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Abstract

Background: Alfalfa is a high-quality forage cultivated widely in northern China. Recently, the failure of alfalfa
plants to survive the winter has caused substantial economic losses. Water management has attracted considerable
attention as a method for the potential improvement of winter survival. The aim of this study was to determine
whether and how changes in the water regime affect the freezing tolerance of alfalfa.

Results: The alfalfa variety WL353LH was cultivated under water regimes of 80 and 25% of water-holding capacity,
and all the plants were subjected to low temperatures at 4/0 °C (light/dark) and then —2/—6 °C (light/dark). The
semi-lethal temperatures were lower for water-stressed than well-watered alfalfa. The pool sizes of total soluble
sugars, total amino acids, and proline changed substantially under water-deficit and low-temperature conditions.
Metabolomics analyses revealed 72 subclasses of differential metabolites, among which lipid and lipid-like
molecules (e.g., fatty acids, unsaturated fatty acids, and glycerophospholipids) and amino acids, peptides, and
analogues (e.g., proline betaine) were upregulated under water-deficit conditions. Some carbohydrates (e.g., D-
maltose and raffinose) and flavonoids were also upregulated at low temperatures. Finally, Kyoto Encyclopedia of
Genes and Genomes analyses revealed 18 significantly enriched pathways involved in the biosynthesis and
metabolism of carbohydrates, unsaturated fatty acids, amino acids, and glycerophospholipids.

Conclusions: Water deficit significantly enhanced the alfalfa’ freezing tolerance, and this was correlated with
increased soluble sugar, amino acid, and lipid and lipid-like molecule contents. These substances are involved in
osmotic regulation, cryoprotection, and the synthesis, fluidity, and stability of the cellular membrane. Our study
provides a reference for improving alfalfa” winter survival through water management.
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Background

Alfalfa (Medicago sativa L.) is a high-quality forage that
is widely cultivated in northern China where there is lit-
tle snow but severe cold in winter. The extreme cold has
caused the failure of alfalfa to survive the winter, which
is an obstacle to its regeneration and production and
leads to serious economic losses. Improving the ability
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of alfalfa to survive the winter has become an urgent
production issue.

The coping responses of alfalfa to freezing conditions in
winter can be divided into three distinct phases: acclima-
tion, freezing, and de-acclimation [1, 2]. The initial step of
acclimation is growth reduction triggered by the shorter
photoperiod and lower temperatures in the fall [3]. Alfalfa
accumulates compatible soluble sugars and low-molecular-
weight nitrogenous compounds in response to freezing,
and there are changes in the cell membrane composition
[4, 5] that contribute to improved freezing tolerance [6].
Generally, during acclimation, growing days with
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temperatures between 0°C and 5 °C are used as a criterion
to estimate the ability of alfalfa to survive [7]. In the subse-
quent freezing phase, the growth of alfalfa ceases. The
crown is the most cold-stress sensitive tissue [8]. When the
temperature increases in the following spring, alfalfa loses
some of its acquired freezing tolerance through the de-
acclimation process [9].

During exposure to low temperatures, plant cells accu-
mulate reactive oxygen species [10], which oxidize the cell
membrane and produce malondialdehyde [11]. Conse-
quently, the level of malondialdehyde is an indicator of
membrane lipid peroxidation [12]. Under cold stress con-
ditions, the membrane permeability of plant cells in-
creases. In previous studies, the semi-lethal temperature
(LTs), ie., the temperature that results in 50% cytochy-
lema leakage, has been used to evaluate plant freezing tol-
erance and is quantified by measuring electrical
conductivity [13]. In response to cold, biochemical
changes in plant cells lead to low-temperature acclima-
tion, which can increase the ability of alfalfa to resist
adverse environmental conditions. Such biochemical
changes include alterations in the contents of soluble car-
bohydrates and nitrogenous compounds (proteins and
amino acids) and the modification of the membrane lipid
composition [9, 14, 15]. Metabolomics analyses based on
liquid chromatography-mass spectrometry (LC-MS) are
effective approaches to identify such changes.

In agricultural production, water-deficit priming is an
effective way to increase the freezing tolerance of crops.
Similar to the low temperature and short day conditions,
water stress can initially trigger a frost-hardening mech-
anism to induce frost hardiness. This has been demon-
strated in red osier dogwood plants (Cornus stolonifera
Michx.) [16], and even in herbaceous plants such as win-
ter rye (Secale cereale L., cv. Puma) [17] and wheat (77ri-
ticum aestivum L.) [18]. The growth of the legume
alfalfa decreases with changes in the photoperiod and
declining temperatures in autumn and early winter. Ex-
posing alfalfa to a water deficit increases its winter sur-
vival by enhancing its freezing tolerance [19].
Additionally, the effects of a high water level (100%
water-holding capacity) and water deficit (50% water-
holding capacity) before defoliation on the winter sur-
vival of alfalfa have been investigated. The water deficit
facilitates root growth and the accumulation of total sol-
uble protein and vegetative storage protein in the tap-
root, thus increasing the rate of winter survival and
spring recovery [20]. In contrast, ample water facilitates
vigorous growth and delays the process of cold harden-
ing in early winter [21]. However, there are conflicting
opinions on whether a water deficit limits the growth of
shoots and roots, as well as the accumulation of nitro-
genous compounds in taproots, none of which are con-
ducive to increased cold hardiness [22].
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Soil moisture affects the ability of alfalfa to resist freez-
ing. Inspired by cross-adaptation [23], we hypothesized
that a continuous water deficit would enhance the freez-
ing tolerance of alfalfa. Therefore, the aims of this study
were as follows: 1) to investigate the difference in the
freezing tolerance of alfalfa cultivated under two soil-
water regimes; and 2) to determine how water deficit af-
fects freezing tolerance using biochemical and metabolo-
mics analyses.

Methods

Plant materials

Seeds of alfalfa (cultivar WL353LH, fall dormancy 4.0)
were sown in plastic pots (diameter, 15 cm; height, 20
cm). The pots were filled with a mixture of soil, perlite,
and vermiculite at a ratio of 100:30:55 (g:g:g). The
water-holding capacity of the mixture was 109.7% (g:g).
The experiment was conducted in a growth room with
the following conditions: 24 + 2 °C/20 + 2 °C (light/dark),
60—65% atmospheric relative humidity, and a 12-h light/
12-h dark photoperiod with a photosynthetic photon
flux density of 350 umol/m?*/s. All the pots were watered
every day and fertilized once a month with an equal vol-
ume of Hoagland’s nutrient solution.

Experimental treatments

Three months after sprouting, four identical seedlings
were selected and transplanted into a polyvinyl chloride
pipe (diameter, 10 cm; height, 15cm). The pipes were
filled with the same mixture described in Section 2.1. A
total of 42 pipes were prepared for this study, which had
two water-regime treatments, each with six biological
replicates and four experimental phases. All the pipes
were watered to 80% water-holding capacity and then
left for 2 weeks in the culture room. Then, the pipes
were randomly arranged in an LRH-200-GD (Taihong
Medical Instruments, Guangdong, China) low-
temperature incubator. The moisture contents of the
mixed soil and temperatures in the incubator during the
four experiment phases are shown in Fig. 1. The condi-
tions in phase 1 were 80% water-holding capacity and
24/20°C (light/dark). Plants were grown under these
conditions for 1week, and then samples were collected
to represent the original state. In phase 2, the remaining
36 pipes were divided into two groups, the moisture
content in the mixed soil of one group was controlled to
25% water-holding capacity (WD) and that of the other
group was maintained at 80% water-holding capacity
(WW). The temperature in the incubator was set to 24/
20°C (light/dark). Samples were taken on the 3rd d after
the WD moisture level was reached. In phase 3, with the
soil moisture contents still at WD and WW, the
temperature in the incubator was changed from 24/
20°C to 4/0°C (light/dark), and then samples were taken
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Fig. 1 The four experimental phases in this research. The treatments are water-controlled treatments with substrate moisture at 80% (WW
25% of water-holding capacity (WD). Incubator temperatures were set for each of the four phases. Black dots S1 to S4 represent sampling time

and

after 2days of cold acclimation. In phase 4, the
temperature was decreased at a rate of -2°C/d, and
samples were taken on the next day after the
temperature reached - 2/- 6 °C (light/dark). From phase
1 to 4, a 12-h photoperiod with a photosynthetic photon
flux density of approximately 150 pmol/m?/s was main-
tained in the incubator.

Sampling

At each sampling point, as shown in Fig. 1, the above-
ground parts were separated from below-ground parts,
and then each part was washed with water and surface-
dried by blotting with filter paper. We collected crowns
within approximately 5-cm below ground as described
in previous studies [24-26]. The crown samples were
cut into three segments in preparation for the freezing
tolerance test, metabolomics assays, and other analyses,
and two out of three segments were frozen at —80°C
until used. After crown sampling, the dry weight of the
aboveground parts was determined, and that of the be-
lowground parts was calculated using the total fresh
weight and the moisture content of the remaining root
tissues.

Freezing tolerance test

Six replicates of crown samples were prepared for the
freezing tolerance test. Crowns were sliced, and the
pieces were divided into nine 2-ml centrifuge tubes. The
tubes were stored at 4 °C for 2 h and then placed on ice
for temporary preservation. The freezing test was carried
out in a constant-temperature circulator ZX-5C (Zhixin,
Shanghai, China) under nine decreasing temperatures.
For the samples collected in phase 1, the freezing tem-
peratures were set to 0, -2, -4, -6, -8, -10, - 12, -
14, and - 16 °C. For the samples collected in phase 2, the
temperatures were set to -2, -4, -6, -8, - 10, - 12, -
14, - 16, and - 18 °C. For the samples collected in phases
3 and 4, the temperatures were set to -4, — 6, - 8, - 10,

-12, -14, -16, - 18, and - 20°C. The samples were
subjected to each temperature treatment for 1.5h in an
alcohol bath. One frozen sampling tube was taken out
and thawed on ice overnight. The next day, the sampling
tubes were thawed at 4 °C for 2 h before the crown slices
were transferred to 15-ml tubes and mixed with 5 ml de-
ionized water. The sampling tubes were placed on a gyr-
atory platform shaker HZQ-A (Hengrui Instrument and
Equipment, Changzhou, Jiangsu, China) at 120 r/min for
12 h. Electrical conductivity (EL;) was measured using a
FE38 conductivity meter (Mettler Toledo, Shanghai,
China). Crown samples were then autoclaved at 120 °C
for 30 min, and electrical conductivity was remeasured
(EL,). The electrical conductivity of deionized water was
determined as EL. The relative electrolyte leakage at a
given freezing temperature was calculated as follows:

Relative electrolyte leakage

EL,EL
- 100%........... 1
EL,—EL < 100% (1)

The LTS5, of the crown was calculated as follows:

A

T1+Bxek
X 100% e, (2)

y

where y represents the relative electrolyte leakage, x rep-
resents the freezing temperature, and A, B, and k are
constants.

Determination of malondialdehyde, carbohydrate, and
nitrogenous compound contents

To determine the contents of malondialdehyde, starch,
total soluble sugars, total soluble protein, total amino
acids, and proline, frozen crown samples (each approxi-
mately 0.1 g) were analyzed using the methods described
by Draper [27], Yemm [28], Sedmak [29], Rosen [30],
and Troll [31] in accordance with the instructions of the
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appropriate commercial kit (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China). The reaction be-
tween malondialdehyde and thiobarbituric acid produces
a reddish-brown substance having a maximum absorb-
ance value at 532 nm. Thus, the malondialdehyde con-
tent was calculated based on the absorbance value.
Starch was separated from soluble sugars using 80%
ethanol, and then hydrolyzed into glucose using concen-
trated sulfuric acid. Glucose was then quantified using
anthrone colorimetry, and the starch concentration was
calculated from the glucose concentration. Soluble
sugars were reacted with concentrated sulfuric acid and
anthrone to generate blue-green derivatives having max-
imum absorbance values at 620 nm. The total soluble
sugar content was calculated from the absorbance value.
The blue compound formed by the reaction between the
-NH;" of proteins and the Coomassie brilliant blue re-
agent has a maximum absorbance value at 595 nm.
Therefore, the content of total soluble protein was calcu-
lated from the absorbance value at 595 nm. The blue-
green color compound formed in the reaction of amino
acids with Cu®* has a maximum absorbance value at
650 nm; therefore, this was used to calculate total amino
acid content. Proline was extracted with sulfosalicylic
acid. The product formed in the reaction between pro-
line and acidic ninhydrin solution has a maximum ab-
sorbance value at 650 nm; therefore, this value was used
to calculate the proline content. After determining the
concentrations of these compounds, their values were
normalized against the moisture content of root tissues,
as described by Sanchez [32]. This normalization of the
data allowed us to make meaningful comparisons among
groups with different moisture contents.

Untargeted metabolomics analysis

From phases 2 to 4, six biological replicates were assayed
for the metabolomics analysis. The groups were desig-
nated as WD _1, 2, and 3, and WW _1, 2, and 3. To
evaluate the influence of water deficit on freezing toler-
ance at normal and low temperatures, comparisons were
conducted within phases (WD_1 vs. WW_1, WD_2 vs.
WW_2, and WD_3 vs. WW_3) and between phases
(WD_2 vs. WD_1, WD_3 vs. WD_2, WW_2 vs. WW_1,
and WW_3 vs. WW_2).

Metabolite extraction

The frozen crowns were ground to a fine powder in li-
quid nitrogen. Each sample (60 mg powdered crown tis-
sue) was accurately weighed, and then metabolites were
extracted by adding 20 pl internal standard solution (L-
2-chlorobenzene alanine prepared with methanol, 0.3
mg/ml) and 0.6 ml of a methanol:water solution (7:3, v:
v). Then, the following procedures were conducted:
homogenization for 2 min, ultrasonic extraction for 30

Page 4 of 15

min, and incubation for 20 min at — 20 °C. The mixture
was centrifuged at a high speed (17,540xg) at 4°C for
15 min. Finally, 200 pl supernatant was placed in a LC-
MS sample vial for testing. To monitor the stability and
repeatability of the instrumental analysis, quality control
samples were prepared by pooling equal volumes from
each sample, and these quality control samples were an-
alyzed along with an equal volume of each sample. The
quality control samples were inserted regularly and ana-
lyzed after every seven samples.

Liquid chromatography-mass spectrometry (LC-MS)
analyses

The LC-MS analyses were performed using an ultra-
performance liquid chromatography-quadrupole-time of
flight mass spectrometry system (Waters Corporation,
Milford, MA, USA). For hydrophilic interaction LC sep-
aration, the samples were analyzed using an Acquity
BEH C18 column (100 mm x 2.1 mm i.d., 1.7 um; Waters
Corporation). Separation was achieved using the follow-
ing gradient: 5-20% B over 0—2 min, 20-60% B over 2—
8 min, 60—-100% B over 8—12 min, 100% B over 12-14
min, 100% B—5% B over 14—14.5 min, and holding at 5%
B for 1 min, where B is acetonitrile [including 0.1% (v:v)
formic acid], A is H,O [including 0.1% (v:v) formic acid],
and the total proportion of A plus B was 100%. During
separation, the flow rate was 0.40 ml/min, the column
was maintained at 45°C, and the injection volume was
3.00 ul. The MS data were collected using a TOF MS
equipped with an electrospray ionization source operat-
ing in either positive or negative ion mode. The capil-
lary, sampling, and collision voltages were 1.0kV, 40V,
and 6 eV, respectively. The ion source and solvent re-
moval temperatures were set at 120°C and 500 °C, re-
spectively, with a desolvation gas flow of 900 l/h.
Centroid data were collected from 50 to 1000 m1/z with a
0.1-s scanning time and a 0.02-s interval.

Separation of metabolites and bioinformatics analyses

The raw mass spectrum data were converted using the
processing software Progenesis QI (Waters Corporation)
for baseline filtration, peak identification, integration, re-
tention time correction, peak alignment, and uniformiza-
tion. Next, following the method described by Sanchez
[32], all the peak intensity values were normalized
against the moisture contents of root tissues to allow for
comparisons among different groups. Finally, we ob-
tained a data matrix (.xls) that contained the retention
time, mass charge ratio, and peak intensity. The data
matrix was converted using SIMCA-P software (V14,
Umetrics, Umea, Sweden) to perform principal compo-
nent, partial least squares discriminant, and orthogonal
partial least squares discriminant analyses. Differential
metabolites were determined based on the combination
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of a statistically significant threshold of variable influ-
ence on projection (VIP) value obtained from the or-
thogonal partial least squares discriminant analysis and
Student’s t-test (P-value) of the raw data. The metabo-
lites with VIP > 1.5 and P < 0.05 were considered statisti-
cally significant. A qualitative analysis of each metabolite
and the acquisition of its compound identification num-
ber (CID) was performed using the Human Metabolome
Database (http://www.hmdb.ca/), Lipid Maps (http://
www.lipidmaps.org/), and Metabolites Biological Role
(http://csbg.cnb.csic.cs/mbrole). Then, a pathway anno-
tation analysis was conducted using the CID in the
Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg/pathway.html) database.
Metabolite classification, prominent metabolic pathway
detection, and enrichment analyses were also performed.

Data analyses

The biomass, malondialdehyde, carbohydrate, nitrogen-
ous compound, and LT5, data were subjected to analyses
of variance between phases and within phases using
SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Multiple range
tests were performed using least significant differences,
and differences were considered significant at P < 0.05.

Results

Dry weights of aboveground and belowground parts

To evaluate the effects of alfalfa growth on its freez-
ing tolerance, the dry weights of aboveground and be-
lowground parts were determined (Fig. 2). The dry
weight of the aboveground parts increased signifi-
cantly from phase 1 to 4, but no significant difference
was detected between the two water-controlled treat-
ments. The dry weight of the belowground parts only
changed slightly from phase 1 to 4, and no remark-
able difference was detected between the two water-
controlled treatments.
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Semi-lethal temperatures

Judging from the phenotypes at the end of phase 4
(Fig. 3a—d), alfalfa plants in WW were damaged more
seriously than those in WD, as demonstrated by the
higher relative electrolyte leakage of their leaves (75% vs.
33%). The WD treatment significantly improved the
ability of alfalfa to resist low temperatures. As shown in
Fig. 4, the LT5, of crowns increased gradually from
phase 1 to 4 in WW, but not in WD. At the end of
phase 2, the LT5, was significantly lower in WD than in
WW, and the difference increased after exposure to 4/
0°C and - 2/- 6 °C. From phase 1 to 4, the LT, of the
crowns increased by 2.40°C (or 22.2%) in WW, but de-
creased by 1.19°C (or 11.0%) in WD. At normal temper-
atures, water deficit increased the freezing tolerance of
alfalfa, and freezing tolerance was further enhanced by
exposure to lower temperatures.

Malondialdehyde contents

The concentrations of malondialdehyde in alfalfa crowns
in the two treatments are shown in Fig. 5. At the end of
phase 2, the malondialdehyde content in WW was sig-
nificantly higher than that in WD. However, at the end
of phases 3 and 4, the malondialdehyde contents did not
differ significantly between the two water-controlled
treatments.

Carbohydrates and nitrogenous compounds

The concentrations of five compounds, including carbohy-
drates and nitrogenous compounds, in plants during the
WD and WW treatments are shown in Fig. 5. The con-
tents of starch and total soluble sugar increased in phase 3
and decreased in phase 4. At the end of phase 4, the con-
tents of starch and total soluble sugar were significantly
higher in WD than in WW. The total soluble protein con-
centration at the end of phase 2 was significantly higher in
WW than in WD. Subsequently, the soluble protein con-
tent in WD significantly increased in phase 3 and de-
creased in phase 4. There were no significant differences
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Phenotypes of alfalfa in WW (a and b) and in WD (c and d)

Fig. 3 Phenotypes of alfalfa after freezing in phase 4. WW and WD: substrate moisture at 80 and 25% of water-holding capacity, respectively.

in soluble protein contents between the two treatments at
the ends of phases 3 and 4. The total amino acid content
was higher in WD than in WW, with significantly higher
levels in WD than in WW at the ends of phases 3 and 4.
Compared with the WW treatment, the WD treatment
led to a dramatic increase in the proline content in phase
2. The proline content in WD increased during cold accli-
mation (phase 3) and then decreased under freezing con-
ditions (phase 4). On the whole, at the end of phases 2, 3,
and 4, the proline contents were significantly (P < 0.05)
higher in WD than in WW.

Differential metabolites

Separation of differential metabolites

As shown in Fig. 6, the significant differential metabolites
between WD and WW were well separated based on the

criteria VIP > 1.5 and P < 0.05. Table 1 and Additional file 1
shows the number and detail information of differential
metabolites, reapectively. In within-phase comparisons,
three upregulated differential metabolites were found in
WD_1 vs. WW_1, and 25 were found in WD_3 vs. WW_
3. In between-phase comparisons, there were more upreg-
ulated differential metabolites in WD_2 vs. WD_1 than in
WD_3 vs. WD_2, while there were similar numbers in
WW_2vs. WW_1 and WW_3 vs. WW _2. Detailed infor-
mation on the upregulated differential metabolites in the
seven comparison groups, including classification and fold
changes, are summarized in Additional file 2.

Classification of differential metabolites
As shown in Fig. 7, the differential metabolites in seven
comparisons were categorized into 20 classes and 72
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Fig. 4 Semi-lethal temperature, LTs, of alfalfa crowns collected in WD and WW. WW and WD: substrate moisture at 80 and 25% of water-holding
capacity, respectively. The significances of differences between and within phases were evaluated using a multiple-range test. Different letters

indicate significant differences (P < 0.05)
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subclasses. Judging from the proportion of differential me-
tabolites in each class out of the total differential metabolites
(Additional file 3), fatty acyls, glycerolipids, glycerophospho-
lipids, polyketides, prenol lipids, steroids and steroid deriva-
tives, sterol lipids, carboxylic acids and derivatives, and
organooxygen compounds were the most active metabolites.
At the superclass level, the active metabolites were classified
as lipid and lipid-like molecules, as well as carboxylic acids
and their derivatives, and organooxygen compounds. At the
subclass level, there were approximately 18 species of active
differential metabolites, including fatty acids and their conju-
gates, flavonoids, eicosanoids, glycerophosphoinositols, iso-
prenoids, and carbohydrates and carbohydrate conjugates.
In summary, the differential metabolites identified in the
seven comparisons mainly included carbohydrates, amino
acids, fatty acids, glycerophospholipids, and flavonoids.

In the three within-phase comparisons, the upregu-
lated differential metabolites included lipid and lipid-like
molecules and organic acids and their derivatives at the

superclass level (Additional file 2). At the subclass
level, these metabolites could be classified into eicosa-
noids, fatty acids and their conjugates, linoleic acid
and its derivatives, octadecanoids, glycerophosphoser-
ines, amino acids, and peptides and analogues. In this
study, all of these metabolites were upregulated under
water-deficit conditions.

In the four between-phase comparisons, 34 types of
upregulated differential metabolites were identified at
the subclass level. In addition to those mentioned in
the within-phase comparisons, the other upregulated
metabolites included glycerophosphates, glyceropho-
sphocholines, glycerophosphoethanolamines, glycero-
phosphoglycerols, glycerophosphoinositols, flavonoids,
and carbohydrates and carbohydrate conjugates. These
upregulated differential metabolites were lipid and
lipid-like molecules (at the superclass level), amino
acids, peptides and analogues, and carbohydrates and
carbohydrate conjugates (at the subclass level). All of
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Fig. 6 Scatter plots of scores of the orthogonal partial least squares discriminant analysis for identified differential metabolites in the seven
comparisons. WW and WD: substrate moisture at 80 and 25% of water-holding capacity, respectively. WD_1, 2, 3 and WW_1, 2, 3 represent
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J

Table 1 Numbers of differential metabolites. All = Upregulated+Downregulated. Only some metabolites had CIDs required for
further annotation in KEGG

Within-phase comparisons Between-phase comparisons

WD_1Tvs WW_T WD_2vs WW_2 WD_3vs WW_3 WD_2vsWD_1 WD_3vsWD_2 WW_2vs WW_1 WW_3vs WW_2
All 131 112 115 85 39 46 174
Upregulated 3 0 25 74 4 23 19
Downregulated 128 112 90 11 35 23 155
[@]D] 19 18 17 12 5 10 34
Annotated in KEGG 19 18 17 12 5 10 34
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Fig. 7 Numbers of differential metabolites at the class and subclass levels. Names on the abscissa represent subclasses, gray parts above the plot
represent classes. Within-phase and between-phase comparisons revealed metabolites affected by water deficit and low temperature,
respectively. WW and WD: substrate moisture at 80 and 25% of water-holding capacity, respectively. WD_1, 2, 3 and WW_1, 2, 3 represent

these metabolites showed increased abundance levels
at declining temperatures.

KEGG analysis

Some of the separated differential metabolites had CID
numbers, which allowed them to be annotated in the
KEGG database. A total of 18 prominent pathways were
significantly enriched (P <0.05, P<0.01, and P <0.001)
with identified differential compounds (Fig. 8). These
pathways were mainly involved in the biosynthesis and
metabolism of carbohydrates, unsaturated fatty acids,
amino acids, and glycerophospholipids. The other path-
ways that were not significantly enriched, as determined
by the KEGG analysis, are listed in Additional file 4.

Differential metabolites involved in prominent pathways

At the class level, the differential metabolites involved in
18 prominent pathways included nonmetal oxoanionic
compounds, glycerophospholipids, fatty acyls, orga-
nooxygen compounds, steroids and steroid derivatives,
carboxylic acids and derivatives, and indoles and their

derivatives (Table 2). At the superclass level, these me-
tabolites included lipid and lipid-like molecules, organic
acids and derivatives, and organic oxygen compounds.
At the subclass level, they were mainly glycerophospho-
cholines, glycerophosphoethanolamines, linoleic acid
and its derivatives, eicosanoids, fatty acids and conju-
gates, amino acids, peptides and analogues, and carbohy-
drates and carbohydrate conjugates.

Discussion

Effects of water deficit on freezing tolerance and
membrane permeability

A previous study showed that, either at 20/15°C (day/
night) or at cold/freezing temperatures, alfalfa growing
at a 25% field-water capacity has a higher freezing toler-
ance than alfalfa growing at 60 and 100% field-water
capacities, which suggested that a moderate water deficit
could enhance freezing tolerance [19]. In this study, the
LT5 of alfalfa was significantly lower in the WD treat-
ment than in the WW treatment. An analysis of the
changes in aboveground and belowground dry weights
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Fig. 8 Enrichment ratios of 18 significantly enriched pathways. Asterisks represent significance at P < 0.05 (*), P < 0.01 (**), and P < 0.001 (**¥).
Within-phase and between-phase comparisons revealed pathways affected by water deficit and low temperatures, respectively. WW and WD:
substrate moisture at 80 and 25% of water-holding capacity, respectively. WD_1, 2, 3 and WW_1, 2, 3 represent samples collected at the ends of

confirmed that the differences in LT5, between WD and
WW were not caused by differences in alfalfa growth
(Fig. 2). Thus, our results also support the conclusion that
water deficit significantly enhances the freezing tolerance
of alfalfa at normal temperatures and that this effect is
strengthened after exposure to lower temperatures.

The level of malondialdehyde reflects the degree of
membrane lipid peroxidation in the cell membrane [12].
The malondialdehyde content differed significantly be-
tween WW and WD at the end of phase 2, but not and
the ends of phases 3 and 4. At the ends of phases 2 and
3, the contents of malondialdehyde were slightly higher
in WW than in WD. Greater damage to the cellular
membrane caused by lipid peroxidation was evidenced
by the higher membrane permeability and cytochylema
leakage in WW than in WD (Fig. 4).

Correlations between biochemical changes and freezing
tolerance

Freezing stress inhibits plant cellular metabolism and re-
duces water uptake, thus inducing dehydration or os-
motic stress [33, 34]. Previous studies have reported that
biochemical substances, including those related to

osmotic regulation, accumulate in the crown and taproot
when alfalfa is exposed to low temperatures [35-37]. In
addition, a previous study reported that the soluble pro-
tein content in alfalfa is affected by low temperature,
cold acclimation, or freezing [15]. In this study, although
the soluble protein content changed significantly during
the processes of cold acclimation and freezing (phases 3
and 4), it did not differ significantly between the two
treatments. This indicates that soluble protein had a
measurable response to cold and freezing, but not to
water deficit. Soluble sugars can act as cryoprotectants
by preventing sudden osmotic shock and ice formation,
and they help to stabilize the integrity of macromole-
cules and the plasma membrane during freezing-induced
desiccation [38—42]. In this study, the total soluble sugar
content differed significantly between the WW and WD
treatments. The contents of starch and total soluble
sugar decreased in freezing phase 4, but some soluble
sugars may have remained trapped in the insoluble
starch and would, therefore, be unavailable to contribute
to the osmotic potential of the cell. Alfalfa accumulates
amino acids, such as proline, which act as osmotic regu-
latory molecules in response to drought stress [43, 44].
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Table 2 Fold changes of the metabolites involved in 18 pathways identified as being significantly enriched in the KEGG analysis. “/"
indicates that the metabolite or a significant difference was not detected

Metabolites Subclass Within-phase comparisons Between-phase comparisons
WD_1vs WD_2vs WD_3vs WD_2vs WD_3vs WW_2vs WW_3vs
WW_1 WW_2 WW_3 WD_1 WD_2 WW_1 WW_2
Nonmetal oxoanionic compounds
Phosphoric acid Nonmetal phosphates 04766 04204  / / / 0.7124 /
Sulfate Nonmetal sulfates 06713 0.6650 0.7656 / / / 0.8236
Fatty acyls
13-oxo-octadecadienoic acid Linoleic acids and derivatives  / / / / / / 04233
13S-hydroxy-octadecadienoic acid Linoleic acids and derivatives ~ / / / / / / 04576
20-hydroxy-leukotriene B4 Eicosanoids / / / / / / 04847
9,10-dihydroxy-12-octadec-enoic acid  Fatty acids and conjugates 14183 / / 07178 / / 0.5667
9,12,13-trihydroxy-octadec-10-enoic  Fatty acids and conjugates 14510 / 2.0848 / / 1.5159 0.3778
acid
9S,11R,155-trihydroxy-2,3-dinor-13E-  Eicosanoids / / 1.6657 / / / 04795
prostaenoic acid-cyclo[8S,12R]
Alpha-linolenic acid Linoleic acids and derivatives ~ / / / / / / 04510
Arachidonic acid (d8) Fatty acids and conjugates / / / 19797 05671 / 0.2218
Norlinolenic acid Fatty acids and conjugates 0.5674 / 1.8503 17476  / / 03516
Traumatic acid Fatty acids and conjugates 0.5335 05854  / / / / 06102
Traumatin Fatty acids and conjugates / / 3.3487 / / / 0.1040
Glycerophospholipids
Lysophosphatidylcholine(16:0) Glycerophosphocholines / / / / / 2.1402 /
Phosphatidyl alcohol(16:0/18:2(9Z, Glycerophosphates 0.7050 0.6145 / / / / 0.6955
127))
Phosphatidyl ethanolamine(16:1(92)/  Glycerophosphoethanolamines 0.6389 0.6606 / / / / 06178
P-18:1(112)
Phosphatidyl ethanolamine(18:3(6Z,  Glycerophosphoethanolamines / / / / / 1.3388 06226
97,122)/P-18:0)
Steroids and steroid derivatives
Campesterol Ergostane steroids 05078 05925  / / / / /
Cholesterol ester(20:1(112)) Steroid esters / 0.4889 04198 / / / /
Carboxylic acids and derivatives
L-arginine Amino acids, peptides, and / / / / / / 0.1530
analogues
[-aspartic acid Amino acids, peptides, and / / / 242609  / / 0.2733
analogues
L-cystathionine Amino acids, peptides, and 04052 / 0.2932 / / 04034 32124
analogues
Organooxygen compounds
D-glucose Carbohydrates and / / / 13310/ 1.2303 /
carbohydrate conjugates
D-maltose Carbohydrates and / / / 11766/ / /
carbohydrate conjugates
Fructose 6-phosphate Carbohydrates and 0.5245 04511 / / / / 0.6804
carbohydrate conjugates
Maltotriose Carbohydrates and 04487 0.7361 0.5299 / / 0.5619 1.7477
carbohydrate conjugates
Raffinose Carbohydrates and 0.4885 / 0.7346 16008  / / 1.2806

carbohydrate conjugates
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Table 2 Fold changes of the metabolites involved in 18 pathways identified as being significantly enriched in the KEGG analysis. “/"
indicates that the metabolite or a significant difference was not detected (Continued)

Metabolites Subclass Within-phase comparisons Between-phase comparisons
WD_1vs WD_2vs WD_3vs WD_2vs WD_3vs WW_2vs WW_3vs
WW_1 WW_2 WW_3 WD_1 WD_2 WW_1 WW_2
Indoles and derivatives
Indoleacetic acid Indolyl carboxylic acids and 06223/ / / 1.5008 /
derivatives
5-methoxytryptamine Tryptamines and derivatives 0.6575 / / / / 04630
Others
Alpha-dimorphecolic Others / / / / / 0.3647

Although the role of proline in the acquisition of freez-
ing tolerance remains unclear, evidence from transgenic
experiments supports the adaptive value of stress-
induced proline [24].

Exposing alfalfa to low, non-freezing temperatures
(about 0-5 °C) induces morphological, physiological, and
biochemical changes that improve cold hardiness and
lead to the acquisition of freezing tolerance [45, 46]. In
this study, plants were subjected to 2 d of a cold-
acclimation treatment at 4/0°C (light/dark). Although
the contents of total soluble sugar and total soluble pro-
tein increased during this period, alfalfa plants in the
WW treatment showed no significant increase in freez-
ing tolerance. This may be because of inadequate accli-
mation. That is, the short period of acclimation (2 d) at
4/0°C (light/dark) after reducing the temperatures from
24/20°C to 4/0°C (light/dark) may have been inad-
equate. Nevertheless, the freezing tolerance of alfalfa in
the WD treatment increased significantly during this
cold-acclimation treatment (phase 3), possibly because
of the significant increase in the proline content. During
acclimation, the contents of total soluble sugar and total
soluble protein increased in both the WW and WD
treatments. In addition, at the end of phase 4, the sol-
uble sugar content differed significantly between the
WW and WD treatments. Thus, soluble sugars may also
play roles in improving the freezing tolerance of alfalfa.
After exposure to low temperatures in phase 4, alfalfa’s
freezing tolerance decreased in WW but increased in
WD, providing more evidence that water deficit im-
proves the freezing tolerance of alfalfa.

In summary, the contents of soluble sugars and amino
acids, including proline, increased under water-deficit
and low-temperature conditions. These substances may
contribute to the enhancement of freezing tolerance
under moderate water-deficit conditions.

Contributions of differential metabolites to freezing
tolerance

Differential metabolites were classified to evaluate their
contributions to the difference in freezing tolerance

between plants receiving the WD and WW treatments.
Within-phase comparisons were performed to detect
correlations between differential metabolites and the
freezing tolerance of alfalfa under the two water regimes.
The biosynthesis and metabolism of lipid and lipid-like
molecules and amino acids, peptides, and analogues
were greatly enhanced, and the abundance levels of these
compounds increased under water-deficit conditions.
Plasma membranes are the sites of temperature sensing
and major injury upon exposure to low temperature [7,
47]. Low temperatures change the membrane lipid phase
from highly fluid to a rigid gel in which lipids are closely
packed and highly ordered. The rigid gel phase can ren-
der the membrane more permeable and prone to rup-
ture [48]. However, for plants to survive cold or chilling,
they must be able to maintain the structural and func-
tional integrity of the cellular membranes. Changes in
lipid composition are associated with changes in the
cryostability of the plasma membrane [47, 49]. Glycero-
phosphoserines, a class of glycerophospholipids, were
upregulated under water-deficit conditions, as deter-
mined by the within-phase comparisons. Glyceropho-
spholipids consist of phosphate and two fatty acids or
fatty alcohols [50] and are the dominant component of
biological membranes in plants [51]. Within-phase com-
parisons identified that two unsaturated fatty acids, ei-
cosanoid and linoleic, were upregulated under water-
deficit conditions. Unsaturated fatty acids may help
maintain the fluidity of membranes owing to the pres-
ence of cis double bonds. An increase in the proportion
of unsaturated fatty acids enhances the integrity/stability
and cellular functions of membranes during cold or
freezing stress [47, 52]. Furthermore, very low tempera-
tures resulting in freezing injury also target the plasma
membranes, and higher proportions of fatty acids in the
membrane lipids can enhance membrane cryotolerance
and stability [53]. Proline betaine, an important osmo-
protectant and the main betaine identified in alfalfa [54],
was also upregulated during the water-deficit treatment.
Thus, both membrane stabilization as a result of changes
in lipid composition and increased osmotic regulation
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might play important roles in enhancing the freezing tol-
erance of alfalfa under water-deficit conditions.
Understanding the relationships between metabolites
and freezing tolerance following cold acclimation and
freezing temperatures can shed light on the mecha-
nisms by which water deficit enhances freezing toler-
ance. In the four between-phase comparisons, the
upregulated metabolites were mainly lipid-and lipid-
like molecules (at the superclass level), and amino
acids, peptides and analogues, and carbohydrates and
carbohydrate conjugates (at the subclass level). In
addition to the metabolites discussed in the within-
phase comparisons, carbohydrates (including D-
glucose, raffinose, maltotetraose, maltotriose, and D-
maltose) and flavonoids showed increases in abun-
dance levels at declining temperatures. Soluble sugars
play an important role in enhancing freezing toler-
ance because of their cryoprotective function [38, 39].
A variety of functions have been reported for flavo-
noids. For example, they function as nonenzymatic
antioxidants [55] to alleviate oxidative stress caused
by salinity [56], ultraviolet light [56], and heat [57].
Transcriptomic modifications indicative of enhanced
flavonoid biosynthesis induced by cold stress have
also been reported for Citrus sinensis L. [58]. Add-
itionally, the flavonoids that accumulated during cold
acclimation play functional roles in enhancing the
freezing tolerance of Arabidopsis thaliana [59]. In our
study, we detected differential metabolites that were
upregulated during cold acclimation and freezing. Our
results suggest that these metabolites play important
roles in enhancing the freezing tolerance of alfalfa.

Conclusion

In our study, a continuous water deficit treatment sig-
nificantly enhanced the freezing tolerance of alfalfa com-
pared with a well-watered treatment. Increases in the
contents of total soluble sugars and total amino acids,
including proline, may have contributed to the difference
in LT5o between plants receiving the two treatments.
The upregulation of lipids and lipid-like molecules (e.g.,
fatty acids, unsaturated fatty acids, and glycerophospho-
lipids) and amino acids (e.g., proline betaine), as well as
the enhancement of related metabolic pathways, may
also have contributed to the enhanced freezing tolerance
of alfalfa under water-deficit conditions. Other com-
pounds that showed increased abundance levels at low
temperatures included flavonoids and carbohydrates,
such as D-maltose, D-glucose, raffinose, maltotetraose,
and maltotriose. These results indicate that water man-
agement can improve the freezing tolerance of alfalfa
and is an effective strategy to increase the winter survival
of alfalfa crops in northern China.
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