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INTRODUCTTION

Photosynthesis is that fundamental process by which
green plants and cyanobacteria convert éolar. enefgy into
_chemically rich compounds like NADPHé and ATP. These energy
rich compouhds are necessary for the formation of
carbohydrates, fats and other subéténces required for the

maintenance of life on our planet.

PHOTOSYNTHESIS

Photosynthetic process occurs in green éarts of the
plants viz. leaf. Chloroplasts in green plants. and
thylakoid membranes vin cyanobacteria afe the centres for
this prdcess.' The chloroplast is a complicated, semi-
autonomous body which is the seat oprhotos&nthesis and its
DNA replication. On the photosynfhetic *  membrane
(chlofoplaét membrane) two different,pigmehﬁ_.sYstems are
known. to constitute and carry out two ° independent
éhotochemical reactions namely PSI and PSII. The two
photosystems are connected by a series of electron carrier
proteins which are arranged according +to their -redox»
potential for down hill electron flow. Starting with PSII,

light of 680 nm, or of shorfer Awavelength, excites the



chlorophyll antenna of PSII and oxidizes the reaction
centre; the P680, and reduces the stable electron acceptor
_,Q’ which, in turn, transfers electréns to the Plastoquinone
(PQ Pool). The electron hole left on the P680 is filléd
ultimately by the electfon coming from —the oxidation of
water. Photo-oxidation of water occurs to evolve oxygen,
along with thé release of protons to the inside of ‘thylakoid
membrane in chloroplasts, and PQ shutfles to PSI comple#es
located primarily in non-appressed regidn of the tﬁylakoid
membrane. Electrons are transferred from carrier to cafrier
down, or acéording to‘electrochemical gradient, to the PSI
reaction centre P-700, which gets oxidized mainly in the far
red light; . PS1, already with én electron‘hole created by
wlight absorption of pigments belonging to PSI, requces NADP
to- NADPHZ by protoné pumped from outside to the inside of
the thylakoid membrane vesicles during the oxidatioﬁ of
vwater. PQ vshuttle.largely accounts fér a proton motive
force (PMF) needed for the synthesis of ATP from ADP and Pi.
The products of light reaction, namely NADPHziand ATP, - are
used for the reduction of COZ to carbohydrates through the
éatalysis of a number of enzymes present in the chloroplast

stromal region (See Fig. 1).
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STRUCTURE AND FUNCTIONS OF COMPONENTS OF PHOTOSYNTHETIC
- MEMBRANE. |

Chloroplast thylakoids -are centres for trapping of the
_'soiar energy and its eonversion to chemical energy. . The
stromal matrix houses a host of enzymés responsible for
' carbon dioxidé reduction to carbohydrates. Chloroplasts are
.double membranous structures regting on a fluid matrix of
the cells. No other biological membrane is so sophisticated
in 1its architecture, and specialised in function, as the
thylakoids ° of photos&nfhetic apparatus. The specialised
functions -of thylakoids are attributed to the architecture
of its membranes. Some specialised and specific
‘polypeptides are responsible for the functioning of
thylakoid membranes. A nqmber of pplypeptides are organised
into supra molecular complexes responsible for *the light
driven elecﬁron transport from H,0 to NADP and the
associated synthesis of ATP from ADP and Pi, embedded or
asséciated-ih the bulk of the thylakoid membranes (Fig; 2). .

THYLAKOID MEMBRANE

-

The thylakoids are the complexly folded membrane
systems consisting of stacked (granal) and unstacked
(stomal) lamellae in higher plant chloroplasts (Coombs and

Greenwood 1876). The thylakoid membrane has proteins



tumen
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Synthetase

Fig. 2 The organization of chloroplast membrane
components participating in the electron coupling reactions
of photosynthetic electron transport. Solid, thin arrows
‘indicate electron transfer reactions; open arrows, chemical
transitions; thick arrows, proton movements; dashed arrows,
recycling routes for PQ. Three .structurally distinct
protein complexes participate in the linear electron
transport pathway from water to NADP: a PSII complex, which
is linked by a l1lipid soluble pool of plastoquinone molecules
to a cytochrome f/bs complex, and a PS I complex, which
receives electrons grom the cytochrome complex via the
water-soluble protein, plastocyanin. Also indicated is a
quinone electron transport cycle, or Q cycle, which causs
the translocation of one additional proton for every two
electrons passing through the 1linear electron transport

chain. Protons deposited within the thylakoid lumen exit
through the proton-translocating CFO-CFl ATP synthetase
complex. Two types of light-harvesting pigment-protein

complexes (LHC) serve both photosystem; these preferentially
associate with either PSI or PSII and are designated LHC 1
or LHC II respectively. Abbreviations: LHC, light-
harvesting complex; S and Z, water~splitting and O,-evolving
enzymes that donate electrons to P680; P680, reaction
center of PSII; Ph, bound phenophytin (a primary electron
acceptor of PSII); PQA and PQB, special bound plastoquinone
molecules; PQ and PQH,, plastoquinone and reduced
plastoquinone; FeS, Rieske Iron sulfur protein; cyt, f and
cyt b56 , c¢ytochromes f and b563 (bg); FeSx, special FeS
center %hat serves as the primary acceptor of PSI; FeS s
two special FeS centers; Fp, flavoprotein (ferrodoxin-ﬁABP
reductase); CFn and CFl, basepiece and headpiece of ATP
synthetase; hv, 1light energy. (from: Staehelin and
Arnstzen, 1983). :



associated with its intrinsic and extrinsic structures. In
thylakoid membranes, the acyl lipids play an important role
as a supéort matrix as well as a fluid medium which_ allows
diffusion process to occur. 75 per cent of acyl lipids are
monogalactosyl diacyl glycerol (MGDG) 'aﬁd digalactosyl
dia¢yl-glycerol (DGDG). 15 per cent are phospﬂolipids and

thé remaining 10 per cent phosphotidyl glycerol.

(a) Intrinsic Proteins:

Photosystem (PS) I complex:

Plaﬁts have about 30 per cent of their total
chlorophé%ﬁs; grown under normal light (Thornber et al.,
1979). Each complex contain, 150 to 200 Chla molecules; one
reaction centre P-700 and the associated primary electron
acceptors, A;, A, as well as two iron sulphur centres
(Bengis and Nelson, 1877).. Detergent treatment strips away
the outer chlorophyll containing polypeptides but inner
reaction centre. core complex, having 40 Chla absorbing
centres, mostly in the region of 680-690 nm, does not get
released vby detergent treatment. These chlorophylls .are
bound non covalently, together with carotenoid (B-carotene)
to a bolypeptide chain of about 68 kD, one of which céntains
P—700, the reaction centre of PSI, while the other

polYpéptides are assocliated with the constitution of the



complete reaction centre (Bengis and Nelson, 1877; Anderson,

1980b).

Phgtogxstem II complex

It contains 10—15’per cent of the totel‘ chlorophyll"
with 60 Chla per P680 (Anderson, 1980a). PSII in higher
plants contaihs 'more than 10 polypeptides. ‘ A 40-50 kD
pol;peptide constituteS' the reactien centre complex. -
Approximately, 40-50 Chla molecules are bound to this
polypeptide. A 32 kD polypeptide has been sﬁown to be the
apoprotein of the secondary PSII acceptor B (QB)
polypeptides. 10 kD cytochrome bggg is also +the bound

constituent of PSII complex (see Fig. 3).

LIGHT HARVESTING CHLOROPHYLL a/b PROTEIN COMPLEX (LHCP-2):

Light harvesting chlorophyll-protein complex of PSII
(LHCP-2) contains 40—60.per cent of the total chlorophyll
and is closely essoeiated with the PSII complex V(Anderson,
1980a; Thornber, 1875). It contains two "polypeptides of

'moiecular weight 26 kD and 28 kD and high content of
Xanthophyll {Thornber, 1975). It assists .in light
harvesting. Chlorophyll is distributed in four separate
LHCP complexes which aggregate with a single PSI complex to

form an overall particle of about 160 A° (Armond and
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A schematic representétion of the polypeptides of

" PSIT reaction centre and the associated water

splitting apparatus. Q, and Qg are plastoguinone

- molecules which act in series as electron

acceptors and are associated with a ferrous 1ions,
Fe. Pheo ‘are phyeophytin molecules, one of which
(probably on the Dl polypeptide) acts as a primary
acceptor. Chl, is speculated to be a special pair
acting as the primary donor P680. Chl represents
each of the monomeric ¢hlorophyll molcules, one or
both may help to facilitate electron transfer to
pheo. Z is an electron donor to P680 and the 33
KD a protein is responsible for stabilizing the
manganese cluster necessary for water oxidation.
D is a component similar to Z which does not seem
to Re.involved in electron trasfer from water to
P680 . Cyt bb5B9 is cytochrome bb59 of unknown
function. Arrows show possible routes for
electron transport (from Barber, J. TIBS, 1987).



Arntzen, 1977; Mullet and Arntzen, 1980). LHCP-2 complex
contain 60 chlorophylls and has a molecular weight in the

range of 300 kD (Hiller and Goodchild 1981).
Qz&gchgbmg bﬁ—ﬁ (Citbe—fl Complex:

This serves as an intermediate carrier betwen PSII and-

PSI. It is a physiological acceptor of electrons coming
from Plastoquinone (PQ Pool). It acts as . a plastoquinone 32
Plastocyanin oxldoreductase. Its location and association

with PSI polypéptides is.important as it is involved in the

regulation of electron flow between two photosystems. Five
polypeptides have been isolated from this complex having a
molecular weight- 34, 33, 23, 20, 17.5 kD and containing one
gytochrome f, two'cytochrome b-563, the Rieske-FefS centré

and some bound plastoquinone-9 (Hurt et al. 1981).

ATP Synthetase (CFo Complex)

This complex has never béen isolated as a complete
entity. Its three polypeptides havé a molecular weight of
15, 12 and 8 kD. The third polypeptide, which binds to
dicyclohexyl carquimide (DCCD), constitutes ' a protein
conducting channel across the membrane. Second polypeptide
helps in the 4structura1  mainten§nce, and the third
polypeptide acts as a binding protein between CFy and':CFo

channelf



(b) rinsi teins - External Surface

Ferredoxin is an easily removable extrinsic protein
present on the surface of higher vplant thyiakoids. Its
molecular weight is 11 kD. It contains a gFe—ZS centre 'and
has 95-100l aminoacid residues (Hall énd Rao, | 1977) .,
Ferredoxin-NADP oxidoreductase is a flayonéid protein with a
. molecular . weight of 40 kD which is firmly arrangéd on the
thylakoid outer surface. It reduces NADP to NADPH, HY ATP
synthetase (CFl complex). Its native molecular- weight is
32.5 kD. It can be resolved into five subunits, a, 8, Y, 8
and ¢ with molecular weights 59, 54, 37, 17.5 and 13 kbD.
These subunits ‘take part in ATP synthesis/ATP hydrolysis

activity (Nelson, 1982).

Extrinsic Proteins - Inside the Membrane

Plastocyanin (PC) 1is a one-copper-atom containing
protein, loosely bound +to the inﬂer thylakoid . surface
(Haehnel et al. 1981). It appears blue .in its oxidiéed
state and has a molecular weight of about 10;5 kD. The core
of the molecule is hydrophobic and largely aromatic, while
the polar surface has negative charges at physiological pH
that are clustered near one end of the molecule. The
copper-atoms are located near the other end of the molecule

(Colman et al. 1978).

10
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Water Oxidation Complex:

Kok et al. (1970) formulated the generally accepted "S-
state scheme" for photosynthetic oxygen‘ evolution 1i.e.,
linked with PSII activity. Each individual oxygen-evolving
complex undergoes a successive series of increasing

oxidation states from S to 84 on excitation of 1its

o
associated PSII reaction centre. After the enzyme reaches

84 state, it releases oxygen and'returns to the So state.
Each of the light induced transitions from Sl to So and from
Sz to 83 results in release of one proton; that from S3 to
S5, of two protons. ’Z’ is the primary physiological
electron donar to P-680. The fast reaction between P-680
and Z 1is assumed to be 30 nano seconds. Water soluble
polypeptides and cofactors, sﬁch as Mn+2, Cl— and " Cat? are

“involved in the oxygen evolution system.

£

0, i S, --» 8, --> 14 30 nsec P680  P700
A : Sl -=3 Sz - Z == TTmmTmesm ssmmm e
! ' S, -2 S3 -=> 2o (PSII) (PSI)
2H,0 _ ! 83 --> 8y --- 1ms .
G 4e ' 5S4 --O 8
' ! 4 o
—mm—=-- >
4n* !

Scheme of the reactions at dqnor site of PSII. SO, Sl, Sz,

_83 and S4 are states of oxygen evolving complex (Kok, 1980).

-~
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Threé water soluble polypeptides have the molecular
weights of 33, 23, and 17 kD respectively. They are coded
in the nucleusi(Jansson et al., 1983;vKuwabara and Murata,
1979, 82). These are peripheral propeins'sifuated - at the
luminai side of ﬁhe thylakoid membrane (Akerlund et gl.;
v1982); A 23 kD polypeptide 1is associated with = the
ph}siological AOnor to P-680. Since Z is linked to metal

+2)

clusters (Mn This polypeptide links PSII to oxygen

evolving system (OES).

33 kD polypeptide is peripheral in nature and distinct
from the 34 kD polypéptide which is absent in such algal
mutants that lacked oxygen evolution capacity. These two

*2_ions. 16

polypeptides are involved in clustering of Mn
kD polypeptide helps in the Ca+2 binding as well as in Cl~

association in oxygen-evolving system.

Manganese '(Mn+2)‘ undergoes oxidation ~in oxygen
evolution énd,4 manganese atoms are necessary per P-680 in

PSII oxygen evolution.

Chloride (C17) binding to Manganese cluster is
necessary for 84 -> S, transition. This® requirement of
chloride may be invoilved in plant adaptation +to various

"light intensities.

12



Calcium (Ca+2) is neceésary' forl fight binding of
»manganesé and photoreaction of OES.. In oyanobécteriav the 
'Ca+2 is-necessary for retention bf a polypeptides in PSII.
vThe 16 kD polypeptide stimulates the oxygen evolution by the

addition of Ca'2.

Lateral Heterogenity:

Biocheﬁical and ultrastructural studies suggest extreme
- lateral heterogenity in the distribution of PSII and PSI in
~ the appressed and non-appressed region respectively. This
has considerable significance for the concept of électron
transport as well as for energy transfer between. the two
prhotosystems. Along with PSI the ATPk synthetase and
fefredoxin—NADP+ oxido-reducatase are also located in the
non-appressed regions of the chloroplast stroma. PSI is
almost excluded from appressed region to nén—appressed
stroma lamellae (Akerlund et Q;., 1979; Anderson and
Anderson, 1980). While the major pool of PSII is located in
the appressed membrane of gréna,‘a small fractién of PSII is
also found in non-appressed membrane (Anderson and Anderson
1980).. PSII present in appressed and non-appressed regions
is termed as PS—IIQ and PS—IIB respectively (Anderson and

Melis 1983). The cyt bg-f complex is probably localized at

13



the border between appressed and non-appressed regions
(Barber, 1983). The other tﬁo electron carrier proteins,
namely, plastoquinone and plastocyanin are mobile énd
possibly shuttles between the appressed and non-appressed
- regions, serving as a mobile 1link for linear electron
transfer from PSII of appressed region to PSI of non-

appressed regions.

Lateral heterogeﬁity diét&ibution‘of tﬁylakoid membrane
proteins makes the membrane more dyanamic; Secondly the
diffusion efficiency of mobile carrier (PQ and PC) undér
different environmental cénditions can control the electron
transport and may also influence the energy transfer between

the two photosystems.

Photosynthetic Electron Transport System

-In chloroplasts of higher plants, electron' transfef
from PSII complex of appressed region to the PSI complex of
non—appreésed_region occurs through mobile electron transfer
between PSII and PSI. In the in vitro system, partial
photochemical reactions are catalyéed with the help of
artificial exogenously aaded electron donors and acceptors,
and by the use of electron transport inhibitors. These
exogenous donors and acceptors are used to evaluate the

photochemical activities of thylakoid membranes as well as

14



photochemical reactions catalysed by PSI and PSII either
separately or together. Thése partial reactions  are
valuable tools in assessing the photochemical potential of

chloroblasts and of intact cells.
bacteri Red Al :

Blue Green Algae are oxygenic photosynthesizing
prokaryotes. Cyanobacteria are significant contributors to
aquatic photosynthetic system. Some ‘cyanobacteria are
capable of nitrdgen fixation and offer several advantages
for studying the mechanism of photosynthesis. Results thus
obtained caﬁ be compared to photosynthetic system of higher
plants. Cyanobacteria have unique capability to adapt
easily and quiékly to fluctuations in. the environmental
conditions such as vériatién in‘light colour and intensity,
temperature{ salinity and metal toxibity. They offer great
promise for the study of compositional alterations arising
due to changes in environméntal conditions. The use of
cyanobacterial system for elucidation of the mechanism of
photosynthesis will be of great help in the study of

topography and architecture of thylakoid membranes.

The red algae which are mostly confined to sea have

*

fresh and salt water forms. They show various colourations

15



from btight red and purple to dark brownish red, brownish

.green, blue green and black. Each cells of algae . contains

one or many chromatophores of various shape. The
chromatophores contain Chla and 4, « and B-carotenoid,
lutin, taraxanthin, allophycocyanin, or -a special water

soluble red pigment a -phycoerythrin and a blue pigment.
Cyanobacteria show certain similarities with red algae that

may be put .as follows:
(i) Both lack flagella throughout the life-cycle.

(ii) Both contain water soluble, phycobilio-proteins

phycocyanin and phycoerythin.

(1ii) Both have chemicals as reserve food.

Photoaynthesis'in Cyanobacteria _and Red Algae:

Photoéyhthesis depends upon the efficient capture of
light energy by pigment protein complexes present in
photosynthetic system. This process is initiated through
the absorption of light and this energy being utilised for
the reduction of COz. The most abundant of these pigments
is chlorophyll. However in addition to Chla they confain
carotenoids and phycobilin containing protein as accessary

pigments involved in photosynthesis.

16



lorophyll 1) a:

All photosynthetic organisms thatvevolve oXygen possess
Chla as the major pigment. It is believea that Chla occurs
in wvivo in several spectroscopic form;: Chla 660;‘Chl§ 870,
Chla 680§ Chla 685; Chla 690 and Chla 700-720. This 'la¥ge
number indicates their red light absorption maxima'in‘ each
of vthe spectral forﬁs (French, * 1966: Robinowitch and
Govindjee, 1961). .These strongly fluorescing short
waveleﬁgﬁh forms of Chla are mainly present in PSII. The
weakly fluorescing 1§ng wave;ength férms are mostly present
in PSI. In all the higher plants Chlb is present but in
cyanobacteria and red algae it is absent.

Carotenoids and Xanthophylls:

Almqst all the pﬁotosynthetic organism contain the
yellow and orange pigment called carotenocid and xanfhophyll,
which act as accesspry‘pigments in photosynthesis. The
action spectra of photosynthesis demonstrates +that light
absorbed by carotenoids is utilised with varying degree of
"efficiency in photosynthesis. The light eﬁérgy absorbed by
the caroterioids is not used directly but  transferred to
. Chla, where it is efficiently used in the photosynthetic

process (Claylon, 1962).
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E.l l.l.nS:

In cyanobacterial system, the PSII contains .only small

fraction of Chla. The major light harvesting pigments are
phycobilins. These pigments are assembled._in‘ granular
aggregatés - (phycobilisomes) that are bound to the

cytoplasmic surface of the thylakoid. Phycobilisomes act as
"light harvesting antenné, as do the light harvesting
chlorophyll protein complexes (LHCP)_ 'for photosystem
reaction centre in chloroplasts present in hiéher plants.
Light energy trapped by phycobilisomes is channelled +to
photosystem II reactibn centre either directly or through a
stepwise energy transfer process known 'as radiation-less
resonance transfer from phycocyanin (PC) to7Chl§. The light
absorbing components, or chromophore, of phycobilisomes are
open chain tetra pyrrole calied phycobilins; The phyco-
bilins are attached to apoproteins of phycobiliproteins.
'_There are different kinds of phycocyanobilin in the
chromophore are phycocyanin, phycoerythrin and allophyco-~
cyanin. Phycocyanobilin is the chromophore of phycocyanin
and allophycocyanin. Phycoer&thrin is the chromophore of
phycoerythrin. In R-phycoerythrins, in addition to phyco-
erythrin, a second chromophore group is preSent i.e., known

as phycourobilin.
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Phycobiliproteins:

The phycobilins are linked to the polypeptide chain of
apoprotein by thioester linkage to form phycobiliproteins.
There are six forms of biliproteiné present in light
harvesting systems of cyanobacteria namely,_ allophycocyanin
B , allophycocyanin, C—phycocyanin, phyCoérythrin, Cc-

phycoerythrin and R-phycoerythrin. -

The Molecular Structure- of Cyanobacterial thcobilisome:

Phycobilisome 1is madg»up of two diStiﬁct vdomains; a
core made up of two or three cylindrical objects which
conﬁain allophycoc?anin- from which six rods, made- up of
stalked -discs, extend in a hemidiscoidal array gontaining
phycoerythrin. Each phycocyanin disc in the rod structure
is associated with one copy of a specific uncolouredl
polypeptide whiéh is known as “linker polypeptide™. Linker
polypeptide mediates three types of functions. Firstly it
mediates the assembly of the biliprotein to, the appropriate’
aggregate. Secondly it ﬁodifies . the spectroscopic
" properties of the phycocyanin. Thirdly it determines the
iocation of particular aégregate within the rod structure so
that spectroscopic properties of ﬁhe rod favour the flow of

energy towards the core‘(Glazer, 19835 (See Fig. 4).
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PLANE OF THE THYLOKOID MEMBRANE

Fig. 4 Schematic representation of side view of a
phycobilisome which contains Phycoerythrin (PE),
Phycocyanin (PC) and allophycocyanin (APC) showing
the 1location of biliproteins in the structure
(Glazer, 1981).
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T h-3§94

' eA Transfeer in Phycobilisomes (PBSomes

Phycobilisomes are +the light harvesting' antenna in
cyanobacteria in the same way as the 1light harvesting
chlorophyll protein complexes are for photosystem reaction
centres in higher plants. ‘Radiation—less resonénge tranfer
is the most probable mechanism of energy transfer from
phycocyanin to Chla. The unique arrangement of pigments in’
phycobilisome structure provides for a down-hill cascade of
excitation energy. through the phycobilins to Chla.
According to Glazer (1983) the énergy transfer from
phycocyanin to chlorophyll occur in the following steps.

PE --> PC A} 620 nm --> APC AY 650nm
AY565 nm .
AﬁCBAx 670 nm

A\’
Proteins AY 670 nm

v
Chlorophyll

Energy transfer scheme in phycobilisomes (Glazer, 1883).

In addition to energy transfer phycobilisomes are also
hélpful in chromatic adaptation (Fritsch, 1945). They are
capable of adapting to different 1light intensities and
célour qualities. The sum total is knowﬁ as chromatic

adaptation. This property of chromatic adaptation makes the

DLSS -
| §82-213.¢4l61
2a L als Cﬂ/é.‘éé—«
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bacteria compete with other photosynthetic 6rganisms and run

“their photosynthetic apparatus efficiently.

Phycébilisomes,' and their constituent pigments, are
responsible for bacterial adaptation. Phycobilisomes number
increases with decreasing iight intensities. Cyanobacteria,
grown in average light, show synthesis of relatively more
phycocyanin. Other types of.endogenous controls may also
exist, illustrating the economical‘ nature of structural
édaptationsi possible by the molecular nature of £hé

phycobilisome.
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REVIEW OF LITERATURE

METAL IONS
Introduction: Availability  of inorganic nutrients
determines plant growth and development. Depending upon

their necessity, these nutrients are classified into two’
main types, i.e. macronutrients which are required in higher

quantities like K+; Ca+2, Mg+2, and micronutrients, which

are required in small amounts like Cu+2, Mn+2, Fe+2{ Co+2.
Any change in the level of these elements in soil, or in
- aquatic environment, results in manifestation of either

difficiency symptoms, or toxic effeéts, that finallyr leads
‘to reduced plant growth and development. Other metals like
Pb+2, Cd+2, Ni+2, Cofz, Al+3 are toxic even in very small
~amounts aﬁd eventually leads to reduced growth, impaired

métabolism and poor dry matter production (Hewitt, 1958).

Photosynthesis, the fundamental‘proceés by which green
plants synthesize their food, is influenced by the above-
mentioned cations. The effects of monovalent and divalent
cations on primary. process of photo$ynthesis have been
"studied in some details‘(Sponcer and Possiﬁgham, 1960;
Jagendrof and Smith, 1961; Haberman, 1969; Groés and Hess,

1973; Shioi et al., 1978; Troxel et al., 1981).
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Metal ITons and Their Role:

A large number.of metal ions are involved in light as
well as .in dark reaction. Kkt is the major  intra-
chloroplastic cation. Mg+2 is the major cation of intact-

1., 1979). Mg*2, Mn*2, cu*?,

pea. chloroplast (Nékatani et
and Fe+2 form integral part of several pHotosynthetic.
components. Cu+2 is found to be a cénstituént of photosystem
I1 (Droppa et al., 1984). Fe'? atoms are in association
with -sulphur atbms or with prosthetic group of ferredoxin
and Reiske iron-sulphur centre. Metal ions serve not only
as integral constituents but also have a functional role in

the regulation of primary photosynthetic'process.

Photosynthetic Electron Transport and Metal Ions

Iron is present in the form of iron-sulphur protein
which acts as electron carrier in the thylakoid membrane.
_Cytochromés contain the heme iron-porphyrin complex as a
prosthetic—grbup which acts as an electron carrier in
electron transport. Plastocyanin, th9 most prominent blue
copper protein functions as electron donor to P-700 in.  the
PSI region of photosynthetic electron transport system of
higher plants and of some green and blue green algae. One
Mn*2 ion per 50-100 Chla is assumed for the pool aséociated

vwith PSII and it is needed for maximum oxygen evolution.

)
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Sources of Toxic Elements:

Toxic metals naturally occur in soil because. parent
material of soil .contéined fhe metals. Metal ions are
depositéd on the surface of +the earth due to human
interaction with  the envirénment. Metal @ smelters,
foundaries, . thermal power plants are the major source of
heavy metals in air, water and_soil: Many heavy metals used

in agriculture (fertilizers and pesticides) contain the high

‘concentration of heavy metal as compared to its
concentration in the normal soil. Burning of‘ fuel
including coal, .petroleum products also emit substantial
amount of heavy metals. Thus the continued accumulation of
heavy, metal ions result in metal toxicity | of the
environment.

Problem of Toxicity:

Any change in the level of essential elements in the
soil, air,in aquatic environment, resqlts in the creation of
either deficiency effects, or inhibitory effects on " plants.
Heavy metal_ ions pollution, resulting from unmindful
industrialization and excessive use of fertilizers,
herbicides and pesticides, are some of the reasons for heavy
metal toxicity in atmosphere and water bodies. The level of

toxic heavy metals in water bodies effect the photosynthetic
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‘efficiency. Therefore, it is essential to study the effect

of heavy metal ions on photosynthetic processes.

Toxic Elements and Photoelectron Transport:

The effect of heavy metal ions .on photoelectron
»trahsport has been studied in some detail (Maldonado et al.,
1972; Bazzaz.ana Govindjee, 1974; ‘Samuelsson and Oquist,
1980, 1980; Tripathy et al., 1881; 1982; Backer et .gl.,
1§82; Wavaré and Moﬁanty 1982; Droppa gi gl., 1984). Some
of' the electron transfer carrier proteins are specially
affected by heavy metal ions. It is observed that the
oxidising site of PSII 1is suéceptible to metal ion

inhibition (Mohanty and Mohanty, 1986).

Copper and Electron Transport:

Copper is an essential micronutrient which influences
- PSII eleétron transpért either directly as constituent of an
eléctrbn.transport carrier (Plastocyanin),:qr indirectly wvia
regulating the_polypeptide composition of the membrahe in
PSII complex (Droﬁpa et al., 1584). The,senéitiﬁe site for
'Cd+2 inhibition is on the oxidising side of PSII. In light,
cut? binds ﬁreferably at this inhibitory site of PSII, +than
in dark (Cedeno-Maldonado et al., i972). Inhibition . of

»

DCPIP supported Hill feaction could not be restored by
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supply of DPC at the reaction centre of PSII (Shioiigp al.,
1978). In presence -of ascorbate, Cu+2 - causes rapid
inactivation of PSI reaction and concomitant destruction .of

chlorophyll protein molecules (Samuelson and Oquist, 1980).

Lead and Electron Transport:

At low concentration, 1 mM, lead salts inhibit ‘PSII
catalysed DCPIP Hill activity in isolated chloroplasts
(Miles et al., 1972). Electron flow from Hy0 -> MV is also
inhibited by lead salts. At 1 mM concentration, PSI '
mediated reactions remain unaffected. Only é@ relatively
high‘concentration, lead ions can inﬁibit PSI'éctivity (Wong .

and Govindjee, 1976).

a and El ctron Transport:

Cadmium nitrate at concentration of 0.5 mM strgpgly

inhibits PSII activity in maize mesophyll chloroplasts
(Bazzaz and Govindjee 1974; Li and Miles, 1975). Addition
of DPC to.the medium restores the PSII Caté}ysed activity.
However at this level cadmium inhibits oxygen evolution and
interrupts electron flow at the oxidising 'site of PSII,
However, Li and Miles (1975) observed that electron donors
like DPC do not restore the PSII catalysed activity. They
suggest that the site for Cd+2 action 1is PSII reaétion

centre. Cd*2 has no effect on PSI reaction.
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Zinc and Electron Transport:

Zinc is an essential micronutrient and its deficiency
- leads to poor dry matter production in plénts (Agrawal et
al., 1977; Shrotri et al., 1981). Zinc salts show maximum
inﬁibitory effect on PSII catalysed reactions at relatively
low concentrations (0.5-3 mM). Whole chain electron
transport activity, monitored by MV photoreduction is
inhibited by 0.5 mM ZnSO,. At 4 mM concentration of ZnSo,,
both whole éhain and PSII mediated electron transport is
fully inhibited. At 3 mM concentration zinc inhibits PSI
mediated eletron transport reaction (Tripathy,' 198p;
Tripathy et al., 1982). On washing, ziho treated
chloroplasts partially restores the oxygen evolvihg activity
(Tripathy and Mohanty, 1982). Backer et al.,” (1982)
suggested that zinc acts on the photosynthetic electron
transport system at two sites. Siﬁe I lies on the oxidising
side of PSII and site 2 is located in between the PSII and
PSI. During the zinc inhibition, manganese is released from
the 'OES (Miller and Cox 1983) into restricted agquous
compartménf of the non-vesicular ' thylakoid lumen

preparations (Miller and Cox 1984).

Cobalt and Electron Transport:

Both, the PSII reaction - and whole chain electron

transport activity are markedly inhibited in 3 mM to 8 mM of
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reaction is different frqm that of'Zn+2 and Pb+2 (Tripathy

et al., 1982).

Mercury and Electron Transport:

Mercury is vé potent inhibitor of electron transport
chain of both isolated chloroplasfs and cyanobacterial
cells. “Kimimura (1972) has reported that incubation of
spinach chloroplast with HgCl, at molar ratio of HgCl, to
chlorophyll (HgClz/Chl) of unity induces a cpmplete inhibi-
'tion of MV Hill reaction and also MV phoforeduction with
reduced DCPIP as electron donor. Photooxidation of
cytochrome is'similarly sensitive towards HgCl,, whereas P-
700 photo-oxidation is resistant to- this element. HgClz
probably inhibits PSI activity by inactivating pléstocyanin.'
There are other compounds .like HgCl,, -Phenyl mercuric
acetate which iﬂhibit électron transpért reacﬁion. HgClz
céuses the removai of protein bound copper from plastocyanin
(Katoh-, -1964). In sfinach chloroplasts Hg+2 ions abolish
the communicétion of PSII1 electron pool with PSI (Radmer'and
Kok, : 18974) and selectively inhibits | phosphorylation

associated with PSI (Bradeen ard Winget, 1974).

Aluminium Effects:

Aluminium toxicity is an importaht growth limiting

factor for plants in many soils below pH 5. However, this
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can also occur at pH 5§.5. This probiem is pérticularly
serious in strongly acidic_subsoils. This process is Dbeing
'intensifiedAby heavy application of acid férmihg nitrogenous
fertilizers. Al+3 toxicity reduces plant rooting depth,

increases. susceptibility to drought and -decreases the

utilizationvof subsoil nutrients.

hysiolo ect of Aluminium:

APhysiological effect of Al*d is as follows: a1*3 has
been shown to intérfere with cell-division in plant roots;
fix phosphorus in less available forms in the soil and in/on
plant roots; decrease roét respiration; _interfefe with
certain enzymes governing the deposition of polysacéharides
in cell walls; increase cell wall rigidity (by cross linking
pgctins) and interfere with the uptake and transport as well
as use of several elements (Cu, Mg, P, K and H,0) by plants.
Metal ions, such as Al+3 are known to form strohg complexes
and to précipitate nucleic acids. In fact metal 1ions are

used to complex and isolate polynucleotides from leatles.

Aluminjum Effect on Calcium/Phosphate Uptake:
Aluminium toxicity appears either as an induced -Ca+2
"deficiency or as reduction, in Ca+2 transport. Elution
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'éxperiments showed that polyvalént cations reduce the amount
of calcium held in the waterfree space (WFS) and Donnan free
space (DFS) but increase both, the exchangeable and absorbed
chloride  content of the root. Al43 treated roots
ﬁransported much less calcium to Vthe rogt system than
untreated plants. Autoradibgraphs sho#ed that this
difference was reflected in a greatly feduced labelled
calcium concentration in the tissue of the stele. In
conttast, the_non~exchangeable fraction of labelled Ca+2 in
the cortex was similar in both treatments (Clarkson .and

Sanderson, 1971).

vThé influence of Al+3 on Ca+2 uptake would be explained
équally either by decreased influx or increased efflux éf
Ca*2  across the plasmalemma. Interactions between the
plasma membrane and polyvalent cations have. been reported
but it is not known how permeability of the membrane to ions
is affected (Fluri, 1909; Scarth, 1923; Hofler, 1958; Bohm-
Tuchy, 1960). |

The location of the sites from which polyvalent cations

~control uptake and translocation in barley roots is
indicated in autoradiographic studies (Clarkson and
Sanderson, 1969). AlClg and scandium distribution. is

restricted to the epidermis and outer'layers of cortical
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cells. The influenceAthat this peripheral accumulation
might have on Ca+2 held in the free space, is enyisagéd as a
system of pores (20 nm in diameter) carrying fixed negative.
cﬁarges. The entry of trivalent aluminium ions into these
pores would neutralize these negative cﬁargeS'ahd displace
-cations of lower affinity already held by them. Further,
the electrical sign of the pore might‘ be réversed .by
precipitates of aluminium hydroxide which are usually
positively charged (Hsu and Bates, 1964; Clarkson, 1967).
If the above supposition is correct, Al+3 should increase
thev binding of anions in that part of the free space which
it occupies and perhaps, increases their absorption with
the cells. . It has been shown that both predictions are
correct. Rather small increase in Donnan exéhangeable
chloride (25 pefcént) is a ‘reflection of the limited

+3 into the free space. Evidence from other

penetratioﬁ of Al
sources indicates that the mechanical rigidity of the
plasmalemma 1is increésed by Al+3 (Hoffer, 1958) and that
the stability and structural order of 1lipid bilayer is

greatly incresed in the presence of trivalent Lanthanum.

In many plants A1+3 tolerance appears to be closely
associated with phosphorus-use-efficiency, e.g., in certain
cultivars of wheat and tomato and inbred lines of corn, Al+3

tolerance coincides with the ability to tolerate low-.
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phosphorus levels in nutrient solutiong, either in the
ﬁresence or absence of Al+3 (Clafk and B;own, 1974; Foy,
1974; Foy et al., 1973). Al*3 tolerance in certain pea
cultivars has been associated with higher phosphorus
concentration in plant roots (Klimaschevskii and: Dedov,

1975) .

Andrew and Vandenberg (1973) found that Al*3  increases

phosphorus concentrations in the top of Al+3

~tolerant legume
. . +3 s . +3
species but decreases in Al Y-sensitive species. Al
markedly increased the redox potential of root tissues,
decreased content of high bond energy P, and ' increased

contents of mineral phosphate in the root of peas (Dedov and

Klimashevskii, 1976).

Al+3 toxicity was attributed to inhibition of cell
division and immobilization of phosphorus within plant
roots. Subseguent studies with an electron g microscope
coﬁfirmed that an Al+3—PO4“3,precipitated in meristematic
zone of primary ahd lateral roots, but some AL*3 penetrated

to the stele (Kesar et al., 1977).

Al+3—phosphofus interaction appeared to be located in
the cell wall and cytoplasmic membrane. Results also
suggested that the Al+3 absorbed by root surfaces or that in

intracellular free spaces may immobilize +the phosphorus’

Y
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present in root tissue or exte;nal substrate. Stryker et
al. (1974)' reported that Al+3 in roots may extract
phosphorus from adjacent ' root cellé, tissugs and thus serve
as a sink for plant phosphorus absorbed fgom other sites,
Al+3 was bound to'esterié phoséhorus in nucléic acids and to
membrane lipids and that it reduced or inhibited cell

division Dby alternation of nucleic acid molecules (Naidoo

et al., 1978).

Clarkson aﬁd Sanderson,.Jr. (1989)_found that most of
the Phosphorus-32 absorbed by Al+3 injured barley root .was
inorganic and was exchangeable with nonlabelled phosphorus.
Andrew and Vandenberg (1873) fouﬁd that Al+3 injured legume
root lost phosphorﬁs to the solution. Al+3 is reportéd to
decrease hexose phosphorylation (Clarkson, 1969; Clarksoﬁ
and Sanderson, Jr. (1969) showed further that Aluminium
citrate reduced the activity of a puri%ied yeast hexokinase.
It reduces the rate of sugar phosphorylation by. crude
mitochondrial extracts from bariey' roots and increases
concentrations of ATP in barley roots. -Clarkson (18869)
concluded that Al+3 adts directly or ihdirectly to prevent

-the use of ATP in glucose phosphorylation.

In contrast, Klimashevskii and associates (1973) and
Bernatskaya (1973) reported the activities of ATPase and

acid phosphotases in pea roots. They concluded that Al+3
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injured thé cell walls by activating p&lygalacturonase,
which hydrolyzes: pegygtgnd thereby promofes faster Al+3
penetration. The increased activity of écid phosphatase was
interpreted; as an induction of damage>to "membranes which

had lead to liberation. of enzymes from lysozomes,

mitochondria and other Pogbcontaining cell structures.

Aluminium Uptake and Translocation:-

" There are certain plants that are A1+§ tolerant. Al,+3

tolerant plants may be divided into 3 groups with respect to

A1*3 concentration in plant tops.

(i) Al+3 concentration in tops are not consistently
different from +those in Al+§5 sensitive plants.
However, +the roots of such tolerant plants often

- contain 1less Al+3 than those of sensitive plants.’ In
such cases tolerance 1is apparently due  to an Al+3

exclusion mechanism e.g. in wheat, soyabean, barley, etc.

(ii) Al+§ tolerance is associated with lower Al+3 levels in

tops and intrapment of excess'Al+3 in roots e.g. in
azalea, cranberry, rice, triticale rye, alfalfa clones,

etc.

(iii) Al™3 tolerance is directly associated with Al‘S
accumulation by the tops, e.g. in tea, certain Hawaiian

grasses, Atriplex hastates, pine tree, and Mangrove.
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From respiration inhibitor studies ~with DNP, Rhue
(1976) concludéd tha£ a1t3 uptake was not an acfive process
but rather the result of passive diffusion across the
plasmalemma. He suggested that the role of metabolism in
A1*3 uptake is in the maintenance of root membraﬁe-strﬁcture'

and integrity.

Matsumoto et al. (1977) speculated that plant diffe-

{wo

rences in ALt tolerance méy dépend‘ upon differences in
structural properties_ of cell wglis; particularly in the
extent of. methylation of galactoronic. acid; however, he
found no positive interaction between Al;"3 on the _rootgell

surface was associated with the polymerization of the

absorbed monomeric Al*'3 due to pH increase in the root.

Beneficial Effect of Aluminium:

A1*3 s ;ot generally regarded as an essential elément
for plant growth. Nevertheless under certain conditions,
lowA concentration of‘Al+3 can stimulate groﬁth or produce
oﬁher desirable effects. Possible explanation of this
effect includes:

(a) Increasing iron( solubility and availability in
calcareous soils in slightly acid, neutral or alkaline
nutrient-solutions By- hydrolysis of AL*3 and a pH-

decrease.
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(b) Correcting or preventing internal iron deficiency by
displacing iron from bound metabolically inactive sites

in calcicolous plants.

(¢) Correcting or preventing phosphorus toxicity (Alta

tolerant corn-inbreds) etc.

(d) Blocking negative charges on aqtive sites and thereby

promoting phosphorus uptake (Eucalyptus).

These positive effects may be related to
(i) increased uptake'of K+1and Mg+2 (Lee 1971)

(ii) Displacement of iron by Al"’3 from bound cites within
the pyants, thus enabling better iron-transportation

and iron-utilization (Grime and Hogson, 18969).

Using Electron Paramagnetic Resonance spectroscopy
.(EPR) Al+3 was shown to pr;duce a dramatié decrease in
‘membrane lipid fluidity in case of microoganisms, eg.
Thermoplasm .acidophilum, at pH 2. The ability of A1*3 o
alter 1lipid fludity was enhanced with increase in pH froﬁ
3-5. At pH 4, 10—2M Al+3 increased the lower 1lipid 1layer
phase transition by 39°C. A detectable change was observed

with AlCi3 at concentration as low as 10_5M, the ability'tof

A1*3 to increase the lower lipid layer ©phase transition
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temperature of Thermoplasm acidophilum is the largest of any

cation/lipid interaction yet reported (Haug and Vierstra,

1978).

The influence of Al+3 on the cell size distribution of

two green algae, i.e. Monographidium and Stichococcus 1is

chosen to be as follows: The cell size of Monographidium was

more differentiated than that of Stichococcus. This

distribution changed some what during the growth period but
continued to manifest itself in thé two algal species.
Mggggggghiﬁigm showed bimodel cell division whereas
.§tichogocgus showea a single peak distribution pattern,
Changes in mean cell size for the two algal populations were
similar during growth in batch culture. The cel}s grew
larger before division, mean-cell size increased during the
ldgarithmic growth phase; during the stationary growth phase
a slight increase reappeared. Both gpecies displayed cell
decomposition when exposed to Al+3. The surviving 'cells
grew lérger than the control cells when Al+3 was added to
the medium. The effect of Al'3 concentration on cell size
differed during the growth phase for two algal cultures.
The algal populations seemed to be most sensitive during the

lag and the early.logarithmic growth phases.
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Alu fec n Photosynthesis Process

Wavare and Mohanty (1983) reported that in isolated‘

chioroplasts of cyanobacterium Synechococcus cedrorum, Al+3

at a low concentration stimulates the PSII catalysed
electron flow and at high concentration inactivates it. The
stimulation of Hill acti?ity with a low concentration Al+3
may be due to coupling of the electron transport as a result
of a change in membrane organisation whilenfhe loss of Hill
activity at high Al+3 concentration. results from
inactivation of oxygen evolution, they induce the expression

of the_PSI mediated electron transport both in the isolated

beat-spinacH chloroplasts and Synechoccus spheroplasts.
The extent of stimulation of PSII mediated function by Al’L3
ion 1is more than the extent of inhibition of PSI " activity

(Wavare et al., 1983).

 The effect of inﬁracellulér ATP preQails on the 1light
induced H*-efflux from intact cells of Cyanidium caldarium
is reported +to be as follows: light induced Ht- efflux,
observed at acidic pH in case of Cyanidium cells, was shown
to be an active HY transport depending on the intracellular
ATP produced by cyclic-photophosphorylation. Triton X—lOO

was found to act as an effective uncoupler in intact

Cvanidium célls without collapsing the pH gradient across

the plasma membrane. Triton X-100 at 0.015 percent
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significantly redﬁced thé iniracellularn ATP levels,
'étimulate the pBQ Hill'readtion and complétely inhibited the
light‘induceﬁ HY effluex. Inhibition of HY-efflux by triton
X-100 correlatedlwell with the depression of apparent rate
of light induced ATP syntheéis as well as with the .decrease
in the intracellular ATP level in light. The ‘light—induced
H+—efflﬁx was completely inhibited by diethyl-stiblestrol, a
specific inhibitér of Piasma membrane ATPase, without any
~change in intracellular ATP level, thereby suggesting the
participation of the plasma membrane ATPasé in the light.

induced Ht-efflux.

Respiration-dependeht gt efflex from intact cells of
Qiggigigm‘ caldarium, reported by Hotta and Enami (1984) is
as follows: An active H'-efflux depending on respiration was
found in an acidophilic unicellular alga Cvanidium.
Alkalization of the medium due to passive gt transport into
“the .cell was observed when the respiratory activity was
iphibited by adding réspiratory poisons, viaz. rotenone,' or
antimycin A, or by introducing pure nitrogen into the cell-
suspénsion. The extent of HY-influx increased as the pH of
the medium was lowered to 2.9; indicating.that H* leaks into
cells according to thé pﬁ— gradient across the plasma
membrane. The medium pH, that had increased under anaerobic

conditions, returned to the original level with aeration of
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the. cell suspensions. These observations suggest that an

activejH+ transport related to respiration, pumps out the

excess HY-accumulated in the cells during anaerobic
preincubation. The pH‘ohanges'in the cell suspension were
found to be related to the intracellular ATP level. From

these results it was >concluded that active gt efflux
dependent ‘ upon . oxidation phosphorylation, therefore,
functions 1in the dark .to maintain a constant intracellular

pH against passive H+—leakage through the plasma membrane.

Cianidium caldarium M-8 type, grown,in the dark,v was
illuminated for three days, and changes in its cell and
éell*organeile structures and of photosynthetiq activity,
were observed quantitatively. Dark grown cells showed no
phdtosynthetic activity énd no phycoéyanin synthesis.
Dufing ‘three-days illumination, they fully recovered theirv
photosynthetic activities, as measured by Hill reaction,
also synthesized Ch@ and phycocyanins. Size of cells, their
number, chloroplast morphology and its nucleoid structure,
which was observed by flourescence microscopy after staining
it with DAPI, increased simulténeously after illumination.
Concomitant with the recovery .of Hill activity, the
chloroplast size, with their ring shaped nuéleoid, increased
especially rapidly. In fully recovered cells, after three
days, a good correlaﬁion was found between the size of

cells, chloroplast and chloroplast nucleoids.
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The Organism Cyanidium:
i caldariu

The acido and thermophilic uni~cellular alga, Cyanidium
aldari is a common member of the microflora in acid - hot
springs throughout the world. The alga has the following

remarkable physiological and structural characteristics:

It grows optimally at pH 3.0 and at 45° - 50°. It has
a thick cell wall, about 0.05 u, which is markedly rich in
protein. The relationship -betWeen the struc@ufe and
function of the alga is of particular interest. The alga
has thick cell wall, a single well defined chloroplast, a
nucleus . and a large vacuole. Bailer and Staehelin (1968)
reported that the cell wall of the alga is unusually rich in.
protein and suggested that the higﬁér protein content of
cellwall is related% to the acid and heat-tolerance.
Kleinschmidt and McMohan (1970) studied the effect of growth
temperature on the lipid composition and indicated that heat
tolerance is attributable to the high degrée of saturatioh
of fatty acids contained in the membrane.. The thick
cellwall consists of two electron dense layer (each ca 5 nm
thick) and one less dense layer (ca 30 nm thick) and a well
defined 1lamellar ‘strugture of a single chloroplast. No

pyrenoid was discovered. ' The double membrane formation of
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the chloroplast envelop was rather indistinct, mostly it
‘_consisted of'only'one layer. There was no vacuole in the

cell.

Physiological Role of the Cellwall:

1) A vpartially disintegrated cell preparation of

Cyanidum galgarium (i.e. the’100 G fraction; cells from

which the outer parts of the cell wall had been removed) was
obtained by differential centrifugation of a cell suspension

treated with a french press.

2) The 100 G fraction cells had compietely lost the
outer parts of their cell walls, but retained their: sub
cellular structure unchanged and had hill activity that was

equally as high as that of the intact cells.

3) The Hill activity of the 100 G fraction showed an
optimum at pH 7.0 and at 35°%. This activity was los£ under
acid and high temperature conditions (e.g. pH 3.0, 10 min)'
or pre-illumination (3x105 lux, 30 min) though intact cells
were not iﬁactivated by these treatments. However, no
remarkable difference in‘senéitiviﬁy tdwards inhibitors was

found between the 100 G fraction and intact cells.

5) We thus conclude that the cellwall plays an

important role in the acido- and thermophily of Cyanidium

caldarium cells (see Fig.5).
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Fig. 5

Electron micrograph of intact cells of Cyvanidium
caldarium.

A. Thin section of an intact cell. The cell shows
a thick cell wall with atleast three layers and a
well defined 1lamillar structure of a single
chloroplast. No pyrenoid was discovered. The
double membrane formation of the chloroplast
envelop was rather indistinct, mostly it
considered of any one layer. There was no vacuole
in the cell. '

B. Thin section of intact cells. Outer parts of
the cell wall were removed, the low electron dense
granules denoted as starch-like granules may be
cyanophycean or floridean starch (Isao, et al.,
1975b). '

OW, Outer layer of the cell wall
MW, Middle layer of the cell wall
IN, Inner layer of the cell wall
M, Cell membrane

Ch, Chloroplasts

N, Nucleus

S, Starch-like Granules
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Mechanism of the Acido- and Thermophily of Cyvanidium

caldarium

Photosynthetic oxygen evolution in‘ an acido- and
thermo-philic unicellular alga, Cyanidium caldarium, was

measured under various conditions (i.e. temp. pH, 1light

intensity) using a clark-type oxygen electrode.

1) Maximum Hill reaction activity Qith pBQ as the

Hill oxidant was obtained at 45°C in a wide pH range from

1.0 to 7.0. .
2) The pH activity curve showed two peaks at pH 3.0
and 7.0. The Hill activity had an optimum at pH 3.0 in-

cells preilluminated under strong light (300,000 1lux, 30
min, 40°C). Sonication of algal cells abolished the pH 3.0
component of the Hill reaction producing an activity maximum

at pH 7.0.

3) Endogenous oxygen evolution in the absence of the
Hill oxidant which k6 lasted for several minutes after

illumination, had a maximum at pH 7.0.

4) - This endogenous O, evolution was abolished 'b&

sonication.

5) KCN inhibited endogenous 02 evolution, but not the

Hill reaction in the presence of p-benzoquizone.
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The Plan of Work

The following parameters are to be studied in
‘presence and absence of AlCl3 in white light, red light

green light in red alga Cyanidium caldarium.

(i) Rate of growth (as optical density/unit area).

(ii) Chlorophyllaestimation

(iii) Protein estimation.

(iv) Absorption speotfa properties.

(v) Photoéynthetic Eleétron Transporf acfivity
evolution, HZO -> pBQR).

(vi) Fluorescence characteristics.

Culture medium pH 3.5, Temperature 30+1 or 2°C
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EXPERIMENTAL MATERIALS AND METHODOLOGY

Cvanidium caldarium is a thermophilic unicellular red
alga which grows at very low pH ranging from 1 to 5.5.  This

alga was brought from Japan (see Fig. 6).
Culture Conditions

The composition of the liquid broth used in the present

study to culture Cyanidium caldarium is given below :

MACRONUTRIENTS | QUANTITY g/1
Ammonium Sulphate - (NH4)ZSO4 | _ 0:35
Potassium'Dihydrogen Orthophosphate | |

- (KHoPO4) Monobasic . ’ 0.183
Calcium Chloride - CaCly.2H,0 S 0.183
_Magneéium Chloride - MgClé.SHZO : , 0.183

e A e e e i s e e M S e e e e & o o M R e e T e mm e e e S A . tme == - e o - e ——

Ferrous Sulphate - FeSO,.7H,0 0.0026
Manganese Chloride - MnC12.4H20 0.0026
Cobalt Chloride - CoCl,.6H,0 | ,0.0026
Sodium Molybdate - NagMoOy.2Hn0 0.0026
Cupric Chloride - CuCl,.2H50 0.0026
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Fig. 6 Intact cells of Cyanidium caldarium.
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Culture was kept at pH 3.5; temperature at which culture was

maintained was 30+1 or 2°cC.

Culture Vessels and Sterilization:

Superior corning glass conical flasks were uséd for the
giowth and maintenance of culture. . Cultu:e medium was
prepared in conicai flask.

pH of the culture medium was determined by pH ﬁeter and
adjdsted'to 3.5. This culture was autoclaved at 15 lb/inch2
for 15 min. The pipettes used for transfer of culture were
.also autoclaved in a pipette container covered with tinfoii.
Plastic tubes, rubber corks, glass bending tubes were also
autoclaved. 'Distilled water was also autoclavéd before

using for bubbling.

Inoculation and Maintenance of Culture.
[

Cyanidium caldarium was inoculated in sterilized culture
medium. The stock mother culture was maintained in culture
room under continuous illumination by fluorescent tubes.
Light intensities of fluoreécent tubes were as follows:
White light, 0.75 WM 2; red light, 0.55 WM 2 and green
light, 0.70 WM™2.
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Culfuré media with or without AlClg were maiﬁtained at
.the same temperature as mentioned above: White, red ahd
green lights were proQided‘to.culture in culture room +to
study the effect of white, red and green lights on the alga.
All the culture flasks wefe ‘continuously bubbled  with
steriled air. The cultures were maintained in a -‘bacteria
free state by regularly transferring the expohentiéily
growing culture tb'fresh sterile médium. These cultures
were periodically examined to check contamination (Fig. 7);

The following parameters were studied

Extraction and Estimation of Pigments:

1. Optical Density Measurement:

Fi;e ml of cell suspension was drawn ffom cohtrol and
treated cell culture after thoroughly shaking the flasks and
the optical density of the cell suspension was measured in
Shimadzu UV-260 dual beam specfrophotometer at 550, 630

~and 678 nm wavelengths at room temperature.

2. Chlorophyll a:

Five ml of Cyanidium caldarium cell suspension was drawn
from control and treated cultures after thoroughly shaking

the flask, and cells were collected by centrifuging at 5,000
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Fig. 7 Growth condition of the Cyanidium caldarium
in presence and absence of AlCla. Culture

was bubbled by sterile air.



rpm for 10 min at room temperature, in a table top Remi
centrifuge. Then.the pellet’was suspended into 0.5 ml of
reaction buffer. - Then 20 ul cells wereldrawn and 2.98 ml
methanol waé added to it. These were then properly mixed in
vortex mixer and centrifuged again in the above mentioned
.centrifuge.” The supernatant was taken for Chlg estimation
and opticél density was taken at 665 nm in Shimadzu UV—ZSO

dual beam spectrophotometer.
The chlorophyll a was estimated using the extinction
coefficients E665 = 74.5 mg m1~1 cm—l'(methanol) (MacKinney,

1941).

3. Estimation of the Total Protein Content

The total cell protein content was determined with folin
ciocalteu reagent according to Lowry et al. (18561). The

reagents used were as follows:

1. 2% of sodium carbonate in 0.1N NaOH.

2. 0.5% copper sulphate in 1% potassium sodium tartarate.
3. To 50 ml of reagent 1, one ml of reagent 2 was added.
4. Dilute folin-ciocalteu reagent (1:1 vol/vol).

Five ml of cell suspension was drawn from control and

treated déll culture after thoroughly éhaking the flask. and -
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the cells were collected by centrifuging at 5,000 rpm for 10
min at room temperature. The pellets were washed with § ml
of.saline (0.1% NaCl).‘ The washed pellets were suspended in
.5 ml of 10% TCA and allowed to stay at -20°C for overnight
and aftef thawing centrifuged at 10000 rpm for 15 min. The
pellet was suspended in 2 ml of 1IN NaOH and thoroughly
mixed. To 50 ml of test solution 0.95 ml of IN NaOH was
added. To this 1 ml of protein solution, 5 ml of alkaline
coppér sulphate solution was added and alléwed it to stand
for 10 min at room temperature. To tﬁis-solutiono.ﬁ ml of
diluted folin-ciocalteu reagent was added fapidly  and
thoroughly mixed and allowed to stand for 30 min for ‘full
colour development. The optical deﬁsity was measured at 750
nm in Shimadzu UV—ZGO 5pectrophotometer against a reagent
blank. A set of standard BSA solution (10-100 ug) was taken

for standard curve preparation.

Standard curve was drawn by plotting optical density
against wug/ml of standard protein (see Protéin Standard

Curve, Fig. 8).

4. Absorption Spectra of Intact Cells:

After harvesting the cells, the pellets were suspended
in 3 ml of reaction buffer. The reaction mixture contained

reaction buffer 0.25 mM HEPES-NaOH (pH 7.5), 20 mM NaCl and
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.Fig. 8 Estimation of Protein by Lowry Method.
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the'<intact cells equivalenﬁ to 10-15 ug Chla from control
and tteated cell culture. This cell suspension was taken
for scanniné the absorption spectra from 400 nm to 750 nm.
The absorption spéctra of intact ceils suépension wére taken
in UV—260 double beam sSpectrophotometer. At 750 nm %he
absorption of the cell suspenéion was adjusted to give

approximately the same reading.

5. Fluorescence Emission Spectra of Intact Cells:

. After harvesting the oglls, the pelleté'were suspended in
3 ml of reaction bﬁffer. The reaction mixture contained
reaction buffer 0.25 mM HEPES-NaOH (pH 7.5), 20 mM NaCl and
the intact cells equivalent to 12-15 ug Chla from control

and treated cell culture.

In intact cells the phycocyanin was excited at. 545 nm to
take the emission spectra of intact cells. The emission
spectra was scanned from 600 nm to 750 nm in Shimadzu (RF-

540)’spectfofluorophotometer.

6. Photosystem II Assay

Para Benzoquinone (pBQ) mediated electron transport of
PSII (Hy0 -> pBQ) was conducted in intact cells. Being a

lipophilic compound pBQ enters into the intact cells and
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accepts electrons at plastoquinone (PQ) position (Warburg,
. “ &S

1941, Tribst, 1974). The reaction mixture contained

reaction buffer 0.25 mM HEPES-NaOH (pH 7.5), 20 mM NaCl, 0.5

mM pBQ and the intact cells equivalent to 12 to 15 ug Chla.

CHEMICALS

HEPES : NaOH, PEG, CaCly, pBQ ~ Sigma Chemical Company;
DCMU from Dupont Chemical Company; AlCl4 from B.D.H.;

Citriec acid, sodium phosphate. All the other chemicals are

of analytical quality.
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RESULT

Cvanidium. caldarium is a thermophilic and acidophiliece

alga which grows at very low pH (1-5). It is a eucaryotic,
unicellular aléa consisting of double membfanev organelles
such as chloroplast, prominent nucleus, mitochondria etc.
It. also bcontains of phycobilin pigments (phycobilisomes)

like cyanobacteria.

Cyvanidium caldarium was gﬁown.' in different
concentrations (2 mM, 3 mM, 5 mM and 10 mM) of AlClg. It

was observed that in 2 mM and 3 mM concentration of AlClg
there was a slight stimulation in cell growth in treated
éells than in control cells. It was also observed that in 5
mM AlClg there‘was a significant stimulation in cell growth.
But.‘in 10 mM AlClg treated culture there was inhibition in
-growth (data not shown). Hence 5 mM AlClS‘was used in our
studies. It was also observed that in green apd red light

there was no significant change in AlClB treated cells as

compared to control cells. So white light was uséd for our:
studies.
We have considered optical density as a growth

parameter . and monitored the growth in presence and absence

of AlClj.
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la. Effect of AlClg on Growth Pattern in Intact Cells of

Cyanidium caldarium (Optical density at 550 nm)

Cvanidium c¢caldarium was grown in presence and absence
of 5 mM of AlClS. The Optical den&ities were measured in
control and treated cells in Shimadzu UVrZSO dual beam
spectrophotometer at 550 nm. ;t was'observed that in the
beginning cell growth was slow in both contreol and treated
cells. But the cell growth was less in treated cells than
in control cells upto 6 days. The optical density measured
at first day was 0.084 in botH control and tfeated cells.
On 6th day, it was 0.22 and 0.16 in control and +treated
cells respectively. After 6 days, it was observed that cell
growth 1in treated samples showed the gradual inéréase in.
optical  density. The optical density measured at 7th day
was 0.324 and 0.34 in control- and treated cells
respectively. At 9th day, optical density measured was 0.62
and 0.72 in éontrol and treated cells respectively. On 12th
day, the increése in growfh rate was maximum _showing
optical density a value of 1.18 and 1.36 in control and
treated cells respectively. After 12th day, there was a
gradual decrease in growth rate in control.cells.. But, this_
decrease in growth rate was less in treated cell culture.

The 12th day was considered as the late log phase of the
Cyvanidium caldarium (Table la and Fig. S%a).

¢
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Table la: AlClB— induced stimulation of growth in terms of

optical density at 550 nm in - intact cells of

Cvanidium calggrjum

Days : Control cells Treated cells
(5 mM AlClg)

O O N e ;s w N

T 0.084 + 0.0004 0.084 + 0.0007
| 1 0.090 * 0.0004 ~0.080 + 0.0004

0.102 + 0.0004  ~ 0.078 * 0.0004

0.142 + 0.0004 0.075 +°0.0004

0.160 + 0.0004 0.083 + 0.0004

0.220 + 0.0003 0.160 + 0.0004

0.324 + 0.0004 0.340 + 0.0003

0.395 + 0.0003 0.490 + 0.0001

0.620 + 0.0007 0.720 + 0.0007

10 0.800 + 0.0004 0.962 + 0.0004
1 1.042 + 0.0004 1.195 + 0.0004
12 1.180 + 0.0001 1.360 + 0.0001
13 1.178 + 0.0001 1.356 + 0.0001
14 1.170 + 0.0001 1.350 + 0.0001
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" AlCla induced stimulation of cell growth in terms
of OD at 550 nm in intact cells.
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1b. Effect of A1C13 on Phycocfanin Absorption in Intact

Ceils of Cyanidium caldarium

The ioptical density measured at 630 hm was assumed as
the 1light absorption by phycocyanin_pigment. The optical
density measured at lst day was 0.086 and 0.087 in control
and treated cells respectively. It was observed that
optical density measured upto:Sth day was 1éss in treated
cells than in control cells. At 6th day, in control céllg.
OD was 0.25 while in treated cells OD was.0.20. But after
sixth day, optical density increased in treated cells than
in control cells. The optical density at 7th day was 0.32
and 0.35 in control and treated cells respectively. It was
clear that on 1lst da} thére was no difference in optical
den#ity at 630 nm of phycocyanin. After six days, there was
increase in optical density of phycocyanin in treated cells.
On 9th day, optical density was 0.68 and 0.84 in control and
treated cells respectively. But on the léth day, it was
maximum, i.e., 1.35 and 1.53 in control and treated cells
respectively; which could be possible>due to Stiﬁulatory
effect of AlCl3 in phycocyanin content in treated cell
cﬁlture. After 12th day, stationary phase of the alga
started and decrease in optical density was observed (Table

1b and Fig. 9b).
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Table 1b: Effect of AlCl3 on phycocyanin absorption in

intact cells of Cyanidium caldarium (OD at 630 nm)

Days . Control cells . Treated cells
- (5 mM AlCls)

1 0.086 + 0.0004  0.087 % 0.0004
2 0.100 + 0.0004 0.078 + 0.0004
3 0.120 + 0.0001 0.080 + 0.0004
4 0.160 + 0.0007 0.085 + 0.0007
5 0.170 + 0.0004 0.110 + 0.0007
6 0.240 + 0.0007 0.200 + 0.0007
7 0.320 + 0.0004 0.350 + 0.0007
8 0.485 + 0.0004 0.580 + 0.0007
) 0.680 + 0.0004 0.840 + 0.0004
10 0.942 + 0.0004 1.122 + 0.0004
11 1.190 + 0.0004 1.380 + 0.0004
12 1.350 + 0.0004 1.530 + 0.0004
13 1.340 + 0.0004 . 1.500 + 0.0007
14 1

.300 + 0.0004 1.400 + 0.0004
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Effect of AlClg on phycocyanin absorption at 630
nm in intact cells.
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- 1c Effect of AlClg on Chlorophyll (Chl) a Absorption in

Intact Cells of Cyanidium caldarium

The\ optical density measured at 678 nm was aséumed as
the 1light absorption by Chla. The OD meaéured on 1st day
was 0.087 in both control and treated cells. It was
observed that optical density measured upto 6th day was
less in treated than in control cells. At Sth day in
control cells, OD was 0.25, while it was 0.22 in treated
cells. But after 6th déy, OD increased in treated cells as
compared to coﬁtrol cells. It was clear thatvon 1st day
.there was no change in optical density at 678 nm in control
and treated cells. But after 6th day, there’was stimulatory
effect of AlClg on OD. This ;timulatory effect was more
clear on 9th déy showing OD value of 0.77 and 0.88 in
| control and treated cells respectively. On 12th day optical
density was maximum in treated cells than in control cells,
shwoing optical density 1.40 and 1.78 in control and treated

cells respectively.

This indicated that the stimulatory efect of AlClg on
optical density of Chla was maximum in treated cells as
compared to control <cells. After 12th day the culture
reached a stationary phase showing decrease 1in optical

density as shown in table 1c and Fig. 9c.
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Table lc: Effect of AlClg on chlorophyll absorption ' in

intact cells of Cyanidium caldarium (OD at 678 nm)

Days - Control cells : Treated cells
| (5 mM ALClg)

1 0.087 + 0.0004 » 0.087 + 0

2 0.100 + 0.0007 0.080 1_0.0@07
3 0.120 + 0.0004 0.078 # 0.0@04
4 0.162 + 0.0004 0.095 + 0.0007
5 0.175 + 0.0001 0.100 * 0.0007
6 0.250 + 0.0007 0.220 + 0.0007
7 0.330 + 0.0007 0.380 + 0.0007
8 0.530 + 0.0007 - 0.590 + 0.0007
9 0.770 + 0.0007 0.882 + 0.0007
10 0.991 + 0.0001 1.144 + 0.0004
11 1.220 + 0.0004 1.420 + 0.0004
12 1.400 + 0.0004 1.780 + 0.0004
13 1.350 + 0.0004 1.580 + 0.0004
14 1.300 + O o.obo4

.0004 1.500 +
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Fig. 9c Effect of AlCl, on chlorophyll absorption at 678
nm in intact cells. '
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2. Effect of AlClj nn Chlorophyll a Content in Intact Cells:

Five ml of Cghidium caldariqm cell suspension'has drawn
from control and treated cultures after thorodghly' shaking
the flaéks and cells were coliected by centrifuging at 5,000
RPM for 10 min, using table 'top Remi ééntrifuge. f The
pelléts wéré suspended in 0.5 ml of bﬁffer consistiﬁg of 25

mM HEPES-NaOH (pH 7.5) 1 mM CaCl, and 7.5% PEG.

Twenty .ulv cells were drawn and 2.98 ml methano% was
added to it. Sample wés mixed properly and cenﬁrifuged,
The supernatant'was taken and optical density was meésured
at _665 nm in Shimadzu UV-260 dual beam speotroph&tometer;
The concentration of Chla was estimated by using extrfnction

coefficient Eggg = 74.5 mg ml 1 em™1 (MacKinney, 18941).

The Chla content was estimated at three differen£ days,
i.e., at 6th, 9th and 12th day from control and tfea?ed cell
culture. At 6th the Chla.céntent estimated was 1.23 xag/ml
and 0.91 ug/ml 'in control and treated -cells reépeétively.
It was obsérved that Chla content was less in tfeated cells
as compared to control cells at 6th day. This inkibition
might be due to inhibition in cell division and éell number
in culture in presence of 5 mM AlClsg but it was ;observed-
that this inhibition was marginal. After Sth day, it was

observed that there was increase in synthesis of Chla
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content in culture in presence of 5 mM AlCl3. This migh£ be
due to the stimulatory effect of AlCly. At 89th day ¢hl§
content estimated was 1.41 pg/ml'and-1.86,ug/ml in control

and treated cells respectively. At th day the Chla content
| was more in control cells than in treated cells. On 12th
day it was increased in treated cells as compared.to conﬁrol
cells. The Chla content estimated on 12th day was 2.23 ué/ml
and 2.71 ng/ml in control and treated cells respectively

(see Table 2 and Histogram 1).

'3. A1C13-Indﬁced Changes in the Protein Content of Intéct

Cells

Protein content Qas estimated from intact cell Eof
control and treated cell culture at 3 different days i.é.,
at 6th, -9th and 12th days. Protein content estiﬁated‘at Sth
day was 40 ug/ml and 24 ng/ml cell culture in control and
treated cells respectively. = It was observed that ‘in
beginning there was inhibition»in synthesis of protein
‘content in presence of 5 mM AlCl3 in treaﬁed cells upto 6th
day._But it was observed that this inhibition was marginal.
And after 6th.déy, there was gradual increase in synthesis
of protein in presence of 5 mM AlClg as compared to control
cells. Protein content estimated at 9th day was 92 ug/ml ahd

108 wmg/ml in control and treated cells respectively. The
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Table 2 . Effect of A1013 on Chlorophyll a Content in Intact

Cells of Cyanidium caldarium.

Treated Cells (+Al+3)

(ng/ml)

Days Control Cells (—Al+3)
(ug/ml)
1. - -
. 1.20
6. 1.21 1.23 + 0.038
’ 1.30
1.41
9 1.41 : 1.41 + 0.004
1.42
2.20
12. 2.20 2.23 + 0.04
2.30

N [oNoNe]

DN DO

.91
.90
.92

.86
.86
.87

.65
.65
.84

0.

1.

91

86

71

-1+

I+

0.004

0.004

0.08

Chlorophyll content was estimated by using extinction

coefficient Eggp = 74.5 mg ml™1 em! (MacKinney, 1941).
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protein content estimated at 9th day was more in }treated
cells than in control éells and protein content at 12 days’
old culture was further increased. It was 144 ug/ml and 176
ng/ml cell culture in control  and treatedii cells
respectively. The increase in protein content might be due
to:the incréase in céll-division and cell number of cﬁlturé.
On the whole it was found that 5 mM AlClz had stim@latory

effect on the protein content (see Table 3 and Histogfam 2).

4. Absorption Spectra of Intact Cells

After harvesting the cells, drawn from ControL and
‘treated .cell culture the pellets were suspended in 3 mi of
reaction.~ buffer. The reaction mixture contained “reaétion
buffer 25 mM HEPES-NaOH (pH 7.5), 20M NaCl and cells

equivalent to 15—18‘ug Chla. This cell suspension was ﬁaken

. for  scanning the absorption specta from 400—750>nm. These
absorption spectra were taken in UV-260 dual beam
spectrophotometer. The absorption spectrum of cell culture

gave four peaks. These peaks were due to light absorption
by pigments at 3 different wavelengths, i.e., 678 nm (Chla),
630 nm (PC), 480 nm (carotenoids) and 438 nm (Chla soret

band).
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Table 3: Effect of A1013 on Protein Content in Control and

Treated Cells in Cyvanidium caldarium.

Days Control cells E Treated cells
- (ug/ml) (5 mM A1Clg)

: (ug/ml)
1 - -
6 40 + 1.1 24 + 0.41

&

9 | 92 + 0.71 . 108 + 0.41
12 144 + 0.71 176 + 0.71

Lowry Method (1851) was used for protein content estimation

in intact cells of Cyanidium caldarium.
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Histogram 2 Histogram showing variation in protein content
in cultures with and without 5 mM AlClq4
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4a. AlCl3-Induced Changes in Absorption Properties - of

Intact Cells

The absorption spectra were taken from control and
treated cell cultures at 3 different days i.e., Sthlsth and
12th day. From 6 days old control cell culture the
vabsorption spectra were taken. This gave four peakéyat 678
nm (Chla), 630 nm (PC), 480 nm (Chla soret band). On the
6th day it was found that the ratio of absorbance at}630 nﬁ
(PC) and at 678 nm (Chla) was 0.61 and 1.36 in cont#ol and’
treated cells respectively. On 9th day .absorption spectra
were taken' frdh control and treated cells:. The ratio of
absorbance at 630 nm (PC) and at 678 nm (Chla) was 0.96 and
0.95 in control and treated cells respectively. In lé days
old culture the ratio of absorbance at 630 nm (PC) aﬁd at
678 nm (Chla) was 0.93vand 0.82 is control and treated cells
respectively. The ébsorptionvspectra were taken from 24th
days' old control and treated cell culﬁure. The ratip of
absorbance at 630 nm (PC) and at 678 nm (Chla) was 0.75 and
0.52 "in control and treatéd cells respectively} :This
decreases in ratio was due to degradation of phycobiliéomeé
(PBSomes) it ~was observed that the peak ratios decreased
after 6th days old culture in control and treated cells'ﬁsee
Table 4). It was also found ?hat the treated cell cul#ure_

seemed to be deeper green in colour than in control cells
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" Table 4. AlClz-Induced Changes in Absorption Spectra of{ 12

‘Days 0Old Cells

Days Optical Density at OD at 630
678 nm 630 nm oD at 678
Control Treated Control Treated Control Treated.
cells cells cells cells cells cells
1. -~ ~ - - -
6 0.074 0.050 0.045 0.068 0.61 1.36
] 0.064 0.070 0.061 0.0867 0.96 . 0.95
12 0.118 0.142 0.108 0.116 -0.83 0.82

24 0.132 ~ 0.210 0.099 0.109 0.75 0.52
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which was clearly shown from photographs taken from control

and treated cell culture (Fig.10a-e).

5. Parabenzoquinone (pBQ) Mediated Electron Transpért of -
Photosystem-II (H,0 -> PBQ) in . Intact Celfs of
Cvanidium caldarium Grown in Presence and Absenqelof 5
mM AlClq4 |

Photosystem-I1 assay was conducted in intact qells.
Being a lipophilié compound pBQ enters into the intact cells
and accepts. electrons at plastoquinone  (PQ) pogition
' (Warburg, 1941; Tribst 1974). The reaction mixture
'containedA reaction buffer (HEPES-NaOH, pH=75), 20 mM NaC1l,

0.5 mM pBQ and the intact cells equivalent to 12-15 ug Chla.

.In 12 days old cell culture the Hill activity of (BS II
assay '(HZO - pBQ) was measured in two buffers. Firstl?‘ in
citrate-phosphate buffer (pH 2.6-7.0) and Secondly reaction
buffer (pH 7.5). |

The Hill activify was measured 1in citrate-phosphate
buffer at different pH ranges, pH 4.0, 5.0, 5.6, 6.5, and
7.0. The Hill acti?ity measured in the same buffer at pH 4
was 248.82 and 298.82 umoles oxygen ev;lved mg chi 1 .nl in
control and treated cells respeétively. It was obser?éd

that the Hill activity was more in treated cells than in
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Fig. 10d AlCl induced changes in absorption spectra in-
intact cells of Cvanidium caldarium (24th day).
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Fig. 10e AlCl-: induced visual changes in control and
treated cell culture.
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control cells. In the same buffer at pH 5.0 +the hiil
acﬁivity was 388.12 and 447.88 umoles in control and treatéd
cells respectively. Treated cells showed hore Hill activity
as compared to control cells at this above pH. At pH 5.6
the Hill aétivity was meésured at 348.35 and 423 pmoles‘ in
coﬁﬁrol- and treated cells respectively. The treated cells
showed more Hill activity as compared to control cells in
this pH fange. In pH 6.5 in the same buffer, £he Hiil
activity was 447.88 and 522.53 umoles in control “and treated
célls respectively. The Hill activity was observed maximum

in this pH B.SVin treated cells as COﬁpared to control
cells. In pH 7.0 in the same buffer the Hill activity was
423 and 472.76 umoles Oy evolved mg ch1™1l p~1 in control and

treated cells respectively.

It was observed that there Qas a gradual increase :in
the Hill activity in the citrate-phosphate buffef from pHi4¥
5.0 in treated and control cells. Later on this activity
declined in pH 5.6 and ‘after that in 6.5. this actiQity
increased and in pH 7.0 itvdeciined again in control 'énd.
treated cells. At éH 5 and 6.5, there were two peaks _in

control and treated cells (Table 5a).

Another experiment was conducted of pBQ mediated Hill
activity in the same buffer. The Hill activity in pH 4.0

was 316.25 and 352.50 umoles O, mg ch1™1n™! in control and
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Table 5a: Parabenzoquinone Mediéted Hill Activity ~in
Control and Treated Cells at Different pH (HZO ->

pBQ) - Experiment I.

va Activity (mmolesO, evolved mg Chlalh;l)
|  cowNtROL TREATMENT
4.0 248.82 298.82
5.0 398.12  447.88
5.6 348.35 423.00
6.5 447.88 | _‘ . 522.53
7.0 423.00 | 472.76

Chlorophyll contents =‘i7 ang Chla/3ml butter, 12 days celis
were used. Citrate phosphate buffer pH (4.0, 5.6, 6.5 and

7.0).
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treated cells. In pH 5, it was 352.5 and 385.75 mmoles in
control and treated cells respeptively. In pH 5.6, the Hill
activity was 324.3 and 352.5 umoles in control aqd treated
cells respectively. In pH 6.5, it was 380.50 and 423.00
umqles in control and treated cells respectivelyi In pH
7.0, Hill activity was.338.40 and 380.70 umoles iﬁ _control
and treated cells respectively. It was observed . that the
Hill activity was more in pH 6.5 in control and treated
cells'vand it dgcreased in pH 7.0. This indicated that the

Hill activity was maximum in pH 6.5 (Table 5b).

From these two experiments, it was observed that - Hill

activity was maximum in citrate-phosphate buffer (bH 6.5).

Iﬁ another éxperiment in reaction buffer (pH 7.5), pBQ
mediated Hill activity was measured. The aétivity:was found
to be 387 and 560 umoles Oy mg chl—,]‘h—1 in cohtrol and
treated cells respectively. In treated cells, Hili activity

increased as compared to control cell culture (Table 5c).

In anotherv experiment Hill activity was measured in
reaction buffer (pH 7.5). It was 116 and 169.55xum916502 mg
ch1™In~1  iq control and treated:cells. Hill activity was
increased in treated cells as compared to -cohtrol cells

(Table 5d).
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Table 5b: Parabenzoquinone Supported Hill acfivity in
control and treated cells at different QH (HZO ->

- pBQ) - Experiment II.

S.No. pH range | Activity ‘
(umoles Oy evolved mg Chl"lh-l)
Control Treated
1. | 4.0 . 316.25 352, 50
2 5.0 352.50 387.75
3. 5.6 324.3 352.50
4 6.5 380.50 423.00
5 7.0 338.40 380.70
12 days old culture was used. Chlorophyll content was

15ug/3ml buffer. Citrate-phosphate buffer consists of 0.1 M
solution of ecitric acid and 0.2 M solution of sodium

phosphate pH ranging from 2.6 to 7.0.
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Table 5c: Relative O Evblution in control and treated

cells - Experiment III.

S.No; Control Average Treated AQerage
cells cells :

1. 347 | 543

2. 363 367 535 560

3. 393 604

Reaction buffer : pH 7.5 consist of 25 mM HEPES-NaOH; 20 mM

NaCl. Chla 14 ug/3 ml buffer. 12 days old cplture was uéed.
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Table 5d: Relative O, Evolution in control and treafed

cells - Experiment IV.

S.No. Activity (umole O, evolved mg chl_lh_l)
Control Average Treated Aveﬁage
cells cells . :
1. 112 - ‘ 174.50
2. 112 116 163.37 165. 55

3. 124 . : 170.79

Reaction Buffer pH 7.5. 12 days oid culture was used.
Chla content was kept same in both sets} Chlg, 251g/3ml

buffer.
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From all the above observations, it was clear that ﬂn
citrate buffer the activity was maximum ih pH 6.5 and in tHe
.reaction buffer the activity was maximum in pH 7.5. But the
Hill activity was more in reaction buffer (pH 7.5) than in

citrate phosphate buffer (2.6 - 7.0).

It was _observed that there was stimulation in 02
evolution rate in A1013 treated cells asbcompared to contrdl

cells.

6. Fluorescence Emmission Spectra of Intact Cells of
Cvanidium caldarium Grown in Presence and Absence of ;5

mM AlClq

After harvesting the cells from control and treated
culture, the pellets were suspended in 3ml of reaction
buffer. The reaction mixture contained reaction buffer (pH

7.5) and the intact cells equivalent to 12-15 ug/ml Chla.

Fluorescence emmission spectra of intact cells were
measured by exciting the cells at 545 nm. The fluorescence
emission spectra were scanned from 600 nm to 750 nm in

Shimadzu (RF-540) spectrofluoro-photometer.
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6a. Effect of DCMU on Fluorescence Intensity in Intact

Cells of Cyanidium caldarium Grown in Presence and

Absence of 5mM AlClg at 440 nm.

Chlorophyll a were excited with 440 nm light beam for
collecting emission spectra in control and treated celis.
The fluorescence intensity ratio was found to be 1.5 in
control cells.in presence and absenpe of DCMU as an electron
'inhibitor. The peak position was at 683 nm. The
fluoresence intensity ratio in AlClg treated cells was found
to be 1.7 in presence and absence of DCMU and the péak
position was at 683 nm (Table 6a; Fig;. 1la and b).

' 6b. Changes in Fluorescence Intensity at Room Temperatdre
in Intact Cells of Cyanidium caldarium Grown ;in

Presence and Abseﬁce.of 5mM AlCl3

Cells were excited at 44d nm (chla). Peak position was
aﬁ 682 'nm. The ratio of +the fluorescence intensity
(control/treated) was 1.06. Cells were excited at 545 nm
(PC). Peak position was at 654 nm. The !fluorescenée
intensity ratio (control/treated) was found to be 1.16

(Table 6b; Fig. 11c and d).
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Table Ba: Effect of DCMU on Fluorescence Intensity in

Intact Cells of Cyanidium caldarium Grown in
Presence and Absence of 5 mM A1013 Excited at

440 nm.

Sample DCMU Peak positions Fluorescense intensity ratio

{(nm) (relative units)
Control -DCMU 683 _ - 41 1.5
calls +DCMU 683 - 81 e
Treated ~-DCMU 683 38 : 17
cells +DCMU 683 65 ‘ ’

(5 mM)

12 days old céulture was used, excited with 440 nm light beam:

for collecting Chla emission spectrum. 8lit width : 5, 5 nm.
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Table 6b: Changes‘ in Fluorescence Intensity at Room
Tempefature in Intact Cells of Cyanidium caldarium =
Grown in Presence and Absence of 5 mM- AlClg
Excited at 440 and 545 nm. |

Sample ' 440 nm Excitation (Chla) 545 nm Excitation (PC)

Peak Fluorescence Ratio - Peak Fluorescence Ratio
posi- intensity posi- intensity :
tion (relative tion (relative
(nm) units) (nm) units)
Control
cells 682 10.5 654 73
1.06 ‘ 1.16
Treated i
cells 682 11.2 654 ~ 65
(5 mM) '

12 days old culture was used, excited with 440 and 545 nm
1ight beam ! for collecting Chla and PC emission’ spectra

respectively. 8Slit width : 5, 5 nm.
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INTENSITY, RELATIVE UNITS

FLUORESCENCE

50

1

EXCITATION 440nm
(Chlorophyli g )

@—® Treated cells (+5 mM,,‘_Al‘3)

Control cells ( —Al*3)

750

Fig.

11la

WAVELENGTH, nm

AlCls induced changes in Chla fluorescence
emission spectra in control and treated cells.
Cells were excited with 440 nm light bean. Slit-
width - 5, 5 nm; Fix Scale, 200; Ex/Em - 5; Rec.
speed, - 20 nm/cm; Scan, 240 nm/min.
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INTENSITY, REL ATIVE UNMTS

FLUORESCENCE
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( Chiorophylli @)
.70
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\
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Fig. 11b Changes iﬁ Chla fluorescence intensity in

presence and absence of DCMU in control cells.
Cells were excited with 440 nm light beamn. Slit-
width - 5, 5 nm; Fix Scale, 200; Ex/Em - 5; Rec.
speed, 20 nm/cm; Scan, 240 nm/min.
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INTENSITY RELATIVE UNITS

'FLUORESCENCE
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(Chtorophytl a )
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60k | ' ®—@ Treated cells with DCMU
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- Fig. 11c AlClq4 induced changes in = Chla fluorescence

intensity presence and absence of DCMU in treated
cells. Cells were excited with 440 nm light beam.

Slit-width - 5, 5 nm; Fix Scale, 200; Ex/Em - 5; .
Rec. speed, 20 nm/cm; Scan, 240 nm/min :
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Fig. 114 AlCl3 induced changes in phycocyanin fluorescence
-intensity in intact cells. Cells were excited
with 545 nm light beam. Slit-width - 5, 5 nm;
Fix Scale, 200; Ex/Em - 5; Rec. speed, 20 nm/cm;
Scan, 240 nm/min
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DISCUSSION

Because of a variety of uses of aluminium, thére has
been the necessity to increase in the number of aluminium
based industries in country. As a résult of the increase in
the number of aluminium industries, there has Eeen an
elevation in the level of aluminium -toxicity in the
cﬁltivable lands. The level of aluﬁinium toxicity ihcreasgs
in acidic soil which occur abundantly in coastal reéions -of
India. | This increased level of aluminium toxicity;vhampers

real productiyvity in our &griculture.
[

Solubilized Al*3 ions in acidic soil strongly. inhibit
plant growth, especially the'development of their root
system (Foy et al. 1978). Several mechanisms have been

proposed to explain aluminium toxicity :

(1) Disturbance of the metabolism of mineral :nutrition
(Rorison 1958, Foy et al. 1974, Matsumoto Vaﬂd Yamaya

1986).

(2) Inhibition of cell division (Aimi and Murakami 1964,
Morimura et al. 1978). The inhibition of cell division
might be due to'nuc1ear activity disturbance which

could be one of the primary metabolic disorders in

tissue treated with aluminium ions.
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(3) Structural chromatin changes in pea by aluminium might'
be due to chromatin condensation and/or aégregatién.
It was observed that this condensation disturged
nuclear activity by alteriné the structure, i.é.,
through condensation and/or aggregaﬁion éf ﬁhe'

chromatin material (Hideaki Matsumoto 1888).
(4) Binding of aluminium to plasma membrane (Haug 1984).aﬁd
calmodulin (Suhyda and Haug 1984) which thereby

inhibited their function.

(5) Aluminium is antagonist of calcium ion (Ca+2) and

effects the phosphate metabolism (Foy et al. 1978),

Wavare and Mohanty (1983) have studied the ' stimulatory

effect of exogenously added aluminium ion (Al+3) on
Synechococcus cedrorum spheroplasts in relation té

photosynthetic 'activity. In blue-green algae pH of cell;
. culture increases during growth and aluminium precipitates:
It 1is, thus, desirable to study aluminium ions effects on
culture medium in the red alga Cyanidium caldarium, which

grows at very low pH (pH - 3).

The major objectives of these research efforts lies in

the nature of stimﬁlation induced by‘AlCls'in cell growth'
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rate, Chla, protein content, absorption characteristics,

Hill activities and fluorescence properties.

Aluminium was not generally regarded as an eésentigl
élément for plant growth, but under some conditions, log
concentration couid -increase growth or produce other
desirable effects (Foy et al. 1978). This argument could
favour our experimental results. During the course .of an
investigation of the nutrition of a'calcifuge, Deschampsia

luxu (L) Trin; experiments were carried out with
different levels of aluminium in water-culture solutions.a
The results strongly suggests that‘aluminium,éould be of
‘bénefit to plant growfh (Hackett, 1962). This argument:
could favour our experimental results. It was observed that
AlClg stimulated the growth pattern of the cell culture in
treated cells as compared to control cells. ABﬁorbance by
phycoecyanin (PC) and Chla was also ehhanced byvAlCls (Fig.t

9a-c).

It was obsarvedithat AlClq increased Chla céntenﬁ in
treated cells as compared to control cells. This increase
in Chla content might be due tg'increase in rate of cell
division and cell numbers. AlClg4 mightvbe enhancing the
synthesis of pigments. Our results do not clearly suggest
whether the‘Chlg content increased is per cell or not, as this po

was not especially studied in Cvanidium caldarium (Table 2).
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It was observed that A1013 had stimulatory’ effect on
protein content similar to an increase in Chla icontent in
treated cells as compared to the control cells‘-(Table 3).
The 'resulté on absorption characteristics of Cyanidium
caldarium sugéested that there was - stimulation in AlClg4
treated cells as compared to control cells. Thé ratio of
PC at 630 nﬁ and Chla at 678 nm decreased continuously in
successive days. It was observed that decrease was due to
degradation of phycobilisomes (PBSomes) in cell culture with

and without AlCls (Table 4).

Our studies on Hill activity suggested that AlCl,
had stimulatory effect in treated cells (Table 5)." It might
be possiBle that AlCls changed the fluidity of lmembranes
‘(Vierstra and Haug 19785 and thus they induced a stimulation
of electron .flow. The presence of Al*® ions might have
screened the membrane negative charges andi ‘induced
structural changes_leading to stimulation of PéIII activity
(Barber and Mills, 1978; Barber et al. 1977, Olser and Cox
1980, Wollama and Ding 1980).

It was also shown that low cohcentration of AlPions did
not impair the photosynthetic electron flow. However,
exogenously added Al®ions induced stimulation of the PSII

reaction at low concentrations and high enough concentration
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- of Al+3 inactivated the PSII dependent photosynthetic

actiyity of algal spheroplasts (Wavare 1982). OQur results
on fluorescence characteristics of Cyanidium caldarium

suggested that A1013 had stimulatbry effect in the energy

transfer among the constituents of phycobilisomes (Table 6).

All these results make it clear that 5 mM AlClB' had
stimulatory effect in cell culture, as a result of which,

there was a stimulation induced by AlClg in growth

characteristics (cell growth, Chla, protein contents,
absorption spectra), Hill activities and fluoreséénce
properties of Cyvanidium caldarium.
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CONCLUSION

Cyanidium caldarium was growh in‘5 mM AlClsj. It wag
.observed that upto six daysrthere was lag period of alga
showing marginal inhibition in treated_ cell culture vaé
compared . to control cells. Latef on 12th day alga reached
in late 1log phase and after 12th day stationary phase of
alga started and decrease in absopbance by pegments was
observed. It was concluded that AlCly had stimulatory
effect in treated culture as compared to control «cells .in

the. foliowing characteristics of intact cells in Cyanidium
caldarium

(a) Cell growth and absorbance by pigment (Chla and PC)

(b) Enhancement of Chla and protein content

(¢) Stimulation in absorption properties

(d) Enhancement in photosynthetic electron transport

activity i.e. pBQ mediated Hill activity (HZO - pBQ)

(e) Stimulation in fluorescencé characteristics.
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SUMMARY

OQur results suggestedvthat A1C13 had stimulatory effec£
in the increase of cell growth and absorbance by pigméntsf
increase in Chla and protein content; AlCls-induced increase
in absorption characteristics by PC and increasing energy
transfer from PC to Chla; increase in Hill activity and
fluorescence characteristics in treated cells as compared to

control cells in intact cells of Cyanidium caldarium.
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