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Abstract A Mastigocladus species was isolated from
the hot spring of Jakrem (Meghalaya) India. Uptake and
utilization of nitrate, nitrite, ammonium and amino acids
(glutamine, asparagine, arginine, alanine) were studied in
this cyanobacterium grown at different temperatures (25°C,
45°C). There was 23 fold increase in the heterocyst forma-
tion and nitrogenase activity in N-free medium at higher
temperature (45°C). Growth and uptake and assimilation
of various nitrogen sources were also 2—-3 fold higher at
45°C indicating that it is a thermophile. The extent of in-
duction and repression of nitrate uptake by NO,” and NH *,
respectively, differed from that of nitrite. It appeared that
Mastigocladus had two independent nitrate/nitrite transport
systems. Nitrate reductase and nitrite reductase activitiy
was not NO, -inducible and ammonium or amino acids
caused only partial repression. Presence of various amino
acids in the media partially repressed glutamine synthetase
activity. Ammonium (methylammonium) and amino acid
uptake showed a biphasic pattern, was energy-dependent
and the induction of uptake required de novo protein
synthesis. Ammonium transport was substrate (NH,")
- repressible, while the amino acid uptake was substrate
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inducible. When grown at 25°C, the cyanobacterium formed
maximum akinetes that remained viable upto 5 years under
dry conditions.

Keywords Thermophiles - Cyanobacterium -
Mastigocladus - Nitrogen fixation + Sporulation -
Nitrogen metabolism.

Introdcution

Most N,-fixing cyanobacteria are mesophilic and show
optimum N,-fixing ability in the moderate temperature
range of 20°C-25°C. Their various metabolic processes
including N,-fixing ability are adversely affected at high
temperature. Information about N, -fixation and assimila-
tion is scanty in case of thermophilic cyanobacteria. One
such thermophilic cyanobacterium is Mastigocladus.
Mastigocladus is a heterocystous, branched filamentous
cyanobacterium generally found in thermal waters on every
continent'. They are the most thermophilic among N,-fix-
ing cyanobacteria with an upper temperature limit of 60°C
for N -fixation’. This feature of Mastigocladus sp. makes
it ecologically important as a component of algal-bacterial
mats in neutral to alkaline thermal springs®*. We isolated a
Mastigocladus sp. locally and characterized its potential for
growth, N -fixation and nitrogen metabolism at 45°C with
a view to identify a thermophilic diazotrophic cyanobacte-
rium that can be used as biofertilizer in tropical rice fields
particularly during summer months.

Akinetes (spores) of cyanobacteria can serve as better
inocula than vegetative filaments, since they can withstand
adverse environmental conditions on storage, and can
be transported in dry form requiring no special storage
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conditions or packaging. Therefore, it is of great interest to
study akinete differentiation in diazotrophic cyanobacteria
and factors that may lead to quick and profuse formation of
akinetes with high viability and germination frequency.

Materials and Methods

Isolation and purification: Samples were collected from
the hot spring of Jakrem in the state of Meghalaya, In-
dia. These collections were examined under microscope
and were found to be unialgal in nature. They were then
serially diluted and plated on sterile D-nitrate medium’
with 1.5% agar and incubated at 25°C under light (photon
fluence rate 50 umol photons m=s™). When colonies ap-
peared, individual colonies were picked up and viewed
under microscope before subsequent re-plating in D-nitrate
medium. The process was repeated several times until well
separated colonies were obtained. These colonies were then
purified by plating on solidified D-nitrate medium contain-
ing Polymixin-B sulphate (10 pg mL') and Cyclohexamide
(100 pg mL™'). The individual Mastigocladus colonies
were picked up under aseptic conditions and transferred to
sterile liquid D-nitrate medium in test tubes. This procedure
was repeated till axenic cultures of Mastigocladus were
obtained.

Culture conditions: Mastigocladus sp. was grown in batch
cultures using D-nitrate medium (10 mM NaNO,)’ at 25°C
(culture room) or at 45°C (inside a B.O.D. incubator) with
a photon fluence rate of 50 pmol m—2s!. Whenever needed,
cultures were also grown in N,-medium (D-medium
without any source of combined nitrogen), NH,*-medium
(N,-medium supplemented with 2 mM NH,*) or in N_-me-
dium supplemented with 1 mM L-glutamine, asparagine,
arginine or alanine. The medium was buffered with equi-
molar concentration of HEPES and its pH was adjusted to
7.5 before autoclaving.

Growth, heterocyst frequency and nitrogenase activity:
Growth was measured as increase in concentration of Chl
a content®. Heterocyst frequency was calculated as percent-
age of total cells by light microscopic observations after 96
h of incubation in different media. Acetylene reduction as-
say was used to measure nitrogenase activity’.

Nitrate and nitrite uptake assay: The N,-, NO,™-, and
NH,*-grown cultures of Mastigocladus sp. were harvested
by centrifugation during the exponential growth phase
(after 4 days of growth), washed and resuspended in Tri-
cine-NaHCO, buffer (25 mM, pH 8.1). Uptake experiment
was started by addition of NaNO, (100 pM) or KNO,
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(100 uM) to the cell suspension. Uptake of nitrate and
nitrite was measured by determining the rate of their
depletion from the medium. The choice of 100 uM external
concentration was based on earlier studies in Anabaena sp.
PCC 7120 and Synechococcus sp. strain PCC 794289, Sam-
ples were withdrawn after 3 h of incubation, subjected to
rapid centrifugation at 5000g and the cell-free supernatants
analyzed for residual nitrate or nitrite. Nitrate and nitrite
concentrations were measured by the method of Cawse!”
and Snell and Snell!!, respectively.

Nitrate reductase, nitrite reductase and glutamine synthe-
tase (transferase) activity: Glutamine synthetase (transfer-
ase) activity was measured as described by Sampio et al'?.
Ferredoxin-dependent nitrate reductase and nitrite reductase
activities were measured using dithionite-reduced methyl
viologen as reductant'>!4. However, the incubation for the
enzyme assays was performed at higher temperature (45°C)
for the cultures grown at 45°C, while for cultures grown
at 25°C, the incubation was performed at 30°C. Protein
concentration was measured according to Lowry et al'>.

Ammonium and amino acid transport assay: Ammonium
transport assay was done using the radioactive analogue
of ammonium, [**C]-methyammonium (sp. activity 370
KBq. pmol™). Glutamine, arginine, alanine and asparagine
uptakes were measured using “C-labeled glutamine (sp.
activity 256 KBq. pmol™), arginine (sp. activity 65 KBq.
umol 1), alanine (sp. activity 71 KBq. umol') and aspara-
gine (sp. activity 63 KBq. umol ). The NO,-grown cultures
of Mastigocladus sp. were harvested during the exponential
growth phase, washed in N,-medium and then incubated in
N,-medium, NO,"-medium and N ,-medium supplemented
with ImM glutamine, arginine, alanine or asparagine for
48 h at 25°C or 45°C. After incubation in different nitrogen-
media, the cells were harvested by centrifugation, washed
and resuspended in 10 mM HEPES-NaOH buffer (pH 7.0).
After equilibration for 1 h at 25°C or 45°C, radiolabeled
methylammonium or amino acids were added to a final
concentration of 50 uM. The uptake experiments were car-
ried out at 25°C or 45°C at a photofluence rate of 50 umol.
m>2. s'. Whenever needed, dichlorophenyldimethylurea
(DCMU, 10 uM), or carbonyl cyanide chlorophenyl hydra-
zone (CCCP, 25 uM) were added to the cell suspension 30
minute prior to the addition of labeled amino acid and were
present during the experiments. At different time intervals,
400 pl samples were taken out rapidly and the cells were
separated from their suspension medium by centrifuga-
tion through silicon oil DC 550/dinonyl phthalate (40/60,
v/v) into perchloric acid/water (15/85, v/v)'®. The ['“C]
in perchloric acid fraction was measured using a liquid
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Scintillation counter (Model 1801, Beckman Instruments).
Non-specific binding of ['*C]-methylammonium was de-
termined by measuring its incorporation in toluene-treated
cells's.

Akinete frequency: Akinete frequency was calculated as
percentage of total cell population by light microscopic
observations using an Olympus BX-51 light microscope
fitted with a JVC digital video camera in different media
compositions and at different temperatures.

Results and Discussion

The morphology of the isolated cyanobacterium was studied
under light microscope. The organism showed fluorescence
for phycobiliproteins (data not shown), and heterocystous
branched filamentous habit having cell division in more
than one plane. The primary trichome becomes partly mul-
tiseriate with lateral uniseriate branches. Heterocysts in the
primary trichome were predominantly terminal or lateral.
The cyanobacterium was identified as Mastigocladus spe-
cies in keeping with earlier description by Castenholz'3-.
Mastigocladus sp. was initially grown in N -medium
at a temperature range of 20°C to 60°C. Since maximum
growth was observed at 45°C, further studies were con-
ducted only at 45°C. However, parallel experiments were
run at 25°C for comparative purposes. Mastigocladus sp.
was able to grow at the expense of N, NO,™ or NH ;" as
nitrogen source (Table 1). In addition, amino acids such as
glutamine, asparagine, arginine and alanine also served as
nitrogen source for growth. Among the inorganic N-sources
NO,” supported best growth whereas among the or ganic
nitrogen sources asparagine and glutamine served as best
N-sources followed by arginine and alanine. In all cases
significantly higher growth occurred at 45°C than at 25°C
(Table 1). When grown in medium lacking combined nitro-
gen (N -medium), Mastigocladus sp. developed heterocysts

and nitrogenase. Both the frequency of heterocysts and the
nitrogenase activity were > 2-fold higher in Mastigocladus
grown at 45°C than that grown at 25°C. However, no het-
erocyst were formed and nitrogenase activity was absent
in media containing NO,”, NH " or amino acids (Table 1).
These data indicate that Mastigocladus sp. was able to use
N, as N-source for growth in absence of other utilizable
sources of nitrogen and that when NO,”, NH /", gln, asn,
arg or ala were available there was complete repression
of heterocyst formation and N_-fixation. Thus, apart from
being thermophilic in nature, this strain’s growth and N, -
fixation characteristics were similar to those reported for
most mesophilic cyanobacteria'”2°. However, the complete
repression of heterocyst formation and nitrogenase activity
in arginine-supplemented media was in contrast to only a
partial repression reported in Anabaena 7120" and Nostoc
ANTH?®.

Cells grown at 25°C in N,-medium showed a nitrate up-
take rate of 9.5 nmol nitrate taken up min™! mg! Chl a and
nitrite uptake rate was 8.7 nmol nitrite taken up min! mg!
Chl a (Table 2). When the cells were grown in NO, -me-
dium, the nitrate and nitrite uptake rates increased by 20%
and 40%, respectively. This indicated that nitrate and nitrite
uptakes were NO, -inducible. In contrast, the nitrate and
nitrite uptake rate declined by 68% and 21% in cells grown

Table 2 Nitrate and nitrite uptake by Mastigocladus sp. cells
grown in media containing different nitrogen sources at 45°C
and 25°C.

Nitrogen

source in  Nitrate uptake (umol min™'  Nitrite uptake (umol min™!
growth mg"! Chl a) mg"! Chl a)
medium 45°C 25°C 45°C 25°C
N, 27.04+04 9.52+04 21.74+1.0 872+04
NO,” 3292+1.6 12.29+0.6 304115 11.17+0.5
NH,” 8.81+04 3.96+0.2 17.29+0.8 7.93+0.3

N, = No combined nitrogen; NO,” = +10 mM NaNO, and NH," = +2
mM NH,CL

Table 1  Growth (Gr), heterocyst frequency (HF) and nitrogenase (N,ase) activity of Mastigocladus sp. grown in presence of different

nitrogen sources.

Nitrogen source in Growth (ug chl a mL™") HF (%) N,ase (nmol C,H, (ug chl a h™')
growth medium 45°C 25°C 45°C 25°C 45°C 25°C

N, 23+£0.1 1.6 £0.1 10.0£0.5 33+0.2 46+0.2 2.6+0.1
NO;” 3.1+£0.2 1.8+0.1 0.0 0.0 0.0 0.0

NH," 26+0.1 1.7+0.1 0.0 0.0 0.0 0.0

Gln 42+02 22+0.1 0.0 0.0 0.0 0.0

Asn 43+0.2 23+0.1 0.0 0.0 0.0 0.0

Arg 4.1+0.2 1.8+0.1 0.0 0.0 0.0 0.0

Ala 3.0+0.2 1.3+0.1 0.0 0.0 0.0 0.0

ChlaatOh=1.5pgmL"
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Table 3 Nitrate reductase (NR), nitrite reductase (NiR) and glutamine synthetase (transferase) activities of Mastigocladus sp. cells
grown in media containing different nitrogen sources at 45°C and 25°C.

NR (nmol NO,” formed min ' mg'

NiR (nmol NO,” consumed min~"  GS (nmol -glutamyl hydroxamate

Nitrogen source in protein) mg! protein) formed min™! mg™! protein)
growth medium 45°C 25°C 45°C 25°C 45°C 25°C
NH," 9.16 +0.4 833+04 162.53 +8 127.80 £ 6 2464 +£ 123 2217+ 110
Gln 10.72 £0.5 8.81£ 0.4 175.03 £ 8 133.03+6 1689 + 84 1507 £ 75
NH,* 4.87+0.2 4.07+0.2 52.65+7 112.00 £5 1466 £ 73 1456 + 72
Gln 7.65 0.4 6.35+0.3 65.12+3 4823 +2 1222 +61 693 £ 34
Asn 7.20+0.4 6.25+0.3 67.22+3 52.00+2 1355 £ 67 701 =35
Arg 5.88+0.3 5.16+0.3 55.63+2 43.86 £2 979 + 48 684 + 34
Ala 6.98 0.3 6.12+0.3 69.46 +£3 54.81+3 788 +39 546 +£27

in NH,"-medium, indicating a repression by ammonium
that was more severe for nitrate uptake than nitrite uptake.
When grown at 45°C, a similar trend was found except that
actual respective values were 2-3 fold higher in cultures
grown at 45°C than at 25°C. While the induction of the
uptake rates by NO,™ is in keeping with reports on other
cyanobacteria®, it is interesting to note that NH," repressed
nitrate uptake only partially and had an even lesser impact
on nitrite uptake. This is in contrast to a complete repression
of nitrate and nitrite uptake by ammonium in other cyano-
bacteria*'*?. It is interesting to note here that the extent
of induction by NO,™ and repression by NH ,*, varied for
NO,” and NO ™ uptake. This argues against a common
NO,”/ NO,™ transport system suggested for cyanobacte-
ria?!. Indeed based on genomic sequences and mutational
studies, two independent nitrate/nitrite transport systems
have been suggested in Nostoc punctiforme® and Nostoc
ANTH?, respectively.

Cells grown in N -medium at 45°C showed nitrate
reductase activity of 9.16 nmol nitrite formed min! mg™!
protein. The nitrate reductase activity was repressed by
16% in cells grown in presence of glutamine, 21% in
presence of asparagine, 36% in presence of arginine and
24% in presence of alanine. In NH,"-grown cells, the NR
activity was repressed by 47% and in NO,™-grown cells the
activity increased by approximately 10% (Table 3). Thus,
the maximum repression of NR occurred in cells grown in
NH,"-medium, substantial NR activity remained in cells
grown in various nitrogen-containing media, and NO,™ had
little effect on NR induction. It appears therefore that NR
in Mastigocladus sp. is an NH," repressible-derepressible
system. The corresponding activities of NR in cells grown
at 25°C in various nitrogen-containing media followed a
pattern similar to that at 45°C, but the actual activities were
lower (Table 3). These results are in agreement with earlier
reports of partial repression of nitrate reductase activity by
arginine in Anabaena 7120 and Nostoc ANTH?, but in
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contrast to the reported induction of NR activity by arginine
in Oscillatoria chalybea®. The fact that NR activity was re-
pressed by NH, " and derepressed in its absence is consistent
with earlier reports that in some cyanobacteria NR is NH,"
repressible-derepressible?-2%,

Nitrite reductase (NiR) activity in N_-grown cultures of
Mastigocladus sp. was 162.53 nmol NO, consumed min !
mg' protein. NiR activity was repressed by 60% in cells
grown in presence of glutamine, 59% in presence of aspara-
gine, 66% in presence of arginine and 57% in presence of
alanine. The NiR activity increased by 7.7% in NO, -grown
cells and decreased by 6.2% in NH,"-grown cells (Table 3).
The corresponding activities of NiR in cells grown at 25°C
in various nitrogen-containing media followed a pattern
similar to that at 45°C except that the actual activities were
significantly lower (Table 3). While addition of amino acids
in the growth media caused substantial repression in NiR in
Mastigocladus sp. NO,” and NH ;" had little effect (<10%)
on NiR activity. It appears therefore that unlike other cya-
nobacteria®! nitrite assimilation in Mastigocladus sp. is not
subjected to induction and repression by NO,™ and NH 7,
respectively.

Cells grown in N,-medium at 45°C showed glutamine
synthetase (GS) activity of 2464 nmol -glutamyl hy-
droxamate formed min™ mg! protein. This activity was
repressed by 50% in cells grown in presence of glutamine,
45% in presence of asparagine, 60% in presence of arginine
and 68% in presence of alanine. The corresponding activi-
ties of GS in cells grown at 25°C in various nitrogen-con-
taining media followed a pattern similar to that at 45°C, but
the actual activities were significantly lower, particularly
in cells grown in amino acid containing media (Table 3).
These results are in contrast to the earlier reports that there
was no significant repression of GS activity in presence of
amino acids in Nostoc muscorum' and Nostoc ANTHZ.
However, it is noteworthy that the cells grown in amino
acid-containing media retained 32—-50% GS activity. This is
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Fig. 1

[*C]-methylammonium uptake in Mastigocladus sp. grown in N,-medium (25°C, ; 45°C, ), NO

, -medium (45°C, ),

and NH',-medium (45°C, ). Nitrate-grown cultures (exponential phase) were washed and transferred to dif ferent nitrogen media and
incubated for 48 h. The cultures were then harvested, washed and resuspended in HEPES buffer, and used for ['*C]-methylammonium
uptake as described in Materials and Methods. The values presented are means from two independent experiments, each with two
replicates. The values shown are corrected for non-specific binding of '*C-methylammonium using toluene-treated cells.

not surprising since Mastigocladus sp. is able to use these
amino acids as sole N-source for their growth and GS activ-
ity is essential for them to do so.

Using “C-methylammonium as probe, an energy-depen-
dent and NO,-and NH,"- repressible ammonium transport
system, that is essential for cyclic retention of ammonia in
the cells, has been characterized in several cyanobacte-
ria'®17:2%30 Typically, in all cases, '*C-methylammonium up-
take shows a biphasic curve, a rapid first phase of accumu-
lation lasting 60 s followed by a slower second phase linked
to "“C-methylammonium assimilation. *C-methylammoni-
um uptake in N -grown Mastigocladus sp. also showed the
characteristic biphasic pattern (Fig. 1) representing a rapid
initial phase of accumulation lasting 60 s followed by a
second slower phase. In N -medium, the methylammonium
uptake rates in cultures grown at 45°C were 42.00 and 15.77
nmol. mg"' Chl @ min"' and at 25°C , 36 and 3.7 nmol mg™!
Chl g min™!, during the first and second phase, respectively.
Higher uptake rates at 45°C than at 25°C are in keeping with
that Mastigocladus sp. being a thermophile. As in other
cyanobacteria!®®, the '“C-methylammonium uptake was
repressed in cells grown in NO, - and NH ,*-media (Fig. 1).
DCMU (an inhibitor of non-cyclic photosynthetic electron-
transport) and CCCP (an uncoupler) inhibited intracellular
accumulation of “C-methylammonium by 64% and 62%,

Table 4 Effect of inhibitors (DCMU and CCCP) on ["C]-
methylammonium and “C-glutamine uptake by Mastigocladus
sp. at 45°C.

[**C]-methylammonuptake

Treatment rate (nmol mg! Chl @ min™)
Control 42.00+2.1
Control + DCMU (10 pM) 15.15+0.8
Control + CCCP (25 uM) 16.12 0.8

['*C]-methylammonium uptake measured in N -grown cells
and ["“C]-glutamine uptake measured in cells grown in
glutamine medium. Control refers to N,-medium for ['*C]-
methylammonium uptake and glutamine-medium for [“C]-
glutamine uptake.

respectively. This implies that the cellular uptake of am-
monium is energy-dependent (Table 4) as reported for other
cyanobacteria'®2%,

Uptake of amino acids (Glutamine, asparagine, arginine
and alanine) was studied in Mastigocladus sp. grown in
media containing different nitrogen sources at 25°C and
45°C. The glutamine uptake by the cells was biphasic in
nature consisting of an initial phase representing intracel-
lular accumulation followed by a slower second phase
representing assimilation. This pattern was independent
of nitrogen-source used and temperature at which the cells
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Glutamine uptake (nmol. mg™' Chl a)

Fig. 2 ["“C]-glutamine uptake in Mastigocladus sp. grown in N,-medium (25°C, ; 45°C, ), glutamine-medium (25°C, ; 45°C, )

and chloramphenicol treated glutamine-medium (45°C, ). Nitrate—grown exponential cultures were washed and transferred to N ,- or
glutamine-medium (N_-medium + 1mM glutamine) and incubated for 48 h at 45°C or 25°C. Chloramphenicol (1 pg. ml™') was added at
the beginning of incubation to one set of glutamine-medium cultures (at 45°C). After incubation, the N, - and glutamine-grown cells were
washed, resuspended in HEPES buffer and used for ['*C]-glutamine uptake as described in Material and Methods. Values are means from

two independent experiments, each with two replicates.

were grown (Fig. 2). Cells grown in N -medium at 25°C,
showed a glutamine uptake rate of 57.61 and 5.25 nmol
min"' mg' Chl a, during the first and second phase, respec-
tively. When grown in glutamine-containing medium, the
uptake rate by the cells during the first phase increased by
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nearly 24% while the second phase was largely unaffected.
Thus, growth in glutamine-medium resulted in increased
rate of glutamine accumulation. Glutamine uptake rates
by the cells grown at 45°C responded similarly; however,
the rates were much higher than those in cells grown at
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Table 5 Time course of akinete differentiation and germination in Mastigocladus sp. on transfer to different growth media at 25°C

and 45°C.

Akinete frequency (%)

Time (days) N,-medium NO, -medium NH,*-medium
45°C 25°C 45°C 25°C 45°C 25°C
0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0
10 12.0 0.0 0.0 0.0 0.0 0.0
20 30.0£1.5 0.0 0.0 0.0 30.0£1.5 0.0
30 52.0£2.6 0.0 0.0 0.0 50.0+2.5 0.0
40 80.0+4.0 0.0£1.0 0.0 0.0 75.0£3.0 15.0£0.8

Table 6 Germination frequency of Mastigocladus sp. akinetes in media containing different inorganic nitrogen sources at 25°C and
45°C. Akinetes of Mastigocladus sp. were suspended in media containing different inorganic nitrogen sources at 25°C and 45°C to a
concentration of 1.23 x 10° akinetes.ml™! at time zero. Germination frequency (%) was determined in samples withdrawn at different

time intervals. Other details as in legends to Table 1.

Germinationfrequency (%)

Time (days) N,-medium NO,-medium NH,"-medium
45°C 25°C 45°C 25°C 45°C 25°C

0 0.0 0.0 0.0 0.0 0.0 0.0

24 0.0 1.0£0.1 0.0 7.7+04 0.0 6.0+0.3

48 0.0 25.0+1.2 0.0 300+ 1.5 0.0 320+1.6

72 0.0 55.0+2.7 2.5+0.1 60.0+3.0 30£0.1  75.0+3.7

96 0.0 90.0 £ 4.5 85+0.4 92.0+4.6 62+£03 920+4.6

25°C (33% and 85% higher during first phase in N - and
glutamine-grown cultures, respectively, and nearly 100%
higher during second phase in both N- and glutamine-
grown cultures). The induction of glutamine uptake
(accumulation during first phase) in cells grown in glu-
tamine-medium required de novo protein synthesis since
chloramphenicol prevented such induction (Fig. 2). DCMU
inhibited glutamine accumulation by 61% and CCCP by
83% (Table 4), indicating that the cellular accumulation of
glutamine was energy-dependent. These results are consis-
tent with energy-dependent amino acid uptake in Anabaena
PCC 7120, A. variabilis and Nostoc ANTH'"203132_ Uptake
of asparagine, arginine and alanine showed a pattern and
characteristics similar to that observed for glutamine uptake
described above (data not shown).

Vegetative cells of Mastigocladus differentiated into
akinetes when grown in N - or NH,"-media, however, no
akinetes were observed in cultures grown in NO,-media
even after 40 days (Table 5). In cultures grown in N -me-
dium at 25°C, akinetes become visible by day 10 and 80%
of the vegetative cells become akinetes after 40 days. How-
ever, when grown at 45°C akinete differentiation was much
delayed and even after 40 days only 20% of vegetative cells
became akinetes. In cultures grown in NH,"-medium at
25°C akinetes became visible by day 20 and reached a fre-

quency of 75% after 40 days. As in the case of N -medium,
akinete differentiation in NH,*-grown cultures at 45°C was
much delayed with 15% vegetative cells becoming akinetes
after 40 days. There are no published reports on sporulation
in Mastigocladus sp. but our data suggest that less favour-
able growth conditions result in quick and profuse sporula-
tion in this thermophilic strain.

Germination of akinetes varied according to the nitro-
gen source in the growth media and temperature at which
the akinetes were incubated. At 45°C, akinete germination
started within 24 h in N -medium, NO,- and NH,"-medium
(Table 6). In contrast, it took 3 days in NO,- and NH,*-me-
dium, and 20 days in N -medium for akinete germination
to start at 25°C. Thus, more favourable growth conditions
favours quicker akinete germination.

The Mastigocladus sp. akinetes showed prolonged
viability. Even after 5 years of storage in dry state at
room temperature, over 95% of the akinetes germinated
on transfer to NO,-medium at 45°C. The ability of
Mastigocladus sp. to grow and fix N, at high tempera-
ture, makes it suitable for application as biofertilizer for
tropical/summer rice crop. It’s ability to spontaneously
sporulate profusely at lower temperature is an added ad-
vantage that will be useful for inoculum preparation and
distribution.

@ Springer



352

Indian J. Microbiol. (December 2007) 47:345-352

Acknowledgement We thank Department of Science
and Technology (DST), Government of India for financial
support.

References

11.

12.

13.

14.

15.

16.

17.

Castenholz RW (1969) Thermophilic blue-green algae and
the thermal environment. Bacteriol Rev 33:476-504
Stewart WDP (1980) Some aspects of structure and function
in N -fixing cyanobacteria. Ann Rev Microbiol 34:497-536
Castenholz RW (1973) Ecology of blue-green algae in hot
springs. In: The Biology of blue-Green Algae (Carr NG &
Whitton BA eds). University California Press, Berckeley,
California, pp 379-414

Castenholz RW (1978) The biogeography of hot springs
algae through enrichment cultures. Mitt Int Ver Limnol 21:
296-315

Castenholz RW (1981) The Prokaryotes. In: Springer-Verlag
Vol 1 (Starr MP, Stolp H, Triiper HG, Balows A & Schlegel
HG eds). Berlin, pp 236-256

Mackinney G (1941) Absorption of light by chlorophyll
solutions. J Biol Chem 140:315-322

Stewart WDP, Fitzgerald GP & Burris RH (1967) In situ
studies on N_- fixing using acetylene reduction technique.
Proc Natl Acad Sci USA 58:2071-2078

Frias JE, Flores E & Herrero A (1997) Nitrate assimilation
gene clusters from the heterocyst-forming cyanobacterium
Anabaena sp. strain PCC 7120. J Bacteriol 179:477-486
Maeda SI & Omata T (1997) Substrate binding lipoprotein
of the cyanobacterium Synechococcus sp. strain PCC 7942
involved in the transport of nitrate and nitrite. J Biol Chem
272:3036-3041

Cawse PA (1967) The determination of nitrate in soil solu-
tion by ultraviolet spectrophotometry. Analyst 92:311-315
Snell FD & Snell CT (1949) Colorimetric methods of analysis.
D Van Nostrand Co. New York, USA 3:804-805

MIJAM, Rowell P & Stewart WDP (1979) Purification and
some properties of glutamine synthetase from the nitrogen
fixing cyanobacterium Anabaena cylindrica and Nostoc sp. J
Gen Microbiol 111:181-191

Arizmendi ] M & Serra JL (1990) Heterocyst and akinete
differentiation in cyanobacteria. New Phytol 144:3-33
Manzano C, Candau P, Gémez-Moreno C, Relimpio AM
& Losada M (1976) Ferredoxin-dependent photosynthesis
reduction of nitrate and nitrite by particles of Anacystis nidu-
lans. Mol Cell Biochem 10:161-169

Lowry GH, Rosenbrough J, Farr AL & Landell RJ (1951)
Protein measurement with Folin-phenol reagent. J Biol
Chem 244:4436-4440

Rai AN, Rowell P & Stewart WDP (1984) Evidence for an
ammonium transport system in free-living and symbiotic
cyanobacteria. Arch Microbiol 137:241-246

Thiel T & Leone M (1986) Effect of glutamine on growth
and heterocyst differentiation in the cyanobacterium Ana-
baena variabilis. ] Bacteriol 168:769-774

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Herrero A. & Flores E (1990) Transport of basic amino acids
by the dinitrogen-fixing cyanobacterium Anabaena PCC
7120. J Biol Chem 265:3931-3935

Singh AK, Singh HN & Rai AN (1991) Evidence for a role
of glutamine synthetase in assimilation of amino acids as
nitrogen source in the cyanobacterium Nostoc muscorum.
Biochem Intl 25:887-894

Bhattacharya J, Singh AK & Rai AN (2002) Nitrogen
nutrition in the cyanobacterium Nostoc ANTH, a symbiotic
isolate from Anthoceros: uptake and assimilation of inor-
ganic-N and amino acids. Indian J Biochem Biophys 39:
163-169

Herrero A, Muro-Pastor AM & Flores E (2001) Nitrogen
control in cyanobacteria. J Bacteriol 183:411-425
Bhattacharya J, Singh AK & Rai AN (2002) Isolation and
characterization of a chlorate-resistant mutant (Clo-R) of
the symbiotic cyanobacterium Nostoc ANTH: Heterocyst
formation and N -fixation in the presence of nitrate, and evi-
dence for separate nitrate and nitrite transport systems. Curr
Microbiol 45:99-104

Meeks JC, Elhai J, Thiel T, Potts M, Larimer F, Lamerdin J,
Predki P & Atlas R (2001) An overview of the genome Nos-
toc punctiforme, a multicellular, symbiotic cyanobacterium.
Photosynthetic Research 70:85-106

Bednarz J & Schmid GH (1991) Induction of nitrate reduc-
tase activity by arginine in the filamentous cyanobacterium
Oscillatoria chalybea. Z Naturforsch 46¢:591-596

Bagchi SN, Rai AN & Singh HN (1985) Regulation of
nitrate reductase in cyanobacteria. Repression-derepres-
sion control of nitrate reductase apoprotein in the cyano-
bacterium Nostoc muscorum. Biochem Biophys Acta 838:
370-373

Bagchi SN, Rai UN, Rai AN & Singh HN (1985) Nitrate
metabolism in the cyanobacterium Anabaena cycadeae:
Regulation of nitrate uptake and reductase by ammonia.
Plant Physiol 63:322-326

Flores E & Herrero A (1994) Assimilatory nitrogen metabo-
lism and its regulation. In: The molecular biology of cya-
nobacteria (Bryant DE ed). Kluwer Academic Publications,
Dordrecht, The Netherlands, pp 487-517

Frias JE, Flores E & Herrero A (1994). Requirement of the
regulatory protein NtcA for the expression of nitrogen as-
similation and heterocyst development genes in the cyano-
bacterium Anabaena sp. Strain PCC 7120. Mol Microbiol
14:823-832

Boussiba S, Dilling W & Gibson J (1984) Methylammo-
nium transport in Anacystis nidulans R-2. J Bacteriol 160:
204-210

Singh DT, Rai AN & Singh HN (1985) Methylammonium
(ammonium) uptake in a glutamine auxotroph of the cyano-
bacterium Anabaena cycadae. FEBS Letters 186:51-53
Thiel T (1988) Transport of leucine in the cyanobacterium
Anabaena variabilis. Arch Microbiol 149:466—470
Montesinos ML, Herrero A & Flores E (1995) Amino acid
transport systems required for diazotrophic growth in the
cyanobacterium Anabaena sp. strain PCC 7120. J Bacteriol
177:3150-3157




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


