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Abstract

Flooding is an important environmental factor restricting plant growth and
productivity throughout the world. Growth, organic solute accumulation and
proteolytic activity of Medicago truncatula were determined in hydroponically
grown plants exposed to hypoxia during 30, 45 and 60 days. Obtained results
showed that hypoxia until 45 days haven’t a significant impact on the dry matter
production. However, after 60 days of treatment, it was observed a decrease in the
shoot and root growth. In addition, a development of adventitious roots is shown in
the hypocotyle of treated plant. In fact, the water content varied in response to the
hypoxia. The soluble carbohydrates content still stable on the shoot of treated plant
until 45 day. Whereas, it was registered that the content of non-reducing soluble
sugar present almost all of total soluble sugars, and that the accumulation of this
sugars fraction in more important in the roots of hypoxia plants in comparison to the
aerial organs. The proline content measured in stressed plants was increased with
time over control plants. Contrary, hypoxia decreased the total endopeptidase
activity in M. truncatula roots. It could be concluded that M. truncatula can be
support the prolonged hypoxic stress by developing adventitious roots and
accumulating proline.
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Introduction

The lack or the excess of the water in the rhizosphere
present a critical factor on plant growth. Indeed, drought
or waterlogging affect plant characteristics (Igbal et al.,
2009; Ibraheem et al., 2011; Promkhambut et al., 2011).
Flooding is one of the most significant abiotic stresses, it
causes a slow transfer of dissolved oxygen in the water
filled pore space of the soil, and plants can have to face
to the lack of oxygen during all stage of its growth. Seed
imbibitions, flood irrigation, floods and excess of

rainfall are examples of natural conditions leading to
root hypoxia or anoxia. These conditions can severely
disturb plants development (Voesenek and Bailey-
Serres, 2013). The oxygen deficiency is thought to be a
major determinant in the adverse effects of flooding on
crops and other plant species (Mommer et al., 2004).

Not all plant species can survive to the waterlogging
conditions, only some species are able to adapt to this
stress by developing some physiological and
morphological mechanisms like adventitious roots and
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aerenchyma (Vartapetian and Jackson, 1997; Vignolio et
al., 1999). Nevertheless, this adaptive capacity depends
on the plant species (Poot and Lambers, 2003). Among
species, legumes represent the third largest group of
angiosperms and the second largest group of food and
feed crops grown globally. They include 670 to 750
genera and 18000 to 19000 species. It regroups varied
food and feed crop species, such as clover, chickpea,
soybean, pea, alfalfa and mungbean. Grain legumes
provide about one-third of all dietary protein nitrogen
and one-third of processed vegetable oil for human
consumption (Graham and Vance, 2003). Indeed, some
varieties such as soybean and Pongamia pinnata takes
more attention because of their high seed oil content
how can be used like a biofuel (Scott et al., 2008).
However, Leguminosae are able to evolve a symbiotic
relationship with specific soil bacteria, called Rhizobia
(de Faria et al., 1989). As a result, many legumes are
sensitive to waterlogging, showing reductions in root
growth, nodulation process, nitrogen fixation and
photosynthesis activity (Linkemer et al., 1998;
Bacanamwo and Parcell, 1999).

To develop more knowledge on legumes, Medicago
truncatula get more attention because of its short growth
cycle and its small genome (500-550 Mpb) (Young et
al., 2005). It is a model plant and presents the subject of
numerous researches that studying the symbiotic and the
mycorrhizal symbiosis (Ané et al., 2004), the abiotic
stress tolerance (Narasimhamoorthy et al., 2007), the
disease resistance (Ameline-Torregrosa et al., 2008). In
this work, we will try to investigate the impact of the
prolonged time of hypoxia on the growth of M.
truncatula. We follow the production of dry matter, the
water content, the sugar content, the shoot proline, and
the total endopeptidase activity after 30, 45 and 60 days
of hypoxia.

Materials and methods
Biological material and growth conditions

Seeds of Medicago truncatula A17 were sterilized with
sodium hypochlorite (0.6 %), rinsed with distilled water
and imbibed during 2h. Seeds are placed on moist filter
paper in a Petri dish and incubated at 25°C. After 5 days,
the seedlings were grown hydroponically into glass
container. The nutrient  solution contained
macronutrients: 2.25 mM KNOjs; 0.25 mM Ca (NOs),;
035 mM KH,;PO, and 0.075 mM MgSO,,
micronutrients: 268.6 uM EDTA-Fe; 8,9 uM MnSOy;

24.1 uM H3BOg3; 1.7 uM ZnSO, and 3.9 uM CuSO,
(Saglio and Pradet, 1980).

Hypoxic treatment was applied at the second leaf stage
by stopping air bubbling, whereas control plants were
continuously aerated. Seedlings were grown in a growth
room at 25°C/20°C (day/night) with 18h/6h (day/night)
photoperiod and 75% relative humidity.

Vegetative growth analysis

Growth parameters were evaluated after 30, 45 and 60
days of hypoxia treatment. Plants were harvested,
divided into roots and shoots. Roots were washed in
distilled water. Fresh weights (FW) were immediately
determined for roots and shoots. Dry weights (DW)
were obtained by weighing the plant material after
drying at 80°C until a constant mass was reached. Water
content (WC) was calculated as (FW-DW) / DW.

Soluble carbohydrates and proline determination

Soluble carbohydrates, total and reduced, were
determined as described by Aschi-Smiti et al. (2003).
Free proline was quantified spectrophotometrically by
the ninhydrin method according to Bates et al. (1973).
The plant material was homogenized in 3 % (w/v)
aqueous sulfosalicylic acid and the homogenate was
centrifuged at 14000 rpm. The supernatant was used for
the estimation of the proline concentration. The reaction
mixture consisted of 2 ml of ninhydrin acid and 2 ml of
glacial acetic acid, which was boiled at 100 °C for 1h.
After termination of reaction in ice bath, the reaction
mixture was extracted with 4 ml of toluene, and
absorbance was read at 520 nm.

Proteolytic activity

Proteolytic activity in shoot crude extracts was determined
spectrophotometrically by following the digestion of
azocasein at 440 nm (Brouquisse et al., 1998).

Statistical analysis

Three biological replications were used in this study.
Statistical data analysis was made using Student’s t-test.
The results are given as means with standard errors of at
least 10 samples per treatment. The significance of
differences between the control and the treatment mean
values was determined at the significance level of
p<0.05.
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Results
Vegetative growth analysis

In the present study, hypoxia was applied at the second
leaf stage of Medicago truncatula growth. In function of
time, the biomass production of M. truncatula was
increased and the differences between control and
treated plant were not significant up to 45 days of
treatment. At 60 days of hypoxia decreased the growth
of shoot and root respectively by 44 and 52% in
comparison to control plants (Fig. 1).

Fig. 1: Shoot (A) and root (B) dry weight (DW) of control
(grey) and hypoxia treatment (black) of M. truncatula
during 30, 45 and 60 days. Values are the mean = S.E. from
ten measurements. *The significance of differences between
the control and the treatment mean values was determined by
the Student’s t-test at the significance level of p<0.05 in
comparison to the control.
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In fact, hypoxia decreased the water content in shoot
respectively by 14, 36 and 33% after 30, 45 and 60 days
of treatment (Fig. 2A). While, the water content in roots
was decreased after 45 and 60 days of hypoxia and an
augmentation of the water content was noticed after 30
days estimated by 34% (Fig. 2B).

Fig. 2: Shoot (A) and root (B) water content of control
(grey) and hypoxia treatment (black) of M. truncatula for
30, 45 and 60 days. Values are the mean + S.E. from ten
measurements. *The significance of differences between the
control and the treatment mean values was determined by the
Student’s t-test at the significance level of p<0.05 in
comparison to the control.
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Fig. 3: Morphological aspect of Medicago truncatula (A)
and roots (B) after 60 days of hypoxia treatment.
Ad: Adventitious roots, In: initial.
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Nevertheless, prolonged root hypoxia (60 days)
decreased the development of the whole plant. The
picture presents the development of adventitious roots
on the hypocotyle of M. truncatula. In the present study,
compared with the control plant that had no adventitious
root, it was observed the petrifaction of the initial root
system (Fig. 3).

Soluble carbohydrates

Data presented in Figure 4 revealed that the content of
total soluble sugars (TSS) in shoots still stable up to 45
days of treatment. After 60 days of hypoxic treatment,
an augmentation of TSS was observed (Fig. 4A,). For
the underground organ, the sugar content was increased
by 50% between 30 and 45 days in control plants, while
it decreased at 60 days by 55%. On the other hand, in
treated plants, hypoxia increased total root sugar (Fig.
4A,).

Fig. 4: Shoot (A) and root (B) sugar content of control
(grey) and hypoxia treatment (black) of M. truncatula
after 30, 45 and 60 days. A; and A,: Total sugar; B, and B.:
Reducing sugar and A; and Bs: Non-reducing sugar. Values
are the mean = S.E. from ten measurements. *The significance
of differences between the control and the treatment mean
values was determined by the Student’s t-test at the
significance level of p<0.05 in comparison to the control.
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The results of two fractions of soluble sugar: reducing
(RS) and non-reducing sugar (NRS) showed that the
content on NRS (Fig. 4C) is more important in M.
truncatula organs (Fig. 4B). In fact, deficient plant on

oxygen presents an elevated content on NRS in their
shoots, whereas it was decreased in the root with the
treatment. However, at 45 and 60 days the NRS was
decreased by 21 and 95% in comparison to the content at
30 days. In parallel to this decreases, it showed an
augmentation of RS on stressed roots by 75 and 55 % at
30 days.

Proline and endopeptidase activity

Proline is uncharged amino acid, it characterize by a
neutral pH and a highly water solubility. The results
presented in Fig. 5A revealed that the proline content of
control plant shoots is stable up to 45 days, at 60 days;
we showed an augmentation by 40%. However, hypoxia
induced synthesise of proline on function of time. The
increase estimated by 25 and 30% respectively at 45 and
60 days in comparison to control plant.

Fig. 5: Figure 5: Shoot’s proline (A) and root’s proteolytic
activity (B) of control (grey) and hypoxia treatment
(black) of M. truncatula after 30, 45 and 60 days. Values
are the mean * S.E. from ten measurements. *The significance
of differences between the control and the treatment mean
values was determined by the Student’s t-test at the
significance level of p<0.05 in comparison to the control.
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The variation of the total endopeptidase activity (Fig.
5B) in roots of control plant was increased by 37 and
45% at 45 and 60 days, in comparison to the content
obtained at 30 days. On contrary, hypoxia decreased the
endopeptidase activity in roots. This reduction estimated
by 39, 48 and 55% at 30, 45 and 60 days in comparison
to control.

Discussion

Waterlogging stress is known to cause a number of
morphological and anatomical changes in plants (Sairam
et al, 2008). For example, the apparition of
hypertrophied lenticels on roots, the formation of
adventitious roots (Malik et al., 2001), the development
of aerenchyma (Evans, 2004, Abiko et al., 2012) were
observed under flooding stress. In this work, the
application of prolonged hypoxia treatment to M.
truncatula caused the apparition of adventitious roots on
the hypocotyle. In spite this adaptation to the hypoxia; it
was noticed a diminution of the plant water content. This
decrease in the water status can be the result of the
reduction of the stomata conductance. This phenomenon
is considered one of the first plant responses to
waterlogging (Folzer et al.,, 2006). Indeed, plants
exposed to flooding stress exhibit increased stomata
resistance as well as, limited water uptake leading to
internal water deficit (Parent et al., 2008). Moreover the
lack of oxygen can reduce hydraulic conductivity due to
hampered root permeability (Else et al., 2001).
Furthermore, M. truncatula present decline of its hall
growth. This decrease can be the result of the
petrifaction on the principal root that can caused
perturbation of the element uptake’s (Horchani et al.,
2010). In plus, the oxygen deficiency in the growth
medium can cause a decline of net photosynthetic rate
(Ashraf et al., 2011).

Another adaptation road of plant to survive under
hypoxia is the shifting of the energy metabolism from
aerobic to anaerobic mode since the energy requirements
of the tissue is greatly restricted as very few ATPs are
generated per molecule of glucose (Jackson and Drew,
1984). Thus, maintaining adequate levels of readily
fermentable sugars under oxygen deficient in roots is
one of the adaptive mechanisms to hypoxia (Xia and
Saglio, 1992; Sairam et al.,, 2009). Moreover,
waterlogging, in tolerant genotypes, induces to increase
the content of reducing sugar through increased activity
of sucrose synthase by increasing the level expression of
its mRNA (Sairam et al., 2009). Therefore, the

availability of sufficient sugar reserves in the roots with
the increased activity of TSS to provide reducing sugars
for anaerobic respiration is one of the important
mechanisms of waterlogging tolerance. In our results, M.
truncatula present more non-reducing sugar than
reducing form. Therefore, sucrose represents almost all
of the total soluble sugars in this legume. The
concentration of soluble carbohydrate in M. truncatula
was increased during the prolonged long-term oxygen
deficit, and we register an augmentation of the root and
shoot content on reducing sugar on function of time
(Kumutha et al., 2008). In addition the maintenance of
elevated content of shoots non-reducing sugar on
parallel to its spectacular diminution in root. These
results are in agreement with those obtained by Germain
and collaborators (1997) on tomato. Moreover,
maintaining of elevated quantity of non-reducing sugar
in root until 45 days car suggesting the eventual
transport of sucrose from shoot to root (Yu et al., 2012).

Concentrations of free proline in the leaves of M.
truncatula increased synchronously with time of
hypoxia treatment. Proline accumulation is known to
have multifunctional role on the defense mechanisms
developed by plants grown under various stress (Nanjo
et al., 2003). It’s related also to the non-enzymatic
detoxification of free radicals (superoxide, peroxide or
hydroxyl) that are generated excessively under stress
(Radyukina et al., 2008). It plays an important role of
osmolyte for osmotic adjustment and contributes to the
stabilization of cell structures, protection of membranes
and proteins against reactive oxygen species (Steffens et
al., 2012). The authors explain such ability of this amino
acid by the presence of tertiary carbon which can form
stable radical tearing off free radical reactions induced
by ROS (Radyukina et al., 2008).

In roots of M. truncatula the proteolytic activity was
increased with time but still fewer that obtained in roots
of control plant. In fact, the increase of the proteolytic
activity is explained by the nature and the development
of tissues. Indeed, roots of control plants are much
vacuolated and the endopeptidase activity quantified
with the azocasein characterizes vacuole. These results
are similar to those found by Aschi-Smiti and
collaborators (2003) on Trifolium subterraneum. The
lowest proteolytic activity was found in hypoxic’s root
can be the result of the purification and the necrosis of
root under hypoxia. Since that adventitious roots ensure
survive and nutrition of M. truncatula; this roots are
physiologically young and haven’t important vacuoles.
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These results are consistent with those obtained on
maize under dark stress by Brouquisse et al. (1998) and
on Trifolium subterraneum grown in hypoxia by Aschi-
Smiti et al. (2003).

Conclusion

M. truncatula seems supporting the prolonged hypoxia
stress. Its capacity to develop adventitious roots,
accumulating proline and getting an elevated content of
sugar help it to achieve its biological cycle. Indeed, it is
important to study the molecular and the genetic basis of
this adaptation to oxygen deficiency of this model plant.
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