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ABSTRACT

Soil salinization is the main factor that threatens the growth and development of plants and limits the increase of
yield. It is of great significance to study the key soil environmental factors affecting plant root traits to reveal the
adaptation strategies of plants to saline-alkaline-stressed soil environments. In this study, the root biomass, root
morphological parameters and root mineral nutrient content of two alfalfa cultivars with different sensitivities to
alkaline stress were analyzed with black soil as the control group and the mixed saline-alkaline soil with a ratio of
7:3 between black soil and saline-alkaline soil as the saline-alkaline treatment group. At the same time, the cor-
relation analysis of soil salinity indexes, soil nutrient indexes and the activities of key enzymes involved in soil
carbon, nitrogen and phosphorus cycles was carried out. The results showed that compared with the control
group, the pH, EC, and urease (URE) of the soil surrounding the roots of two alfalfa cultivars were significantly
increased, while soil total nitrogen (TN), total phosphorus (TP), organic carbon (SOC), and a-glucosidase activity
(AGC) were significantly decreased under saline-alkaline stress. There was no significant difference in root bio-
mass and root morphological parameters of saline-alkaline tolerant cultivar GN under saline-alkaline stress. The
number of root tips (RT), root surface area (RS) and root volume (RV) of AG were reduced by 61.16%, 44.54%,
and 45.31%, respectively, compared with control group. The ratios of K*/Na*, Ca**/Na* and Mg**/Na* of GN
were significantly higher than those of AG (p < 0.05). The root fresh weight (RFW) and dry weight (RDW), root
length (RL), RV and RT of alfalfa were positively regulated by soil SOC and TN, but negatively regulated by soil
pH, EC, and URE (p < 0.01). Root Ca®"/Na* ratio was significantly positively correlated with soil TN, TP and SOC
(p < 0.01). The absorption of Mg and Ca ions in roots is significantly negatively regulated by soil B-glucosidase
activity (BGC) and acid phosphatase activity (APC) (p < 0.05). This study improved knowledge of the relationship
between root traits and soil environmental factors and offered a theoretical framework for elucidating how plant
roots adapt to saline-alkaline stressed soil environments.
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1 Introduction

According to statistics, a total of 955 x 10° hm? of land worldwide is subjected to salt/alkaline stress [1].
The saline-alkaline land area in China is up to 953 million hm?, which has become the main obstacle factor
restricting crop yield and economic development [2]. Saline-alkaline land management is currently shifting
from saline-alkaline land-adapted to crop to crop-adapted to saline-alkaline land, and one of the most
promising future approaches is biological management of saline-alkaline land by planting saline-alkaline
tolerant plant types [3]. Therefore, the study of plant adaptation mechanism to saline-alkaline stress is the
premise of selecting saline-alkaline tolerant plant cultivars.

Roots are the main organs for plants to absorb water and nutrients, and root traits include root growth,
morphology, and physiological traits, which determine plants’ access to underground resources, affect plant
growth, survival, distribution, and response to soil environment changes, and play an important driving role
in the material circulation and energy flow process of ecosystems [4—7]. Plants control root morphology in
some ways to adapt to changes in environmental conditions, strengthen the relationship between them and
microorganisms, and maximize nutrient uptake. Plant roots exhibit plasticity in response to environmental
changes [8—10]. However, investigations on the variety of root attributes have been limited by the
challenge of root acquisition and the intricacy of root structure.

Soil environmental factors, including soil salinity, soil nutrients, and soil enzyme activities, are the main
factors affecting plant growth and development. Environmental factors in the soil give plant roots feedback
and cause corresponding root modifications. Plants will increase root length to adapt to drought
environments [11], and under high pH stress, plants will reduce morphological parameters such as root
length, root surface area, and root volume [12]. When soil phosphorus is deficient, plants will show
inhibition of taproot length, increase of lateral roots and root hairs, and shallow root distribution [13].
Soil enzymes are mainly derived from the secretions of microorganisms and plant roots and the enzymes
released by plant and animal residues, which are catalysts for soil biochemical reactions. At the same
time, they also participate in the important processes of carbon, nitrogen, and phosphorus turnover and
energy conversion in soil [14]. Soil enzyme activity is related to salt stress intensity, and with the increase
of salt concentration, soil urease activity significantly decreases [15]. However, soil urease can be
promoted by low-concentration salt stress [16]. Soil phosphatase activity can be induced by low available
phosphorus levels [17]. Plant nutrient bioavailability is significantly influenced by soil enzyme activities,
which in turn impacts plant growth rates [18,19]. Therefore, it is crucial to understand how plant root
characteristics interact with soil environmental factors in order to understand how plant roots adapt to the
saline-alkaline-stressed soil environment.

Alfalfa (Medicago sativa L.) is a high-yield and good-quality forage with high salt tolerance [20].
Planting alfalfa can reduce soil salinity and pH value, and rhizobium in its root system can fix nitrogen
and improve the soil environment [21]. Our previous research was based on the indoor addition of an
alkaline solution to simulate a saline-alkaline stress environment and explained that different alfalfa
cultivars can alleviate salt-alkaline stress damage by adjusting their physiology, biochemistry, and gene
expression, and saline-alkaline tolerant cultivars are better adapted to saline-alkaline stress environment
than saline-alkaline sensitive cultivars [22]. However, investigations on the traits of different alfalfa
cultivars such as root biomass, root morphological parameter change, and amount of mineral nutrient
accumulation in the roots under naturally saline-alkaline soil circumstances, are still lacking.

Therefore, this study took alfalfa cultivars with different saline-alkaline tolerance as the research object.
The differences in root traits of alfalfa cultivars with different saline-alkaline tolerance under saline-alkaline
stress were analyzed by measuring root growth, root morphology parameters, and root ion contents. At the
same time, plant root traits and soil properties were explored with correlation analysis of the soil salinity
indexes, soil nutrient indexes, and soil activities of key enzymes involved in soil carbon, nitrogen, and
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phosphorus cycles. The research results can provide a theoretical basis for revealing the adaptation
mechanism of plant roots to saline-alkaline stressed soil environments. Meanwhile, it provides an
important reference value for breeding saline-tolerant cultivars in saline-alkali land restoration.

2 Materials and Methods

2.1 Experimental Site

The experimental base of Jilin Academy of Agricultural Sciences is located in Nanguan District,
Changchun City, Jilin Province, at 125°33' East longitude, and 43°89’ north latitude. The region has the
characteristics of a mid-temperate continental monsoon climate. The average monthly temperature varies
between 15°C-28°C and the monthly precipitation varies between 15.2-23.6 mm during the experiment
period.

2.2 Experimental Design

The experiment was done on July 05, 2022, in the glass greenhouse of the Jilin Academy of Agricultural
Sciences. The test soil was derived from the black soil of the Jilin Academy of Agricultural Sciences and soda
saline-alkaline soil from the National Da’an Alkaline Soil Test Station. The black soil was the non-saline-
alkaline soil (Control) group (pH 7.71 + 0.06; EC, 120.00 £ 2.87), and the mixed saline-alkaline soil was
created by combining black soil and saline-alkaline soil at a ratio of 7:3, and it was designated as the
saline-alkaline stress treatment group (Saline-alkaline stress, pH, 8.51 £ 0.02; EC 327.33 + 4.67). An
alkaline-tolerant cultivar, Gongnong NO.1 (GN), and an alkaline-sensitive cultivar, Algonquin (AG), were
selected based on our previous study [22]. Each bucket was filled with about 5 kg of soil, and each
bucket was seeded in the five-point method of acupoint sowing. Seeds were disinfected with 6% sodium
hypochlorite, then 10 seeds were planted at each acupoint, and the seedlings were thinned after
emergence to ensure that there were 5 seedlings remaining in each bucket and each hole with the same
growth, that is, 15 seedlings in each bucket. All of the experiments were conducted with three biological
replicates, each consisting of 3 plastic black buckets (height 21.0 cm, diameter 20.7 cm) of alfalfa
seedlings, with 15 seedlings in each bucket. After sowing, irrigation was done with tap water (EC
1.05 mS/cm, pH 7.52), and post-emergence field management was not implemented with fertilization
except manual weeding when necessary.

2.3 Measurement Items and Methods

We selected 7 weeks as the sampling time based on the phenotypic characteristics of leaf yellowing in
alkaline-sensitive cultivar AG. Five plants were carefully excavated from each treatment, and the soil
surrounding the roots of alfalfa was collected by shaking the root method [23], air-dried at room
temperature, homogenized, and screened by 2 mm for the determination of soil chemical properties and
soil enzyme activities.

The root samples were rinsed with deionized water and dried with absorbent paper. Then, the roots of
these five seedlings were scanned with an Epson Expression 10000XL (Epson America Inc., Long Beach,
CA, United States) root scanner using the method described by Zhang et al. [12]. Then the WinRHIZO
(Regent Instruments Canada Inc., Ville de Québec, QC, Canada) root analysis software was used to
analyze root morphological parameters root length (RL), root surface area (RS), root tips (RT), and root
volume (RV). Then, five seedlings under each treatment were collected as a group, the seedlings were
separated from the root, the fresh weight of the shoots and roots were determined, then the fresh samples
of the seedlings were placed in the oven, green were killed at 105°C for 40 min, and then dried at 75°C
to constant weight, and the dry weight of the shoots and roots were weighed, respectively. The ratios of
K'/Na", Ca**/Na’, and Mg*'/Na" indexes in the alfalfa roots were measured by the method of Wei et al. [24].
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Soil pH and electric conductivity (EC) were determined by potential method (water:soil = 5:1) (DDS-
307A, Shanghai Lei-Ci), and soil total nitrogen, phosphorus, potassium (TN, TP, TK), and soil available N, P,
K nutrients (AN, AP, AK) were sent to the official laboratory for testing (Testing Department, Northeast
Institute of Geography and Agroecology, Chinese Academy of Sciences, China). TN, TP, and AP were
determined by a continuous flow analyzer. AN was determined by titration. TK and AK were determined
by ICP-AES using inductively coupled plasma emission spectrometry. Soil organic carbon (SOC) was
determined by external heating and potassium dichromate titration. Soil a-glucosidase activity (AGC), -
glucosidase activity (BGC), urease activity (URE), alkaline phosphatase activity (APC) were sent to
Beijing First Detection Technology Co., Ltd. (China), for determination, and the analysis was determined
by spectrophotometer.

2.4 Data Processing and Analysis Methods

Microsoft Excel 2016 software was used to organize the test data, and Origin 9.1 software was used for
data plotting. SPSS 20.0 software was used to conduct one-way ANOVA and Duncan’s method for multiple
comparisons (a = 0.05). Principal coordinate analysis (PCoA) was carried out using the R “vegan” package
(v2.5-7) to identify variations in root biomass and root morphological parameters in different alfalfa cultivars
under saline-alkaline stress. The Spearman correlation coefficient in the R ggcor package (v.0.9.8.1) was
used to evaluate correlation heatmaps between root traits and soil properties. All data are expressed as the
mean + standard error of the measurements for 3 biological replicates.

3 Results

3.1 Variation Characteristics of Soil Properties Surrounding Roots of Different Alfalfa Cultivars under

Control and Saline-Alkaline Stress Treatment

The soil EC surrounding the roots of GN was 1.91 times that of the control under salt and alkaline stress,
whereas the soil EC surrounding the root of AG was 1.96 times that of the control group (Table 1). The soil
AN content in GN under saline-alkaline stress treatment increased by 88.46% compared with that of the
control group. However, the soil AN content in AG decreased by 25.66% compared with the control
group. The soil AN content of GN was significantly higher than that of AG (p < 0.05). Saline-alkaline
stress had no significant effects on soil AP, AK, and soil TK in either GN or AG. Compared with the
control treatment, soil TN content and soil total phosphorus content of GN and AG under saline-alkaline
stress treatment were significantly decreased, but there was no significant difference among cultivars (p >
0.05). The SOC of saline-alkaline-induced GN and AG decreased by 2.20% and 17.49%, respectively,
compared with the control group.

Table 1: Effects of saline-alkaline stress on soil chemical properties of different alfalfa cultivars

Saline- Cultivar pH Electric Available Available Available Total nitrogen Total Total Soil
alkaline- conductivity nitrogen (AN,  phosphorus potassium (AK, (TN, g/kg) phosphorus  potassium organic
stress (EC) mg/kg) (AP, mg/kg)  mg/kg) (TP, g/kg) (TK, g/kg) carbon
treatment (SOC,
g/kg)
Control ~ GN 7.65+0.02c 138.23 £0.50b 53.87 £ 0.52c  36.68 +2.64a 108.45 + 12.64a 0.74 +0.035a 0.54 +0.02a 22.69 +0.44a 10.14 +
0.06a
AG 7.94+0.06b 131.50 £4.14b 58.53 +1.04b 34.58 +1.15a 101.16 £ 1.25a 0.70 £ 0.0la  0.49 +0.09b 22.71 £0.92a 9.91 +
0.07b
Saline-  GN 8.63 £0.0la 263.67 £4.70a 101.53 £2.26a 32.73 +1.28a 97.37+3.28a  0.62+0.08b 0.44 +0.02¢c 23.55+0.20a 7.63 +
alkaline 0.08¢c
stress AG 8.56+0.11a 257.67 +12.68a 43.51 £0.90d 34.85+1.37a 99.91+3.19a  0.61 £0.02b 0.45+0.07c 23.65+0.33a 630 +
0.07d

Note: GN and AG represent the alkaline-tolerant cultivar, Gongnong NO.1 (GN), and the alkaline-sensitive cultivar, Algonquin (AG), respectively.
The same as below. The pH, EC, AN, AP, AK, TN, TP, TK, and SOC represent soil pH, electrical conductivity, soil available nitrogen content, soil
available phosphorus content, soil available potassium content, soil total nitrogen content, soil total phosphorus content, soil total potassium content,
and soil organic carbon content, respectively. All values are shown as mean + standard error. Different lowercase letters indicate significant differences
among different treatments at p <0.05 according to Duncan’s test.
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Under saline-alkaline stress, the LAP of soil surrounding GN roots decreased by 9.69% compared with
the control, while that of AG soil increased by 60.60% compared with the control group (Table 2). The URE
of soil surrounding GN roots under salt-alkaline stress was increased by 72.38% compared with the control
group. However, the URE of soil surrounding AG roots increased by 33.88% compared with the control
group. The AGC of GN soil was decreased by 55.95% compared with the control group, while the AGC
of soil surrounding AG roots was decreased by 51.91% compared with the control group. The BGC of
soil surrounding GN roots was not significantly different from that of the control group under saline-
alkaline treatment, but the BGC of soil surrounding AG roots was significantly lower than that of the
control group, which decreased by 19.43%. The APC of soil surrounding GN roots was increased by
11.44%, while that of AG was decreased by 9.92%.

Table 2: Effects of saline-alkaline stress on soil enzyme activities of different alfalfa cultivars

Saline-  Cultivar Leucine Urease activity a-glucosidase [-glucosidase Acid phosphatase
alkaline- aminopeptidase (URE, U/g) activity activity activity (APC,
stress activity (LAP, (AGC, U/g) (BGC, U/g) nmol/d/g)
treatment umol/g/24 h)

Control GN 1599 £0.35b  117.70 £ 3.52d 29.49 + 0.69b 40.34 + 0.80b 6225.34 + 14.09¢
AG 16.29 £ 0.18b  176.13 £2.70c 34.42 + 0.45a 54.01 +1.0la 8182.28 + 68.32a
Saline- GN 14.44 + 0.14c  202.88 +£2.18b 12.99 £0.25d 41.63 = 1.20b 7271.75 +40.39b

alkaline  AG 2616+ 0.38a  235.80 = 1.23a 16.55 = 0.39c 43.51 = 0.66b 7370.90 + 43.41b
stress
Note: LAP, URE. AGC, BGC, and ACP represent soil leucine aminopeptidase activity, soil urease activity, soil o-glucosidase activity, soil B-B-

glucosidase activity, and soil acid phosphatase activity, respectively. All values are shown as mean =+ standard error. Different lowercase letters
indicate significant differences among different treatments at p < 0.05 according to Duncan’s test.

3.2 Effects of Saline-Alkaline Stress on Plant Biomass Accumulation of Different Alfalfa Cultivars

After 7 weeks of saline-alkaline stress, the leaf SPAD value of GN was not significantly changed
compared with the control group, while the leaf SPAD value of AG was significantly decreased (p <
0.05) (Fig. S1). Saline-alkaline stress significantly affected root dry weight per plant and root fresh
weight per plant (p < 0.01), which were 71.81% and 50.44% lower than the control group, respectively.
Under saline-alkaline stress, root dry weight per plant and root fresh weight per plant were significantly
different between the two alfalfa cultivars (p < 0.01), the root dry weight and fresh root weight per plant
of GN were 3.13 times and 1.76 times AG, respectively (Figs. 1A and 1B). However, the shoot biomass
of the two cultivars was not significantly different under different treatments (Figs. 1C and 1D).

3.3 Effects of Saline-Alkaline Stress on Root Morphological Parameters of Different Alfalfa Cultivars

As can be seen from Fig. 2, the number of root tips, root surface area, and root volume of alkaline-
sensitive cultivar AG under saline-alkaline stress were significantly reduced compared with the control
group, by 61.16%, 44.54%, and 45.31%, respectively. There was no significant difference in root growth
parameters of saline-alkali tolerant variety GN under saline and alkaline stress. Under the same stress
conditions, plant cultivars have different tolerance to saline-alkaline stress because of their different
tolerance to salt and alkaline stress. Under Control treatment, there was no significant difference in root
morphological parameters between GN and AG, but under saline-alkaline stress, there were significant
differences in root length, number of root tips, root surface area, and root volume between GN and AG,
indicating that saline-alkaline stress had more serious effects on root morphological parameters of saline-
alkali sensitive cultivars.
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Figure 1: Changes of root dry weight (A), root fresh weight (B), shoot dry weight (C) and shoot fresh weight
(D) in different alfalfa cultivars under saline-alkaline stress. Values are the mean =+ standard error, n = 3. NS
and Asterisks represent no significant difference or a significant difference between cultivars or between
treatments (**p < 0.01) based on Student’s ¢-test, respectively

3.4 Effects of Saline-Alkaline Stress on Mineral Nutrient Uptake in Roots of Different Alfalfa Cultivars

As can be seen from Table 3, the accumulation of Na' in the roots of GN was lower than that of AG
under saline-alkaline stress. Under saline-alkaline stress, the content of Na+ in the root system of GN was
2.26 times that of GN and 4.42 times that of AG. The K'/Na" ratio of saline-alkaline stress-induced GN
was decreased by 54.93% compared with the control group, and the K'/Na" ratio of saline-alkaline
stress-induced AG was decreased by 72.86%. The Ca®'/Na' ratio of saline-alkaline stress-induced GN
was reduced by 71.33% compared with the control group, and the Ca®*/Na" ratio of alkali stress-induced
AG was reduced by 77.76%. In addition, the Na+, K'/Na", and Ca*'/Na" ratios of GN were significantly
higher than those of AG under the same saline-alkaline stress.

3.5 Interaction between Alfalfa Root Traits and Soil Environmental Factors under Saline-Alkaline Stress
The root morphological parameters of two alfalfa cultivars under different saline-alkaline stress were
shown by principal component analysis. The contribution rate of Diml is 93.5% and that of Diml is
6.5% (Fig. 3). The distribution of GN in the control group and the saline-alkaline group was concentrated
in the upper axis, while the distribution of AG in the control group was concentrated in the lower axis,
and the distribution of AG in the salt-alkali treatment group was concentrated in the upper axis,
indicating that the growth response of the two alfalfa cultivars to saline-alkaline stress was obvious.

Spearman correlation analysis showed that the root traits of the two cultivars were correlated with soil
environmental factors (Fig. 4, Table S1). The FRW, FDW, RL, RV, and RS were significantly positively
correlated with soil TN (p < 0.01), RFW, RL, RS, and RT were significantly positively correlated with
SOC (p < 0.05), indicating that the root traits of alfalfa were mainly positively regulated by soil TN and
SOC. However, the FRW, RFW, RL, RV, and RS were negatively correlated with soil URE activity (p <
0.01), root biomass and RT were negatively correlated with soil pH (p < 0.01), and the soil EC value was
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significantly negatively correlated (p < 0.05), indicating that the root traits of alfalfa were mainly negatively
regulated by soil URE, soil pH and EC.
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Figure 2: Photographs of alfalfa seedling root morphology were taken after alkaline treatment for 7 weeks
(A). Bar = 5 cm. Changes of root length (B), root surface area (C), root tips (D), and root volume (E) in
different alfalfa cultivars under saline-alkaline stress. GN and AG represent the alkaline-tolerant cultivar,
Gongnong NO.1 (GN), and the alkaline-sensitive cultivar, Algonquin (AG), respectively. NS and
Asterisks represent no significant difference or a significant difference between cultivars or between
treatments (*p < 0.05, ** p < 0.01) based on Student’s t-test, respectively
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Table 3: Effects of saline-alkaline stress on mineral nutrient content in roots of different alfalfa cultivars

Saline-alkaline  Cultivar Na' (mg kg") Mg (mg kg ")

stress treatment

K" (mgkg™")

Ca®" (mg kg ™) K'/Na" ratio  Ca*/  Mg*"/

Control GN

AG

Saline-alkaline GN

stress
AG

214378 £ 7.16c  3505.98 £ 16.97a

1510.13 £ 8.69d  2854.54 + 14.69b

4837.38 + 11.59b 3479.77 + 12.34a

6668.48 £ 10.10a 3471.39 + 12.51a

17249.16 + 42.78d

19187.21 + 18.38b

23000.00 + 20.09a

Na*® Na*®
ratio ratio
23512.86 £ 10.14a 8.05+0.05b 1097+ 1.64 +
0.04a 0.01b
13250.84 £ 14.65¢ 12.71 £0.07a 8.78 + 1.89 %
0.06b  0.02a
17541.18 £ 115.36¢c  15210.93 £20.18b 3.63 £0.03¢ 3.14+ 0.72 +
0.0lc  0.00c
13012.21 £51.8d 3.45+0.01d 195+ 0.52+
0.01d  0.00d

Note: All values are shown as mean + standard error. Different lowercase letters indicate significant differences among different treatments at
p < 0.05 according to Duncan’s test.
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Figure 3: Principal coordinate analysis (PCoA) based on root biomass and root morphological parameters in
different alfalfa cultivars under saline-alkaline stress. Control-GN, Control-AG, SA-GN, and SA-AG
represent the alfalfa cultivar GN or AG in the non-saline-alkaline-stress (control) group or the saline-
alkaline-stress group, respectively
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Figure 4: Heatmaps of Spearman correlation coefficients between root traits and soil environmental factors
in different alfalfa cultivars under saline-alkaline stress. The shading from blue to red represents a low-to-
high positive correlation. *p < 0.05, **p < 0.01. RFW, RDW, RL, RS, RV, RT, pH, EC, AN, AP, AK,
TN, TP, TK, SOC, LAP, URE. AGC, BGC, and ACP represent root fresh weight, root dry weight, root
length, root surf area, root volume, root tips, soil pH, soil electrical conductivity, soil available nitrogen
content, soil available phosphorus content, soil available potassium content, soil total nitrogen content,
soil total phosphorus content, soil total potassium content, soil organic carbon content, soil leucine
aminopeptidase activity, soil urease activity, soil a-glucosidase activity, soil B-glucosidase activity and
soil acid phosphatase activity, respectively

The root nutrient uptake was also affected by soil environmental factors. There was a significant positive
correlation between root Na" content and soil pH and an extremely significant positive correlation with soil
EC. However, the root K*/Na" ratio and Mg?'/Na" ratio were negatively correlated with soil pH (p < 0.05),
was significantly negatively correlated with soil EC (p < 0.01), the root Ca*"/Na" ratio was significantly
negatively correlated with soil pH (p < 0.01), and the soil EC was significantly negatively correlated (p <
0.05). The root Ca*'/Na" ratio was positively correlated with soil TN, TP, and SOC (p < 0.01). The root
K'/Na" ratio and Mg®"/Na" ratio were significantly positively correlated with soil TN, and soil AGC (p <
0.01), and were significantly positively correlated with TP (p < 0.05). The root Ca**, Ca®>*/Na" ratio,
K'/Na" ratio, and Mg®"/Na" ratios were negatively correlated with soil URE activity (p < 0.01), and root
Ca®" and Mg”>" were negatively correlated with soil BGC and APC activities.

4 Discussion

4.1 Different Alfalfa Cultivars’ Root Traits Respond Differently to Saline-Alkaline Stress

Roots are an important interface between plants and the soil environment. As a network channel for the
material, energy, and information cycles of plants, the changes in root structure to different soil environments
represent the adaptation strategies and evolutionary directions of plants [7]. The most direct adaptation
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methods for the efficient absorption and use of soil nutrients under challenging conditions include changes in
root shape, development, and physiological features [25,26]. Soil salinity strongly affects the horizontal and
vertical distribution of plants, as well as root length and size [11]. In this study, compared with the control
group, there were no significant differences in root biomass, RL, RT, and RS of GN under saline-alkaline
stress. However, root growth and morphological parameters of AG were significantly reduced. The root
growth of the saline-alkali sensitive variety AG was significantly inhibited by the saline-alkaline stress of
this intensity, and the root growth of the saline-alkali tolerant variety GN was significantly higher than
those of the sensitive variety under the same saline-alkaline stress condition (Figs. 1 and 2). The above
results indicate that under specific salt-alkaline stress intensity, GN can enhance its adaptability to salt-
alkaline stress by adjusting its root configuration [26]. Under environmental stress, the root system can
enhance its competitiveness for resources by changing root morphology. RL and RS determine the ability
of roots to absorb water and nutrients [27]. In addition, under the same saline-alkali stress condition, the
Na®, the ratios of K’/Na*, Ca®"/Na", and Mg®"/Na" of GN root was significantly higher than that of AG,
indicating that the absorption of Na+ by GN root under saline-alkaline stress was reduced. This result is
consistent with the above-ground ion accumulation data of various alfalfa cultivars in our previous
studies [24], and it also confirms that GN has stronger adaptability to salt-alkali stress by maintaining a
high K"/Na" ratio, Ca®"/Na" ratio, and Mg>"/Na" ratio to adapt to salt-alkaline stress environment.

4.2 Relationship between Root Traits of Different Alfalfa Cultivars and Soil Environmental Factors

under Saline-Alkaline Stress

In this study, PCA principal component analysis data showed that the response mechanism of two alfalfa
cultivars to saline-alkaline stress was different, and the growth of AG cultivars was significantly different
(Fig. 3). Spearman heatmap analysis showed that the root biomass and root morphological parameters of
two alfalfa cultivars were significantly positively correlated with soil SOC and TN (p < 0.05), indicating
that the root traits of the two cultivars were significantly positively regulated by these factors, which was
consistent with the research results of Luo et al. [28], confirming that root activity may be one of the
important factors affecting soil C and N accumulation. However, root biomass and root morphological
parameters were negatively correlated with soil pH and soil EC (p < 0.05), indicating that the root traits
of alfalfa were mainly negatively regulated by soil pH and soil EC. The result was consistent with the
study of Gonzalez-Orenga et al. [11], indicating that the higher the soil EC value, the higher the soil salt
content, resulting in osmotic stress and Na" toxicity to roots, thus inhibiting plant growth.

In the results of this study, RFW and RDW, RL, RS, RV and RT of two alfalfa cultivars were
significantly negatively correlated with soil URE (p < 0.01) (Fig. 4), indicating that the limited available
nitrogen content in soil will promote the secretion of more extracellular enzymes by microorganisms,
thus accelerating the decomposition of soil organic matter and generating a positive rhizosphere
excitation effect to accelerate the process of soil nitrogen transformation and thus improve crop nitrogen
nutrition [29]. In addition, the number of root tips was positively correlated with soil AGC (p < 0.05),
which is consistent with the results of Yang et al. [30], indicating that soil salinity has a significant
impact on soil carbon metabolism, possibly because soil salinity can cause a decrease in carbohydrate
metabolism and gene abundance of glycosyl-transferase and glycoside hydrolase. We hypothesized that
saline-alkaline stress limited the utilization of carbohydrate and amino acid carbon sources, and
ultimately affected root growth, but this part of the results needs further study.

The uptake of mineral nutrients by roots is related to the migration of soil nutrients to the surface. There
are three main ways for soil nutrients to migrate to the root surface: active interception, mass flow, and
diffusion. However, the nutrients obtained by active interception only account for a very small part, and
the nutrients obtained by roots are mainly obtained by mass flow or diffusion. Plant roots absorb Ca
and Mg elements through the mass flow path, and root mass flow depends on root water absorption and
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plant transpiration. In this process, a “pull” that continuously pulls water upward is formed in the plant body,
resulting in a pressure difference between the soil solution and root surface, which promotes the migration of
soil nutrients along with water to the root surface and is ultimately conducive to nutrient absorption [31]. In
this study, the Ca>*/Na" ratio and Mg®"/Na" ratio of roots were significantly positively correlated with soil
total nitrogen content (p < 0.01), Mg**/Na" ratio of the root was positively correlated with soil total
phosphorus content (p < 0.05), Ca®"/Na’ ratio was significantly positively correlated with soil total
phosphorus content (p < 0.01) (Fig. 4), indicating that the higher the soil nitrogen and phosphorus
nutrient levels, the more vigorous the plant growth, the stronger the transpiration, and the stronger the
relative absorption capacity of Ca and Mg elements of alfalfa. In addition, the Na ion content of root
mineral nutrients was significantly positively correlated with soil pH and soil EC (p < 0.05), but root
K'/Na" ratio, Ca®"/Na" ratio, and Mg*"/Na" ratio were significantly negatively correlated with soil pH
value, and soil EC value (p < 0.05), indicating that an environment with high soil pH and EC values will
lead to precipitation of soil Ca** and Mg®" (CaCO; and MgCOs3), leaving fewer ions available for plant
absorption [32]. Similarly, a high pH environment outside the roots causes the plant to absorb more Na",
creating an absorption competition with other nutrient cations, including Ca*" and Mg”>" The more severe
the saline-alkaline stress, alfalfa adsorbed too many Na ions, thus inhibiting the absorption of K, Ca, and
Mg ions by plants [33]. Mg is an important component of chlorophyll, and P is a component of the cell
membrane and ATP. Water soluble C in soil is the internal organization and energy source of plants [34].
Interestingly, in this study, root Mg ion content was significantly negatively correlated with soil BGC and
AGC (p < 0.01). We hypothesize that the reason is high Na and high pH under saline-alkaline stress
inhibited the absorption of Mg by plants, and plant rhizosphere acidified and secreted low molecular
weight organic anions (phenolic com-pounds, organic acids, etc.) to accelerate the decomposition of soil
organic carbon [35]. Meanwhile, phosphatase was secreted by roots to mobilize the phosphorus
absorption of soil [36] and activate the activities of soil C key enzyme BGC and soil P key enzyme AGC
for promoting normal photosynthesis of plants.

The saline-alkaline stress was accompanied by high Na and high pH, which resulted in significant
changes in the root morphology of two alfalfa cultivars with different sensitivities to alkaline stress. We
speculate that the reasons are as follows: (1) soil structural factors: the saline-alkaline soil often exhibits
unique structural problems as a result of certain physical processes (slaking, swelling, and dispersion of
clay) and specific conditions (i.e., surface crusting and hard setting) due to the excess sodium (Na")
levels, these problems will affect the movement of water and air in the soil, and ultimately affect the
distribution of root morphology [37]; (2) physiological and molecular adaptation of plants: the root
activity decreased at high pH levels, which impaired membrane permeability and the ion transfer system,
leading to an imbalance between Na" and K", and in turn to excessive accumulation of reactive oxygen
species (ROS) and decreased the growth of plant root [38]; the alkaline salt causes an increase in Na
accumulation as well as a decrease in nutrient content, disturbs the flux of multiple ions in the roots [39];
saline-alkali stress-induced changes in the expression levels of genes involved in signal transduction,
transcription factor regulation and saline-alkaline tolerance response in plants, which affected the growth
and development of plant roots [40].

5 Conclusions

In summary, different alfalfa cultivars have different adaptation strategies to saline-alkaline stress. The
root biomass and root morphological parameters of saline-alkaline tolerant alfalfa cultivars remain relatively
stable, while the saline-alkaline sensitive cultivars respond to saline-alkaline stress by reducing root biomass
and adjusting root morphological parameters. Root biomass and root morphological parameters were
significantly positively regulated by soil SOC and TN surrounding alfalfa roots, but significantly
negatively regulated by soil pH, soil EC, and soil URE. The absorption of Mg and Ca ions in roots is
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significantly negatively regulated by soil BGC and APC. The above results indicate that alfalfa can change
root biomass, and adjust root structure and root ion distribution to adapt to a saline-alkaline stressed soil
environment, which is also an adaptive mechanism for alfalfa to survive long-term under saline-alkaline
stress environment.
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the mean + standard error, n = 3. NS and Asterisks represent no significant difference or a significant
difference between cultivars or between treatments (*p < 0.05) based on Student’s #-test, respectively
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