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Abstract

Aims Here, we assess the differential impact of drought
on root carbon metabolism in the widely cultivated
alfalfa (Medicago sativa, Ms) and the model legume
Medicago truncatula (Mt). Understanding how carbon
allocation is regulated under drought stress conditions is
a central issue to improving alfalfa productivity under
future climate change scenarios.

Methods Alfalfa and Medicago truncatula were com-
pared under water deficit conditions. Root carbon me-
tabolism of the taproot and fibrous roots was analysed.
M. truncatula drought tolerance variability was com-
pared to that of alfalfa using six accessions of the
Medicago Hapmap project. The prominent taproot is
much less developed in M. truncatula than in alfalfa
with the former exhibiting an extensive fibrous root
system.

Results In both examined Medicago species the taproot
contained the major pools of soluble protein, sucrose
and pinitol, whereas the major pools of hexoses and
carbon metabolism enzymes appeared to be in the fi-
brous roots. Under water-deficit conditions, the re-
sponse of M. sativa strongly differed from that of
M. truncatula at the root level.

Conclusions Water deficit conditions differentially
modulate the root carbon metabolism of M. sativa and
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M. truncatula. Mt maintained a more active carbon
metabolism in the fibRs, as sucrose, myo-inositol and
pinitol accumulated to cope with the water deficit (WD).
Conversely, the root system of Ms did not accumulate
cyclitols and carbon metabolism was more severely
affected under water deficit conditions. This differen-
tially exerted control may determine the drought re-
sponse of these two close relatives.
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Abbreviations
C control
DW dry weight

G6PDH  glucose-6-phosphate dehydrogenase
fibRs fibrous roots

FW fresh weight

s stomatal conductance
INV alkaline invertase
MD moderate deficit

Ms Medicago sativa

Mt Medicago truncatula
SuSy sucrose synthase

T transpiration

tapRs taproots

WC water content

WD water deficit
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Introduction

Drought is the main adverse environmental factor that
affects crop productivity (Sinclair 2011; Lipiec et al.
2013). Climate change is predicted to aggravate the
intensity and distribution of drought worldwide
(Lobell et al. 2008; Dai 2011). Therefore, it is very
important to select and develop tolerant crop varieties
adapted to drought under future scenarios, as crop pro-
duction needs to double over the next 50 years to meet
food supply requirements for an increasing world pop-
ulation (Rothstein 2007; Foley et al. 2011).

The model plant barrel medic Medicago truncatula
(M) is a cool-season legume originating from the Med-
iterranean basin and is now cultivated as an annual
forage crop (~32 Mha) in several regions in the world,
especially in Australia (Michaud 1988). In addition, this
species is largely employed as a model legume for
molecular studies (Barker et al. 1990; Young and
Udvardi 2009). One of the most valuable resources
generated for Mt is the Medicago Hapmap Project.
Developed by an international consortium involving
institutions in the USA and France, the project has
sequenced 384 inbred lines spanning the range of
Medicago diversity using [llumina next-generation tech-
nology (Stanton-geddes et al. 2013). Due to the
Mediterranean-wide origin of the collection, a region
experiencing annual cycles of drought, the
M. truncatula Hapmap accessions provide a rich source
of drought tolerance variability (Yoder et al. 2014). In
this context, 220 drought-adaptive traits of the Hapmap
collection were characterized by in vitro leaf dehydra-
tion assays using 25% polyethylene glycol (PEG) 8000,
revealing significant differences among accessions
(Kang et al. 2015).

Medicago sativa (Ms) is a common forage legume
worldwide and is economically important in the temper-
ate European region. Alfalfa may be grown as an irri-
gated or rainfed forage crop depending on the region,
although as a rainfed crop, it faces environmental con-
straints and is marginally economical. Although alfalfa
is a close relative of Mt, there are significant shoot and
root anatomical differences between them, which may
determine their differential drought tolerances
(Castafieda et al. 2019). Regarding their underground
organs, alfalfa has a large taproot (Radovic et al. 2009;
Araujo et al. 2015; Quan et al. 2016), while Mt is
defined by a well-developed fibrous root system
(Zhang et al. 2014; Castafeda et al. 2019).
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Drought tolerance mechanisms have been explored
in different alfalfa varieties with a major focus on shoot
strategies (Kang et al. 2011; Zhang et al. 2019) with
attention given to the roots only recently (Soba et al.
2019; Zhang et al. 2019). However, the root system is
essential for crop productivity (Paez-Garcia et al. 2015)
and is the first organ to sense water deficit (WD) and, as
such, has an essential signalling role. Tian et al. (2014)
propose that differential growth dynamics between pri-
mary and lateral roots are crucial for plants to adapt to
ever-changing environmental conditions. Lynch and
Brown (2012) distinguished between taproots (tapRs)
or primary roots, which are those that grow from the
embryo directly downwards, and fibrous roots (fibRs) or
secondary roots, which are formed post-embryonically,
developing from the pericycle.

In situations where water is a limiting factor, metab-
olites that participate in energy production and growth
are transported from shoots to roots (Gargallo-Garriga
et al. 2014). Although effects on photosynthesis have
received most of the attention (Chaves et al. 2009), it
should be noted that upon the progressive imposition of
WD stress, this process is affected long after cell growth
(Hsiao and Acevedo 1974; Taiz and Zeiger 2010). At
the whole-plant level, numerous studies have shown
that, compared with aboveground organs, root systems
show an earlier and more active response to drought
(Gargallo-Garriga et al. 2014). Recently, modulation of
carbon metabolism has been shown to markedly disturb
the metabolism and development of Arabidopsis roots
(Pignocchi et al. 2020). Castafieda et al. (2019) showed
that carbon metabolism was differentially modulated in
the different parts of the root system of M¢ under WD
conditions, sparking a new hypothesis about the role of
root metabolism as a mechanism of drought tolerance.
Roots use sucrose, which may be catabolized by the
enzymes sucrose synthase (SuSy) and alkaline invertase
(INV), as the main form of carbon transport (Koch
1996; Ciereszko and Kleczkowski 2002). SuSy is a
cytosolic reversible glycosyltransferase that degrades
sucrose into UDP-glucose and fructose in the presence
of UPD, controlling the partitioning of sucrose into
various metabolic, structural, and storage pools within
plant cells (Zrenner et al. 1995; Dejardin et al. 1997,
Sturm 1999; Haigler 2001). Conversely, INV irrevers-
ibly hydrolyses sucrose into glucose and fructose
(Winter and Huber 2000) and is involved in sucrose
catabolism in nitrogen-fixing root nodules (Morell and
Copeland 1984; Barratt et al. 2009; Ruan et al. 2010).
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Sucrose metabolism has been extensively analysed in
the last decade, but the regulation of carbon reallocation
is still not fully understood and is a central issue to
improve plant productivity under abiotic stress such as
drought (Ruan 2014).

Although the root is the first organ to sense
drought, the role of root carbon metabolism on car-
bon partitioning at the whole plant level has been
scarcely explored in forage plants. We hypothesize
that root carbon metabolism plays a role in the
drought tolerance of Medicago forage species. For
this purpose, we first explore Mt drought tolerance
variability in a collection of accessions of the
Hapmap Project. Second, we discuss the existing
differences between Ms and Mt in root system mor-
phology and explore carbon metabolism in the root
systems of both Medicago species exposed to mod-
erate water deficit conditions.

Materials and methods
Plant material and growth conditions

M. sativa seeds of the commercial variety Sitel were
used. M. truncatula seeds were obtained through the
M. truncatula germplasm request service of the
Hapmap Project (http://www.medicagohapmap.
org/hapmap/germplasm). Kang et al. characterized
220 drought-adaptive traits in the Medicago
truncatula Hapmap Project collection. These re-
searchers performed in vitro leaf dehydration assays
using 25% polyethylene glycol (PEG) 8000, reveal-
ing significant differences among accessions (Kang
et al. 2015). We selected six M. truncatula (Mt)
accessions based on the abovementioned PEG assays
exhibiting from 2 to 41% leaf biomass reduction (Mz.
IDRA (2%), Mt. HM267 (10.4%), Mt. HM290 (15%),
Mt. HM268 (20.2%), Mt. HM287 (30%) and M:t.
HM307 (41.4%). First, progressive water deficit con-
ditions were applied to late-vegetative-stage (8-
week-old) M. truncatula accessions to evaluate the
tolerance to water deficit among them and in relation
to that of M. sativa plants. Based on this screening,
the Mt. HM307 accession was selected for further
comparisons with M. sativa, since they reported a
similar response to WD in terms of growth and time
required to reach —1.8 MPa water potential values.

Seeds were scarified with 98% sulfuric acid for
7 min, washed several times and then sterilized with
3.5% sodium hypochlorite for 90 s. After that, seeds
were washed again approximately 10 times, soaked in
water and shaked for 3 h. When the seeds were hydrat-
ed, they were transferred to 7% agar plates at 4 °C for
one day in the dark and then incubated at 20 °C for two
days. After germination, seeds were sown in 1-L pots
containing a mixture of perlite:vermiculite (2:5, v/v)
under controlled environmental conditions (14 h photo-
period; 400 pumol m 2 s light intensity; 22 °C/
16 °C day/night temperature; 60 to 70% relative humid-
ity). Plants were irrigated to field capacity 3 times a
week with Evans nutrient solution containing (values
in mg Lfl) the following: MgSO,47H,0 (493), K,SO,4
(279), K,HPO, (145), CaCl, (56), KH,PO, (23),
EDTA-Fe (17), H;BO3 (1.43), CaSO,4-2H,0 (1.03),
MnSO,47H,0 (0.77), ZnSO4 7TH,0 (0.22), CoCl,-6H,0
(0.12), CuS0O4:5H,0 (0.08), and NaMoO,42H,0
(0.05); (Evans, 1981). This nutrient solution was sup-
plemented with 5 mM NH4NO;.

Eight-week-old plants were randomly separated into
2 treatments, control and water deficit (WD), containing
4 biological replicates each. Controls (C) were irrigated
daily with Evans nutrient solution to field capacity, and
WD was imposed by withholding water. The hydric
status of water-deprived and well-watered plants was
monitored daily by measuring the water potential of the
leaves of different plants. Water-stressed and control
plants were harvested simultaneously when the desired
water potential of the leaves was reached (= —1.8 MPa).
The harvesting period lasted for 7 to 19 days if we
considered all Mt species (Fig. 1) and for 7 days if we
considered the Ms and Mt. HM3(07 species comparison
(Figs. 2, 3, 4 and 5). The whole tapRs and fibRs were
harvested, immediately frozen in liquid nitrogen and
stored at —80 °C for various analyses. A tissue aliquot
of each root type was used for dry weight (DW) deter-
minations after drying for 48 h at 70 °C. Water content
was calculated using the following equation: WC
(%) = (FW-DW) /(FW*100) where FW represents the
fresh weight (FW).

Plant water status
Leaf water potential was monitored daily from the
5th day of the water stress period in the first fully

expanded leaf of three randomly selected plants at
10:00 h using a pressure chamber (Scholander et al.
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Fig.1 (a) Days until wilt in water deficit-treated plants (defined at
—1.8 MPa). (b) Shoot and (c) fibR dry weight biomasses in control
and water deficit-treated plants in the Hapmap Project accession
experiment. Bars represent the mean + SE (n =4). Different letters
indicate differences according to Duncan’s test (P <0.05). Signif-
icant differences between the control and water deficit treatments
are indicated with an asterisk (Student’s # test; p <0.05)

1965). Control plants showed a leaf W, value of
-1.16£0.06 for Ms and—1.20+0.15 for Mzt
HM307 and were harvested randomly during the
WD experiment. Moderate water deficit (MD)-
stressed plants were collected when the leaf Wy,
reached a value of —1.92+0.06 for Ms and— 1.8+
0.09 for Mt. HM307. Water stress was monitored
by daily measurements of stomatal conductance
(mmol m 2 s~ ') using a delta AP4 cyclic porometer.
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Plant transpiration (T) was measured gravimetrical-
ly daily.

Determination of soluble sugars

Ethanol extraction was performed for soluble sugar
determination (Galvez et al. 2005). Frozen aliquots of
root tissue (100 mg FW) were extracted three times in
1.5 mL 80% (v/v) boiling ethanol for 30 s and once more
at room temperature. All the collected supernatants were
dried in a Turbovap® LV Evaporator (Zymark,
Hopkinton, MA, USA) at 40 °C and 1.2 bar. After total
evaporation the dry residue was resuspended in 1 mL
deionized water in two steps, with ultrasonication for
10 min between both steps. After that, 2 mL of the
suspension was centrifuged for 10 min (2300 g, 4 °C)
and the supernatants were stored at —20 °C for future
determinations. Sucrose, fructose and glucose were de-
termined by ionic chromatography using a 940 Profes-
sional IC Vario Metrohm system (Metrosep Carb2
guard and Metrosep Carb2 150/4.0 Metrohm columns;
0.5 ml/min; 30 °C; 300 mM NaOH, 1 mM sodium
acetate).

Determination of total soluble protein and enzymatic
activities

Aliquots of frozen tapRs and fibRs (=0.35 g FW)
were homogenized into a fine powder with liquid
nitrogen. Extraction buffer (50 mM MOPS pH 7.5,
0.1% (v/v) Triton X-100, 10 mM MgCl,, 1 mM
EDTA, 20 mM KCI, 10 mM DTT -
mercaptoethanol, 2.5% PVPP, 2 mM PMSF and pro-
tease inhibition cocktail tablet) was added, and sam-
ples were centrifuged at 24,000 g (4 °C, 30 min). The
protein content was determined in the crude extract
per Bradford (Bradford 1976) using BSA as the pro-
tein standard.

The crude extract was desalted through a BioGel
P-6 DG desalting gel (BioRad) equilibrated with
desalting buffer (250 mM MOPS pH 7.5, 50 mM
MgCl,, 100 mM KCIl) to determine the activity of
UDP-sucrose synthase (SuSy, EC 2.4.1.13), alkaline
invertase (INV, EC 3.2.1.26) and glucose-6-
phosphate dehydrogenase (G6PDH, EC 1.1.1.49).
SuSy and INV were assayed per Gonzalez et al.
(1998), whereas GOPDH was determined per Gibon
et al. (2004). All the enzyme activities were assayed
spectrophotometrically at 30 °C and 340 nm for
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Fig. 2 Dry weight (DW) biomass and water content of (a,c)
taproots and (b,d) fibrous roots of Medicago sativa (Ms) and
Medicago truncatula HM307 (Mt. HM307) under control (C)
and water deficit (WD) conditions. Control and WD-treated plants
were harvested when WD-treated plants reached MD conditions

10 min in their respective assay media. Enzymatic
activities were expressed on a protein basis.

Statistical analysis

The results were examined using two-factor analysis of
variance (P <0.05) and Duncan’s multiple range test.
Student’s ¢ test was employed when a single comparison
was needed. All data are shown as the mean + standard
error of 7 =4-5 independent measurements. Each figure
legend shows the different biological replicates used in
each analysis. Two-way ANOVA was performed to
analyse the interactions of the accessions (Ms, Mzt.
HM307) and organs (tapRs and fibRs) with the WD
treatment. The ANOV A results are presented in Supple-
mentary Table 1.

Results

The WD effect on shoot and root dry weight and the
days until wilt were determined to confirm the

(U, —1.8 MPa). Bars represent the mean + SE (n=4). Different
letters indicate differences according to Duncan’s test (P <0.05).
(e) Visual appearance of Medicago sativa and Medicago
truncatula taproots (tapR) and fibrous roots (fibR) in control
conditions

differential tolerance of Hapmap M. truncatula ac-
cessions and M. sativa under MD conditions (¥, =
—1.8 MPa) (Fig. 1). On one side, Mt. IDRA, which
exhibited higher tolerance in the in vitro PEG assays
(2% leaf DW reduction), reached MD conditions
11.80+1.40 days after irrigation was withheld. On
the other side, Mt. HM307, which exhibited lower
tolerance in the in vitro PEG assays (40% leaf DW
reduction), reached MD conditions 7.00 +£0.01 days
after irrigation was withheld (Fig. la). However,
regarding the shoot biomass reduction induced by
the WD conditions, Mt. IDRA was markedly affected
by WD stress while Mt. HM3(07 maintained biomass
production at control levels (Fig. 1b). The Mt acces-
sions exhibiting an intermediate response to water
deficit in the in vitro PEG assays (Mt. HM287, Mzt.
HM?268, Mt. HM290, Mt. HM267) and, showed a
variable response in biomass production and days
until wilt, which did not correlate with the tolerance
range established by Kang et al. (2015). The response
of Ms was similar to that of Mt. HM307, as it reported
7.75+1.06 days to reach MD conditions and stable
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Fig. 3 Concentrations of (a-b) T t m Control .
sucrose, (c-d) glucose and (e-f) da p roots oWD F | b rous rOOtS
fructose contents (pmol g DW
of Medicago sativa (Ms) and a Sucrose b Sucrose
Medicago truncatula HM307 500 a 200
(Mt. HM307) taproots and fibrous
roots under control and moderate _ 375 - 150 a
water deficit conditions. Control = ab =
R - (&) a
and WD-treated plants were har =250 b b > 100
vested when WD-treated plants 3 5 b
reached MD conditions (¥,,, £ 125 E 50 b b
—1.8 MPa). Bars represent the
mean = SE (n=4). Different let- 0 . .
ters indicate differences according 0
to Duncan’s test (P <0.05).
WD*S indicates the interactive Cc Glucose d Glucose
effect between the water deficit 40 a 100
treatment and species a
‘7; 30 \—g 75
a) ab a) ab
o 20 o 50 b b
© ©
£ IS
o - o im i
, AL ;
e Fructose f Fructose
80 a 200 a
Z 60 T 150
= = a
o b [a)
o 40 o 100 a a
S ©
€ 2 b b € s0 i i
0 ] 0
Ms Mt.HM307 Ms Mt.HM307

shoot biomass under WD conditions (Fig. 1b). There-
fore, the Mt. HM307 accession was employed for
further comparative studies with Ms.

Transpiration (T) and stomatal conductance (gs) were
monitored throughout the time-course study. Figure S1
represents the reduction of both parameters in the WD-
treated plants compared to the controls (percentage)
during the first four days of WD treatment. Stomatal
conductance decreased progressively in both species
along with the establishment of WD stress during the
initial days of the treatment. On day 2, Mt. HM307
showed a substantial reduction in gs and T, while the
Ms plants maintained mostly open stomata and were
only significantly affected after 3 days (Fig. S1). During
the following days of the WD time-course, T and gs
significantly declined in both Ms and Mt. HM307 spe-
cies without any significant differences among them
(Fig. S1).
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As mentioned above, MD-stressed plants entailed a
decline of approximately 0.6-0.8 MPa with respect to
control plants. Days to reach this WD level were mon-
itored and similar values were observed between species
i.e., periods of 7.75+1.05 for Ms and 7.00+0.01 days
for Mt. HM307 (Fig. 1a).

Under MD, the shoot biomass of Ms and Mt. HM307
was unaltered (Fig. 1). In the roots, although an increas-
ing trend was observed in both Ms and Mt. HM307, no
significant difference was detected between the control
and MD treatments in any root type (Fig. 2a, b). The
fibR:tapR DW ratio was significantly higher in Mz
HM307 (12.21+0.83) than in Ms (3.94+0.77). The
relevance of the Ms tapR is well known while this part
of the root is less developed in Mt, with fibRs being the
main organ type (Fig. 2e).

Water content was significantly affected in all the
organs examined with a similar pattern in the two
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species (Fig. 2¢, d). However, tapRs maintained a higher
water content under MD (close to 50%), while fibRs
showed a water content decline of approximately 30%
in both species (Fig. 2¢, d). Two-way ANOVA showed
a significant interaction between WD treatment and
organs in Ms (Supplementary Table 1).

Important differences were observed when com-
paring the tapRs with the fibRs in terms of the con-
centration of neutral sugars in well-watered plants.
Regardless of the species, the sucrose concentration
was up to four times higher in tapRs than in fibRs,
while conversely, the glucose and fructose concen-
trations tended to be higher in fibRs (Fig. 3). MD
stress induced the accumulation of sucrose in the
roots, but a differential pattern was observed in Ms
compared to that in Mt. HM307. In Ms, sucrose
accumulation occurred mainly in the tapRs where
the concentration increased 100% in MD plants com-
pared to controls. Conversely, in Mt. HM307, the
main accumulation occurred in the fibRs, where the
concentration of sucrose in WD-treated plants was
triple the values of the controls (Fig. 3a, b). Two-way
ANOVA indicated a significant interaction between
the WD treatment and species in terms of the sucrose
concentration of fibRs (Supplementary Table 1). For
hexoses, glucose and fructose were significantly

accumulated in the fibRs and tapRs of Mt. HM307,
respectively.

The concentrations of polyalcohols in roots of
well-watered plants tended to be higher in the tapRs
than in fibRs, with the major difference being the
pinitol concentration (Fig. 4c, d). The concentration
of pinitol in Ms and Mt. HM307 tapRs was similar,
but it significantly increased in the fibRs of Mz
HM307 under WD conditions. Mt. HM307 showed
a significant accumulation of myo-inositol and
pinitol in the fibRs, whereas Ms did not show any
response. Two-way ANOVA showed a significant
interaction between WD treatment and species in
terms of myo-inositol and pinitol at the fibR level
(Supplementary Table 1). Soluble protein was usual-
ly higher in the tapRs than in the fibRs, with this
difference particularly marked for Ms, with a value
12 mg g DW ! (Fig. 5a, b). Mt. HM307 showed a
lower soluble protein content in the tapRs at approx-
imately 8 mg g DW ™! than did Ms, but even so, it was
higher than that of the fibRs (Fig. 5a, b). MD only
modulated the total soluble protein content in the Ms
roots, with significant differences only at the tapR
level. Conversely, the root soluble protein content of
Mt. HM307 was completely unaltered under MD
stress (Fig. 5a, b).
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With regard to carbohydrate metabolization at the
root level, Ms and Mt. HM307, showed similar
sucrose-degrading activities in the tapRs, except for
UDP-SuSy, which significantly decreased in Mzt.
HM307 (Fig. 5c, e). In the fibRs, sucrose degradation
by UDP-SuSy significantly decreased in both Ms and
Mt. HM307 (Fig. 5d). Conversely, INV activity
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increased significantly in Ms fibRs (Fig. 5f). Further-
more, INV levels in the fibRs were significantly higher
than those in the tapRs under control conditions (Fig.
Se, 1); therefore, ANOVA showed a significant interac-
tion between WD and organs in both Ms and Mz
HM307 (Supplementary Table 1). G6PDH, a crucial
enzyme in the pentose phosphate pathway, was
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significantly higher in Ms fibRs under control condi-
tions (Fig. 5g, h). Thus, G6PDH significantly decreased
in Ms fibRs under MD conditions (Fig. S5h), showing a
significant interaction between the WD treatment and
organs (Supplementary Table 1).

Discussion

Alfalfa (Medicago sativa L.) is a major perennial forage
legume crop of agronomical importance in temperate
regions and is widely grown in arid and semiarid regions.
Although compared to other crops, alfalfa exhibits a
substantial drought avoidance strategy linked to its ca-
pacity to explore deep soil layers, crop productivity is still
affected by drought (Quan et al. 2016; Huang et al. 2018).
M. truncatula (Mt) species far exceed M. sativa (Ms) in
terms of drought tolerance capacity, being naturally pres-
ent in the Mediterranean basin and cultivated annually in
several regions worldwide (Aubert et al. 2006; Phan et al.
2007). The M. truncatula Hapmap project provides a rich
source of drought tolerance variability (Yoder et al. 2014)
that needs to be explored. Based on PEG in vitro assays,
Kang et al. (2015) established the drought tolerance of
220 accessions of the Hapmap Project. We selected six of
these accessions with differential drought tolerances to
test their response to progressively applied and moderate
WD conditions in late vegetative stage plants to simulate
field conditions. Our results showed a lack of correlation
with the in vitro studies performed by Kang et al. (2015)
which may be related to the assay system employed in
each study. Therefore, Mt. IDRA, which was unaffected
under in vitro PEG assays, exhibited a 50% reduction in
shoot biomass when moderate WD was applied progres-
sively at the late vegetative stage in a growth chamber
(Fig. 1b). Conversely, Mz. HM307, which was character-
ized as nontolerant based on in vitro PEG studies (Kang
et al. 2015), maintained stable biomass production under
moderate WD conditions (Fig. 1b). In addition, M.
HM307 and Ms exhibited a similar WD response pattern
at the physiological level (Figs. S1, 1 and 2). Based on
this screening, we compared the WD response of root
metabolism in Mz. HM307 and Ms to explore the differ-
ential strategies of these closely related forage legumes at
the root system level.

Ms is a perennial forage legume and, therefore, pos-
sesses a deep taproot with limited fibrous roots
(Humphries and Auricht 2001; Radovic et al. 2009;
Aratijo et al. 2015; Quan et al. 2016). Conversely, M.

HM307 develops branched tapRs in the upper part of the
root system with abundant fibRs that explore the sur-
rounding soil (Zhang et al. 2014; Castafieda et al. 2019).
These size differences are observable in the present
comparison, wherein Ms showed significantly higher
tapRs, and Mz. HM307 showed more fibRs biomass
(Fig. 2a, b, ). MD conditions did not significantly
promote root growth, but a slight increase was observed
in both species and root types (Fig. 2a, b). Although an
increase in the root elongation rate has been widely
described in response to drought stress (Chaves et al.
2003; Kang et al. 2011; Araujo et al. 2015; Zhang et al.
2015; Quan et al. 2016), it must be noted that a moderate
water deficit over a short time period was assayed in the
present study.

The tapRs of Ms have been extensively studied and
are described as the main storage organ containing the
most important soluble nitrogen pools (Erice et al.
2007). The annual life cycle of Mt. HM307 may explain
why these tapRs are only 50% of the size of those of
alfalfa (Fig. 2a) and have much less soluble protein (Fig.
Sa). Although taproot proteins are known to be used for
the regrowth of aerial parts under optimal conditions,
drought induced a marked reduction in this nitrogen
reserve in alfalfa (Fig. 5a; Erice et al. 2007) being
unaffected in Mt, which supports the higher drought
tolerance of this latter species. Overall, a comparison
between the different root types has not been undertaken
in alfalfa, and studies on forage legumes are generally
scarce. Concerning the different root types of Mz,
Castafieda et al. (2019) remarked that tapRs showed a
higher resilience than fibRs towards water deficit stress,
reporting a key role of this primary root in carbon
partitioning. Our data reported similar differences in
WC in the tapRs and fibRs of both species under WD
conditions (Fig. 2c, d). TapRs of Ms and Mt. HM307
was less affected than fibRs in terms of the WC, show-
ing values of approximately 50% in the tapRs that
decreased to values of approximately 30% in the fibRs
(Fig. 2c, d). Several factors may play a role in this
response, as the higher surface to volume ratio of the
fibRs favours the dehydration of this tissue under soil
water restrictions. On the one hand, the thickness of the
root cortex and the suberization characteristics of the
exodermis determine the tissue hydraulic conductivity
(Rieger and Litvin 1999) favouring water retention by
tapRs compared to fibRs. In addition, the dispersion of
fibRs in the soil exposes them to dehydrating condi-
tions, creating a protective environment around the main
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Log tapR:fibR Ratio

-15 -

Protein SuSy INV G6PDH

Fig. 6 Distribution of enzymatic activities, and metabolite and
protein contents between both root types. Bars represent the log2
of the taproot:fibrous root ratio for each parameter under control
conditions. Those parameters more abundant in the taproots
(taproots:fibrous root ratio higher than 1.5) were marked as posi-
tive, and those more abundant in the fibrous roots (taproots:fibrous
root ratio lower than —1.5) were marked as negative. Medicago

tapR (Ye et al. 2018). This differential resilience
throughout the root system together with the particular
anatomy of alfalfa compared to that of Mt HM307,
makes it particularly important to examine how primary
root metabolism is modulated by WD stress. Maize
genotypes with reduced cortex thickness showed im-
proved yield and growth under water stress, opening
new strategies in breeding to improve the drought toler-
ance of cereals (Chimungu et al. 2014).

Figure 6 summarizes the distribution of carbon me-
tabolites and enzymes between the tapRs and fibRs in
Ms and Mt. HM307. In agreement with Castafieda et al.
(2019), tapRs contain the main pool of sucrose, whereas
hexoses such as glucose and fructose are mainly located
in fibRs (Fig. 6), suggesting a high rate of sucrose
metabolization in this root type. Overall, this pattern is
in agreement with the distribution of carbon metabolism
enzyme activities, which were mostly concentrated in
fibRs. In root tissue, sucrose is rapidly hydrolysed by
invertase into hexoses or cleaved by SuSy into UDP-
glucose and fructose to power and support the growth of
the roots (Ruan 2014). Although, the role of sucrose
cleavage has been traditionally assigned to SuSy,
emerging evidence indicates that INV is required for
root growth and cell development (Barratt et al. 2009;
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Sucrose Glucose Fructose Myo-inositol Pinitol

sativa (Ms) and Medicago truncatula HM307 (Mt. HM307) are
labelled with blue and orange, respectively. Control and WD-
treated plants were harvested when WD-treated plants reached
MD conditions (Ww, —1.8 MPa). Asterisks indicate significant
differences for a given parameter between the values of the tap-
roots and the fibrous roots (Student’s t test, P <0.05)

Welham et al. 2009). Indeed, comparing the Medicago
species, the hexose content seems to be well correlated
with INV and G6PDH enzyme activities in the fibRs. In
the A17 Mt accession, Castafieda et al. (2019) linked the
high sucrose content of tapRs to the higher SuSy activity
in this root type. However, SuSy seems to be equally
distributed among tapRs and fibRs in alfalfa as it was in
Mt. HM307 in the present study, suggesting a similar
role in carbon partitioning for both root types.

Under WD conditions, the carbon metabolism of the
root system significantly differed among the studied
species (Fig. 7). Ms accumulated sucrose mainly at the
tapRs whereas Mt. HM307 restricted its accumulation to
fibRs (Fig. 3b). In other genotypes of Mt, Castafieda
et al. (2019) observed sucrose accumulation in both root
types, and linked this to a blockage of SuSy activity in
both organs. In addition, the increase in INV activity
observed in the fibRs of Ms may suggest that carbon
metabolism of this species is more affected than that of
Mt (Fig. 5f). Indeed, a maintenance role has been
assigned to INV in those cases when the activities of
other sucrose metabolizing enzymes, such as SuSy, are
low (Winter and Huber 2000; Barratt et al. 2009). Ad-
ditionally, cytosolic invertases have been demonstrated
to play a role in stress responses involved in reactive
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Fig. 7 (a) Graphical overview of
the water deficit response at the
different root systems in
Medicago sativa, Mt. HM307 and
MtIDRA. (b) A general overview
of carbon metabolism in the root.
INV, alkaline invertase; FOP,
fructose-6-phosphate; F1,6P,,
fructose-1,6-biphosphate; G1P,
glucose-1-phosphate; G6P,
glucose-6-phosphate; G6PDH,
glucose-6-phosphate
dehydrogenase; RFOs, raffinose
family oligosaccharides; Susy,
sucrose synthase; UDP, uridine
diphosphate; UDPG, UDP-
glucose; UDPGPP, UDP-glucose
pyrophosphorylase; 2-OG, 2-
oxoglutarate. ETC, Electron
Transport Chain; TCA,
Tricarboxylic acid cycle
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oxygen species homeostasis (Xiang et al. 2011). On the
other hand, the decrease in GOPDH, a key enzyme of the
pentose phosphate pathway, suggests that the carbon
supply to fibRs in Ms is affected at these downstream
steps of catabolism (Fig. Sh). In Mt. HM307, carbon
metabolism decreased markedly, as represented by the
SuSy activity level in the whole root system, but sucrose
accumulation was limited to fibRs (Fig. 5c, d, 3a, b). In
nitrogen-fixing legumes, the presence of nodules may
provoke a sink effect modulating carbon allocation in
the whole root system and explaining the better perfor-
mance under water deficit stress observed in different
species (Lodeiro et al. 2000; Frechilla et al. 2000;
Kirova et al. 2008). Carbon metabolism has been shown
to be rapidly blocked in nodules (Gonzalez et al. 1998;
Galvez et al. 2005) and carbon competition between
roots and nodules may determine root development
under water deficit stress. Indeed, the carbon metabo-
lism of alfalfa nodules seems to be less affected by
drought than that in other legumes (Naya et al. 2007),
which may limit carbon availability for the root system.

D-pinitol and its precursor, myo-inositol, are natural
compounds commonly found in most plants (Al-Suod
et al. 2017), although legumes are the major natural
source (Smith and Phillips 1982; Lahuta et al. 2018).
These compounds play a particularly important role in
cell functioning, osmoregulation and antioxidation
(Loewus and Murthy 2000; Al-Suod et al. 2017). Thus,
myo-inositol-derived galactinol and raffinose family ol-
igosaccharides (RFOs), can also function as antioxi-
dants or stress-signalling response molecules that are
important in stress tolerance (Valluru and Van den
Ende 2011). Indeed, it is known that myo-inositol, su-
crose and RFOs, are intimately connected in a regulato-
ry circuit under sugar starvation (Valluru and Van den
Ende 2011). This sugar regulatory complex may help
plants face different stresses when sugars are limited,
contributing to plant growth and homeostasis (Valluru
and Van den Ende 2011). In Medicago roots, tapRs are
the main reservoir of myo-inositol, and particularly
pinitol (Figs. 4, 6). In addition, pinitol was found to be
a good drought marker in Mt. HM307, accumulating
significantly in the fibRs but remaining stable in alfalfa
(Fig. 4d, 7). The differences in the activation of cyclitol
metabolism in the roots between Ms and Mt. HM307
may be explained by the nature of the species, as they
are cultivated and wild species, respectively. Although
in this study no relevant differences in drought tolerance
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were observed among Mt. HM307 and Ms at moderate
water stress levels, the accumulation of myo-inositol
and pinitol in the fibRs of Mt. HM307 under WD
conditions may represent one of the mechanisms ac-
quired over time by Mt that make this species more
WD tolerant than Ms under more severe stress
conditions.

Conclusions

The M. truncatula Hapmap project provides a rich
source of drought tolerance variability that needs to be
explored. The progressive water deficit applied under
field-like growth conditions in the present study shows
the complexity of the drought tolerance variability ex-
hibited in the M. truncatula Hapmap accessions.

Carbon metabolism is finely modulated in Medicago
species with sucrose catabolizing enzymes controlling
carbon partitioning within the root system. This control
is differentially exerted in alfalfa and Mt at the taproot
and fibrous root levels (Fig. 7); therefore, it may deter-
mine the drought responses of these two close relatives.
Mt maintained a more active carbon metabolism in the
fibRs, as sucrose, myo-inositol and pinitol accumulated
in response to the WD. Conversely, the root system of
Ms did not accumulate cyclitols and carbon metabolism
was more severely affected under water deficit
conditions.

Supplementary Information The online version contains sup-
plementary material available at https:/doi.org/10.1007/s11104-
021-04912-1.
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