Plastids

(Chloroplasts, Photosynthesis
and Vacuoles)

the presence of two types of membrane-bounded com
partments— vacuoles and plastids. Both organelles are

related to theimmobile life-style of plant cells.
Plastidsarepresentinall living plant cellsandin Euglena
(a protozoan). They are small bodies found free in the cyto-
plasm. Plastids are often more or less spherical or disc-shaped
(1 umto 1 mm in diameter), but may be elongated or lobed or
show amoeboid characteristics. Their other identifying features
are their double bounding membranes, the possession of
plastoglobuli (spherical lipid droplets; storeof lipidssurplusto
current requirements) and an internal membrane fretwork of
many discreteinternal vesicles. All plastidsin aparticular plant
speciescontainmultiplecopiesof samerelatively small genome
(DNA) and 70S-type ribosomes. They are self-replicating or-
ganellescontaining aprotein-synthesi zing capacity comparable
tothat of mitochondria. They performmostimportant biological
activitiesasthe synthesis of food and storage of carbohydrates,
lipids and proteins. Plastids are absent in the cells of fungi,
bacteria, animals and male sperm cells of certain higher plants.

HISTORICAL

Chloroplasts were described as early as seventeenth cen-
tury by Nehemiah Grew and Antonievan L eeuwenhoek. The
term plastid was used by Schimper in 1885 ; he also classified
theplastidsof plants. A. M eyer in1883, F. Schmitzin1884 and
A.F.W. Schimper in1885madedetailed cytological studiesof
these cell organelles and showed that chloroplastsalwaysarise

Plant cellsarereadily distinguished from animal cellsby

plastid
starch
globules

Starch filling plastids in potato
cells.
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from pre-existing chloroplasts. In 1918, Wilstatter and Stoll isolated and characterized the green
pigments—chlorophyllsaandb. K. Porter and S. Granick (1947) described theultrastructureof grana
of chloroplasts. The studies of Julius Sachsin the mid-nineteenth century show that chlorophyll was
confined to the chloroplasts and was not distributed throughout the plant cell. He also showed that
sunlight caused chloroplasts to absorb carbon dioxide and that chlorophyll isformed in chloroplasts
only in the presence of light.

Dutrochet (1837) recognized that chlorophyll was essential to oxygen evolution by plants.
L iebig, in 1845 indicated that carbon dioxidewasthe source of all organic compounds synthesized by
green plants. In 1845, von Mayer recognized that green plants convert the solar energy into the
chemical energy of organic matter :

sunlight
CO, + H,O ————— Organic matter + O,
green plants

In 1862, Sachs proved that starch was synthesized by plants in a light-dependent reaction
(photosynthesis).

In 1931, an American bhiochemist, Cornelius van Niel observed that a certain type of
photosynthetic bacteriafixed carbon dioxidein the presence of hydrogen sulphide. In thisprocessno
oxygen was evolved. Instead globules of sulphur were formed as awaste product. He concluded that
during bacterial photosynthesis carbon dioxide was not split, rather hydrogen sulphide was broken
down, the resultant hydrogen reduced carbon dioxide and sulphur was left behind :

6 CO, + 12 H,S —— C4 H,,0; + 6H,0 + 12S

ThisledvanNiel tohypothesizethat (1) oxygen produced during photosynthesisof higher plants
comesfrom water and not from carbon dioxide. (2) Water isthe hydrogen donor. (3) CO, molecules
areincorporated intact into carbohydrates. He proposed the following reaction for al photosynthetic
organisms:

light
Cco, + 2H,A _ (CH,0) + 2A + H,O
chlorophyll
Hydrogen Hydrogen Reduced Dehydrogenated
acceptor donor acceptor donor
(H,00r H,S) (V20,0r9)

In1932, Emer son and Arnold carried out theflashing light experiment and showed theexi stence
of light and dark reactions. They introduced the concept of photosynthetic unit (or PS1) whichis
thought to be activated when light impinges on a photosynthetic unit.

An English biochemist, Robert Hill (1937) demonstrated photolysis of water by isolated
chloroplastsin the presence of suitable electron acceptor (e.g., ferricyanide)

illuminated
chloroplast
2H,0 + 4Fe3t —_— O, + 4H'+ 4Fe?t
Ferricyanide Ferrocyanide

In1941, Ruben and K amen used O to show that in photosynthesis oxygen comesfromwater.
Calvin and Benson (1948) showed that phosphoglycerate was an early product of CO, fixation. In
1954, Arnon, Allenand W hatley used ¥ CO, to show fixation of CO, by isolated chloroplasts. M elvin
Calvin (1945-1954) made experiments with unicellular green alga Chlorella and used radioactive
formof CO, (}4CO,) towork out thoseanabolic reactionsby which CO, isfixedinto hexosesand other
carbohydrates. These reactions are found to be independent of light and are called dark reactions,
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biochemical reactions, Calvin cycle or C, cycle (since it involves the formation of a 3-carbon
product). Calvin was awarded the Nobel prize in 1960.

Hill and Bendall (1960), proposed Z-shemefor electron transport fromwater to NADPH during
photosynthesis. It linked the two photosystems—PS | and PS 1.

In 1966, two Australianworkers, M .D. Hatch and G.R. Slack suggested an alternative pathway
for carbon fixation in corn and some other hot-weather plants. Itiscaled C, cycle, sinceit involves
afour carbon compound.

TYPES OF THE PLASTIDS

Theterm ‘plastid’ isderived from the Greek word “plastikas’ (= formed or moulded) and was
used by A.F.W. Schimper in 1885. Schimper classified the plastids into following types according
to their structure, pigments and the functions:

1. Leucoplasts

Theleucoplasts (Gr., leuco = white; plast = living) are the colourless plastids which are found
inembryonicand germcells. They area sofound in meristematic cellsandin thoseregionsof theplant
which are not receiving light. Plastids |ocated in the cotyledons and the primordium of the stem are
colourless (leucoplastes) but eventually become filled with chlorophyll and transform into chloro-
plasts. Trueleucoplastsoccurinfully differentiated cellssuch asepidermal andinternal plant tissues.
They never become green and photosynthetic. True leucoplasts do not contain thylakoids and even
ribosomes (Carde, 1984). They store the food materials as carbohydrates, lipids and proteins and
accordingly are of following types:

(i) Amyloplasts. The amyloplasts (L., amyl=starch ; Gr., plast=living) are those leucoplasts
which synthesize and store the starch. Theamyloplasts occur inthose cellswhich storethe starch. The
outer membraneof theamyl opl st enclosesthestromaand containsoneto eight starch granules. Insome
plant tissuessuch aspotato tuber, amyloplastscan grow tobeaslargeasan averageanimal cell. Inthem
starch granules may become so large that they rupture the encasing membrane. Starch granules of
amyloplasts are typically composed of concentric layers of starch.

(i) Elaioplasts. The€laioplastsstore thelipids(oils) and occur in seeds of monocotyledonsand
dicotyledons. They aso include sterol-rich sterinochlor oplast.

(ii1) Proteinoplasts. The proteinoplasts are the protein storing plastids which mostly occur in
seeds and contain few thylakoids (Heinrich, 1966).

2. Chromoplasts

The chromoplasts (Gr., chroma=colour; plast=living) are the coloured plastids containing
car otenoidsand other pigments. They impart colour (e.g., yellow, orange and red) to certain portions
of plants such as flower petals (e.g., daffodils, rose), fruits (e.g., tomatoes) and some roots (e.g.,
carrots). Chromoplast structureisquitediverse; they may beround, ellipsoidal, or even needl e-shaped,
and the carotenoids that they contain may be localized in droplets or in crystalline structures. The
function of chromoplastsisnot clear butinmany cases(e.g., flowersandfruits) thecol our they produce
probably playsarolein attracting insects and other animals for pollination or seed dispersal.

Ingeneral, chromoplastshaveareduced chlorophyll content and are, thus, lessactive photosyn-
thetically. The red colour of ripe tomatoes isthe result of chromoplasts that contain the red pigment
lycopenewhichisamember of carotenoid family. Chromoplastsof blue-green algae or cyanobacteria
contain various pigments such as phycoer ythrin, phycocyanin, chlorophyll a and carotenoids.
Chromoplasts are of following two types:

() Phaeoplast. The phaeoplast (Gr., phaeo=dark or brown; plast=living) containsthe pigment
fucoxanthin which absorbsthelight. The phaeoplastsoccur inthediatoms, dinoflagellatesand brown
algee.
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(if) Rhodoplast. Therhodoplast (Gr.,
rhode= red; plast=living) contains the pig-
ment phaeoer ythrinwhichabsorbsthelight.
The rhodoplasts occur in the red algae.

3. Chloroplasts

The chloroplast (Gr., chlor=green;
plast=living) ismost widely occurring chro-
moplast of the plants. It occursmostly inthe
green algae and higher plants. The chloro-
plast contai nsthe pigment chlorophyll aand
chlorophyll b and DNA and RNA.

According to Schimper, different
kinds of plastids can transform into one

) - . Light micrograph of a living leaf cell containing a
another, as shown in following figure: number of chloroplasts.

Chloroplasts

Leucoplasts(

Choromoplasts

Fig. 11.1. Interconversion of three kinds of plastids.

Development of Plastids

All plastids, including chloroplasts, develop from proplastids, which are relatively small
organelles present in meristematic cells. Proplastids devel op according to the need of each differen-
tiated cell. If aleaf isgrownindarkness, itsproplastidsenlargeand developinto etioplasts. Thesehave
asemi-crystalline array of internal membranes that contain protochlor ophyll (ayellow chlorophyll
precursor) instead of chlorophyll. When exposed to light, the etioplasts rapidly develop into
chloropalsts by converting protochlorophyll to chlorophyll and by synthesizing new membrane,
pigments, photosynthetic enzymesand componentsof el ectrontransport chain (Thomsonand Watley,
1980 ; Mullet, 1988).

Light regulatesmany processesin plants. Inwaysthat arestill unclear, photoreceptorsincluding
phytochromescontrol thetranscription of many light activated genesinvolvedin chloroplast devel op-
ment, not only in the chloroplast itself but also in the nucleus. Approximately one-fifth of the 120
chloroplast genes are regulated in alight-dependent manner.

Phytochromes. Although there are several typesof photoreceptor moleculesin plants, the best
characterized is the large (1,24,000 dalton) protein, called phytochrome. This protein contains a
pigment that is responsive to light and can exist in two interconvertible forms : an inactive form
produced by exposureto far red light (between visiblered andinfrared), and an activefor m produced
by red light. Phytochromeisknown to mediate many light-activated responses, including chloroplast
rotation, plastid differentiation, seed germination, stem elongation, |esf initiation and flowering. For
example, Mougeotiaisan algainwhich each cylindrical cell containsasingle plate-like chloroplast.
In response to light, the chloroplast rotates until it is perpendicular to the incident light. The
photoreceptor molecules that initiate the response are phytochrome and a blue light receptor located
on or very near the plasma membrane. Illumination of these receptors with a microbeam causes an
influx of Ca2* which bindsto calmodulin. Calmodulin activatesanetwork of actin filaments, attached
both to the outer membrane of the chloroplast envel ope and to the plasma membrane which mediates
therotation (Wagner and Klein, 1981).
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CHLOROPLASTS

We will describe here only the chloroplasts in
detail because of two reasons. Firstly they are most
common plastids of many plant cellsand secondly they
perform the photosynthetic activity of greatest biol ogi-
cal importance. By the process of photosynthesis the
chloroplast synthesizes the carbohydrates which con-
tain energy intheform of chemical energy. The chemi-
cal energy is utilized by al living beings to perform
variouslife activities.

DISTRIBUTION

The chloroplasts remain distributed homoge-
neously in the cytoplasm of plant cells. But in certain
cells, the chloroplasts become concentrated around the
nucleus or just beneath the plasma membrane. The
chloroplastshave adefinite orientationin the cell cyto-
plasm. Since chloroplasts are motile organelles, they
show passive and active movements.

MORPHOLOGY
Shape. Higher plant chloroplasts are generally
biconvex or plano-convex. However, in different plant

cells, chloroplasts may have various shapes, viz, fila-
mentous, saucer-shaped, spheroid, ovoid, discoid or

i
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The internal structure of a chloroplast.
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The functional organization of a leaf.

club-shaped. They are vesicular and have a
colourless centre.

Size. The size of the chloroplasts varies

from speciesto species. Thechloroplastsgener-
ally measure2-3umin hicknessand 5-10umin
diameter (e.g., Chlamydomonas). The chloro-
plastsof polyploid plant cellsarecomparatively
larger than the chloroplasts of the diploid plant
cells. Generally, chloroplastsof plantsgrownin
the shade are larger and contain more chloro-
phyll than those of plants grown in sunlight.

Number. The number of the chloroplasts

variesfromcell tocell and from speci esto species
and is related with the physiological state of the
cell, butit usually remainsconstant for aparticu-
lar plant cell. Thea gaeusually haveasinglehuge
chloroplast. Thecellsof thehigher plantshave 20
to40chloroplasts. Accordingtoacal culation, the
leaf of Ricinuscommuniscontainsabout 400,000
chloroplastsper squaremillimeter of surfacearea.
Whenthenumber of chloroplastsisinadequate, it
is increased by division; when excessive, it is
reduced by degeneration.

Contents
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Comparison of Chloroplasts and Mitochondria

Chloroplastscarry out their energy inter-conversionsby chemiosmotic mechanismsinmuchthe
sameway that mitochondriado and they are organi zed on the same principles. Thus, each chloroplast
containsthreedistinct membraneswhich definethree separateinternal compartments—theintermem-
brane space, the stroma and the thylakoid space. The thylakoid membrane contains all the energy
generating systems of chloroplasts.

Like the mitochondria, chloroplasts have a highly permeable outer membrane ; a much less
permeableinner membrane, inwhich special carrier or transport proteinsareembedded ; and anarrow
intermembrane space in between. The inner membrane surrounds a large space called the stroma,
whichisanal ogousto the mitochondrial matrix and contains various enzymes, ribosomes, RNAsand

DNA. —— 2 — 4 F
However, thereisan . =" ':'

. op inner membrane .4

important difference be-

tween the two : the inner ** . outer membrane m- .'. _.‘: I .-I"

membrane of the chloro-

plastisnot folded intocris-

intermembrane space = ‘
tae and does not contain an T"I;I . matrix stroma 1

electorn-transport chain. In- .

stead, the photosynthetic . thy;'gg ' . i I I
light-absorbing system, the " bna #

el ectorn-transport chainand = ibosomes = i -'i' :'||
an ATP synthetase are all B A=
contained inathird distinct thylakoid *-I'I _Ii_:
membrane that formsaset | witochondrion membrane L rl'-'_ e

of flattened disc-like sacs,
thethylakoids (Fig. 11.2).
Ina genera way, one

Chloroplast

Fig. 11.2. Comparison of a mitochondrion and a chloroplast (after

might view the chloroplast AIEEBCIE L £229))

as agreatly enlarged mitochondriain which the cristae are converted into a series of interconnected
submitochondrial particlesinthe matrix space. Theknobbed ends of the chloroplast ATP synthetases
(F,- F; coupling factors), where ATPismade, protrudefrom thethylakoid membraneinto thestroma,
just as they protrude into the matrix from the membrane of each mitochondrial crista.

ISOLATION AND CHEMICAL COMPQOSITION

Chloroplastsareroutinely isolated from plant tissuesby differential centrifugationfollowingthe
disruption of the cells. L eaves are homogenized in an ice-cold buffered i sotonic saline solution (e.g.,
0.35M NaCl) at pH 8.0. Thedisruptionisgenerally carried out with bursts of Waring blender. After
filtration through a nylon gauze (20 um pore size) to remove the larger particles of debris (e.g., cell
nuclei, tissue fragments and unbroken cells), the chloroplasts are separated by unbroken cells), the
chloroplasts are separated by centrifugation of 200g for 1 minute. The chloroplast rich pellet isthen
resuspended and centrifuged again at 2000 g for 45 seconds to re-sediment the chloroplasts.
Chloroplast preparations obtained by this method are generally mixtures of intact and broken
organelles. Because the chemical composition, rate of photosynthetic activity and other properties of
intact chloroplasts differ significantly from those of damaged organelles, it is often desirable to
separatethetwo populations. Thismay beachieved by i sopycnic density gradient centrifugati on of the
chloroplast preparation.

Details of ultrastructure of grana lamellae have been worked out by electron microscopy
(fixation by gluteraldehyde and staining by osmium) and freeze-fracture technique.
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Theisolated chloroplastsof higher plantsarefound to contain the chemical composition shown
in Table 11-1. The chloroplasts are composed of the carbohydrates, lipids, proteins, chlorophyll,
carotenoids (carotene and xan-
thophylls), DNA, RNA and cer- sy ib s chiorophyl a
tain enzymes and coenzymes.
The chloroplasts also contain
some metallic atoms as Fe, Cu,
Mn and Zn.

The carbohydrates occur
in very low percentage in the
chloroplasts. Themost common
carbohydrates of the chloro-
plasts are the starch and sugar
phosphates.

The chloroplasts contain
20-30 per cent lipids of itsdry
weight. Thelipidsarecomposed
of 50 per cent fats, 20 per cent
sterols, 16 per cent waxesand 7
to 20 per cent phospholipids.
The most common alcohols of
thelipidsarethe choline, inosi- 400 450 500 550 600 650 700
tol, glycerol, eﬂ_]ano' am',ne' Absorptic\;\:\a\égleeg?;hfc()?rglllorophylls.

Theproteinsconstitute 35
to 55 per cent of the chloroplast. About 80 per cent proteins are insoluble and forming the unit
membranes of the chloroplastsalong with thelipids. The 20 per cent proteins are solubleand occur in
the form of the enzymes.

Thechlorophyll isagreen pigment of the chloroplasts. The chlorophyll containsan asymetrical
molecule which has hydrophilic head of four rings of the pyrols and hydrophobic tail of the phytol
chain. Chemically the chlorophyll is a porphyrin like the animal pigment haemoglobin and cyto-
chromes except besides the iron (Fe), it contains Mg atom in between the rings of the pyrols which
remain connected with each other by the methyl groups. The chlorophyll consists of 75 per cent
chlorophyll aand 25 per cent chlor ophyll b.

The carotenoids are carotenes and xanthophylls, both of which are related to vitamin A. The
caroteneshave hydrophobic chains of unsaturated hydrocarbonsin their molecul es. The xanthophylls
contain many hydroxy groupsin their molecules.

DNA of chloroplast of Chlamydomonas represents non-chromosomal genetic system and has
been found to berelated with cytoplasmic heredity. Ruth Sager, who ispioneer on nonchromosomal
genes, wasabl eto preparegenetic map of Chlamydomonaschloropl ast. Shehasshownthat thegenome
of the chloroplast of Chlamydomonasiscircular like that of bacteria.

Table 11-1. Chemical composition of chloroplasts of higher plants.

relative light absorpiton

Chemical constituents Per cent dry weight Components(per cent)
1. Proteins 35-55 Insoluble 80%
2. Lipids 20-30 Fats 50%
Sterols 20%
Wax 16%
Phosphatides 2-7%
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Chemical constituents Per cent dry weight Components(per cent)
3. Carbohydrates Variable Starch, sugar,
phosphates 3-7%
4. Chorophyll 9.0 Chlorophyll a 75%
Chlorophyll b 25%
5. Carotenoids 45 Xanthophyll 75%

Carotene 25%
6. Nucleic acids

RNA 34
DNA <0.02-.01
ULTRASTRUCTURE

A chloroplast comprises the following three main components (Fig.11.3) :

1. Envelope

The entire chloroplast is bounded by an envelope which is made of a double unit membranes.
Acrossthisdoublemembraneenvel opeoccursexchangeof mol ecul esbetween chloropl ast and cytosol
(cytoplasmic matrix). Isolated membranes of envelope of chloroplast lack chlorophyll pigment and
cytochromes but have a yellow colour due to the presence of small amounts of carotenoids. They
contain only 1 to 2 per cent of the total protein of the chloroplast.

2. Stroma

Thematrix or stromafillsmost of the volume of the chloroplastsand isakind of gel-fluid phase
that surrounds the thylakoids (grana). It contains about 50 per cent of the proteins of the chloroplast,
most of which aresolubletype. Thestromaal so containsribosomesand DNA molecules(i.e., 80 DNA
molecules per chloroplast per cell of Chlamydomonas; 20 to 40 DNA molecules per chloroplast per
cell of leaf of maize), both of which areinvolved in the synthesis of some of the structural proteins of
the chloroplast. The stromaisthe place where CO, fixation occurs and where the synthesis of sugars,
starch, fatty acids and some proteins takes place.

3. Thylakoids

The thylakoids (thylakoid = sac-like) consists of flattened and closed vesicles arranged as a
membranous network. The outer surface of the thylakoid isin contact with the stroma, and itsinner
surfaceenclosesan intrathylakoid space (thethird compartment). Thylakoids may be stacked likea
neat pile of coins, forming grana or they may be unstacked, intergranal, or stromal thylakoids,
forming a system of anastomosing tubules that are joined to the grana thylakoids. There may be 40
to 80 granain the matrix of achloroplast. The number of thylakoids per granum may vary from 1 to
50 or more. For example, there may be single thylakoid (e.g., red alga), paired thylakoids (e.g.,
Chrysophyta), triple thylakoids and multiple thylakoids (e.g., green algae and higher plants) (Fig. 11.4).

Molecular Organization of Thylakoids

Molecular organi zation of themembrane of thylakoidsisbased onthefluid-mosaic model of the
membrane which representsfollowing main characteristics: fluidity, asymmetry and economy (i.e.,
lack of movement in the third dimension). Lipids represent about 50 per cent of the thylakoid
membrane; these include those directly involved in photosynthesis (called functional lipids) such as
chlorophylls, carotenoidsand plastoquinones. Structural lipidsof thylakoidsinclude glycolipids,
sulpholipids and a few phospholipids. Most of these structural lipids are highly unsaturated which
confer to the membrane of thylakoids a high degree of fluidity.
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The protein compo-
nents of thylakoid mem-
brane are represented by
30 to 50 polypeptides
which are disposed in the
following five major su-
pramolecular complexes
(Fig. 11.5), which can be
isolated with mild deter-
gent:

1. Photosystem |
(PS1). Thiscomplex con-
tainsareactivecentrecom-
posed of P700 (Type of
pigmentwhichisbleached
at the wavelength of 700
nm), several polypeptides,
alower chlorophyll a/bra-
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epidermis
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Fig. 11.3. A—Distribution of chloroplastsin mesophyll cells of aleaf; B—
Ultrastructure of a chloroplast; C—Details of a granum (after Albertset al.,
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Fig. 11.4. Different kinds of chloroplasts containing variable number
of thylakoids per granum.

stroma lamellae
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E nhigher plants

ratio of chlorophyll a/b and -
carotene. Frequently, the PS
IIsareassociatedwiththelight-
harvesting complexandarein-
volvedinlightinduced release
of O, from H,O (i.e., photoly-
sisof water). PSIl worksas a
lighttrapinphotosynthesisand
ismainly presentinthestacked
thylakoid membranesof grana.

3.Cytochromeb/f. This
complex contains one cyto-
chromeF, two cytochromes of
b 563, one FeS centre and a
polypeptide. Itisuniformly dis-
tributedinthegranaand actsas
the electron carrier.
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These three complexes are related to the electron transport and are linked by mobile electron
carriers(i.e., plastoguinone, plastocyanin and ferredoxin). Electron transport through PS11 and PS ||
finally resultsin the reduction of the coenzyme NADP*. Simultaneously, thetransfer of protonsfrom
the outside to the inside of the thylakoid membrane occurs.
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thylakoid membrane

=

PS, complex - LHC, ATP synthetase

-j nn

PS, complex - LHC, cytochrome b f complex

Fig. 11.5. Diagram showing the distribution of the main complexes within the thylakoid membranes both in
the granal or stacked and stromal or unstacked regions (after De Robertis and De Robertis, Jr., 1987).

4. ATP synthetase. Asin mitochondria, thiscomplex consists of aCF hydrophobic portion, a
proteolipid that makesaproton channel, and aCF, (or coupling factor one) that synthesizesATPfrom
ADPand Pi, using the proton gradient provided by the electorn transport. ATP synthetase complexes
arelocated in stacked membrane (grana).

5. Light harvesting complex (LHC). The main function of LH complex is to capture solar
energy. It contains two main polypeptides and both cholorophyll a and b. LH complex is mainly
associated with PS 11, but may aso be associated with PS | (Anderson, 1975). LHC islocalized in
stacked membranes and lacks photochemical activity.

Mutation and chloroplast structure. The organization of chloroplasts and other plastidsis
often modifed due to mutation. D. Von Wettstein (1956) reported that the plastids of normal barley
plant haveawell organized system of grana and stroma. But the plastids of analbino mutant of barley,
fail to develop beyond a particular stage and there occurs no differentiation of grana and stroma.
Further, the plastids of ayellow-green mutant of barley develop somewhat further than plastids of an
albino plant.

FUNCTIONS OF THE CHLOROPLAST : PHOTOSYNTHESIS

Itiswell evident now that the process of photosynthesis consists of the following two steps:

1.Lightreaction. ItisalsocalledHill reaction, photosynthetic electr on transfer reaction or
photochemical reactions. Inlight reaction solar energy istrapped in the form of chemical energy of
ATPandasreducing power inNADPH. Duringit, oxygenisevolved by photolysisor splitting of water
molecule. Light reaction occurs in thylakoid membranes. 2. Dark reaction. It isalso called Calvin
reaction, photosynthetic carbon reduction cycle (PCR cycle), carbon-fixation reaction or
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thermo-chemical reaction. Indark reaction, the

reducing capacity of NADPH and the energy of . |
ATP are utilized in the conversion of carbon o 120, ™y
dioxideto carbohydrate. Such aprocess of “car - L § 2
bon fixation” or “CO.-fixation” occurs in the oA, e
stromaof chloroplast (Fig. 11.6). . ‘__}_ —
1. Light Reaction - Stroma =

Themost important step of light reactionis o ATP, NADPH ADP, Pi, NADP*
harvesting of the maximum amount of solar en- CO, e i u . carbo-
ergy for conversion into chemica energy. The =’y sStromal hydrates
photosyntheticlight reactioniscompleted by pass- chloroplast = enzy_ mef
ing through the following processes: B

(i) Light absorption by photosynthetic Fig. 11.6. Localization of thelight and dark reac-
pigment. Einstein suggested in 1905 that light tion of photosynthesis. The light reac-
and other electromagnetic radiations travel in tion is catalyzed by chloroplast lamel-
discrete packets called quanta or photons and lae, especidly in the grana. The dark
that when light interactswith matter it does so by reactioniscatalyzed by enzymesof the

annihilating complete photons, never a part of stroma (after Dyson, 1978).

one. Further, according to Einstein’s photoel ec-
trictheory, ittakesonephotonto g ect oneel ectron. Increasing theintensity of light, or flux of photons,
only increases the number of electrons gjected, not their velocities. On the other hand, changing the
wavelenght of light does changethevel ocity of gjected electrons, implying that theenergy of aphoton
must be related to its wavelength.

When amolecule absorbsaphoton of light, it isabsorbing aquantum of energy. Several things
can happento thisenergy : (i) It can be dissipated in molecular motion, manifest asheat. (ii) It can be
reemitted as anew photon of light at alonger wavelength, with the shift representing losses to other
processes—if remission occurs very quickly, it is caled fluorescence ; if there is a long lag
(millisecondsto seconds) between absorption and reemission, theprocessiscalled phosphor escence.
(iii) The energy of light can cause achemical changein the compound that absorbsit. It isthislatter
possiblility that can happen when amolecul e of chlorophyll absorbsaphoton. Infact, chloroplast acts
asanenergy transducer, i.e., it can convert light energy to chemical energy, much asasol ar battery uses
light to run atransistor radio.

Within afraction of asecond after light is absorbed by a photosynthetic pigment, the molecule
isaltered ; some el ectrons associated with the pigment are raised to new energetic heights, changing
their spin or modifying their position. If enough energy is absorbed, an el ectron may even be gjected
and, thus, oxidation occurs. When these eventshappen, we say that themoleculeisinanexcited state.

Photosyntheticunits. Thebasi ¢ photosynthetic unitsseemto begroupsof roughly 300 pigment
mol eculeslocated in the chloroplast membranes (thylakoid disc). Although all the pigment molecules
in the unit (carotenoids, chlorophyll b, etc.) are capable of capturing light energy, they must transfer
it to asingle key chlorophyll a molecule called ther eaction centre. Thelatter then loses an electron
toaseriesof electorn carrier molecules. Thus, the other 299 accessory pigment moleculesarereferred
to asantenna molecules or antenna pigments, to designate their role in the capture of light energy.

Dual pigment systems. Higher plants are found to have two types of photosynthetic units,
associated with two different pigment systems, which absorb light of different wavelenghts. Pigment
system | or photosystem | (PS ) units occur in the thylakoid membrane in the form of small and
densely packed particles. Each PS | unit consists of about 200 molecules of chlorophyll a and 50
carotene molecules. The reaction centre (chlorophyll a molecule) is called P 700 because it has a
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maximum light absorption at 700 na- |

nometers. Energy funneling into P 700
is responsible for the gection of an
electornfromthechlorophyll. Pigment
system |1 or photosystem 11 (PS I1)
units occur in the thylakoid membrane
intheformof larger, morewidely spaced
particles or ES particles (or
guantosomes). Each PSI11 unit consists
of approximately 200 mol eculesof chlo-
rophyll a, 200 molecules of carotenals,
chlorophyll b, and chlorophyll c or d,
depending upon the species. Its reac-
tion-centre chlorophyll a is designated
P 690 or shorter-wavelength trap. In
the thylakoid membrane PS | and PS1|
areprobably arranged near one another
forming the so-called Z-scheme (Hill
and Bendall, 1960) because they are
functionally related ; excitation energy
originating in one can be shunted to the
other system. However, two photosys-

temsarecoupled chemically rather than
through direct energy transfer.
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A sunburst through the leaves of a fern depicts the harvesting of
light energy by photosynthesis, the ultimate source of energy for
nearly all life on earth.

(i) Electron transport systems and oxidation of water. When the P680 of photosystem I1
acquiresasufficient quantum of energy, it emitsapair of electrons. These el ectronswith high potential
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Fig. 11.7. Photosynthetic light reaction showing major events occurring in photosystem | and
photosystem |1 of chloroplasts.
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energy move down an electron transport chain (of thylakoid membrane) and during thisprocessATP
moleculesareformed (Fig. 11.7). Two electrons are passed through an el ectron acceptor Q (whichis
a quinone) to an electron transport chain involving four electron carriers (plastoquinone, cyto-
chrome-559, cytochrome-553 or cytochrome f and plastocyanin), before being passed onto PS1.
Theelectronsare passed through four carrierssuccessively at lower energy levels, sothat at each step
energy isreleased, whichisharvested in the production of two ATP molecules (from ADP + Pi). The
electronlost by P680isultimately accepted by P700 of photosystem I. P700 (PS1) also captureslight,
and for absorbing each photon, it gjects an electorn. This electron isreplaced by an electron from PS
Il and thisflow of electron continuesaslong asthelightisavail able. Theelectronsliberated from P700
are passed through acceptor X, to an electron transport chain (ferredoxin, ferredoxin NADP
reductase) at successive lower energy levels. Finally these electorns reach NADP coenzyme, each
molecule of which receives an electron, enabling it to pick up aH* ion (proton), thus, producing two
molecules of NADPH from one molecule of H,O used in PSI1 :

Thylakoid lumen Thylakoid lamella [ | Stroma
- l ] - d

. '.O.aF
2H0 '.'I-I'Psso I'I'I'.Qll-ql;.'F PQ *
L i..';'.' - ah"
AH* n -$

1w |
A .

PP | el oo
| .::-ﬂ =751

2NADP

L | T e o om ADP +Pi

Fig. 11.8. Model for chemiosmoatic coupling. Locations of electron transfer
intermediates in the thylakoid lamella (membrane) and enzymes
involved in ATP synthesis and proton (H*) transport have been
tentatively depicted (after Sheeler and Bianchi, 1987).
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2hv
2¢ + 2H'+ 2NaDP" —— 2NADPH
The oxidized P680 regainsits electrons by the photolysis of water into 2H*, 2e and oxygen:
2quanta or 2hv
HO—————— %0, + 2H" + 2e

Oxygen is given out by photosynthesizing plants. The protons (H*) accumulate inside the
thylakoid membrane resulting in aproton gradient. The energy released by the protons when they
diffuse across the thylakoid membrane into the stroma (along H* concentration gradient) is used to
produceATPmolecules, by CFO- CF1ATP synthetaseinthemembrane. Assynthesisof ATPoccurs

inlight and the processisnot cyclic (i.e., it needs aconstant supply of water moleculesto be oxidized
and NADP to be reduced), the processis called non-cyclic photophosphorylation.

ATP production by cyclic photophosphorylation aso occurs during the light reaction. This
process involves another electorn transfer mechanism involving cytochrome b6 and starting with
P700; the ultimate acceptor of the de-energized electron is also P700 of photosystem 1.

All themoleculesof ATPand NADP generated in thelight reaction of photosynthesisare used
by soluble enzymes of stroma of chloroplast during the dark reaction. Total light reaction can be
summarized asfollows:

4hv
H,O + 2NADP + 2ADP + P— %0, + 2NADPH + 2ATP
2. Dark Reaction

The dark reaction is completed by passing through foll owing three main phases:
(i) Phase 1 : Carboxylation. During

thisphase of dark reaction, threemoleculesof
carbon dioxide (3C) areattached to threemol -
eculesof ribulose 1,5, biphosphate (RuBP;
thispentosesugar waspreviously termed RuDP
or ribulose diphosphate ; 15C) to produce
short- lived six-carbon intermediates. This
process is called carboxylation and is cata-
lyzed by the enzyme RuBP carboxylase,
carboxydismutase or “Rubisco” (which is
widely acclaimed asone of the most abundant
proteinspresentontheplanet Earth; seeAlberts
et al., 1989). Rubisco is alarge protein mol-
ecule (500,000 dalton MW) comprising 16 per
cent of chloroplast protein. The six carbon
intermediates are immediately broken down
intosix moleculesof PGA or 3- phosphoglyc- Qalvin with a student. Thg sequence of steps in the light
ericacid (i.e.aC-3or threecarbon compound, independent stage was investigated by a team led by

Melvin Calvin.
6Cx3C = 18C).

(i) Phase 2: Glycolyticreversal. By utilizing six ATP molecul es, these six molecules of PGA
aretransformedinto six moleculesof 1,3, diphosphoglycericacid (i.e., 6Cx 3C=18C; 3Cfrom3CO,
and 15C from 3 RuBP). These in turn get converted into six molecules of glyceraldehyde-3-
phosphate, 3- phosphoglycer aldehyde (PGAL) or 3-phosphoglycericacid (triose) by utilizing six
NADPH molecules.

(iii) Phase 3 : Regeneration of RuBP. For the continuous running of Calvin cycle, there must
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be a regular supply of
ATPand NADPH and
also sufficient amount
of RuBP. Three mol-
ecules of RuBP (3C x
5C=15C) areregener-
ated by a complex se-
riesof reactionswhich
utilizethree ATP mol-
ecules and five mol-
ecules of 3-phospho-
glycericacid (5C x 3C

PGA
Cymm-2C

CO, j

Rlbulose

2NADPH I 2NADP

=3 H

-|.-|-2C3-EF"-I-|-2C Py Pa C,Bmm— C,

PGAL glucose

[
fatP 2ADP

may be
respired
n

ADP IATP
L

u
- = - . u
Source of energy (respired)
Synthesis of fats, proteins, etc.

Sucrose (C,,) for transport
Starch for storage

Dark reaction

=15C). Thisleavesone
molecule of PGAL as
the net gain of one
Calvin cycle. Two turns of Calvin cycle result in the production of one molecule of glucose. This
glucoseisused by theplant to form alarge variety of organic compoundsrequired for itsstructureand
function (e.g., starch, cellulose, lipids, amino acids and proteins, etc.). The dark reaction may be
summed up asfollows:

6RUBP + 6CO, + 18 ATP + 12NADPH ———> 6RUBP + C4H,,0,+ 18ADP + 18Pi + 12NADP

Fig. 11.9. Synthesis of carbohydrate during dark reaction (after Berns, 1983).

Hatch and Slack Pathway or C, Pathway of CO, - fixation in Angiosperms

In many angiosperms (e.g., maize, sugarcane, sorghum) having Krantz anatomy (i.e.,bundle
sheathwith chloroplasts), an aternative pathway of CO, fixation occurscalled C, pathway of car bon
dioxidefixation. Inthe mesophyll cells of
leaf in the presence of PEP carboxylase
enzyme, the CO, is assimilated by car-
boxylation of PEP (a 3-carbon acceptor,
called phosphoenal pyruvate) to produce
a 4-carbon compound, called oxal oacetic
acid or OAA (OAA isanintermediate in
the Krebs cycle of respiration). OAA is
converted into another intermediate of
Krebscycles, themalicacid (4C) or aspar -
tic acid in some cases. This acid is then
transferred (probably by diffusion) to the
cells surrounding the vascular bundle, the
bundle sheath cells having enzymes of
Calvin cycle. Here, malic acid undrgoes
decarboxylation to produce pyruvic acid
(3C) and CO,,. CO, entersthe Calvincycle
(or dark reaction) to produce amol ecul e of
3-phosphoglyceric acid. Sugarsformedin
Calvin cycle are transported into the ph-
loem.

The pyruvic acid generated in the
bundle sheath cells is transferred back to
themesophyll. Itisconvertedto PEPby the

(a) C, plant {
]

bundle-
L sheath
cells

f=.

Comparision of C, and C, plants.
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expenditure of an ATP molecule. But because the
conversion resultsin the formation of AMP (and not
ADP), there remains a requirement of 2ATP for the
regeneration of ATP from AMP.

TheC-4 pathway ismoreenergy-expensivethan
the C-3 pathway. While C-3 pathway requires18 ATP

.
H,O
. u
4 honcyclic &
- photophos-
horylati H
phorylation Lo

:'g. AR

“ght-"_ g E,lAE):II:’. A, for the synthesis of one molecule of glucose (i.e., 9
"~ u | I ATP molecules per Calvin cycle: 9 x 2 =18 ATP
- cyclic l:AT: - carbon I molecules), the C-4 pathway requires 30 ATP mol-
photophos- & % g iion (darkg™ ecules(12ATPmorethantheC-3cycle). Butrealizing

g PHORRHONTY" "k o chion that many tropical plants would otherwise lose more
= ._: — than half of the photosynthetic carbon in

. photorespiration,the C-4 pathway is of adaptive ad-
PGAL vantage. Further, production of OAA in C-4 plantsis
afavourable step, since it permits closure of stomata

light co,

Fig. 11.10. Diagramshowingrelationshipbetwen
photophosphorylationand carbonfixa
tion. The entire photosynthetic pro-
cess can be visualized as a series of
interlocking gears, with the energy|
from light turning the two photophos-
phorylation gears. The turning of the
cyclic-phosphorylationgear causesthe
gear of ATP synthesisto turn, and the
turning of noncyclic-photophospho-
rylation gear causesboththe ATPsyn-
thesisand NADPH- synthesisgearsta
turn. Thesetwo gearscausethecarbon
fixation gear to turn, with resultant
production of carbohydrate (PGAL;

and allows conservation of water.

CHLOROPLAST AS SEMIAUTONOMOUS
ORGANELLE

Like the mitochondria, the chloroplasts have
their own DNA, RNAsand protein synthetic machin-
ery and are semiautonomousin nature.

1. DNA of chloroplast. Recently the chloro-
plasts of the algae and higher plants are found to
contain DNA molecules. First of al Ris and Plant
(1962) have reported DNA molecule in the chloro-
plast of the Chlamydomonas. L ater on DNA molecule
has been reported from the chloroplasts of other algae
and higher plants. In general, chloroplasts have a

triose) from CO, (after Berns, 1983).

double helical DNA circle with an average length of
45 um (about 135,000 base pairs). The replication of
chloroplast DNA has been followed with *H-thymidine. Maps of thelocation of genes (genetic maps)
havebeen madein several chloroplast DNAsby thehel p of restriction enzymes. Thegenefor thelarge
subunit of carboxydismutase enzyme has been fully sequenced and is found to contain 1425
nucleotides.

2. Ribosomes of chloroplasts. The chloroplasts contain the ribosomes which are smaller than
the cytoplsmic ribosomes. The ribosomes of the chloroplast are of 70S type and resemble with the
bacterial ribosomes. Theribosomesof thechloroplastsconsist of tworibosomal RNAs, 23SrRNA and
16SrRNA (Stutz and Noll, 1967, Bager and Hamilton, 1967). L yttleton (1962) has also separated
polyribosomes or polysomes from the chloroplast. The chloroplasts aso contain aminoacyl-tRNAS,
aminoacyl-tRNA synthetases, methionyl-tRNA.

3. Protein synthesis. According to most recent studies (see Hall, et al., 1974). the DNA of
chloroplast codesfor chloroplast mMRNA, rRNA, tRNA, and ribsomal proteins. It also codesfor certain
structural proteins of thylakoid membranes. The synthesis of other chloroplast components as
chlorophyll, carotenoids, lipids and photosynthetic and starch synthesizing enzymes, is controlled by
nuclear genes. The 70S ribosomes of Euglena chloroplast are found to require Mg** for their stability
and also have arequirement for N-formy1 methionyl-tRNA in chain initiation protein synthesislike
thebacteria. Theprotein synthetic mechanism of chloroplastsisinhibited by chloramphenicol likethat
of mitochondriaand bacteria (Ellis, 1969).
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The mode of synthesis of proteins of chloroplasts indicates towards their semiautonomous or
symbioticnatur e. For exampl e, of the 30 known thylakoid polypeptidesthat functionin photosynthe-
sis, so far 9 have been demonstrated to be synthesized on chloroplastic ribosomes and 9 are coded by
nuclear genes and synthesized on cytoplasmic ribosomes (von Wettstein, 1981). Synthesis of
carboxydismutase (C Dase) presents a good case of cooperative action of two genetic systems (i.e.,
chloroplastic and nuclear genetic systems). C Dasecomprises 16 subunits: 8 subunitsof highmolecular
weight (55,000 daltons) and 8 subunits of much smaller molecular weight (14,000 daltons). Thelarge
subunitiscoded by genespresentin chloroplastic DNA, whilethesmall subunitisproduced by nuclear
genes. The small subunit (called P20) is synthesized as a precursor weighing 20,000 daltons on free
ribosomes; it then enters post-translationally into the stromato be cleaved to attain itsfinal size. It
is postulated that the chloroplastic envel ope has receptor sites that recognize the proteinsthat are to
be incorporated into the organelle. The extra sequence (acting asthe signal) that is presentin P20 is
composed of acidicaminoacids, in contrast tothe hydrophobic onesinthesignal sequenceof secretory
proteins. After entering thechloroplast thesignal sequencesareremoved by aproteaseenzyme, which
is present in the envelope of chloroplast, and the small subunit of C Daseis released into the stroma
(Ellis, 1981). Thus, chloroplast proteins may be synthesized by three avenues : (1) by an exclusive
chloroplastic mechanism, (2) by amechanism involving nuclear genes and chloroplastic ribosomes,
and (3) by nuclear genes and cytoplasmic ribosomes.

Protein transport into chlor oplasts resemblestransport into mitochondriain many respects:
both occur post-trand ationally, both requireenergy, and both utilize hydrophilicamino-terminal signal
peptides that are removed after use. However, there is at least one important difference that while
mitochondria exploit the electrochemical gradient across their inner membrane to help drive the
transport, chloroplasts (which have an electrochemical gradient across their thylakoid but not their
inner membrane) appear toemploy only ATPhydrolysistoimport acrosstheir double-membraneouter
envelope.
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Translocation of
proteinsintothethylakoid
space of chloroplasts re-
quirestwosignal peptides
and two translocation
events. The precursor
polypeptide contains an
amino-terminal chloro-
plast signa peptide fol-
lowed immediately by a
thylakoid signal peptide.
The chloroplast signal
peptideinitiatestranslo-
cation into the stroma
throughamembranecon-
tact site by a mechanism
similar to that used for
translocation into mito-
chondria matrix. Thesig-
nal peptideisthencleaved
off, unmasking thethyla-
koidsigna peptide, which
initiates translocation
across the thylakoid
membrane (Fig. 11.12).

BIOGENESIS OF
CHLOROPLAST

The chloroplasts
never originated denovo.
Sincetheclassic work of
Schimper and Meyer
(1883) it has been ac-
cepted that chloroplasts
multiply by fission, apro-
cess that implies growth
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Fig. 11.11. The C, pathway.

of the daughter organelles. Thisis easily observed in the alga Nitella, which contain a single huge
chloroplast. In Nitella a division cycle of 18 hours has been cinematographically recorded for the

chloroplast.

During the development of the chloroplast, the first structure to appear is the so-called
proplastid, which has adouble membrane. Development of proplastid into chloroplast takesplacein

the following steps:

1. Inthe presence of light, theinner membrane grows and gives off vesiclesinto the matrix that
aretransformed into discs(Fig. 11.13). Theseintrachloroplastic membranesarethethylakoidswhich,
incertainregions, pileclosely toformthegrana. Inthemature chloroplast thethylakoidsareno longer
connected to the inner membrane, but the granaremain united by intergranal thylakoids.

2. In the absence of light, a reverse sequence of changes takes place. This is the process of
etiolation, in which the leaves lose their green pigment and the chloroplast membranes become
disorganized. The chloroplasts are transformed into etioplasts, in which there is a paracrystalline



238 CELL BIOLOGY

chloroplast s cytosol
3|gnal peptlde - - — m— -
-
thylakoid u " i
signal peptlde '." e -

.
LN
i cIeavage of chloroplast stroma
é?gl;aukrgfr ﬁ ! ll. signal peptide
protein * o

" il -
|| Rl & exposed thylakoid

postulated " = ATP -dependent = = dignal pentide
receptor - I:I translocation into = ; gnatpep
I:. I_l:l- stroma
L5 "y

"
outer _-'. n translocation 't "
membrane inner into thylakoid iy *
membrane =

thylakoid =
membrane

mature protein in
thylakoid space

Fig. 11.12. Mode of translocation of proteinsinto stromaand thylakoid of chloroplast by the help of signal
peptides (after Albert et al., 1989).
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an autotrophic micro-organism, one which is able to transform
radiant energy from sunlight and heterotrophic host cell. The
symbioticoriginof thechloroplast appearsvery justifiedbut K ir k
(1966) has shown that certain important enzymes which are
necessary for the development of the chlorophyll and for the
photosynthetic mechani sm aresynthesi zed according tothecodes
of the nuclear DNA. There still exists certain doubt about the
symbiotic origin of the chloroplast.
AMYLOPLASTS

Amyloplasts or starch granules are leucoplasts which lack
any visible pigment and areinvolved in the synthesis and storage
of various kinds of carbohydrates.
Structure and Function

Theamyloplastsresemble proplastidsand differ fromthem
onlyinsize. Thecontainlessnumber of lamellae, but, can buildup
thylakoid structure found in chloroplast, in the presence of light.
In the dark they synthesize and store starch. The conversion of
glucoseinto starch isachief characteristic of amyloplasts. How-
ever, chloroplasts can al so synthesize starch and storeit in stroma
region. But, thisstarch in chloroplasts disappearsquickly and s,
therefore, knownastransitory star ch. Thestarch of amyloplasts
ontheother hand canbestoredfor longer periodsandis, therefore,
called reserve starch.

Origin of Amyloplasts

The starch development begins with the formation of a
particlein the stroma. This particle consists of several tubuli and
thylakoidsandissurrounded by additional ringsof starch. It grows
till the amyloplast isfilled with starch. Ultimately, the tubuli are
pressed against thewall and gradually, starch granule exceedsthe
sizeof amyloplast. Finally, themembraneouswall of amyloplasts
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ruptures and withers away, so that only the starch granules can be seen.

CHROMOPLASTS

The plastids which contain pigments other than chlorophyll are the chromoplasts. They can be
originated from chloroplastsand also from leucopl asts. Thecommon exampl e of their derivationfrom
chloroplastscan be observedinthe petal swhich aregreeninitially but become coloured subsequently.
Similarly in carrot roots, chromoplasts are derived from leucoplasts asis clear from the fact that the
roots have no colour in the beginning but become coloured at alater stage.

Chromoplasts impart colour to roots (Carrot), fruit (Tomato) and petals (Rose).
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Structure and Function

Chromoplasts appear to be products of degeneration or disintegration of chloroplasts or
leucoplasts. Their specific function in plant cell is still little understood. However, their presencein
floweres definitely servesin attracting insects for pollination and propagation.

Origin of Chromoplasts

The chromoplasts can originate either from chloroplasts or from leucoplasts :

(i) When a chloroplast transforms into a chromoplast, it has been observed that some yellow
coloured dropletscalled globulinsappear intheformer. Inthe course of devel opment chlorophyll and
starch of chlorplasts gradually decrease, large globuli areformed, the lamellar structure breaks down
and stromaisdisorganized. Ultimately, globuli are arranged al ong pl astid membrane and the centre of
the plastid appears empty due to disintegration of stroma.

(ii) During thetransformation of leucoplastsinto chromoplasts, certainfibril sappear which give
risetocrystalsfilling upthewhole plastids. Thesecrystalsarenormally foundin theform of sheet-like
structures containing large quantities of carotenoids.

VACUOLES

Themost conspicuous compartment in most plant cellsisavery large, fluid-filled vesiclecalled
avacuole. Theremay beseveral vacuolesinasinglecell, each separated fromthecytoplasmby asingle
unit membrane, called the tonoplast. Generally vacuoles occupy more than 30 per cent of the cell
volume; but thismay vary from 5 per cent to 90 per cent, depending on the cell type. Conventionally,
plant cell biol ogistsdo not consider the vacuol eto be part of the cytoplasm ; they tend to consider only
three parts in a plant cell : nucleus, vacuole and cytoplasm—the latter containing all the other
membrane-bounded organelles, including the plastids.

Inimmature and actively dividing plant cellsthe vacuolesare quite small. Thesevacuolesarise
initially inyoung dividing cells, probably by the progressivefusion of vesiclesderived from the Golgi
apparatus. They arestructurally and functionally related to lysosomesin animal cellsand may contain
a wide range of hydrolytic enzymes. In addition, they usually contain sugars, sats, acids and
nitrogenous compounds such as alkal oids and anthocyanin pigments. The pH of plant vacuoles may
be ashigh as 9 to 10 due
to large quantities of al- e B

L
kaline substances or as| EEERIEIER = CQIODIast "
low as 3 due to the accu- rﬁl i
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troller of turgor pressure(Torecall, turgor providessupport for theindividual plant cell and contributes
totherigidity of theleavesand younger parts of the plant). Different vacuol eswith distinct functions
(e.g., lysosomal and storage) are often present in the same cell, we have already described the role of
lysosomal vacuole, now, |et us examine the storage function of avacuole.

Storage functions of plant vacuoles. Plant vacuoles can store many type of molecules. In
particular, they can sequester substances that are potentially harmful for the plant cell, if they are
present in bulk in the cytoplasm. For example, the vacuoles of certain specialized cells contain such
interesting products as rubber (in Hevea brasiliensis) or opium (in Papaver somniferum). Even Na+
ionsarestoredintheseorganelles, wheretheir osmotic activity contributestoturgor pressure. Analysis
of the giant cells of the alga Nitella indicates that Na+ pumps located in the tonoplast maintain low
concentration of Na+inthecytosol and four tofivefold higher concentrationsinthevacuole; andsince
the vacuole occupiesamuch greater volumethan the cytoplasmin Nitella, the greater bulk of cellular
Nat isinthe vacuole.

The vacuole has an important homeostatic function in plant cells that are subjected to wide
variationsintheir environment. For example, whenthepH intheenvironment drops, theflux of H* into
the cytoplasm is buffered by increased transport of H* into the vacuole. Similarly, many plant cells
maintai nturgor pressure at remarkabl e constant levelsinthefaceof large changesinthetonicity of the
fluidsintheir immediate environment. They do so by changing the somatic pressure of the cytoplasm
and vacuole—in part by controlled breakdown and resynthesisof polymerssuch aspolyphosphatein
the vacuole, and in part by altering
transport rateacrosstheplasmamem-
brane and the tonoplast. The perme-
ability of these two membranes is
partly regulated by turgor pressure
andisdetermined by thedistinct set of
membrane transport proteins that
transfer specific sugars, amino acids,
and other metabolitesacrosseachlipid
bilayer. The substances in the vacu-
ole differ qualitatively and quantita-
tively from those in the cytoplasm.
The tonoplast has little mechanical
strength, however, the hydrostatic
pressure must remain roughly equal
in cytoplasm and vacuole, and two
compartments must act together is
osmoatic balance to maintain turgor.

Some of the products stored by
vacuoleshaveametabolicfunction.
For example, succulent plants open
their stomata and take up carbon di-
oxide at night (when transpiration
losses are less than in the day) and
convert it to malic acid. Thisacid is
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The central vacuole and turgor pressure in plant cells. (a) (top)

storedinvacuolesuntil thefollowing
day, whenlight energy can beused to
convert it to sugar while the stomata
are kept shut. As a second example,
proteins can be stored for years as

when water is plentiful, it fills the central vacuole and help
maintain the cell's shape (bottom). The pressure of water
supports leaves (b)(top) when water is scarce, the central
vacuole shrinks and cell becomes soft and shrunken (bottom)
wilted plant.
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reservesfor future growth in the vacuoles of the storage cells of many seeds, such asthose of peasand
beans. When the seeds germinate, the proteins are hydrolyzed and the amino acids are mobilized to
form afood supply for the developing embryo.

Other molecules stored in vacuoles areinvolved in the interactions of the plant with animals or
withother plants. Theanthocyanin pigments, for exampl e, col our the petal sof someflowerssothat they
attract pollinating insects. Other molecules defend the plant against predators. Noxious metabolites
released from vacuol es, whenthecell sareeaten or otherwisedamaged, rangefrom poisonousalkal oids
tounpalatableinhibitorsof digestion. Thetrypsininhibitor scommonly foundinseedsandthewound
induced protease inhibitors of leaf cells (to inhibit both insect and microbial proteases), both
accumulate in the vacuole and are presumably designed to interfere with the digestive processes of
herbivores.

REVISION QUESTIONS

1. What isthe chloroplst? Describe the ultrastructure of the chloroplast. What are some of the more
obvious similarities and differences between chloroplasts and mitochondria?

2.  Definethefollowing : granum, thylakoid, chromoplast, leucoplast, proplastid.
3. What part of chloroplast is associated with the light reaction ? Where dark reaction takes place?

4. Definethefollowing : photon; aquantum of energy ; fluorescence; photoel ectric effect. What arethe
possible fates of an absorbed photon ?

5.  What isthe Calvin cycle, and what is its purpose? Describe it.

Write an essay on “chloroplast and photosynthesis.”

7. Write short notes on the following :
(i) Chromatophores; (ii) Quantosome concept; (iii) Pyrenoid; (iv) Photosynthetic pigments of
chloroplasts; (v) Dark reaction; and (vi) Origin of chloroplasts.

8.  Describe the molecular organization of the thylakoids.

9.  Write an account of structure and function of plant vacuoles.

o
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