16 dS m−1

Cultivar H Ru B Ra V P
value

H Ru B Ra V P
value

H Ru B Ra V P
value

H Ru B Ra V P
value

H Ru B Ra V P
value

Sodium 944 746 357 310 684 <0.001 24,578 19,442 14,041 20,292 22,016 0.11 38,863 23,179 27,516 43,055 36,746 0.003 43,142 59,205 51,264 53,166 39,192 0.01 47,356 44,123 56,392 57,445 28,083 <0.001

Chlorine 625 795 737 790 640 0.54 9779 9656 7421 12398 10078 0.06 16,842 9471 17,140 23,244 22,476 0.02 22,072 21,695 25,237 28,643 22,911 0.54 24,662 26,250 25,810 35,728 21,092 0.003

Phosphorus 2142 2390 2274 2422 2147 0.44 3847 3714 3749 3834 3427 0.18 5213 4382 3437 6970 5151 <0.001 5866 7161 6928 8112 7557 0.61 5398 5922 5413 8062 6407 <0.001

Potassium 19,262 21,796 21,302 21,556 19,024 0.51 29,464 29,002 34,442 40,535 25,769 0.001 30,206 41,329 35,693 30,063 31,170 <0.001 31,690 27,216 33,291 36,915 40,941 0.03 29,410 28,233 32,030 29,312 39,883 <0.001

Calcium 17,950 19,180 21,936 15,713 18,484 0.11 11,322 11,332 12,638 13,129 11,104 0.53 10,551 10,042 10,791 8630 9254 0.13 10,663 9252 10,333 10,091 9070 0.53 9700 6461 8293 7501 10,448 <0.001

Magnesium 3976 4677 4357 3612 4456 0.27 2788 2640 3035 3392 3009 0.23 2786 2364 2145 2494 2982 0.02 2854 3110 3086 2349 2681 0.06 2176 1734 2172 1945 2316 0.23

Sulphur 4392 5660 4692 3135 4458 0.01 7091 6182 4949 4884 6033 0.03 7875 6564 5974 5846 8520 0.002 9049 8847 9343 7706 8135 0.01 9085 7352 10,499 7924 7245 0.01

Iron 86.9 97.8 82.6 101.1 83.3 0.09 137.1 126.2 126.2 124.6 117.2 0.01 121.0 118.7 123.0 119.0 118.5 0.95 132.3 135.0 116.6 99.2 105.9 0.45 103.2 93.1 97.1 99.0 87.8 0.39

Copper 6.47 7.85 7.74 7.21 6.95 0.17 10.8 11.0 10.7 12.7 10.6 0.95 14.2 14.7 10.9 11.4 11.50 0.001 14.8 16.8 19.2 15.5 16.2 0.01 16.2 12.7 15.5 15.2 17.1 0.01

Zinc 28.5 31.9 33.5 27.7 28.6 0.56 51.4 45.4 47.2 48.1 51.0 0.59 61.3 58.2 46.6 57.4 69.8 0.10 94.8 89.8 114.4 98.8 107.8 <0.001 59.7 57.3 59.4 57.8 59.5 0.95

Manganese 27.0 30.8 38.1 28.2 34.0 0.05 45.6 55.6 61.7 59.2 71.0 0.16 92.0 84.8 78.6 78.1 77.2 0.01 179.1 183.4 244.4 167.7 145.1 <0.001 78.5 84.7 100.2 73.7 116.2 <0.001
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Table 5. Analysis of variance and mean value of elemental concentrations (mg L−1) in root tissue of five alfalfa cultivars (H, ‘Halo’; Ru, ‘Rugged’; B, ‘Bridgeview’;
Ra, ‘Rangelander’; V, ‘Vernal‘) under five gradients of salt stresses (Electrical conductivities of 0 dS m−1, 4 dS m−1, 8 dS m−1, 12 dS m−1 and 16 dS m−1) as revealed
by inductively coupled plasma-mass spectroscopy.

Salinity 0 dS m−1 4 dS m−1 8 dS m−1 12 dS m−1 16 dS m−1

Cultivar H Ru B Ra V P
value

H Ru B Ra V P
value

H Ru B Ra V P
value

H Ru B Ra V P
value

H Ru B Ra V P
value

Sodium 3466 3040 4940 5002 4662 0.005 21,921 19,358 21,258 23,528 22,315 0.01 24,570 17,248 16,349 24,185 19,005 <0.001 29,964 29,521 33,877 40,405 38,947 0.29 35,143 33,436 34,100 29,783 30,766 0.12

Chlorine 823 832 939 1021 929 0.64 11,491 7086 8922 12,398 11,636 <0.001 14,343 11,749 10,604 12,514 10,034 0.004 17,245 16,616 18,761 28,900 21,222 0.60 22,183 22,143 19,726 19,110 19,220 0.42

Phosphorus 3001 2779 3292 2963 2782 0.17 5490 4083 5050 4156 4365 0.001 5276 4185 3689 5900 4573 0.001 6476 7244 7385 9145 8408 0.44 6750 7274 7251 6680 8869 0.009

Potassium 20,562 13,659 21,137 17,114 15,134 0.001 23,183 16,973 20,698 18,527 20,235 0.04 14,837 15,787 13,739 13,585 13,425 0.72 16,635 15,014 14,702 16,093 18,670 0.02 11,749 13,015 13,118 11,657 14,825 0.05

Calcium 2249 2660 2194 2109 2800 0.29 3291 2601 2569 2566 3358 0.003 2956 2324 1829 2689 3049 0.06 3059 2723 2819 3488 3323 0.06 2012 2502 2128 2103 2966 <0.001

Magnesium 5142 2608 5202 4695 3320 <0.001 5704 4830 4922 4896 5841 0.006 5401 5406 3549 4265 4083 0.01 5870 5092 4469 5795 5407 0.20 5052 4739 4460 4928 4999 0.26

Sulphur 7882 4726 8994 7364 5791 0.009 6433 4252 5403 4424 5381 0.009 4970 4757 3843 3317 4320 0.01 4528 4073 4298 5168 6097 0.003 4363 5161 5597 4172 5542 0.004

Iron 131.8 177.0 153.2 175.6 208.5 0.37 109.1 141.0 90.8 127.5 156.0 0.15 109.9 56.5 462.0 89.2 102.6 <0.001 134.0 105.1 112.1 205.2 111.5 <0.001 118.8 100.8 95.6 79.5 130.1 0.09

Copper 13.6 14.0 13.3 13.0 13.1 0.98 26.1 17.9 20.7 18.1 19.5 0.006 25.1 18.6 18.8 25.1 15.5 <0.001 124.2 102.4 90.9 181.2 152.8 <0.001 22.4 25.1 22.6 21.1 31.0 0.007

Zinc 15.8 20.0 15.8 17.3 22.3 0.13 64.6 28.8 30.6 30.8 52.7 <0.001 65.2 48.6 51.5 59.2 34.6 0.02 268.3 239.5 190.1 545.9 380.5 <0.001 69.5 106.4 73.9 44.6 100.2 0.02

Manganese 18.5 17.7 19.8 25.3 16.2 0.01 52.5 30.9 48.5 33.5 34.3 0.004 122.3 84.3 66.9 113.1 55.7 0.003 590.3 436.5 392.3 978.0 697.6 <0.001 140.4 167.0 134.1 116.4 219.8 <0.001
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4. Discussion

All crops are routinely affected by a broad range of biotic and abiotic stresses in natural
growth conditions. This results in difficulty in dissecting a single component of plant stress
in the field. In this study, we used a sand based hydroponic experiment in the greenhouse
to understand the physiological responses of five alfalfa cultivars with varying tolerances
to salt stress at germination and post-germination stages of growth. The findings of this
study can provide useful physiological indicators for screening alfalfa germplasms for salt
tolerant in future alfalfa genetic improvement.

As expected, the seed vigor and seedling length of salt tolerant alfalfa cultivars ‘Halo’
and ‘Rugged’ were greater as compared to other cultivars in 16 dS m−1 because ‘Rugged’
was selected for tolerance to salinity during germination and ‘Halo’ for tolerance to salin-
ity at germination and mature growth stages [5]. Similarly, another salt tolerant cultivar
‘Bridgeview’ was also selected for high seed vigor and forage yield as compared to ‘Range-
lander’ [21]. In our study, ‘Bridgeview’ showed higher seed vigor than ‘Rangelander’,
which was lower than ‘Halo’ and ‘Rugged’. The salt intolerant alfalfa cultivar ‘Vernal’ had
the highest average final plant height under salinity 8–16 dS m−1. This might be because
the reduction in plant height may represent a strategy adopted by salt tolerant alfalfa
cultivars to survive under salt stress by reallocating assimilates to support mechanisms
that promote plant survival. Salt tolerant alfalfa cultivar ‘Halo’ had the highest biomass
and the lowest plant injury score in this study, which is in agreement with previous studies
by Steppuhn et al. [5] and Bertrand et al. [29]. The decrease in chlorophyll content under
salinity has been considered a typical symptom of oxidative stress because of either slow
synthesis or fast breakdown [30]. This study suggests that in the early stages of salt stress
alfalfa does not undergo significant chlorophyll reduction. Therefore, to effectively screen
alfalfa germplasm using plant injury scores and chlorophyll content as markers it may be
necessary to expose plants to extended periods of salt stress. Interestingly, we also found
that crude protein concentration increased under higher salinity levels, which suggests that
the selection for salt tolerant alfalfa germplasm will also select for improved forage quality.

It is important to emphasize that the definition of salt resistance varies between
growth stages; during the germination stage resistance is based on survival, whereas in
later developmental stages resistance is usually based on relative growth reduction [31].
This study suggests selecting for higher seed vigor with lower plant injury and higher
biomass yield can be used for selecting salt tolerant alfalfa genotypes for population
development. This study suggests truncation selection, aka independent culling, as a
breeding strategy for developing salt tolerant alfalfa cultivars at different growth stages.
This is because seedling length and seed vigor showed no correlation with shoot biomass.
This result is similar to previous reports on the correlation between germination and post-
germination stages [11,12]. To successfully develop salt tolerant alfalfa cultivars through
truncation selection, germplasms should be selected for high seed vigor followed by low
plant injury score and high biomass in later growth stages. During truncation selection,
population size is severely reduced due to the high selection intensity for each trait. This
selection approach might reduce genetic variation significantly, thus, starting with diverse
germplasm is desirable. A number of studies have reported that salt tolerance in alfalfa
populations can be improved if initial genetic variability is high for traits associated with
salt tolerance [5,10].

There are different strategies used by plant species to cope with salt toxicity. Some
plants can accumulate salt ions in vacuoles, while some exclude salts through the roots [1,2].
Increasing potassium uptake is also a strategy for coping with sodium ion toxicity [32].
Alfalfa exposed to salt stress for 8 weeks showed accumulations of sodium in leaves at
higher salinity levels (8–12 dS m−1), which contradicts Wand and Han [33] who found a
higher accumulation of sodium in roots than in leaves sampled after 15 days of salt stress
(120 mmol L−1 NaCl). This difference was likely because of varying responses of cultivars
to salinity in addition to the length of salt exposure. For two salt-tolerant cultivars, Bhattarai
et al. [15] found the pattern of chlorine accumulation for ‘Halo’ was root > stem~leaf at
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8 dSm−1, and root~leaf > stem at 12 dSm−1, potentially preventing an elemental overload
injury in leaf tissues. In contrast, for ‘Vernal’ chlorine accumulation was leaf > stem~root
at 8 dSm−1. Rahman et al. [23] found alfalfa under 50 mM and 100 mM NaCl showed
an ion-exclusion salt tolerance mechanism. Potassium and sodium, being monovalent
cations, are generally considered as competitive elements for uptake and transport [34].
Our study, however, found an increasing concentration of sodium with increases in salinity
while potassium concentrations did not show any trend relative to the salinity gradients.
In leaf tissue of alfalfa, calcium concentration decreased with an increase in salinity levels
which is similar to the result reported by Younesi et al. [35], suggesting a sodium induced
calcium deficiency.

There are contradictory explanations for decreased, increased, or unchanged phospho-
rus uptake in response to salinization in different plant species [36], indicating a complex
interaction between salinity and phosphorus uptake. This study found phosphorus concen-
tration in leaf tissue of all alfalfa increased with the increase in salinity from 0 dS m−1 to
12 dS m−1. Phosphorus is involved in several key functions in plants such as photosynthe-
sis, transformation of sugars and starches, and nutrient movement. In contrast to Ashrafi
et al. [19] who observed increased magnesium content in leaf and root tissues under salt
stress, our study showed decreased content in leaf tissue and increased content in root
tissue as compared to controls. Magnesium is essential for many cellular enzymes func-
tioning and is also the central atom of the chlorophyll molecule [37]. Therefore, decrease
in magnesium in leaf tissue in our study may suggest a decrease in photosynthesis under
salt stress. Sulphur containing compounds play important role in plant defense against
stresses [38]. We found sulphur content increased with increases in salt stress in leaf tissue.
It is difficult to explain the influences of salt stress on micro-element concentrations because
of relatively smaller differences between control and stressed plants [39]. Manganese is
an essential micronutrient involved in photosystem II (PS II), providing electrons for pho-
tosynthesis. We found the accumulation of both manganese and zinc in alfalfa increased
with increasing salinity up to 12 dS m−1. In particular, salt-tolerant alfalfa cultivars in our
study accumulated more manganese than intolerant alfalfa at 12 dS m−1. Manganese and
zinc were assumed to scavenge the free radical superoxide (O2

−) and hydrogen peroxide
(H2O2), thereby providing defense against oxidative stress [40,41]. However, a high salinity
level of 16 dS m−1 had a detrimental effect on manganese and zinc accumulation eventually
affecting photosynthesis and plant growth. Alfalfa showed higher copper concentration
in root tissues than leaf tissues and the highest concentration at 12 dS m−1. Super-oxide
dismutase which contains copper and zinc as metal components [42] detoxifies reactive
oxygen species (ROS). Decrease in micro-elements under salt stress might have detrimen-
tal effects on this ROS scavenging ability. The finding of this ionome study is crucial in
understanding alfalfa’s response to salt stress.

5. Conclusions

Salinity reduced shoot and root growth of all five alfalfa cultivars, but the magnitude of
growth reduction varied among the cultivars. The variability in response to salinity among
alfalfa cultivars indicated a potential for further plant selection for future breeding. ‘Halo’ is
a promising cultivar based on high salt tolerance index, high biomass, and low plant injury
score relative to other cultivars under greenhouse conditions. The approach in this paper
might facilitate the selection of salt tolerant alfalfa genotypes based on physiological traits
for the development of salt tolerant cultivars, which could improve alfalfa productivity
in saline regions. This study found that indirect selection for improved germination and
seedling vigor may not be an effective method for improving forage biomass yield. Rather,
a sequential selection based on high seed vigor at germination followed by low plant injury
and high biomass in later growth stages could be an effective strategy for improving salinity
tolerance. As alfalfa is a perennial forage legume, further investigation is needed to assess
the response of alfalfa to salinity during re-growth. Additionally, this study was conducted
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in a sand-based hydroponics system in the greenhouse, therefore further study is needed
to validate these results in field conditions.
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