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Drought is an environmental stressor that affects crop yield worldwide. Understanding
plant physiological responses to stress conditions is needed to secure food in future
climate conditions. In this study, we applied a combination of plant physiology and
metabolomic techniques to understand plant responses to progressive water deficit
focusing on the root system. We chose two legume plants with contrasting tolerance
to drought, the widely cultivated alfalfa Medicago sativa (Ms) and the model legume
Medicago truncatula (Mt) for comparative analysis. Ms taproot (tapR) and Mt fibrous
root (fibR) biomass increased during drought, while a progressive decline in water
content was observed in both species. Metabolomic analysis allowed the identification
of key metabolites in the different tissues tested. Under drought, carbohydrates, abscisic
acid, and proline predominantly accumulated in leaves and tapRs, whereas flavonoids
increased in fibRs in both species. Raffinose-family related metabolites accumulated
during drought. Along with an accumulation of root sucrose in plants subjected to
drought, both species showed a decrease in sucrose synthase (SUS) activity related to
a reduction in the transcript level of SUS1, the main SUS gene. This study highlights the
relevance of root carbon metabolism during drought conditions and provides evidence
on the specific accumulation of metabolites throughout the root system.

Keywords: plant roots, drought stress, sucrose, sucrose synthase, raffinose, flavonoids, Medicago,
metabolomics

Abbreviations: ABA, abscisic acid; Asn, asparagine; C, control; DW, dry weight, fibRs, fibrous roots; FW, fresh weight;
GABA, γ-aminobutyric acid; INV, alkaline invertase; LC-QqQ-MS, liquid chromatography with triple-quadrupole mass
spectrometry; MD, moderate water deficit; SD, severe water deficit; SUS, sucrose synthase; SUS, sucrose synthase gene family;
tapRs, taproots; WC, water content; WD, water deficit.
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INTRODUCTION

Grain and forage legumes represent approximately 15% of the
worldwide cultivated land, and are one of the most important
protein sources for human diet and animal feed (Vance et al.,
2000; Daryanto et al., 2015). Their nitrogen fixation capacity,
in symbiosis with soil Rhizobium bacteria, allows them to
be considered environmentally sustainable crops (Graham and
Vance, 2003). However, their variable yield under water deficit
(WD) conditions limits widespread legume cultivation. To meet
global food and feed requirements, considering current climate
change scenarios, it is important to comprehensively understand
how plants respond and adapt their metabolism when water
becomes a limitation (Anjum et al., 2017; Abdelrahman et al.,
2018b; Zandalinas et al., 2018; Castañeda et al., 2019). The
adaptive response of the plant root system is an essential
component of plant responses to WD. Nevertheless, most studies
have focused on WD effects on the aerial part, leaving the roots
largely unexplored.

Based on their morphology, there are two types of root
systems: (i) the tap root type presents the main tap/primary
root (tapR) that grows vertically and has lateral branches called
fibrous roots, and (ii) the fibrous root type, which has mainly
branching fibrous/secondary roots (fibRs) (Tian et al., 2014;
Wasaya et al., 2018; Castañeda et al., 2019). Alfalfa Medicago
sativa (Ms) is among the most widely cultivated forage legume
species in temperate climates, occupying around 30 million
hectares worldwide (Annicchiarico et al., 2011, 2015; Ray et al.,
2015; Zhang et al., 2015). Being typically cultivated in arid and
semi-arid regions, alfalfa, a perennial specie, can reach deep
soils to access water (Humphries and Auricht, 2001; Radovic
et al., 2009; de Smet et al., 2012; Quan et al., 2016; Huang
et al., 2018), and arrest vegetative growth in case of water deficit
(Sheaffer et al., 1988; Zhang et al., 2019). Contrastingly, Medicago
truncatula (Mt) originated in the Mediterranean area and is
cultivated as an annual crop in countries such as Australia (Young
and Udvardi, 2009). Mt is a diploid and model legume species
(Barker et al., 1990; Young and Udvardi, 2009), phylogenetically
related to alfalfa (Aubert et al., 2006; Phan et al., 2007). As
it is naturally present in Mediterranean semi-arid regions, Mt
is considered a relatively drought-tolerant species compared
with Ms (Zhang et al., 2014). At the root system level, Ms
is an example of the tapR type, as it develops a main tapR
system to explore deeper soil regions (Humphries and Auricht,
2001; de Smet et al., 2012; Araújo et al., 2015; Huang et al.,
2018). In contrast, Mt can be included in the fibR category,
with a less developed tapR and highly developed fibR system
(Schultz et al., 2010; Bourion et al., 2014; Castañeda et al., 2019).
Indeed, annual plants typically present low-density root with
high nitrogen levels, whereas perennial plants favor persistent
dense root systems (Roumet et al., 2006). Concerning shoot
growth, Ms and Mt also differ, as Ms shoots grow vertically
(Humphries and Auricht, 2001), while Mt shoots develop mostly
horizontally (Castañeda et al., 2019). Analyzing the different
strategies of these phylogenetically related species is needed to
further understand the plant metabolic acclimation strategies
to water scarcity.

In this study, we hypothesized that drought tolerance
differences between Ms and Mt might be mediated by metabolic
changes occurring at the root level. We examined the different
root system morphologies of Ms and Mt and explored the
metabolic acclimation of leaves, tapRs and fibRs to WD
conditions using non-targeted liquid chromatography with
tandem mass spectrometry (LC/MS-MS). Moreover, root carbon
metabolism was thoroughly analyzed with particular attention to
sucrose synthase (SUS) activity and expression of corresponding
genes. Results showed that Ms and Mt employed different root
growth strategies to deal with WD conditions, as suggested
by differential metabolic WD responses in both tapRs and
fibRs. Although a specific accumulation of raffinose family
oligosaccharides was found in the Mt root system, a general
downregulation of root sucrose catabolism associated with a
decrease in SUS activity was observed in the roots of both
Medicago species.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Two Medicago species, M. sativa L. cultivar Sitel (Ms) and
M. truncatula Jemalong A17 (Mt), were used in this study.
Ms and Mt seeds were germinated as previously described
(Garcia et al., 2006). Seedlings were transferred to one-liter
pots containing perlite:vermiculite (2:5, v/v) and grown under
controlled environmental conditions (22◦C/18◦C day/night
temperature, 12 h photoperiod, 70% relative humidity, 500 µmol
m−2 s−1). Plants were watered using Evans solution as
described by Castañeda et al. (2019).

WD Stress Treatment
Fifty-seven-day-old Ms and Mt plants were randomly separated
into three sets containing seven plants each per species. The
first set, control plants (C), was maintained under well-watered
conditions throughout the experiment, while the other two sets
were exposed to WD stress by withholding irrigation. After
6 days of water withholding, the leaf water potential (9w) was
measured daily to monitor the water status of stressed plants.
The first fully expanded leaf was used to measure 9w in a
pressure chamber (3000 Series Plant Water Status Consoles, Soil
Moisture Equipment, Santa Barbara, United States; Scholander
et al., 1965). Ms and Mt plants were harvested at their late
vegetative stage (approx. 8 weeks post-germination) when their
leaf water potential reached approximately −1.5 and −2.5 MPa
for moderate (MD) and severe (SD) WD stress, respectively.
C samples showed an average 9w close to −1 MPa. During
the drought period, plants progressively consumed the reserves
of water and nutrients in the vermiculite/perlite substrate
simulating field-like conditions, and no visual symptoms of
nutrient deficiency were observed (Hu and Schmidhalter, 2005).
During harvest, tapRs were separated from the fibRs, and
these root fractions and leaves were immediately frozen in
liquid nitrogen and stored at −80◦C until further analysis.
Dry weight (DW) was obtained after drying plant material
at 70◦C for 48 h. Then, water content (WC) from the

Frontiers in Plant Science | www.frontiersin.org 2 April 2021 | Volume 12 | Article 652143

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-652143 April 19, 2021 Time: 13:59 # 3

Echeverria et al. Medicago Root Responses to Drought

different tissues was calculated using the following equation:
WC = (FW–DW)/(FW × 100), where FW represents fresh
weight. Transpiration was measured daily by weighing the pots
15 min and 24 h after irrigation. The difference between both
values was the total amount of water lost each day. Plant WD
was controlled daily by measuring stomatal conductance (nmol
m−2 s−1) in the oldest fully formed leaves using an AP4 leaf
porometer (Delta-T Devices, Cambridge, United Kingdom).

Determination of Enzyme Activities
Aliquots of frozen tapRs and fibRs (≈ 0.3 and 0.4 g, respectively)
were homogenized to a fine powder with liquid nitrogen.
Extraction buffer [50 mM MOPS pH 7.5, 10 mM MgCl2, 0.1%
(v/v) Triton X-100, 10 mM DTT β-mercaptoethanol, 1 mM
EDTA, 20 mM KCl, 2.5% PVPP, and 2 mM PMSF supplemented
with a protease inhibitor cocktail tablet] was used in the process,
and samples were centrifuged for 30 min at 10,625 × g at 4◦C.
Protein content was determined in the crude extract as previously
described (Bradford, 1976) using BSA as the protein standard.
The crude extract was desalted using BioGel P-6 DG Desalting
Gel (Bio-Rad, Hercules, CA, United States) equilibrated with
desalting buffer [250 mM MOPS (pH 7.5), 100 mM KCl, and
50 mM MgCl2]. The desalted extract was used to determine
the activities of UDP-sucrose synthase (SUS, EC 2.4.1.13),
alkaline invertase (INV, EC 3.2.1.26), and glucose-6-phosphate
dehydrogenase (G6PDH, EC 1.1.1.49). All enzyme activities were
assayed as described by Castañeda et al. (2019).

Metabolomic Analysis
Leaf and root samples of Ms and Mt were lyophilized using a
freeze-drying machine (dry chamber, DRC-1000; freeze-drying
instrument, FDU-2100; EYELA Corporation, Tokyo, Japan). The
lyophilized samples were weighed using a balance (AP324W,
Shimadzu Corporation), and each sample was transferred to
a 2 mL tube containing a zirconia bead (5 mm diameter).
Extraction solvent containing 0.1% (v/v) formic acid in 80% (v/v)
methanol with internal standards (8.4 nM lidocaine, 210 nM 10-
camphorsulfonic acid) was added to the tube (1 mg mL−1), and
the metabolites were extracted in a bead-shaker (Shake Master
NEO, Biomedical Science) for 2 min at 1,000 rpm. Using a liquid
handling system (Microlab STAR plus, Hamilton Corporation,
Mount Airy, MD, United States), the extracted solutions were
dried and re-dissolved in LC-MS grade water (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan). The re-dissolved
solution was filtered (AB-0564, Thermo Fisher Scientific), and
1 µL solution containing 100 ng of sample was then subjected
to LC coupled with tandem quadrupole MS (LC-QqQ-MS)
(NexeraMP-LCMS8050, Shimadzu Corporation, Kyoto, Japan) to
measure metabolites.

Using flow injection analysis, selected reaction monitoring
conditions of 501 metabolites were optimized, and the
retention times (RT) were assigned using LC-QqQ-MS
(Supplementary Table 1, selected reaction monitoring and RT;
Supplementary Table 1, LC conditions; Supplementary Table 1,
QqQ-MS conditions). The raw peak area values of 501
metabolites were collected using LabSolution software
(Shimadzu Corporation, Kyoto, Japan) and converted using

the Reifycs Analysis Base File Converter1. The peak area values
of LC-QqQ-MS data were calculated using MRMPROBS
(Tsugawa et al., 2013)2. The raw data matrix was summarized
in Supplementary Table 1, and the intensity data matrix of all
metabolites detected was shown in Supplementary Table 1.
Normalized intensity data were determined by dividing raw data
with intensity data (Supplementary Table 2).

Phylogenetic and Expression Analyses of
the SUS Family
Genomic and protein sequences of Mt, Glycine max, Oryza sativa,
and Arabidopsis thaliana were collected from Phytozome Version
123. Phytozome BLAST-protein searches4 were used to identify
the putative SUS family members using the protein sequence of
Mt SUS1 (Medtr4g124660) as a reference. Amino acid sequences
were aligned using ClustalW5, and phylogenetic tree construction
was performed using the maximum likelihood algorithm in
MEGA v10.1 (Kumar et al., 2018). The parameters were as
follows: model, WAG (Whelan and Goldman, 2001); bootstrap,
1,000 replicates, and gaps/missing data, partial deletion, as
previously described (Xu et al., 2019).

The expression of SUS1 genes (gene IDs MS.gene030241 and
Medtr4g124660 for Ms and Mt, respectively) was quantified by
qRT-PCR using the F-box/ankyrin repeat SKIP35-like protein-
encoding gene as a reference (gene IDs MS.gene95033 and
Medtr4g134960 for Ms and Mt, respectively; Sañko-Sawczenko
et al., 2019). cDNA synthesis, qRT-PCR, DNase I treatment, and
data analysis were conducted as previously described (Le et al.,
2012). The specific primer pairs used in qRT-PCR were listed in
Supplementary Table 3. The MtSSPdb database6 was queried to
extract the relative SUS gene expression values in the different
Mt tissues.

Statistical Analysis
Data were examined within the SPSS 25.0 package (SPSS Inc.,
Chicago, IL, United States) using a two-factorial analysis of
variance (ANOVA, P ≤ 0.05), and the Duncan’s test was
applied to determine organ-associated and species-associated
effects. Student’s t-test was employed when a single comparison
was required. Data were shown as means ± standard errors
of at least four biological replicates (n = 4-7 independent
biological replicates). The number of biological repeats used in
each analysis was specified in the legend of the corresponding
figure and table. Significant interactions of WD with species
and organs were shown in Supplementary Table 4. Regarding
physiological data, three-organ interactions (leaves, tapRs, and
fibRs) were analyzed, whereas for carbon metabolism, two-
organ interactions (tapRs and fibRs) were assayed. The data
matrix of metabolic profiles was analyzed with R 3.6.2 (The
R Foundation for Statistical Computing), using the mixOmics

1https://www.reifycs.com/AbfConverter/
2http://prime.psc.riken.jp/compms/mrmprobs/download/repository/
3https://phytozome.jgi.doe.gov/pz/portal.html
4https://phytozome.jgi.doe.gov/pz/portal.html#!search?show=BLAST
5https://www.ebi.ac.uk/Tools/phylogeny/
6https://mtsspdb.noble.org/database/
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package (Rohart et al., 2017) for principal component analysis
(PCA) and partial least square discriminant analysis (PLS-DA).
Metabolites were classified according to their functional category
using the Kyoto Encyclopedia of Genes and Genomes (KEGG)7

database (Kanehisa and Goto, 2000; Kanehisa et al., 2015).

RESULTS

Differential Physiological Responses to
Water Deficit of Tap and Fibrous Roots
After Ms and Mt plants were grown for 8 weeks under controlled
environmental conditions, progressive WD was applied by
withholding water. To estimate stress levels in both plant species,
leaf water potential (9w) values were monitored. Moderate
WD (MD) conditions were considered with an average of
−1.51 ± 0.02 MPa and −1.56 ± 0.03 MPa for Ms and
Mt, respectively. For SD conditions, average 9w values of
−2.53± 0.11 MPa and−2.61± 0.06 MPa were found for Ms and
Mt, respectively. Well-watered control plants maintained average
9w values of −1.15 ± 0.05 MPa and −1.02 ± 0.01 MPa for Ms
and Mt, respectively.

Stomatal conductance showed a significant decrease between
C and WD plants after 4 days of treatment in both Ms and
Mt species, with Ms showing significantly higher values than
Mt under WD until day 7 (Supplementary Figure 1A). In
agreement with this result, Ms showed significantly higher
transpiration than Mt during the whole treatment process
(Supplementary Figure 1B), and this difference was maintained
until the end of the experiment. The average transpiration of
C plants was 26.76 ± 1.04 and 19.39 ± 1.14 g for Ms and
Mt, respectively.

To independently analyze the individual responses of the
different root system components, Ms and Mt roots were
separated into sections as described in Figure 1A and tapR
and fibR samples were collected. Under control conditions,
fibR biomass was 3.34 and 6.50 times higher than tapR
biomass in Ms and Mt, respectively (Figure 1B). Regarding
plant growth, Mt shoot biomass was significantly higher than
that of Ms at the beginning of the WD treatment. In both
species, shoot growth was arrested as soon as stress was applied
(Figure 1B). Concerning root biomass, two different trends
were observed; in Ms, tapR biomass showed a progressive
increase as the stress became more intense, whereas in Mt,
only fibR responded to the treatment (Figure 1B). Regarding
WC, shoots showed a significant decline, reaching close to
60% under SD conditions for both species (Figure 1C).
Similarly, tapR WC progressively decreased by almost 50%
under SD conditions, while the decline observed in fibRs
was relatively more severe, with average values of nearly
30% under SD for both plant species (Figure 1C). ANOVA
showed a significant interaction between WD treatment and
organ type regarding their effect on WC in both Ms and Mt
(Supplementary Table 4), further supporting the differential

7https://www.genome.jp/kegg/

organ-specific responses observed not only in leaves vs. roots but
also in tapRs vs. fibRs.

Key Metabolic Signatures in Roots of
Drought-Stressed Plants Identified by
Shotgun Metabolomics
To identify the main compounds involved in root adaptation to
drought stress, we analyzed the metabolic profiles of the different
Ms and Mt plant tissues subjected to progressive WD. The
soluble metabolite fractions of leaf, tapR, and fibR samples were
extracted, and various metabolites were detected and quantified
using liquid chromatography coupled with a triple-quadrupole
mass spectrometer. This approach led to the quantification of 501
metabolites (Supplementary Table 2), with 287 showing at least
a two-fold relative abundance change in SD samples compared
with those of C samples (Supplementary Table 5).

Principal component analysis discriminated the effects of
drought stress as well as the type of root tissues in both Ms
and Mt (Supplementary Figure 2). Principal component 1
(PC1; 16.23% and 19.65% explained variance for Ms and Mt,
respectively) separated tapR and fibR samples, whereas PC2
(12.69 and 13.18% for Ms and for Mt, respectively) allowed
discrimination of C and drought-stressed roots (see full list of
loadings in Supplementary Figure 3).

As PCA clearly separated the treatments, a subsequent PLS-
DA was employed to identify the metabolites most influenced
by the treatments. First, a PLS-DA was performed to identify
the metabolites that responded to drought stress (Figure 2A). In
both species, PLS-DA1 discriminated between C and WD-treated
plant roots, whereas PLS-DA2 discriminated MD and SD root
samples. Regarding PLS-DA1, the main discriminant loadings
belonged to C samples in both species and included methionine
sulfoxide and the reduced form of glutathione (Figure 2B).
Other metabolites, such as nicotinamide, decanoylcarnitine,
and numerous amino acids and organic acids also showed
significantly high loadings. Proline, a classical drought marker,
was found to be the most relevant metabolite changing under
SD conditions in both species (Figure 2B). Regarding PLS-DA2,
we identified several secondary metabolites that discriminated
MD and SD, such as ureidopropionic acid, isopropylmalic
acid, lauroylcarnitine, and piperacillin (Figure 2B). Regarding
metabolites characterizing MD stress, we identified uracil,
anthranilic acid, soyasaponin, and aloin in Ms, whereas
galacturonic acid and deoxyinosine exhibited the highest loadings
for this treatment in Mt (Figure 2B).

Second, PLS-DA was also performed to identify the
metabolites defining tapRs or fibRs in Ms and Mt species
regardless of stress response (Figure 3A). We found that
PLS-DA1 separated samples corresponding to different root
tissues. Histidine and threonic acid were found to be candidate
metabolites useful for the discrimination of tapRs in Ms, whereas
canavanine and methyladenine showed the highest loadings in
Mt (Figure 3B). In both species, carbohydrates, such as sucrose
and alpha-lactose, were characteristic of tapRs (Figure 3B).
Glycitin and glycitein were the most relevant metabolites
in Ms and Mt fibRs, respectively, together with the amino
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FIGURE 1 | Physiological characterization of the plants. (A) Images of 8-week old Medicago sativa (Ms) (left) and M. truncatula (Mt) (right) taproot (tapR) and fibrous
root (fibR) systems. (B) Biomass and (C) water content of Ms and Mt plants under control (C), moderate water deficit (MD), and severe water deficit (SD) conditions.
Bars represent means ± SEs (n = 7 biological replicates). Different letters indicate significant differences according to a Duncan-test (P ≤ 0.05).

acid hydroxylysine in the same tissues of both Ms and Mt.
Furthermore, several flavonoids were identified as fibR-specific
in both plant species (Figure 3B).

Differential Modulation of Carbohydrate,
Amino Acid, and Secondary Metabolite
Levels in Drought-Stressed Plants
From the 287 differentially accumulated metabolites, we
selected those showing significant drought-related variations
based on their SD/C ratios across the different tissues. This
subset was classified into five groups: proteinogenic amino
acids, non-proteinogenic amino acids, carbohydrates, secondary
metabolites, and miscellaneous, and their log-transformed ratios
were represented as a heatmap (Figure 4A). Although the
comparative analysis mostly focused on the root system, we
also included metabolites present in leaves for an overview
considering the whole plant. The numbers of metabolites
showing significant variations in each tissue and plant species

were shown in Figure 4B. Regarding amino acids, proline
was systematically accumulated in all the examined organs,
while leucine, isoleucine, and histidine were preferentially
accumulated in leaves (Figure 4A). As carbohydrates, including
sugars, organic acids, and sugar alcohols, showed the highest
accumulation trends (Figure 4A), they were analyzed in further
detail. Regarding secondary metabolites, a general decrease was
observed in drought-stressed samples for both root types in
the analyzed species (Figure 4A) with the exception of abscisic
acid (ABA) that specifically accumulated in leaves and tapRs of
Mt (Figure 4).

The set of metabolites that were significantly changed
upon drought was subjected to further analysis via two-
factorial ANOVA to identify significant interactions between the
factors (Figure 5A and Supplementary Table 6). A significant
interaction between WD and root type was detected for
approximately 50 metabolites in each species, with 16 of them
being common for both Ms and Mt. Similarly, the number
of metabolites showing a significant interaction between WD
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FIGURE 2 | Identification of metabolites most affected by water deficit. (A) Partial least square discriminant analysis (PLS-DA) of metabolites in Medicago sativa (left
panel) and M. truncatula (right panel). (B) Metabolites with the highest discriminant loadings for control (C), moderate water deficit (MD), and severe water deficit (SD)
treatments. Ac, acid; NAD, nicotinamide adenine dinucleotide.

and species was higher in fibRs (57) than in tapRs (39),
with 12 being common to both root types (Figure 5A).
Regarding metabolites showing a significant interaction between
root type and WD, ABA showed the clearest response,
exhibiting a marked drought-related accumulation in tapRs

of both species, while its content remained low in Mt fibRs
(Figure 5B). Interestingly, raffinose showed a significant WD-
organ interaction in Ms, exhibiting a sharp accumulation in
fibRs under MD (Figure 5B). Indeed, raffinose accumulation in
leaves was significantly higher in Mt than in Ms (Figure 4A).
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FIGURE 3 | Identification of metabolites discriminating root system types. (A) Partial least square discriminant analysis (PLS-DA) of metabolites for Medicago sativa
(left panel) and M. truncatula (right panel). (B) Metabolites with the highest discriminant loadings for taproots (tapRs) and fibrous roots (fibRs). Ac, acid; GABA,
γ-aminobutyric acid.

Contrastingly, reduced glutathione and trans-aconitic acid
displayed a significant organ-WD interaction in Mt, with
the latter showing an accumulation tapRs but a decline in
Mt fibRs under stress conditions (Figure 5B). Concerning
leaves, trans-aconitic acid was significantly accumulated in
Ms (Supplementary Table 2). Regarding metabolites with a
significant interaction between species and WD, raffinose and
meletizose sharply accumulated in Mt tapRs under SD in

both species (Figure 5B). Among amino acids, the branched-
chain amino acid, leucine, displayed a significant species-
WD interaction in tapRs, exhibiting a sharp accumulation
in Mt while being unaffected in Ms (Figure 5B). Finally,
proline showed a consistent accumulation in both root types
of the two species, but it was remarkably accumulated in the
fibRs of both Ms and Mt plants (Figure 5B) and leaves of
Mt (Figure 4A).
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FIGURE 4 | Overview of the main metabolomic changes observed under water deficit conditions. (A) Heatmap representing metabolites whose content was
significantly altered by water deficit (Student’s t-test; P ≤ 0.05) in leaves, taproots (tapRs), and fibrous roots (fibRs) of Medicago sativa (Ms) and M. truncatula (Mt).
Values were expressed as log-transformed severe water deficit/control ratios (SD/C). Cut-offs were set to two-fold change for the amino acids and
carbohydrates/organic acids, and ten-fold change for secondary metabolites. (B) Schematic representation of the number of metabolites showing a two-fold
variation in leaves, tapRs, and fibRs of Ms and Mt plants under severe water deficit (SD) conditions. ABA, abscisic acid; Ac, acid; GABA, γ-aminobutyric acid. Plant
image was created with BioRender.com.

Sucrose Catabolism Displayed a Pivotal
Role in the Root Response to Drought
To integrate previous data and obtain a better overview
of changes in carbon metabolism, the relative variations in
compounds related to carbon metabolic pathways in the different
SD samples were analyzed in detail (Supplementary Figure 4 and
Supplementary Table 7). We observed a general accumulation
of sucrose and raffinose in all tissue samples. Interestingly,

none of the sucrose degradation products were found to be
differentially accumulated, suggesting that sucrose was either not
degraded or metabolized to alternative carbon compounds in
drought-stressed roots. This observation prompted us to further
analyze the activities of enzymes and the expression of related
genes involved in sucrose degradation. Thus, we measured the
enzymatic activities of both SUS and INV in tapRs and fibRs
in both species. SUS was the main sucrose-degrading enzyme in
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FIGURE 5 | Detailed analysis of metabolites showing tissue- or stress-dependent responses. (A) Venn diagrams representing metabolites showing interaction
between organs (left) and/or species (right) and the water deficit treatment (two-way ANOVA). (B) Relative intensity values of metabolites showing organ and/or
species-dependent interactions with the water deficit treatment. Bars represent means ± SEs (n = 5 biological replicates). Different letters indicate significant
differences according to a Duncan-test (P ≤ 0.05). Ac, acid; fibRs, fibrous roots; tapRs, taproots; Ms, Medicago sativa; Mt, M. truncatula.

roots, with an average specific activity being more than 10 times
larger than that of INV (Figures 6A,B). Interestingly, drought
provoked a significant decline in SUS activities in both tapRs and
fibRs regardless of species, and a small increase in INV activity
in fibRs of both species under WD stress. In contrast, G6PDH
activity, the key enzyme in the pentose phosphate pathway, only
showed significant differences in Ms fibR (Figure 6C).

To test whether this reduction in SUS activity was related
to changes at the transcriptional level, we analyzed the
expression of SUS genes in both Mt and Ms. As the SUS
family has not been fully described in legume plants, we first
identified the members of the family in the genome of Mt
(v4.0) using a BLAST-protein approach, employing the well-
characterized MtSUS1 gene (Medtr4g124660) as a bait. To
provide additional support to the identification, we performed
phylogenetic analysis of the SUS gene family, including those
from Mt, Ms, A. thaliana, G. max, and O. sativa. Our

analysis identified eight genes containing a conserved SUS
protein domain (NCBI conserved domain database, PLN00142
super family): Medtr4g124660 (SUS1), Medtr7g108930 (SUS2),
Medtr2g044070 (SUS3), Medtr1g088170 (SUS4), Medtr6g478000
(SUS5a), Medtr6g478030 (SUS5b), Medtr3g064610 (SUS6), and
Medtr5g076830 (SUS7) (Supplementary Figure 5A). Querying
available Mt RNA-seq gene expression databases [MtSSPdb (see
text footnote 6); Boschiero et al., 2020] showed SUS1 as the main
SUS gene expressed in Mt roots (Supplementary Figure 5B).
Thus, using qRT-PCR, we measured the levels of SUS1 and its
orthologous gene in the recently sequenced autotetraploid Ms
genome (MS.gene030241; Chen et al., 2020), in the tapRs and
fibRs subjected to drought stress. We recorded a progressive
decline in SUS1 expression levels with similar pattern to that
of the activity measurements in both root types and species
as drought stress increased severity (Figure 7A). Thus, the
accumulation of sucrose observed during drought (Figure 7B)
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FIGURE 6 | Enzymatic activities of key carbon metabolism proteins in different root tissues. (A) Levels of sucrose synthase (SUS), (B) alkaline invertase (INV), and
(C) glucose 6-phosphate dehydrogenase (G6PDH) specific activities. Bars represent means ± SEs (n = 4 biological replicates). Different letters indicate significant
differences according to a Duncan-test (P ≤ 0.05). C, control; MD, moderate water deficit; SD, severe water deficit; fibRs, fibrous roots; tapRs, taproots; Ms,
Medicago sativa; Mt, M. truncatula.

could be attributed to a reduction in SUS1 expression levels,
and consequently, a decline in total SUS activity in roots. The
sucrose concentration determined in root tissue as absolute
values showed a similar pattern in previous studies (Castañeda
et al., 2019), further validating the relative values obtained in the
metabolomic analysis.

DISCUSSION

Water Deficit Activated the Growth of
tapRs in Ms and fibRs in Mt
In this work, we characterized the physiological and metabolomic
responses of two related species, Ms and Mt, subjected to
progressive drought. Mt showed a marked decline in stomatal
conductance and lower transpiration compared with those in
Ms (Supplementary Figure 1), while presenting higher average
biomass values throughout the experiment (Figure 1B). The
lower transpiration rate and decrease in stomata conductance
in Mt compared with Ms are common responses that have
been described as crucial to maintain WC levels in various

drought-tolerant legumes and other crops (Silvente et al., 2012).
Under WD conditions, the shoot biomass and tissue WC were
similarly reduced in both species (Figures 1B,C), in agreement
with previous studies (Muller et al., 2011; Soba et al., 2019).
Regarding the responses of the underground organs, Ms showed
an increase in tapR growth, whereas Mt presented an increase
in fibRs biomass (Figure 1B). This differential growth may be
related to the perennial and annual growth habits of Ms and
Mt, respectively. As previously described in Roumet et al. (2006),
annual species differ from perennials in several root-related traits,
the former presenting higher specific root length but lower root
density and smaller root diameter. Additionally, Ms tapRs are
adapted to penetrate the soil depth to access water resources
(Humphries and Auricht, 2001; de Smet et al., 2012; Araújo et al.,
2015; Huang et al., 2018), whereas fibRs are less developed than
tapRs in this species (Figures 1A,B). In contrast, in Mt, tapRs are
thinner and shorter, whereas the fibR system is largely developed
(Schultz et al., 2010; Bourion et al., 2014; Castañeda et al., 2019;
Figure 1A), which is a strategy to efficiently adapt to scarce
precipitation in Mediterranean semi-arid environments (Wasson
et al., 2012; Zhang et al., 2014).
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FIGURE 7 | Sucrose synthase 1 (SUS1) gene expression and sucrose levels. (A) (SUS1, gene ID Medtr4g124660) relative gene expression and (B) sucrose relative
levels in roots of plants subjected to water deficit. Values represent means ± SEs (n = 4 biological replicates). Different letters indicate significant differences
according to a Duncan-test (P ≤ 0.05). C, control; MD, moderate water deficit; SD, severe water deficit; fibRs, fibrous roots; tapRs, taproots; Medicago. sativa, Ms;
M. truncatula, Mt.

Drought Stress Provoked the Specific
Accumulation of Metabolites in tapRs vs.
fibRs
Comprehensive metabolomic analysis led us to identify specific
metabolites that were differentially accumulated in plants
subjected to WD conditions. This was the case of the
hormone ABA, identified as a tapR-related drought marker
for both Ms and Mt (Figure 5B), and considered a stress-
related hormone regulating primary and lateral root growth
(Sah et al., 2016; Li et al., 2017; Vishwakarma et al., 2017).
A similar trend was observed for proline (Figure 5B), whose
biosynthesis under drought stress is controlled by ABA
(Sripinyowanich et al., 2013; Planchet et al., 2014). Indeed,
proline and ABA were also found accumulated in leaves of both
species (Figure 4).

In contrast, the levels of trans-aconitic acid, another growth-
related compound typically found in forage grasses (Burau and
Stout, 1965), increased in drought-stressed Mt tapRs but not in
fibRs (Figure 5B). It would be interesting to test if this metabolite
was actually responsible for the differential growth observed in
these two types of roots in Mt, as suggested in other plant species
(Voll et al., 2010; Foletto et al., 2012). At the leaf level, this organic
acid was markedly accumulated in Ms (Supplementary Table 2).
Interestingly, trans-aconitic acid has been related to contribute to
the maintenance of redox status and energy balance in legumes
(Igamberdiev and Eprintsev, 2016).

Additionally, the accumulation of several secondary
metabolites related to flavonoid metabolism was associated
with the drought responses in fibRs of both Medicago species
(Figures 2, 4A). The activation of this pathway has also
been described in other plant species subjected to drought
(Nakabayashi et al., 2014), including some forage legumes
(Ballizany et al., 2012). Interestingly, in alfalfa, drought tolerance
was related to the miR156-mediated regulation of root flavonoid
biosynthesis (Feyissa et al., 2019). More recently, Li et al. (2021)
observed the induction of the flavonoid pathway in a drought-
tolerant maize line, suggesting that flavonoids may contribute to
reduce the oxidative damage and regulate stomatal movement.
Thus, enhanced flavonoid biosynthesis appears to be a clear
target for plant breeding strategies.

Ms and Mt Roots Differentially
Modulated a Set of Raffinose Family
Oligosaccharides Under Drought
Understanding the function of abiotic stress-responsive
metabolites is crucial to improve crop yield under environmental
stress (Abdelrahman et al., 2018a). In particular, carbon
source-sink relations are highly affected during WD stress
(Rodrigues et al., 2019). Carbohydrate accumulation under
WD conditions has been widely described in the leaves (Kim
et al., 2000; Teulat et al., 2001) and roots (Sharp et al., 1990;
Zhang et al., 2014) of different plant species, including those
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of the Medicago genus (Larrainzar et al., 2009; Kang et al.,
2011; Aranjuelo et al., 2013; Castañeda et al., 2019; Molero
et al., 2019). Accordingly, in this study, the levels of various
carbohydrates, including oligosaccharides, polyols, and organic
acids, significantly increased under drought stress at the root
system level in both species (Figures 4A, 5, 7B). We detected a
significant accumulation of metabolites related to the raffinose
family oligosaccharide group in plants subjected to WD (Figure 5
and Supplementary Figure 4), i.e., raffinose, melezitose, and
stachyose. Raffinose accumulation was significantly higher in Mt
than in Ms roots under MD conditions (Figure 5). Furthermore,
in leaf tissues, raffinose was found differentially accumulated
in Mt plants only (Figure 4 and Supplementary Table 6).
Similarly, melezitose showed a significant accumulation in both
types of roots in Mt, whereas its levels remained unchanged
in Ms roots (Figure 5). In contrast, stachyose accumulated
in the roots of both species, although Mt roots showed an
increase relatively higher than that of Ms, especially in fibRs
(Supplementary Figure 4). These metabolites have been found
to accumulate in several plant species under WD conditions
(Martinelli et al., 2013; Gechev et al., 2014; Harb et al., 2015), and
have even been suggested to correlate with drought tolerance
when comparing different Ms varieties (Kang et al., 2011).
Therefore, the different drought-induced accumulation of
raffinose, melezitose, and stachyose between Mt and Ms in this
study indicated that these are stress-responsive metabolites likely
contributing to the higher drought tolerance of Mt compared to
that of Ms.

Integrative Analysis of Sucrose
Catabolism Under Drought Stress
Showed Regulation at Both
Transcriptional and Activity Levels
Sucrose, the main end product of photosynthesis, is translocated
through the phloem from source leaves to sink organs to sustain
respiration and root growth (Lambers et al., 1996). Under
drought, sucrose accumulation has been reported in a number of
plant species (Kim et al., 2000; Hasibeder et al., 2015), including
Ms (Kang et al., 2011; Aranjuelo et al., 2013; Molero et al., 2019)
andMt (Zhang et al., 2014; Castañeda et al., 2019), suggesting that
sucrose may have an osmoregulatory role under WD conditions.

In sink tissues, sucrose can be either cleaved by SUS into
UDP-glucose and fructose, or hydrolyzed by INV enzymes into
glucose and fructose (Barratt et al., 2009). In legume root nodules
exposed to water restriction, sucrose catabolism is blocked at the
SUS level, which is considered a strategy to limit carbon supply
to the microsymbiont under stressful conditions (Gordon et al.,
1997). Subsequent studies confirmed the key role of SUS in the
drought responses of several legume species in both symbiotic
root nodules (Larrainzar et al., 2007, 2009; Gil-Quintana et al.,
2013) and roots (Castañeda et al., 2019).

In this study, we undertook an integrative approach to
further understand the role of sucrose and SUS in plant
drought responses by analyzing gene expression, enzymatic
activity, and metabolic levels. Enzymatic activity measurements
showed that SUS is the main sucrose-cleaving enzyme in both

fibRs and tapRs in Medicago plants. In contrast to previous
studies (Xu et al., 2019), we identified 8 SUS genes in the
Mt genome using a combination of reciprocal protein BLASTs
and phylogenetic analysis. Among these, we quantified the
expression levels of SUS1, the most highly expressed gene in
the roots (Supplementary Figure 5B), and found a progressive
drought-induced decline, particularly in tapRs (Figure 7A). This
decline at the transcriptional level correlated with the reduction
of SUS activity and consequent accumulation of sucrose in
roots (Figures 6A, 7B). Thus, SUS activity is controlled at
the transcriptional level, although post-translational mechanisms
have also been suggested (Wienkoop et al., 2008 and references
therein, and recently reviewed in Stein and Granot, 2019).
Interestingly, INV activity showed an organ-specific response,
with a significant increase in drought-stressed fibRs (Figure 6B),
which agreed with the results of previous studies (Castañeda et al.,
2019). This compensation of SUS and INV activities has also been
reported in Arabidopsis, where cytosolic INV could compensate
for the loss of SUS activity (Barratt et al., 2009).

CONCLUSION

Physiological and metabolomic analyses allowed us to identify
two different strategies to maintain plant growth and respond
to WD conditions. Under drought, only tapR biomass showed
a progressive increase in Ms, while only the fibR system showed
a response in Mt. Interestingly, these two root systems showed
contrasting metabolic compositions in response to drought, with
the organ-dependent accumulation of ABA and flavonoids in
tapRs and fibRs, respectively, and a remarkable accumulation
of raffinose in Mt. Additionally, results further support the
role of SUS as the main sucrose-cleaving enzyme in roots
and demonstrated that the observed decline in SUS activities
in drought-stressed plants corresponded to a decline in its
transcript level. It will be interesting to analyze if the observed
content changes in other key metabolites involved in drought
responses can also be related to changes in the root transcriptome
and how they may contribute to a higher drought tolerance
in alfalfa at the field level. The current work provides useful
information about the differential metabolic changes occurring in
roots in two relevant legume species. This information provides
the foundation for metabolic targeting in breeding programs
and, ultimately, the development of plants with improved
drought tolerance.
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Supplementary Figure 1 | (A) Stomatal conductance and (B) transpiration rates
in Medicago sativa (Ms) and M. truncatula (Mt) plants under control (C) and water
deficit (WD) conditions during the first 7 days of treatment. Bars represent
means ± SEs (n = 7 biological replicates). Different letters indicate significant
differences according to a Duncan-test (P ≤ 0.05).

Supplementary Figure 2 | Principal component analysis (PCA) of metabolites the
root tissue of Medicago sativa (Ms) and M. truncatula (Mt) subjected
to water deficit.

Supplementary Figure 3 | Loading values corresponding to principal component
analysis (PCA) of metabolites discriminating the effect of the root system and
water deficit in Medicago sativa (Ms) and M. truncatula (Mt) plants, Ac, acid.

Supplementary Figure 4 | Overview of the main metabolic pathways affected
under severe water deficit (SD) conditions in Medicago sativa (Ms) and
M. truncatula (Mt) in root tissue. Values represented fold-change ratios between
SD and control (C) conditions. Significant increase and decrease in the content of
a certain metabolite was represented in red and blue, respectively. Metabolites
written in gray were not identified in the GC-TOF/MS-based analysis. Ac, acid;
GABA, γ-aminobutyric acid; TCA, tricarboxylic acid; UDP, uridine diphosphate;
fibrous roots, fibRs; taproots, tapRs.

Supplementary Figure 5 | (A) Phylogenetic analysis of the sucrose synthase
(SUS) family in Medicago truncatula (Mt), Oryza sativa, Glycine max, and
Arabidopsis thaliana. A maximum likelihood tree was constructed with MEGA 10.1
(https://www.megasoftware.net/) using the predicted amino acid sequences
based on the Whelan And Goldman (WAG) model (Whelan and Goldman, 2001).
Values on the branches represented bootstrap values (1,000 repetitions). SUS
gene names for Mt and A. thaliana were specified in brackets. (B) Expression
levels of the SUS family in Mt based on the RNA-sequencing data extracted from
the MtSSPdb database (https://mtsspdb.noble.org/database/). RPM,
reads per million.

Supplementary Table 1 | Metabolomic analysis methods and matrices.
Complete list of identified metabolites, parameters for the separation and mass
spectrometric identification of compounds, and raw and normalized matrices of
quantified metabolites.

Supplementary Table 2 | Relative quantification and fold change ratios of
metabolites detected in Medicago sativa and M. truncatula leaf, taproot and
fibrous root tissues under control (C), moderate deficit (MD), and severe deficit (SD)
conditions. Values represent means ± SEs (n = 5 biological replicates), Ac, acid.

Supplementary Table 3 | Primer sequences used for qRT-PCR analysis. Ms,
Medicago sativa; Mt, M. truncatula; SUS1, sucrose synthase 1.

Supplementary Table 4 | Interactions between plant species/organ and
treatments using two-way ANOVA statistical analysis. ∗∗∗, ∗∗, and ∗ asterisks
indicate statistical significance at the 0.001, 0.01, and 0.05 level, respectively; ns,
not significant at the 0.05 level. C, carbon; DW, dry weight; G6PDH,
glucose-6-phosphate dehydrogenase; INV, alkaline invertase; N, nitrogen; SUS,
sucrose synthase; WD, water deficit.

Supplementary Table 5 | List of metabolites with contents significantly altered by
severe water deficit (Student’s t-test; P ≤ 0.05) in leaves, taproots (tapRs), and
fibrous roots (fibRs) of Medicago sativa (Ms) and M. truncatula (Mt). Metabolites
identified in Figures 3 and 4 with a discriminant loading value higher than 0.2
were marked with gray background and represented in the heatmap (Figure 5)
with bold letters. ID represent each metabolite identifier in the analysis extracted
from Supplementary Table 1.

Supplementary Table 6 | List of metabolites showing an organ or species
interaction based on ANOVA, as represented in Figure 5. Values represent
means ± SEs (n = 5 biological replicates) of normalized intensity values.
Metabolites showing organ effects in Medicago sativa, M. truncatula, and both
species were represented in green, orange, and brown, respectively. Metabolites
showing species-related effects in taproots, fibrous roots and both root systems
were represented in yellow, blue, and gray, respectively. Metabolites sharing organ
effects to both species and species effects in both organs were represented in
bold. C, control; MD, moderate water deficit; SD, severe water deficit; fibRs,
fibrous roots; tapRs, taproots; Ms, Medicago sativa; Mt, M. truncatula.

Supplementary Table 7 | Normalized values of metabolites related to carbon
metabolism detected in taproots (tapRs) and fibrous roots (fibRs) of Medicago
sativa (Ms) and M truncatula (Mt) plants under control (C) and severe deficit (SD)
conditions. Values highlighted in orange indicate a significant increase in SD plants
relative to well-irrigated plants (C). Values highlighted in blue indicate a significant
decrease in tissues subjected to water deficit relative to C plants. Data were
presented as means ± SEs (n = 5 biological replicates). Different letters indicate
significant differences as determined by a Duncan test (P ≤ 0.05). Ac, acid;
GABA, γ-aminobutyric acid.
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