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ABSTRACT

The effect of the sources of nitrogen nutrition (nitrogen fixation or nitrate assimilation) and a gradual water stress on
the relative water content, total fresh and dry biomass production, leaf growth, and changes in the total soluble pro-
tein spectra were studied. The plants were cultivated as soil cultures in a naturally illuminated greenhouse. Compara-
tive studies were carried out with respect to well-watered, control plants. Nitrogen-fixing control and drought plants
had relatively smaller root development but better relative water content and large leaf area on the last sampling day
than nitrate-fed soybean plants. Water deficit effects on plant biomass at the end of the period studied (21 days) were
independent on the nitrogen source. There was no qualitative difference in the total soluble protein spectra of nitrate-
fed and nitrogen-fixing soybean leaves neither with the progress of development nor under drought conditions. But
there was a difference in response to drought in termostable proteins of nitrate-fed and nitrogen-fixing plants. The
quantity of termostable proteins in inoculated control plants was lower in some degree compared to uninoculated
ones. In inoculated plants the water stress caused an increase in the amount of soluble termostable proteins.
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Nitrogen is required by plants in greater quanti-
ties than any other mineral element and support
their growth and development. At the physiologi-
cal level N can induce both the NO,~ assimilatory
pathway and reprogramming of C metabolism to
provide reductants and C skeletons for this pathway
(Crawford 1995, Stitt 1999). At the developmental
level N is an important regulator of processes that
include leaf expansion (McDonald and Davies 1996,
Walch-Liu et al. 2000), root branching (Forde and
Lorenzo 2001), and the allocation of resources be-
tween shoot and root growth (Scheible et al. 1997).
The success of approaches in increasing crop pro-
duction depends on the improved understanding of
physiological and biochemical processes underlying
environmental stresses and subsequent tolerance
to these stresses (Yu and Rengel 1999). Frechilla
et al. (2000) concluded that the nitrogen source
is a major factor affecting pea responses to water
stress, however, this fact was not due directly to the
nitrogen assimilation process itself, but to interac-
tions with stomatal conductance and photorespi-
ration. Water deficit effects on plant biomass and
transpiration rate were highly dependent on the
nitrogen source but nitrogen assimilation declined
during the drought period and was independent
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of nitrogen source (Frechilla et al. 2000). The same
authors were reported that free amino acid con-
tent declined in leaves of pea plants grown under
both nutrition regimes, reflecting the decrease in
nitrogen assimilation.

Unfortunately, influence of different N-sources
and water stress on the changes in the total soluble
protein spectra was insufficiently investigated.

The aim of the present study was to determine
some responses of nitrate-fed and nitrogen-fixing
soybeans to progressive water stress, with special
regard to changes in the biomass production and
total soluble protein spectra.

MATERIAL AND METHODS
Plant material and growth conditions

Soybean seeds (Glycine max L. Merr. cv. Hodgson)
were surfacely sterilized with 70% ethanol. The
plants were cultivated as a soil cultures (in plas-
tic vessels containing 4 kg soil) in a naturally il-
luminated greenhouse with photoperiod of 15-h
and day/night temperatures were maintained
at 28-30°C during the day and 22-24°C during
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the night. The plants were divided into two sets:
(1) Uninoculated soybean plants grown in soil,
which nitrate was controlled on constant level of
12 mg NO,7/100 g soil at the development stage
1th-8th trifoliate expanded leaves. (2) Inoculated
soybean plants (soybean seeds were inoculated
with bacterial suspension of Bradyrhizobium japoni-
cum strain 273 at approximately 108 viable cells
per cm®) were grown in nitrogen deprived soil,
which was supplied with 4 mg NO3/100 g soil to
stage V6 (5™ trifoliate expanded leaf).

Water stress was applied for 21 days during the ve-
getative stages (stages 5" trifoliate expanded leaf,
6t trifoliate expanded leaf, 7 trifoliate expanded
leaf, 8t trifoliate expanded leaf) by decreasing the
amount of watering. The plants were divided into
four treatments: (1) Uninoculated control soybean
plants; (2) Uninoculated water deficiency soybean
plants; (3) Inoculated control soybean plants;
(4) Inoculated water deficiency soybean plants.
From day 1 to day 7 (5"-6'" trifoliate expanded
leaf) stressed plants received the equivalent of 80%
of the transpirational water loss measured on day
0; from day 8 to day 14 (6"-7t trifoliate expanded
leaf), 70% and from day 15 to day 21 (7t"-8" trifoli-
ate expanded leaf), 50%. Plants were watered every
day. Transpiration was determined by weighting
the pots (Minguez and Sau 1989). The surface of
each pot was covered with transparent plastic so
loss of water by direct evaporation from soil was
negligible.

Relative water content

Relative water content (RWC) was measured as
described by Morgan (1986). The RWC values were
calculated according to the formula:

RWC (%) = (initial fresh biomass — dry biomass)/(full
turgid biomass — dry biomass) x 100

The leaves for RWC were weighed immediately,
cutin several sections and then weighed again (for
turgid weight) after floating on water in a closed
breaker for 20 h. A final dry biomass was deter-
mined after the leaf sections had dried at 105°C
to constant weight.

Leaf area

Leaf area were calculated according to the for-
mula:

5=100b/a
where: 1 is weight of dm? from paper (rice paper),
b — weight of the paper from copy of the leaf, S is
leaf area in cm?
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Total protein analysis

The investigations of protein patterns were
carried out with soybean leaf tissues. All steps of
extraction were performed at 4°C. The fresh leaf
tissues (3.0 g) was homogenized with 9 ml 0.1M
Tris-HCI buffer pH 8.0. The extract was centri-
fuged at 12 000 g for 30 min and the supernatant
was used as a crude enzyme extract. Protein
content was determined after trichloroacetic
acid precipitation by the method of Lowry et al.
(1951) with bovine serum albumin as a standard.
The fraction of termostable soluble proteins was
obtained by the procedure of Close et al. (1993).
The supernatants with soluble proteins were
boiled at 100°C for 10 min, kept on ice and then
centrifuged at top speed (15 000 g) in a micro-
centrifuge for 15 min at 4°C. The supernatants
contained termostable soluble proteins. Total and
termostable soluble proteins were separated by
native electrophoresis in 7.5% polyacrylamide gel
(PAG) according to Davis (1964). Protein bands
were stained with Coomassie Brilliant blue G 250.
Protein spectra were scanned densitometrically
(ERI-10, Germany). The differences and identity
of the individual protein bands were appreciated
by their number and values of the relative elec-
trophoretic mobility. Relative mobility (Rm)=a/b,
where a is a distance (in cm) of protein band from
the start of gel to its place on gel; b is a distance (in
cm) from the start of the gel to the front (marker
dye —brom phenol blue). Equal amounts of protein
(100 or 200 pg) were run on gels. Chemicals were
purchased from Sigma Chemical Co. (St. Louis,
USA). Data calculation and statistical analyses were
conducted using SYSTAT software (SYSTAT, Inc.,
Davis, USA).

RESULTS AND DISCUSSION

Although the early stages of the interaction
between soybean and B. japonicum have been
well studied at the histological levels (Green and
Emerich 1999), not too much is known about altera-
tion in root metabolism after plant inoculation. The
period of inoculation of soybean could play a key
role in the experiment because nodule formation
was needed from a long time — a month or more.
In our experiments we inoculated soybean seeds
and determine some responses of uninoculated
(nitrate-fed) and inoculated (nitrogen-fixing)
soybeans to progressive water stress during
the vegetative stage 51-8h trifoliate expanded
leaf, when the nodules of inoculated plants was
completely developed and nitrogen fixation was
very effective.
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Figure 1. Relative water content (RWC) in uninoculated
(A) and inoculated (B) soybean plants, grown at differ-
ent (0, 20, 30 and 50%) water stress; values represent
means = SD (n = 6)

Relative water content (RWC)

Data for changes in RWC in leaves of soybean
plants during the experiments are presented in
Figure 1. The most significant change of RWC
(23.75% reduction compared to the control) was
observed in 50% water deficient nitrate-supplied
plants (21 days after drough). Inoculated plants
grown under the same conditions had higher
RWC (reduction of only 18.44% compared to the
control). This suggests that inoculated plants sub-
jected to 50% water deficiency have better water
status, which probably results in more intensive
metabolic processes than these in nitrate supplied
50% water deficient soybean plants. Nitrogen-fixing
plants were more conservative in terms of water
use and initiated stomatal closure at higher leaf
water potentiales and osmotic adjustment was
delayed (Minguez and Sau 1989).

Fresh and dry biomass production

The effect of the sources of nitrogen nutrition
(nitrogen fixation or nitrate assimilation) and water
stress on fresh and dry biomass production of soy-
bean plants is shown in Figure 2. The experiments
had been carried out in soil, a situation not far from
the natural condition. Control nitrate-fed plants
produced more total fresh and dry biomass than
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nitrogen-fixing control plants with the exception of
plants on the last sampling day when nitrogen-fixing
control plants produced more total fresh and dry
biomass. Water stress reduced fresh and dry biomass
accumulation in both nitrogen treatments. At the
end of the period of investigation, fresh biomass of
nitrate-fed stressed plants represented 77.7% of that
of nitrate-fed controls. For nitrogen-fixing plants
this value was 69.6%. Total fresh and dry biomass
of stressed nitrate-fed plants on the last sampling
day were no significant difference compared to
those of nitrogen-fixing stressed plants.

Root of control nitrate-fed plants produced
more total fresh biomass than nitrogen-fixing
control plants (32% more on the last sampling
day — Figure 3). Water stress reduced root fresh
biomass accumulation in both nitrogen treatments
but drought nitrate-fed plants produced 11-21%
more fresh biomass than nitrogen-fixing drought
plants. Minguez and Sau (1989) reported that ni-
trate-fed stressed plants tend to adopt tolerance
mechanisms related to root expansion and turgor
maintenance through osmotic adjustment but tur-
gor maintenance must have been effective in both
nitrogen treatments.

Leaf growth

Leaf growth is one of the most sensitive to drought
among all plants processes (Hsiao 1973, Bacon et
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Figure 2. Total fresh and dry biomass of inoculated (A,
C) and uninoculated (B, D) soybean plants, grown at
different (0, 20, 30 and 50%) water stress; values repre-
sent means + SD (n = 4)
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Figure 3. Root fresh biomass and total leaf area of in-
oculated (A, C) and uninoculated (B, D) soybean plants,
grown at different (0, 20, 30 and 50%) water stress; values
represent means = SD (n = 4)

al. 1997). Plant growth and yield appears to be
more sensitive to water stress conditions than to
any other unfavourable factor within the environ-
ment (Kramer and Boyer 1997).

In our experiments a tight relationship has
been detected between nitrogen nutrition and
water stress on the one hand and the physiologi-
cal status of leaves on the other. At stage 5" fully
expanded leaf the total leaf area was larger in
uninoculated plants compared to inoculated when
plants were grown under optimal water supply
(Figure 3C, D). Contrary, when plants were with
eighth fully expanded leaf the total leaf area in
the inoculated plants was greater and reached the
highest values of all studied treatments. The reason
for this observation was that nitrogen fixation of
these plants assessed per plant was highest during
this period. These results show the relationship
between nitrogen sourses and leaf growth rate.
At 20 and 30% water stress in the total leaf area of
inoculated and uninoculated plants, there were no
significant differences (Figure 3C, D). Leaf growth
was stimulated when inoculated plants were grown
under 50% water stress. Leaf area of these plants
was increased with 1.15 dm? per plant compared
to the uninoculated plants grown under drought
conditions (Figure 3). Water stress resistence of
the inoculated plants probably is due to the higher
amount of nitrogen during this period as well as
to the nitrogen fixation source and better water
status (better RWC) than nitrate-fed plants. Sage
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and Pearcy (1987) found that there is a close rela-
tionship between photosynthetic capacity of leaves
and their nitrogen content and that greater part
of this nitrogen is utilized for the synthesis of the
components of the photosynthetic apparatus. Our
results are in agreement with the data published
by these authors.

Protein spectra

Numerous genes expressed in response to lim-
ited water availability encode RAB (Response to
ABA) proteins or dehydrins. Water stress also in-
duces different classes of heat-shock protein genes
(Almoguera and Jordano 1992), several enzymes
involved in glycolysis (Velasco et al. 1994) and per-
oxidases (Botella et al. 1994). In maize (Zea mays L.)
subjected to progressive water stress, seventy-eight
proteins showed significant quantitative variation
(Riccardi et al. 1998).

In the total soluble protein spectra of control
soybean leaves one dominating slow migrating
band (Rubisco) and two groups of moderate moving
bands were detected (Figure 4). A slight increase in
the amount of soluble protein was revealed with
the progress of plant development. A decline was
manifested for moderate and fast moving protein
bands in leaves of plants subjected to moderate
drought in comparison with plants at the same
stage of development but grown under optimal
water supply. A similarity between protein spectra
of control of uninoculated and inoculated plants as
well as the changes induced by plant development
and water stress applied was established.

It seems reasonable to expect a different behav-
ior in the changes in nitrogenous compounds in
water stressed pea plants grown with different
sources of N-nutrition (Frechilla et al. 2000). Our
experiments with soybean did not completely sup-
port this assumption. For instance, there was no
qualitative difference in the total soluble protein
spectra of nitrate-fed and nitrogen-fixing soybean
leaves neither with the progress of development
nor under drought conditions (Figure 4).

Very small amounts of termostable proteins were
detected in the leaves of control uninoculated plants
at stage of 5% leaf (Figure 5). With the progress of
plant development a drastic decline in the amount
of termostable protein occurred. There were no
changes in the termostable protein profiles of
uninoculated plants subjected to moderate water
stress but 50% drought led to an enhancement of
their amount. The quantity of termostable proteins
in inoculated control plants was lower in some
degree compared to uninoculated one. There were
no changes in termostable soluble protein spectra
in the course of development of inoculated plants

PLANT SOIL ENVIRON., 51, 2005 (5): 237-242



A 600

Figure 4. Densitometric scans of total soluble protein
spectra (native PAGE) of soybean leaves; a =uninoculated
control, optimal water supply, 5" leaf; b = inoculated
control, optimal water supply, 5thJeaf; c = uninoculated,
optimal water supply, 7t leaf; d = uninoculated, 30%
water reduction, 7t leaf; e = inoculated, optimal water
supply, 7th Jeaf; f = inoculated, 30% water reduction,
7th leaf; g = uninoculated, optimal water supply, 8" leaf;
h = uninoculatd, 50% water reduction, 8t leaf; i = in-
oculated, optimal water supply, 8th Jeaf; j =inoculated,
50% water reduction, 8t leaf; two hundred micrograms
of total protein was loaded in each tube; total protein
profile of samples was visualized on gels by staining
with Coomasie Blue

grown at optimal water supply. The water reduc-
tion caused an increase in the amount of soluble
termostable proteins and the severe drought
brought about their higher extent of enhancement.
In all cases termostable proteins were localized
in a group of moderate moving bands. At stage
5t Jeaf bands with lower Rm values prevailed
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Figure 5. Densitometric scans of termostable soluble
protein spectra (native PAGE) of soybean leaves; two
hundred micrograms of total protein was loaded in each
tube; total protein profile of samples was visualized on
gels by staining with Coobiomassie Blue; for symbols
see Figure 4
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but in the course of development and with the
progress of water stress the faster moving bands
prevailed in the mentioned group. In the case of
uninoculated plants this shift was caused only by
plant development. In inoculated plants this shift
was brought about by plant development as well
as by increased of water stress.

In conclusion, nitrogen source has a major effect
on the response of soybean plants to water stress
only in some cases. Nitrogen-fixing drought plants
had relatively smaller root development but bet-
ter relative water content and large leaf area on
the last sampling day than nitrate-fed soybean
plants. There was a difference in termostable
proteins content of nitrate-fed and nitrogen-fix-
ing plants. The quantity of termostable proteins
in inoculated control plants was lower in some
degree compared to uninoculated one. In inoculated
plants the water stress caused an increase in the
amount of soluble termostable proteins and the
severe drought brought about their higher extent
of enhancement.

REFERENCE

Almoguera C., Jordano J. (1992): Developmental and
environmental concurrent expression of sunflower
dry-seed-stored low-molecular-weight head-shock
protein and Lea mRNAs. Plant Molecular Biology,
19: 781-792.

Bacon M.A., David S., Thompson J.D., William ].D.
(1997): Can cell wall peroxidase activity explain the
leaf growth response of Lolium temulentum L. dur-
ing drought? Journal of Experimental Botany, 48:
2075-2085.

Botella M.A., Quesada M.A., Kononowicz A.K., Bressan
R.A., Pliego F., Hasegawa P.M., Valpuesta V. (1994):
Characterization and in situ localization of a salt-
induced tomato peroxidase mRNA. Plant Molecular
Biology, 25: 105-114.

Close T.J., Fenton R.D., Yang A., Asghar R., DeBiomas-
son D.A., Crone D.E., Meyer N.C., Monnan F. (1993):
The protein. In: Close T.J., Bray E.A. (eds.): Responses
of plants to cellular dehydration during environmen-
tal stress. Rockville, MD, American Society of Plant
Physiologist: 104-118.

Crawford N.M. (1995): Nitrate: nutrient and signal for
plant growth. The Plant Cell, 7: 859-868.

Davis B.J. (1964): Discs electrophoresis. Method and
application to human serum protein. Annals of the
New York Academy of Sciences, 121: 407-427.

Forde B.G., Lorenzo H. (2001): The nutritional control
of root development. Plant and Soil, 232: 51-68.

Frechilla S., Gonzales E.M., Royuela M., Minchin F.R,,
Aparicio-Tejo PM., Arrese-Igor C. (2000): Source of
nitrogen nutrition (nitrogen fixation or nitrate assimi-
lation) is a major factor involved in pea response to

241



moderate water stress. Journal of Plant Physiology,
157: 609-617.

Green L.S., Emerich D.W. (1999): Light microscopy of
early stages of the symbiosis of soybean with delayed-
nodulation mutant of Bradyrhizobium japonicum. Jour-
nal of Experimental Botany, 50: 1577-1585.

Hsiao T.S. (1973): Plant responses to water stress. Annual
Review of Plant Physiology, 24: 519-570.

Kramer P.J., Boyer J.S. (1997): Water relation of plants
and soil. Academic Press, London.

Lowry O.H., Rosebrough N.J., Farr A.R., Randall R.
(1951): Protein measurement with the Folin phe-
nol reagent. Journal of Biological Chemistry, 193:
265-275.

McDonald A.].S., Davies W.]. (1996): Keeping in touch:
responses of the whole plant to deficits in water and
nitrogen supply. Advances in Botanical Research, 22:
229-300.

Minguez M.I., Sau F.F. (1989): Responses of nitrate-fed
and nitrogen-fixing soybeans to progressive water
stress. Journal of Experimental Botany, 40: 497-502.

Morgan M.L. (1986): The effects of N nutrition on the wa-
ter relations and gas exchange characteristics of wheat
(Triticum aestivum L.). Plant Physiology, 80: 52-56.

Riccardi F., Gazeau P,, de Vienne D., Zivy M. (1998): Pro-
tein changes in response to progressive water deficit
in maize. Plant Physiology, 117: 1253-1263.

ABSTRAKT

Sage R.E., Pearcy R. (1987): The nitrogen use efficiency
of C, and C, plants. II. Leaf nitrogen, effects on the
gas exchange characteristics of Chenopodium album (L.)
and Amaranthus retroflexus (L.). Plant Physiology, 84:
959-963.

Scheible W.R., Gonzalez-Fontes A., Lauerer M., Muller-
Rober B., Caboche M., Stitt M. (1997): Nitrate acts
as a signal to induce organic acid metabolism and
repress starch metabolism in tobacco. The Plant Cell,
9: 783-798.

Stitt M. (1999): Nitrate regulation of metabolism
and growth. Current Opinion in Plant Biology, 2:
178-186.

Velasco R., Salamini F., Bartels D. (1994): Dehydration
and ABA increase mRNA levels and enzyme activity
of cytosolic GAPDH in the resurrection plant Cra-
terostigma plantagineum. Plant Molecular Biology, 26:
541-546.

Walch-Liu P, Neumann G., Bangerth F., Engels C. (2000):
Rapid effects of nitrogen form on leaf morphogen-
esis in tobacco. Journal of Experimental Botany, 51:
227-237.

Yu, Rengel Z. (1999): Drought and salinity differentially
influence activities of superoxide dismutases in nar-
row-leafed lupins. Plant Science, 142: 1-11.

Received on January 20, 2004

Zmény produkce biomasy a spekter celkovych rozpustnych bilkovin u rostlin séji vystavenych postupnému
vodnimu deficitu pfi vyzivé nitratem nebo fixovanym dusikem

Byl studovan vliv dusikaté vyzivy (fixace vzdusného dusiku nebo pfijem nitratu) a postupného vodniho stressu na
relativni obsah vody, produkci celkové svézi hmotnosti a susiny a na zmény v celkovém obsahu bilkovin. Rostliny
byly kultivovany v substratu ve skleniku za prirozeného osvétleni. Za kontrolu slouzily rostliny péstované bez
vodniho deficitu. Rostliny vyzivované fixovanym vzdusnym dusikem a rostliny rostouci za vodniho deficitu mély
relativné méné vyvinuté koreny, avsak lepsi relativni obsah vody a velkou listovou plochu v dobé posledniho od-
béru nez rostliny, u kterych byla dusikata vyziva zajiSténa nitratem. Vodni deficit ani zdroj dusiku nemély vliv na
produkci biomasy na konci pokusné doby (21 dni). Proteinova spektra zjisténa v listech séji u rostlin péstovanych pri
obou zdrojich dusikaté vyzivy nevykazovala kvantitativni rozdily v zavislosti na vyvinu ani na vodnim deficitu. Vliv
vodniho deficitu mezi rostlinami s rtiznou dusikatou vyzivou se vSak projevil v obsahu termostabilnich proteinti.
Mnozstvi termostabilnich proteinti v kontrolnich rostlinach vyzivovanych fixovanym dusikem bylo do jisté miry
nizsi nez u rostlin, u kterych byla vyziva zajisténa nitratem. U rostlin vyZzivovanych fixovanym dusikem zptisoboval
vodni deficit zvySeni obsahu rozpustnych termostabilnich bilkovin.

Klicova slova: zdroje dusiku; Glycine max L.; vodni stress; produkce biomasy; listova plocha; relativni obsah vody;
spektra rozpustnych bilkovin; termostabilni bilkoviny
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