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ABSTRACT P ey

&

- v .
- - . ) ' W
Development of plastids in the virescent mutant of

[}

Gateway b;rley was studied during greening of 7- and 10-day- h

old dark-grown seedlings and in seedlings grown‘in

- "-/v

. . . -
continuous light. Etioplasts of the mutant lacked crystal- g

line prolamellar bodies} therefore, unlike the nbfmal, g

e

development of grana and stroma lamellat:uld, not occur by

odies. However,
BTy ‘&"" "
prolamellar bodies were present in chloroplasts of the 4-day-

transformation of cfystalline prolamella

old mutant when qrown in continuous light of 1400 fffc. 3’

Upon illumination‘the vesicles within etioplasts and
young plastids of the mutant joined together to forT,grana
lame#fllae. The formation of grana lémellee oecurred gefq}e
stroma lamellae. ) ' : : AJ'4 .
Compared to normal barley the virescent mutant had
many chloroplast abnormalxtles during \‘arly development.
A striking abnormality was the presente of mitochondrla
;and other cytoplasmic mater1a1 in the plastlds From the
Llectron mlcrographs it was 1nferred that the plastlds
entrapped these by an endOCytotib-like process.,
Twe types of quasi-crystalline arrays which were
dlfferent orientations of the same structure were observed
within the stroma of chloroplasts. Morphologlcally they

resembled cytoplasmlc mlcrotubules but were unlike them 1n

thelr fixation properties and cold Bensit1v1ty.

v



When grown at 600 ft-c and 20°C the soluble leaf
proteins separated into 21 discrcte bands by electrobhorc—
sis. T;e most intense.broad band of low mobility probably
was fraction I proteinr and waslpresent in 4, 6 and 8-day-
old see@lings."At 4 days the amount of this protein in the
mutant was smail‘but:it increaéed with age. By 8 days no,
differences yere'observed in the eleétrophoretic patterns
of the two lines.

On treatment of chloroplast lamellae with 0.5% sodium
dodecyl sulfate several protelns were separated electro-
phoretlcally from Gateway barley at 4, 6 and 8 days. Four-
day—old seedlings of the mutant lacked some of the protgins'
but at 8 days the gel pattefhs of Cateway and ité mutant
“were similar. When grown at 1400 ft-c and 22°C the mutant
compared to Gateway lacked some broteins even at 8 days.

Upder46b0 ft-c and 20°C the Eutant had qbout one-
third fs;much chlorophyll as the normal at 8 days and under
1400 ft-c and 22°C it -had only .about ohe-fiftﬁ as mych.

\ Electron’microscope_studfés of the leaves shgwéd'that
Gateway bérley had Weil-dévéibpea chlqropiasts undgr both
growth conditions at 4 days,“wﬁeteas‘the/pfastids of the
mutant were not well developed at 4 or 6 days. 'By 8 days
‘ﬂnder the lower llght :ntenSLty the mutant contained norﬁal
plastids but under the hlgher Lnten51ty the plastids were
g'till not weil dévelopeé;WfA reiationshié between chloro-"
plhétfyorgho;ogy and the proteins aﬁd‘pigpents pxgéent'?dg

noted. * S v
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INTRODUCTION

Chloroplast mutationS'have’been useful in the
invéétigation\bf general metabélism, in she study of photo-
synthetic electron, transport and in establishing the bio-
synthetic pathways of various pigments. The use.of suitahle
mutants frém higher plants, like the V%éble bariéy mufant" b
under investigation, cduld he;pAattaih‘an understanding of ,
the role of pigments, proteins,éﬁdméthez constituents in
the formation of chloroplast laﬁeilae and in chloroplast

1

morphogenesis. .

) Previous studies on the virescens mutant of Gateway
barley haQeushown that the chloroplasts of theé young seed-
lingslweré abnormal, contained large vesicles and were low
in pigments. By two weeks, grana and stroma lamellae had
developed and the seedlings contained 75% to 80% as much
pigment as the normal (Maclachlan and Zalik, 1963).

Pigment formation in the mutant was sensitive to temperature
and light intensity (Miller and Zalik, 1965)7and it was
found that  the deficiency in chlorophylliproduction was not
due to an inadequacy of the chlorophyli precursor §-amino-
levulinic‘ac§d (Qane and»Zalik, 1970) . From studies of

S ~
leucine-U-!*C incorporation it was noted that in the

Euvenile state incorporation by the mutant was less

icient than,the normal and it was concluded thét the
. _ =,

o
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N | f.,ﬂ
mutation caused a partial inhibition-"in the synthesis of
chlorophyll holochrome protein (Sane and Zélik, 1970).
Although it is a sinale nuclear gene mutation \
(Walker et al., 1963; Sﬁephansen and Zalik, .1970) Qpich
manifests itself by low pigment levels and poorly developed
chloroplasts, with time these correct themselves. Henée

L4

é detailed examination of the etioplasts during greening )
might reveal whether there is a defect in their morpho-
genesis. ToO investigate this posgjéf;ity'development in
plastids of the normal and mutant wag compared by electron
microscopy. Duringvthis study microtubule-like structures
were obserf’ed in the stroma and they.were investigated
further. .6ng of the abnormalities noted in the mutant was
regarded as an endocytolic-like process and forms a part of
the electron microscope study.

To determine if any proteins were initially absent or
deficient in the mutant and éppeared during geedling
development the soluble and lamellar proteins were examined\
electrophoretically. At each stage sections were éaken
for electron microscopy to determine the relationship

between chloroplast structure and pigment and protein

éontent.
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‘CHLOROPLAST  STRUCTURE

! BN . -

¢

"The chldtpplaéts;of higher plants are lens-shaped and

. range from 5—1@-u in the long dimension and 2-3 y in
9 5@‘ * - !
thickness (Kirk, '1967). The outer envelope consists of

" a double membrahe. The envelope encloses the granumlar,
- , \ .~

proteinaceous mobile matrix - the stroma. Embedded in the
stroma.is the infernal membrane system, made up of closed-
wflattened sacs called the thyléﬁéids (Menke, 1962).
Thylakoids are the structural units of the lamellar system
and co;tain the pigments, most of the lipids, and about
half of"the'protein of the chloroplast (Park and Pon, 1963).
It has been established(that morphologically distinguish-
able structures of the chloroplést,'the stroma and the
membrane system, have different biéchemicél‘functions.
Isolated thylakoids can carry out photosynthetic electron
transport andkassociate&-photophosphorxlatién, while the

-

enzymes of the stroma are capable of reducing carbon

dioxide (Arnon, 1959). Lipid synthesizing enzymes are 4‘
also;located-in the stroma (Appelqvist et al., 1968a),
Besides the lameliar system, the stroma contains .
osmophilic granules, starch érangles, and pyrenoids, which
respectively gtofe lipid, starch and.proteiné{ Pyrenoids Q
have been frequently observéd in the lower plants (i.e.“

Chlorella pyrenoidosa), and it has béep suggested that
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they aré‘spegializeé‘parts of the stroma (Gibbs, 1962)". -
The pyrenoxds of lower plants have, a gganular homogentous‘
matrix surrounded by starch dep051ts . Fllamentous, fibril-
lar, and crystalline pyrqui S have also been observed
(Evan, 1968- Begtagnolli aud Nadakavukaréh}'1970) ”Puyto;
ferritin granules haye also béen found 'in the stroma (Hyde
et al., 1963) . A mass of thhtly packed fibrils has been-
observed in the stroma of the chloroplast of Avena u(avza‘
fixed in glutaraldehyde’OsOg. - Gunning. (1965b) refers to
these structures as stroma_centres".»lBe51des the regular
morphological features qf théﬁéhloroplast of higher piants,

\

fibrillar bundles of indefinite length were sometimes
connected with the thylakoids and have been seen in the
stroma of greening plastids (Bartels and Weier, 1967;

. N \ » ) . -
Picket-Heaps, 1968; Sprey, 1968; Henningsen and Boynton,

-

1970) .

The chloroplasts contain their own DNA, RNA and
ribosomes. Sager awrd Palﬂde (1957), in a study of -the
structure and devei:;;ght of the chloropiast of Chlamydo-
| monas reinhardi, observed 100-150 & granuies in the stroma
which appeared similar to the rigoécmes'of the cytoplasm.
They suggested that these particles might be ribonucleo-
proteins;’ Various workers have observed similar particles
invthe chlaroplasts}cE,Iqur and higher plants. These
particles have since been isolated and identified as
ribosomes (reviewed by Krik, 1967). Brown and Gunnlng

(1966) studied ‘the shape and orxentatlon of rlbosome
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clusters in Avena plastids. 1In ctioplégts, ;}bOSOmos viere
randomly distribgted in ﬁhe stroma. Furthermore, rihbosomec-
like particles pretisely distributed, one per cell unit of
the lattice 6f the prolamellar body (q?scription of PB is
given in‘later part of the thesis) were obse?ved by'Gunning

F

and Jagoe (1967). P - ’ ;
Leaves treated with ribonuclease were devoid of thé%e
partiéles indicating that RNA qaé;a ﬁqjor~constituent of\
theg. Polysoﬁes were also seen in thelcﬁloroplast. In
Phaseolus vulgaris whirl-like polysomeé were observed%;>

_attached to th%.membrane of stroma and grana lamellae (Falk,

1969), and in Triticum aestivum.polysomes were arranged
[}
) *

helically or in paréllel'unattached to the membranes
(Bartels and Weier, 1967; Falk, 1969). This suggested that
both free and membrane bound polysomes; as found in the
cytoplasm, also exis§ in chloroplasts. It was concluded
that in the chloroplast the membrane préteiﬁs of growing
thylakoids were synthesized on the polyribos?ﬁes which were
attached to these membranes (Falk, 1969). Plastids of
mutants lacking ribosomes did not éevelopfthese membranes
(Shumway and Weier, 1967; Goodenough and Levine, 1970).
Morebver, from the observation that the‘RNA co@tent of the
plastid doubled during formation of the chloroplast from N
the eéioplast in Phaseolus vulgaris, it was suggested by

. von Wetéstein (1966) thag this may indicate a do&bling 6f
the ribosomes. prior to biosynthesis of the thylakéids.

The presence of DNA in the chloroplast was suagested

&



6
in the early fifties on the basis of the FFulqen reaction.
Later Ris and Plaut (1962) observed DNAase .sensitive -
fibrils 25-30 & tthk in the chloroplasts of various plants. -
A number of workers have reported the existence of distinct
electron transparent DNA contaiping regions- in_the chloro- -
plaots of higher plants (Kislev ét-al., 1563: Yokomura,
1967; Bisalputré and Bisalputra, 1967; Herrmann and
Kowallik, 1970; Tewari, 1971). The fibrils were visible
iﬁ~samples double-stained with uranyl acetate and lead
citrate. 'Ih Ochromonas, DNA fibrils were found to be
organized in a‘ring—like pattern'in the periphery of the
chloroplast (Gibbs, 1968). In Sphacelapia, DNA of chloro-
plasts was also seen locaﬁed towards the periphery on a
distinct ring-like body named "genophore". A connection
between genophores and the s*rrounding photosynthetic {*
lamellar system has also beé&fobserved (Bisalputra and
Bisalputra, 1969). The mostlsatisfactory evidence for the
presence of DNA was its actuél isoiation. Tdo formss of
DNA,flihear and reticulate, wore isolated from spinach' and
Acetabularia chloroplasts. They were seen attached to the
| thylakoids under the EM’(Woodcoqk and FérnandeszOran,
1968) . Fillipovich et al. (1970) isolstéd DNA by treatment
of grana with 0.5% SDS. Single op mult11ayered cycllc .

: rlbosomes were liberated which were seen to be connected &

with portions of _the DNA strand in® EM preparatlons. They

‘reported the lengthrof the DNA strand was approx1mate1y
: iR

equal to the perlmeter of the thylak01ds.



The lamellar systems of chloroplasts vary between
species. In photo;Ynthetic bacteria, the basic structure
of the photosynthe8121ng system is found in the chromato-
phore whrch con51sts of a unit membrane s\troundlng an area
of-low electron density (Vatter and Wolfe, 1958) Thrf
resembles isolated stacked thylakoids of chloroplasts. .
Chroﬁétophorés contain bacterial chlorophyll and can carry
out photophosphorylation. In some blue green algae, single
tyylak01ds containing photosynthetic pigments are dispersed
throughout the chromatoplasm fhe single thylakoids of .

N

blue green algaé\gre structurally intermediate between
, . ~ ' ] .
chromatophores and chloroplasts of other algae and higher

plants (Niklowitz and Drews, 1956).) In other blue green

‘algae, branched thylakoids are observed and stacked thyla-

koids are present in green algae.

In higher plants between two and twenty small thyla-
koids are stacked togother like piles of pem;ies to a
produce aloranum. The large thylakoids extending‘between
granavaro called the stroma lamellae.

The molecular organization of the lamellae has been
inrestigated using birefringence, low angle x—giy crystal—
lography and their f1ne structur:-has been observed b
sectioning, heavy metal shadow1ng, negative staining, and
freezeletching technlques (Park and Sane, 1971; Klrk,
1971). The use of these techniques has led to general
aqreement that a aubunit structure exists w1thin the

membrane, however, many workers have postulated different
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arrangements for the chemical components constituting the
lafhellae and even workers who employed the same technique
have not agraéU\in their. views. Therefore, any existing ~
controversy is due mainly to differences in interpretation
of the results, Steinmann (1952) was the first to repoxgt
thé particulate character of the lamellae us{ng chloroplast
pgéparations shadowed with heavy metal. From studies of
thiq type it was Buggested that the membrane consists of a

two dimensional sheet of subunits each about 50 & in

diameter (Frey-Wyssling and Steinmann, 1953). Later, an

Q

array of particles was observed by Park and Pon (1661) in
metal shadowed preparations of thylakoids of sonically
ruptured chloroplasts, and it was suggested that this might
bg the morphological expression of the photosynthetic unit
of Emerson and Arnold (1932). Hence they naméd_the
particles "Quantasomes" (Park and Pon, 1963). in chemicaL-.
ly fixed Sectioqs thylakoids appear as two dimensional
sheets of globular suﬁunits of about 90 & in diameter with
a light core and a dark rim (Weier and Benson, 19§6). Kirk
(1971) , ‘and Park and Sane (1971), argued that the subunits
seen 'in these preparations were artifacts since it is
difficult to explaln how small subunlts of 90 & in dlameter
can be dlstinctly visualized in the 600 R thick sectlons.
Muhlethaler et ‘al. (1965) were the first to use the
nithod of freeze—etching to study the subunit structure of
the chloroplast membrane. Later the same technique was

4 s
used by Branton and Bark (1967) . Although the experlmental

, -

4
I



findings of both schools of workers are simirér, they
disagreed in their interpretation of the results. 1In

freeie-ttching the lamellae showed varyihq sizes of
- .

‘particles. According to Muhlethaler's group, the fracture

-

X

plane would be fprmed at the membrane-medium interface and

» s . .
therefore the particles observed lie on the outer and lumen

+

side of the thylakoids embedded in the lipid layer. On the -

other hand, Branton and Park (1967) have stated that é%.the

frozen system the membranes provide a plane ofﬁgﬁtural'
weakness so that the breaks often’broceed'along'inside the -

membrane face itself and the observed partlcles 11e within

P

the membrane. Later experiments with solvent extracted

membranes, ferritin labelled red blood ghost cells and - \\\
: 3

model lipid membranes seem to support Park's view (Park

S

and Sane, 1971' Kirk, 1971). Two classes of particles

N

produced due so the fracture plane were dlstlngugphed on
the basis of size and were studied by Muhletha&! andS by
: ;“;The dlmén51ons reported for these part;agesrﬁgvxhe

% ' . “‘ L O R
groups ‘are different. . o v,«»‘
A

The diagrammatlc representation of the fractnre %aces

of thylakoids that result from freeze-etchlng as presented

by Park and Pfeifhofer (1969a) is glven in Fxgure 1. 'The

vabout 90 3 high and 120 K in dlameter. Accprding to

'most accepted view is that the matching faces B and C are

produced from the same'internal fracture plane in freeze-

‘etching. Face B is covered with particles of about 90 &

high and 175 A ‘in dlameter, face c consists ofnpartlcles of

s
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'Fig. 1. Diagrammatic representation of the deep etch

: surfaces (A', D) and fracture faces (B, C) commonly
seen in thylakoids (according to Park and Pfeif-

. hofer, 1969a). _ e ‘



Ve

¥

"i orlginally described gpantasomes of Park and Bxgglns (1964)

11

Branton a'nf Park (1967) particles of both sizes reside with-

1

in the membrane. The 175 R particles on face B correspond

+

in thelnﬁﬁlstrlbutlon to the quantasome partlcles observed

1n alr-drled shadowed material but w1th the matrix removed

Since ﬁ#ey were smaller in dlmen31 ns than quantasomes,.
A}
Park and Pfeifhofer (1969b) named tRem "quantasome cores"”

The exterlor (outer) face of the membrane, A, which becomes

/

exposéd in deep etching, is covered with a variety of
prote;ns‘in unwashed lameilae. Tbe interior face D is
covéred eith particles of about 185 x 150 A withﬁghe saméttt
periodicity as for the particles on fracture face B and
théy appear to possess 3 to 4 subunits. |

Moudrianakls ‘and co-workers (1967a and b, 1968) o
M ‘ .4

observed membrane-bound particles whlch were dlstrﬁﬂuted

elther in a random or in a paracrystalllne array. By shadow—
ing’ and negative staining, they found that the size of the
N

partlclee was dependent on the extent of shadow1ng. In
negatlve sta&nlng, the size was 110 . The particles were
i .

removed from the thyiak01d membranes w1th 1 mM EDTA and
a

were identifled as calcium dependent ATPase and they

o reported that these partlcles were 1dent1cal to. the

<

-‘;seen 1n alr-drled shadowed preparations.. “}

Reéently Kirk (1971) has rev1ewed the fine struature

T

. of thylékeids and ‘has attempted to reconc;le ‘the data

E) ' :
obtained%from x-ray crystallog:aphy with that obtalned frbm g

freeze-eéching. Fig. 2 taken frcm Kirk (1971) represents a ’

K
3 _ SRR e

? Bl
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model for thylakoid meémbrane structure.

.
0
’
!
i@l 1; %HH' .E'?m 7
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a

. L

Fig. 2. A model of thylakoid membrane structure which’

attempts tp reconcile the data from X-ray diffrac- .
} .

tion with that‘obtaﬁﬁed\by electron microscopy.

{(According to Kirky 1971)

The matrix of the membrane is a biiéfer‘of lipid with polar
groups eXtendinq’eutside and the hydrophobfc;fha;ns of the

'bilayer/;re arranged inside.. The bilayer of lipid is

'lnterrupted at}places by two k;nds of partlcles, supposedly“

proteins, observed by freeze-etch;ng on-. fracture face B
"4

‘and C, Fig. 1. ibn the basxs of distributlon of electron ’
density along a 11 e normal to the plane of the thyla- .
'koid Kirk suggested that the 175 R particlés were

nearer the 1nner _ﬁvbra e surface cf the thalvakoid and

 ‘the 120 R particle were _fﬁardsirhéfduter_side offéhé\Ff;

. thy;gkqi¢.f_rhqs thg“vze.ffﬁiggiéles of face ¢ form a
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matrix surrounding the discrete 175 R particles on face B.
Moreover, he believes that the size of the particles,must
be- smaller than the values‘given by some workers for the
particles to fit into the membranes of'thylakoids;

The membrane structure discussed so far holds true only

for the'membrane of partitions and has been observed by
v:rious workers in the chloroplasts of different plants.
It is reported that the end granal membrane of the grana ¢
stack and the stroma lamellae which appear as singlﬁ‘sheets‘
of subunits ppon“chemical fixation contain,only the‘snaller‘
120 R partikles. Sané et al. (1970) separated stroma and

5

grana lamellge by fractlonation and found that stroma

lamellae possess PSI, while grana lamellae have both PSI

and PSII as well}as duantasomes (Park and Sane, 1971).« '

; DEVELOPMENT OF CHLOROPLASTS »
In lower plants such as algae and-bryophytes, chlorox
plasts increase in number -by drVisionmand are transmltted
to daughter cells during’oellidiVision. Dividing'chloro-‘
‘plasts have also been obServed in higher plants (reviggld
by Kirk, 1967) However, in higher plants it is'nbtuthe
mature chloroplast'which.is transmitted tO-the‘danghter
oells by disision.v Instead colourless proplastids which
i;are p;esent 4in the meristematic cells have been seen
dividing in electron-micrographs and are transmitted to

.daughter ceils.}}“(g::GStlds are undifferentiated bodies

;Fcontaininq proteina us matrix and a few isolated small

p -
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vesicles. These vesiXles scem to bleb off from the inner

enclosing plastid memb&anc since occasional invaginations

from the inner plastid fiembrane have been noticed (von

Wettstein, 1958; Muihléthaler and Frey-Wyssling, 1959:

Laetsch agd Stetldrf 1965). As plastids grow the number of

-

vesicles increases and their further development depends
on different factors such as:
1,'phys&cal and chemical factors (light, temperature

¢

ahd nutrlents)

c.

internal factors (mutation of nuclear or plastid

-
genes) . : -

P

The ultrastrictural organizatfon of proplastids has

[ ]
¢ .

been studied in different brqans of several plant species
‘ byyTageeva et ai. (1969) . 1In proplastids of plant organs
other. than the leaf, the lamellar system is either absenf
or is in ; rudimentary stage. Whereas in the leaf they
develop eventually forming chloroplasts.

when germinatfon of the seedlw is carried on in
1ight at moderate temperature, propféstlds of the leaf
increase in size and their inner wall folds inwards to form
flat vesicles or thylakoz@sg Accordlng to von Wettsteln |
(1958) the most llkely medhanlsm of thylakoid sac formation
would be that the 1nneq plastld membrane invaginates as a
tubule and the t1p of thls tubule grows‘pp to make a double
meﬁbrane sheet. §t is-hot.certain whether these thylakoids
~“are&a1ways joined at some ppint ﬁ:th the 1nner plastld

,fmembrane or whether eventually 6 5 fY are detached compdetely
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from it. These flat vesicles are electron transparent. As
the plastids grow many more thylakoids ére formed in the
stroma, and start stacking together. The number of these
stacks incréaSes-gradually and grana structures are formed.
The'grana are conpected to one another by thylakoids. A

v ‘
few possible ways have been suggested for the multiplication
of thylakoids. According to Menke (1964) the edge of the
thylakoid might invaginate in the intrathylakoid space thus
making two thylakoids. Wehrmeyer and Robbelen (1965) studied
this process using-a pale green mutant of Arabidopsis
thaliana which contains relatively few single thylakoids.

s

From these studié; they suggested that protrusions from

a reqgion of the thylakoid membrane miaght grow over the
surroundinag membrane to give rise to another thylakoid on
top of the original one.

The development of chioroplasts du;ing greening has
been studied by various WOrkers‘(von Wettstein, 1958; von
Wettstein and Khan, 1960; Virgin et ;Z., 1963; Gunning,
1965a;‘Henningsen and Boynton, 1969, 1970). These studies
involved experipents withtdark grown séédlings which were
tﬁéh illumihated for different durations with light of
var%pus intensity and quality. If the seedlings were grown
in the'dark'for 7 to 10 days the proplastids grew in size
and began to differentiate, The vesicles which were formed
by the invaginatioh of the inper membrane of th pro-

plastids aggregated to form crystalline prolamellar bodies

. (von Wettstein, 1958, von Wettstein and .Khan, 1960).
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\
dark grown bdfl and bean prlmary layers were noticed
radiating from the prolamellar body (von Wettstein, 1958;
Hegalngsen, 1970; Henningsen and Boynton, 1969, 1970). The
Vhost characteristic feature of the etioplast is the presence
of one to four crystalline centers also called crystalline
prolamellaf bodies which are joined to one another Bf
thylakoids. The prolamellar bodies are mage up of a three
dimensionai cubic lattice of interconnecte tubuies (von
Wettsteim, 1958; Virgin et al., 1963; Gurn ing, 1965a).
Gunniné has carried out ; detailed analysis of their
structure by ,studying them in serial section in various
planes. According to him, the membrane system of the
crystalline proiamellar body is made up of six-armed "hodglv
units”. The arms of the nodal unit are joined to the 5
adjacent units in all directions giving rise to the cubic
lattice, and-the stroma material passes through the center
of the space§ in the latticé. The cubic lattices are not
very common (Mﬁhlé%haler, 1971). 1In the méjority of the
etioplasts the tetrahedral branched tubules of the pro-
la;ellar body are arranged in five membered or six membered
conformapions (Wehrmeyer, 1965). Osmophilic granulgs are
~also observel in the prolamellar body and it was éuggested
by Gunning and'Jagoe (1967) that their presence initia;ed

the formation of dislocations in the latter.
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Combined evidence from phase contrast fiudresFence
microscopy (Boardman and Wildman, 1962), electron @}é?ESCOpy
(von Wettstein and Khan, 1960; HenninggéL and Boynton, 1970)
and autoradiography KLefleche et al., 1972) has shown tﬁat
protochlorophyllide was present in the crystalline pro-
lamellar body of etioplasts and its accumulation coincided
with the formation of the latferr(von Wettstein and Khan,
1960; Klein et aZ.,v1964; Gunning and Jagoe, 1967; Henning-
sen and Boynton, 1967, 1969, 1970). The pigment was
associated with a large protéin and the entire complex,
termed protochlorophyll holochrome (Smith, 1952), has been
isolated and purified by ammonium sulphate fractionation.
Its molecular weight was found to be 600,000 * 50,000 and -
contained'an average of one protochlorophyll per protein
molecule (Boardman, i962).' In electron microscopy the
complex appeared as a spherical molecule of 100 R diameter.
Neg;tively stained preparations of isolated prolamellar
bodies showed them to be made up of macromolecules whic;
agcording to Khan were similar in size to the protochloro-
phyll holochrome (Khan, 1968a) . He suggested that the
protochlorophyll holochrome was probably a structural_
component of the tubular membranes of prolamellar bodies.
Furthermore, mutant barley, in which the‘prqtdchlorophyll
sgnthesis was blocked,.failed to makg prolamellar bodies -
(von Wettstein, 1961; Henningsen and Boynton, 1967; Boynton
and Henningsen, 1967) sugge;:ing'that prbtochlorophyllide

is required for the formation of the profgmellar body.
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Varioué workers who have-studied plastid development
have separated the greening proceses into fairly distinct
phases (Virgin et al., 1963; Bogorad, 1967). (1) Proto-
chlorophyllide transformation wh}ch involves the conversion
of protochlorophyllide to chlorophylliae. (2) A lag phase
‘during which there was n; formation of additional pigment,
the occurrence of which was dependent upon the age of the
etiolated seedlings. It has beeS shown that the chloro-
phyll synthesis was limited due to slow formation of §-amino
levulinic acid (8-ALA). The lag phase disappeared if the
leaves were supplied with éxogenous §-ALA. Feeding with
sugars also reduced the lag phase (Wolff and Price, 1966)
and (3) the linear phase of chlorophyll synthesis begap
(Nadler‘and Granick, 1970). Duriné this phase there was
rapid formation of chlorophyll until net accumulation
ceased.

‘Biochemical chaﬁées were accompanied by morphological
changes and the three main steps were - tube gransfdrmation,
tube dispersal and grana formation (von Wettstein and Khan,
1960; Virgin et al., 1963; Henningsen‘and Boyntoﬁ, 1970).
Tube transformation and dispersal could occur after a short
period of illumination followed by darkness, whereas grana
formation could occur only in the linear phase of chlorophyll
synthesis. When etiolated seedlings were exposed to light for
-a few minutes and sections of these were fixed in KMnO,
structural rearr@hgement of the crystallihe prolamellar‘bddies
was obéerved.‘ They lost their*regularity%%hd chahged-intb an

»
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irregqular network of tubules or vesicles (von Wettstein,

\

1958; Virgin et al., 1963; Klein ./ al., 1964). Cunnifg
and Jagoe (1967) while studyinq the development of plastid;
of oat seedlings fixed in glutaraldehyde-0sO, observed that
the prolamellar body was disorganized when illumiggted for

5 min (intensity 750-1000 ft-c) and formed a sheet of double
lamellae. They did not observe the formation of vesicles

or tubules. However, Henningsen and Boynton (1970) observed
tube dispersal in barley plastids, fixed in glutaraldehyde-
0s0.,. Therefore, the differences observed during transform-
ation of the crystalline prolamellar body are probably not
due to the fixatives used contrary to the view expressed by
Kirk k1967).

The frequency of structural changes in the prolamellar
body on exposure to light deéended on the wavelength and
energy supplied. A .rough parallelism was observed between
the proportion of etioplasts which had undergone structural
changes and the proportioh of protochlorophyllide converted
to chloréghyllide. Tube transformation and protochloro-
phyllide conversion had similag.action speéfra and energy
requ;reménts (Klein et al., 1§§2; Virgin et al., 1963).
Khaﬁi§1968b) has reported that a single'brief light flash
of 1 ms can elicit both processes; Red and blue light were
found effective whereas green llght was 1neffgct1ve. In a
few instances crystalllne prolamellar bodiegqaeranobserved

although all the p:otochlorophylllde had been converted into

chlorophyllide. .Tﬁbe transformation of these crystélline

LY
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| prolamellar bodies could take place in the dark after
conversion of all the pigment. When 7-day-old etiolated
barley plastids were expégéd to dim light of 2 ft-c tube
transformatiéﬂ and dispersal of initial prolameilar bodies
occurred. New prolamellar bodies, at several places along
with primary layers, were-formed on longer illumination |
(Henningsen and Boynton, 1976). ;plm these results-the
5uth0rs concluded that pigment conversion and tube trans-
formation wére-not the primary process since both occurred
in dim light. Both processes were often synghronized but
could be separated by changing the physiological state of
plastids or conditions of illumination (Henningéen, 1970)

-In the second step tubes dispersed and moved thfbugh
out the stroma and formed reqularly spaced primary layers
(Virgin et al., 1963). If all the protochlorophyllide of
the prolamellar body was converted into chlofépgyllide the
dispersal process could occur in darkness. The dispersal
process d?d not require chlorophyll formation since it took
place in the lag phase of'c?lorophyll synthesis (Klein et
al., 1964). This reaction had ‘a considerably higher energy .
requirement than tube transformation. The action spectrum
of tube dispersal revealed that only blﬁe 1light was highly
effeéfivef. Chlorophyll. a, phytbchrqqe, B-caroteng,~and
xanthophyll were'theréfore ruled out aé.energy absorbing
pigments for this process (Henningsen, 1967). The raté of
dispersai of tubes increased with‘increasing light intensity.
In high liqht’ghé process could occyr in a“few minute#.

s
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This suggested tha£ the dispersal process was not the cause
of the lag phase. Dispersal was found to be a temperature
dependent process, since it did not occur at 0° or 10°C and
was maximal at 30°C (von Wettstein, 1967; Henningsen, 19370)-
The changes in éhe chloroplast structure during greén-'
ing were associated with shifts in the absorption maxima of
the pigments, and a few hypotheses have been put forward to
explain éhe‘shifts. The main portion of the pfoéochloro-
phyllide accumulated in thevetioplast had an in vivo
absorption maximum of 650 nm and a small portion had an in
vivo absorption maximum of 632 nm. Only protochlorophyllide
650 was photoconvérféd to chlorOphéllide-(wOlff énd Price,,
1957). The chiorophyliide formed absorbed initially at 678
nm but shifted rapidly to 683 nm-(Gassman et al., 1968).
Vatiogg workers believed that this change in the absorption
ma#ima was due to a conformational change in the holochrome
protein (Gassman et al., 1968; Heﬁhingsen, 1970) and’ the
éhange was accompanied by the,ﬁube transformation seen bi
electrbn microscopy (Khan, 1968b). The absorptibn maximﬁm
of chlorophyllide 683 shifted back to 672 in a period of 10
min - "the Shibata shift" (Shibata, 1957; Akoyunoglou and
Siegelman, 1968), this has been cor}elated to the dispersal
of ‘the prolamellar body tubules 1nto primary layers.
Héﬁnlngsen (1970) suggested that thlS spectral Shlft was
due to disaggregation of the subunits of holochrome and
relocation of chlorophyll in the protexn-llpid 1nterface
because thetaﬁsorpﬁion maximum:bf artificiélly digpersed
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chlorophyll in a water—libid interface was 672 nm (Chapman
and. Fast, 1968). Klein (1962) and Sironval et al. (1965)
suggested that phytylation of newly formed chlorophyll was
the cause of this spectral shift. Smith et 4l. (1959) did
not observe the spectral shift in 3 albina mutants which
lacked phytylation capacity. On the contrary, in freeze-
thawed leaves the spectral shift was observed without an
increase in prtylated pigment Qﬁich was taken as evidence
that phytylation was not the cause of the spectral shift
(Henningsen, 1970). '

Multiplication of the lamellar discs to form grana
pcralieled the rapid increase in'chlorophyil synthesis in
barley plastids (Virgin et al., 1963).' The pores of the
membranes in oat plastids disappeared and grana formation
occurred in the linear phase of chlorophyll synthesis.
‘From rough estimates of perforated thylakoids it was
concluded that}there was no large area of membranes |
synthesized before the linear phase of greening (Gunning
and Jagoe, 1967; Henningsen and Boynton, 1969). It was
observed that in the absence of chlorophyll the discs were
formed but they did not aggregate to form grana’ (von
‘Wettstein, 1958). De Greef“et cl (1971) observed unfused
stacks of thylak01ds in bean leaf plastlds durlng 60 hr
illumination in far-red light. These thylak01ds fused to
form ‘grana only when Plated in thté light. From the
results they concluded that grana formatlon was not solely

P
a function of chlorophyll accumulation but 1nvo1 SN
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energy light react%on.

Etioplasts were not able to carry out electron trans-
port, light dependent ATP synthesis, and CO, fixation.
Photochemical activity of the chloroplasts and capacity for
ligﬂt driven electron transport and oxygen evolution develop-
ed sihultaneously with the formation of gra’%‘structure.
Addition of ¢hloramphenicol or actinomycin D at the lag
phase or at various times during greening in the linear
phase errested.further greening even when illumination was
continued, and this suggested thaf the chlorophyll accumula-
tion in the linear phase was dependent upon continuous

' protein syﬁthesis and upen QFA dependent RNA synthesis
(Bogorad and Jacobsoh, 1964; Margulies, 1962). von Wett-
stein (1967) noted that DNA content remained practically
constant during the entire process of chloroplast develop-
ment. There was an increase in RNA content which doubled
during the same time period in which there was a steep
increase in chlorophyll syntheéis and grana formation.

Nadler et al. (1972) concluded that development of photo-
system II was limited by the synthesis of_proteins and not
by chlorophyll synthesie.‘ - N

| From studies using caroten01d—defic1ent ymutants of

’Helianthus annuue and Zea mays, Walles (19§7) and Bachmann

et al. (1967) concluded that caroteno1ds were necessary to
stebiiize the aggregation of discs in the grana but were

-not Sequired for tﬁbe'fransformation and tube dispersal.

A number of studies hdve indicated that 11p1d synthesxs is

=4necespary for grana development (K;rk 1967)



24

It is“well known that photosynthetic CO, fixation ln
higher plants and algae operates via the Calvin cycle.
Recently, another pathway for CO, fixation, the C,-dicarbo-~
xylic acid pathway, has been found to be important in
troplcal grasses. The primary photosynthetlc product formed
is a C,-dicarboxylic acid instead of phosphoglyceric acid
and these plants have higher levels of PEP carboxylase. On
" the basis of .the mode of CO, fixation higher plants are
divided into two main oategories, species which utilize the
Calvin cycle designated as C; plants and species which
utilize the C,-dicarboxylic pathway designated as C, plants.
C, plants like sugar cane, sorghum and corn’ contain
dimorphic chloroplasts but Cj; plants do not.} The chloro-
plasts of the bundle sheath cells of Cu plants have |
parallel lamellar sheets extendlng throughout the stroma
and have the ability to store starch, whereas mesophyll
chloroplasts are smaller in size and contain grana gLaetsch,
1968: Laetsch and Price, 1969); . These chloroplasts
contain a periphefal reticulum which was initially consider-
| ed to be ‘a unique structural feature of C, plants (Laetsch,
'1970),'however_there are;some’reportS'of chloroplasts from

Cs plants also having a peripheral reticulum (Gracen et al.,

- 1972). ;

The structural dimorphlsm of the chlo;oplasts has been
associated w1th their function. It was shown that the
"cg-dlcarboxylic acid pathway occurred exclusively in meso- -

ppﬁyll chloroplasts of Cas plants whereas the pentose
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. ) .
phosphate cycle occurred in bufidle sheath chloroplasts

(Slack et al., 1969).

AUTONOMY OF CHLOROPLASTS ' (

The first indication for theggenetic contiouity of
chloroplasts came from the analysis of variegated plants
and from studies of interspecific crosses in Higher plants.
This subject was extensively reviewed by Kirk (1967) .
Another -line of evidence supporting genetic'autonomy of the
chloroplast came from the ‘experiments of Provasoli et al.

N

- (1951) on Euglena gracilis. When they grew the algae in

£ 40 ué/l of streptomycin t@e cells bleached

er several generations aﬁd~they never regain-
B. Thus the nucleus of the cell was unable
‘synthesis of new chloroplasts. The‘results
.rfeatment destroyed the self-conteined genetic

e chloroplasts. 'A ‘
1'ow generally accepted that chloroplasts have

of auﬁonomy: These self~-replicating organelles
vm't only DNA and RNA but also the complete apparatus
for synthe81zlng some of their protelns. Some evidence for
-lthe presence of DNA in chloroplasts came fromlight micro-
Bcopy of Feulgen-stdﬁhed material, as well as electron
microscopy and autoradiography. In the last decade many

| reports have: appeared on the isolation of DNA and its

v’

,chhracterhh 2{On but it now appears that only a few workers'

eha?e A¢g_“ %isolated chloroplast DNA (Klrk, 1963, 19711//,{;
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Tewari and Wt}dman, 1966; Tewari, 1971). Chloroplast DNA )
of higher plants and algae was different'th%n nuclear DNA in
its guenine/cytosine ratio, buoyant density andAin its lack
of S5-methyl cytosine._ It qes also different from mito-
chondrial DNA (Kirk, 1971). From sthdies with Acetabularia
it was shown that the syntheeis of chloroplast DNA is
independent pf the nucleus (Gibbr, 1967) . Tewari and
Wildman (1967) reported incorporation of thymidine into
DNA. vThe isolated DNA with label appeared at the same place
on CsCl gradients as the natiye DNA of chloroplaqts. Its
 hybridization with chloroplast DNA indicated that it was
synthesized on the pre-existing DNA of chloroplasts ehd/
showed that chloroplasts had their own DNA polyﬁerase.

The amount of DNA in the chlofoplast of algae and
higherlplahts:is comparable to the amount‘breseht in pro-
karyotes. waever, from heat denéturation ahd renaturation
studies it appeared that the amount of DNA in the chlor?- -
plast was twenty to thlrty times more than the amount of
information present. According to Klrk (1971a) DNA of
chloroplasts could'’ code for 180 to 300 protelns contalnlng
an average of 300 amino acids. Mo;e than one DNA-contaxn— i
ing region has been observed in h1gher plant chloroplasts-
and it has been . suggested that they have’multiple copies
.of DNA. Chloroplasts contaln RNA and hybr1dlzat1on studies g
indieated that chlorOplast DNA é‘ntalns clstrons for |
| chloroplast ribosomal ‘RNA (Kirk, 1967)%13145 dependent RNA

',‘pquperaqe hgs beenﬁ{ggnd in the chlo:oplagtq,ofzmany =

+ .
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’J
plants (Tewari, 1971). :
. !
There are a number of reports available on the isolation

; °

of 70S ribosomes from the chloroplasés of lower and higher
plants which were active in protein gynthesis (Sissakian et

al., 1965; Hadziyev and Zalik, 1970;5Jones et al., 1973).

~ e

Like bacterial ribosomes the chloroplast ribosomes were

selectively inhibited by chloramphenjicol but net by cyclo-

. j _ |
heximide (Jones et al.,, 1973). Taki?g advantage of the

tics Smillie et dl.

N

selective inhibition by these antibi
(1968) studied the chloroplast protejns syntheésized on 70S
ribosomes of chloroplasts and 80S ri osohes of thoplasm.
They/fodnd that the éhloroplast did not synthesize all of
its éroteins but some were synthesized by the 80S rfggsomes.

On the basis of the present evidence about the genetic

apparatus and its role in the formafion of\:?%?roblasfs,

the most popular hypothesis is that éhlofoplaé;s at one

time were ftee living prokaryotic organisms like bacteri?
and became endosymbionts‘during the course 6f evolutiOn
(Raven, 1970). Since}chlofoplasts possess a certain degree
of aﬂtonomy and they have their own DN ‘énd ribosomes it .
is reasonable to expect that they shou have the ability .
tO'duplicate. Chlaroplasts of é;gée havé been»§éen multi- -
plYinAby;fisB}on and{éuring'ensuing celi,diﬁféion they.were.
transmitted to the déughﬁér ¢e11s. Dividing proplastid;

' and.éhiof6p1§sts.have alsﬁrbeenvqbserved~in hiqher plants- .
ngxi:k, 1967);  gia1ey ;ndfpeech (196§),9nd-ci1ies and

 safaris (1971), while investigating the survival capacity

1
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of chloroplasts in witro in V' -’u iy and algae rospective-
ly reported division-of tho-chlofoplasts in an artificial
environment. Ilqwever, the mqrpholoqiéal ¢hanges which
occurred during the division bf th?se isolated éhloroplasts
were not investigated. Cavalier-Smith (1970) has presented
electron microscope evidence that in Chlamydomonas roinhardi
two cploroplasté contributed from two parent cells fused as
do nuclei to form a single zygotig chloroplast. These
observations support the theory ;kﬁt plastids do not arige'
de novo, however, it i; not clear howrthey are transmitted
from one generation to the next. Bell and»Mﬁhlefhalep
(1962) proposed that plastids may not always arise from prpg-

existing plastids. From their electron microscope and

autdradiographic experiments Bell and Mihlethaler (1364)

‘c;aimed‘thaf plastids of Pteridiuﬁ were €liminated-during
oogenesis and were formed de novo from the evagi;ation %gﬁ!
theségg nucleus. However, Jensen (1965) dia not observe
degeneration of plastids and mitochondria inﬁcé%ﬁon~plants,
They were present at all stages of development in the egg
"cel;.> The question abouglphe origin of plastids is there;
‘fore still unresolved and.thé EM obéervations by themselves
_have hot@so far'provided convinging evidence for de novq
synghesis of pl&stids. » ‘

CHLOROPLAST MUTANTS . B . .
’ |
- Nuclear and cytoplasmic genes control 'the morphology

'and_the function of chlorbplasts. Gene mutations may cause .
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blocks in the synthesis of somc chemical components like
pigm?nts, proteins and lipids which are required for chlero-
plast formation. Deficienc; of the pigments can effect
general metabolism, a particular function and/or different-
iation of chloroplasts. These mutations have been very
useful in the investigation of the biosynthetic pékhways of
various pigments and in understanding their morphogenetic
role in the formation of chloroplast lamellaé.

.Sevefal excelleﬂt reviews have appeared recently on
chloroplast mutants®™Kirk, 1967; Levine, 1969; Walles, 1971)
which affect photosynthetic enzymes, pigments and general
metabolism. A number of nuclear mutants of Chlamydomonas
reinhardi were deficient in the enzymes of the photosynthe-
tic electron transport chain or in enzymes required for
‘the Calvin cycle. The structure of their chloroplasts
appeared normal under ;he electron microscope which suggest-
ed that the lack of oﬁé enzyme did not cause_drastié changes
}n chloroplast structure (Goodenough and Levine, 1969).

Investigation of some chlorophyll-deficient mutants of
algae and higher plants demonstrated that some reactions in
the biosynthesis of chlorophyll were under nuclear control.
Granigk‘(l951f studied mutants of Chlorella which had
various blocks in the synthesis of chlorophyll. On . the
basis of accumulgtion of specific porphyrin intermediates
the biosynthetic éteps in chlorophyll formation were ©

‘determingd. A number of barley mutanté have been studied

by von We;tsteih‘et al. (1971). Mutants belonging to gene
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loci f, g, h, and u failed to synthesize protochlorophyll,
and it was suggested that the four loci controlled sequent—
ial steps in the synthesis of protochlorophyllide prior to
ﬁhe formation of Mg-protoporphyrin. These mutants did not
form prolamellar bodies (Boynton and Henningsen, 1967).
xantha-1 seemed to control the step between Mg-protoporphy-
rin and protochlorophyllide. A mutant controlling trans-
formation of protochlorophyllide to chlorophyllide has not,
yet been Eound in barley. However, a mutant of Arabidopsis
thaliana synthesized protochlorophyllide but was unable to

convert it to chiorodhyllide (Robbelen, 1956).

The barley mutant albzna 17 and Xantha-j were blocked
in the dispersal of tubes as well as in the shlbata shift",
whereas zantha-m and xaﬁtha-a were blocked only in the
dispersal of tubes. Further analysis of these mutants
might provide some answers to the relationship between the
two processes (von Wetté&éin, 1971). Xantha-b, e, ¢ and d,
all prevented the formation of grana.

Lipid metabolism was also studied in these mutants
(Appelqvist et aZ.,‘l968b). Qualifatively the fatty acid
composition of thése mutants was ‘similar to'that of the
wild type.. However, the incorporation of acetate into
phéspho-, sulfo- and galactblipiQs was suppressed by the
zantha-f mutants. Xantha-m incorporaped higher ahounts of
labelled acgtate into linolenic acid of monogalactosyl
digiyceride than fhe wild type. Since the'quantity of this

~ 1ipid in zantha-m was higher than in the wild type the

-
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authors concluded that the saniha-m locus had a controlling
function in the synthesis of monoqalactosyl diglyceride.
Although rantha-a contained a small amountlof chlorophyll
it was unaffected in lipid formation. i

The function of chlorophyll b in plasgid development
is unknown. Goodchild et az.ﬁ(l966) stﬁdied a éhiorophyll
b-deficient mutant of barley. The plastids contained
smaller and fewer grana. On the other hand, the chlorophyll
b-deficient mutant of Arabidopsis has normal chloroplast
structure (Veleminsky and Robbelen, 1966).

The role of carotenoids in the formation of chloro- U
plast structure in higher plants has been investigated by
using carétenoid—deficient mutants of Zea mays (Bachﬁann et
al.; 1967) and He%ianthus annuus (Walles, 1565, 1966, 1972).
The plastigds of the dark grown seedlings of these mutants
formed prolamellar bodies and ribosomes. There was no
biock in the formation of chlorophyll under ordinary light
cohditibns but the chlorophyll formed was déstroyed by
photooxidétioq. An albina mutant oé Helianthus annuus
lacked B-carotene and xanthOphyll,Awhereas a rantha mutant
confa;ned xanthophyll and lutein but lacked 8-carotene. In
low light inténsity structural differentiation of plastids
proceeded ﬁnf@l a few(grana were forméd., The grana in
xantha were lérger than in albina. Gfana were destroyed
soon after forﬂgtion due to photooxidation of chlorophyll.

The degenerate élastids.were irregularly shaped:and contain-
. \ :

ed swollen vesicles. The albina mutant accumulated a
. Voo
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colorless compound, phytoenc, which is a precursor of
carotenoids. In Zea mays lycop?ﬁg'and zeta-carotene were
present in two ﬁutants but no oth;r carotenoids were found.
There was poor development of thylakoids and grana. The
latte:’were not stable and were destroyed quickly upon
illumination like albina and xantha of Helianthus. It was
concluded that carotenoids did not play any role in the
formation’of the prolamellar body, thylakoids or grana
because th;y were formed in dim liqght, but carotenoids were
necessary for the protection of chlorophyll (Walles, 1965,
1966; §achmann et al., 1967). According to.von Wettstein
(1961) the plastids of carotenoid-deficient mutants of
barley contained g}oups of lgége globuli, which pfobably
consiéted of unusable pigments.

Recently, Walles (1972) reported that plastid ribo-
somes of carotenoid-dificient gqlbina and xantha mutants of
Helianthus annuus were destroyed uéon illumination. Accord-
ing to him ribosomes were sensitive to ligﬁt normally
absorbed by B-carotene. Millerd et al. (1969) studied a
temperature sensitive mutant of maize ;nd found that when
grown at 27°C the plastid structure was similar to its wild
type. Howeve¥, when grown.in light 6r dark at i5°C:itaf
plastids were abnormal. The etioplasts containedk}ess

protochlorophyll but ribosomes were present. ' Plastids of

light grown séediings contained lower amounts of carotenoids

and'chlorophyll. The membrénes and ribogomes of plastids

gppwerefdestroyed due to extreme sensitivity to light.

i
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Several chloroplast mutants which appéarcd to be
defective in their general metabolism wo:rec shown to be
deficient in a singie metabolite. Aibiéa—V reguires
aspartic acid and zantha-23 requires leucine to form normal
green cﬁioroplasts (Walleaf/l963). Boynton (1966) studied
the ultrastructure of thiamine requiring tomato plants.
Their plastids Contained grana in early'stages of develop-
ment, whigh broke down into a diffuse substructure dﬁring
bleaching of the leaves. Whén supplied with thiamine the
chloroplaéts regained their normal structure. .

A single gene, virescens mutant of barley has bee?
1nvestlgated by Zalik and co-workers (1963, 1965, 1968,
1970, 1971). The juvenile seedlings were low in pigments
and the plastids contained lafge vesicles. An increase in
Fhe pigment content occurred Qith age and the plastids
\éogmed normal grana and stroma lamellae (Maclachlan and
Zalik, 1963). It was suggested that the mutﬁiion had
caused an alteration in lipoprotein duging early stages of
development. Chlorophyll accumu1a£ion iq this mutant was
found to be sensitive to }ight guality, intensity and ]
temperature. The highest chlorophyll accumulation occurred
in green light., A lérge Qio value was obtained fdr chloro-~
phyll accumulation in thé mutant in the temperature range
which }ndicated that a highly temperature sensitive reaction
was involved in the mutation (Miller and Zalik, 1965); Sane
and Zalik (ﬁ’?O) found that pfoduction of chlorophyll” |

precursor‘wis‘not affected in the mutant but it had a low
i
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protein synthesizing capability at early‘stages of develop~
ment which in turn affected chlorophyll production.' The
primary biosynthetic reaction block in the mutant is still
unknown, however, it was proposed that the mutation affected
the production of chlorophyll indirectly by affecting the
synthesis of chloroph hyl1l%holochrome protein.

A virescent mufant of Zea mays haé'%een studied
(Chollet and Paolillio, 1972; Chollet and Ogren, 1972) which
resembles in many of its characterietics the virescent
mutant of Gateway barley. Before greening its seedlings
weée low in pigments and plastids contained rudimentary
vesicular and.lamellar components. The CO; fixation rates
~were low and the activity of RuDP-carboxylase was markedly
reduced along with sohe other enzymes. Upon greening the
plgment content, plastid structure and enzymatic activities
of plastids became normal.

A number of reports show that chlorophylledeficient:
mutants of higher plants have higher photosynthetic'capacity
at the same (Benediot and Kohel, 1970; Keck et al., 1970b)
or higher llght intensity than the ‘wild type (Schmid, 1967;
Clewell and Schmld 1969, nghkin et al., 1969) on the ba51s
of chlorophyll content. Schmld (1967) 1nvest1gated the
}photosynthetxc capacxty and the lamellar structure in various
chlorophyll-defiéieq; plants of Nicotiana tabacum. The
plastxds ‘of virescent 402 contained fully developed grana in
spxte of the chlorophyll deficiency but showed impaired rates_

of photoaynthesis. "An increased capacity-for photosynthesis
°
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was found in plastids of healthy aurea mutants which had
widely separated single lamellae. However, variegated
tobacco contained normal plastids in green parts and
separated sihgl?>lamellae ;n yellow green parts; Both types
of plastids were incapable of photosynthesis. These results
‘suggested that the arrangement of the lamellae in grana or
as single layers has no effect on the capacity for photo-
synthesis. The plastids of chlorophyll-deficient Lespedeza
procumbens contained fewer thylakoids but had a higher
photosynthetic capacity especially at higher light intensity
(Clewell and Schmid, 1969). 1In a pigment-deficient, single
gehe, virescent mutant of cotton the_rates of synthesis of
RuDP-carboxylase, CO, fixation and photosynthetic capacity
per molecule of chlorophyll were‘higher than in the wild
type (Benedict and Kohel, 1968, 1969, 1970). The young

" chloroplasts of this mufant lacked lamellar aggregation but
mafure leaves“formed normal chloroplasts. The plastids of
"a pea mutant deficient in chlorophyll contained fewer
lamellae per plastid and fewer lamellae per gr;num than
normal but on a chlorophyll basis, rates of COo, fixation

and Hill reaction activity in the mutant was twice as high

“as in the normal (Highkin et al., 1969).

PROTEINS DF CHLOROPLASTS

Soluble proteins. LN

&

Wildman and Bonner (1947) observed that 70-80% of the

soluble leaf protein’was electrophoretically homogeneous.
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and had an S -value éf 18. They designated this high mole-
cuiar weight leaf protein as Fraction I protein to disting-.
uish it from other proteins in the leaf extract. Later it
was shown that this compénent was localized in the chloro-
plast and that it was one of the major components of the
water soluble proteins (Lyttleton and Ts'O, 1958).

Fraction I protein is a large protein with a molecular
weight of 500,000-570,000.

Various workers have succeéeded in purifying a
carboxylase enzyme, identificd as ribulose-diphosphate
carboxylase from spinach and rice leaves and it had
physical properties similar to Fraction I protein (Wq{hs-
bach et él.; 1956; Mendiola and Akazawa, 1964). About the
same time a highly purified protein-protochlorophyll

» -
complex was obtained from etiolated plants and it had

similar properties to those of Fraction I protein and
xibulosg-diphosphate caiboxylasé (Boardman, ‘962; Trown,
1965). It has not been reported whether holochrome
preparations have RuDP cafboxylase activity. Ako}unoglou
et al. (1970) isolated RuDP carboxylase and protochloro-
phyllide holochrome from etioplasts of Phaseolus vulgarie
and reported that the two proteins were not identical.
When the proteins were extracted in tfasfHC1 buffer RuDP
c&rboxylase was released, -however, protochlorophyllide
holochrome ﬁas extracted on additiﬁn of Triton x-ido.

Although there has been general agreement that Fraction -

I protein is ribulose-diphosphate carboxylase, Anderson et
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al. (1968) isolated a few carboxylases from some micro-
_organisms which were significantly different in molecular
weight from Fraction I protein. Therefore Kawashima and
Wildman (1970) opted to retain the tevrm Fraction I protein
. to designate exclusively the high molecular &eight protéin

which has been found wherever chlorophyll a is preignt.

Fraction I protein from rice leaves, when separated on

Sephadex G-200 had ribulose phosphate isomerase, phospho-

ribulokinase and ribulose-diphosphate carboxylase (Mandiola

and Akazawa, 1964). However, Thornber et al. (1966) showed

that the isomerase and kinase activity could be removed

from Fraction I protein of Beta vulgaris by column chromato-

graphy to give a purified protein which appeared as a single

peak on acrylamide gel electrophoresis. . Under the electron

microscope Fraction I protein from chinese cabbage chloro-
plasts appeared as cubic particles 120 & on a side (Trown,

14

1965) . -

Rutner and Lane (1967) found that on treatment wiéh
SDS, RuDP carboxylase frém spinach dissociated into two
distinct subunité which had different electrophoretic
mobilities, sedimentation velocities and amino acid!
compositions. By SDS gel electrophoresis the mbleqular‘
weight of the larger'subuhit“was 55,800.aﬂd the smaller
.subunit was 12,000. Moon and Thompson’(i969) estimated’
the molecular weight of small and large subunits as 16,000
and 54,000 respectively.

The site of,synﬁhes;s of Fraction I protein has been’

s
s
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investigated by the use of antibiotic inhibitors. Chlor-
amphenicol binds chloroplast ribosomes and inhibits protein
synthesis by chloroplasts whereas cycloheximide has no
effect on protein synthesis by chloroplasts but inhibits’
protein synthesis of cwtoplasm. Experiments Qith algae and
higher plants have shown éhat the a&cumulation of RuDP
carboxylase was stfongly inhibited by chloramphenicol and
slightly by cyCioheximide (Ma#?ulies, 1971; Smillie et al.,
1967; Ireland and Bradbeer, 1971). Margulies and Parenti
(1968) has teportediincorporation of amino acid in Fraction
I protein in isolated chloroplasts of Phaseolus vulagfis.

[N

?hese resuiig'suggested that the enzyme is synthesized on
the chloropi;st ribosomes. Criddle et ab. (1970) reported
that in bariey the synthesis of smal}ér subunits was t
inhibited by cycloheximide whereas chlorémphenicol markedly
inhibited the synthesis of the large subunit. From these
results they suggestedlthat the.Smaller‘shbunits may ge
formed onAcytoplasmic ribosomes and large subunifs may be
formed on'chloroplast ribosomes. Hoober (1972) reported
thgt in a y-1 mutant of Chlamydomonas reinhdrai the
syﬁt;l’%isis 6? both #hunits of RuDP carboxylase waé inhi?it- |
ed bylchloramphgnicol. According to him the enzyme is B
éynthesizediin the chlbfoplast and mRNA for Epé enzyme is

made in the nucleus.

LAMELLAR PROTEINS |
 Menke and Jordan (1959) obtained lamellaf‘protein by -
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extraction, last lipids\agd pigments with methanol

e proteins with NaOH and NaCl. It was
found! 47~a ¥ structural proteins make up 44 to 54%N
of thé 2.. gein of the chloroplast (Menke, 1962). Park
and Po! U ;ound that purifiod preparationé-of spinach
chloro§7 fellae had 48% lipid and 52% protein.
AInvestié, ‘of the protein of the lamellae has been
hampereq | vhe insolubility of the protein at physiological
pH. In tl 'st decade attempts have been made to isolate
and charal Eze the lamellar proteins of the chloroplast.
Weber (1965‘ :-1ub1112ed lamellar structural protein in 99%
formic acid fjim chloroplasts of Antirrhinum majus. The
1lipids and“; drates were separatod and:the formylated
protein’hof ‘ Wa uniform 5.9 S peak in the ultracentri-
fuge. BigoWhs and Park (1965) solubilized. the lamellae of
spinach chloroplasts in SDS and extracted lipids in acetone
or in n—butanol. The lipid free protein was solubilized -
‘again in sSDS. This protein fraction wlth an S value of

2.3 consisted mainly of non-haem protein but anluded some
_oytochrome f and bg in approximately equlmolag amounts.

Tae et al. (1968) extristed splnach chloroplast
lamellae by repeated. slow acetone extractlon.a The protein
obtained was héterogeneous on gel electroPhoresis w1th an S

ovarue of 2,2. /Lgkshin and Burris (1966) isolated lamellar
.étoteins from chard‘and‘corn. They‘SOIﬁbilizad the°soni-'
4cated lamellae with n-butanol at 25°c. Ctiddle'and Park\

k1964) isolated a protein fract1on f:om the Spinach 1amellae
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hy ammonium sulphate precipitation and called it chloroplast
structural teln .The chloroplast structural proteins
obtalned fro &heat and bean were heterogeneous on gel
electrophores1s (Man1 and Zalik,  1970).

Many detergents like digitonin; Triton X-100, SDS and
SDBS have been used for the fragmentat1on of chloroplast '
lamellae. Anderson and Boardman (1966) obtained two classes J
.of partlcles on the incubation of the lamellae with dlgiton*
in. On the ba51s of the ratio of chlorophyll a/b and the |
photochemical activity of the partlcles they suggested that

these particles were representatlve of PSI and PSII
X\

| activity. On.the other hapd, TtL@onlx-loo treated lamellae
gave light particles pesseeging PSI activity (Vernen et al.
1966). _A : oo
Thornber et al. (1967a, l§§7b) oﬂtained twe piément
pretein.bands on polyacrylamide §é1 eleeﬁrophqresis of

. » :
sodium dodecyl benzene sulphate solubilized lamellae

Beta vulgaris chleroplasts and repor\gd them as chloro-
\

phyll-protein complexes, both of whlch\were photochemlcally

inactive. Machold (1971) noted 17 bands\ from sos ‘solubil-
N

1zed lamellae of Phaaeolus vulgarze and reported that two

of them‘were-chlorophyll-pro ‘V( complexes like ‘those of -

_ Thorﬂber et aZ.. In Antzrrhznum majus 15 bands were

.vreported by Herrmann and Melster (1972) who claﬁmed that 7

\

colored bands were" chlorOphyll-protein complexaql::::h were -
ho ;

 vigible only during the first 90 min of electrop resis s
. N
and then vanished gradually.\., ' '._. ’ \\
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So far little is known abdh'gfhe assembly of membrane
Spec1f1c protelns formed during greening in hlgher plants.
’However, Eytan and Ohad (1970) and Hoober (1970) have
studied the site of synthesis of membrane polypeptldes
during biogenesis of chloroplast lamellae u51ng antlblotlc
inhibitors and a y-1 mutant .of Chlamydomonas reinhardi.
Thevalgae failed to synthesizevchlorOthll and disc
membranes in the dark. On addition of chloramphenicol and
cycloheximide the formation of membranes was inhibited
,whichusuggested that chloroplast and cytoplaemic ribosomes
were involved in protein synthesis of the membranes of the
chloroplast. This has been previously observed in other
plants by a number of workers (Smillie et al., 1968;
Margulies, 1971; Ireland and Bradbeer, 1971).

: Hoober'(1972) found.that s?ntheéis of a main ooly-
peptide of the thylakoid membrane occurred in the cytoplasm
in soluﬁle form and its synthe31s was coupled w1th the :
synthesis of chlorophyll. Eytan and Ohad (1970) reported

-

that the protelns produced on@pytoplasmmc nxﬂosomes,';

assembled together ulth 11p1ds and chlorophyl'm rming a
non-active membrane% It was found that the protelilgformed
Aon chloroplast rlbosomes whlch they termed actlvatmn &
prote;ns;were essent1al for the formatlon of a photosynthe- .
v_tically active membrane. The experlments suggested ‘that
synthesis of these protelns does not require light, however,h
synthesis of chlorophyll controlled the synthesis of cyto-il

. plasmic proteins at the E;@ﬁecr;pt1oﬁal-level which in turn-.

&
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Zgﬂfrolled synthesis of activation proteins (Eytan and Ohad,
972)." Similar conclusions were reached independently by

lHoober and Stegeman (1973), that a precursor of chlorophyll

-

regulated transcription of mRNA for polypeptide synthesized
~
in the cytopla§mic ribosomes and its reqgulation is mediated

by a protein synthesized within the chloroplast.

e

Tubule-like structures of the chloroplast and microtubules

Recently it has been shown that microtubules occur in
both plant and animal cells (Tilney, 1968; Newcomb, 1969).
Microtubules are unbranched tubular struetures of indefin-
ite length In the plant cell they lie just beneath the
H_cell membrarre, parallel to cellulose microfibrils and thes
'micrqtubules are morphologically similar to the micro- 7
tubules ;hich constitute the fibers of mitotic spindles
(Ledbetter and Porter, 1963). 1In animal cells they chpese
the fibers of the mitotie spindle, tubular structures in
.Centrio{e and the basal bodies. lThe 9+2 array of axonemal
"filaments of cilia and flaqellaﬂof motile plant and animal
ceils is made up of.micrOtubulesl (The exact nature of their
‘function is now known. It is believed that they participate
in the motile system of cilia and -flagella, perform a cyto-
skele%pl role in many cells and perhaps help in movement of
cytoplasmic materlal.

These subcellular structures are seen in the tissue

only when fixed in glutaraldehyde-OsOu but are usually

destroyed if fixed in 0s0; alone or in KMnOu.

)
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The diameter of a tubule ranges from 180-300 R, the average
value being about 240 R (Ncwcomb, 1969). In cross scction
they show an electron lucent. core about 100 & in diameter
bounded by an electran opaque ring about 70 & thick. The
nature of the material present inside the core of the
tubule is not known. The wall of plant microtubules is
probably composed of 13 filamentous subunits (Ledbetter and
Porter, 1963). Recent studies on isolated microtubuleg
suggested that the filaments of the wall were composed of
a series of globular subunits. 'Biochemical work on cilia,
protozoan flagella.§nd sperm tail provided evidence that
their microtubules were made up of actin-like proteins
called "tubulin". 1Its amino acid composition and ability
to associate with nucleotide resembled tﬂat of actin from
muscle (Stephen, 1967) . Cholchicine‘and related compounds
were highly active in disrupting the mitotic spindles.
Borisy afd Taylor (1967) proposed that cholchicine acted
by binding to Subun}Q protein and preventing its poly-
merization into microtubules.

Microtqbuléelike, slender,.unbranched strhctures'have
been freqﬁently seen in the stroma of developing chloro-
plasts of Hordeum vulgare.(Spfey, 1968; ‘Henningsen and J
Boynton, 1970). They were seen beiween the ﬁhylakdids,v
rgrely attachfd ﬁo the lamellae. The size of-thesé tubules
was smaller than the microtubul®s present in the cytoplasm

of plant and animal cells. In cross section these struct-

ures revealed, an outer electron dense core 110.& surrounding
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an electron transparent ring of 30 R. 1In higher magnific-
ations the tubules appcared hexagonally arranged in crystal-
line arrays of 10 to 80 units (Sprey, 1968) . Henningsen
and Boynton (1970) related these structures to the stroma
centers found in Triticum acstivum and Avena sativa chloro-
plasts. Sprey (1968) had suggested that they participate

in the formation of thylakoids.

Endocytosis.

Amoeboid protozoa and leucocytes have the ability to
engulf large pieces of particulate mutter. When an amoeba
comes into contact with food particles it forms doughnut-
shaped projections of the cytoplasm around the food
particles thus enclosing the latter (Jennings, 1904). The
process was named phagocytosis by Metchnikoff in 1883.
vAnother closely related process, in which cells ingest
hlarge amounts of particle free fluid was noted by Edward
(1925) in amoeba. Later in 1931 Lewis observed it in
macrophages and other cultured tissue and he named it
pinocytoéis. Both processes are encompossed by the term
ehdocytosis which provides a means of active ingestion‘of
molecules to which cell membranes are impermeable. ‘The'
occurrence of the process has been reported in widely
different tissue throughout the plant and animal kingdoms
and evidence for this has been reviewed by.Holter (1959)
and Rustad (1964). Several workers have reported entry of
- macromolecules into plant cells. In the electron micro-

dcope studies of plant cells, bays and 1nfold1ng of plasma
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memg!Enesvhave been observed by scveral workers, and Whaley
et al. (1964) have considered the possibility that a process
akin to pinocytosis and phagocytosis may take place in the
plant cells. Entry of labelled histone, lysozymes and poly- -
L-lysine into barley root tips was reported by Drew et al.
(1970) . Wheeler et al. (1972) have reported pinocytotic
uptake of uranyl acetate in oat root tips. Good evidence
for the occurrence of the process of pinocytosis has been
provided by the study of isolated prdtOplasts. Mayo and
Cocking (1969) reported that isolated tomato fruit proto-
plasts take up tobacco mosaic virus and polystyrene latex
particles by means of pinocytosis (Cocking, 1970). On the
basis of generally accepted terminolpgy it seemsvthat the
process should have been called either phagocytosis or

endocytosis.



MATERIALS AND METHODS

Y
Plant Material. -

Thet chloroplyll deficient mutant used in this study is

a virescens type of viridis mutant of Hordeum vulgare c.v.

Gateway. In our laboratory it has been compared with the

parent Gateway on a biochemical, genetic, physiological

and ultrastructural basis (Maclachlan and Zalik, 1963;

Miller and Zalik, 1965; Sanc and é?lik’ 1970; Stephansen

and Zalik, 1951). It has been confirmed that the chloro-

phyll deficiency is governed by a single recessive nuclear

gene (Walker et al., 1963; Stephansen énd Zalik, 1971). 1In
jeported Gateway barley and its mutant

all the studies being

were grown simultaneously in the same growth cabinet.

Growing Seedlings.

To study the dévelopment of chloroplasts from etio- K
plasts, Meds were scaked in water for 3 to 4 hr and sprea&\
on vermiculite in plastic trays *{i\seeds/tray) which were
covered with wet filter paper.‘ The trays were kept in a
dark growth cabinet at 23°C for 7 té 10 days and were water-
ed daily. After 7 or 10 days thé etiolated seedlings which
h;d grown to é height of 13 cm or 16vcm respectively were
seélected under a green safeiight for exposure to white light
and the others were discarded. The trays were t;ansferréd.k

to a growth cabinet and illuminated for'varying periods. In

some cases the light period was followed by a further dark

h - 46
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period. The duration of illumination was basé& upon results
from preliminary experiments. .

For comparison of the chloroplast tubules with cyto-
plasmic microtubules a cold treatment experiment similar
to that of Benke and Forer (1967) was performed. Ten-day
dark grown seedlings were illuminated for 6 hr followed by
a 3 hr dark period. Intact seedlings or excised leaves in
O.dl M pﬁgsphgte buffer, pli 7.3, were placed in a cold
room at 4° t 2°C. Leaf samples f;om these were fixed
after 1,'2 and 3 hr. Some seedlings which w?fe in the cold
room for 3 hr were placed at room temperature for 30 min
and samples of these were also fixed for EM studies. For
biochemical investigafibn, seeds of the normal and mutant
barley were planted in 20 x 25 cm plastic trays contéining
wet vermiculite. The trays were kept in the growth cabinet
at 22° t+1°C under continuous illumination at an average
intensity of 1400 ft-c (range 1200-1600 ft-c) and relative
humidity of about 55%. They were harvested after 4, 6 and
8 days. Prior to harvesting the-trays were left overnight
in a darkroom to deplete the chloroplasts of starch.

From each tray pieces of 5 lemves were fixed in glutar-
aldehyde-0s80, fof.EM. .Fifteen to 20 leaves were freeze-
. dried for pigment determination and 10 g of leaves were
used for the isolation of lamellar proteins. Identical
determ;nations were conducted on plants grown under 600

ft-c (range 550-650 ft-c) at 20° : 1°C. From the latter |

solubﬂg leaf proteins were also isolated.
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Chemicals.

The suppliers of various chemicals used in the study
were: Araldite, dodeccnyi succinic anhydride (DDSA), di-
ﬂ@?thyl amino methyl phenol (DMP30) and lead citrate from
‘;Ladd Research Industries (Burlington, Vermont, USA); 0sO,
from Johnson Mathey‘Chemicals Limited (Hatton Garden,
London, England); uranyl acetate from Mallinckrodt Chemical
(SE. Louis, Missouri, USA); acrylamide, N,N!-methylene bisg-
acrylamide, N,N,N! N!-tetramethyl ethylenediamine, pro-
pylene dioxide and 2-mercaptoethanol from Eastman Organic
Chemicals (Rochester, N.Y., USA). Ammonium persulphate,
sucrose, boric acid, trichloroacetic acid, sodium hydroxide,
glycine, glutaraldehyde (Biological grade), MgCl, from
Fisher Chemicals (Edmonton, Alberta, Canada); sodium
phosphate, caicium carbonate from J.T. Baker Chemical Cg////
(Phillipsburg, N.J.); ficoll, ﬁextran T-250 from Pharmacia
(Uppsala, Sweden); tris-(hydroxylmethyl) aminomethane from
Raylo Chemical Limited (Edmonton, Alberta, Canada);
coomassie b{ue from Consolidated Laboratories Ltd. (Canada)

and amido black from Allied Chemical (Morristown, N.J.).

Preparation of Material for EM Studies.

Sections, approximately'z mm sqg., 'were cut with an
acetone cleaned~b1ade from either side of the midrib lcm
from the 1eaf apex under buffer (0. 01 M sodium phosphate

- buffer pH 7.1-7. %: Each piece was flxed separately in a

vial containing 3% glutaraldehyde in the buffér for 3 hr
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at room temperature. After four changes of the buffer
during two hr, post fixation was carried out for.two hr in
2% 0sO,. Following quick rinéinq in distilled water the
tissue was dehydrated in a-graded ethanol series. The
dehydrated tissue was then embrdded in an araldite resin
mixture (Luft, 1961) and four blocks from each treatment
were sectioned with a glass or a diamond knife on a Sorvall
MT-2 microtome. Section§ were stained with 2% uranyl
acetate followed by 0.2% lead citrate (Reynolds, 1963)

and were examined under a Philips EM 100 or 200 electron

microscope.

Pigment Determination.

Freeze-dried leaf sampleé of normal (20 mg) andymutant
barley (40 mg) were weighed and ground with a total L
of 80% acéfone in a glass mortar containing a gmall amount
of acid washed sand and CaCO;. ' Thorough repeated grinding
was required for complete extraction of the pigmehté. The
pigment extract was cleared by centrifugation at 10,000 x g
for 15 min. It was decanted and made to a total volume
of 25 ml in a volumetric flask. Its absorbance was
determined at 340, 645 and 663 nm in a Beckman DK-1
8péctrophotometervand the concentrétions of chl a, chl p

and carotenoids were ‘calculated (Maclachlan and Zalik,

1963). .

» .
Extraction of Soluble Leaf Proteins.

The frozen leaves were ground in a chilled mortar at

f 25 ml

[N
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4°C using tris glycine buffer (3.6 mM glycine and 0.5 mM
tris) pH 8.3 (l:1 w/v). Th& homogenate was filtered
through 4 layers of cheesecloth and centrifuged at 90,000 x
g for. 2 hr. An aliquot of the supernatant was used for
protein estimation by the Lowry method (Lowry ea”al., 1951)..
The remainder was frozen immediately and after protein

estimation a sample was taken from it for electrophoresis

the same day.

Isolation of Chloroplast Soluble and Lamellar Proteins.

The medium for chloroplast isolation; I, was 0.01 M
phosphate buffer, pH 7.8, containing 2.5% ficoll, f%
Dextréﬁ T-250, 0.25 M sucrose, 10 mM 2-mercaptoethanol. and
2 mM Mg. Lamellae were prepared by extracting the soluble
proteins with 0.16 M sodium borate—ﬁéi buffer, pH 8.9
(buffer II) and the lamellar proteins were then extracted
with the same buffer containing 0.5% SDS (buffer III). The
ratio éf fresh leaves to isolation medium (I) was 1:5

.\J%/v). The leaves were ground in a mortar and squeezed
through 16 layers of cheesecloth. The procedure followed
in isdlating'the lamellar proteins from the leaf filtrates .
is diagrammed-in Figure 3. All opefétions were at 4°C.

The amount of lamellar protein waé estimated on an aliquot
of the final supernatant. The pgo;eins were precipitat?d
by -10% cold trichloroaceﬁic acid and the pigments were
extracted with acetone. The pigment free residue was
solﬁbiliied in 1IN NaOH and the amount of protein was

-~

estimated. The supernaténts>obtained by centrifuging the



MUTANT BARLEY LEAF FILTRATE GATEWAY BARLEY LEAF FILTRATE
Soquq for 3 min 300 xa for 3 min
PELLET  SUPERNATANT ~ SUPERNATANT PELLET
(discarded) (discarded)
2?90 xg for 20 min- D300 xq for 5 min
CHLOROPLAST SUPERNATANT
SUPERNATANT CHLOROPLAST Pellet (discarded)
{discarded) Pellat
Resuspended in Buffer I
2500 xg for 20 min 2300 xg for 5 min
T T ‘ !
SUPERNATANT WASHED . SUPERNATANT
(discarded) CHLOROPLASTS (discarded)

fach of the washed chloroplast preparations was
homogenized in Buffer Il using a polytron with
Pt-20 st generator for 2 sec. It was left for
30 min then centrifuged at 90 000 xg for 20 min

* 3
SUPERNATANT " PELLE
(Soluble proteins . - o . .
Homogenization and centrifugatio step in
of chloroplasts) guffer Il repeated 2 more times as above. .

The pellet was then homogenized and centrifuged -
in distilled deionized water.

SUPERNATANT
conbined |
#—
l SUPERNATANT « PELLET .
- (S0luble. proteins i fuged
of chloroplasts) i:mggchfed with Buffer 111 and centrifuge
v . ’
PELLET SUPERNATANT
(discarded) ;
Supernatant centrifuged 2 second
” time at 90 000 xg for 30 min
, 1
f ; - i
PELLET P SUPERNATANT :
-{dtscarded) . . mixed with propylene glyco

Sy (10% v/v) for electrophoresis.
oW :

FIGUR£\3. Procedure used in isolating chloroplast lamellar
proteins. 10 g of leaves ground with 50 ml
buffer I in a mortar and pestle. Brei strained

- through 16 layers of cheesecloth.



&

chloroplasts in buffer II containing soluble chloroplast
proteins were combined, dialyzed overnight against water ;
and freeze-dried. Samples were dissolved in tris-glycine
buffer, pH 8.3, for proteiﬁ estimation and electrophoresis.

7

) /

Electrophoresis.

The proteins were electrophoresed as descrihed by
Davis (1964). For separation of soluble leaf proteiﬁs, gels
containing 9.5% acrylamide and 0.28% bis-acrylamide’were
used at pH 8;3. Distilled deionized water was used
- throughout. The stock solutions used to prepare gels'were:
(A) acrylamide 36 g and bis-acrylamide l.£2 g, (B) tris
36.g g, TEMED 0.25 ml,‘48 ml‘of 1IN HC1l, (C) riboflavin 5
mg. Each stock solution which was made ué to 100 ml with
water was filtered through Whatman No. 2 filter paper.

Gels werg prepared in 6.0 x 0.5 cm glass tubes gleanéd_
with chromic acid and coated with Kodak pho£o-flo solutiopn
(1 partlin 200 ml water). . The lower end of the tubes was )
sealed with parafilm and the tubes were positioned vertic-~
ally with a rubber band on a flat ruler which‘was fixed
vhorizontally-to a stand by a mechanical clamp. The gel.
solution was made by mixing A, B, C and water in ratio of
2:1:1:4. It was poured carefully in the glass tubgs with
a Pasteur pipet. 'A buffer layer of 0.5 cm was ‘placed on
the top of-the‘gel solution. The gels were photopoly-
merised wibh«a-fluorescént tube which was .positioned about .

-1 inch from the gel tube. After polymerization the tubes

-«
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éere kept at 4°C. Electrophoresis was carried out in a
pre-cooled tris-glycine buffer (3.6 mM glycine and 0.5 mM
tris) pH 8.3 at 4°C. A drop of 0.01% bromophenol blue in

water as marker was added to the upper buffer reservoir. A
?

‘sample containing 75 to 100 fg of protein and 3% sucrose
was applied to each gel. The runs were started at 2 mA/tube
for 20 min then the current was 1ncreased to 3 mA/tube. The

total time fof electrophore51s was approximately 2 hr. The

gels were stained overnlght in a 1% solution of amido black

" in 7% acetic ac1d and they were destained electrophoretic-

©ally in 5% acetic acid perpendicular to the direction of

‘ separatlon.

Y
.
1

For lamellar proteins, gels were prepared in 12.0 x
6.5 cm glass tubes. The stock solutions used to prepare
the gels were: (A) acrylamide 36 g and’ bis-acrylamide 2 g,
(B) acrylamide 10 g and bis-acrylamide 2.5 g, (C) tris
36. 6 g, TEMED 0. 25 ml, in 48 ml-of 1N HCl, (D) ammonium
persulphate 0.14 g. Each stock solutlon was made up to
100 ﬁl with watex. The lower small pore gel solution was
made by mlxlng A, C, D and water in the ratio 2:1:4:1.
Thls was . poured flrst in the tubes to a depth of 10 cm aqd
a 0.5cm 1ayer of water was poured on the top of it. The
gels were chemlcally polymerized at room temperature for

- 30-45 min. After polymerization of small pore gel the

water layer was absorbed by a plece of fllter paper. Théﬁ

the large pore gel solntxon was made by mixxng B, C, and

| water.;n,ratio, 2:1:4:1 .and this was 1ayered to a depth of

{
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v

1.5 cm on the polymerized small pore gel followed by 0.5 cm
layer of water.
Extract containing 50 to 100 ug protein was layered

on the large pore gel under buffer. Electrophoresis was

performed at Zéié%fC’Tﬁ’5T6§4M sodium borate-HCl buffer,

-t

PH 8.3, containing 0.01% 89S, Runs were made at 3 mA/tube

for 24 ke -with Coomassie

_for 4 hr and the gels were’séaineg
brilliant blue, 0.1% iﬂ‘acetic acid:methanol:water, 1:1:8,
followed by destaining with the same solution without dye

for at least 2 days.

e W



RESULTS AND DISCUSSION:

I. Chloroplast Development in Gateway Bariev and Its
. »

Mutant ' ] .

" Results ' o .

Greening of 7-day-old etiolated barley seedlings.

»

'The 7-day-old dark-grown seedlinqs,of Gateway barley

“cdntalned plastlds of the type shown in Fig. 4a and b.

Crystalllne prolamellar- bodleé were present in most of these

- plastids. A number of primary layers (PL) were radiating

out of the crystalline p:olémellar bodies. This agrees

- with the Qbservatién of von Wettstein (1958) that protrusion

bl

of the vesigles from the prolamellar’ body and the formation®

of pri@ary'layers_occurs in the etioPiasfé of barley. Some

‘osmophilic granules were 1nterspersed in the prolamellar

‘ body. Plastldsvyhlch did not have a prolamellar body .

smaller, less developed and had a few prlmary layers (Flg.

4b) .

v,

On exposure to varylng perlods of: llght of 1400 ft-c

'a marked series of structural changés were observed in ‘the

' prolamellar bodies of the etloplasts. Plastlds of etlolated

leaves exposed to 5, 10, 15, 20, 30 and 45 min and up to 2

.days of ‘illumination were examlned There was a gradua

decrease in the percentage of plastlds with prolamellar

bodies with éxtensioﬁ of the period of illumination. The
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FIGURE 4. Nlastids from Gateway barley r:rt('<! lings r]l‘(vyvzl
in the dark for 7 davs and then cxposcd to light for
variéus periods of t{mo.

Ftislatcd (a) A crvstalline prolamcllar body and a
number of lamellae radiatirda from it. X 21,000,

(b) A plastid with a few primary lavers. X 30,000.
Exposed to light for 5 min. (c) A pro}amellar body
shoyinq axy aqgregated masshof membrane tubules and
osmophilic granules (0s). X 22,100.

>

Exposed to light: for 30 min. (d) Dispersal of -
membrarne tubules of a prolamellar body and the
formation of primary and secondary lavers in the
stroma are noted. X 22,000. (e) Most of the
materiél of the prolamellar body is disperéed and

in its place nymberous osmophilic granules are

seen. The arrow indicates tubes extending from

the prolamellar body. X 32,500.

3

The light intensity used for this and subseauent

figures unless indicated otherwise, was 1400 ft-c.

ixation for this and the succeeding figures was
’ with gl@karaldehyde and Osoﬁ.' Ary exception to

/this will be indicated. \ ' B
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transformation of‘thé prolamellar bo@@us and dispersal of |
theilr tubular material was completed within an hour. First
the crystalline order of the prolamellar body disappeared
and an aggregated mass of tubules o; vesicleé'appeared in
i1ts place (Fig. 4c and e). Awithin half an hour the tube
@aterial of the prolamellar'body séarted to disperse. Fig.
4e shows tubules extending out of the prolamellar body. -

A number of osmophilig granules were concentrated at the

-

place of the prolamellar body, but sections of many
plastids did'nbt show osmophilic granules (Fig. 4d).
Because these granules initially'OCQurred only at the s%te
of the prolamellar bodies their preéeﬁce may have been
related to the portion of the plastid that was examined.
Dispersal of tubule material occurred in an ordered

manner. Aslthe tubules started to disperse they joined
end to end and aligned themselves in rows, which were
generally parallel. 1In some'instances during @h@ dispersal ,
process secondary layers were formed simuitaneously along
primary layers. The dispersal process was cémpleted within
1 hr of illuminati&n and the plastids showed”a number of
primary layers (Fig. 5a). In these sections no plastids -
showed prolameilar bodies. The arrows (Fig. 5a) indicate
the places of pverlapping and adjoining of the lamellaéc‘
Within 3 to 6(hr multiplication of the'prima:y layers of
thg plastids Wasfinitiated in different portions to form
secondar& layfrsl(Fig: ob-and c). -

“ After illumination for 9 hr the plastids showed

/



FIGURE 5. Plastids from Gateway barley seedlings grown
in the dark for 7 days and then exposed to light;
(a) 1 hr of light. Primary layers are seecn and
the arrow indicates the places of overlapping and
adjoining of lamellae. X 33,800.
(b) and (c) 3 and(6 hr light respectively. The
vesicular space inside the layers is reduces apd"
‘multiplication'at differept portions of the

lamellae is observed. (b) X 39,000. (c) X 43,900.
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numerous grana, each composed of two thylakoids (Fig. 6a).

The number of thylakoids in the grana increased with the
time of illuminatiqn. Fig. 6b shows plastids of scedlings
exposed for 12 hr containing grana and stroma lamellae.
From an examination of the various areas of the lamella;'
where thylakoid stacking was in progress (arrows) it appears
that multiplication resulted by the procegs of protrusion _
and invagination of the lamellae (Menke, 1965, 1964;
Wehrmeyer and Rébbelén, 1965) . |

The development of chloroplasts-fro%netioplast; was
coﬁpléted in a period of 2 days by which time the chloro-
plasts had characteristic features such as grana lamellae,
stroma lamell;g and starch grains. They appeared like fully
developed chloroplasts (Fig. 15).

During exposure to light the development of plastids
- of she mutant barley was considerably slower than those of
N . .
ghe‘normal barley. Plastids from the dark grown seedlings
of the mutant were smaller<'in size and lacked interior
organizétion (Fig. 7). On the basis of their morphological
appearance four types of plastids were present in the
‘mutant: 1) pl‘stids with vesicles (Fig. 7a); fer-
entiated plaﬁtids with fewer vesic;es (Fig. 7b and c);
3) plastids with an inconspicuous ﬁrolamellér'body contain-
ing small‘osmpphilic‘granules and a few é;imary layers
radiating out of the prolamellar body (Fig. 74); 4) plastias‘

with a few thylakoids. Theﬂétroma of all the plastids was

very dense.
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FIGURE 6. Plastids from Gateway barley seedlings grown
in the dark for 7 days and then exposed to light.
(a) 9 hr light. A number of grana composed of two
thylakoids. X 42,300. .
(b) 12 hr light. A plastid with grana and_stroma
lamellae. Arrows indicate- stacking of thylakoids.

X 51,800.
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o

?gg | | ,

FIGURE 7. 'pres"of ﬁlastids present in 7-day-old

dark grown seedlings of mutant barley.

(a) Plastids showing numerous vesicles (V). g 22,300.
(b) and (c) Undifferentiated plastids with fewer
vesicles.. X 21,000.

(d) Plastid with inconspicuous prolamellar body

and a‘number of primary layers extending out of

the prolamellar body. X 20,000.

(e) Plastid with a few thylakoids. X 45,600.
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In seedlings treated for 1 ﬁr in light no major
changes were observed in the structure of the plastids.
Fig. 8a and b show typical plastids observed at éhis stage.
The plastids showed vesicles with a few membrane tubules
(Fig. B8a). NotMall the plastids had vesicles, in facﬁ,
within the same cell or in adjacent mesophyll cells some
plastids appeared like normal developing plastids except for
their smalier size. Fig. 8b shows a plastid with dispersed
membrane tubules.

Fig. 8% shows éart of a plastid ffom seedlings
illuminated for 3 hr. The-size and number of‘}esicles
increased in these plastids. A number of vesicles were
seen joining together (arrow), and this process continued
for anbthe; 3 hr (Fig. 8d). There appeared to be very

little increase in the amount of lamellar material during
this period. For seeélings whiéhuhad been eXposéd for 12
to 24 hr the‘vesicles,'which were dispersed in_ the plastid
Fhroughout the stroma, changed their shape (Fig. 8e). The
arrow indicates the-;ransformation of a vesicle into a
tubé. The vesiclés may flatten and become more or less
like thylekoia discs. Thes; thylakoid discs stack
together either side by side and initiate the:formation of
grana, or join end to end to form primary layers.
The process of thylakoid formation from the vesicles
and grana format?éh from these thylakdids‘continued until -
all the~§esicles were-transformed. After 2 to 4 days of

illumination plastids containing isolated grana were

i
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FIGURE 8. Developing plastids from 7-day-old dark
grown Seedlings of mutant barley illuminated for
various periods.

One hour light. (a) Plastid with many vesicles.
X 32,500. (b) Plastid similar to a normal barley
plastid, containing a few thylakoids. X 33,000. .
TQree hours light. (c) Part of a plasﬁid showing
joining of some of theovesicleﬁ,(arrow). X 67,200.
Six hours light. (d) Plastid showing dispersed
vesicles (V) and tubules (T).  Long arroﬁ shows § .
joining of the two tubules side by side. Both the
fvésiéles and/or tubules are seen aligned end to |
end (short arsows). X 44,700.
Twelve hours light. (e) The vesicle has been qﬂi ®
transformed into small thylakoids (arrow).’

Grana (G) formed by joining of thylakoids. X 76,500.

* "
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iobserved (Fig. 9a). The process of vesicle transformationi
‘and grana formation oc¢curred simultaneously.. The arrow
ihdicates the flattening of a vesicle which is forming an
end granal thylakoid. Many plastids at this age stili~
containee a few vesicles. Stroma laméllae appeared after
6 days of illumination. A representative plastid of this
.age 1is shown in'Fig. l0a. By 4 to 6 days ef illumination,. =«
the plastids had'increased in size (Fig. 10b) but they were
§$till smaller than th’ose in nomal barley. ®

Abnormally large grana formed by stac¢king of 30 to 50
long lamellae were observed in the mutant dhring grana
formation. Fig. 9b’shows a plaségglfrom a seedling

: . :

illuminated for 6 days containing 'a few small grana and two
large grana surrounding a starch grain. ' Such grana were
‘also observed in the plastids'ofgz- and 4-day illuminated'
seedlingss —=~ . &

The amotnt of lamellar materiqi in the plastids of /
mutant barley increased gradually W;QL illumination through-
out the studiE Tﬁe ldﬁday,illuminated'seedlings had .

plastids of the type s in’Fig! lQb,h Graha_invface view

and in side view were seew’ in the same plastid. Therefore
. ! . e

thylakoid stacks can be fanged;in different directions

r

to each other.  Stroma lamellae were<observed running in
dlfferent directloneﬂto connect grana lamellae together.

In 14-day illum;nated seedlings the lamellar system of
the chloropiast (Fig. loc) occupled ‘most of the stramafand

the number of osmophilic granuies;had increased.



FIGURE Q.' Developing D1a5tids.from 7-dav-0old dark
qgrown scedlimgs of mutant barley illuminated for
Qarious periods of time.
Two dayé of illuminatiqn._ (a) Plastid with

isolatdd granal stacks not connected by stroma

lamellae.. The arrcoWws 1indicate flattening of a

. P

vesicle which is® forming an end qranal thylakeid.
X 38,400,
six days illumination. . (b) Stack%nq of 30-50 .

: Y

abnormally'iong\lamellae to form large grana which

surround the starch grain (Stj.: X 44,800.
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FIGURE 10. Plastids from 7-day-old etiolated mutant
barley seedlings ekposed to light for 6, 10, and

14 days.
Six days illumination. (a) In this plasti%bthe
grana are arranged in a plane different from that

usually observed in normal chloroplasts. A ‘few

stroma lamellae (SL) afe seen joininq,qrané (G)
together. X 37,500. |

Ten days illumirfation. (b) A plastid with grana
in face view (GF) andlside‘view (GS) and inter-
comnecting stroma lamellac. The grana stacks are

-

not all alignéd in the same plane. X 42,300,.
Fourteen days illuminatioh. (c) The lamellar system
occupies most of the stroma. The size and number

of osmophilic granules has inCreased. X 32,500.

. ‘ ) ~
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Greening of 10-day-old ctiolated barley scedlings.

The sequence-of structural changes observed in the
plastids of lO—day—old.etiolatcd suedliﬁ'é of normal and
mutant barley subjected to light of different duration are
shown 1n Fig. 11 to 7. The morphologibal steps involved
in tne\transformation of etioplasts to chloroplasts in
10-day-o0ld normal barley during greeninq were similar to
those observed in the 7-day-old etioplasts. On illumination,
the membrane material of the prolamellar body dispersed 1in
the stroma and formed primary layers. Secondary and
tertiary layers appeared on these primary layers to form A
grana. The complete architecture of the Chioroplast$ was
formed within a period of 12 - 24 hr of illumination,
whereas in tbe 7—day-old seedlin;s the process of trans-
formation was somwhat slower and chlorOplasts were formed
within a perlod of 1 to 2 days of 111um1natfon.

Upon ill7m1natlon plastids of 10-day etlolated seed-
'lings of mutant barley developed into normal appearxng
chloroplasts faster than those of the 7-day seedlings.
‘During greening, the plastids of lo:day normal aﬁaLmutent
barley seemed better éeveloped at ali the sfages than\those
of the 7-day-old seedllngs | Yoo

The plastlds of the seedlings of normal barley exposed

to 1 hr of light followed by a 1 hr dark peglod contained,

t

ed large numbers of osmophilic granules. ring this- ’

bodies (Fig, lla). Th? latter contain-

y A
*

) .
diffused prolamellar

-

, perlod the dlspersal of membrane materlal % the e,

L T
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FIGURE 11. Plastids from barley seedlings grown in
the dark for 10 days and then exposed to light for

1 hr followed by a 1 hr dark per?od.

. _ o * ""i
(a) Normal. A prolamellar body is prescnt in the

plastid and contains manonsmophiiic qranuleS (Os) .
. A number of primary thylakoids radiating out of the
crystalline prolamellar body are present. X 34,860.
(b) Mutant. A plastid in;which numerous vegicles
are present and some are forming thylakoids,
Concentrated in the center are osmophilic granules.
\ _

Some unidentifiable material stfongly stained with

0s0, is shown (arrow). X 43,200,
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,m?ophillc granules contalned fewer prlmary lave\rs.
. -
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prolamellar body and the formation of primary layers was 1n
progress. The presence of prolaﬁellar bodies in the
plastids after 1 hr of illuminatibn}may have been duc to the
reformation of the prelamellar body in the subsequent dark
period. 1In somnme plastids no prelamellar bodies were
observed.

In comparison to plastids of 7-day-old etiolated
sa@edlings of the mutant illumgnated for 1 to 3 hr spose of
the 10-day-old seedlings were bigger in size, more differ-
entia%ed and, although thé stroma appeared'more like that
of the' normal piastids it also contained many vesicles of
(varying siiesl Fig. llb shows a representative plastid at
Fhis stage, in.which‘iFny”osmophilic granules are seen
concentrated near fhe center. The arrow indicates some
‘unidentifiable material which stained heavil?iwiﬁh osﬁiUm.

After illumination of the seedlings for 3 hr followed
Dy a 3 hr dark period, normal barley plastids showed |
primary lamellae which were arranged mqfeuor less parallel
to each other (Fig. l12a). These priTar§ thylakoids ‘are in
the form of double membrane sheetSAaﬂd contain many

perforatlons (Gunning and Jagoe, 1967). Flg 12b shows

-

' perforatlons of such sheets when sectloned obﬁ.guely Thé

L4

. spaces between perforatlons appear to be equ1dlstant A

—

few,plastlds showed a group of osmophlllcﬂgranules and two

or three prlmqry l&yers (Fig. 12c) The plastlds which had

i

TW¥s may indicate that ;hese_osmophlllc\granul,\¢V¢

f

v -

/
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: .
FIGURE 12. Plastids of normal barley grown in the
pdark for ‘10 days and then exposed to light for 3 hr
followed by a -3 hr dark period.
(a) Plastid with érimary thylakoids arranged in
parallel arrays. X, 32,500. -
(b) ﬁouble membgane sheets of a plastid shqwing

, - ,
perforationsa X 23,800+ - §. . ,

4 -l
2

(c) Plastid with a few'pﬁimary layers and
numerous, osmophilic granudles. | X 32,500. -

oo~ . ¢
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serve as building material for the primary layers. v

Plastids of mutant barley showed numerous yesicles and
small thylakodids (Fig. 13a) the latter were observed joining

together. Some plastids of the same and adjacent cells

~

appeared much like normal blastids (Fig. 13a, NC). Somc™-
times an area of the section showed normal chloroplasts
while in another the ohloroplasts were abnormal.  Some Smail
vesicles-between which heavily stained grana-like mhterial

"was noted are shown in Fig. 13b. This material was 'not

<-b - ~
observed in®the vesicles of 7-day-old dark grown mutant

plastids during greening.
: ‘ ‘ » _
On jllumination of normal seedlings for 6 hr followed

” ’

¢ by a 3.h;'dark period secondary layers were formed on the

I} N M .
primary layers.* In some plastids tertiify layers were also :

formed. A few plastids contained osmophilic granules. The
develooﬁental changés obsorved in the plastids of all the
mesophyll cells of the leaf were not synchron}zed. Fig.
‘Tl4a shows a‘*plastid of this stage which has formed second- '
ary layers.‘ A group of osmoqpilic granules 1is aiso oresent
in this plastid Mt 1ndlcates mlcrotublue like structures

of*chloroplagta whldﬁ weré ééct1oned 1ongltud1na11y A ‘
o PO M s
-cross section of these structures is shown in Fig. .14b. .

These structures are dlscuSsed in deta;l beglnnlng on pagé_

fﬁé'of the thesis. « Reformation of'crystalline prolamellar‘

bodles have been reported in the plastlds of Avena leaf
v e

'jillumlnated fbr 5. hr followed by a 30 m1n dark period

v—*‘-’

‘.(Gunnlng'and Jagoe, 1967). Such plastlds showed grana as

"o, g
- . o



FIGURE 13. Plastids of mutant barlev grown in the

[y )

- dark for lO'da§s and then exéoé;d to light for 3 hr‘
~£allowed'by a 3‘ hr dark periuod.
(a{ Plastids coﬁtaining vesicles (V) thylakoids (T)
and osmophilic granules (0s) . Some heavily stainédl

material sandwiched between vesicies (arrows) .
:““" . \ . .
‘iqA normal type of plastid containding primary layers

i

is seen in the ‘adjacent cell (NC)." X 37,000.

(b) Part of a plastid in high maqnification

L]

_ showing aitransformed prolamellar body (PEJ,

.
-

* osmophilic granules (Os) and grana formation

from vesicles (arrow). X 79,200.
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well as crystalline prolameilar bodies. 1In the study of
Gateway barley no reformed crystalline prolamellar bodics
were observed_in‘the plastids of seedlyngs illuminated for

L5}
» : ) ""- .
3 hr and 6 hr followed by a 3 hr dark peritod. However, a

P
few plastlds’of the mutant showed prolamellar bodies when ¥

illuminated for'3 hr followed bv 3 hr of darkness.
Plastlds of.mutant barley seedlings exposed to light .

for 6 hr followed by .3 hr of darkness did not shOw'signific—

ant changes from those illuminated for 3 hr followed by a e

-3

3 hr dark period. They still contgined vesicles. Fig. l4c
shows a plastid of this stage which consxsts of a few

primary layers. Some vesicles are seen at the ends of these'
- layers. . o .

Qﬂa ) I . ';'
On illumination of the normal seedlingd for)lz hr

|

'foizowed by 3 hr darkness, grana were formed in some °
’ l

plast:ds and in 24 ‘hr 1llum1nated seedllngs all the plastrds
_were well,developed.' Typlcal plaStldS of thls stage aﬁe* -
shown in Fig. 15a and b.- " some chloroplasts contalned starch

'grainS’(Fig.\lef. A hlgh magnlflcatlon of grana laméllae

is seen in Fig. 15c which shows locull and py

'the grana (Weier and Benson, 1966)

R 4

Grana formatlon occurred in: ;the plastlds of
!

barley‘after 1llum1nation for 2 days.‘ Fig. 16a shows a

o

plast;d ‘at” this stage. Some v351cglated thylak01ds are

extendlng out of the grana 1nto the stroma. Presumably

j
these would ferm stroma lamellae._ A 1arge starch gralny
‘ surrounded by grana stac&s ‘is seen., “Within’ a aerlodlof 4

\ A : oo
. T .
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FIGURE 14 Plastid structurd of 10-day-bld dark

L -' Y

grown Gateway and the mutant exposed to llqht for
. ( .
Q‘}}r followed bv a 3 hr dark pe‘rlod S ¢
/A - .
(‘a) andt(b) Normal Gecondary layer‘; are, seen o

‘1

%,
/ #on the pr:.mary %ayers. Os\ ~ osmophilic granules,
. [

'-/ Mt~ microtuéule 11ke ,structure, (a) sectloned i,,g,, .

longltudlnally ghd (b) in Cross'hsectlon X 3? 400.

- (e) Muitqnt show1ng forma,tion of prlmarv 1ayers. |
4
Tyﬁlcal‘VeSLC‘lés are seeq a’s well ‘as some with
b v

" lamellar-like stacks. X 42;300. §

A »
I

yo»
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.t N

. FIGURE 15. Chloroplasts of normal barley grown in

~ the dark for 10 days and'then‘expésed'ia light for
24 hr followed by 12 hr dark, |
Well developed chlorpplast showiné gréna (G)
stroma (S) osmophilic granules (0s). q '

(a) with starch gfq?ns (st). (brlwithbutAétgrch )

e st o

graihé; X:3§,5Q0a _ .

L4

. . . 4
(c) Grana showing loculi and partitipnsfunder»

high magnification. X 97,000. ’ toa
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»
to 6 days of illumination chloroplasts of the mutant.
contained characteristic features similar to those Qf normal

barley in that they contained grana as well as strowa
' ' <

lamellae. - ' ' .

The formaqlon of stroma - lamellae was in prOgress in

4-day 1llum1na¢ed seedlings (Fig. 16b) and by 6 days of

\
1llum1natlon many stroma lamellae were formed (Flg 17).

Bundles of mlcrotubule ~like structures were seén in some

plaStldS (Flg léc). A hlgh magnlflcatlon e)xtron mlcro-'

graph of these tubules sectioned longitudinal

I3

is shewn
. .- & i S

i

‘o

~in Fig. 1. = = -

Seedllngs grown under continuous 1llumfnat10n of 1400 ft—c,
. p _

Chloroplasts of normal seedllngs grown under these

cénditions f 4 days were well dev loped and ‘showed a i‘
~
structure hat is typical for chlo oplasts from higher

plants von Wettsteln, 1958) They were bounded by a double:

'« membrane envelope and contained a lamellar system whlch was

embedded 1n the granular stroma (qu 18a) '\Fhe grana were

made up of 2-12 thylakoid dlsCS Some of the~discs of the

v

grana continued to extend in the stroma and connected with

adjacent grana. These are referred to as stroma lamellae.
. ~ R ’

Osmophilic granules were also seen in the stroma. In'thiéx
'experiment the plants were left in darknessroverhight which
may account for the chloroplasts being depleted of starch

All the plastlds,in the sections examlned were unxfcrmly *

well developed..f' ‘.A

cemre L

h.ﬁ



77 . . Vo . v)'w . ..‘ - 2

‘ . - v - o
- FIGURE 16. Plastids from mutant barley seedlings-grawn
in the'aark for 10 dayé and then exposed to light for
Avarlous-perloas of time. | 3
(a) Tlluminated for 2 days followed by 12. hr dark. "
'Plastld with a number of. grana-lamellae surrounding
Ia sf;rchfgfaih'(st). The stroma l?méllae(extendﬁng
out of the grana are vesiculated. X 47'706
(b) and (c) 4 days lllumlnatlon followed by 12 hr
’dark s
(b) qustld contains grana some of which are
connected with one another by stroma 1amellae.‘
X 34,500. - '
.(cj'Long bﬁndie offmicrotubule-1like stfuc;;res_in
‘the plastid. X 56,000, ‘ o

!

(d) High magnlflcatlon of a portion of c. X 73,500."

..

- A

a
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[

FIGURE 17., Plastid of lO—day—oid dark grown mutant
seedling illuminated for 6 days.
A well developed plasﬁid with gréﬁa and, stroma
1ame1iae. X 32,400. : . , Q

’
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'_'xqrmal barley plastids from 6- and 8-d&y-old seedlings

L N

were not very different in structure from thosé of the 4-

day ones gexcept that they were sbighpiy*bigger and the
M ‘ R . - o 4 ..
grahal discs were more numerous (Fig. 18b).

There was .a great deal of‘vériability in the structu;e

of plastids from 4~dey-bld seedlings of the mutant‘ba;ley.
None of the plastids in the sections examined were as well

developed as the plastids of 4-dey-old normal barley. 'The

majority of plastids were smaller in size and there was no,

' organization'of the lamellar system, They.iacked thyla-

ﬁoids and cbntained big vesicles (Fig. 19a3). Other

 plastids were at differentijuveniie séages of~development.

‘Flg. 19c shows a plaItld w1th an aggregated mass of tubules

of the prolamellar body. Many osmophlllc,granules are

1nterspersed in the prolamellar body. An area of low

,electron density contalnlng DNA flbrlls can be seen 1n the

plastld stroma (arrow). Such areas con51st1ng of DNA have

also. been reported in Chlamyd¥mona8 (Ris and Plaut, 1962),

. Avena (Gunnlng, l965b) and Beta vulgarza (Klslev et al.

1965) . . - |
Dlspersal of the tubules of the prolamellar body in

the strcma was also observed (Plg. 196) Membrane material

yof the prolqmellar body was dispersed leaving osm0ph111c .

Tube transformation and tqpe dispersal stagea

3abserved in some plastids of mutant barlex suggest that

o

*

'granules at the place °f the Prolamellar boay (Fxg. I9b to e
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- FIGURE 18. A typiq$1'chloroélast‘of 4-day (a) and
§-day-old normaL‘bérleY’(p) grownkin”contindous
“light'of,1400 f£*c,‘showing grana (g)‘'and stroma

*lamellae (SL). y
- y o . Ty
-2 (a) X 32,700. - (b) X 34,000.

/-

s







PIGURE 19. Segtioﬂ; of 4-day-old mutant barley
,seedlings grown underbeontinuous light showing
- a range of plastld varlablllty. |
(&) Plastlds contalnlng big vesicles (V) X 404700.
(b) Plastid with a few thylakoids and many .

6smophilic granules (0s)., X 24,600. .
(c) Part of a plastld showing an aggreqated maSB

i L
df tubules presumably formed ‘from the crystalline (//

p olamellar body. X 33, 800 -

(d) Membrane tubules of the prolamellar body are
dlspersed in the plastld« x 36 700 *-”?, :f
(e) Plastia showxng tubuges of prolamellar body
(PBT) and osmophllic grhnules. X 43,300.

(f) Plastld show1ng stacked lamellae (pseudo- 3

grana structu?e). X 36 200
S . ~ .

[ - e
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plastids formed prolamellar bodies.even in continuous light.
Occasionally a mees of abberant tightly packed lamellae was
observed in tme plastid giving the aSpeafance of pseudo-
\gréna structures'(Bachmann et al., 1965).

A

Flg. 20 shows:plastids of 6- day-old seedlings of mutant
?

barley. These plastids had not developed primary thylakoids
or grana but contained vesicles of variable sizes. From

the observetion of many plastids one can ‘infer the chénges
which may -have occurred Ln the vesrcles to form grana, Tﬁe

,.

‘vesicles which.were surrounded by a membrane were elther

m ' [

‘elecpron transparent (Flgr 20a) or gfagular (Fig. 20d). A
* few vesicles in ‘the plasrids showed ‘a peculiar electron
Qégpsé massive'structure which had 'stained heavily with
osmiuh (Fig 20b) . Some plastlds also contained aggregated
tubules Whlch may have represented transformed prolamellar
bodies llke in the plastlds of 4-day-old mutant seedllngs.
.The vesicles observed did not seem to be formed by swelling
of the grana as ﬁas been described in a thiamine requiring
tomato mutant (Boynton, 1966). These vesicles aggregated
(Fig. 20, e,f,qg) flattened to form {iscs and joined —
together side by side to form'grana. ' Sometimes rhey joined
.end to°end.to form primary lamellae.! Fig. 20 Jshows some

vesicles adjoinipq-a granum. All the plastids ;t the 6-day
stage contained vesjcles. .

[Fig. 21 shows typioal chloroplasts of 8-day-old mutant
-seedlings. fThe chloroplasts were better ‘developed

.at,this age and'ver} few plastids showed vesiclee.

° .
'] . . )
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FIGURE 20. Plastid from the seedlings of 6-day-old
mutant ba;ley at different stages of development.
(a) Plastids containigg vesicles of variable
sizes. X 50,400.

(b) rPart of a blastid showing vesicles and an
aggregated mass of tubules. Some heavily stained
electron-dense material is seen in the.large‘
vesicle and a few iaﬁe11ae are attached on its - -

-outside. X 48,000.

(c) and (d) Part of a plastid showiné large
vesicles. VLamellar material is seen outside or
in between the two vesicles. (6) X 54,800.

(d) X 56,000, |

(e), (f) and (g) Process of formation of grana-

‘from the vesicles. (e) X 51,000. (f) X 34,000.

(g) X 49,300.






oo | 84
Most of the vesicles which were‘promiﬁent structures +in
"ohloropiéspéfof'64day—old seédiinés had disappeared and the
amouhg_of lamellar ‘material had increased: fhe structure
and distribution ‘of grana and their arrangement relative
to the plastid surf?ce was not 11 that of normal chloro--
plasts. Fig. 21b shows a plastid c ‘taining numerous small
thylakoid discs some of which were joined together to fOrm\
grahq. ‘fhe thylakoid discs of the grana were smaller in
size and were relative}y"feyer in number than in the norwel.
' Some grana had normal.morphology and contained normal qisc‘
compartments which were not seen as clearly as in the
Hormal (see Flg. 15c and 18).x Each d;sc compartment hed a
loculus and the discs were joined to-fqrmvpartitions. Some
_ grana were made ué of Eightly-packed discs whichhdid not |
show loculi (Fig. 21). More then concenhrited glpbular

3_‘,\
masses of material approx1mqt1ng the size of grana\w\re

.dispersed throughout the stroma. A few lamellae orlgihaf-;_
ing from these masses extendeq\r?to the stroma and somelof
‘—spem were seen jolnlng with other grana.v
In normal‘chloroplasts most grana alternate with' .
- stroma lamellae and ire éonnected'with4;hem to form rows; |
( There are. a number of such rows wh1ch have more or less
parallel arrangeﬂent w1th respeqt to the plastzd surface.
Unlzke this the agrangemeng and distrlbutlon ‘of grana in |
the hutant was irregular. Therefore, in ‘the mutant the
1nterconnecting strama lamellae ran irregularly in many

directions. They were smaller 1n length and only some of



. (a) Plastid with a few vesicles and éma;Lﬁgrépé.

|
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w

i 2

" FIGURE 21.

1

different stages of development. -

X 27 000.
(b) Part of a plastid with many small thylak01ds,
some grana consxstlng o{ only two or three sma11<

discs, and two stacks of tightly packed thylakqid

£

discs. X 32,400,

(¢) A plastid showing grana arrangement.

Chloroplast of 8-day-old mutant.barléy‘at

6.

Many

stroma lamellae (SL) are extending out of the

grana. X 27,000. . N

t:

-

(d - f) Parts of plastlds showing abnormal

arrangement of lamellar material.

(a)
(e)
(£)
1g)

conceqprlc.‘ X 21,600.
longitudinal. X 32,400,
spherxcal X 24, 700.5

Tapered tail plastid - X 24,800,

- 1
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them joined palrs of grana. 1In some instances a large
anount of the lamellar materiel was aggregated into al
spherlcal (Flg. 21f) concentrlc (Flg. 2le) or longitudinal
forms (Fig. Zld) giving a massive appearance. \Chloroplasts
of the mutant contalned“some normal;grana, as well asg '!
abnormally arranged lamellar material. Many'osmophilic,

globules were seen concentrated either in the center or

. distributed  throughout the stroma.

Seedliggs.grown under continuous'illumination of 600 ft-ct
Wnen gfown under the lower'light intensity of 600 ft-c
at'2011°c'the”deyelopment of chlo}oplasts of normal barley
yaé similar.to thet_obserVed in the'plant% grown under the
higher'light intenslty. The chloroplasts had a well .
developed lamellar system con51st1ng of grana and stroma
lamellae at all ages.. However, under these growth
conditions the development of the chloroplasts in the -
‘mutant barley was different from those in seedlln;s growh
under the higher llght intensity. - ' Although the development
'wgf slower than in normal chloroplasts it passed through |
similar stages to those usually observed in normal pleyts
‘durlng the develoﬁment of pr091ast1d§ ;pto chlorOplasts g ‘
nn:der contxnuous illuminatlon (von Wettstein, 1958) - At. no o
”'staqé did these chloroplasts show the abnormalities which
,?w'pe observed 1n the plastidq;grown under the higher 1ight o
'intensity.v ror example, the plastids of 4-day-old mutant
.1seedlings grown under 600 ft-c did not have vesicles which -

'jwere a common feature)of seedlings,grown at 1400 ft-c.



L 4
FIGURE 22;"Developing plastids from seedlings of
mutant bafley'grown under 600 ft-c.at 20°c.
(a) A typical plgstid from 4-d$y—old seedlings
containi;g a few £hylakoids.' Doubling of .a part- of
a thylakoid whicq migﬁt have ar;sen by invaéinafioh
proéess is seen below the grana (G). X 52,700.
‘(Q)/ChIOropIast from 6Fday-old seedlings containing
a few grana and stroma lamellae. A DNA-like
region containiﬁg PNA fibrils is visible. X 32,500.
(c) Well developed chloroplast fromlsjﬂay-old
;

' Seedlingé with grana ahd stroma lamellae. X 42,500.

!
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Fig. 22a shows a typlcal plaStld from 4-day-old mutant

séedlings containing a few  lamellae in whlch the process of °
)
multiplication is in progress. In this figure ‘the lamellae

below the granum show multlpllcatlon wthh could have arisen

~by an‘lnvaglnatlon process (Menke, 1962) . By 6-dqys ' f‘b
plastids formed small grana which, although fewer- .
inigugber, were arranged liké ;hose of.normal'éhloroplasts“
The strdﬁa 1émeii$e were jus£ beginning ta'form in these |
plastlds (Fig. 22b) . Plastids of mutant seedllngs at 8-<'Ilays’a
contaln well develoéed’grana and strgwa lamellae SLmllar |
tq-normal plastzds,}Flgu 22c). The ‘plastid in Fig. 22b \
has a‘DNA—like'reézon ip which the fiQriis cqrrespona_to

" DNA strands described by other workers (Kislev et aZ.;‘

. - [4
1965; Yokomura, 1967; Herrmann and Kowallik, 1970) .

4 | , R
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Maclachlan and Zalik (1963) showed that the virescent -

Discussion

mutant of banméy was deficient in chlorop ast plgments
early in devéiopment but attained nearly notmal levels as
‘growth proceeded. These findingg were conflrmed in thls
:study and ﬁt was seen that under dlfferent growth condltions
“the etloplasts and chloroplasts of the mutant seedllngs
ﬁere aller 1n ‘size and less developed than in the normal
Duri : early development plastids were deformed and showed ,
anhn er of abnormalltles. In studles'durlng greenlng as
well as 1n contlnuous llght a tlme lag was observed in the
formatlon of the lamellar system in the mutant when
'compared tbythe normpl. Mego and Jagendorf (1961) found
ethat in blae* Valentinevbean durlng greening there was an
’increase 1n ﬁhe-amount of plgments, protelns and 11p1ds in
; trg plastids. " Therefore, the time 1lag observed in the
‘mutant wae probably due to the sloy synthesis of some
'Athoroplaat coﬂponent. It was found by Maclachlan and et
"Zakik (1963) tﬂat accumulatlon of protochlorophyll and
'fchléxophylilln the mutant wsg slower than in the normal
;.Sane and Zalik (1970) from studies on metaboIlsm of ’“C-f g

@'aoatate and :?c—ieucine eoncluded that the mutant wa3¥5'57

_':t:lmu 1ess éfﬂeient at 5 days but only 1-5 tims 1088 -

‘r



froﬁ.those with a few lamellae or prolamellar bodies to
hormally developing phgstids. 1In W@PY of itsﬂcﬂhracter;
istics the mutant resembled a one géne virescent mutant of.
maize (Chollet and éaolillo, 197il which wgs'deficient in
pigments and‘ééntained a variety of different plastids in.
ﬁngfeened leaves but well developedfchIOroplast; in ‘green
lea&es. ‘Studies 6n ofhet viaﬁlé mutanté\ha e indicat?g :
that although fhey containea.wellhdevelqbe&\chloroplasts
_they had a relatively low amognt of lamellar aggregatlon
(Bennedlct a;A‘Kohal 1970 Clewell and Schmid, 1969
" Dale and Heyes, 1970, mghkm et al., 1969).
Etiolated seedllngs of the mutant contained'Only 65 fo,
'85%'of normal amounts of protbchlbrﬁpﬁyll (Maclachlan and
2a11k, 1963) and eiectron m;croscqi? studles have shown
that most vf the etioplastsywere undifferentla;ed and
contained vesicles or 1nco;;picuous prolamellar bodles. It
has been reported previously that the accumulatlon of
~Vprotoch10tophyll(ideﬂ coincldes with the ‘formation of
'prolamel;ar bodigs (von Wettstein and Khan, HZGO: Gunﬁxng
fand Jagoe, 196?, Hgnningsen an¢ Boynton, 1969) and is
' required for their fo:matxon (Henningsen and QQXnton, 1970;.
; Khan, 1968a) A mutaé% of barley, zantha-jo, which had a -
;ﬁblock between protoporphyrin Ix and protocﬁlorophyll failedji

,to form grystdlline prolamelfar bodies (voJ Wettstein,

“;1959) and:altempe:ature sensitiva'mutant ofVan.mays

IR
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| crystalline array.(Millerd et al., 1969). However, etio-
plasts of carotenoid-deficient mutants of maize contained '
normal crystalline prolamellar bodies (Bachmann et.al.
1967- Troxler et al., 1969) These studies suggested that
protochlorophyll(rde) is an 1ndispen31ble component of the

rystailine prolamellar bodies. Failure to, form the

crystalline prolamellar bodies in the presence of 65 to 80%
of the normal amount of protochlorophyll in the present

:iv1rescent mutant suggests that it suffers from a def1c1ency
of components othér than protochlorophyll. Boardman and
Andergon (1962) fiopnd that protoohlorophyll(ide) Was bound
to the holochromp protein and Khan (1968a) andaLafleche et

. alt. (1972) have sﬁggested that. holochrome protein is, a
structural component of the tubular membranes. Thus it
appears that the-formation of crystalline pgplameliar
bodies dld not depend solely on protochlorophyll. it‘is
possible that crystalline prolamellar bodies in’'the mutant
‘were not formed because of the lack of protochlorophyll-.

holochrome protein. From the results of 1ncorporation,

_gstudies (Sane and Zalik, 1970) 1t was suggested that the\ %‘Li
*timutation had caused a partial inhibition of synthesis of
holoohrome protein. N CLEL |

‘ since most plastids of the mutant lacked prolamellar
;bodies, the normal sequence of changes which were observed

fifduring transfomnation of prolamellar bodies to form

f‘ lamellax systsmsvin the chloroplasts of the normal must

iin the mutant. Thua the development»of 'hi“
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ﬁthe mutant .took a different course than the normal. The

g number of ve51cles in the mutant increased upon illumin-

5/*etaon and eventually these were incorporated along with

nery‘synthesized material to form grana and stroma

BT

ﬁ;%amellae. The development of grana in the two lines was

3
.
. different..,In thlS respect the mutant dlffers from the

virescent mutant of Phaseolus vngarts in which prolamellar
bodies were transformed in the same way as its ¢t1a type
(Dale and Heyes4'1970) . ,/ ‘ e

The crystalllne prolamgllar bodles of the°normal
barl;;\pla

StldS showed a simllar progr6551ve sequence of
structur;l changes uponolllumlnatlon as has been reported

previously for‘normal'ﬁerley (von Wettstéln, }958~.Henﬁing-

.

_‘'sen and Boyoton, 1970) . Small vesicles which formed durlng

tube transformatlon gave rise to perforated lamellar

»

sheets;'however, vesicles did not disperse into stroma as

has been observed in beens {von Wettstein and Khan, 1960) .

\[_r,". 2
Vesicle formation during tube transforma:i?q'was not

observed in tobacco and oat seedllngs (Boagson et al.

,r

1972; Gunnlng, 1965a). The dlfferences observed could be

due either to the dlfference in spec1es or to the

s,

condxtlons under which they weretquwn. In bean leaves
Slronval et al. (1969) noted formatxon of big vesicles

frem prolamellar bodies when illumlnated by 1ntermittent
. ;‘"

flashes. It appears that) in normalfplants biosynthesis
fﬁsiﬁﬁelébecies

S

andodevqlopment of structure is f,é&e”‘
'growth conditions.

y

than in otherg and may be affectﬁa,b
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Thus if the rate of development is rapid discrete steps in
biogenesis of membranes might not be discerned.

Darfjgrown seedlings of the mutant or -seedlings grown
at 600 ft-c lacked prolamellar bodies, however, the>\were
formed ih Plants grown in continuous light at 1400 ft-c.

It g?éms that these prolamellar bodies passed through a
simiiar but slower progressive sequence of chénges.as were
observed in Ehe-prolamellar bodies of normal barley during
greening.

Grana formation in the normal seemed to occur through
the multiplication of primary layers by an invagination
and protrusion process (Menke, 1962; Wehrmeyer and
R6bbelen, 1965). Accérding to Wehrmeyér And RObbelen
(1965) the protusion process can give rise to six types of
appearance of lamellae in sections of plastids depending
upgz where they are cut. T amellae‘in Figure 6 show
.some of fhese types of appearances. ’The preséﬂt detailed
investigation of\deve16pment in the mutant showed that the
_ primary layers were absent and the Vésicles appeared to
flagten and join together fbrming.graha. It is possible,

&
how ver, that grana were formed by 4 process of 1nvagln-'A

ation from the vesicles, a mechanism similar to their
Aformation from .the primary layers in' normal plastids. ‘The
" presence of compartmented-vesicles in the mutant was taken
as evidence for. this, and would meankthat the vesicles
were not fqtmed by the sﬁellinq.of'grana as was thought

previously (Maclachlap and z;l%}, 1963). Grana formation

a
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oma lamellae were formed.
J

3 : '}%' bi ore- 5"-?0!"4 lamellae has also

3

been recently ;ﬁlélégszéﬁ,a v‘%chent mutant of maize
" (Chollet and Paollllgi i972) .

Miller (1965) reported that total RNA content of th&
mutant leaves was about 75% of that present invthe normal.
It is very probable that the lower amount of ﬁNA was due to
a deficiency of chloroplast ribosomes. In electron micro-
graphs ribosomes”were‘not wellqresolved, however, it was '
seen that etioplgsts of the mutant lackedtcrystalmine pro-
lamellar bodies which are formed in the presence\ﬂ riho-
somes (Gunning ahd Jagoe, 1967). Also the'stroma of
'the juvenile chloroplasts was occupied by large vesicles.
Involvement of chloroplast ribosomes in the eynthesis of
membrane proteins has been suggested by a humber“of workers
(Shumway and Weier, 1967; Palk, 1969). By studying a .
mutant of Chlamydomonas reinhardi, Goodenough and Levine

- (1970) found that proper membrane organization, BSII |
activity and RuDP carboxélase actiyity wereldependent on
the presence of chloroplast ribosomes. Thus”it is possible
that slower membrane formation in the mutant is due to a
deficienqy of chloroplast ribosomes. 1Srivastava et al.
(1971) studled the_effect of chloramphenlcol on membrane
transformation in Pdsum sativum chloroplasts. Their
'results suggested that grana formation may be regulated by
protein(s) synthesized on the plastid ribosomes, whereas

the formation and maintenance of prolamellar bodies as- well
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as synthesis of plastid membranes may be regulated,by
proteins synthesiZed in the cytoplasm. *
Biogenesis of chloroplast membranes has qécn iﬁVestig-
ated by Eytan and Ohad (1970) and by Hoober (1970) using a
. mutant of Chlamydomonas réinhardi y-1 and antibiotic
inhibitors. Their results suggested that there was
cooperation between cytoplasmié and 6hlpropLast ribosémés
in the synthesis of photosynthetic lamellar proteins during
the greening process. |
Generally, structural changes observed in chloroplasts
under ‘the electron microscope have been cotrelated with ///
changeslin pigments. No specific 1nformat10n 1§/yet
available about the lamellar membrane proteins synthe51zed |
during greening in higher plants. . . ~
One of the objectives éf this study was to relate
p}astid develbpment to changes in chloroplast proteins.
Investigatiﬁn.of'the chloroplast proteins (given later in
thig thesis) shbwed‘that the mu;ént lacked certain proteins
~ in early stages of development. However, the large
vq;iatiéns,obserVed in the development of plastids\within
a 51ngle cell made it dlfficult to éflate chloroplast
structure to'the protems; present, émce these were
averaged ove;'the-whgle leaf. On the other hand, the
"'prééénce'of aberrant and normal plastids in a 'single cell,

°suggested that individual chloroplasts have some degree of

\

automony.

Bachmann et at. (1969) categorized grana ‘three .
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types onAthe basis of chlorophyll cqnten£ of the leaf. The
abnormally large grana in the mutant plastids in Figure 9b
cdrrespond to whag‘they designated as non-chlorophyll
containing grané. . A morphological comparison of the
plastids of mutant seedlings at various staqés during'greeﬁ—
ing as well as in continuous light of 1400 ft-c indicated
that a majority of the chlqroplasts‘wére abnormal, some
‘;ere undeveloped and a'few were npormal,

' The heavily staining material seen in some develop-
mental stages of the mutant appeared to berlipid in nature
and-migﬁt represent ;n accumulation of some metabolic

- product which was being utilized siqwly.

A comparison of develdbment of chlorOplagts inlpiants 2
grown in darkness for 7 days and‘for'lo days showed that ‘
the 7-day-old seedlings. required a lgngerjperiod of
illumination than the 10-da3/ones. The etioplasts of 10-
day-old seedlings were better developed thaﬁ those pf 7

'days in th var;eties. Theselresults are net in agreement
with Hég::nésen gnd'Boynton (1970) who reported that barley ‘
etioﬁlasts reached their maximum size and pfbtochlorophyll-
(ide) content at 7 days and after that their p:otochlqro4
Phyll(ide)”content.decreased.‘9 | - | ,

In the present studynno<§&ecific'attempt was made to
determine whether slow differentiatibn of etioplasts into
'"chloz:o'pl'asts, ih); t;gé ‘mut‘,:_arnt inv.ol§ed photodestmétion of
cthroﬁhyl;.' ) Phqfqd_‘e}'stf_\icgidn of chlordphyll ipé{t;:dng
.light‘:‘ 'hésj.'_ba_en reported in ja,'nmbé:.vbt' 'Qéarotenbj ? ‘é;_'fi‘c"i.e‘qt,

4
i
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mutants. and it has been suggested that carotenoiq§ ere
required to protect chlorophyll from photodestruction
(Anderson and Robertson, 1960; Walles, 1966; Bachmann et ol.,
1967). As found in earlier studies by Maclachlan (1962)’and
confirmed by-the»present work the mutant was deficienz in}
carotenoids at each stage examined. The amount of chloro-
phyll seemed to be directly related to the amouht of
carotenoids present. Comparison of chloroplast formation
“in continuous light at 600 ft-c and 1400 ft—c'revealed
that plastidé froq‘seedlings grown at the higher light
intensity were less developed and‘cohtained»less carotenoids
:than those grown-at the lower light'intensity.

Miller (1965) reported that pigment formatlon in the
mutant was sensitive to light intensity and .temperature.
He found that accumulation of carotenoids increased in
the mutant with increase in_llght intensity and the
maximum - accumulation ocourred at 2600 ft-c and 24.5°C. '*\
Conversely, normal barley accumulated more oarotenoids at
lower light intensity end(fhe.maximum amount was formed

D)

at 1020 ft-c and 24.5°C. The l-att conditions were also
(n_both lines. The

' optimal for chlorophyll formation

'japparent.difference in reqﬁirements for'high carotenoih ‘

-»_formatlon in the earlier study (Miller, 1965) may have

been due to differences in the growth conditions...Photo
- periods of 16 hr light and 8 hr darkenss were ‘use and
,v'the light source was entirely incandescent lamps, whbreas o

_i‘the present study employed continuous cool white

‘



95
fluorescent light.

'-AAnumber'of mutgﬁts of Helianthus and Zea blocked in
carotenoid syﬁthesis arerknown to be sensitive to normal
levels of.illumination (Walles, 1965; 1966, 1971; Bachmann .
et al., 1967; Troxler et al., 1969): EM studieé showed
that ig the dark the mufantsiof Helianthus annuus formed
etioplasts and ribosomesasimilar to those. in the wild type.
Théy could éynthesize.and preserve sohg'chlorophyll and:
'ribésomes‘in dim light '(20 lux). However, photodestruction
of ribosomes and chlorophyll occurred when they weg;
illuminated at hiéher light ingensity (500 lux). From
these results,it,was,suggested that the rble of carotenoids~
was to‘protectAchlorbpﬁyll from photbdestpuction; Furthef-
moré, wi}ieé (1972) suggested that perhaps plastié ribo~-
somesjﬁéfe sensitive to light of wavelengths normally. ?
Absékbed by carotenoias - épecifically B-carotene. It is
"qui}e‘possible that under the conditions usgd_invfhisfﬁtudy
. the p1?stid riboédmes‘of the vi:escéht mutant Qere_éensitive

. to the higher light intensity.
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II. Endocytotic-like Process in Chloroplasts of the

Mutant Barlev )
Acccmpanylng the abnormal chloroplast development in the
mutant a number of peculiarities were observed. The most
striking of which was the presence of mitochondria inside .
the chloroplasts. A few exampies of plastids from the
mutént contaipinéhmitochondria.are seen'in Fig. 23.
Plastids with mitochondrialoccurred in the mutant grown in
continuous light as well as during greening of dark~grown
seedllngs. But mltochondrla were never observed in chloro-
plasts of the normal’ barley.  The presence of'mltochondrla
1nside mature chloroplasts has been prev1ously reported by
Vesk et al. (1965)

The structure of the mitochondria in the chloroplasts

§§pe£}s similcr to the mitochondria in the cytoplasm (Fig. '
24e, Zlgi. . In some plastids the mitOchoodrie<are encircled
by a double membrane vacuole of the chloroplast and a wide |
bSpace betWeen,thettwo is.visible (Fig. 23a and ¢, arrow).
iThisedouble meﬁbrane:of the vacuole is a feature which
dlstlngulshes it from veSLcles which also occur frequently o
; in mutant plastids (Fig. 24a) ‘The stroma of the chloro-
"plast is seé;;EEEd from the mltochondria by 'the double
membrane of the vacuole whxch usualiy appeared at one
" corner»of the-chlotcplast. Fiq, 23d shows a plastid in
u;which part of the mitochondrion is in close Aﬁsociation 7
ffwith the stroma of the chlorqplast and in this area the f

;3mmmbranes are not distinguiéhable.. Fig. 23e and £ are .bn_ ";3_,
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FIGURE 23. Elegtron micrographs showing mitochondria
inside the.chloroplasps of the-mutant seedlings at
various stages of de&elopment. | "

(a) 4 days at 1400 ft-c. A mitochondrion is seen
inéide the vacuole (arrow) of the chloroplast; X 42,500.
(b) 10 days in dark then 2 days at 1400 ft-c.

'The double membrane of the mitochondrion and of the
vaguoie are attached; X 24,500. "; 
_kc) 7 days in dark, then 10 days at 1400 ft-c.
Mitochondrion inside vacuolg of.thé.ch;Qroplast.
X 28,000, | |
(d) 4 days at 1400 ft—c; Part of the mitochondrion
is in close association with the stroma of the
ychloropldﬁt. "X 40,800.
(e) and (f) 7 days‘in\dark and then 10 days at
1460 ft—c; .Sérial gect;bns of a‘§1£stid'in which

) the mitoéhondrion cdmpletély ogcupies‘the-vécuole.

|

' Also mitochondrial cristae are seen in contact

~

.with the stroma. . X 35,000.
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' .
serial sections of a plastid in which the double membrane

- of the vacuole is not apparent and the space is almost
completely occupied by the mitochondrion. Also, the<mitd-

chondrial cristae appear to be in contact with stroma (Fig.

23e, arrow). -

\ Another feature observed frequently‘in the developing
mutant barlegdplastids was»the presence of cytoplasmic
mater}al_other than mitochondria within their vaguoles | —_

(Fig. 24a and f). 1In studying an albino mutant of

Helianthus annuus,.welles (1965) observed vacuoles contain-

x

ing cytoplasmic material and mitochondria in degenerating
plastids. The heavily stained matterpin,Fig.‘zéb does not
' resemble cytoplasmic material and Fig.‘ZAg shows a-group of

membranes in the vacuole of a plastid. The frequency of

plastids w1th vacuoles was- greater for the younger seedllngs

of the mutant than the older ones, In fact, this is

another abnormality in development of plastlds oﬁ the mutant

seedlings whlch disappears when their chlorOplasts develop

q -

normal grana and stroma lamellae.‘._, ‘: o 4 .
One question that may be ralsed'relevant'to these

-observations is how did mitochondria and other cytoplasmlc

» -

mater1a1 get 1nto the chloroplast? The sequence of events .

L]

_leading to vacuole formatlon and entrappinq of the mito-

7ohondria by the chloroplasts may have occurred as follows._ .

In early development the juvenile plastids of the mutant.

barley were deformed. A constriction appeared near the

}{_middle of some plastids givinq them a dumbbell shape (Fig.;fr

-

°

N



102
FIGURE 24.  Plastids of the mutant barley depicting

an endocytotic-like process.
' ' (

Six daYs.at 1400 ft-c. ‘ : .
(a),and (b) The double membraned vacuole&%Va) of
plastids contains cytoplasmic-like material (a and

b) or unldentlflable materlal’(b) whlqh;has a

double memhrane and is Heavily stained with osmium.:

: . : b
The arrow indicates joining of the double membrane

' of the vacuole and of the unidentifiable material.

(a) X &-4,5600. (b) X 34,000. °

(c) A plast ' h Aormatlon of a fbod cup :
from bseudo tructures formed by—the ]
plastid enve _5foodvcu§ contains some

~cytoplasmic . X 40,600.

, Four days at 6: hc. o

(f),?he vncuolﬁ
ifiable materi -
Four days at lﬁ fft-c;‘

(@ A dumbbell— v
(e) A mitochondria is in close contact with 8 ender

aped plastxd ' x 42 500.

part of a. dumbbell plast;d. x 42 500 |

(g) The vacuole of a: plastid containing a group
w“of memgranes. x.32, 500. L -‘> E '
‘ (h) A plaiiﬂd depiclirg possible formution of a

?tazl of the plastid is seen

- approaching the X 43,300,
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24d),“yhile ln ocners the middle part was long and slender
'(Fig..24eq. The half of the plastid which was smaller and
devoid of lamellar material may have narrowed to form a
tapering tail (Fic. 21g and 24h). Many chloroplasts with
suchbstructures were seen and tne length of the tails ~
varied'in different plastids.v During chloroplast breakdown
in the trumpet of Daffodils, tail-like protruberanc;s were
~observed by Nichols et al. (1967), which lengthened, turned
back and fused with the'parent body to form a vacuole.

In Flg.,Zlg and 24e mitochondria are seen 1n close
contact with the slender part of chloroplasts. In Fig. 24h
the tapered‘tall of the plastid is recurved‘and approaches.
another edge of the chloroplast forming a cavity in which
some cytoplasmic matefial is visible. Ir is envisaged that

¢

a mltochondrzon could be impounded in a like mannet. The
4

-process of vacuolization whlch iy’ observed in the plast1ds

. closely resembles the descript on of pinocytosis reported
by Fawcett. (1965) for endothe11a1 cells in caplllarles.

In Fig. 24c the chloroplast membrane has formed a pseudo—
'podla-like structure giving rise to a food cup (Edward, |
1925) containing cytoplasmlc materigi The enfolded stroma'

'resembles the folds of cytoplasm formed in amoeba durlng, -
1; .

yendocytosis. The occurrence of this process only in the '

~;undeveloped abnormal*chlorOplasts may be associated with-
/ o

'the extreme deformability-of the1r~membranes. |
wudman ot az (1952) observed the dynamic behavior"l’f’

vfﬁof chloroplasts in the living cells of spinach uaing
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cinephotomicrography. In living cells the outline of '
chloroplasts was éonstant;y changing its shape. Chloropiast
j;ckefé were in continuous motion and long proguberances
from them extended into the cytopi?sm. They noted that
protuberances segmen;edlfrom time to time into bodies which
were indistinguishable from mitochondria and that occasion-
ally miﬁochondria united with chloroplaéts losing their
identity. Vesk et al. (1965) using the electro; microscope
alsa observed a high degree of deforma§}dity of the'chloro-
plast envelop and frequent 5ccurrence\of mitochondria ins}de
x’the mature chloroplasts,in méize, barley and'particularly "
*.in manganese-deficient épinach. According Eg them some pf
their elecéron m;crographs suggesﬁed that mitochondria may
ber derived from'chloroplasts, while in otﬁer»electrpn mino—
graphs it appeared-that chlorOp;ésts flowed around mito- \
/ chdﬁdria thus enclosing the latter. ~
Aithdugh the electron microscope provides high
resolution static pictures, they are.only of lim%?eg@value
~in elucidating the“dynamic behavior of organeIleszwitéin
the living cell. 1In part this is‘due to the fact‘that
o © :

during the preparation of tissue for electron microscopy

the characteristics of the structures might be altered from

. . ° J
. thgir native state., 'While the dynamic behavior of organ-

ellés within a cell can be noted under phasegkontrast7

a

microscopy its ragolution is limited.
One canfdnly speculate about the significance of the

‘Aappéarénce of mitochéndria and other cytoplasmic material

. ~ -

8 o=
o
v
L T A o
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entrapped within the developing plastids. The electron
micrographs shown here may depict a means by which chloro- =
plasts and mitochondria could eéfablish a symbiotic relation-
ship. On the other hand, if plastids can indeed ingest mito-
chéndr{a and other c}toplasmic material, it might represent
furthér evidence for the semi-autonomous nature of'chlgro-
plasts.

There are two plausible explanations for the phenomenon
'described here. One is tﬁat some chloroplasté of the
mgtant a;e capable of eqaylfing cell organelles and other
cyéoplasmic compoquts by means of an endocytotic—like
process (endoplastosis), leading to the presence of mito-
chondfia Wwithin vdcuoles of chloroplasts. On the other .
hand, .some of the micrographs may simply represent cross-
sections\pf mitochondria appressed within an open-ended
invagination of a chloroplagi. Whether either or both of
these alternatives are par%ially true, may be' resolved '

eventually by obtaining complete .sets-of serial sections of

~ whole chloroplasts.
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III. Microtubule-like Structures of Chloroplasfs

€

During the investigation of development of chloroplasts

in greening of etiolated seedlings,‘two types of quasi- .
crystalline array (Fig. 25 and 26) were observed frequently -
within the stroma of chldfoplasts, wﬁich’may:be different
or%entations of the same structure. These structures wérel
located between the developing lamellae. Fig. 25a to f

' shows several clusters of electron-dense particles arranged
hexagonally between the lamellae. Under high hagnification
the particles of the crystadline array appeared like a
cross section of a thin tubule (Fig. 25b and ¢). Except
for their smaller size the particle3 showed a marked
resemblance to the widely occurring cytoplasmic ﬁicro-
tubules (Ledbetter and Porter, 1963; Porter, 1966). Like

nmicrotubules these particles have a dense wall and an inner

L

tranqurent core. 1In additioh, they are also . surrounded

by a zone of low electron'éenSity. However, the micro raphs
do not reveal whether the wall of the tubule is madevby
close association of subunits as is observed in negatively
stained. preparations of plant cytoplasmic tubyles (Porter,
1966) . Some of these particlesido not show electron- L
transparent cores and look opaqdé;throughout-(Fig. 25f) .
This ééuld be due to the oblique Sectioning_bf a thin
tubuler The number and‘arrahgemeﬂt»of particles in a
'cluspeé is &griablq. Pig. 25b,c,d,e and Fig. 26e show a

ew'o% éhe tyéical clusters. e .
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'FIGURE 25. Electron micrographs ahowiﬂ% quasi-
crystalline arrays of particles within the stroma
of chloroplasts.

(a) A-plastid showing groups of particles. Low
magnification. X 32,400. ﬁ |

(b) and (c) High magnification. The particles have
a dense wall anh an inner electron-transparent
core. Theyaare arranged hexagonally. A zone of
loy electron density surrounding each particle is
visible. X 58,800.

(d) and (f) A section showing relationship betwegn
two(typeé of afray of particles. (d) X 58,800.

(£) X 149,200,

(e) Similar éo al‘ X 32,400.

(é)'Lpngitudin;E éection of particles. X 132,800;V

o ’
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Other electron micrographs (Fig. 26 a to d) showed a N
parallel array which appeared to be bundles of fibrils which
are more electron dense at the sides‘than in .the center (Fig.
26c and d). These bundles appeared to be spiraled along
their length. Their length appeared to be variable and they//
were not always étraight. These structures do not show
evidepce of branching and blebbing 1ike cytoplasmic micro-
tubules. As observed in the cross sectioned tubules, these
fibrils were also surroundeﬂ by a zone of ;ow electron -
density. The structures appeared.to be é;lindriqal and thg
crystalline aggregates of particles aré proﬁably cr&ss— 'é
sections of theée long ﬁubules. The probable identity of
theAtwo types of array is éemonstrated by photographs of
intermediate appearance (Fig. 25d and £) -which probably
represent other orientations of the crystals in the
_sectidﬁﬁ’ |

Due to certain similarities between these fine-tubules
and cytéplasmic.microtubules some of the éxperiments
suggested by ﬁenke anahForer 11967) were employed to
compare their characteristics. Although in their e

generallmorphélogy, all micfotubules are very mudh'

alike, Benke . and Forer (1967) have shown that varlous
experimental treatments can demonstrate whether dlfferent
mlcrotubules have simllar characterlstlcs.\ To see whether
the bundles of fine tubules have similar properties to
cytoplasmic microtubules the fixation properties and cold

’.sensitivity of chldroplast fine tubules Were ﬁ:hted.. For .
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o .

FIGURE 26, Electronqmicrogfaphs showing parallel
array of bundles of;fiﬁri&s within the stroma of
.Chloroplasts.

(a,’b, ¢ and e) Fixed in KMhO“. The fibriib
appear_cylindriéal and are surrounded by an area
of low electron density. In longitudinal section
(a, b and ¢). (a, b) X 102,100. (c) X 116,400,
A cross section (e). X 116,400.

(d) A section from cold treated tissue.

Glutaraldehyde - 0sO,. X 88,200.
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cytoplasmic microtubules the.fixation by KMnO, and OsO,
was inadequate amd their preservation required glutaralde-
ﬁ&de (Ledbetter and Porter, 1963). 1In addition, according
to Porter and co-workers (1965,'1967) and Inoue (1964),
cold treatment effectlvely depolymerizes these tubules.

In this study it was found that the fine tubules of
chloroplasts were well preserved in tissue which was fixed
;}th'Z% KMno, (Fig. 26a,b) showing tﬁat they did not
requireispecial fixatioa and were therefore unlike cyto-
plasmic microtubules in this res?éct.v :7

The fine tqbules'were not found to be sensitive to
cold treatment since they were present in leaves or'intacFW
seedlings kept at 4°C for 1 to 3 hr before fikation at 4°C.
Fig. 264 shows these structures from cold treated tissue.
Thus the results suggest that by this criterion they are
also not similar to cytoplasmic microtubules.

The fine tubules were ob;erved most frequenthy in
chloroplasts containlng 51ngle parallel lamellae. It is
}p0531ble, however, that they are also prevalent in the
“more deveioped chloroplasts but due to the presence of
more lamellar material they were not observed.
| Different kinds of 1nc1u51ons have been reported in
tﬁe'chleroplasts~of higher;plants and algae (Hyde,et al.,
© 1963; Gunning;°1965b;~cunning et al., 1968;'Bartele and
N Weier, 1967. Picket-ﬂeaps, 1968; Sprey, 1968). " The fine'“
| tubules cbserved in: the present 1nvestigation have been
epreviously’reported,in wheat (Bartels and Weier, 1967).and}
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barley (Sprey, 1968; Henningsen and Boynton, 1970). Sprey
(1968) considered their function in plastid division and in
the formation of thylakoids. Whereas Henningsen and
Boynton (1970) related them with stroma centers of oat and
bean chloroplasts (Gunning et al., 1968). JStroma centers'
which are fibrillar spherulites have been‘obseéved in Oéii—
glutaraldehyde fixed material from oar Ahd according to ’
Gunning c¢t al. (1968) they arc egqrcg%fes of fraction I
protein. In bean thcir'gormation was induced in leaves
dehydrated by plasmolysie; wilfing or high speed centri-
fugation. A comparison of the eleotron micrographs of fine
tubules from the normal and mutant barley with stroma
centers of oat and bean shows that the morphology and the:
occurrerice of the two are quite different. _ The fibrils of <
the s;roma centers are smaller in~size and are not surround-
ed by electron tranSparent zones. Moreover, they are
present in mature chloroplasts and together the small-"
bundles occupy as much as 1/3 ‘to 1/2 of the area of chloro-
plasts (Gunnxng et al., 1968)

~ The structures observed in the barley chloroplasts are
similar to the rod-like structures and crystalline
aggregates ‘of particles from etioplasts of wheat {Bartels'
'apd Weier, 1967). ‘ﬁicrotubule-liké Strpc;ures have been
reportedAip the chloroplasts of Chara'fibroa&,fﬁiteZZa and
Volvoz (Pidket~Heaps; 1968) In these three alqae differ-
ence in’ size%of the microtubule-like structnreeu/’re noted

In chara .the tubules had variable diameter and ware in '
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groups of,fron 1 to 20. The occurrence of these structures
in cﬁloroplasts of higher plants and in algae suggests that
their presence may have a'more general, significance.

The characteristics of the fine tubules in cross
section resembled those seen £h the chloroplasts of virus
infected Beta vulgaris (Cronshaw et al., 15&6),' In sections
of virus infected leaves particles prgsent in chloroplasts
looked significantly different than %Ee virus pdrticles

‘present in the surrounding cytoplasm. Although the authors

reported that their presence was due to virus infection

-

~ this has ‘not been proven unequlvocally. So far as the .
barley varletles %ﬂh concerned there is no basis for
concluding that the observed fine tubules are due to virus
infection.

To hypotnesize a function for these microtubule-like
structures on the basis of electron-microgrephs is .
difficultl However, their occurrence within the stroma of
chIOroplasts-might in some way account for the high degree
of order exhibited by the lamellae during the.course of
’ development of the latter.A'BecauSe of this possibility'it
is of\ponslderable 1nter‘!t to determine the frequency of
occurrence and orientatlon of the microtubule-like i
' structures relative to the lamellae within: the chloroplasts.
“,If the tubules which are about 110 K,ln diameter are
| arranged parallel to the surface of the sections, whxch are

about 600 & thick, the possxbility of observing them would
_depend upon their number, thelr-orientatzon and ’
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distribution Jn. On the other hand, when they

are orient to the sections their detection

is more 11 Fevent, it is extremely difficult to
obtain an 1 timate of the amount and function of

structures.
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Pig. 27. Concentration of. c?lorophyll a, chlorophyll b. o *
: . and carotenoids in seedlings of Gateway barley ' \ :
‘and its mutant at'4, 6 and 8 ‘days. .Solid . .
-~ lines, normal; broken lines, mutant, 1400 ft-c'
‘ "at 22°c. 600 ft-c at. 20'cn, : :
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IV. Pigments and Proteins .

Pigments.
Pigment levels of the two lines have previously been
compared by Maclachlan and Zalik (1963) and Mlller and
Zalik (1965) but their data could not be applied directly
.to the present WOrkﬂdue to differences in growing conditions.
Thus estimates of pigments had to be made in conjunctlon
w1th these studles, but they were done in a cursory manner.,
. Flg. 27 shows that the amount. of chl a, chl b and caroten-
oids in the normal seedllngs was greater than in the mutant
’ under'both light 1ntensit1es at 4, 6 and 8 days.' Although
. normal seedllngs grown under 1400 ft-c contained slightly
o mqre dhlorophyll a than those grown under 600 ft-c the -
H”'reverse.was noted in the mutant. By 8 days the mutant
accumulated only 40% and 20% of the amounts. present in the
: normal seedlings grown at 600 ft-c and 1400 ft-o respect-
ively.t Studles by Maclachlan ‘and Zalik (1963) s owed that
the mutant contalned the same eom;ﬁtmeht of chlo$8phyll :
and carotenord pxgments as the hoxmal but they wer@ipres nt
in lower amo"unts in the mutant. Under dn.fferent light -@
intenslty and’ temperatd!e condltions the amount of plgment §§'15
in the mutant was aIWays lower than normal (Miller and ‘
Zallk, 1965) It was found that at lﬂ‘c the mutant

accumulated less pigments at the higher light intensity., »

P |

s

J
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Proteins j ' //
. : y

b . .
, _ y
Solubli/{gaf.proteins. ’ :

Although eleCterhoresis of stroma proteins of chloro-
s .
plasts was cbnducted initially the results were not repro-

ducible. This may have been due to variability in the
.

amounts of soluble proteins lost with different chloroplast-

r

pieparations. Therefore, thé soluble leaf proteins of the

., two barley lines were compared.

To -obtain good resoldtion of the proteins various
conditions of electrophoresis were investigated. Gels .
containing three different concentrations of acrylamide
)

S

7.5%, 9.5% and 11.5% were used. The best separation was _.
%g
»

achievea with 9.5% “gels. The separatién.of the protein

-also affected by_the duration of run and by the length of
- ; < ng

gel.‘~Tﬁbes 12 cm in -length gave unsatisfactory separation

) \
because high mobility protein bands were concentrated

—

towards the eh%'of the gel and were not resolved. If the

»

" long geI tubes were run only for 4 cm the separation

achieved was better, hence tubes of 6 Gn length were used

. and these prov1ded good resolutlon. A se;les of concentra-

tions of the leaf extract was applied to determine a nearly

optimal amount for“use in electrophoresis.

‘6

A durreqy of 3 mA/tube ‘was found more suitable for

‘ éeparatlon than 4 or B\mA/tube. Although photopolymerlzed ,

gels have been reccmmended for the separation of leaf

proteins (Steward and Barber, 1964) no 31gnificant

\
v

N
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differences iﬁ their Sgparation were observed in the present
study when cheﬁically.p?lymerized and photopolymerized gels
were used.

Typical electrophoretic patterns of soluble leaf
proteins from various ages of Gateway barley and its mutant
are shown in Fig. 28. * Twenty-one discrete bands of soluble
proteins were fesolved in 4-day-old seedlings. A broad |
intense band of low mobility was apparent at all stages
except in the 4-day-old mutant. It appeared.to be the most
abundant soluble protein of the leaf. The main difference-

»  between the normal and mutant‘seedlinqs was the quantity of
this protein in the 4-day-old mutant.' It increased in
amount with age and b§ 8 days‘wgs similar in intensity in
both 1lines. éome increase in the amount of this protein
also occurred in normal barley with age.

. Apart from the major band the intensity of some other
bands also increased in olaer seedlinas of both lines.
Although tﬁe bands were well resolved when the gels wefe

viewed on a light box a diffuse background which was barely

apparent was magnified by‘bhotdgréphy.

As was mentioned earlier in. this ‘section, the results

v

obtained upon electrophoresis of stroma proté?he were not

» reproducible, therefore, the total soluble leaf proteins -«
- , a3 ..

were compared. -However, in the studies in which stroma

proteins were eIectfophdreSed a major protein of low _
mobility was always noted in the normgl which corresponded

' iﬁ’ité’gﬁéition on the gel to that of'ths major leaf .
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+ FIGURE 2%. Gel patterns of soluble leaf proteins of
Gateway barley (N) and its mutant (M) grown for 4,
6 and 8 days under continuous illumination of 600
ft-c at 20°C.
Ledf exﬁract containing 75 to 100 ug of protein was\
applied to gels (see methods)éaﬁd eleétrophoresed
at 4°C. All runs were done in duplicate and
repeated 5 times with fresh leaf material.

' |

l -
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protein when the soluble leaf proteins were compared. These

results suggest that the major soluble leaf protein belongs

tq\chloroplasts.

A
Studying the soluble leaf proteins of rice, Mendiola-

and Akazawa (1964) obtained 7 bands on starch gel electro-
phoresis, and Wrigley et al. (1966) noted 17-18 protein
bands on acrylamide gels of wheat leaf proteins. Mendiéla
and Akazawa (1964) identified the major band of low mobility
as fraction I protein. Thornber et al. (1966) also
identified the major protein Band of low mobility from
spinach thoropiasts as fraction I, in agreement with
Lyttleton and Ts'o (1958) who considered it to be a majdr
componen£ q§ the stromé.

Kannangara (1969) isolated fraction I protein ffom
barley leqﬁes and found that RuDP carboxylgSe activity was
exclusively associated with this fraction. A method for \
isolating this ehzyme in relatively pﬁre form was developed
by Kleinkopf eggal. (1970).

Since the soluble leaf prote;ﬂs of barley in this

of
study were electrophoresed by a methdd:zﬁkg_that emp}oyed
by Wrigley et al. (1966) and Thornber et al. (1966) it is
probable that the major band of -low ﬁobility observed was
likewisé fraction I protein. As mentioned above it is
~ possible that in this case it was also derived from the
stroma. FurtherJSuppbrt for the latter may be the finding
that the.mutant contained very_iittle of this band at 4 days

‘when the plastids were poorly developed but the level
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increased as the plastids developed further (Figl 23 and 28).

Chloroplast lamellar proteins.

Electrophoresis for 2 hr of SDS-solubilized lamellae
froh normal barley chloroplasts separated into three
distinct green coloured components designated as I, II and
III (Fig. 29). On staining the gels with amido black or
coomassie blue components I and II stained for proteins.
Also stained zones in which the proteins were not completely
resolved appeared between tlie three coloured bands. From
these results it appeared that components I and II consisted
of proteins as well as pigments, the stained regions |
contained only protéiﬁé and component III was a mixture of
free pig@éﬁif, when electrophoresis was carried out for
4 hr resolution of the stained zones ipté several proteins
occurred. This also affected the pigment-protein bands I,
and II. During the longer electrophoresis a gradual loss
of pigments from these components was noted and at the end
 of the run only band I still contained pigment.

Fig. 29 shows the results obtained after a short r;nA
electrophoresis of sOlubiiized chloroplast lameliae from
. normal‘ﬁﬁd mutant bafléy‘growh under 600 ft-c and 1400 ft-c
at various stages of dééeloément. The pattern of the'
pigmént components in the normél barley‘did ﬁo£ change with
.age ihd waS'unaffectéd by light intensity. In the mutant,

pigment bands 1 and IIfﬁere totally absent‘at 4-dayé and
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Diagrammatic representatlon of components with
pigment separated on short run electrophoresis of
SDS solubilized lamellae of Gateway barley (N)
and its mutant (M) grown for 4, 6 and 8 days:
under continuous illumination of 600 ft-c at 20°C
(upper) and 1400 ft-c at 22°C (lower). Extract
containing 50~100 ug protein was applied to gels
prepared as given in methods. Electrophoresis was
performed at 24:2°C for approximately 2 hr. All
runs were 1n duplicate and repeated at léast 5
tlmes.‘ :
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only a oale yellow colour was present at the solvent front
which corresponded to component III in normal barley. At

6 days component II appeared 1n the gel but‘gomponent I was
absent. In stained gels of the mutant, pigment component II
stained for protein and a protein band appeared at rhe same
position as component I of the normal. By 8 days component
I also appeared in the mutant and the gel pattern of the
two barley_lines was similar when grown at 600 ft-c and
26%§. The mutant seedlings grown at 1400 ft-c and 22°C
1acked‘c0mponent T and II at 4 days and component I at 6 and
8 days.

"Fig. 30 shows the gel pattern obtained after electro-
phoresis of the lamellar proreins for 4 hr. Before stain-
ing the gels, a green band was present at the solvent fron}
and at the site of protein band b of the normal. This
corresponded to green band I of the snort run gels (Pig. 29)
and was also observed in 8-day-old mutant seedlings grown
under éOOth—c. The solvent front of the 4- and 6-day ‘
mutant seedllngs was pale yellow to yellow green. Upon
staining the‘ge;s a number of proteln bands were defec;ed
in both lines. | | V‘ |

Examination of the electropnoretic gattern'shovsfthat
the major differencesjbetween the lamellar proteins of the
normal and mdtant barley under both growth conditions‘were
observed in the 4-day-old seedlings (Flg. 30) At the

»

lower 119ht intensity the mutant had fewer bands at this:

LI

age. Whereas 13 bands (a to' m) were resolved in the normal,_
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FIGURE 30. Chlorop;ast lamellar proteins of Gateway
barley'(N)‘and its mutant (M) grown‘for 4, 6 and
8 days under continuous illumination of 600 ft-c
at 20°C (upper ) and 1400 ft-c at 22°C (loweft).
Extract éontaining 50 - 100 ug protein wés applied
to gels prepared asAgiven in méphdds. Electro-
phoresié was performed at 24:2°C for approximately
4 hr.A Arl runs were in duplicate and repeated

\ ,
at least 5 times. /
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the mutant had' 3 faint bands and 6 -intense bands. An
increase in the number of bands had occurred by day 6 and
except for band b the mutant was similar to the normal.
Although lécking pigment, protein band b Qf the mutant
corresponded in mobility'to the pigment-protein band b, of

. -/
the normal. By 8-days no differences were observed between

the lamellar proteins of the two lines érown.under 606 ft-c
at 20°C but the intensity of some protein bands in both~the
normal and mutant increased with age. | | ’
It can be seen that fewer lamellar proteiné were
reqélvéd in both lines when they were grown at, 1400 ff-c
than at 600 ft-c (Fig. 30) -and again at 4 days the mutant
héd fewer banas than the ﬂormal. At this age .the mutant
had 4 intense bands and 1 weak band compared to 10 in the
normal. Although éhe muéant had more proteins by 6 and 8

.

days it still hadf%ewer than the normal. The intensify of
some bands in both lines increased with age. “
Several workers have repofted the separation 6f SDS'or
SDBS-solubilized lamellae from chloroplasts .into two
pigment-protein complexes when they ;ére electrpphpresed
for periods less than 2 hr (Ogawa et al., 1966, 1968;
Thornber et al., 1967a,b; Machold et al., 1971 ; Herrmann
and Meister, 1972). These authors claimed that on the |
basis of chl a/b ratios, pigmenl combositiod and ;bsorptibn
,proﬁerties of the pigmenté present,ih gomplexes_I and II
.it'was_possibié to ;epaféte PSI from PSII. Tﬁb_pigmenﬁjf

'proﬁeiﬁfcdmponents I and-II_were noted on .brief
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;{,jthree were assoczated with pigments.
4

"L«":'{,_-"'
(%f f an albina of Antzrrhtnum maJua lacked pigment—protexn
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Jelﬁotrophoresis of the SDS-solubilized lamellae of barley.
.These corresponded in their positions to the chlorophyll-
proteln complexes I and II reported in spinach (Ogawa et al.

}’19'66), Beta vngarzs Nzcottnﬁ’“t'abacum Avena sativa
‘(ﬂhornber et al., 1967a), VLClﬁ faba and ChZoreZLa pyrenoid-
} : .

o;a {(Machold et al., 1971) and Anabaena variabilis,
,f‘pq;phyria (Ogawa et ‘al., 1968). However, the fading of the
yrﬂpiyment components and resolution of the lamellar proteins
e 1nto 13 discrete bands upon longer electrophore51s (Fig.

33) suggests that the findings of Ogawa et al. (1966) and
v4rTnornber‘et al. (1967a) may be equivocal. Machold (1971a) -

noted 17 bands from Phaseolus vulgaris and reported that

' } two bands with chlorophyll were chloroﬁhyll—protein complex-

}paes like thHose of Thornber et al. (1967a). In Antirrhinum

,{ m?Jus 15 bands were reported by Herrmann and Melster (1972)

’

;,,w£o clalmed that 7 bands w1th plgment were chlorophyll-

: Qroteln complexes which were visihle only during the first

at
JO min of electrophoreSLS after whlch time the green colour

J Vanlshed gradually. Remy (1971) reported that the electro-
} phoretlc patterns of lamellar protelns from spznach, wheat

-hqd barley Were similar and of the 10 proteins resolved :
. ' ;

Herrmann (1971b) has reported that the plastom mutant

;ﬁﬁ complex I and some other proteins. The mutant was caﬁeble
1.

k]

gv of . reducing the Bill oxidants DPIP and ferricyanide, however

. it was impaired 1n photbsystem 1 (Herrmann, 1971b)

8
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Gre&?ry et al. (1971) also reported that Bishop mutant 8
of Scenedesmus obZlquus lacks a functional photoreactlon I
and plgmé:f/proteln complex I. .He concluded that lack of
a functional photosystem'I in theLmutant was due to the
absence of chlorophyll-prorein complex I. |

As stated earlier the'virescent barley mutant under
- study lacked chlorophyll-protein compiexes I'and II at 4
days. Nevertheless itcwasifouhd from other studies in our
laboratory (Horak and Zalik,vl973) that even at this Early~
stage the mutant had both PSI and PSII activity. ’It is

possible that true.chlorophyll-protein complexes dissociate
>

\

in the course of electrophoresis, if 'so the bond between
pigment and protein is.very unstable. From the present
‘srudies it seems that the pigment-protein bo in cohplex I
ig more stable than that of complex II. This is in agree-

ment ' w1th earlier findings reported by Balley and Kreutz
{

(1969). * |

Thornber Et al. 11967a) noted Seéeral other proteins-
in addition io chlorophyll-protein complexes} however, they
attributed the plgment~fr e proteins to contamlnatloq -rom
the stroma. In th/-present work lamellae were extracted
several tlmes with buffer and water prior to solubilizing

.;thelr proteins, thereﬁore the p:otexns were assumed to -

represent the non-stroma prote1ns of the chloroplasts.

‘Furthermore the studies by Machold, Herrmann and Mezster and '’

by Remy showed the presence of many protezns withOut ngment‘

in the 1amellae."*;?'e‘ '., el . _' SRR ci,.c.
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The electrophoretic patterns of the splubleAand»
lamellar proteins show that plastids lacked several proteins
early in development but were able toeform them as growth
progressed. A compatison of the soluble and lamellar(bro-
teins and pigment levels of GateWay and its motant at differ-
ent ages with the corresponding states*of development of
their chloroplasts revealed a relationship between chloro-
| plast morohology and the‘proteins andgpiéments present.

Prev1ous studles on the mutant have shown that on
greenlng the mutant was lnltlally exceedlngly low in chloro—.
‘phyll compared to the normal and that, it accumulated chloro-
phyll at a lower rate (Maclachlan and Zalik, 1963). Sfmilak-
1y in the present study it was. found that the mutant at 4
days contained lower levele_of pigTents and,fu;thermore the
increase in .pigments was correlated'ﬁith the appearancerf
proteins at 6 and 8 daYs. ‘

Sections from tQp/%eedllngs used in the protein
inVestlgatlon were examined under tneueleotron microscope.
-The electron micrographe and aecompanying discussion apbearS“
on pages 76 . -'98A Although plastids‘of the nonnal were
.well developed at 4 days those of the mutant were not and
the latter contained lower amounts: of plgments and fewer
'protelns compared to the normal. By 6 days the increase in vf
}the amount of plgments and the appearance of protelns w;;\‘”‘~'
.aocompanled by an increase in lamellar material of the A',

‘ chloroplasts. By 8 days the electrophoxetic patterns of
»;vthe two barley lines were similar (Fig. 30) and the mutant ;f

$
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contained plastids which appeared like those of normal
seedlings grown at 600 ft-c and 20°C (;ig. %2). These
results show that accumulation of one component méy have
'influenégd ghe synthesis of the others, thus affecting
cQEorOplast morphology. The formation of pigments (chl a,
b and carote;oids), sdlﬁble proteihs and lamellar proteins
of chloroplasts and their incd;poration in the lamellae
seemed to be synchronf%ed suggesting that their synthesis
havé‘interdependent controls. The‘differences in the rate
of developmert of the mutant when.gfownfaf*GOO fit-c and
1400 ft-c supports this view. When grown at 1400 ft-c the
development of the mutant in terms'of the amount of pigment,
the number of chloroplast proteins and plastid structure
was delayed. Even at the 8-day stage it was not normal
inlahy of these respects.

Al£hough the barley mutant involves a single nuclear:
gene (Stephansen and Zalik, 1979; ﬁalker et al., 1963)
which manifests itself by low pigment levels and éoorly
developed chloroplasts in the juvenile seedlings, with
time these correct“tﬁemselves (Maclachlan and Zalik, l9é3;
Miller and Zalik, 1965; Sane dnd .2alik, 1970). The major
soluble protein as well}aé.the 1a@e11ar proteins which
were initially low or absen£iare restqred with time (Fig.

.

29 and 30). Thus the action of tﬁis/gené does not result

in the tofai absence of any of the components so far

invesfigated. Studying nuclear gene mutants of barley |

. . . - ) ‘

whikh had low RuDP carboxylase activity, von Wettstein et
S '
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al. (1971) found that none of them lacked the ability to

synthesize the enzyme.
o The control and site of synthesis of RuDPgcarboxylase
and membrane polypeptides have thus far been. studied mainly
with the use of specific antibiotic inhibitors (Criddle et
al., 1970; Hoober, 1970, 1972; Ireland and Bradbger, 1971;
Margulies, 1971). Rutner and Lane (1967) found th{k on
treatment with SDS, RuDP carboxylase from spinach dissociat-
ed into two distinct. subunits. Using a mutant strain of
Chlamydomonas reinhardi and 4inhibitors of protein synthesis,
Hoober (1976, 1272) concluded that both subunits of RuDP
carboxyiaSe as well as most membraﬁe polyéeptides were
synthesized in the chloroplast, but a few membrane poly-
peptides were synthesized on cytoplasmic ribosomes. 1In
contrast, Criddle et a255(1970) étudying RuDP carboxylasé
synthesis in barley sﬁggested that one subunit of the
°enzyme was synthesized’hn the cytoplasm and the other {n the

i

chloroplasts. Clarifi¢ation of this problem. requires'

)

further invéstigation;/ The use of suitable mutants from
i . .

higher plants, like tﬁe viable virescent barley mutant
/

/ .
discussed here, may be useful in elucidating the problem.

.
.



CONCLUSION

Miller and Zalik (1965) from studies on the virescent
barley mutant concludéd that the de%iciency in chlorophyll
synthesis was related to some defect in hglochrome protein
of the chloroplast. Other investigators using antibiptic
inhibitors of protein .synthesis have suggested that
synthesis of 9hlbrophyll was .dependent 6n the synthesis of
chloroplast proteins (Margulies, 1962;-Bdgorad and Jacobson,
- 1964) Also it has been shown that both chloroplast and
cyupplasmlc ribosomes are involved in the synthe31s of \
chloroplast proteins (Eytan and Ohad, 1970;_Hoober, 1970;:
Srivastava et al., 1971).

’ Eytan and Ohaq (1970, 1972) have investigated the
control pattern involved in the formation of chloroplast
lamellae in Chlamydomonas reinhardi y-1 mutant. Their .
results suggested that a protein synthesized on cytoplasmic
ribosomes was ‘a prerequisite for the synthesis of chloro-

~p1aét proteins énd chlorophyll. On the other hand, they

reported that light-dependent conversion of protochloro- -~

~ phyll to chlorophyll in turn acted as a control on' the

synthesis of spme cytoplasmic protein. Studies by Hoober
(1972, 1973) on the same algal mutant suggested that some
precursor of #hlorOphyl; regulated transcription of the’
m-RNA for a ‘lyéeptide;synthesized on cytoplasﬁic ribo-

‘ »
somes and its| regulation was mediated by a protein synthe-

_Sized within [the chloroplast. These studies indicate that
130

/

f
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control mechanisms 1in chloroplast’membrane formation are
very complex and that proteins formed in the cytoplasm as
well as in the chloroplasts arefrequired to form functional

chloroplast membranes. A similar but more complex regula-

‘tion may be operating in biogenesis of chloroplasts in

~

higher plants.

The findings from EM study on plastid de;elopment
during greening of dark-grown seedlings of Gateway barley
were similar to those reported for other higher plants.
Microtubule-like structufés within the stroma of chiloro-
plasts were noted. From preliminary study these appeared
to be different than cytoplasmic microtubules which have
been described in the literature.

The mutation affé;t?d chloroplast develo%?ent at the
proplastid stage and there was a general lag iﬁ plastid
development of ‘the mutant. An apparent delay in formation -
of the lamellaf system and a simultaneous delay in appear-
ance of microtubulg—like structures was also found. In
'adaiﬁion to slower development of the chloroplasts»some
abnormalities were noted. Among these were large vesicles
and digfeiggf orientation; of grana. Also a high degree
of defofmabi1ity of chloroplast envelopes leading to an
endocytotic-like phenomena was observed. Due to éhe
absence of Crysfalline'prolameilar bodies it was inferred .
' that etioplasts were deficient in holochxome-protéin as
well as proéochiofcphyilide. Upon illumination there was |

synthesis of more lamellar'material which along with

. L3 -
-
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sicles formed grana. Since stroma lamellae were formed

later than grana lamellae it is probable that the proteins

H

rgguired for the two types of lamellae were different.

The synthesis of chloroplast proteins appears to
depend upon the function gf chloroplast and cytoplasmic
ribosomes. From the electron microgeaphs it wasldetermined
,t@at the mutant was deficient in pla;tid ribosomes. It is
-reasonable to assume that the deficiency might affect
chloroplasts from the beginning of their development. .If
the formation of plastid ribosomes is coded by nuclear DNA
then the delay in ribosomes formation in the virescent
mutant might be a partial explanation for its lag in chloro-
plast development. -

Young plastids of the mutant were deficient in
pigmentf iﬁftd lack;d some of the proteins in comparison to
the Qg;mgi; During the course of developmént a gradual
increase in pigments'and appearance of proteins was
accompanied by the structural normalization of the plastids..
?he number of proteins, pigment production and chloroplast
structure were affected by light intensity. .Sane and
zalik (1970) found that deficiency in chlorophyll produg-~ *
tion was not due to inadequacy of d§-amino levulinic acid, - *
however, the mutant was less efficient in the synthesis of .
proteins, They sugééstgd»that the mutation hadxéaused a
partial inhibition iﬁrtﬁe syn#ﬁesis of holo;hrome proteiﬁ;
In the present invesﬁigation of proteins 'in the 'developing

mutant it was found that‘initiallykin young plastids some
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of the lamellar proteins were not detected. In the first
few days of development Fraction I protein, with which
RuDP .carboxylase activity is exclusively associated, was
also deficient in the mutant. Thus photosynthesis in it
would be limited. It is probable that among the undetected
proteins of the mutant there waé a key p}otein which was
affecteq primarily by theinuclear mutation and which might

be a prerequisite for the formation of other lamellar

proteins and pigments.
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