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Abstract

To enhance the cultivation and utility of alfalfa (Medicago sativa) in calcium-rich environments, we assessed the ger-
mination, growth, and physiological responses of seven alfalfa varieties—Crown, Dieter, PANGO, Gladiator, Victoria,
WL525, and Magnum 801—under varying calcium chloride (CaCl,) concentrations (0, 5, 25, and 50 mmol-L™).
Germination indices, root and shoot growth, enzyme activities, and osmotic regulation parameters were analyzed

to evaluate adaptive responses to calcium stress. Our results showed that alfalfa adapts to calcium stress by increas-
ing root length, enhancing enzyme activities, regulating osmotic substance content, and reducing malondialde-
hyde levels, thereby striving to maintain stable dry matter content. However, the extent of these adaptive responses
varied among the different varieties. Based on a comprehensive evaluation, the calcium adaptability of the varieties
ranked in the following order: Gladiator > Victoria > Dieter > Magnum 801 >WL525 > Crown > PANGO. Notably, calcium
concentrations of 5-25 mmol-L™" were found to be optimal for germination, physiological requlation, and growth,
whereas higher concentrations (50 mmol-L™") induced oxidative stress and impaired growth. This study highlights
the role of exogenous calcium in enhancing physiological resilience and provides a robust framework for selecting
calcium-tolerant alfalfa varieties suitable for cultivation in karst landscapes. These findings offer theoretical and practi-

cal insights for optimizing forage production in calcium-rich soils.
Keywords Alfalfa, Exogenous calcium stress, Physiology, Seed germination

Calcium is an essential macronutrient with critical roles
in plant growth, development, and stress adaptation. It
serves as a secondary messenger in cellular signaling, reg-
ulating key processes such as cell wall stabilization, enzy-
matic activity, and osmotic regulation [1, 2]. Under stress
conditions, calcium ions (Ca*") mitigate damage by mod-
ulating photosynthesis and activating protective enzyme
systems, enhancing resilience to salinity, drought, and
oxidative stress [3, 4]. However, excessive calcium can
induce ion toxicity, disrupt cellular homeostasis, and
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impair physiological and biochemical processes, ulti-
mately inhibiting growth [5, 6]. These dual effects high-
light the importance of defining optimal calcium con-
centrations for sustainable plant development under
challenging environmental conditions. However, exist-
ing literature has predominantly centered on extreme
calcium concentrations (both deficiency and excess) in
mature plant systems, while comprehensive investiga-
tions into calcium threshold dynamics during the critical
germination phase remain notably scarce. A particularly
significant methodological limitation emerges in previous
optimization attempts: researchers frequently relied on
isolated evaluation metrics (e.g., germination percentage
or biomass accumulation) while neglecting to account for
the integrated mechanisms underlying multidimensional
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physiological responses. This could represent a signifi-
cant factor contributing to the discrepancies in the con-
clusions across various studies.

Karst landscapes are widely distributed, particularly
in southwest China, with Guizhou Province serving as
a representative region. In Guizhou, karst areas consti-
tute approximately 62% of the total land area [7]. These
landscapes are characterized by carbonate rocks, primar-
ily composed of soluble salts such as calcium carbonate
and magnesium carbonate [8, 9]. The dissolution of cal-
cium carbonate contributes to elevated calcium levels
in karst soils, which can impair seed germination and
seedling establishment, especially during early growth
stages when plants are most vulnerable [10, 11]. Never-
theless, current research on plant calcium adaptation in
karst regions predominantly centers on field observations
under natural soil conditions, and lacks quantitative anal-
ysis of calcium concentration gradients under controlled
experimental settings. This limitation constrains our
comprehensive understanding of the mechanisms under-
lying calcium stress responses.

Alfalfa (Medicago sativa), often referred to as the
"king of forage crops,” is renowned for its high protein
content, adaptability, and contributions to eco-circular
agriculture. Its cultivation improves soil structure, miti-
gates salinization, and supports sustainable livestock
production, particularly in marginal soils [12]. Previous
research has demonstrated that low calcium concentra-
tions can induce osmotic stress, while excessive calcium
levels inhibit enzymatic activity and cause ion toxicity
in plant seedlings [13]. However, the current research
on alfalfa under calcium stress exhibits three significant
limitations. Firstly, the majority of experiments have uti-
lized hydroponic or sand culture systems, which do not
adequately replicate the complex interactions between
calcium and other elements in karst soil environments.
Secondly, the focus has predominantly been on mature
plants, with insufficient systematic evaluation of cal-
cium sensitivity during the germination stage. Lastly, the
genetic mechanisms underlying differences in calcium
tolerance among various cultivars remain largely unex-
plored. These knowledge gaps hinder the development of
precise calcium management strategies tailored to spe-
cific variety characteristics.

This study evaluates the germination, growth, and physi-
ological responses of seven alfalfa varieties under varying
concentrations of exogenous calcium. Specifically, it aims to
(1) quantify germination and seedling performance under
calcium stress, (2) elucidate the physiological mechanisms
underlying calcium tolerance, and (3) identify optimal
calcium concentrations and calcium-adaptable varieties
for karst landscapes. Using a comprehensive evaluation
framework that integrates principal component analysis

Page 2 of 14

and membership function methods [14, 15]. This study
addresses the limitation of relying on a single evaluation
metric, provides a robust theoretical foundation for opti-
mizing alfalfa cultivation in calcium-rich environments.

Materials and methods

Plant materials

Seven alfalfa (Medicago sativa) varieties were used in this
study: Crown, WL525, Dieter, PANGO, Victoria, Gladia-
tor, and Magnum 801. Seeds were sourced from Guizhou
Zhongzhiheng Ecological Technology Co., Ltd.

Experimental methods

Germination test

Calcium chloride (CaCl,) solutions were prepared at con-
centrations of 0, 5, 25, and 50 mmol-L~". The 0 mmol-L ™
solution, treated with deionized water, served as the control
(CK). Uniform, healthy seeds free from pests and diseases
were selected and surface-sterilized using a 10% sodium
hypochlorite (NaClO) solution for 15 min, followed by
thorough rinsing with distilled water three to five times.

The sterilized seeds were evenly placed in Petri dishes
lined with two layers of filter paper, with 50 seeds per dish.
Each dish was treated with 8 mL of the respective CaCl,
solution, and each treatment had three biological repli-
cates. The dishes were incubated in a germination chamber
maintained at 25+2°C.

To maintain the appropriate solution concentration,
water lost to evaporation was replenished daily by weighing
and adding the required volume. Germination was defined
as radicle emergence exceeding half the seed length. Ger-
mination counts were recorded daily, and the process was
considered complete when no new seeds germinated for
three consecutive days within a 10-day period [16].

On the final day of the experiment, the following indices
were calculated: germination rate (GR), germination poten-
tial (GP), germination index (GI), and vigor index (VI),
using the following formulas:

GR =N/M (1)

where N represents the number of normally germinated
seeds; M denotes the total number of seeds;

GP = K/M )

where K refers to the number of normal germinat-
ing seeds at peak times, with M remaining the same as
defined in Eq. 1.;

GI = (Gt/Dt) (3)

where Gt indicates the germination rate at time(t), and
Dt represents the duration of the germination test;
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VI = GI x Sx (4)

where Sx corresponds to the mean radicle length of the
seed.

Seedling test

Fifteen healthy, uniformly growing seedlings from each
treatment group were selected and transferred to new
Petri dishes lined with two layers of filter paper for cal-
cium stress treatment. Four calcium levels were estab-
lished using CaCl, solutions at concentrations of 0, 5, 25,
and 50 mmol-L™!, with each treatment replicated three
times.

The weighing method was used daily to replenish water
lost to evaporation and maintain appropriate moisture
levels. Seedling growth was observed and recorded daily.
Any seedlings affected by mold or pests were promptly
removed to prevent contamination.

After seven days of treatment, healthy leaves free of
pests and diseases were collected, flash-frozen in liquid
nitrogen, and stored at -80°C for subsequent physiologi-
cal measurements. On the final day, root length, bud
length, dry weight, fresh weight, and relative water con-
tent were measured.

Relative water content = (fresh weight - dry weight)/fresh weight

(5)

Measurement of physiological indexes

At the conclusion of the stress treatment, the physiologi-
cal indexes of fresh leaves from different alfalfa varieties
were measured. Peroxidase (POD) activity was assessed
using the guaiacol method [17], superoxide dismutase
(SOD) activity was measured using the WST-8 method,
and catalase (CAT) activity was determined via the
ultraviolet absorption method [18]. Proline (Pro) con-
tent was evaluated using the sulfosalicylic acid method
[19], malondialdehyde (MDA) content was measured
through the thiobarbituric acid method [20], and solu-
ble sugar content was determined via anthrone colorim-
etry. The methodology primarily followed the procedures
described by Huang et al. [21]. Each measurement
included 3 biological replicates and 3 technical replicates
to ensure accuracy and reliability.

Principal component analysis and membership
comprehensive evaluation

The original data for each index were standardized using
SPSS software, followed by principal component analysis
(PCA) to reduce the dimensionality and simplify the data
for each index [14, 15]. Based on the formula, the factor
weight (VVj) and membership function value (p(X/)) for
the seven alfalfa varieties were calculated individually.
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Subsequently, the calcium adaptability measure (D) was
computed using these factor weights and membership
function values, allowing for a comprehensive evaluation
of the adaptability of the seven alfalfa varieties to calcium
stress. The calculation formula is as follows:

W =p/Y ©

When the calcium adaptability indicator is positively
correlated with calcium resistance,

ﬂ()(]) = ()(] — Xmin)/ Xmax — Xmin) (7)

When the calcium adaptability indicator is negatively
correlated with calcium resistance,

w(Xj) =1 — [(Xj — Xmin)/ Xmax — Xmin)] (8)

D=3 k(X)W (9)

where j=1,2,3,... n, X; represents the value of the j-th
comprehensive index (principal component), P; repre-
sents the contribution rate corresponding to the j-th
principal component of each variety, X, ;. and X, rep-
resent the minimum and maximum value of the j-th
comprehensive index, respectively.

Data analysis

Data organization was performed using Microsoft Excel,
and SPSS was employed for variance analysis and mul-
tiple comparisons. Graphs were generated using Origin
software. All data are presented as mean + standard error
(SE).

Results

Effects of exogenous calcium on seed germination

of alfalfa

The germination performance of alfalfa varieties var-
ied under different concentrations of calcium chloride
(CaCl,) (Fig. 1). While the germination rate (GR) and
germination potential (GP) exhibited minimal vari-
ation across treatments, significant differences were
observed in the germination index (GI) and vigor index
(VI) (P<0.05). For most varieties, moderate calcium
concentrations (5-25 mmol-L™!) enhanced germination
metrics, whereas a high concentration (50 mmol-L™)
led to marked declines (P<0.05). Among the varieties,
at CK, the germination rates and germination potentials
of Gladiator, Dieter, Victoria, WL525, and Magnum 801
showed no significant differences, while those of Crown
and PANGO were lower, with significant differences
compared to the former five varieties (P<0.05). When
the calcium concentration increased to 50 mmol-L™},
Magnum 801's GR and GP were significantly different
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Fig. 1 Germination rate (GR), germination potential (GP), germination index (Gl), and vigor index (V1) of different alfalfa varieties under varying
calcium stress concentrations. Error bars represent standard error; different letters indicate significant differences at P< 0.05. Lowercase letters
denote significant differences among different calcium concentrations within a variety, while uppercase letters signify significant differences

between varieties at a given concentration

from those of Crown and PANGO (P<0.05), but no dif-
ferences were observed among the other varieties.

In terms of the germination index, all varieties except
PANGO and Magnum 801 showed a decreasing trend
with increasing stress concentration. Among all the vari-
eties, Magnum 801 exhibited the highest germination
index across all stress treatments, with a significant dif-
ference between the control (CK) and the 50 mmol-L™}
treatment (P<0.05). The germination index of WL525
decreased rapidly with increasing calcium concentration.

The vigor index reflects the overall vitality and quality
of seeds, serving as a quantitative measure of germina-
tion potential and rate, and providing insights into seed
vigor and germination power [22]. As calcium concen-
tration increased, the vigor index of PANGO, Gladiator,
and Magnum 801 initially increased and then decreased.
Gladiator and Magnum 801 exhibited peak values at
5 mmol-L™!, while PANGO reached its maximum at
25 mmol-L7!. In contrast, the vigor index of Crown,
Victoria, and WL525 exhibited a gradual decline. Com-
pared with the control, the vigor index of all seven alfalfa
varieties significantly decreased at the 50 mmol-L™!
CaCl, concentration (P<0.01). At a calcium concentra-
tion of 5 mmol-L™!, Magnum 801 differed significantly

from the other six varieties (P<0.05). Meanwhile, Vic-
toria and WL525 showed significant differences from
the other four varieties (P<0.05), and Magnum 801
had the highest VI among all varieties under this con-
centration stress. When the calcium concentration
increased to 50 mmol-L ™!, Magnum 801 still had a sig-
nificant difference from the other five varieties except
WL525 (P<0.05), and its VI remained the highest at this
concentration.

Effects of exogenous calcium on the growth characteristics
of alfalfa seedlings

As the concentration of calcium increased, significant
differences (P<0.05) were observed in the root length
of five alfalfa varieties, excluding Victoria and Mag-
num 801. Among the seven varieties, Magnum 801
exhibited the longest average root length (22.35 mm),
while Crown showed the shortest average root length
(12.44 mm) (Table 1). Regarding bud length, Gladiator
and WL525 initially increased and then decreased with
increasing calcium concentration, with the longest bud
length observed under 5 mmol-L™ CaCl, stress, signifi-
cantly higher than the control (P<0.05). In contrast, the
bud length of other varieties decreased progressively. At
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Table 1 Effects of calcium stress on the growth characteristics of alfalfa seedlings
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Varieties Concentration of Root length (RL) Bud length (BL) Dry weight (DW) Relative water
CaCly(mmol-L™") (mm) (mm) (g-plant ) content (RWC)
(%)
Crown 0 10.37+£1.64Db 18.37+£2.08ABa 0.0015+0.0001ABa 94.72+0.23BCa
5 15.03+3.801CDa 16.65+3.22CDab 0.0015+0.0001Aa 94.45+0.45BCa
25 1343 +1.68Bab 13.96+1.60Bb 0.0017+0.0001ABCa 94.04+031Aa
50 10.94+2.47Bab 14.25+1.83BCb 0.0018+0.0002Aa 92.43+0.95Ab
PANGO 0 13.64+2.12BCDa 17.37+0.62BCa 0.0012+0.0001BCb 95.65+1.07ABa
5 14.92+2.39CDa 1546+1.97 Da 0.0012+0.0001Ab 95.58+0.99Aa
25 13.86+1.02Ba 15.79+0.71Ba 0.0016+0.0001BCDa 94.61+0.17Aa
50 10.12+1.13Bb 12.93+245CDb 0.0018+0.0001ABa 92.75+1.01Ab
Gladiator 0 16.07 +2.75BCDab 18.71+1.25ABb 0.0012+0.0001BCb 95.69+0.61ABa
5 17.39+2.53BCa 22.18+0.64Ba 0.0035+0.0022Aa 95.28+0.88ABa
25 15.17 +£2.30Bab 16.59+1.96Bc 0.0014+0.0001CDb 94.00+2.23Aa
50 12.57+2.13ABb 17.14+1.05Abc 0.0014+0.0002ABb 93.48+1.80Aa
Dieter 0 17.34+3.53BCab 20.56+0.39Aa 0.0011+0.0000Cb 95.86+0.20Aa
20.46+1.78ABa 20.83+0.68Aa 0.0011+0.0000Aab 95.70+0.43Aab
25 15.99+3.39Bbc 21.00+£201Aa 0.0012+0.0001 Da 95.09+0.49Ab
50 12.81+1.60ABc 16.83+1.24ABb 0.0012+0.0001Bab 93.48+0.48Ac
Victoria 0 12.61+244CDa 18.11+1.64Ba 0.0012+0.0002BCb 95.56+0.91ABa
13294093 Da 18.67+2.37Ca 0.0016+0.0000Aab 95.01+0.13ABab
25 12.18+3.90Ba 18.31+2.73Ba 0.0018+0.0001ABa 94.20+0.46Ab
50 12.09+1.47Ba 14.82+0.63BCb 0.0017+0.0000ABab 93.20+0.38Ac
WL525 0 19.43 +6.56ABab 14.96+0.85Cb 0.0017+0.0001Aa 94.23+£0.18Ca
22.68+2.20Aa 1821+0.77Ca 0.0019+0.0001Aa 93.90+0.52Ca
25 15.11+£0.99Bbc 16.68+1.01Bab 0.0020+0.0002Aa 93.94+0.56Aa
50 12.59+2.66ABc 10.20£2.72Dc 0.0019+0.0001Aa 93.04+0.78Ab
Magnum 801 0 23.24+437Aa 18.23+£0.65Ba 0.0015+0.0001ABa 94.55+0.59Cab
20.74+2.90ABa 17.84+1.82CDa 0.0016+0.0001Aa 94.84+0.75ABCa
25 23.90+5.50Aa 17.08+1.54Ba 0.0018+0.0001ABa 94.21+0.25Aab
50 21.51+14.09Aa 13.86+1.42BCb 0.0015+0.0003ABa 93.55+1.07Ab

Note: Values are means + standard error. Different letters within the same column and variety indicate significant differences at P <0.05. Lowercase letters denote
significant differences among different calcium concentrations within a variety, while uppercase letters signify significant differences between varieties at a given

concentration

the same calcium concentration, significant differences
in root and bud lengths were observed among varie-
ties (P<0.05). For instance, under 25 mmol-L™! calcium
stress, the root length of Magnum 801 and the bud length
of Dieter were significantly different from those of the
other 6 varieties (P<0.05). Under 50 mmol-L™! calcium
stress, the root length of Magnum 801 was significantly
different from that of Crown, PANGO, and Victoria
(P<0.05).

No significant differences were found in the dry weight
of Crown, WL525, and Magnum 801 across different cal-
cium concentrations. Among all varieties, WL525 had
the highest average dry weight (0.0019 g-plant™. With
increasing calcium concentration, the relative water
content (RWC) of alfalfa varieties (except Gladiator)

consistently decreased. Compared with the control,
Dieter and Victoria showed significant reductions in
RWC under 25 mmol-L™! CaCl, stress (P<0.01), while
Crown, PANGO, and WL525 exhibited significant
decreases under 50 mmol-L™' CaCl, stress (P<0.05).
Notably, at this stress concentration, no significant differ-
ences were detected among all varieties.

Effects of exogenous calcium on physiological
characteristics of alfalfa seedlings

Effects on protective enzyme activity and malondialdehyde
content

Exogenous calcium significantly affected the malon-
dialdehyde (MDA) content in alfalfa seedlings (P<0.05)
(Fig. 2). The MDA content in Crown, PANGO, Gladiator,
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Fig. 2 Effects of exogenous calcium on the activity of protective enzymes and malondialdehyde (MDA) content in alfalfa seedlings. Error bars
represent standard error; different letters indicate significant differences at P<0.05. Lowercase letters denote significant differences among different
calcium concentrations within a variety, while uppercase letters signify significant differences between varieties at a given concentration

and Victoria first increased and then decreased as the
calcium stress concentration increased. In contrast, the
MDA content in Dieter, WL525, and Magnum 801 gener-
ally decreased with increasing calcium stress concentra-
tion. Notably, at a calcium concentration of 50 mmol-L7},
the MDA content in Dieter, Victoria, WL525, and Mag-
num 801 was significantly lower than that of the con-
trol group (P<0.05), indicating reduced membrane lipid
peroxidation in these seedlings under 50 mmol-L™*
CaCl, stress [23]. At 25 mmol-L™! calcium concentra-
tion, Crown exhibited the highest MDA content, signifi-
cantly differing from all other varieties (P<0.05), while
no significant differences existed among the remaining
six. When increased to 50 mmol-L™!, Gladiator showed
the maximal MDA level, demonstrating significant dif-
ferences compared with Crown and other varieties
(P<0.05).

As the calcium stress concentration increased, per-
oxidase (POD) activity in Victoria and WL525 seedlings
increased initially and then decreased. In contrast, POD
activity in Crown, PANGO, Gladiator, and Dieter seed-
lings steadily increased, peaking at 50 mmol-L™' CaCl,
stress. No significant differences in POD activity were
observed in Magnum 801 seedlings across different treat-
ments. Under the stress of 0, 25, 50 mmol-L™! CaCl,
solution, Gladiator exhibited the highest POD activity.

Catalase (CAT) activity in alfalfa seedlings was signifi-
cantly influenced by exogenous calcium (P<0.05). The
CAT activity in PANGO, Gladiator, Dieter, and WL525
seedlings was highest at a 5 mmol-L ™" calcium concentra-
tion, while Victoria seedlings exhibited peak CAT activ-
ity at 25 mmol-L~'. Exogenous calcium also significantly
affected superoxide dismutase (SOD) activity in all alfalfa
varieties except PANGO and Victoria (P<0.05). The SOD
activity in Magnum 801 seedlings increased initially and
then decreased, while Dieter seedlings showed a con-
tinuous increase in SOD activity. At 25 mmol-L™! exog-
enous calcium, there were significant differences in SOD
activity between Dieter and all varieties except Crown
(P<0.05), and there were significant differences in CAT
activity between Victoria and all the other varieties at
this concentration (P<0.05). When the concentration of
exogenous calcium was 50 mmol-L ™}, the SOD activity
of Victoria and Magnum 801 was significantly different
from that of Gladiator and PANGO, and the CAT activ-
ity of Victoria and Gladiator was also significantly differ-
ent from that of the other 5 varieties at this concentration
(P<0.05).

Effects on proline and soluble sugar contents
As the concentration of exogenous calcium increased
(Fig. 3), the proline (Pro) content in the seedlings of
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PANGO, Victoria, WL525, and Magnum 801 generally
decreased. Among these, the Pro content in all varie-
ties except WL525 decreased to its lowest value under
50 mmol-L™! CaCl, stress. No significant differences in
Pro content were observed among Crown, Gladiator,
and Dieter at different concentrations. For most vari-
eties, except Crown and Dieter, the highest Pro con-
tent was observed in the control group. At the same
calcium concentration, significant differences in Pro
content were observed among different varieties. Spe-
cifically, at a calcium concentration of 25 mmol-L7L, the
Pro content of Victoria differed significantly from that
of all other varieties (P <0.05). Moreover, at a calcium
concentration of 5 mmol-L7!, the Pro content of Victo-
ria showed significant differences compared to that of
Crown, PANGO, and WL525 (P<0.05).

Exogenous calcium significantly affected the soluble
sugar (SS) content in alfalfa seedlings (except WL525)
(P<0.05). With the increase in CaCl, concentration,
the SS content of all varieties (except PANGO, Gladia-
tor, and WL525) initially increased and then decreased,
reaching varying peak values. At 25 mmol-L™' CaCl,,
the SS content in Crown, Gladiator, Dieter, and Mag-
num 801 seedlings reached its peak. It is worthy of
note that at this concentration, no significant differ-
ences were observed among all varieties. The SS con-
tent in PANGO increased gradually, reaching a peak
of 2.15 mgg™' at 50 mmol-L™' CaCl,. However, at
50 mmol-L™! CaCl,, the SS content in Crown, Victo-
ria, and Magnum 801 seedlings was the lowest. At this
concentration, significant differences were observed
between PANGO, Gladiator, WL525 and the other four
varieties (P < 0.05).

Correlation analysis between seed germination, seedling
growth, and physiological indicators under calcium stress
Correlation analysis revealed significant relationships
among germination metrics, growth parameters, and
physiological traits (Fig. 4). Root length (RL) showed a
significant positive correlation with germination poten-
tial (GP) and germination index (GI) but was significantly
negatively correlated with superoxide dismutase (SOD)
activity, indicating a trade-off between growth and oxida-
tive stress mitigation. Bud length (BL) was significantly
positively correlated with peroxidase (POD) activity, rela-
tive water content (RWC), and catalase (CAT) activity,
while exhibiting a significant negative correlation with
proline (Pro) content, suggesting their collective role in
maintaining water balance and shoot development.
Additionally, Pro content was negatively correlated
with CAT activity and RWC, indicating its compensatory
role in osmotic adjustment when antioxidant enzyme
activity is insufficient. These relationships provide
insights into the interplay between growth, enzymatic
defense, and osmotic regulation under calcium stress.

Principal component analysis and comprehensive
evaluation of calcium stress resistance in different alfalfa
varieties

Principal component analysis (PCA) is a multivariate
statistical technique that reduces multiple variables to a
smaller number while preserving as much of the origi-
nal information as possible. PCA results indicated that
the cumulative contribution rate of the first four princi-
pal components to the germination, growth, and physi-
ological indicators of calcium adaptability in alfalfa was
93.013%. The eigenvalues for these components were
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5.297, 3.943, 2.567, and 1.215, respectively, demonstrat-
ing their ability to effectively represent the original data
(Fig. 5, Table 2).

As shown in Table 2, the first principal component was
primarily influenced by germination rate (GR), germina-
tion potential (GP), and germination index (GI), reflect-
ing the seed germination performance of alfalfa under
calcium stress. The second principal component was pri-
marily driven by relative water content (RWC) and bud
length (BL), serving as indicators of alfalfa’s growth and
water retention under stress. The third principal compo-
nent was dominated by soluble sugar content (SS) and
dry weight (DW), representing the accumulation of sub-
stances in alfalfa under calcium stress. The fourth princi-
pal component was defined by malondialdehyde (MDA),
proline (Pro), and peroxidase (POD) activity, which are
associated with cell membrane lipid peroxidation and
subsequent repair processes in alfalfa under stress condi-
tions. These four principal components collectively serve
as comprehensive indicators for evaluating the calcium
adaptability of alfalfa varieties.

Based on the factor weights (W/j) and membership func-
tion values (p(Xj)), the calcium adaptability index (D) was
calculated to comprehensively evaluate the adaptability of

seven alfalfa varieties to calcium stress. Membership func-
tion values (p(X]«)) are the projected values of the sample on
each principal component, reflecting the performance of
that component. The D-value is the comprehensive score
obtained by the sum of the scores of multiple principal
components weighted by the variance contribution rate,
and the 7 varieties are sorted according to the D-value. As
shown in Table 2, the contribution rates of the four prin-
cipal components were 37.834%, 28.163%, 18.335%, and
8.682%, respectively. Using the weight calculation formula
(Formula 6), the weights of the four principal components
were determined to be 0.4068, 0.3028, 0.1971, and 0.0933,
respectively. The membership function method was then
applied, with the first four principal components serving as
evaluation indicators. The membership function values for
each principal component were calculated using Formulas
7,8, and 9, and the results were ranked to compare the cal-
cium stress resistance of the alfalfa varieties. According to
the results in Table 3, the alfalfa varieties were ranked in
terms of calcium adaptability as follows: Gladiator > Vic-
toria>Dieter >Magnum 801 >WL525>Crown>PANGO.
These rankings align with observed physiological and
growth responses, validating the robustness of the com-
prehensive evaluation framework.
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Fig.5 Principal component analysis (PCA) of growth and physiological characteristics of alfalfa under calcium stress. Parameters analyzed include:
GR, germination rate; GP, germination potential; GI, germination index; VI, vigor index; RL, root length; BL, bud length; DW, dry weight; RWC, relative
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Table 2 Eigenvectors and contribution rates of principal components in calcium stress experiments

Indices Principal component 1 Principal component 2 Principal component 3 Principal
component
4
germination rate 0.08 0.00 0.06 0.01
germination potential 0.08 -0.01 0.05 0.06
germination index 0.07 -0.05 0.00 0.05
vitality index 0.06 -0.07 0.04 -0.21
root length 0.06 -0.06 -0.05 0.28
bud length 0.04 0.1 0.00 017
dry weight -0.01 -0.07 0.2 0.18
relative water content 0.02 0.11 -0.09 0.14
MDA -0.06 -0.02 0.05 04
POD 0.03 0.08 0.11 033
CAT 0.00 0.1 0.12 0.05
SOD -0.05 0.01 0.12 -0.07
Pro -0.03 -0.1 -0.02 039
soluble sugar 0.00 0.00 0.23 -0.2
Eigenvalues 5.297 3.943 2.567 1.215
Contribution rate (%) 37.834 28.163 18.335 8.682
Cumulative contribution rate 37.834 65.997 84.331 93.013
(%)
weights 04068 0.3028 0.1971 0.0933
Discussion Effects of exogenous calcium on seed germination

Calcium is an essential element for plant growth, play-
ing a pivotal role in seed germination, development, and
various physiological processes. In karst environments,
where soils are naturally rich in calcium, this element
significantly influences seed germination and seedling
development [24].

in alfalfa

The effects of calcium on seed germination in alfalfa vary
across different varieties, with multiple factors influenc-
ing the germination capacity of seeds [25]. Key indica-
tors such as germination rate (GR), germination potential
(GP), germination index (GI), and vigor index (VI) are
commonly used to assess seed germination ability [26].
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Table 3 Membership function values and comprehensive evaluation scores of different alfalfa varieties
Varieties Membership function value (p(Xi) Comprehensive sort
Valuation (D)

Principal Principal Principal Principal

component 1 component 2 component 3 component 4
Crown 0.0000 0.3664 04946 0.4580 02512 6
PANGO 0.0535 0.5392 0.0545 0.5689 0.2488 7
Gladiator 04353 0.8272 1.0000 1.0000 0.7180 1
Dieter 0.6388 1.0000 0.0000 04988 0.6092 3
Victoria 0.6481 0.8014 0.8097 0.0000 0.6659 2
WL525 0.3973 0.0000 0.6770 0.3790 0.3304 5
Magnum 801 1.0000 0.1004 0.2636 0.6981 0.5543 4

Under varying calcium concentration stress, the GR
and GP of the tested alfalfa varieties were only margin-
ally affected. Notably, with the exception of Gladiator’s
GR and Victoria’s GP, no significant differences were
observed between the calcium treatments and the con-
trol for these two parameters. However, both the GI and
VI were significantly impacted by calcium stress. These
results suggest that the GI and VI are more sensitive to
calcium stress than the GR and GP, a finding consistent
with studies on other plants such as pepper, spinach, and
sorghum [27-29].

In this study, when the calcium concentration was
increased to 50 mmol-L 7!, a significant decrease in the
GI of Victoria, WL525, and Magnum 801 was observed
compared to their respective controls. Additionally, the
VI of all seven tested varieties was significantly reduced
relative to the control. These findings indicate that
osmotic stress and ion toxicity induced by high calcium
concentrations (50 mmol-L™!) led to damage in alfalfa
seed germination, disrupting physiological and metabolic
processes and ultimately reducing germination capac-
ity [30]. Interestingly, at 25 mmol-L ™! calcium, the GI of
PANGO was significantly higher than the control, con-
sistent with findings by Weng et al. [31], who observed
that moderate calcium concentrations can enhance seed
germination in mulberry seedlings. Conversely, the GI
of Crown and Gladiator did not differ significantly under
varying calcium concentrations. However, both varieties
exhibited lower germination and vigor indices compared
to Victoria, WL525, and Magnum 801, indicating varietal
differences in response to calcium stress.

Effects of exogenous calcium on growth characteristics

of alfalfa seedlings

A well-developed root system enhances the nutrient
absorption and material transport capacities of plants under
abiotic stress, thereby promoting growth in challenging

environmental conditions [32]. At 5 mmol- L™ CaCl,, a
significant increase in root length was observed in Crown,
and a significant increase in bud length was noted in Gladi-
ator and WL525 compared to the control. In contrast, at
50 mmol-L ™! CaCl,, root and bud lengths decreased in all
seven varieties compared to the control. These results sug-
gest that moderate exogenous calcium (5 mmol-L™") can
promote root and bud growth in certain alfalfa varieties.
However, when the calcium concentration exceeds a thresh-
old, growth is inhibited, which is consistent with findings
from Zhang et al. [33] and highlights the varietal differences
in the adaptability of alfalfa to calcium stress.

The effect of calcium concentration on the dry weight
of alfalfa was relatively minor, although significant differ-
ences were observed in the dry weight of PANGO, Gladi-
ator, Dieter, and Victoria compared to the control. Notably,
PANGO exhibited a significant increase in dry weight at
both 25 mmol-L™! and 50 mmol-L™! CaCl,, while Gladi-
ator showed a significant increase at 5 mmol-L™! CaCl,,
and Dieter and Victoria displayed significant increases at
25 mmol-L™! CaCl,. These findings indicate that certain
concentrations of calcium can help alfalfa maintain high
or stable dry weight under calcium stress. This could be
attributed to the plant’s ability to adjust its growth pattern,
resource allocation, and physiological regulation to sustain
growth and vitality under stress [34].

A decrease in plant relative water content (RWC) is
a clear indicator of water deficiency, and a reduction in
root water absorption capacity can lead to decreased
RWC in plants [35]. In this study, all alfalfa varieties
except Gladiator showed a significant decrease in RWC
at 50 mmol-L7! CaCl, compared to the control, with a
general trend of reduction observed across the varieties.

Effects of exogenous calcium on physiological
characteristics of alfalfa seedlings

Calcium ions play a crucial role in maintaining and reg-
ulating ion balance, enabling plants to adapt to adverse
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environmental conditions. However, when calcium ion
concentrations exceed optimal levels, calcium stress can
occur [36]. Calcium stress is known to induce the pro-
duction of reactive oxygen species (ROS) in plant cells,
leading to the peroxidation of unsaturated fatty acids in
cell membrane lipids. This results in the accumulation of
malondialdehyde (MDA), a byproduct of lipid peroxida-
tion. The level of MDA is often used as an indicator of
plant resilience, with higher MDA content signifying
greater damage to plants [37-39].

Appropriate calcium treatments can reduce the accu-
mulation of ROS and MDA, thereby lowering membrane
permeability and enhancing plant adaptability to cal-
cium stress [40]. In the present study, the MDA content
in six out of the seven alfalfa varieties tested showed sig-
nificant changes in response to increasing calcium stress.
At a concentration of 5 mmol-L™' CaCl,, MDA levels
increased in PANGO, Gladiator, and Victoria seedlings.
At 25 mmol-L™! CaCl,, the MDA content increased in
Crown seedlings. However, when calcium concentra-
tions exceeded these levels, the MDA content decreased,
possibly due to the regulation of ROS and MDA by high
calcium concentrations. It is also possible that other
physiological processes, such as the upregulation of pro-
tective enzymes, contributed to the reduction in MDA
levels.

Superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT) are crucial components of the reactive
oxygen species scavenging system, and their activity lev-
els are indicative of plant stress resistance [41]. SOD plays
an essential role in mitigating oxidative stress by con-
verting superoxide radicals (O,") into hydrogen perox-
ide (H,O,) and oxygen (O,), thus reducing the potential
damage caused by ROS [42]. POD, a primary antioxidant
enzyme in plant cells, helps mitigate stress-induced dam-
age by enhancing its activity under abiotic stress [43, 44].
CAT, which exhibits high enzymatic activity, is effective
in decomposing H,O,, although it has a relatively weak
affinity for it [45]. The increased activities of SOD, POD,
and CAT reflect the protective role of calcium in main-
taining plant health.

In this study, the POD and SOD activities of Crown
and Dieter seedlings showed a consistent upward trend
throughout the stress period, indicating that their protec-
tive enzyme systems were relatively intact. Conversely,
after reaching their peak, POD and SOD activities in
Victoria and WL525 seedlings gradually declined as
the calcium stress concentration increased. High-vigor
seeds exhibit enhanced antioxidant enzyme activity that
effectively scavenges reactive oxygen species (ROS),
thus maintaining cellular membrane integrity [46]. In
cultivars Victoria and WL525, the observed post-stress
declines in GI and VI demonstrated strong synchrony
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with decreasing POD and SOD activities. This coor-
dinated response highlights the critical relationship
between antioxidant capacity and oxidative balance,
mechanistically linking the dynamic equilibrium of enzy-
matic antioxidants and ROS levels to seed germination
performance. This decline suggests that the protective
enzyme systems in these seedlings were compromised,
leading to an imbalance in the production and removal
of peroxide compounds, which ultimately interfered with
normal growth. Except for WL525 seedlings, different
concentrations of CaCl, significantly affected CAT activ-
ity in all alfalfa varieties. CAT activity initially increased
with increasing calcium concentration but began to
decrease once a peak concentration was surpassed. This
pattern suggests that calcium concentrations between 5
and 25 mmol-L™! enhanced the metabolism of the seven
alfalfa varieties, improving their adaptability to exter-
nal stress. However, concentrations above this range
impaired normal plant growth.

Proline is a key component of plant proteins and serves
as an osmoregulatory substance within the plant cyto-
plasm, especially under stress conditions [47]. When
plants experience stress, water balance within the plant
is disrupted; soluble sugars help stabilize cell membranes
and improve cellular water retention capacity [48]. Both
soluble sugar and proline levels increase under stress,
thereby enhancing plant stress resistance [49].

Previous research demonstrates that moderate calcium
stress induces concurrent elevation of soluble sugar con-
tent and antioxidant enzyme activity, acting synergisti-
cally to mitigate membrane lipid peroxidation damage
[50]. Notably, elevated calcium concentrations appear to
disrupt enzymatic functionality in glucose metabolism
and suppress sugar biosynthesis, potentially via impaired
photosynthetic efficiency. In this experiment, all varieties
except WL525 and Magnum 801 exhibited significant
changes in soluble sugar content in response to increas-
ing calcium stress. The soluble sugar content gener-
ally followed a pattern of initial increase followed by a
decrease, which may be attributed to the plant’s attempt
to maintain osmotic stability in response to environmen-
tal stress. This ensures the stability of internal osmotic
potential and supports normal metabolic and growth
processes. However, when calcium concentrations
exceed a threshold, the osmotic balance is disrupted,
leading to a decrease in soluble sugar content. Similarly,
significant changes in proline content were observed in
Victoria, WL525, and Magnum 801 seedlings, with pro-
line levels decreasing as calcium stress concentration
increased. This suggests that as calcium concentrations
increase, damage intensifies, resulting in a reduced rate
of osmoregulatory substance synthesis.
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Evaluation of calcium adaptability of different alfalfa
varieties and optimal calcium concentration screening

The tolerance of plants to abiotic stress is a complex trait,
and to avoid the one-sidedness of single-indicator evalua-
tions, more scholars are using comprehensive evaluation
methods combining principal component analysis (PCA)
and membership function methods. For example, in the
evaluation of disease resistance in sorghum seedlings [51],
the selection of suitable tree species in dry and dusty min-
ing areas in Northwest China [24, 52], and the assessment
of drought resistance in Gleditsia sinensis seedlings [53],
comprehensive evaluation methods have been used to sci-
entifically evaluate differences among plant varieties. In this
study, calcium stress had different effects on 14 indicators
of alfalfa seed germination, seedling growth, and physiol-
ogy, and there were significant or highly significant corre-
lations among these indicators. To avoid the limitations of
using a single indicator for evaluation, we also used a com-
prehensive evaluation method combining PCA and mem-
bership functions.

Among the seven alfalfa varieties, Gladiator, Victoria,
Dieter, and Magnum 801 had composite evaluation val-
ues (D) greater than 0.5, indicating strong adaptability to
calcium. Composite evaluation values between 0.2 and
0.3 were observed for Crown and PANGO, showing weak
adaptability to calcium.

In this study, appropriate calcium concentrations pro-
moted alfalfa seed germination, seedling growth, and
physiological regulation, whereas non-optimal calcium
concentrations inhibited these processes. The compre-
hensive evaluation ranked the calcium concentrations in
terms of effectiveness as follows: 5>25>0>50 mmol-L ™
(Table 4). The comprehensive evaluation values for 5 and
25 mmol-L™! CaCl, were higher than that of the control,
suggesting these concentrations positively influenced
alfalfa growth. In contrast, the comprehensive evaluation
value for the 50 mmol-L~! CaCl, treatment decreased by
60.9% compared to the control, indicating that high cal-
cium concentrations were toxic to alfalfa, inhibiting its
growth. This highlights the importance of determining
an optimal range of calcium concentrations, providing
theoretical support for promoting and utilizing alfalfa in
calcium-rich areas.

Conclusion

This study investigated the effects of varying concentra-
tions of calcium stress on the germination and physiologi-
cal growth of alfalfa (Medicago sativa) seeds, providing
valuable data for the introduction and breeding of alfalfa
in calcium-rich areas such as karst landscapes. The results
demonstrated that calcium significantly influences alfalfa
seed germination, seedling growth, and physiological char-
acteristics. To mitigate the effects of calcium stress, alfalfa
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Table 4 Selection of optimal calcium concentration for tested
alfalfa varieties

Membership function

L1 L2 L3 L4
germination rate 1 0.167 0.833 0
germination potential 0.731 0.038 1 0
germination index 1 0.520 0467 0
vitality index 1 0.944 0.688 0
root length 0628 1 0.534 0
bud length 0.697 1 0.722 0
dry weight 1 0.898 0.571 0
relative water content 1 0.920 0532 0
MDA 0 0.081 1 0.160
POD 1 0.388 0.238 0
CAT 0 0473 0.701 1
SOD 0.327 1 0 0519
Pro 0 0.726 0.693 1
soluble sugar 0 1 06 06
Comprehansive evaluation 0.599 0.654 0613 0.234

L1: 0 mmol-L™" CaCl,; L2: 5 mmol-L~" CaCl,; L3: 25 mmol-L~" CaCl,; L4:
50 mmol-L~" CaCl,

seedlings adapt to changes in calcium-rich environments
through osmotic regulation and enhanced enzymatic activ-
ity. Therefore, when cultivating alfalfa in calcium-rich karst
regions, it is essential to analyze the soil calcium content at
the planting site. When the soil calcium content exceeds
the critical stress threshold (50 mmol-L ™), calcium stress
will have adverse effects on seed germination and seedling
growth. Conversely, if the calcium concentration ranges
from 5 to 25 mmol-L™}, it will be conducive to germination,
physiological regulation, and growth. Future molecular and
transcriptomic studies are needed to elucidate the genetic
mechanisms of calcium tolerance in alfalfa. This can be
achieved by exploring the dynamic changes in gene expres-
sion under calcium stress, identifying key transcription
factors closely associated with calcium tolerance, and com-
paring the transcriptomic differences among alfalfa varie-
ties with varying degrees of calcium tolerance. The findings
from these studies will provide a solid foundation for
breeding alfalfa varieties with enhanced stress resistance.
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