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ABSTRACT 

Drought is one of the environmental factors most affecting crop productivity under 

Mediterranean conditions. The effect of drought on plant performance has been widely 

described at leaf and nodule level. However, less attention has been addressed to the plant-

nodule interaction and its implications in metabolites exchange during a regrowth period. For 

this purpose, physiological characterization and metabolite profiles of different plant organs 

and nodules were analyzed. In order to study in more detail how N metabolism was affected 

by water stress, the plants were labeled with N-enriched isotopic air (15N2) using especially 

designed chambers. Metabolite profile and isotopic composition analyses revealed that, 

drought induced major changes in the accumulation of amino acids (Pro, Asn, His, Lys and 

Cys), carbohydrates (sucrose, xylose and pinitol) and organic acids (fumarate, succinate and 

maleate) in the nodules in comparison with other organs. The lower 15N-labeling observed in 

Ser, compared with other amino acids, can be related with its high turnover rate, which in 

turn, indicates its potential implication in photorespiratory process. Isotopic analysis of amino 

acids also revealed that Pro synthesis in the nodule was a local response to drought and not 

associated with a feedback inhibition from the leaves. It is clear that isotopic approaches in 

combination with metabolic profiling are powerful tools to study the turnover rates of various 

metabolic intermediates and to predict metabolic origin of the compounds as well as to 

understand metabolic responses to drought.  

 

INTRODUCTION 

The effect of drought at leaf level together with the sensitivity of plant-bacteria symbiosis to 

low water availability has been extensively studied (Galvez et al. 2005; Aranjuelo et al., 2011; 

Aranjuelo et al. 2014). However, comparatively less attention has been given to the effect of 

water availability in plant-nodule interaction and its implications in plant functioning and 

metabolites exchange. Indeed, some authors reported that the effect of water deficit is more 
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limited by deleterious effect on N2 fixation rather than by affecting the photosynthetic 

machinery. In that context, little is known about exchange of carbon (C) and nitrogen (N) 

metabolism between plant and nodules under stressed conditions (particularly drought). The 

study of plant metabolites and their fluxes can provide new insights on how these 

metabolites may confer plant-nodule interaction a better tolerance to water limitation in 

addition to underpin physiological processes involved. In this experiment, target specific 

compounds (soluble sugar, organic acids and especially the less characterized amino acids) 

were investigated together with physiological traits in nodulated alfalfa plants where drought 

was imposed during regrowth period. 

 

MATERIAL AND METHODS 

Plant material and water status and leaf gas exchange 

Alfalfa plants (Medicago sativa L. cv Demnat) inoculated with Sinorhizobium meliloti strain 

102F78, were grown in growth chambers at 25/15ºC (day/night) with a photoperiod of 14 

hours and at 400 µmol m−2 s−1 PPFD. After 61 days, 15N2 labeling was carried out during 5 

days. Immediately after, a subset of control and labeled plants were harvested and frozen in 

liquid N (T0). The aboveground biomass of the remaining plants was removed and water 

withholding was imposed during regrowth period. A second harvest was performed 8 days 

after cutting (T8). Plants were separated into apical shoot (AS), primary root (PR) and 

nodules (Nod). Plant water status (relative water content, RWC in apical leaves) and osmotic 

potential (AS, PR and Nod) were determined before harvesting. 

Photosynthetic rate of apical leaves was measured at 25ºC and saturating PPFD of 1200 

μmol m-2s-1 using a LI-6400XT portable gas-exchange photosynthesis system (LI-COR, 

Lincoln, Nebraska, USA). The gas-exchange response to CO2 (A/Ci) was measured using 

different CO2 concentrations (0, 100, 200, 400, 700, 850, 1000 and 1400 μmol mol-1). 

Estimation of the maximum carboxylation velocity of Rubisco (Vcmax) and the maximum 

electron transport rate (Jmax) were calculated using the method of Ethier and Livingston, 

2004. Stomatal limitation (l) was calculated according to Farquhar and Sharkey, 1982. 

 

Metabolite analyses, isotope labeling and determination of δ15N of amino acids 

For HPLC analysis of amino acids and GC–TOFMS profiling, extracts were performed as 

described in (Molero et al., 2011). Metabolite derivatives were identified with MS databases 

and this enabled detection of 78 different metabolites that were quantified as described in 

Aranjuelo et al., 2011.  

Enriched 15N2 (δ15N ~ 10‰) was injected in the hand-made chamber coupled to the pots 

using a gas syringe twice a day (two and five hours after the beginning of the daily light 

period) during 5 days. Non-labeled plants were grown in a second Conviron chamber 
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maintained at ambient N2 (δ15N ~ 0.35‰) air conditions. Stable 15N isotope composition 

(δ15N) of amino acids was determined as detailed in Molero et. al (2011) and analysed by 

Gas chromatography Isotope Ratio Mass Spectrometry (GC-C-IRMS). 

 

RESULTS AND DISCUSSION 

After 6 days of withholding water, even the reduction of RWC, no significant effect on total 

plant biomass was observed while a significant increase in nodules biomass and marginally 

significant decrease in primary root was present (Table 1). Gas exchange determinations 

(Table 1) revealed that drought decreased photosynthetic related traits between 25 to 55% 

as a consequence of stomatal (as revealed by stomatal limitation data) and non-stomatal 

processes (confirmed by the diminishment on Vcmax, and Jmax. Comparison of metabolite 

profiles between WW and WS, showed that 15, 11 and 23 compounds were significantly 

different for AS, PR and Nod respectively (Figure 1). The lack of differences in leaf osmotic 

potential (Ψs) suggests a low osmoregulatory response to drought supported by the relative 

low accumulation of metabolites with osmoregulatory role (e.g. Pro, sucrose, myo-inositol). 

Conversely, in nodules, the significant decrease in Ψs with drought was also accompanied by 

a large increase in Pro and sucrose levels. These results suggest a higher metabolic 

adjustment in the nodule compared with leaves as a response to drought. In leaves, sucrose 

levels remained unaltered under drought conditions. In the case of nodules, amino acid 

caontent decreased with drought: Arg, Asn, Gln, Glu, Gly, Lys, Met, Orn, Ser and Thr. 

15N2 labeling provided relevant information on N metabolism. After labeling (T0), PR was the 

organ containing the most labeled amino acids followed by Nod (Figure 2). At T8 labeling in 

amino acids was lower under well watered conditions than under water stress. In general, 

15N-enrichment was lower in Nod for well water and water stressed plants. Eight days after 

labeling, under well watered conditions Asp and Asn in Nod and Ser in AS were low labeled 

in comparison with other amino acids. For water stressed conditions low labeling in Pro was 

detected in AS and Nod. In general isotopic composition of amino acids between plant and 

nodule showed different values, only Ala from AS and Nod under well watered conditions 

presented a similar 15N-enrichment. In general terms, the metabolic and isotopic 

characterization revealed that roots were the organ where fewer differences were detected 

associated to water withholding explained by the role of this organ as a N and C compound 

storage. 
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FIGURES AND TABLES 
 
 

  WS vs. WW 

Plant growth 
Total biomass (g DW) = 
Apical shoot (g DW) = 
Primary root (g DW) ↓† 
Nodule (g DW) ↑* 

Water status 
Leaf RWC (%) ↓* 
Apical shoot Ψs (MPa) = 
Primary root Ψs (MPa) = 
Nodule Ψs (MPa) ↓* 

Gas exchange 
A (µmol m

-2
 s

-1
) ↓* 

Vcmax(µmol m
-2
 s

-1
) ↓* 

Jmax (µmol m
-2
 s

-1
) ↓* 

 l (%) ↑* 
gs (mmol H2O m

-2
 s

-1
) ↓* 

 

  

 

 

Figure 2. Isotopomic representation of 
15

N-enrichment in most 

relevant amino acids. 
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Table 1. Changes in plant growth, water status 
and leaf gas exchange comparing water 
stressed (WS) with well watered plants 
(WW) 6 days after beginning of water 
withholding.  

 
Figure 1. Hierarchically clustered ‘heatmaps’ of the mean centered-

reduced values of metabolites that were found to be significantly 
different between WW and WS. Intensity of red and green 
indicates increase and decrease relative to the mean, according to 
the color scale at the top. 

 


