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ABSTRACT. Almost all dried vegetative trichomes of Anabaena ~engarii, WestieUopsis prolillca and Nostochopsis lobatus died 
within 1 h, while those of Oscillatoria acuminata retained viability to some extent for I d under similar storage conditions. The 
viability of dried vegetative trichomes of O. acuminata decreased about equally on storage at 20 *C in the light or in the dark, 
but dropped rapidly at 12 and 0 *C in the dark. Vegetative trichomes of A. ~engarii, N. iobatus and W. proliflca were more 
sensitive to frost than those of O. acuminata, and this correlated with their low resistance to desiccation because both types of 
exposure involved osmotic stress. Both dried and wet akinetes of A. ~engarii, W. proliflca and N. lobatus were about equally 
viable when stored at 20 *C in the light or the dark or at 12 and 0 *C in the dark, but their germination ability decreased on 
storage at 0 ~ The water stress imposed on growing vegetative trichomes either in high-agar media or in NaCl-supplemented 
liquid media reduced the survival of O. acuminata trichomes, decreased or totally suppressed akinete and heterocyst formation 
and akinete germination in A. iyengarii, W. proliflca and N. lobatus. The sensitivity decreased in the sequence A. iyenyarii < 
W. prolifica -, N. lobatus. The akinete germination in all three blue-green algae was more sensitive to physiological water stress 
than their formation. In all of them, akinetes formed under water stress were equally viable as those formed under normal 
conditions. Triehomes of O. acuminata became broader when grown in 0_5-0.8 mol/L NaCl-supplemented media, probably 
due to polyol accumulation, and they also developed a thin sheath-like structure. 

The ability of blue-green algae to withstand drying has been studied by, e.g., Cameron and 
Blank (x966), Whitton (x987), Soberer and Zhong (I99X) and Tomaselli and Giovannetti (I993). The 
present study examines the viability of dried vegetative trichomes, formation of akinetes and hetero- 
cysts, and akinete germination in some blue-green algae under water stress. 

MATERIAL AND METHODS 

The four blue-green algae used were Oscillatoria acuminata GOMONT, Anabcena iyengarii var. 
tenuis RAO, Westiellopsis prolifica JANET and Nostochopsis lobatus WOOD. Trichomes of O. acuminata, 
W. prolifica and N. lobatus were isolated from paddy fields, those of A. iyengarii were from a freshwater 
pond. Clonal cultures of O. acuminata were raised through hormogones, while those of A. iyengatii, 
W. prolifica and N. lobatus through germinating akinetes and were maintained in liquid BGll medium 
(Startler et al. I97I) adjusted to pH 7.5, at 22 _+ 1 *C and fight intensity of ca. 2 klx from daylight fluo- 
rescent tubes for 16 h a day. 

Trichomes of O. acuminata were straight with briefly tapering ends (Fig. I.A), while those of 
A. iyengarii were straight or irregularly curved and had barrel-shaped vegetative cells, more or less bar- 
rel shaped heterocysts, and ellipsoidal akinetes with rounded ends in pairs on either side of a heterocyst 
with a smooth wall (Fig. 1C, D). W. prolifica trichomes were branched. The vegetative cells of their 
main axis were constricted at cross-walls while those in their branches were not. The akinetes of the 
alga were spherical, greenish yellow in color and measured 6-10 ~tm in diameter (Fig. 1E, F). 
N. lobatus trichomes were richly branched. They had barrel-shaped vegetative cells which differentiated 
into spherical yellowish green akinetes measuring about 7.5 ~tm in diameter (Fig. 1G, H). 

About 2 % of vegetative cells of A. iyengarii, 1% in W.. prolifica, and 2 % in N. lobatus differ- 
entiated into heterocysts within 15 d of inoculation in liquid BGll media, and these percentages did not 
change much thereafter. The akinete formation was observed to increase progressively from 1 to 10 % 
in A. iyengarii, from 40 to 99 % in W. prolifica and from 15 to 97 % in N. lobatus within 30-60 d of 
inoculation in liquid BGll media. When transferred to fresh media, the akinetes harvested from old 
media germinated into new trichomes progressively at a rate of about 10-70 % in A. iyengarii, 
19-82 % in W.prolifica and 8-65 % in N. lobatus within 10-25 d of inoculation. 

Viability of  dried vegetative trichomes and akinetes. Similarly blot-dried 7-d-old, actively grow- 
ing vegetative trichomes of O. acuminata, A. iyengarii, W.. prolifica and N. lobatus, and freshly formed 
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Fig. 1. A: O. acuminata trichomes, 41/2 pm broad when grown in control liquid medium; B: O. acuminata trichomes, 63,4 pm 
broad and having a thin sheath-like structure when grown in 0.8 mol/L NaC! liquid medium; C: ,4. iyengatqi vegetative tri- 
chomes; D: A. iyengarii akinetes bearing trichomes; E: W. prolifica trichomes; if: W. prolifica akinetes; G: N. lobatus trichome; 
H: N. lobatus akinetes. 
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aldnetes ofA. iyengarii, W. prolifica and N. lobatus obtained from liquid BGll  media were separately 
placed on a filter paper and kept in desiccators over fused calcium chloride at 20 ~ in the light (10 h 
duration at ca. 1.4 klx intensity), 20 ~ in the dark, 12 ~ in the dark and 0 ~ in the dark for various 
time periods from I h to 2 d for vegetative trichomes and I month for akinetes. Vegetative trichomes 
and akinetes suspended in distilled water under similar storage conditions served as controls. The via- 
bility of dried vegetative trichomes was determined by counting the number of surviving vegetative tri- 
chomes after 15 d of inoculation in liquid BGll  media under normal culture conditions while the 
akinetes count was estimated by measuring the percentage of germinated akinete 15 d after inoculation 
in liquid BGll media under normal culture conditions. 

Survival of  vegetative trichomes of  O. acuminata and formation of  akinetes and heterocysts in 
other algae under water stress. Seven-d-old actively growing vegetative trichomes of all algae under study 
were separately spread on solid BG11 media containing 2 - 1 0  % agar or inoculated in liquid 
BGll  media containing 0.1-1.0 mol /L NaCI, and kept in a culture chamber under normal culture con- 
ditions. The controls were maintained in liquid BGll media. The survival of O. acuminata trichomes 
was determined by counting the percentage of living trichomes out of about 4000 trichomes. Formation 
of akinetes, heterocysts and dead cell count (if any) in A. iyengarii, W. prolifica and N. lobatus was 
estimated by counting their percentages relative to the total number of about 5000-6000 vegetative 
cells. 

Viability of  akinetes formed under water stress. The akinetes of A. iyengarii, W. prolifica and 
N. obatus formed on different agarized media and in NaCl-supplemented liquid media were harvested, 
washed with distilled water, and inoculated into liquid BGll  media under normal culture conditions. 
Akinetes harvested from liquid BGll medium and similarly inoculated served as controls. The per cent 
germination of aldnetes was determined on day 23 of inoculation in each case by counting about 
3000 akinetes. 

Table I. Per cent survival of dried vegetative trichomes of O. acuminata, A. iyengarii, W. prolifica and N. lobatus and dried 
akinetes ofA. iyenyarii, W. prolifica and N. lobatus s t o r e d  in desiccators over fused calcium chloride for different time periods 
at different light conditions and temperatures a 

Storage conditions 

Storage dark 
time light b 

20 ~ 12 ~ 0 ~ 

O. acuminata, vegetative trichomes 
1 h 100 100 100 

48 50 20 
2 h 100 100 90 

30 31 17 
3 h 100 100 87 

21 18 101/2 

6 h 100 100 73 
20 15 10 

1/2 d 100 100 70 
15 11 9 

I d 100 100 70 
12 15 8 

2 d 78 71 0 
0 0 0 

Storage conditions 

Storage dark 
time light b 

20 ~ 12 ~ 0 ~ 

A. iyengarii, vegetative trichomes 
8 lh  

I0 
0 
0 1 m o n  

- -  l h  

- -  I mort  
1 

- -  l h  

1 mort 

100 100 100 0 
0 0 0 0 

A. iyenyarii, akinetes 
50 51 489'2 14 
53 50 48 13 

W. prolifwa, vegetative trichomes 
100 100 100 0 

3 2 1 0 
IF.. prolifica, akinetes 

48 68 46 12 
48 50 47 20 

N./obatus, vegetative trichomes 
100 100 100 0 

0 0 0 0 
N. lobatus, akinetes 
47 49 41 10 
49 48 489"2 19 

aMeasurement 15 d after inoculation in liquid 111311. Controls were maintained in distilled water and kept under similar stor- 
age conditions. All values represent rounded means of t h r e e  rep l i ca tes .  F/rst fines -- control, second lines -- dried stage. 

bStorage under 10-h illumination with fluorescent light of 1.4 klx at 20 ~ 

Akinete germination under water stress. Freshly formed akinetes ofA. iyengarii, W. prolifica and 
N. lobatus in liquid BGll  media were transferred to 2 - 1 0  % agarized media and to 0.1-0.8 mol /L  
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NaCl-supplemented liquid media and 
placed in a culture chamber under 
normal culture conditions. The con- 
trois were maintained in liquid BGll 
media. They were examined at inter- 
vals from the start of the experiment 
so as to determine the per cent germi- 
nation of akinetes. The emergence of 
protuberances which subsequently de- 
veloped into a trichome was taken as 
a criterion for germination. 

RESULTS AND DISCUSSION 

Viability of dried vegetative tri- 
chomes and akinetes. Almost all dried 
vegetative trichomes of A. iyengarii, 
l~. prolifica and N. lobatus died within 
I h of storage. Those of O. acuminata 
retained viability to some extent for 
I d under similar storage conditions 
(Table I). The viability decreased 
sharply within 1 h of storage, then 
slowly up to 1 d and disappeared 
within 2 d of storage (Table I). Desic- 
cated vegetative cells of Anabcena cyl- 
indrica could survive even up to 10 d 
of storage over silica gel (Yamamoto 
x975). All the four blue-green algae 
were more sensitive to water stress 
than Cladophora glomerata and Rhizo- 
clonium hieroglyphicum (Agrawal and 
Singh I999), probably due to their 
delicate trichomes which had either no 
sheath or a very ditt]uent sheath and 
a wall chemically and physically differ- 
ent from that of green algae. 

The viability of dried vegetative tri- 
chomes of O. acuminata decreased 
more or less equally when stored at 
20 ~ either in the light or the dark 
but was lost rapidly with temperatures 
drop to 12 and 0 ~ in the dark (Tab- 
leI). The vegetative trichomes of 
A. ~engarii, N. lobatus and W. prolifica 
were more sensitive to frost than those 
of O. acuminata (Table I); this corre- 
lated with their sensitivity to desicca- 
tion which also involved osmotic stress 
and decreased availability of liquid 
water (Levitt I958; Hawes et aL I992). 

Both dried and wet akinetes of 
A. iyengarii, W. prolifica and N. lobatus 
were about equally viable when stored 
at 20 ~ in the light or dark or at 12 
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and 0 ~ in the dark but their germination ability decreased on storage and at 0 ~ (Table I). Sili et al. 
(1994) observed that the viability of Cyanospira akinetes was not affected by desiccation. 

Survival of vegetative O. acuminata ttichomes, formation of akinetes and heterocysts of other 
algae under water stress. The per cent survival of O. acuminata trichomes strongly decreased in media 
containing 4-10 % agar and in 0.2-0.8 mol/L NaCl-supplemented media; all tricliomes died in 10 % 
agar media within 30 d of inoculation and in 1.0 mol/L NaCl-supplemented liquid media within 15 d of 
inoculation (Table II). The breadth of O. acuminata trichomes increased from 4�89 ttm in control to 5�88 
and 6�90 ttm when they were grown in 0.5 and 0.8 mol/L NaCl-supplemented media. The trichomes 
developed a very thin sheath-like structure when grown in 0.8 mol/L NaCl-supplemented liquid media 
(Fig. 1B). The unicellular blue-green alga Microcystis firma resisted 0.9 mol/L NaC1, accumulating 
large amounts of polyol and showing cell enlargement. The salt-dependent increase of the cell diameter 
may serve as an indicator of both polyol accumulation and salt resistance (Erdmaun and Schiewer 
I984). In blue-green algae, the resistance to high electrolyte concentration is caused by the formation 
of protective impervious or electrically charged envelopes (Hof Fremy 1933). Increased envelope 
thickness was also observed in Chroococcidiopsis from desiccated cultures, probably contributing to 
prevention of water loss (Caiola et al. t996). 

Table III. Per cent germination of akinetes of A. ~engarii, W.prolifica and N. lobatus 
formed in liquid BGll  medium, on agar media and in NaCl-supplemented media, in liquid 
BGll medium on 23 d of inoculation a 

Akinetes harvested from 

agar media, % NaCI media, mol/L liquid 
medium 

2 4 6 0.10 0.15 0.20 0.25 0.50 

A.  i y e n g a r i i  

69 70 70 -- 67 . . . .  

W. p r o l i f i c a  

76 75 73 70 72 72 76 75 70 

N. l o b a t u s  

65 66 61 64 60 61 65 64 65 

aValues represent rounded means of three replicates. 

The akinete formation in A. iyengarii on 2 - 4  % agar media and in 0.1 mol/L NaCl-supple- 
mented liquid media was delayed and decreased as compared to controls. Most vegetative ceils died 
without any akinete formation on media containing 6 % or more agar and in liquid media containing 
more than 0.15 mol/L NaC1 within 60 d of inoculation (Table II). Similarly, the akinete formation in 
W. prolifica and N. lobatus was also strongly decreased on 2 -6  % agar media and in 0.1-0.5 mol/L 
NaCl-supplemented liquid media as compared to control. All vegetative cells again died without any 
akinete formation on media with 8 % or more of agar within 60 d and in liquid media with 0.8 mol/L 
NaCI or more within 15 d of inoculation (Table II); hence water stress decreased akinete formation 
and induced cell death in all three blue-green algae. In this respect A. iyengarii was more sensitive, 
while W.prolifica and N. lobatus were about equally resistant. Evans 0958) had shown that survival of 
desiccation by pond algae has no relation to the production of spores. Barbiero and Welch 0992) 
observed that many species of Nostocales overwinter as vegetative filaments rather than as akinetes. 
Spore-forming blue-green algae were observed to be generally absent from desert floras (Cameron 
and Blank 1966). Roelofs and Oglesby 0970) concluded from their field and laboratory observations 
that akinete formation was not a result of unfavorable conditions, as akinetes were seen during the 
exponential phase of growth. Water stress also decreased aklnete formation in Pithophora oedogonia 
(A~rawal and Singh 1999). 
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The heterocyst  format ion  in A.  iyengarii, W. prolifica and N. lobatus was very low throughout  
the  observat ion pe r iod  in controls,  on low-agar  med ia  and in low-NaC1 liquid media .  It was comple te ly  
suppressed  on high-agar  med ia  and in h igh-NaCl  liquid media  (Table  II) ;  hence water  stress is unfa- 
vorable  to heterocyst  format ion.  Stewart  0 9 6 5 )  observed that in field condit ions,  n i t rogen fixation by 
Calothdx scopulorum was reduced  in s u m m e r  when the alga b e c a m e  desiccated and pee led  off the 

rock. 
Viability of  akinetes formed under water  stress. A. iyengarii, W. prolifica and N. lobatus akinetes  

fo rmed  under  wate r  s tress  were  equally viable  as those fo rmed  under  no rma l  condit ions (Tab le  III).  
This resembles  P. cedogonia akinetes  (Agrawal  and Singh I999). 

Table IV. Per cent germination of akinetes erA. iyenyarii , W.. prolifica and N. lobatus on agar 
BGll media and in NaCl-supplemented liquid BGll media a 

Days after Agar, % NaCI, mol/L 
inoculation 

0 2 4 6 8 10 0 0.10 

A.  i y e n g a r i i  

10 12 8 5 0 0 0 10 0 
15 48 35 12 0 0 0 21 0 
25 70 51 20 0 0 0 70 0 

W. p r o l i f i c a  

10 19 15 8 8 0 0 19 0 
15 23 19 12 20 0 0 25 0 
25 82 65 51 25 0 0 80 0 

N. l o b a t u s  

10 8 5 3 1 0 0 12 0 
15 21 17 16 11 0 0 35 0 
25 65 60 50 22 1 0 60 0 

aRounded means of three replicates. 

Germination of  akinetes under water stress. The per  cent ak ine te  germina t ion  in A. iyenyarii, 
W. prolifica and N. lobatus decreased  progressively on med ia  containing 2 - 4 ,  2 - 6  and 2 - 8  % agar. A t  
higher  agar  contents  and  at 0.1 m o l / L  NaCI or  m o r e  the  akinetes  fai led to germina te  (Table  IV) ;  hence 
akinete  germina t ion  in all th ree  b lue-green  a lgae  was more  sensitive to physiological  water  s tress  than 
akinete  format ion  (Table  IV  and II).  
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