Lotus Newsletter (2005) Volume 35 (1), 83-92.

Nitrogen metabolism in relation to drought stress responses in
cultivated and model Lotus species

PEDRO DiAZzY", OMAR BORSANI*, ANTONIO MARQUEZ? and JORGE MoNzA®.

! aboratorio de Bioquimica, Departamento de Biologia Vegetal, Facultad de Agronomia,
Av. E. Garzon 780, CP 12900 Montevideo, Uruguay.

Departamento de Bioquimica Vegetal y Biologia Molecular, Facultad de Quimica, Sevilla
Espania.

*Corresponding author

Abstract

Amino acid profiles of Lotus corniculatus, L. glaber, L. japonicus, L. subbiflorus and L.
uliginosus in response to drought stress were studied. All Lotus species accumulate proline,
derived from de novo synthesis, in response to drought stress. Asparagine analized by HPLC
showed the highest abundance accounting for 20 to 25 % of total amino acids, without
revealing any change in response to drought stress. Additionally, an increase in the amount
of photorespiratory pathway intermediates, serine and glycine, was observed in some
species as a consequence of drought stress, but intracellular ammonium non change in
response to drought stress. The differential effect of drought stress on amino acid profiles
and proline accumulation in Lotus species plants is discussed.

Introduction

There are four species of Lotus that have been domesticated and improved by selection and
plant breeding: birdsfoot trefoil (Lotus corniculatus), greater lotus (L. uliginosus),
narrow-leaf trefoil (L. glaber) and hairy birdsfoot trefoil (L. subbiflorus) (Blumenthal and
McGraw, 1999; Diaz et al., 2005a). Besides its agronomical attributes, there is a great deal
of interest in Lotus because the species are extremely amenable to tissue culture, in particular
L. corniculatus and L. japonicus (Webb et al., 1990; Handberg and Stougaard, 1992). In
spite of the fact that L. japonicus is not used as forage legume, this species could be a good
model for a wealth of genetic, biochemical, molecular biological (Orea et al., 2002) and
symbiotic studies which cannot be carried out in other model species as Arabidopsis
thaliana.

Drought is the major limitation on crop productivity worldwide. In broad terms, drought can
be permanent, seasonal or random. Another type of drought to be considered is named
non-apparent drought and is observed in hot summer days when high temperature or wind,
induce an increase on transpiration rates that exceeds water root absorption rates
(Sanchez-Diaz y Aguirreolea, 1993).

Lotus species are sowed in geographical zones where the plants can be exposed to random or
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non-apparent drought. They are adapted to temperate and humid environments, wherein
these types of drought are frequent, and therefore, they could have acquired mechanisms to
tolerate the drought.

For several years it has been known that plants respond to drought stress by undergoing
biochemical adaptative processes such as ion transport and by accumulating different
compounds, named compatible osmolytes. These osmolytes, which are known to increased
there synthesis under osmotic stress, include proline, they accumulate to high concentrations
without interfering with cell metabolism (Bray, 1993). As well as proline, other nitrogen
compounds could be accumulating in plants in response to drought stress (Good and
Zaplachinski, 1994; Chiang and Dandekar, 1995). The amino acid metabolism may play an
important role in plant stress tolerance, by osmotic adjustment through to accumulation of
compatible osmolytes; by detoxification of active oxygen species, xenobiotics and heavy
metals; and by intracellular pH regulation (Rhodes et al., 1999; Alia et al., 2001).

During drought stress, protein residues may be altered by chemical processes; some proteins
are irreversibly damaged by the effects of drought stress and are degraded by proteases. It
has been suggested that proteases mobilize amino acids from proteins to the synthesis into
compatible osmolytes (Campalans et al., 1999). In our study the analyses were focused in
amino acid profiles and in drought-induced proline accumulation in Lotus agronomical
species and in the model species Lotus japonicus.

Material and methods
Plant material, growth conditions and drought treatment

L. corniculatus cv San Gabriel (AGROSAN S.A.), L. uliginosus cv Grassland Maku (Ing.
Agr. D. Formoso), L. subbiflorus cv El Rincén (AGROSAN S.A.), L. glaber cv Herminia
(PAS S.A. Montevideo Uruguay) and L. japonicus (Regel) Larsen ecotype Gifu (Prof. A.
Marquez) were treated according to Orea et al. (2002) and germinated at 28 °C for 2 days.
The plants were grown under controlled conditions: 16/8 h light/dark with photosynthetic
photon flux density of 250 umol. m™. s, 22/18 °C and relative humidity 70/80%. The plants
were grown during 28 days in hydroponic assemblies (Borsani et al., 1999) with a modified
Hornum nutrient solution described by Handberg and Stougaard (1992) with 8 mM of
KNO;. The drought stress was induced as described by Borsani et al. (1999) the
measurements of leaf tissues were performed 0 and 12 h after and this is know as fast
drought stress (Diaz et al., 2005b).

Analytical determinations

The relative water content (RWC) was calculated according Antolin et al. (1995). Total
protein was quantified according to Bradford (1972), chlorophyll concentration according to
Wellburn (1994) and proline concentration according to Borsani et al. (1999). Nitrate,
ammonium and total free amino acids were extracted as proposed by Izaguirre-Mayoral et
al. (1992) with potassium phosphate buffer 10.0 mmol L™ — ethanol (1 — 1). Nitrate was
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analysed according to Cataldo et al. (1975), ammonium according Solorzano (1969), and
total amino acids were quantified with ninhydrin reagent according to Moore and Stein
(1948). The identification of amino acids was achieved by an extraction derivatised with
o-pthaldialdehyde and the samples were separated-analysed by HPLC (Diaz et al., 2005b in
press). Proteolytic activity was measured according to Roy-Macauley et al. (1994).

Results

Biochemical responses to drought stress in plants are usually evaluated through the osmolyte
accumulation and detoxification enzymes of reactive oxygen species, among others. Our
work was focussed in nitrogen osmolytes as proline, GABA, amino acids, nitrate and
ammonium.

Leaf RWC in different Lotus species averaged as follows: control 84 % and 12 h drought
stress 63 % (Table 1). L. subbiflorus showed the lowest difference in RWC between the
control and the drought stressed plant in our assay conditions. This fact could be explained
since this is the most pubescent plant species and this feature could diminish the water loss
by the leaf.

Photosynthetic pigments were used to determine the physiological status of the plants. No
changes were observed in chlorophyll a and b concentration in response to 12 h of drought
stress in the Lotus species studied, and also chlorophyll a/b ratio was largely unaffected by
drought stress (Table 1).

Table 1. RWC, clorophyll (clo), proline, total free amino acid (tot aa), protein, nitrate and
ammonium in one month old plants control (c) and subjected to drought stress for 12 h (ds).

L.corniculatus L. glaber L. japonicus L. subbiflorus L. uliginosus
c ds c ds c ds c ds C ds
RWC*? 835 634* 810 583 875 66.8 825 70.2* 859 585*
cloa 7.1 6.7 8.8 73 106 107 7.8 8.7 5.3 5.9
clo b° 47 39 56 53 59 57 41 48 35 36
a/b 1.8 1.9 1.9 1.8 1.9 1.9 1.8 2.0 1.8 1.9
Proline” 25 122 13 102 26 6.2 13 2.9 12 9.7*
Tot aa’ 164.8 1735 100.9 939 131.0 169.3 103.8 107.2 113.7 14538
Protein® 119.2 1040 1104 129.7 1353 1485 89.7 923 1184 953
nitrate” 3305 360.2 1744 941 3655 3109 1234 519 4195 2303
Ammonium 215 141 0 0 0 0 0 0 244 308

The * represent a significant difference between drought stressed and control plants
at 5 % of Duncan’s method. ? %; °, pmol g DW and ¢, mg g DW.

L. corniculatus, L. japonicus and L. uliginosus plants showed higher nitrate levels than L.
glaber and L. subbiflorus plants and we did not found changes in response to drought stress.
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On the other hand, ammonium was detected in L. corniculatus and L. uliginosus and no
changes were observed in response to drought stress. Ammonium was not detected in the
other three species (Table 1).

Proline content increased in drought stressed plants; these increases were between 3 and 7
fold (Table 1). Based on the Van't Hoff equation, this proline increase could be enough to
account for only -0.1 to -0.5 MPa of osmotic adjustment in leaf tissue. However, results
obtained by our group showed that in L. corniculatus subjected to 9 days of slow drought
stress, the proline content accounts for -2.5 MPa of osmotic adjustment (Diaz et al., 2005b;
P. Diaz and M. Sainz, unpublished data).

Total free amino acids and protein content did not change significantly when the plants were
subjected to drought stress (Table 1); so, the increase in proline content was also with respect
to total amino acids. Additionally, protein content did not change in response to drought
stress conditions; this could suggest that there is no protease increase. This point was
verified assaying proteolytic activity with azocasein as substrate at different pH. The
proteolytic activity was found to be similar in control and drought stressed plants (Figure 1).

Free amino acid composition of control and drought stress Lotus species was analyzed by
HPLC and is showed in Table 2. The amino acids analyzed represent the 80% of total free
amino acids in leaf tissues. Asparagine was present in high amounts, and accounted for 20 to
25 % in the different Lotus species, and arginine was prevalent in L. uliginosus (Table 2).

Table 2. Major free amino acid composition (expressed as pmol g-1 DW) of one month old
plants control (c) and subjected to drought stress for 12 h (ds).

L.corniculatus L. glaber L. japonicus L. subbiflorus L. uliginosus
c ds c ds c ds c ds c ds

ala 149 104* 103 8.6 7.6 97 43 115 43 155*
asp 173 6.1* 93 28 62 31* 13 27 155 9.8*
asn 386 460 315 346 409 426 31.0 321 295 530
glu 238 18.6* 116 145 172 156 95 121 202 199
gln 18 54 04 27 32 33 13 2.1 21 54
gly 6.3 16.1* 46 7.0 57 8.6 4.3 79 104 175
ser 125 20.5* 89 124 171 150 125 148 74 13.3*
arg 6.6 4.9 5.7 54 2.7 3.2 3.4 4.1 9.5 34.6*
GABA 13.0 111 455 465 324 273 252 319 6.6 30.3*

The * represent a significant difference between drought stressed and control plants
at 5 % of Duncan’s method.
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Figure 1. Proteolytic activity in response to drought stress in different Lotus species. Close
point, control and open point, drought stress treatment. No difference between drought

stressed and control plants at 5 % of Duncan’s method were observed.
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No changes in asparagine concentration were observed in Lotus species subjected to drought
stress. L. corniculatus plants showed the most significant changes in the amino acid profile
as a consequence of drought stress. For instance, a decrease in aspartate, alanine and
glutamate, and an increase in glutamine, serine and glycine were observed in this species.
Some similar changes in the amino acid profiles found in L. corniculatus could be observed
in L. glaber, L. japonicus and L. uliginosus. The latter showed a decrease in aspartate
concentration and L. glaber also exhibited an increase in serine and glycine concentration. A
significant increase in GABA concentration was observed only in L. uliginosus as a
consequence of 12 h of drought stress.

Discussion

The present study outlines the changes in proline and free amino acid concentration in
several Lotus species during the onset of drought stress in plants. Proline was negatively
correlated with RWC in Lotus species (Tables 1 and 2). Previous works showed that L.
corniculatus and L. japonicus under drought stress conditions decreased RWC of leaves and
this was accomplished by an increase in proline concentration (Borsani et al., 1999; Diaz et
al., 2002). The amount of accumulated proline is too low to account for osmotic adjustment
according to the Van“t Hoff equation, so proline may be regarded as a scavenger of hydroxyl
and singlet oxygen radicals (Smirnoff and Cumbes, 1989; Alia et al., 2001).

Our work shows that proline accumulation in all Lotus species results from de novo
synthesis and not from protein hydrolysis, since total amino acids and protein content
remained unaltered (Table 1). Additionally, no changes in proteases activity were detected
(Figure 1). As well, no differences in protein content were found in Lotus species subjected
to fast drought stress. The decreases in protein content are associated with slow drought
stress which has been found to occur in tomato (Bauer et al., 1997), Phaseolus vulgaris and
Vigna unguiculata (Roy-Macauley et al., 1992).

Lotus species showed different nitrate concentrations, which may probably accumulate in
the vacuoles, and so nitrate might be regarded as having a role as an osmoregulator
(Blom-Zandstra and Lampe, 1985; Marquez et al., 2005). A decrease in nitrate concentration
was observed in tobacco during dehydration. This decrease was accompanied by a general
decreased in total free amino acids content (Ferrario-Méry et al., 1998), but this metabolic
event was not found in the Lotus species studied.

Different amino acids were prevalent in the different Lotus species studied: for instance,
asparagine and glutamate were found to be the most abundant in L. corniculatus and L.
uliginosus control treatment, and asparagine and GABA were abundant in the others species
(Table 2). Lotus genus is similar to Medicago sativa in that asparagine is the principal amide
(Girousse et al., 1996). In temperate legumes, asparagine is the main molecule used to
transport reduced nitrogen within the plant, and in that case can account high content. No
changes in asparagine content were observed in response to drought stress in Lotus species.
In A. thaliana and Brassica napus leaves an increase in asparagine content has been reported
in response to osmotic stress (Chiang and Dandekar, 1995; Good and Zaplachinski, 1994).
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High glutamate concentration is necessary for proline synthesis through the pyrroline
5-carboxylate synthetase and pyrroline 5-carboxylate reductase (Rhodes et al., 1999). An
increase in FA-GOGAT responsible of glutamate supply for proline accumulation has been
reported in L. corniculatus leaves under stress conditions (Borsani et al., 1999; Diaz et al.,
2005b in press).

A decline in alanine content and an increase in serine and glycine content were observed in
Lotus species, and may be due to higher rates of photorespiration in the drought stress
condition, since alanine is a major donor of amino groups in photorespiratory metabolism.

A special feature show L. uliginosus which increased GABA, and this fact could lead to the
reduction in the cytoplasmatic concentration of glutamate (Cayley et al., 1992). This
reduction could be carried out through a transport into the vacuole, or by GABA synthesis.
Similarly, elevated GABA levels are observed under conditions when glutamine synthesis is
limited, protein synthesis is inhibited and protein degradation is induced, all these metabolic
alterations occur under drought stress conditions in plants (Bray. 1993; Shelp et al.,1999).
Also significant increases of arginine were observed in L. uliginosus, which may be
associated to polyamines metabolism (Rhodes et al., 1999).

Similar results obtained on proline accumulation and amino acid profiles in the L.
corniculatus, L. glaber and L. japonicus showed that the latter species could be used as an
excellent model to understand and therefore improve drought stress tolerance in cultivated
Lotus species through osmolyte synthesis.

Acknowledgements
This research was supported by PEDECIBA, CSIC Uruguay and AECI Espafia. The authors
wish to thank to Cecilia MacDonald for review of manuscript.

References

ALIA A., MOHANTY P. and MATYSK J. 2001. Effect of proline in the production of synglet
oxygen. Amino acid, 21, 195-200.

ANTOLIN M., YOLLER J. and SANCHEZz-DiAz M. 1995. Effects of temporary drought on
nitrate-fed and nitrogen-fixing alfalfa plants. Plant Science, 107, 159-165.

BAUER D., BIEHLER K., FOCK H., CARRAYOL E., HIREL B., MIGGE A. and BECKER T.
1997. A role for cytosolic glutamine synthetase in the remobilisation of leaf nitrogen
during water stress tomato. Physiologia Plantarum, 99, 241-248.

BLOM-ZANDSTRA M. and LAMPE J. 1985. The role of nitrate in the osmoregulation of lettuce
(Lactuca sativa L.) Grown at different light intensities. Journal of Experimental Botany, 36,
1043-1052.



90  Pedro Diaz, Omar Borsani, Antonio Marquez and Jorge Monza

BLUMENTHAL M. and MCGRAW R. 1999. Lotus adaptation, use and management. In:
BEUSELINCK P. (Ed.) Trefoil, the science and technology of Lotus. American Society of
Agronomy, Inc. and Crop Science Society of America, Inc. Madison Wisconsin, USA. p
97-120

BORSANI O., DiAz P. and MONZzA J. 1999. Proline is involved in water stress responses of Lotus
corniculatus nitrogen fixing and nitrate fed plants. Journal of Plant Physiology, 155,
269-273.

BRADFORD M. 1976. A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Analytical Biochemistry, 72,
248-254.

BRAY E. 1993. Molecular responses to water deficit. Plant Physiology, 103, 1035-1040.

CAMPALANS A., MESSEGUEER R., GODAY A. and PAGES M. 1999. Plant responses to drought,
from ABA signal transduction events to the action of the induced proteins. Plant
Physiology and Biochemistry, 37, 327-340.

CATALDO D., HAROON M., SCHADER L. and YOUNGS V. 1975. Rapid colorimetric
determination of nitrate in plant tissue by nitration of salicylic acid. Communications in Soil
Science and Plant Analysis, 6, 71-80.

CAYLEY S., LEwIS B. and RECORD M. 1992. Origins of osmoporotective properties of betaine
and proline in Escherichia coli K-122. Journal of Bacteriology, 174, 1586-1595.

CHIANG H. and DANDEKAR M. 1995. Regulation of proline accumulation in Arabidopsis
thaliana (L.) Heynh during development and in response to desiccation. Plant, Cell and
Environmental, 18, 1280-1290.

DiAaz P., BORSANI O. and MONzA J. 2005a. Lotus related species and their agronomic
importance. In MARQUEZ A. (Ed.). Lotus japonicus Hanbook. [In press]

Diaz P. MONZzA J. and MARQUEZ A. 2005h. Drought and saline stress. In: MARQUEZ A.
(Ed.) Lotus japonicus Hanbook. [In press].

DiAz P., OREA A., ARCONDEGUY T., PAJUELO E., PAJUELO P., MONZA J. and MARQUEZ
A. 2002. Anélisis molecular y respuesta a estrés hidrico en mutantes de Lotus japonicus
deficientes en glutamina sintetasa cloroplastica. [Molecular analysis and drought stress
response in Lotus japonicus mutants without chloroplastic glutamine synthetase.] In:
APARICIO-TEJO P. (Ed.) Avances en el Metabolismo del Nitrogeno: Desde la Biologia
Molecular a la Agronomia. [Advances in Nitrogen Metabolism: From Molecular Biology
to Agronomy.] Universidad Pablica de Navarra. Pamplona. Espafia. p. 207-217. [In
Spanish]



Biochemical responses to drought stress in Lotus 91

FERRARIO-MERY S., VALADIER M.H. and FOYER C. 1998. Overexpression of nitrate reductase
in tobacco delays drought induced decreases in nitrate reductase activity and mRNA. Plant
Physiology, 117, 293-302.

GIROUSSE C., BOURNOVILLE R. and BONNEMAIN J. 1996. Water deficit induced changes in
concentration in proline and some other amino acids in the phloem sap of alfalfa. Plant
Physiology, 111, 109-113.

GooD A. and ZAPLACHINSKI S. 1994. The effects of drought stress on free amino acid
accumulation and protein synthesis in Brassica napus. Physiologia Plantarum, 90, 9-14.

HANDBERG K. and STOUGAARD J. 1992. Lotus japonicus, an autogamous, diploid legume
species for classical and molecular genetics. Plant Journal, 2, 487-496.

IZAGUIRRE-MAYORAL M., CARBALLO O., FLORES S., SICARDI DE MALLORCA M. and
OROPEZA T. 1992. Quantitative analysis of the symbiotic Ny-fixation, non-structural
carbohydrates and chlorophyll content in sixteen native legume species collected in
different Savanna sites. Symbiosis, 12, 293-312.

MARQUEZ A., BETTI M., GARCIA-CALDERON M., PAL'OVE-BALANG P., DiAZ P. and MONZA
J. 2005. Nitrate assimilation in Lotus japonicus. Journal of Experimental Botany, 56,
1741-1749.

MOORE S. and STEIN W. 1948. Photometric ninhydrin method for use in the chromatography of
amino acids. Journal of Biological Chemistry, 176, 367-388.

OREA A., PAJUELO P., PAJUELO E., QUIDIELLO C., ROMERO J. and MARQUEZ A. 2002.
Isolation of photorespiratory mutants from Lotus japonicus deficient in glutamine
synthetase. Physiologia Plantarum, 115, 352-361.

RHODES D., VERSULES P. and SHARP R. 1999. Role of amino acids in abiotic stress resistance.
In: SINGH BK (Ed.) Plant Amino Acids: Biochemistry and Biothechnology. Marcel
Dekker. p 319-356.

ROY-MACAULEY H., ZUILY-FODIL Y., KIDRIC M., PHAN THI A. and VIEIRA DA SILVA J.
1992. Effect of drought stress on proteolytic activities in Phaseolus and Vigna from
sensitive and resistant plants. Physiogia Plantarum, 85, 90-96.

SANCHEZ-DiAzZ M. y AGUIRREOLEA J. 1993. Efectos fisiologicos que causa la falta
persistente de agua en los cultivos. [Physiological effects in cultivated plants derived
from water deficit]. Pythoma Espafia, 51, 26-36. [In Spanish]

SHELP B., BOWN A. and MCLEAN M. 1999. Metabolism and functions of gama amino butyric
acid. Trend in Plant Sciences, 4, 446-452.



92  Pedro Diaz, Omar Borsani, Antonio Marquez and Jorge Monza

SMIRNOF N. and CUMBES Q. 1989. Hydroxyl radical scavenging activity of compatible solutes.
Phytochemsitry, 28, 1057-1060.

SOLORZANO L. 1969. Determination of ammonia in natural waters by the phenolhypoclorite
method. Ocean Limnology and Oceanography, 14, 799-801.

WEBB K., JONES S., ROBBINS M. and MINCHIN F. 1990. Characterization of transgenic root
culture of Trifolium repens, T. Pratense and Lotus corniculatus and transgenic L.
corniculatus. Plant Science, 70, 243-254.

WELLBURN A. 1994. The spectral determination of chlorophylls a and b, as well as total
carotenoids, using various solvents with spectrophotometers of different resolution.
Journal of Plant Physiology, 144, 307-313.



