
CHAPTER III

IM IHB2. E20PERXJB3KML STUDIES OH 

AZOLhA PlMATft R»Br*.



IE VaiTRQ EXFERIMEMfAh -STUDIES OB AZCJLLA FIBNATA R,Br*

Azolla is a free floating aquatic fern living in 
symbiotic association with Anabaena azollae. Since the efficiency 
of Azolla as a bioferfcilizer depends t^pon its biomass produce 
tion at a fester rate accompanied with increased nitrogen 
fixing ability, studies concerning the nutritional/horsonal 
requirements have been conducted on Azalia pinnate. R»Br#, the 
common Indian species#

In addition the anatomical details end the effects of 
sodium chloride-induced salinity on 4# pinnate were explored# 
Stock cultures of 4* pinnate were maintained in a tank in the 
Botanical Garden of the W#S# University of Barodst, Baroda*

Shis chapter deals with the results of the experimental 
work conducted on 4* pinnate under Jn vitro conditions which 
are described in the following sections s

SECXZOS A 1 nutritional studies 

Experiment 1
Establishment of axenic stock cultures of Azolla pinnate R#Br#

Healthy Azolla plants collected from the tank (Plate 1} 
were washed under running tap water and finally rinsed with 
distilled water#



Plate 1 Azolla pinnate. R* 3r. in a, tsnfc in the 
Botanical Garden of the M*S, University 
of Baroda*





Three surface sterilizing agents vi2# mercuric 
chloride (0*05* 0*1* 0*2# 0*3% w/v), sodium hypochlorite 
(0*05# 0*1 # 0*3 v/v) and hydrogen peroxide (5* 10 end 15% 
v/v) were used* One gram each of healthy Azolla plants were 
surface sterilised In each of the reagents In the given concen­
trations* The plants were maintained with constant ©halting in 
150 ml Erlenmeyer Flasks for 1# 2* 3$ 4 and 5 minutes each# in 
each of the given concentrations* They were trashed with sterile 
distilled water several times and inoculated in nitrogen free 
v/atanabe et al* (1977) medium (pH 5*5)* Culture flasks were 
incubated ©t 25 £ 2*C in culture room with cool* white fluo­
rescent light (1000 Lux) for a 16/8 hours light/dark cycle*

Both mercuric chloride and sodium hypochlorite used 
as surface sterilizing agents were found to be toxic for 
Azolla plants in all the concentrations raid duration of 
times specified*

A2olla plants treated with 5% hydrogen peroxide were 
found to be contaminated after one week of culture period 
while those treated with 13 hydrogen peroxide for three 
minutes were free of contamination* After a culture period 
of three days nearly 60% of these surviving Azolla plants 
were healthy in appearance* They wore transferred to fresh 
nitrogen free Watanabe medium* as described in Chapter XI* 
Materials and Methods (4b)* These plants picked hp growth
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and development due to which new pleats were produced cover* 
Ing the entire surface of the medium* Within eight weeks of 
culture period, a number of axenie stock cultures were thus 
initiated (Plate 2)* It was observed that 15$ (v/v) hydrogen 
peroxide was toxic to Azolla and was therefore reacted*

Experiment 2

Effect of renewal of culture medium on biomass production 
of 4* pinnate

It was observed in Experiment No»1 that stock culture 
of Azolla turned yellow after a week* Therefore the effect of 
periodical renewal of the culture medium on biomass produc­
tion was studied to understand if that would prevent the 
yellowing of the plants*

Equal quantity of healthy Azolla plants (300 4 20 mg) 
from stock cultures were transferred to nitrogen free Watanabe 
medium (50 ml), pH 5*5* Culture flasks were incubated at 
25 jt 2°C in culture room and illuminated with cool, white 
fluorescent light (1000 lux) for 16/8 hours light/dark cycle* 
Two such sets were prepared* In one set (Set I)* regular 
weekly subculturing of the plants in fresh medium ms carried 
out while in the other set (Set II) the plants were allowed 
to grow for the entire period of three weeks without renewing 
the medium* Plants were harvested from both the sets at



Plates 2 Axenic culture of 4. pinnate



Plate 2



weekly intervals, and their feloness calculated and recorded 
{Table 4)* The pH of the conditioned medium was also measured 
at each week* At the end of first week, a 2*4-fold increase 
in Monass ot Amalia in terms of fresh and a 2*1«*£old in 
terms of dry weight© were observed M both the sets and the 
pH of the medium was decreased from 5*5 to 5*17*

At the end of second and third week, Azolla In res­
ponse to renewal of medium in set 1 an increase of 7-fold 
in biomass production with no change in pfl was recorded 
(Table 4).

On the other hand#, harvest fro®' the continued growth 
in the same medium at the end of the third week (Set XI), 
showed only a 3#?-fold increase in biomass of Aaolla* The 
pH tended to decrease at each week*

Therefore, it was found beneficial to weekly renew 
the culture medium of Amelia* Since with three weeks of 
growth# the entire surface of the medium was sufficiently 
covered by Azolla plants, the c:-^erisentel period was not 
extended further*

Experiment 3

Selection of suitable culture medium for Agollo ■
For asadaum biomass production of Agolla* three known 

nitrogen free culture media vig* Johnson et.al* (1966)#

to
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“£able 4 s Effect of renewal of culture medium on biomass 
production of iteolla ninnata R* Br*
Inoculum s Fresh wfc* » 300 ± 20 mg 

Dry wfc. » 13 + 01 tag

Weekly observations
Set 1 ~ St*!!

Medium renewed Medium not renewed

first
Fresh weight (mg) 
Dry weight (mg) 
pH of the medium

730 & 32 
28 £ 3 
5.17

730 + 32 
28 + 3

5.17

Second
Fresh weight (mg) 
Dry weight (mg) 
pH of the medium

1310 + 48 
52 £ 7 

5*1'6

980 ± 39 
39 i 4 

4.93

Ihlrd
Fresh weight (mg) 
Dry weight (mg) 
pH of the medium

2060 + 62 1130 X 34
82 + 11 48 £ 6

5.19 4.31

Mean of six replicates with S.D.



Peters and Mayne (1974,a) and Watsnafe© at al# (1977) wore 
tested* The pH of the medium was maintained at 5.5. A20II& 
plants about 300 ^ 20 mg from, the axenic stock cultures were 
transferred to each of the culture medium (50 ml)* V'eekly 
renewal of the culture media was done# and biomass was harves­
ted after three weeks period*

Table 3# gives the data about fresh and dry weights 
of AsolXa plants grown in different media# Highest biomass 
production being 7-fold of the original has recorded in 
VJatanabe medium* The next beat was Peters and Mayne's follo­
wed by Johnsons media* Further experiments were therefore, 
carried out using Watanabe medium*

Experiment 4

Effect of *?H of Watafeabe medium, on srotafeh* composition 
and acetylene reduction activity of &* nlcnate

In the present experiment, the optimal pH of the 
bhtanabe medium which would support the highest biomass 
production of Aaolla and the highest nitrogenase activity 
as measured by acetylene reduction method have been studied. 
Healthy Aaolla plants (300 £ HO mg) from axenlc stock culture 
were transferred to nitrogen free Watenabe medium (50 ml) at 
various pH levels (4.5, 5*5, 6.5, 7*5 end 8*5) • Cultural 
conditions as described in Chapter II, Materials end Methods 
(4b) have been followed* After three weeks of experiment®!

co
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fable 5 •: Biomass production of Agolla in different
culture media

Inoculum t Fresh wfc. » 300 j, 20 mg 
Dry wfc. * 13 ± 01 mg

Johnson’s Peters and. Watanabe’sBiomass medium Kayne’s
medium

medium

Fresh weight (mg) 1860^31 2010+4.2 2075+18

Dry weight (mg) 78*7 0^0 88+4

Mean of six replicates with S.D.
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period* Azolla plants were harvested and their fresh and 
dry -weights were recorded. Chlorophyll* protein, nitrogen 
contents, nitrogen&se activity measured by acelytene reduo* 
tion assay and heterocyst frequency were estimated as descri­
bed in Chapter, Materials and Methods (6a, b and e)*

Azalia plants cultured in fatanabe medium at pH 4,5 
turned pale green in colour and the roots became brown.
Plants grown at pH 5*5 and 6*5 were dark green with well 
developed roots*. At pH 7*5 and 8*5, the growth of Azollet 
plants declined, its multiplication decreased and the pleats 
remained small in size*

At pH 5,5 and 6*5, the fresh and dry weights of biomass 
of Azolla plants, both these and other parameters viz, chloro­
phyll content, protein content, acetylene reduction activity- 
end heterocyst frequency were significantly higher than that 
observed at 4,-5, 7,5 and 8*5 (fable 6}.,

Therefore from the range of pH tried, 5*5 to 6*5 was
found to be suitable for Aaolla culture under' controlled 
conditions. In all further experiments, pH of the medium 
kept at 5*5*
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Experiment 5

.Effect of various levels off mineral .nutrients In l?atanabe 
medium on arov/fch. composition end nitron enase activity of 
<4* ninnata

V’atanabe medium was prepared with each of the following 
mineral nutrients in concentrations of Q* 10* 20* 30* 40 and 
5Qppw s Potassium (K.)* Magnesium (Mg) * Phosphorous (P), Cal­
cium (Ga) while Iron (Fe) concentrations were 0* 1* 2 end 3 

ppm.

Aaolla plants (300 & 20 mg) from axenic stock cultures 
were transferred to each ©f the test medium (50 ml in 150 ml 
Erlenmeyer flask) containing different levels of mineral 
nutrient* making sure that carry over effects were removed*

Mter three ureek period* plants were harvested and 
their fresh and dry weights recorded* Chlorophyll* protein* 
nitrogen contents* nitrogenase activity measured by acety­
lene reduction assay and heterocysts frequency were estimated 
as described in Chapter IX* Materials and Methods*

a) Potassium (K)

Effect on biomass

In complete absence of K and at 10 ppm K levels* 
negligible growth or multiplication occurred and chlorosis 
appeared on the leaves (Plate 3)* With the Increase in K



Plate 3 Effects of K levels (cusOp b»10# c«20* 

d«30, e*s4o and £«50 ppm) in Watsnabe 

medium on 4, pirmata



Plate 3



level to 20 and. 30 ppm# the plants showed growth and were 
green In colour with short roots* At the standard dose of 
40 ppm of K# AzoIXe plants were dark green with well deve­
loped roots# With further increase in ft level to 50 ppm, 
the plants decreased in their growth and remained small in 
sise as compared to the standard# At 10* 20* 30# 40 ppm of 
K levels# linear increase in the biomass production occurred 
(Table 7). However# the biomass production was significantly 
higher at the standard dose of 40 ppm and at 50 ppm of K, 
than recorded at the lower doses (Pig* 1}#
Effect on composition

Evan chlorophyll and protein contents were signifi­
cantly higher at 4o and 50 ppm as compared to the rest of 
the treatments. Ritrogen content was though not signifi­
cantly increased but was highest at 40 ppm K level.
Effect on nitrogenase activity

In the complete absence of K# 60$ reduction in 
acetylene reduction activity along with 35% reduction in 
heterocyst frequency in /mnbaena of Azolla has been recorded, 
when Compared with the feolla plants cultured in standard 
level of K in the culture medium. Pat a indicated, that the 
ft concentrations of 40 and 50 ppm. were significantly supe­
rior with respect to nitrogenass activity as compared to 
the rest of the concentrations• Considering all parameters
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Fig, 1 Effects of K level© (1*0f 2*40* 3»20* 4»3®
L

and 5 * 50 ppa) la the Watanabe medium on 
dry wight* protein content* AHA* chloro* 
phyll content* nitrogen content and 
heterocyst frequency of £+ oinnata. after 
a period of three weks*

\
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40 ppm K level even had the edge over 50 ppm which proved 

that 40 ppm K level in the standard tsSatenabe medium we® the 

most optimum level in all respects*

Positive correlation was observed between biomass 
production (fresh weight) and acetylene reduction activity 

(r a 0*975)$ and between nitrogen content accumulated in 

dry matter (r « 0*954) in response to various K. levels in 

the medium*

b) Magnesium (Pk)

Effect on biomass

Complete elimination as well as at lower level of 
Mg (10 and BO ppm) caused chlorosis upon the leaves* Chloro­

sis initially was noticed upon the older and later on the 
younger leaves (Plate 4)* Boot© got detached from Aaolla 

plants within five days of culturing* Absence of Mg reduced 
67# biomass production when compared with plants cultured 
in standard dose of Mg (40 ppm)* At 30 ppm of Mgf the bio­

mass production improved and reached to an optimal level 
at 40 ppia of Mg in the culture medium* Plants cultured in 
standard level of Mg (40 ppm) were dark green with well 

developed roots* Further increase in f% concentration 
(50 ppm) did not improve biomass production of Aaolla 
(Table 8)*.



Plate 4 Effects of Mg levels (a=«Q* b»10, cw>2Q* 

d « 30* e«40 and £»5G ppm) In Watsnabe

medium on 4*



Plate 4
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Effect on composition

In complete absence of Mgf, 67% reduction in chloro­
phyll content, 32% and 33% in protein and nitrogen contents 
respectively*, occurred compared with the values of Azolla 
plants cultured in standard level of % (40 pom) (Fig, 2)* 

The addition of Mg at 10 to 30 ppm improved the Azolla 
composition while at 40 ppm of Mg* Azolla exhibited optimal 
levels of chlorophyllt protein and nitrogen contents*

Effect on nitrogenase activity

In complete absence of Mg in culture medium 26% 
heterocyst frequency ime reduced with corresponding reduc­
tion to 74% in ERA when compared with that of the Aaolla 
plants cultured in standard medium# Thus the presence of 
standard close of Mg (40 ppm) was found to be essential for 
Azolla growth# It was noticed that 40 and 50 ppm concentra­
tions of Mg yielded significantly higher fresh and dry 
biomass? chlorophyll* protein and nitrogen contents end 
also increased ARA end heterocyst frequency; compared to 
the rest of the levels of Mg tested# Numerically 40 ppm 
was better compared to the higher level l.e# 30 ppm of Mg#

A positive correlation was found to exist between 
biomass production of Azalia and its AM (r « 0*967)# Thus 
40 ppm of Kg that was normally incorporated An the standard 
Ivetanabe medium was proved to be the optimal level.



Fig. 2 Effects of Mg level® (1«G, 2-10, >20, 4*30 
end 5«50) in the V/atsnabe medium on dry 
weight, protein content, iUU, chlorophyll 
content, nitrogen content and heterocyst 
frequency of 4# pinnate# after a period 
of three week®#



PE
R

C
EN

TA
G

E
 RED

U
C

TI
O

N
 OVE

R
 ST

A
N

D
A

R
D



46

c) Calcium (CM

Effect on biomass

In complete absence and at 10 ppm of Ca in Vatanabe 
medium# Azolla plants reduced growth and remained small in 
size. Roots were not such developed in these plants (Plate 
5)* At 20 and 30 ppm of Ca levels# plants were green in 
colour with short roots, As the Ca level in the culture 
medium reached 40 ppm (the standard dose) the Aaolla plants 
were found to be dark green with well developed roots. In* 
crease in Ca level to 30 ppm# did not improve Asolla growth 
any further* In absence of Ca# biomass production of Azalia 
was reduced to 74/$, when compared with Agolla plants 
cultured in medium containing standard dose of Ca. Y/ith 
addition of Ca# the biomass production of Azolla was 
improved# ultimately reached its optimal level when Ca was 
40 ppm in the culture medium (Table 9)*

Effect on composition

Absence of Ca in culture medium reduced to 4855# Zf% 
and 2&A the chlorophyll* protein and nitrogen contents 
respectively of Aaolla as compered with those values 
obtained when Azolla cultured in medium of standard dose 
of Ca (Fig. 3)*



Plat© 5 Effects of Ca levels (a«0* balO* c»20f 
d«30» e*»40 and f«50 ppa) in Watanabe 
medium on &* pinnate*





Ta
bl

e 
9 

s E
ff

ec
t 

of
 v
ar

io
us

 l
ev

el
s 
of

 c
al

ci
um

 (
Ca
) 

on
 t
he

 g
ro

wt
h,

 c
om

po
si

ti
on

 
ac

et
yl

en
e 

re
du

ct
io

n 
ac

ti
vi

ty
 a

nd
 h

et
er

oc
ys

t 
fr

eq
ue

nc
y 
of

 4
. 
ni

no
at

a

19 21 25 26
 

28 26 1*
7

51
2

66
8

6*
8 9813
9

27
6

2.
9 

3*
2 

3.
4 

3*
8

3.
9

3.
8

0.
9

L*V

9*78
6*£S
£*

1-2

8*6fc

6*ii

0.
27

0.
31

0.
39

0.
49

0.
52

0.
51

0.
03

8*6IB50 77

0 
5*
0

10
 

92
0

20
 

11
70

30
 

18
20

*0
 

20
75

(s
ta

nd
ar

d)
50

 
20

50
C.

D.
 a

t 
5%

 
12

8

He
te

ro
cy

st
fr

eq
ue

nc
y

Cs
s)

(n
 m
ol

e 
Ĉ
H/
. 

fo
rm

ed
/g

 ̂
 *

£r
. 

wt
./

hr
.)

ni
tr

og
en

 
co

nt
en

t 
by

 d
ry

 
wf
c.
 b

as
is
)

Pr
ot

ei
n

co
nt

en
t

To
ta

l
ch

lo
ro

ph
yl

l 
co

nt
en

t 
<m

g/
g 

fr
.w
fc
)

Dr
y si
gh
t

Fr
es

h
we

ig
ht

Ca
«*
le
ve
ls

mm

In
oc

ul
um

 3 
Fr

es
h 
wt

. 
« 

30
0 
± 

20
 m

g Dr
y 

wb
* 

* 
13

 4
QI

 m
g

Me
an

 o
f 

si
x 
re

pl
ic

at
es



Effects of Ca levels (1»G, 2»10* >20, >30 
and >50 ppm) in the f/atanafee medium on dry 
weight, protein content, ARA, chlorophyll 
contentf nitrogen content and heterocyst
frequency of A. pinnate, after a period of

- „ \

three weeks*
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Effect on nitrogenas© activity

Absence of Ca in the medium reduced heterocyst
)

frequency by 32$ and acetylene reduction activity to 79%*

The gradual addition of Ca to the culture medium improved 
both these growth parameters, both reaching to optimal 
levels at AO ppm of Ca in the medium*

A positive correlation existed between biomass produ­
ction of Azolls and its nitrogenase activity (r » 0*990)« 

Besides* nitrogen content exhibited a positive correlation 
with biomass produced (r » 0*963)* Hence* a concentration 

of AO ppm Ca was found to be the optimal concentration for 

&* nlnnsta biomass production,

<£)

Effect on biomass

The visible symptoms of phosphorus deficiency were 

reduced growth, the fronds remaining small, pale green in 
colour and roots turned brown (Plate 6), Reduction in 

growth was 80$ when compared with Azolife plants grown in 
standard medium (Fig* 4)* At 10 and 20 ppm of P, there was 

on improvement in biomass production but the highest biomass' i ,

production was recorded in a medium containing 30 ppm P* 
Actually 30 ppm, P was higher than the level of P (20 ppm) 

present in standard medium* Further increase in P level to 
40 ppm did not improve biomass production of Azalia.



Plate 6 Effects of P levels (e«0* fc»5, c«10, 
<2=20, ©>*30 and £«4G ppm) in Yiatenofce 
medium on &« olnnata



Plate 6



Fig# 4 Effects of I? levels (1 *0* 2*5* 3*10* 4*30 
end 5*40 ppn) in the ttetenafoe medium on dry 
weight* protein content# ARA* chlorophyll 
content* nitrogen Content and heterocyst 
frequency of 4# pinnate, after a period of
three weeks.
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Effect on composition

' ftgolla cultured, in complete absence of P showed 42$ and 
27$ reductions in chlorophyll, protein and nitrogen contents 
respectively* At 30 ppm of P level, which was higher than that 
present in the standard medium (20 ppm) supported an optimal 
chlorophyll and nitrogen contents* Further increase to 40 ppm 
of P was not effective in improving the composition of 4, 
pinnate*

Effect on nltrogenase activity

Heterocyat frequency in Anabaena azollae was reduced 
to 37$ and acetylene reduction activity to 89$ when Azolla 
was grown in complete absence of P* At 30 ppm of P, the 
heterocyst frequency and acetylene reduction activity were 
found to be optimal* Actually, about 7$ Increase in hetero­
cyst frequency and acetylene reduction activity were recorded 
at 30 ppm level as compared to Azolia plants cultured at 
standard dose of 20 ppm of P.*

The present studies on P nutrient of Azolia plants 
showed that positive correlation existed between biomass produc­
tion and nitrogenase activity (r « 0*986)• Also nitrogen content 
accumulated .showed positive correlation with dry matter 
(r * 0.972).

Hence, a level of 30 ppm P which was slightly higher 
than present In Matanabe medium, was found to be optimal



51

level for the Indian species 
under controlled conditions*

e) Iron (Pel

Effect on biomass

Aaolla plants showed 
of Fe in the culture medium# Plants showed extreme chlorosis 
and roots remained short and were of brown colour (Plate 7)# 
A2olla cultured in 2 ppm We containing medium showed dark 
green fronds with well developed roots#

The biomass production was reduced to 73% when compered 
with plants grown in standard dose* 2 ppm of Fe# Nearly 7~ 
fold increase in biomass production was recorded at 2 ppm of 
Fe level# At 3 ppm level of Fe* there was no further Increase 
in biomass production (Table 11) *

Effect on composition

Chlorophyll content was reduced to 33^» in complete 
absence of Fe in the medium* Protein and nitrogen contents 
were also reduced* At 2 ppm Fe level* all these three growth 
parameters were at their optimal levels (Fig# 5)#

Effect on nitrogencse activity •

Heterocyst frequency showed reduction in the absence 
of Fe which affected nitrogenase activity* A positive

of Azolle tested

fragmentation in comp.



late 7 Effects of Fe levels (a«Q* t«1# e«2 end 
d=3 ppm) In b’atanabe medium on K» pinnate



Plate 7
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Fig* 5 Effects of Fe levels (1»0, 2»1, and 3*3 
ppm) in the tfatanabe medium on dry 
weight, protein content, ARA, chlorophyll 
content, nitrogen content and heterocyst 
frequency of A* pinnate* after © period 
of three weeks.
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correlation was observed in biomass production of Azalia and 
acetylene reduction activity (r *= 0*888)#. Similar correla­

tion occurred in nitrogen content accumulated in dry matter
(r » 0.968).

Hence 2 ppm of Fe level was found to be the optimal 
dose for bioisass production of A&olla*

Experiment 6
Effect of incorporation of cobalt (Co) at Various 
levels in 'Watanabe medium on 4. nfnnata
Btri».iiw<w— *w»HMMM«inn"w WMtut»ipw«ycwinM Mipiji wmtwiiiiamici— m > hmhh—i

hatanabe*s medium lacks cobalt,# To test the effect of 
cotext on biomass production and nitrogenase activity of 
Azolla. the present experiment was conducted* Various levels 
of Co (0,01g 0*1, 1*0 and 10 ppm) In the for® of cobalt 

chloride# was added into the culture medium# Healthy Azolla 
plants (300 & 20 mgj from the axenic stock cultures were 

transferred to the test media (50 ml)* Cultural conditions 
were maintained as described in Chapter II, Materials and 

Methods*

Results recorded (Table 12) clearly indicated that 

addition of cobalt to the culture medium improved the over­
all biomass production of A.gella. The increase in Co levels 
from 0*01 to 0#1 ppm shoved maximum biomass production of 
Agolla* The increase was 24$ as compared to +Jhe growth of
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Aaolla pleats grown without cobalt* Further increase in Co 
levels (1*0 and 10 ppm) were not favourable for feolla growth 
and multiplication, The nitrogenase activity was improved by 
125a over the plants cultured in standard medium (Fig, 6),

The effect of cobalt on Aaolla composition such as 
chlorophyll content and nitrogen content was negligible* The 
nitrogensse activity was improved by incorporation of cobalt 
(0*1 ppm)* Cobalt level at 0,1 ppm gave significantly bettor 
results than the rest of the concentrations tested.

Experiment 7
Effect of incorporation of ascorbic acid at various levels 
in b'atenabe medium on growth and nitrogen fixation of 
A, pinnate

Vitamins are required for the normal growth and deve­
lopment of plants when cultured in synthetic medium. Ascorbic 
acid at various levels (5, 10* 15 and 20 ppm) was added to 
V/atanabe medium and tested for its effect ©n biomass produc­
tion and nitrogensse activity of £* pinnate-. Healthy Azolla 
plants(300 + 20 mg) were transferred to the test media. 
Cultural conditions were followed as described in Chapter II, 
Materials and Methods,

Results showed that there was a significant increase 
in biomass production of Aaolla in presence of ascorbic acid



Fig* 6 Effects of incorporation of Co levels 
(1«0.01, 2«0*1* >1.0 ana 4o10.0 ppm) 

In the tfatenebe medium on ary weight, 

protein content, ABA, chlorophyll 

Content, nitrogen content end hetero- 
cyst frequency of 4* pinnate, after a 

period of three vjeehs*.
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at all levels tested (fable 13)* Highest biomass production 

was recorded at 10 ppm of ascorbic acid level* But the compo­

sition of Agolla viz* chlorophyll contents* protein and 

nitrogen contents as well as ARA and heterocyst frequency 

did not significantly change at the levels tested* An 
increase of 14$ in biomass* 2$ in chlorophyll content* 5% in 

nitrogen content, 18$ in AHA end 10$ in heterocyst frequency 

was recorded at an ascorbic acid level of 10 ppm in the 

medium when compared with the corresponding values of the 
plants grown in standard medium (Fig* 7), A positive correla­
tion existed between biomass produced and ARA (r « 0*898)*

Experiment Q

Effect of Incorporation of combined nitrogen 
source on A,. pinnate

jin i *n *m*i imum iniWiii mi

In this experiment,* the effects of combined nitrogen 

added in various forms to the culture medium on biomass 

•production of Azolla end nitrogonase activity were studied* 
Vlatanabe’s medium was supplemented with combined nitrogen 
(40 ppm) in the form of ammonium sulphate* ammonium chloride, 

ammonium nitrate and calcium end potassium nitrates* Ionic 

balance of the medium was maintained* Healthy Agolla plants 
(300 ± 20 mg) from axonic stock cultures were transferred to 

the test sodium (50 si)* Cultural conditions were maintai­

ned as described in Chapter II, Materials and Methods*



Ta
bl

e 1
3 i E

ff
ec

t o
f in

co
rp

or
at

io
n o

f a
sc

or
bi

c a
ci

d t
o V

Ja
ta

na
be

 m
ed

iu
m

 on
 th

e 
gr

ow
th

, co
m

po
si

tio
n,

 ac
et

yl
en

e r
ed

uc
tio

n a
ct

iv
ity

 an
d h

et
er

oc
ys

t 
fr

eq
ue

nc
y o

f 4
. p

in
na

te

31 33 34
 

33
 

33 2*
4

H
et

er
oc

ys
t

fr
eq

ue
nc

y
m

84
1 7872
8

77
1

65
9

3.
8

3.
9 

4.
0 

3.
9 

3.
9 

0.
8

24
.4

24
.8

24
.9

 
24

.7
 

24
.7 0.
3

A
M (a
 m

ol
e C

«B
L,

 
fo

rm
ed

/g
 ^ 

£r
« w

fc
./h

r.)

ni
tro

ge
n 

co
nt

en
t 

</
i by

 dr
y 

w
t,-

 ba
sis

)

Pr
ot

ei
n

co
nt

en
t

(m
/s

 %
fr

.w
fc

.)

0.
53

0.
54

0.
54

0.
53

0.
53

0.
07

To
ta

l
ch

lo
ro

ph
yl

l 
co

nt
en

t 
(m

g/
g f

r.w
t)

11
0

11
6

12
5

11
9

11
9 4.

9

C
on

tro
l 

26
30

5 
27

35

10
 

29
30

15
 

27
90

20
 

27
90

C
*D

« a
t 5%

 
93

Er
y

w
ei

gh
t

(m
t

Fr
es

h di
t

A
sc

or
bi

c
ac

id
-

le
ve

ls
(p

pm
)

In
oc

ul
um

 s Fr
ee

h w
t. «

 30
0 +

 20
 mg

 Cry wt
. w 

13
 jt

 01
 mg

M
ea

n o
f s

ix
 re

pl
ic

at
es



Fig. 7 Effects of ascorbic acid levels (1»5* 
2«10» 3*15 end 4«2G pps) in the 
Vatanete medium on dry weight* protein 
contents AHA# chlorophyll contents 
nitrogen content and hetcrocyst 
frequency of 4* oinngfca* after a 
period of three 'weeks*
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After an experimental period of three weeks* the 
biomass production and the composition of AgoHo remained 
unaffected (fable 14)* while the heterocyst frequency was 

reduced to ?A% bringing a corresponding reduction in nitro- 
genase activity to 59?4 in presence of ammonium sulphate as 

compared to Azolla plants cultured in nitrogen free medium 
(Fig, 8), The percentage reductions in the frequency of 

heterocyst end activity of nltrogenase were more in the 
presence of ammonium salts than in the presence of calcium 
and potassium nitrates. The nitrogen contents of the dry 
matter remained unaffected*

Thus it was evident that presence of nitrogen source 
in the culture media suppressed heterocyst differentiation 

of /mabaeno azollee with corresponding decrease in nitroge­
nase activity of Azolla, Irrespective of any source of 
nitrogen* biomass* chlorophyll, protein and nitrogen contents 
were at par with the standard Watanabe medium* hoxfover acety­
lene reduction activity and heterocyst frequency were signi­
ficantly below those recorded using the standard Watanabe 
medium.

Experiment 9
Comparison of the growth and nitrogenase activity of 
4* oimsata grown in standard ye.tans.be medium and modified
medium, considering the current studies

The present experiment was conducted to find out the
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Pig* 8 Effects of combined nitrogen (40 ppm of 
B levels in the form of
1 <* Ammonium sulphate#
2 a Ammonium chloride,
3 » Ammonium nitrate end
4 o potassium nitrate ♦ calcium, nitrate) 
added in Watana.be medium on AHA and 
heterocyst frequency of &* pinnate* 
after a period of three weeks*
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effect of a modified Watcnabe*© medium (30 ppm of P and 0*1 
ppm of Co) on production of biomass and its nitrogenase 
activity of Azolla as compared with plants grown in standard 
Wstonabe medium* Healthy Asolla plants (300 + 20 mg) from 
stock cultures were transferred to the Watenabe medium 
(standard) and to the modified medium* Culture flasks were 
incubated as described in the Chapter II, Materials and 
Methods* Chlorophyll, protein end nitrogen contents, AHA and 
heterocyst frequency were determined according to the methods 
described in Chapter II, Materials and Methods*

•sResults presented in Table 15 clearly indicated that 
modified medium supported a 2-fold increase in biomass 
production over that grow in standard Watsnabe medium* 
Statistical analysis of the date,showed that the increase of 
the biomass production was significant at 15a probability level« 
The biomass production showed 30$ increase in terms of fresh 
and dry weight when compared to the corresponding values of 
the plants grow in standard Katanafae medium. Besides biomass 
production, the heterocyst frequency showed 14$ increase with 
corresponding 24$ increase in ARA*

Experiment 10

Studies with respects to preservation of Azolla

In all the experiments described in this work, Azolla 
has been cultured in a liquid medium. It was of interest to
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study the culture of Aaolla on a semi-solid medium* Azolla 
plants (300 & 20 mg) were transferred to petri-dishes con­
taining ¥atanebe medium (13 ml) solidified with 0*9% agar- 
agar* The petri-dishes were sealed and the cultures were 
incubated in the culture room at 25 ± 2*0 with 16 hours 
photoperiod (1000 lux)*

The growth of Agplla on semi-solid medium was extremely 
slow* Only 2,5-fold increase in biomass production was recor­
ded after a culture period of three weeks (Table 16), But it 
was observed that* without subculturing* the plants survived 
for three months* Therefore* although there was not much 
increase in biomass production* subculturing on semi-solid 
medium was advantageous for preserving and transporting of 
Azollp plants*

SECTION B t Hormonal studies

Application of phytohormones to plants grown in 
sterile nutrient media enhances their growth and development*

Experiment 11

Effect of nhvtohormones on biomass production 
and nitrogenase activity of £* ninnate

Phyiohormones such as kinetin (Kn), idole-3^acetic 
acid (IAA)* 2* 4-dichlorophenoxy acetic acid (2* 4-D) and
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fable 16 s Biomass production of Azolla cultured on 
semi«*solid \fatanabe medium
Inoculum % Fresh wt. « 300 ± 20 mg 

Pry v/t. » 13 + 01 mg

Period(welts) Fresh wight 
(mg)

1

2
3

398 £ 2? 

518 + 32

780 ± 48

Fry weight(mg)

17 * 2.3 

24 £ 8.7 

38 & 8.6

Keen of six replicates with, S.13,
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glbberellic acid (ga^) at various levels were incorporated 
in the ivotana'oe medium* Healthy Agolla plants (300 & 20 mg) 
were transferred to each of these media* Cultural conditions 
were maintained as described in the Chapter 12§ Materials and 
Methods*

a) Kinetin (Kn)

Incorporation of Kinetin at various concentrations 
(0.01, 0*1, 1*0 and 10,0 ppm) to batanabe medium did not 
affect the growth and nitrogen fixation of ointiata 
during three weeks of experimental period (Table 17)* Ho 
significant changes were observed in the biomass production, 
chlorophyll content, protein content, acetylene reduction 
activity at the Kh levels tested* Ho exogenous supply of 
cytokinin in the forts of kinetin was found necessary for 
Agolla culture*

b) Indole 3-acetic acid (2AA)

It was noticed that after three weeks the biomass 
production of Azolla and nitrogenase activity did not 
increase by incorporating IAA to the culture medium (Table 
1#)* The various concentrations 0*01 ppm t© 10 ppm were 
ineffective in increasing Aaolla biomass* The composition 
of Azolla viz* chlorophyll, protein and nitrogen contents,
also remained unchanged*
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Hence, it was evident that application of IAA ms 
not necessary for Agolla biomass production,

c) 2* 4»Piphloroi5henoxvacetic acid (2* 4-D)

Aaolla cultured in media containing various concen- 
trations of 2, 4-0 (0.01, 0.1, 1*0 and 10 ppm) showed that 
upto 0.1 ppm concentrations, the biomass production and AHA 
remained unaffected (Table 19)* Increase in 2, 4-0 concen­
tration to 1 ppm* resulted in reduction of biomass by 12$ 
and AHA by 13$ respectively* Chlorophyll content and 
nitrogen contents were reduced by 6$ and 3$ respectively. 
Further increase in 2, 4-0 concentration to 10 ppm resulted 
in death of Agolla plants within a short period*

d) Gifaberellic acid (GA^)

Gibberellic acid was incorporated into U'atanabe 
culture medium at various concentrations (0*01, 0*1, 1*0 and 
10*0 ppm)* At low levels of GA^ (0*01 and 0*1 ppm) biomass 
production of Agolla showed significant increase when 
compared with Agolla cultured in media without it (Table 20)* 

The increase observed was 10$ in biomass production and 3% 
in ABA as compared with those values of the plants cultured 
in standard medium (Fig* 9) * A positive correlation existed 
between biomass and ARA of Agolla (r » 0*990) and dry 
matter of Azolla with nitrogen contents (r 0,752)*
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Effects of incorporation of gibbc-rellic 
odd at various levels (1*0*01* 2«0*11 
3*1*0 and 4«1Q*G ppm) In the Watanabe 
medium on dry weight* protein content* 
ABA, chlorophyll content* nitrogen 
content arid heterocyst frequency of 4*
ninnate, after a period of three weeks*
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SECTION Cj Anatomical studies 

Experiment 12

Anatomical studies on tjinnate

Azolla plants grow in vitro were used to study 
anatomical details of the caaplex* To study the anatomical 
details, procedures described in the Chapter II, Materials 
and Methods (11) have been ftiELowed.

Each leaf of Aaolla was bilobed, the ventral lobe 
nearly aclilorophyllous and increased in thickness from one

r

cell at their distal end to two or more cells ©t the proximal 
end. The dorsal chlorophyllous lobe contained the algal 
symbiont Ansbaena azollae in an internal Cavity (Plate 8,a) 
The leaf cavity was lined by two types of epidermal out­
growths in the form of hairs (Plate 8,b). Branched hairs 
were only two, while simple unbranched hairs showed definite 
number from first leaf to fifteenth leaf in its serial order 
of development. The branched hairs consisted three to four 
cells and they were located in similar positions in every 
leaf cavity, always on the path of the foliar trace (Plate 
6,c). The highest number of simple hairs recorded was 22 
in the fifteenth leaf and it remained constant upto twen­
tieth leaf (Plate 8,d)• In each of the dorsal leaf cavity 
Anabaona trichomas present consisted of vegetative cell® 
and a few heterocysts (Plate 0,e). Heterocysts were



Plat© 8 Photomicrograph of dorsal leaf lobe/s 
of Azalia nlnaata showing
a) leaf lobes with Anabaena axollae (600 x)
b) branched hair (BH) foliar trace (900 x)
c) magnified view of branched hair (BH) (1200 x)
d) unbranched hair (UB) (900 x)
e) isolated Anabaana agollse (1000 x)



Plate 8
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observed from Anabaena Isolated from third leaf onwards, 
reached a maximum in the fifteenth leaf (Fig* 10}* A direct 
correlation between the heterocyst frequency in An&baena 
trichomas and the number of simple hairs produced was noted. 
A few Anabaeaa cells were present around the shoot apex of 
.fizolla* Studies, on Anabaena isolated from fresh material by 
fluorescence microscopy showed that chlorophyll and phyco- 
cyanin pigments were present in vegetative cells and hetero­
cysts (Plate 9, a and b).

SECTION D $ Salinity.studies

The studies on the salinity# induced by the addition 
of sodium chloride to the Watanabe*s medium were conducted 
to examine its effects on the growth# composition and nitro­
gen fixation of 4* pinnate under aseptic conditions*

Experiment 13

Effect of sodium chloride-induced salinity on 4* plrmata

Healthy Agolla plants (300 4 20 mg) from stock 
cultures were transferred to b’atanabe medium (30 ml) supple­
mented with various levels of sodium chloride (5# 10, 20# 30, 
40 and SO b£3). Cultural conditions and procedures for 
analysis were followed as described In Chapter IX# Materials 
and Methods#:



Fig, 10 Correlation feetween percent hefccrocyst 
frequency of isolated Ana teem aaollae 
and Aaolla leave© in their serial order
of development*
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Plate 9 a) Fluorescence of chlorophyll in
vegetative cells and heterocysta in 
isolated fnabaena azollae (1000 x) 

fe) Fluorescence of phycocy&nin in 
vegetative cells and heterocyots in 
Isolated Anabaena aaollae (1000 x)



Plate 9
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e) Effect on biomass

Azolla plants subjected to low levels of salinity 
(5 and 10 mM) were similar to the plants grown in standard 
culture medium* There was no significant reduction in biomass 
produced* With the increase in salinity to 20 mM of sodium 
chloride, Azolla plants became pale green and roots were 
short and dark brown (Plate 10)» Azella cultured at 30 and 
40 ®H of sodium chloride levels, leaves showed chlorosis and 
plants were devoid of roots* Biomass production was reduced 
by 30$ and 72$ at 20 mK and 40 sM of NaCl levels respectively, 
when compared with the biomass produced by Azolla cultured 
in standard medium (Table 21)*

b) Effect on composition

The growth parameters viz* chlorophyll contents, 
protein and nitrogen contents also showed progressive reduc­
tion as the levels of sodium chloride increased in the culture 
medium* At 20 mid of HaCl level, 23$, 16$ and 3$ reduction in 
chlorophyll, protein and nitrogen contents respectively were 
observed when compared to plants cultured in standard medium* 
At 40 m!^, 26$ reduction in nitrogen content was noted*

c) Effect on aitrogennae activity

The heterocyst frequency in the symbiont Anabaena 
isolated from Azolla treated with 40 mM of sodium chloride



Plate 10 Effects of sodium chloride levels 
(a « control, be#* c»1G, dt*20, e«30 
and f«40 ®H) on £, plnnatp



Plate 10
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recorded 69% reduction in acetylene reduction activity and 
27% reduction in heterocyst frequency (Fig, 11)*

Positive correlations between biomass production of 
Aaolla end acetylene reduction activity (r « 0*970) as well 
as with nitrogen content accumulated in dry matter (r«0,9&3) 
were observed*

Thus it was evident that 4* pinnate could tolerate 
10 iqM of sodium chloride present in the medium,

d) Effect on ammonia assimilating enzymes

Three principal ammonia assimilating enzymes, gluts- 
mine synthetase (OS), glutamate dehydrogenase (GIB) and 
glutamate synthase (G0GA7) were extracted from sodium chlo­
ride treated Azolla. The extraction and estimation procedures 
followed for these enzymes were as described in Chapter II, 
Materials and Methods (10fc-i, li end iii).

Results obtained showed that at low level of salinity 
(5 mM), the GS activity was reduced by 6% while GDH end 
GGGAT remained unaffected (Fig# 12)* Progressive reduction 
in OS activity of Azolla was recorded as the treatment levels 
of sodium chloride increased# At 20 raM of sodium chloride in 
the medium OS activity was reduced by 39% while at 40 aM it 
was reduced by 77% as compared with GS activity exhibited by



Fig* 11 Effects of sodium chloride levels (1«5* 
2«*10, 3**20, 4»30 end 5*40 h$4) incorpo­

rated in fetanahe medium on dry weight, 

protein content, MA, chlorophyll content, 
nitrogen content and heterocyst frequency 
of A* oinnatgu after e period of three 

weeks*



PE
R

C
EN

TA
G

E RED
U

C
TI

O
N

 OVE
R

 STA
N

D
A

R
D

D
D

H
T 

C
1 M

 rmiT
C

kl
T 

D
D

V
 \A/ T

N
IT

R
O

G
EN

 CO
N

TE
N

T
O

 
O

l
H

ET
. FR

EQ
.

—
 

N
J 

C
O

o 
O
 

o

A
R

A

Fig-11



Fig, 12 Effects of sodium chloride levels
(0 » control* 1»5» 2*10, 3»2Q, 4*»30 and 

5*»4o oil) on ammonia assimilating enzymes* 
Glutamine synthetase (OS)
Glutamate dehydrogenase (GUI) and 

Glutamate synthase* (GCGAT)*
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/i2oiia plants cultured In standard medium* The GW and 
GOQAf activities of Aaolla were not much affected due to 
the presence of various concentrations of sodium chloride 
in the culture media# The maximum reduction recorded at the 

highest concentration of sodium chloride treated (40 m4) 
Azolla was &}6'and 13% in C»£>H and GQGAT respectively, when 
compered with these activities of Asolla grown in standard 
medium*

e) Effect on the ionic constituents of Aaolla

Ionic constituents from Aaolla. cultured in media 
supplemented with various concentration of sodium chloride 
were analysed according to the procedures described in 
Chapter II, Materials and Method® (9)*

Sodium and chloride ions in Asolla showed gradual 
increase corresponding to the increase in sodium chloride 

levels of the medium. The sodium content increased by 77% 
while chloride content increased by 131% at 40 Wl of sodium 
chloride concentration present in culture medium when cos** 

pared with these contents present in Aaolla grown in 
standard medium*

Potassium content was severally affected when compared 
with calcium, phosphorus and magnesium content® due to 

salinity. At lower concentrations of sodium chloride in the
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medium and 10 raH) a alight reduction occurred In potassium 
content* With increasing levels of sodium chloride levels 
viz* 20, 30 and 40 mM in medium, the reduction by 10%, 34% 
and 62% in potassium contents occurred respectively when
compared with /.zolls plants cultured in standard medium*

\

At 10 mM of sodium chloride level 4% reduction in 
calcium content was recorded* Further increase in sodium 
chloride levels in culture medium upto 40 sM reduced calcium 
content lay 41% *

Phosphorous and magnesium contents of Agolla were 
not affected upto 10 ®H of sodium chloride level present in 
culture medium* Phosphorous and magnesium contents were 
adversely affected at higher levels of sodium chloride 
present In the culture media (fable 22)*

Azolla pinnate can tolerate sodium chloride upto 
10 mM level without decreasing its biomass production#
Beyond this level upto 40 n&i, 4* pinnate though decrease5 
the biomass production level, however grew reasonably well*
It vms possible that these plants helped in gradual removal 
of sodium chloride levels from saline water*

f) Effect on symbiont k

s isolated from the fifteenth leaf of Azolla
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treated to various concentrations of sodium chloride was 
studied for the pigmentation changes in the vegetative cells 
and heterocysts# The chlorophyll contents arid phycocyanin 
contents from both these types of cells were estimated by 
their fluorescence as described in Chapter II, I4aterials 
and Methods (10 a)#

An increase in the phycocyanin contents by £$ and 3% 

in vegetative cells and heterocysts respectively were obser­
ved in Anabaena isolated from Agolla treated with 5 sM 
sodium chloride (Fig* 13)* But at this concentration of 
sodium chloride no change in chlorophyll contents in both 
the types of cells was noted* With further increase in 
sodium chloride in culture medium of ^aoljLa* corresponding , 
decrease in chlorophyll as well as phycocyanin contents 
occurred in loth the types of cells (Plate 11* a* bj Plate 
12, a, to, c, d)• Chlorophyll pigment completely disappeared 
in both the types of cells of Anabaena treated with 40 efl 
of sodium chloride* The phycocyanin content was reduced by 
73% and 61S5 in vegetative cell and hoterocyst respectively* 
Hence, it was evident that salinity affected the pattern of 
pigmentation of the symbiont*.



Fig, 13 Changes in chlorophyll and, phycocyanin 
contents in Anateena egollae isolated 
from various levels of sodium chloride
(1«5* 2**10j 3**2Oj 4a*30 end 5«4o mil)

treated 4#
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Plate 11 Effects of sodium chloride levels 
(a » control and b»2Q ©M) on the 
chlorophyll fluorescence of itoabaena 
aaollae (900 %)



Plate 11



Plate' 12 Effects of sodiuns chloride levels
(a * control, b»10, c»20 and d<*40 oM) 

on the phycoeyanfn fluorescence of
<900 3£)




