
Protection from salt stress was observed in the terms of yield (fresh and dry weight, chlorophyll and pro-
tein) and nitrogenase activity. Azolla pinnata appeared highly sensitive to 40 mM external NaCl stress.
Fronds of Azolla unable to grow beyond a concentration of 30 mM NaCl and accordingly death was
recorded at 40 mM NaCl on the 6th day of incubation. Yield was inhibited by various levels of NaCl (0,
10, 20 and 30 mM). Addition of combined-N to the growth medium protected the association partially
from salt toxicity. Among the N-sources (NO3

–, NH4+ and urea) tried, urea mitigated the salt-induced tox-
icity most efficiently. Reduction in nitrogenase activity was observed when intact Azolla was grown in
nutrient medium either supplemented with different levels of NaCl or combined nitrogen. Only NO3

–

(5 mM) protected the enzymatic activity from salt toxicity while other concentrations of ammonium,
nitrate and urea slowed down the salt-induced inhibition of enzyme activity in Azolla-Anabaena associ-
ation. These results suggested that an optimum protection from salt stress could be obtained by using a
combination of combined nitrogen sources. The reason for this protection might be due to the availabil-
ity of combined nitrogen to the association, nitrogen is only available through the biological nitrogen fix-
ation which is the most sensitive to salt stress.
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INTRODUCTION

Salinity is one of the principal negative factors in the deterioration of agricultural
productivity. High concentrations of salt (NaCl) reduce the growth and yield of the
plants [21] and consequently death. The reduction in growth is always accompanied
by decreased rate of photosynthesis [26] and nitrogen assimilation [18]. In cyanobac-
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teria, the N2-fixing system is more sensitive to salt than photosynthesis or overall
growth [15]. Presence of combined-N sources enhances the salt tolerance of some
N2-fixing cyanobacteria [29, 36]. Azolla pinnata, a free-floating fern forms symbiot-
ic association with the cyanobiont Anabaena azollae which inhabits the leaf cavity
of Azolla and has the capacity to meet the total nitrogen demand of the association
[25] by its remarkable nitrogen fixing ability. It is the important biofertilizer of the
crops, especially in paddy fields due to high nitrogen fixing ability and low cost.
Many workers are made their efforts towards enrichment of soil, through algalization
technology and azolliculture in rice ecosystem [17, 20, 38] which have ultimate aim
to focus on the N-dynamics in the soil. However, nitrogen fertilizers have received
much attention for its benefits in alleviating salt toxicity [11]. It is thought that the
sensitivity of the nitrogenase system determines the acclimation capacity of N2-fix-
ing species to salinity [9]. It was earlier reported that cyanobacteria present in sym-
biotic associations differ markedly from free-living cyanobacteria in a number of
properties. In contrast to cyanobacteria, Azolla-Anabaena relationship continues to
exhibit nitrogen fixation activity even in the presence of combined-N sources [19,
23]. Thus, Azolla offers a special opportunity to improve N-balance in moderately
saline environment. Interest in salt tolerance of Azolla-Anabaena association arises
mainly because of two reasons (i) for its possible contribution in nitrogen economy
and (ii) its sensitivity towards salt (NaCl). The ability to resist NaCl is little explored
in Azolla [14, 27, 40]. However, no reports are available that concerns the effect of
combined-N (NO3

–, NH4
+ and urea) on the yield and nitrogenase activity of A. pinna-

ta-A. azollae symbiotic association under salt-stress condition. In the present inves-
tigation, we have examined the effect of combined-N and NaCl on the yield and
nitrogenase activity of A. pinnata-A. azollae symbiotic association and the role of
combined-N sources in the mitigation or reduction of salt induced inhibition which
will be further helpful in formulating the strategies to develop a suitable salt-tolerant
species of Azolla biofertiliser and also to improve the N-balance in saline soil.

MATERIALS AND METHODS

Maintainance of culture

Azolla pinnata plants were collected from local pond of Banaras Hindu University
campus, India and maintained in the laboratory. The healthy fronds were taken and
washed several times with tap water. Then fronds were surface sterilized with 0.1%
HgCl2 for 30 seconds followed by sterilization with double distilled water and final-
ly, sterilized fronds were transferred into the specially designed transparent perspex
dishes of size 50 × 20 × 15 cm, which was partitioned into 10 equal parts and was
opened from the top. The dishes contained combined-N free sterile Hoagland’s medi-
um of 2/5 strength [24], kept in the culture room at 26 ± 2 °C, pH 5.6 and illuminat-
ed with day light fluorescent tubes at a photon fluence rate of 95 μmol m–2 s–1 with
a 16 : 8, light : dark rhythm. To avoid the problem of infection and nutrient deficien-



cy, the nutrient solution was changed twice a week. Healthy fronds of exponential
growth phase were used for experiments.

Experimental design

To determine the yield (in terms of fresh weight, dry weight, chlorophyll and protein
content), healthy fronds of A. pinnata (100 mg fresh weight) were transferred in a
specifically designed perspex beaker containing nutrient solution with or without dif-
ferent levels of NaCl (10, 20 and 30 mM) and combined-N. Combined-N sources
used were KNO3 (5 mM), NH4Cl (0.5 mM) and urea (2 mM) which supported opti-
mum growth in A. pinnata (data not shown). The beakers were kept at optimum
growth conditions (as mentioned above). Loss of medium due to evaporation was
compensated by replacing with fresh nutrient solution at every third day only to
avoid the problem of infection, keep the plants in clean state and minimize the nutri-
ent deficiency during the experiment. Yield was measured on the 30th day of incu-
bation. Controls, incubated without NaCl and/or combined-N were used to compare
the results.

Yield estimation in the terms of fresh and dry weight

Azolla plants were collected and rinsed immediately in aerated iso-osmotic solution
of sorbitol to remove the adhering ions, blotted dry on filter paper and weighed to
represent their fresh weight. Dry weight was estimated by placing the samples in
weighing dish and dried in hot air oven at 90 °C for 24 h to a constant weight.

Yield estimation in the terms of total protein

Azolla fronds were treated with 80% ethanol, homogenised and centrifuged at
5000 × g for 10 minutes. The supernatant was discarded and the pellet was washed
with 10% TCA and recentrifuged. The pellet, thus obtained was washed repeatedly
with 95% ethanol for complete removal of TCA and dried at room temperature. The
dried pellet was dissolved in 0.1N NaOH and kept in a boiling water bath for 15 min-
utes. Volume of solution was maintained to 10 ml. A known amount of the above
extract (0.5 ml) was used for protein estimation as described by Lowry et al. [13]
with bovine serum albumin as standard.

Yield estimation in the terms of chlorophyll

A known amount of Azolla fronds were blotted on a filter paper and ground in 5 ml
of 80% acetone and allowed to stand at 4 °C for complete extraction, followed by
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centrifugation at 10,000 × g for 5 min. Amount of chlorophyll in the supernatant was
determined according to Lichtenthaler [12].

Estimation of nitrogenase activity

Nitrogenase activity was measured using acetylene reduction assay [35]. Assay was
performed in triplicate using calibrated stoppered vessel. Fronds with roots (100 mg
fresh weight) were taken from the cultures incubated for 24 h with or without differ-
ent combination of NaCl and/or combined-N (5, 10, 20 and 40 mM NO3

–; 0.25, 0.5,
1.0 and 2.0 mM NH4

+ and 0.5, 1.0, 2.0 and 4.0 mM Urea) were placed in each vessel
and injected acetylene gas at 10% concentration. The vessels were sealed with a
flanged rubber septum-containing nutrient medium with respective level of NaCl and
combined-N. Reaction was performed at 26 °C and 95 μmol m–2 s–1 photon fluence
rate for an hour and terminated by injecting 0.8 ml of 15% (w/v) TCA. Ethylene pro-
duced in the reaction vessel was analyzed by using Nucon gas chromatograph (New
Delhi, India) fitted with a poropak R column. Nitrogenase activity is expressed as
nmol C2H4 produced g–1 h–1.

Statistical analysis

Values presented in the text indicate mean values ± S.E. of six replicates. The signif-
icance of differences between control and treated Azolla fronds were analyzed using
the student’s t-test at the level of significance of P < 0.05.

RESULTS

In terms of fresh weight, all the N-sources exhibited similar effect (21 to 29%
increases over control). Urea increased the yield (in terms of dry weight) maximally
(2.3 times), whereas it was 80% with NH4

+ and 38% with NO3
–. In case of protein

again, urea proved to be the best nitrogen source and increased the protein content
significantly by 53% in comparison to 50 and 37% increase observed with NO3

– and
NH4

+ respectively. Interestingly, chlorophyll behaves differently and a 2.1 times sig-
nificant increase in chlorophyll content was found with NH4

+, whereas it was 80 to
91% with NO3

– and urea (Fig.1 A–D).
The concentrations of NaCl (0–30 mM) tried were inhibitory to the Azolla-

Anabaena system. Yield in terms of fresh and dry weight was observed only up to 20
mM NaCl, while at 30 mM of NaCl, the plants added their dry weight but looked yel-
low and appeared to be degenerating. At 40 mM NaCl, plants showed poor growth
and were survived only up to the 6th day of incubation that is why yield and enzyme
activity of the fronds could not be observed at such a concentration (data not shown).



In fact, 20 mM NaCl in the nutrient solution also reduced the dry weight of the fronds
by 45% (Fig. 1A–B).

A lower concentration of NaCl (10 mM) increased the protein content by 26%,
whereas further increase in NaCl concentration to 20 and 30 mM reduced the protein
content. Chlorophyll appeared to be highly sensitive to NaCl in comparison of pro-
tein and was only 88% and 28% at 10 and 20 mM NaCl, respectively, to that of con-
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Fig. 1. Effect of NaCl on yield (A) fresh weight, (B) dry weight, (C) protein and (D) chlorophyll with
and without combination of different N-sources. Values are mean ± S.E. (n = 6). Values are significant at

P < 0.05 level from control (student’s t-test)
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trol. The association incubated with 30 mM NaCl turned brown at the end of incu-
bation (30th day) and almost no chlorophyll was recorded (Fig. 1C–D).

Combined-N when added to the saline nutrient solution reduced the salt toxicity
to Azolla-Anabaena association. Increase in the fresh weight due to supplementation
of nitrogenous forms to the saline medium was in the range of 11 to 13% at 10 and
20 mM NaCl but never approached the value observed in control. However, this
increase was most significant (1.6 to 2.2 times) at the lethal dose of NaCl, i.e. 30 mM
(Fig. 1A). Nevertheless, this was not true with dry weight, protein and chlorophyll
contents, except when NaCl concentration was 20 and 30 mM in the latter case
(chlorophyll). Dry weight value was maximum when saline medium was supple-
mented with urea as a nitrogen source. Increase in the dry weight was more pro-
nounced than that of fresh weight and was in the range of 1.4 to 2.6 times for 10 and
20 mM NaCl and 1.8 to 4 times at 30 mM NaCl under similar condition (Fig. 1B).
Protein per gram fresh weight increased significantly (1.8 to 2.1 times) when the
NaCl concentration of the nitrogen-supplemented medium was 20 mM. However, 10
and 30 mM NaCl increased the protein content in the range of 1.1 to 1.4 times and
1.8 to 2 times respectively (Fig. 1C). Chlorophyll, which appeared most sensitive to

Table 1
Effect of salinity on nitrogenase activity of Azolla pinnata in presence and absence

of nitrate, ammonium and urea. Values are mean ± S.E. (n = 6).
Values are significant at P < 0.05 level from control (Student’t-test)

NaCl
Nitrogen sources

0 (mM) 10 (mM) 20 (mM) 30 (mM)

NO3
– (mM)

0 975 ± 42 786 ± 32 700 ± 25 570 ± 28
5.0 960 ± 32 854 ± 36 750 ± 27 625 ± 25

10.0 790 ± 29 690 ± 28 630 ± 23 429 ± 23
20.0 624 ± 20 570 ± 24 429 ± 25 294 ± 15
30.0 403 ± 25 260 ± 22 180 ± 18 125 ± 16

NH4+ (mM)
0 1040 ± 45 819 ± 38 710 ± 40 590 ± 26
0.25 850 ± 32 650 ± 30 580 ± 25 480 ± 37
0.50 760 ± 39 590 ± 32 515 ± 21 390 ± 23
1.00 561 ± 28 490 ± 29 405 ± 25 350 ± 23
2.00 530 ± 33 450 ± 31 340 ± 18 230 ± 17

Urea (mM)
0 1095 ± 55 897 ± 44 756 ± 37 600 ± 32
0.5 888 ± 44 690 ± 33 597 ± 33 492 ± 23
1.0 786 ± 35 575 ± 28 490 ± 23 426 ± 22
2.0 681 ± 35 507 ± 24 435 ± 21 342 ± 19
4.0 560 ± 26 380 ± 22 320 ± 18 170 ± 9

Bolded datas indicate maximum protection against salinity.



the NaCl also increased in the presence of nitrogen sources (1.4 to 3.6 times), maxi-
mum increase being with ammonium at 10 and 20 mM NaCl. However, the associa-
tion could not recover the chlorophyll loss in any of the nitrogen sources when NaCl
level in the medium was 30 mM (Fig. 1D).

Table 1 shows the inhibition of the nitrogenase activity of Azolla fronds in pres-
ence of different concentrations of NaCl and the percentage of inhibition was in the
range of 19–46% to that of control (–NaCl). At 30 mM NaCl, nitrogenase activity of
the association was reduced by 42%. Different concentrations of nitrogenous sub-
stances viz. Urea (0.5 to 4 mM), NH4

+ (0.25 to 2 mM) and NO3
– (5 to 40 mM) were

found to be inhibitory (2–59% inhibition) for nitrogenase activity of intact Azolla.
When Azolla fronds were incubated in medium containing combined-N for 24 h,
exhibited 2, 27 and 38% inhibition of nitrogenase activity at 5 mM NO3

–, 0.5 mM
NH4

+ and 2 mM urea respectively. Results suggest that either individually or in com-
bination, different concentrations of NaCl and combined-N (NO3

–, NH4
+ and Urea)

inhibited the nitrogenase activity of intact A. pinnata. Exception was observed when
the nutrient saline medium was supplemented with 5 mM NO3

– and the enzyme activ-
ity was enhanced. It means somehow 5 mM NO3

– protected the enzyme activity from
salt – toxicity but never reach the value seen at controlled condition (–NaCl, –NO3

–).
Enhancement of 9.7 and 10% activity was found at 10, 20 and 30 mM NaCl having
NO3

– (5 mM) in the incubation medium with respect to those incubated only in iden-
tical level of NaCl (–NO3

–).

DISCUSSION

Combined-N sources (5 mM NO3
–, 0.5 mM NH4

+ and 2 mM urea) were best for the
growth of Azolla-Anabaena association (data not shown) and showed almost identi-
cal increase in yield in terms of fresh weight (Fig. 1A), while differential increase in
dry weight (Fig. 1B). However, all the combined-N sources affected protein and
chlorophyll differentially (Fig. 1C–D). This might be the probable reason for the dif-
ferential increase in dry weight but almost equal increase in fresh weight with nitrate,
ammonium and urea. 

In our experimental findings, A. pinnata was unable to survive beyond 30 mM
external NaCl. It means somehow intensity of stress exceeds the resistance limits of
the plants at 40 mM NaCl which caused death in Azolla pinnata. This result is also
consistent with the earlier observation made by Moore [14] and Zimmermann [40]
who found that 25 and 85 mM NaCl are toxic to Azolla spp. and A. mexicana, respec-
tively. The difference in the lethal concentration of NaCl might be because of the dif-
ferential sensitivity of Azolla strains. The data indicated that the yield was reduced at
10 and 20 mM NaCl whereas 30 mM NaCl concentration was inhibitory (Fig. 1
A–D). The reduction in yield might be because of the adaptation of fronds to NaCl
stress. Initial incubation of plants in the medium having various level of NaCl for few
days termed as the salt priming which develops higher adaptation capacity at mod-
erate salinity [4, 5]. In our results, the reduction in the final yield of plants due to
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NaCl-stress was not in accordance with the ratio of NaCl concentration in the medi-
um. When the nutrient solution was supplemented with NaCl 10 mM, final yield was
reduced by 40% to that of control. While raising the concentration of NaCl by 20
mM, yield was reduced by only 6% (to that of yield at 10mM NaCl) whereas it was
86% at 30 mM NaCl (to that of yield at 20 mM NaCl). In other words, 20 mM NaCl
to be a critical concentration of NaCl, above which Azolla plants were unable to
adapt to salinity.

The enhancement in protein content at 10 mM NaCl may be due to synthesis of
new stressed proteins which helps in osmotic adjustment of plants under saline con-
dition. Due to salt stress, expression of some proteins remains relatively less affect-
ed, some is turned off or inhibited and synthesis of some is increased or induced
which play an important role in the maintenance of vital cellular functions [7, 39].

A relatively high sensitivity of chlorophyll synthesis to NaCl-stress agrees with
the observations of Seeman and Critchley [32] and Rai [26] that the reduction of pho-
tosynthesis and inhibition in growth may be due to the chlorophyll, which is the pri-
mary site of salt-toxicity limiting net assimilation rate, resulting in the reduction of
protein level and growth. Results indicate that among the nitrogen sources tried, urea
appeared to be the best source to protect A. pinnata from NaCl stress. It means there
was an antagonistic interaction between salt (NaCl) and combined-N sources. Blom-
Zandstra and Lampe [2] have reported that nitrate and ammonium accumulates in the
vacuoles of higher plants during salt-stress and may act as internal osmoticum.
However, Rodriguez et al. [31] have provided evidence for Na+/NO3

– symport system
but later on Rodriguez et al. [30] have reported sodium nitrate is the true substrate
for nitrate carrier where sodium acts as a nonessential activator. The effect of com-
bined N-sources (nitrate, ammonium and urea) and salinity on the intracellular Na+,
influx and efflux of Na+ in Azolla-Anabaena association proved that there was a lim-
ited translocation and accumulation of Na+ into the fronds in presence of different
N-sources in nutrient medium [34]. When the medium was moderately saline total
chlorophyll was protected from salt-toxicity by the presence of combined-N sources
(maximum in ammonium) but at higher salinity (30 mM NaCl) these nitrogen
sources (NO3

–, NH4
+ and Urea) were ineffective. Different combined-N forms pro-

tected the growth of A. pinnata against salt stress in a differential manner. However,
one thing seems to be common that the availability of nitrogen to the association
makes the energy budget surplus to be utilized by A. pinnata for other mechanism(s)
to counter salt – stress like increased protein synthesis (salt stress proteins). It may
be that in the saline condition availability of nitrogen to the association, through the
cyanobiont becomes limiting. Thus, it may be assumed that combined-N sources pro-
tect the association by making adequate nitrogen supply [28, 34].

In Azolla symbiotic system situation appears to be more complex than the free-liv-
ing cyanobacteria as the host assimilates combined-N and the symbiont may avoid
direct inhibitory effect on nitrogenase activity of its own. N2-fixation by Azolla-
Anabaena relationship is comparatively more tolerant to repression by combined-N
than free living cyanobacteria [10, 33]. Thus, the assimilation of combined-N by the
host plant is one of the important factors governing symbiotic N2-fixation [10].



Substantial N2-fixation observed due to the protective action of host plant (which is
evident in our results) indicates that in the presence of combined-N A. pinnata pos-
sesses two sources of nitrogen up to some extent. The data thus indicated that the
inhibition of N2-fixation was more pronounced in the presence of ammonium than
nitrate and urea as has been also reported by Peters [22] and Peters et al. [23]. 

We know that there is a close metabolic co-ordination between photosynthetic
processes and nitrogenase activity. NaCl inhibited the nitrogenase activity of A. pin-
nata but the rate of inhibition was slower than the rate of inhibition of chlorophyll
content. It proved that the salinity affected the nitrogenase activity indirectly while
the photosynthetic processes are relatively more sensitive to NaCl stress, which are
the primary site of the salt-toxicity. NaCl is reported to inhibit directly the assem-
blage of the component proteins of nitrogenase by binding to Fe-protein [6]. The
inhibition of nitrogenase activity by NaCl may be due to (i) the disturbed electron
transport [37], (ii) disturbed plasmamembrane permeability which lost their ability to
protect nitrogenase from O2 [3], (iii) inhibition of photosynthesis by limiting the pho-
tosynthetically generated ATP [8]. Nitrate (5 mM) in the saline medium protected the
nitrogenase activity against salt-stress, while in the presence of different concentra-
tions of nitrate, ammonium and urea in the saline medium, salt-induced inhibition of
enzyme activity was only slowed down. Although, sodium at very low concentration
(25 μM) is required for nitrogen-fixation [1], its higher concentration in the medium
is equally toxic to the process. In the present case, NaCl in the medium caused a
sharp decline in the nitrogenase activity of Azolla-Anabaena association and reduced
the activity to half at a concentration of 30 mM NaCl indicating high sensitivity of
the process to NaCl. Reason may be that the supply of combined-N increases the
energy budget of the fronds to be utilized by the enzyme because under salt-stress
condition energy is consumed very fast in extrusion of sodium to counter salt-stress
[18, 28]. Combined-N sources somehow protected the cells from salt-toxicity. It
might be possible that such protection is only due to availability of combined-N oth-
erwise in this symbiotic association, nitrogen is only available through the biological
nitrogen-fixation (energy requiring process) by its cyanobiont partner. So, energy is
spared due to availability of N-sources, which may be utilized by Azolla for other
physiological and biochemical events that trigger the synthesis of salt-stress proteins,
synthesis and accumulation of osmotica and metabolic modifications to counter salt-
stress as reported in other higher plants [16]. Nitrate protected the nitrogenase activ-
ity possibly by (i) favouring the stablisation of photosynthetic machinery and estab-
lishment of Azolla-Anabeana association, perhaps as an additional source of nitrogen
under salt stress and (ii) nitrate urea and ammonia metabolite derivatives may be
utilised in osmotic adjustment as reported in some higher plants [2].
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