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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in

ª 2011 The Author(s).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 The Author(s).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abbreviations: ANA, apparent nitrogenase activity; C, control; D, drought; DAHPS, 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase; ET, evapotranspira-
tion; FW, fresh weight; FITC, fluorescein isothiocyanate; (N)DW, (nodule) dry weight; NF, nitrogen fixation; PD, partial drought; SRS, split-root system; δ13C, carbon 
isotopic composition; Ψleaf, leaf water potential;Ψnodule, nodule water potential.

Research paper

Is N-feedback involved in the inhibition of nitrogen fixation in 
drought-stressed Medicago truncatula?

Erena Gil-Quintana1, Estíbaliz Larrainzar1,2, Cesar Arrese-Igor1 and Esther M. González1,*
1  Departamento de Ciencias del Medio Natural, Universidad Pública de Navarra, 31006 Pamplona, Spain
2  Department of Plant Pathology, University of California, One Shields Avenue, Davis, CA 95616, USA

*  To whom correspondence should be addressed. E-mail: esther.gonzalez@unavarra.es

Received 31 July 2012; Revised 20 October 2012; Accepted 23 October 2012

Abstract

Drought stress is a major factor limiting nitrogen fixation (NF) in crop production. However, the regulatory mechanism 
involved and the origin of the inhibition, whether local or systemic, is still controversial and so far scarcely studied 
in temperate forage legumes. Medicago truncatula plants were symbiotically grown with a split-root system and 
exposed to gradual water deprivation. Physiological parameters, NF activity, and amino acid content were measured. 
The partial drought treatment inhibited NF in the nodules directly exposed to drought stress. Concomitantly, in the 
droughted below-ground organs, amino acids accumulated prior to any drop in evapotranspiration (ET). It is con-
cluded that drought exerts a local inhibition of NF and drives an overall accumulation of amino acids in diverse plant 
organs which is independent of the decrease in ET. The general increase in the majority of single amino acids in the 
whole plant questions the commonly accepted concept of a single amino acid acting as an N-feedback signal.

Key words:  Amino acids, drought, local regulation, Medicago truncatula, N-feedback inhibition, nitrogen fixation, transpiration.

Introduction

Forage legumes such as Medicago truncatula are important 
in agricultural systems as feed sources for livestock and raw 
food materials for humans (Graham and Vance, 2003). In 
addition, M.  truncatula, considered as a model legume, is 
phylogenetically related to some of the most economically 
important European legume crops. One of the main charac-
teristics of legumes is their ability to establish symbiosis with 
nitrogen-fixing soil bacteria. However, legumes show incon-
sistent production rates, mostly due to abiotic factors and 
particularly drought (Zahran, 1999).

Drought causes a reduction in the rates of nitrogen fixa-
tion (NF) in legumes. Despite considerable research effort 
in the last decades, the molecular mechanism(s) responsible 
for this inhibition remains largely unknown. Several fac-
tors have been proposed to be involved in this inhibition: 

oxygen limitation, carbon shortage, and regulation by nitro-
gen metabolism. Although drought, like other abiotic stresses, 
does cause an increase in nodular oxygen diffusion resistance 
(Durand et  al., 1987), increasing the oxygen concentration 
around the rhizosphere of drought-stressed nodules does not 
fully restore NF rates, suggesting that other factors are also 
involved (Del Castillo et al., 1994; Del Castillo and Layzell, 
1995). Several studies carried out in grain legumes (i.e. pea, 
soybean, and common bean) subjected to drought showed 
that the reduction of NF rates was related to a concurrent 
inhibition of sucrose synthase activity, followed by an accu-
mulation of sucrose and a decrease in malate to fuel bacteroid 
respiration (Gonzalez et al., 1995, 1998; Gordon et al., 1997; 
Ramos et al., 1999). Reactive oxygen species might also play 
a role in the regulation of sucrose synthase under moderate 
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oxidative stress (Marino et  al., 2006). Nevertheless, recent 
work in the forage legumes Medicago sativa (Naya et  al., 
2007) and M.  truncatula (R. Ladrera, C.  Arrese-Igor, and 
E.M. González, unpublished results) suggested a different 
cause, since NF inhibition occurred before any measurable 
decline in either the activity rate or concentration of nodule 
carbon metabolism enzymes (Larrainzar et al., 2009).

The plant N status and/or some N compounds have been 
hypothesized to act as signals regulating NF by a feedback 
mechanism upon the application of inorganic N to N2-fixing 
plants. Several compounds have been associated with the inhi-
bition of NF, namely glutamine (Gln) (Neo and Layzell, 1997), 
ureides (Serraj et  al., 1999), asparagine (Asn) (Oti-Boateng 
and Silsbury, 1993; Bacanamwo and Harper, 1997; Sulieman 
et al., 2010), or a combination of these (Vadez et al., 2000). In 
most cases, results of both N stress and drought experiments 
are assumed to be similar, as if  both stresses shared a com-
mon regulation mechanism. Furthermore, experimental data 
suggesting an N-feedback mechanism governing NF under 
drought stress have been mainly obtained in soybean (Glycine 
max L. Merr), a ureide-exporter grain legume (Serraj et al., 
1999; Sinclair and Serraj, 1995; deSilva et al., 1996; Purcell 
et al., 1998; Vadez and Sinclair, 2000, 2001; King and Purcell, 
2005; Ladrera et al., 2007), and they do not necessarily reflect 
what occurs in amide-exporter plants such as Medicago and 
pea (Pisum sativum L.), among others. Serraj et  al. (2001) 
refined the N-feedback regulation model further by proposing 
two possible origins for the inhibition under drought stress: 
(i) a direct feedback inhibition within nodules; or (ii) an indi-
rect feedback process due to N signals coming from the aerial 
part. One of the few studies of the changes in amino acid lev-
els in amide-exporting legumes under drought stressed used a 
broad metabolomic approach, not specifically targeted to test 
the N-feedback hypothesis (Larrainzar et al., 2009). As far as 
is known, this is the first study in which N-feedback inhibi-
tion is tested in the amide-exporter model legume M. trunca-
tula subjected to water deprivation.

Serraj et  al. (2001) suggested that the accumulation of 
N compounds in nodules under drought stress is a conse-
quence of  decreased xylem transport leading to impaired 
amino acid export, implying that changes in plant transpira-
tion rates may also have an effect in this regulation process. 
Walsh (1990) stated that the rates of  N-compound export 
from nodules were determined by the phloem water input to 
them. Thus, it is hypothesized that a reduction in the phloem 
supply to nodules, as may be the case under water deficit 
conditions, would result in a diminution in the export of  N 
compounds with a subsequent accumulation of  these com-
pounds in nodules.

The aim of  the present work is to test whether regula-
tion by an N-feedback process, related to changes in tran-
spiration and/or accumulation of  N compounds in different 
plant organs, is responsible for the drought-induced decline 
of  NF in M. truncatula. As far as is known, this is the first 
time that the N-feedback inhibition under drought stress is 
tested in an amide-exporter temperate forage legume. To do 
so, a split-root system (SRS) was employed, which allows 
the specific discrimination between local and systemic 

regulatory mechanisms. A preliminary report with this sys-
tem has been published (Gil-Quintana et al., 2009). The use 
of  this experimental system may help to determine the ori-
gin of  the inhibition of  NF and test the possible N-feedback 
caused by amino acid accumulation in the model legume 
M. truncatula.

Materials and methods

Plant growth conditions and drought stress treatment
Medicago truncatula Gaertn. cv. Jemalong A17 plants were grown in 
1 litre pots containing a mixture of perlite:vermiculite (2:5, v/v) and 
grown under controlled environmental conditions (14 h photoperiod; 
400  µmol m–2 s–1 light intensity; 22  ºC/16  ºC day/night temperature; 
60–70% relative humidity) for 4 weeks. Seedlings were inoculated 
with the efficient N-fixing strain Ensifer meliloti 2011 once a week for 
the first 3 weeks of growth (Larrainzar et al., 2007, 2009). In order to 
produce SRS plants, 4-week-old plants were transferred into a double 
pot (600 ml each) with the same substrate mixture, distributing the root 
system into two equal parts. Plants were watered to field capacity three 
times a week with Evans nutrient solution (Evans, 1981). For the first 
3 weeks, nutrient solution was supplemented with 0.25 mM NH4NO3 to 
improve plant performance at the initial stage of nodule development. 
For the rest of the growth period, the nutrient solution was N free and 
optimum plant growth relied on symbiotic NF.

Twelve-week-old plants were randomly separated into three sets con-
taining six biological replicates each. Controls (C) were supplied daily 
with nutrient solution to field capacity on both sides of the SRS, drought 
treatment (D) was achieved by withholding water/nutrients from both 
sides, and partial drought plants (PD) were irrigated to field capacity on 
one side of the SRS (PDC) while water/nutrients were withheld from 
the other side (PDD). A schematic representation of the experimental 
set-up is shown in Fig. 1A. Water-stressed plants and their correspond-
ing controls were harvested at days 2, 4, and 7 after the onset of drought. 
By using this timing, leaf water potential declined gradually from con-
trol values, reaching progressively a stage of moderate (approximately 
–1.4 MPa) and severe (approximately –2.7 MPa) drought, as recorded 
in previous studies (Antolin et al., 1995; Larrainzar et al., 2009). Four 
types of nodule and root samples (C, PDC, PDD, and D) and three types 
of leaf samples (C, PD, and D) were harvested, immediately frozen in 
liquid nitrogen, and stored at -80 ºC for analytical determinations. For 
dry weight (DW) measurements, samples from leaf, root, and nodule 
tissue were collected and desiccated for 48 h at 80 ºC.

Water relations
Evapotranspiration (ET) was gravimetrically determined on a daily 
basis. Leaf water potential (Ψleaf) was measured in the first fully 
expanded leaf 2 h after the beginning of the photoperiod using a pressure 
chamber (Soil Moisture Equipment, Santa Barbara, CA, USA) as earlier 
described (Scholander et al., 1965). Nodule water potential (Ψnodule) was 
measured in C52 sample chambers coupled to a Wescor HR-33T Dew 
Point Microvoltmeter (Wescor, Logan, UT, USA). Approximately four 
nodules per treatment were collected and confined in each chamber for 
at least 1 h until temperature and vapour equilibration was reached.

Carbon isotopic composition (δ13C)
Aliquots (3–4 mg) of ground dried leaf and root material were ana-
lysed in a stable isotope mass spectrometer Delta Plus (ThermoQuest, 
Bremen, Germany) coupled to an elemental analyser NC 2500 (Carlo 
Erba, Milan, Italy). δ13C measures the deviation of the isotopic compo-
sition of plant material from the carbon dioxide generated from a fossil 
belemnite from the Pee Dee Formation taken as standard. δ13C is a tool 
for understanding the relationship between photosynthesis and water 
use in plants (Farquhar et al., 1989).
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Nitrogen fixation determination
NF was measured as apparent nitrogenase activity (ANA). H2 evolution 
from sealed root systems was measured in an open flow-through system 
under N2:O2 (79%:21%, v/v) according to Witty and Minchin (1998) 
using an electrochemical H2 sensor (Qubit System, Canada). The H2 
sensor was calibrated with high purity gases (Praxair) using a gas mixer 
(Air Liquide, Spain) flowing at the same rate as the sampling system 
(500 ml min–1).

Protein determination, protease activity and western blot 
analysis
Frozen leaves [200 mg fresh weight (FW)], roots (200 mg FW), and 
nodules (100 mg FW) were homogenized using a mortar and pestle 
with 500–600 µl of extraction buffer (50 mM MOPS, 5 mM MgCl2, 
20 mM KCl, 1 mM Na2EDTA, pH 7) where 1.5 mg ml–1 dithiothrei-
tol (DTT) and 0.7  µl ml–1 β-mercaptoethanol were freshly added. 
Homogenates were centrifuged at 20500 g and 4  ºC for 20 min. 
Supernatants were then collected and used for soluble protein quanti-
fication and protease activity.

Protein was quantified using a Bradford-based dye-binding assay 
(Bio-Rad) employing bovine serum albumin as standard.

Protease activity was measured with a protease fluorescent detec-
tion kit (Sigma-Aldrich) using trypsin as standard. The measurement is 
based on the fluorescence emitted by the cleavage of fluorescein isothio-
cyanate (FITC)-labelled casein substrate by the protease activity of the 
sample (Twining, 1984).

For the immunodetection of 3-deoxy-d-arabino-heptulosonate-
7-phosphate synthase (DAHPS; EC 4.1.2.15), soluble protein extracts 
(50 µg per lane) were separated by SDS–PAGE according to Laemmli 
(1970) and blotted onto polyvinylidene difluouride (PVDF) mem-
branes. Membranes were incubated for 1 h using specific antibodies 
against DAHPS (1:1000 dilution; Biogenes, Berlin, Germany) and 
immunoreacting bands detected as previously described (Larrainzar 
et al., 2007).

Amino acid determination
Frozen nodules (100 mg FW), leaves (200 mg FW), and roots (200 mg 
FW) were ground to powder under liquid N2 and subsequently homog-
enized using a mortar and pestle with 3 ml (for roots and leaves) or 
5 ml (for nodules) of 1 M HCl. Homogenates were transferred to glass 
tubes and incubated on ice for 10 min. Subsequently, extracts were 
centrifuged at 20000 g and 4  ºC for 10 min. Supernatants were neu-
tralized using NaOH, and internal standards norvaline and homoglu-
tamic acid were spiked. Samples were then derivatized with 1 mM 
FITC dissolved in acetone at room temperature for 15 h in 20 mM 
borate buffer (pH 10). The content of free amino acids was determined 
using a Beckman Coulter capillary electrophoresis PA-800 (Beckman 
Coulter Inc., USA) coupled to laser-induced fluorescence detection 
(argon laser at 488 nm), as described in Arlt et al. (2001) and Takizawa 
and Nakamura (1998), with minor modifications. A  fused-silica 
capillary, 43/53.2 cm long and 50  µm internal diameter (Beckman 
Coulter Inc., USA), was employed. For amino acid separation, 45 mM 
α-cyclodextrin in 80 mM borax buffer (pH 9.2) was used. Analyses 
were performed at 20 ºC and at a voltage of 20 kV. Total amino acid 
content is presented as the summation of single amino acids for each 
sample and expressed on a DW basis.

Statistical analysis
One-way analysis of variance (ANOVA) was performed after check-
ing the normal distribution of the samples via the Shapiro–Wilk test 
and the homogeneity of variances via Levene’s test. If differences in 
means were obtained, then comparisons between each treatment and the 
control were performed using the least significant difference (LSD) test. 
Differences were considered to be significant at P ≤ 0.05.

Results

Characterisation of SRS water status and NF

SRS experiments were conducted with the aim of inves-
tigating the response of  one side of  the root system to the 
deprivation of  water on the other side, as schematized in 
Fig.  1A. Drought significantly reduced the dry weight of 
PDD roots only on day 7, while there were no treatment 
differences in shoot and nodule dry weight (Supplementary 
Fig. S1B available at JXB online). Plant water status was 
monitored by measuring leaf  and nodule water potentials 
(Fig. 1B). Ψleaf was stable in C and PD treatments, whereas 
D plants showed a gradual decrease from the second day of 
the experiment, reaching values of  –2.7 MPa on the last day 
(Fig. 1B). Similarly, C plants maintained stable ψnodule and D 
plants diminished their Ψnodule from day 4 onwards (Fig. 1B). 
Ψnodule in PD treatment presented a distinct behaviour 
depending on the side of  the SRS; the watered part (PDC) 
maintained control Ψnodule values, while the droughted frac-
tion (PDD) started a slight decline of  Ψnodule at day 4, fall-
ing significantly on the last day of  the assay to reach values 
similar to D plants.

δ13C was measured on the last day of  the experiment. C and 
PD leaves had similar δ13C values (–31.38 ‰ and –31.33‰, 
respectively), whereas D presented a significantly higher 
(less negative) δ13C value (Supplementary Fig. S2A at JXB 
online). In roots, only the total drought (D) plants showed 
significantly higher δ13C values as a consequence of  the leaf 
δ13C changes observed in this treatment (Supplementary 
Fig. S2B).

ET was determined gravimetrically on a daily basis through-
out the experiment (Fig. 1B). C plants maintained stable ET 
values, ~110 g H2O plant–1 d–1, during the whole study period. 
PD plants kept control ET values until day 6, when a signifi-
cant (20%) decrease in ET was observed. However, ET only 
decreased to 84 g H2O plant–1 d–1 at the end of the study. In 
contrast, ET of D plants gradually declined from day 4 and 
was almost completely inhibited on day 7 (Fig. 1B).

ANA was determined as a measure of NF (Fig.  1B). C 
and PDC nodules maintained steady ANA rates (between 
0.36 and 0.47 µmol H2 g

–1 NDW min–1), while a gradual fall 
was observed in D plants from day 2 until values close to 
zero were reached at the most intense drought level. A simi-
lar trend, with a 2 d delay compared with D, was observed 
in PDD nodules. On the last day of the experiment, ANA 
expressed on a per-plant basis, showed a significant increase 
in PDC treatment (0.030 ± 0.003 µmol H2 plant min–1) when 
compared with C plants (0.018 ± 0.004 µmol H2 plant min–1), 
while PDD and D nodules had minimum ANA values in both 
treatments.

Drought-induced changes in plant N status

The levels of total free amino acid, protein content, and pro-
tease activity were determined in leaf, root, and nodule tissue 
(Fig. 2). Under C conditions, nodules presented the highest 
amino acid content (220 µmol g–1 DW), roots showed the low-
est values (18 µmol g–1 DW), and leaves had an intermediate 
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content (50 µmol g–1 DW). This pattern of relative amino acid 
content is also observed in the levels of protein. Nodules were 
the organs with the highest protein content (340 mg protein 
g–1 DW), followed by leaves (200 mg protein g–1 DW) and 
roots (12 mg protein g–1 DW).

After the onset of drought treatment, a general rise in the 
levels of total amino acid was observed in D and PDD sam-
ples (Fig. 2A). This increase was first observed in nodule and 
root tissue after 2 d of treatment, but was only significant on 
day 4 and 7 in nodules and roots, respectively. The accumula-
tion of amino acid in leaves was only significant on day 7 of 
drought (Fig. 2A).

Comparing the levels of free amino acids at the most severe 
drought stage, nodules showed a non-significant >2-fold 
increase, while the levels increased ~7.5- and 4.8-fold in 
drought-stressed root and leaf samples, respectively. Neither 
PD leaves nor roots and nodules corresponding to the irri-
gated root system (PDC) showed an accumulation of free 
amino acids, with values close to well-irrigated (C) plants. In 
contrast, both tissues corresponding to the non-irrigated root 
fraction (PDD) and D plants presented a significant accumu-
lation of free amino acids (Fig. 2A).

Protein concentration was not significantly affected by 
drought in any plant organ throughout the experiment 

Fig. 1.  Schematic representation of the SRS experimental set-up (A) and the effect of partial drought on Ψleaf, Ψnodule, ET, and NF (B). 
In (A), 12-week-old M. truncatula nodulated plants were randomly separated into three groups. Control plants, C, were watered to field 
capacity and, in drought plants, D, water/nutrient solution was withheld. In partial drought plants, PD, one side of the root system was 
watered to field capacity, PDC, while in the other side water/nutrient solution was withdrawn, PDD. Water deprivation was prolonged 
during 7 d and harvest was carried out on days 2, 4, and 7 after the onset of the treatment. In (B), values represent means ±SE (n=12 
for Ψleaf; n=6 for Ψnodule; n=8 for ET; and n=6 for ANA). An asterisk (*) represents significant differences (P ≤ 0.05) between D and C 
treatments, and differences between C and PD or PDD are denoted with a hash sign (#).
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(Fig. 2B). Similarly, no differences were observed in the pro-
tein content of different tissues in PD plants on day 7 (data 
not shown).

To test whether the observed amino acid accumulation was 
related to increased proteolysis, total protease activity was 
determined (Fig.  2C). Protease activity detected in a tissue 
appeared to be inversely related to its soluble protein and 
amino acid content: roots, the organ with the lowest amino 

acid and soluble protein levels, exhibited the highest protease 
activity (30 ng trypsin mg–1 protein), a value >20-fold that 
of nodules and >8-fold greater than that observed in leaves. 
Under the conditions tested, however, drought stress did not 
have any clear effect on total protease activity, and the only 
significant change observed was a partial reduction in leaf 
protease activity on day 7 of D compared with C samples 
(Fig. 2C).

Fig. 2.  Effect of partial drought on total amino acid content (A), protein content (B), and protease activity (C) in leaf, root, and nodule 
tissue. For (A), symbols are as in Fig. 1B. For (B) and (C), only C and D treatments are presented. Significant differences (P ≤ 0.05) 
between C and D are marked with an asterisk (*), and differences between C and PD or PDD are denoted with a hash sign (#). Values 
represent means ±SE [for (A) n=6; for (B, C) n=4].
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Drought induces an overall accumulation of individual 
amino acids in M. truncatula

The levels of the 20 standard amino acids synthesized by 
plants, together with the non-proteogenic γ-aminobutyric 
acid (GABA), were measured in leaves, roots, and nodules of 
M. truncatula plants.

Among the amino acids involved in primary N assimilation 
[glutamate (Glu), Gln, aspartate (Asp), and Asn], Asn was 
the most abundant in all organs tested, representing >70% of 
total amino acids in nodules (196 µmol g–1 DW), 47% in roots 
(11.7 µmol g–1 DW), and 38% in leaves (23.5 µmol g–1 DW). 
In nodules the sum of Asn, Gln, Asp, and Glu accounted 
for 83% of the total amino acids. The second most abundant 
amino acid in leaves and nodules in control conditions was 
Glu (22% and 9% of the total, respectively), while in roots 
the content of GABA was 9% of the total amino acid under 
control conditions (Supplementary Fig. S3 at JXB online).

In order to elucidate patterns in the drought-induced 
changes in the content of individual amino acids, graphs have 
been grouped within the context of the metabolic pathway 
from which they are synthesized. Figures 3 and 4 illustrate 
the changes in the levels of 18 amino acids during the experi-
mental time course. Levels of glycine (Gly), serine (Ser), and 
cysteine (Cys) did not show significant variations during the 
drought treatment and are, therefore, not shown.

Under C conditions, the level of the individual amino acids 
remained stable in all the organs tested throughout the study 
period (Figs. 3, 4). The unique exception to this pattern was 
observed in nodules, where an increasing trend was found in 
the levels of Asn, Asp, Gln, and Glu (Fig. 3) and their derived 
amino acids (Fig. 4). This pattern could be associated with 
the active NF occurring in this organ under C conditions.

When water deprivation was imposed, a general accumula-
tion of individual amino acids was observed in all the plant 
organs tested (Figs. 3, 4). This accumulation was observed in 
roots and nodules from day 2 in D plants. However, in leaves 
of D plants, the main accumulation was found at the most 
intense drought stage (day 7), with some exceptions: ala-
nine (Ala) content remained stable, and the levels of threo-
nine (Thr), Glu, Gln, Asp, and GABA either decreased or 
remained close to control values instead of accumulating at 
the end of the study period. This second group shared a com-
mon pattern, in which there was a marked decline at day 2 
and a subsequent restoration of values close to those of C 
plants. Asn could not be accurately quantified in D leaves at 
day 7 due to the 140-fold increase of proline (Pro) in these 
samples. However, the significant decline observed in PD 
leaves, together with the absence of a shoulder in the Pro peak 
of the electropherogram, suggests a decline of Asn in leaves 
of D plants, rather than any accumulation.

As a general observation, PD shoots did not accumulate 
amino acids with the same pattern as D plants. However, and 
similar to the pattern observed in D leaves, Gln, Asp, Asn, 
Thr, and GABA levels decreased in PD leaves.

The gradual accumulation of amino acids observed in leaves 
of D plants was also found in roots. Most of them showed 
significant differences at day 2, while Glu and Asp, and lysine 

(Lys) and Thr accumulated significantly only after day 4 and 
7, respectively. Similarly, PDD roots showed increased levels 
in the content of the majority of amino acids, although this 
accumulation was slightly delayed compared with D plants. 
Glu, Gln, tryptophan (Trp), phenylalanine (Phe), Asp, Ala, 
Pro, GABA, histidine (His), and methionine (Met) accumu-
lated significantly after day 4, whereas the remaining amino 
acids accumulated only at day 7. In contrast, the half  of the 
root kept under well-irrigated conditions (PDC) did not accu-
mulate any amino acid, maintaining levels close to those of C 
roots throughout the time course.

The trend of amino acid accumulation in nodules was very 
similar to the above description for roots in D, PDD, and 
PDC treatments. D nodules showed a significant accumula-
tion of the majority of amino acids from day 2, which was 
accentuated with the more severe stress. In PDD nodules, the 
majority of the amino acids showed a gradual accumulation 
from day 2, with some amino acids reaching higher levels in 
PDD than in D nodules on day 7 [arginine (Arg), Thr, Met, 
Lys, Ala, and Asn]. Gln and Asn accumulated significantly 
in nodules of D plants during the moderate drought stress 
period (days 2 and 4) but declined to C levels (Asn) or even 
below C levels (Gln) under severe drought (day 7). In PDD 
nodules, Gln showed no increase at the end of the study 
period, and Asn levels were stable from day 4, but signifi-
cantly higher than those of PDC nodules.

In order to investigate whether the accumulation of aro-
matic amino acids could be related to increased levels of their 
biosynthesis, immunodetection of the first enzyme in the 
Shikimate pathway, DAHPS, was carried out (Supplementary 
Fig. S4 at JXB online). No significant differences were 
observed in the relative amount of the protein detected.

Discussion

Local inhibition of NF in M. truncatula plants under 
drought stress

Although it is well known that symbiotic NF is rapidly 
inhibited by drought stress (Zahran, 1999), it remains to be 
understood whether this inhibition occurs at the nodule level 
(local control) or is driven by a systemic signal(s) from the 
aerial part in forage legumes. To respond to this question, 
plants were grown using an SRS so that one half  of  the root 
system of a plant remained fully hydrated (PDC), whereas 
the other half  experienced progressive water deficit (PDD), 
with both halves sharing the same aerial part (PD). Thus, 
NF inhibition in the well-watered part would be indicative of 
a systemic regulation of  the process. The same experimental 
system has been employed previously to show a local regula-
tion of  NF mediated by carbon metabolism in pea plants 
(Marino et al., 2007).

In the present work, several lines of evidence suggest that 
NF inhibition in drought-stressed M. truncatula occurred at 
the local level. First, a clear correlation between NF activity 
in plants subjected to partial drought and Ψnodule in PDD and 
PDC roots was established. ANA and Ψnodule values in the 
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well-irrigated section of roots (PDC) showed no significant 
differences throughout the experiment, while roots subjected 
to drought (PDD) showed reductions in Ψnodule and a clear 
inhibition of NF (Fig. 1B). Secondly, a local inhibition mech-
anism can be inferred when considering that amino acids did 
not accumulate in D leaves until day 7 of drought, while a 

decline in ANA rates was already observed as early as day 
2. This local inhibition of NF is in agreement with previous 
works in pea (Marino et  al., 2007) and soybean (Ladrera 
et al., 2007). In the latter study, ureides accumulated in nod-
ules, but not in leaves, in agreement with the hypothesis that it 
is an increase in N compounds in nodules that is responsible 

Fig. 3.  Effect of partial drought on the content of single amino acids in leaves, root, and nodules. Symbols are as in Fig. 1B. Values in 
µmol g–1 DW represent means ±SE (n=6).
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for NF inhibition under drought stress (Vadez et  al., 2000; 
King and Purcell, 2005).

Nodule amino acid accumulation occurring under 
drought stress is independent of shoot water relations

Earlier studies, mostly carried out with tropical legumes, have 
shown an accumulation of N compounds in legume nodules 

when subjected to water deprivation (see King and Purcell, 
2005, and references therein). One of the proposed explana-
tions for this event is impairment of the export of N com-
pounds derived from NF provoked by a reduction in water 
supply (Pate et al., 1969; Walsh, 1990). The maintenance in 
PD of Ψleaf and δ13C values in the same range of C plants 
indicated that half  of the root system was able to maintain the 
shoot water status of PD plants (Fig. 1B; Supplementary Fig. 

Fig. 4.  Effect of partial drought on single amino acid content in leaves, root, and nodules. Symbols are as in Fig. 1B. Values in µmol g–1 
DW represent means ±SE (n=6).
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S2A at JXB online). This, together with the slight decrease 
in ET in PD plants (20%) during the last 2 d of the experi-
ment (Fig.  1B), shows that an adequate water status was 
maintained in shoots. In contrast, in the root fraction of PD 
plants, drought provoked a marked difference between PDC 
and PDD Ψnodule (Fig. 1B). While PDC nodules maintained 
stable values parallel with C nodules, Ψnodule of PDD dropped 
to the values exhibited by D nodules. Based on studies devel-
oped under optimal water status conditions, a model was 
proposed in which nodule water requirements were met by 
either phloem input or diffusion across the root cortex (Walsh 
et al., 1989a, b; Walsh, 1990). The present study demonstrates 
that phloem supply was insufficient to maintain PDD nodule 
water status even though the aerial part was under optimal 
water conditions. This suggests that phloem flow is affected 
when the exogenous water supply is limited. However, the 
nature of this disturbance is not presently understood.

Other authors suggested that ET was the main cause for 
the accumulation of N compounds in pea nodules when tran-
spiration rates were lowered by incubating plants in a high 
humidity atmosphere (Devisser and Poorter, 1984). A similar 
conclusion was reached by Minchin and Pate (1974) when 
examining nodule functioning through a day/night time 
course. However, none of these studies reported the nodule 
water status under the different conditions assayed. Results 
obtained in the current work show that the accumulation of 
the majority of single amino acids in D underground organs 
precedes any measurable drop in ET rates and, more interest-
ingly, it also occurred in PDD roots, even when PD plants 
presented ET rates comparable with C values. Additionally, 
PDC nodules and roots did not show any accumulation of 
amino acids even at the stage when ET of these plants had 
significantly declined.

Amino acid accumulation does not appear to be 
related to increased proteolysis or de novo amino acid 
synthesis

Drought stress induces both a decline in the concentration of 
soluble protein (Irigoyen et al., 1992) and an increase in the 
level of protease activity in M. sativa nodules (Becana et al., 
1986). In order to test whether the observed accumulations 
of amino acids could be explained by increased proteolytic 
activity, total protease activity (comprising Ser, Asp, Cys, and 
metalloproteases) was measured in different plant organs. No 
significant differences were observed between C and D sam-
ples under the conditions tested (Fig. 2C).

In other plant systems, a positive correlation between the 
level of tolerance to drought stress and the protease activ-
ity of different cultivars has been established (de Carvalho 
et al., 2001; Mosolov and Valueva, 2011). Furthermore, given 
the various structural and functional classes of proteases and 
their specific regulatory mechanisms, it is difficult to general-
ize their role in a process, with certain drought-tolerant plants 
exhibiting up-regulation of some proteases and down-regu-
lation of others (Kohli et al., 2012). In the present case, the 
fact that there is not a clear shift in total protease activity is 
in agreement with the relatively stable measurements of total 

soluble protein (Fig. 2B), and suggests that this may not be 
the main mechanism behind the observed accumulation of 
amino acids.

It could then be hypothesized that amino acid accumula-
tion could be related to increased biosynthesis, as shown for 
Pro and branched chain amino acids in plants subjected to 
drought stress (Rhodes et al., 1986; Shen et al., 1989; Girousse 
et al., 1996; Yoshiba et al., 1997; Nambara et al., 1998). As 
far as the levels of N assimilation enzymes (Asn synthetase, 
Gln synthetase, and Asp aminotransferase) are concerned, 
this possibility is not the most plausible. Results from abso-
lute quantification of their levels in nodules of drought-
stressed M.  truncatula plants showed that the content of 
these enzymes is actually reduced by stress (Larrainzar et al., 
2009). Furthermore, immunodetection of the first enzyme in 
the Shikimate biosynthetic pathway, DAHPS, responsible for 
the biosynthesis of aromatic amino acids (Trp, Tyr, and Phe) 
did not show any clear increase in the levels of this protein in 
nodules (Supplementary Fig. S4 at JXB online). Therefore, 
it seems that there is a complex regulation process control-
ling the amino acid content in plant cells under drought, 
with some of them (e.g. Pro) requiring the activation of their 
biosynthetic enzymes, while others are independent of these 
pathways (Good and Zaplachinski, 1994).

Taking these data together, the observed accumulation of 
amino acids in different organs of drought-stressed M. trun-
catula plants does not seem to be related to either increased 
proteolytic activity or higher de novo biosynthesis. Protein 
biosynthesis is known to be affected during the first drought 
stages, with decreases of water potential of <0.5 MPa with 
respect to control plants (Hsiao, 1973). A  reduction in the 
rates of protein biosynthesis, and, thus, a decline in the 
rates of incorporation of amino acids into proteins when 
the cell growth rate slows down seems to be the most plau-
sible hypothesis to explain this accumulation of amino acids 
occurring at the whole-plant level.

N signal regulating NF in M. truncatula plants under 
drought stress

The water status alteration by drought stress provoked a 
profound variation in the total amino acid content in differ-
ent plant tissues. None of the amino acids measured had a 
distinct accumulation pattern to nominate it as a candidate 
N signal. Results obtained at early stages of drought (day 
2) would be the first place to look in order to detect this hypo-
thetical N signalling molecule. However, at this stage, most of 
the amino acids were found to accumulate in both roots and 
nodules of D and PDD treatments. The general increase in 
the majority of single amino acids in the whole plant opens 
up a new scenario to question the commonly accepted con-
cept of a single amino acid acting as an N-feedback signal.

The role of Asn, alone or in combination with ureides, as 
the putative N signal controlling NF under water deficit con-
ditions has been suggested before (Vadez et al., 2000). In the 
present study, Asn, the most abundant amino acid in nod-
ules, showed a significant accumulation on day 2 when NF 
was inhibited in D plants. Thus, the accumulation of Asn 
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preceded the inhibition of NF, which might support a role for 
this amino acid in NF regulation. However, at this early stage, 
the increase in Asn was even more marked in PDD nodules, 
where NF was not significantly inhibited. This lack of corre-
lation between Asn content and NF rates is in agreement with 
previous studies, in which drought induced a 2-fold increase 
in the levels of Asn in soybean and continued at those levels 
after rewatering, when NF had already reached control val-
ues (King and Purcell, 2005).

The involvement of Asp in the feedback inhibition of NF 
has also been suggested (King and Purcell, 2005), but, again, 
the present results do not support this hypothesis. Asp, simi-
larly to the majority of the amino acids, accumulated after 
2 d of treatment in D and PDD nodules compared with C 
conditions. However, no significant differences were meas-
ured between PDC and PDD treatments either in Asp nodule 
content or in ANA, which suggests that Asp does not play a 
significant role in the inhibition of NF.

Aranjuelo et al. (2011) determined the concentration of six 
amino acids (Ala, Asp, Ser, Asn, Glu, and Pro) in nodules of 
M. sativa plants after 7 d of drought, and they found patterns 
of nodule accumulation for these amino acids highly compa-
rable with the present results. In addition to the amino acid 
signal candidates suggested in the literature as implicated in 
NF inhibition, other amino acids such as Arg, Trp, isoleucine 
(Ile), Thr, and leucine (Thr) have been shown to accumulate in 
several non-fixing plant species under stress (Nambara et al., 
1998; Lea et al., 2007; Nikiforova et al., 2006). This observa-
tion suggests that amino acid accumulation may be a more 
widespread plant stress response than initially envisaged.

In brief, the present work tests for the first time the 
N-feedback hypothesis in an amide-exporter legume subjected 
to drought stress. It can be concluded that a local inhibition 
of NF occurs in the forage legume M. truncatula. The over-
all accumulation of single amino acids in all the plant organs 
tested points to a more intricate N signal regulation than the 
suggested candidates Asn or Asp in the literature so far. The 
observed accumulation of a number of amino acids in differ-
ent parts of the plant, irrespective of the NF rates, is believed 
to be a consequence of a general drought stress response that 
could not be directly related to NF. Given the main differences 
in nodule anatomy and N metabolism between the temper-
ate legume M.  truncatula and the tropical legume soybean, 
further research is needed to investigate the relevance of the 
N-feedback hypothesis under drought conditions.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. Plant biomass after 7 days of partial drought 

treatment in shoots (A), roots (B), and nodules (C).
Figure S2. Effect of 7 days of partial drought on carbon 

isotopic composition in leaves (A) and roots (B).
Figure S3. Distribution of amino acid content in leaves, 

roots, and nodules of control plants.
Figure S4. Western immunoblots of DAHPS in control 

and drought nodules of M. truncatula.
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