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S U M M A R Y  

The effect of light on the size and shape of whole spinach chloroplasts were studied 
by  observing the changes of tbe volume distribution, the packed volume, the light- 
scattering cross-sectional area and the axial ratio m.easured by electron microscopy. 
Upon illumination of a chloroplast suspension, the volume at the distribution maxi- 
mum decreased to 51-78 ° o of the volume before illumination, and this volume change 
was reversed when the ligV.: was turned off. This phenomenon of shrinkage was con- 
firmed also by  the observations of the packed volum,~ On the other hat.d, the light- 
scattering cross-sectional area increased in the light and dccreamd in the dark. 
These changes of the area were interpreted ms due to the changes of the axial ratios 
of chloroplasts, which were confirmed by electron-microscopic ob~rvatic, ns. The~e 
re~u!t~ are lwosented in this paper tngether with the effects Gf ATe  and the inhibitors 
of photophosphorylation and the Hill reaction. 

INTRODUCT,ON 

In a previous study 1, the sizes of chh,r-p!asts, and grana were measured by two 
recently developed techniques; the determination of the average sizes by the "'flat- 
tening effect" of DUVSEXS2, 3 as mea~-u~ed bx: the upal-gla.-s ~-O'ctr,,copic method; 6 
and the electric measurement of the volume distribution with the Coulter counter:. 
The proces.~ of disintegration of ,vh~,l,~ spinach ch!oropla.-ts t,, grana with dodecvl- 
benzene suiflmate could he f-llowed accurately and quickly by u~e of either oi these 
new techniques. Increasing attention has been given to the :tructural changes of 
biological particles such as the light-scattering change.- upon .,hrinkage and swelling 
of mitochondria coupled wath plmsphorylation, which are reviewed comprehensively 
by P.~cKEu 8 and LEH:;;XGE#. The success in these circumstances in measuring chloro- 
plast sizes accurately and precisely stimulated the authors to examine ~hether or 
not illumination of chloroplasts cause~ any change of their ~iz,., or shapes. The fol- 
lowing aifferent approaches were made to detect the char.ges: (i) the volume-di.-- 
trihution curves were measured ~lth the Coulter counter; (ii) the light-scattering 
cros.~-sectional area~, were determined by measuring the rectilinear attenuation of 
light through cbioropla.,t su~Ix-n~ion.-; (iii~ the packt~ volumes were estimated with 
a !memotocrit after fi:aati..m ,4 chlor,,pla~t:. ~, the dark or iq the light and (iv, ~l,e 
axiM r a t i ~  aud structures were ob~ervtxt bs" ekx ' t r ,  m micr~t, copy. The~e different 
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measures of size and shape changed remarkably and reversibly upon illumination of 
chloroplasts, and the results are described in this paper together with the effects of 
inhibitors on this phenomenon. A.~.er the present experiments were completed and 
when this manuscript was in preparation, PACKER 1° reported a great change by  
illumination of the 9 °o scattering of light by chloroplast fragments, and correlated 
the change with photophosphorylation. The results obtained in this s tudy are dis- 
cussed referring to Ins data. 

EXPERIMENTAL 

P;,eparation of samples. Chloroplasts were squeezed out of leaves of spinach (spinacia 
o!~acea) through cotton cloth into 0.04 M phosphate buffer (pH 7.2). The green juice 
was centrifuged in a refrigerated centrifuge at IiO . g for 12 min. The .~! iment  
was su,~pended in the same and ice-cooled phosphate buffer, and filtered again through 
the cloth to remove cell debris. The filtrate containing whole chloroplasts was in- 
cubated in the clark at o ° for 2 h, during which the chloroplasts isolated in the room 
light were transformed into their d,tik ~tates. After the incubation, the suspension 
was diluted appropriately with 0.04 M phosphate buffer (pH 7.2) and was subjected 
to various measurements. 

Volume distribution. The volume--distribution curves of chloroplasts as well as 
the total number of chloroplasts per ml of suspension were measured with the Coulter 
counter model A (see ref. 7) with an orifice of IOO ~ in diameter. The principle of 
this instrument and its applicabilities to various biological pa~ic!e~ were reviewed 
in the previous paper 1. The measurements were made in a dark room, since weak room 
light affects the results. To observe the effect of illumination, the sample chloroplast 
SUSlxnsion of 5 ° ml in a beaker set in the instrument was illuminated through 5-cm 
water laver with an incandescent lamp. The intensity of light at the surface of the 
beaker was approx. 600o lux. The same illuminating condition was adopted in the 
measurements by other techniques described below. The temperature of the sus- 
petJsion~ ~ang~d from I 5 - I 9  °, but was fairly constant within ~-0.5 ° during a series of 
measurements to obs~,rve the effect of light. T ,~;~ • n ...... paper, the total number of chloro- 
plasts per ml ol suspe,t.~ion is dc.,iguaied as N, and the volume distribution is expres~:l  
by the number, n ,  o f  chloropla:rs versus log. V, in which V is the volume of the 
chloroplast in ps. In most of the expefiment~ to observe ~he effect of light, the change 
of the number, N*, of the chloroplasts having a volume greater than the volume at 
the distribution maximum in the dark was followed with time. 1-hL~ is because it takes 
approx, xo min to meast:re the distribution curve and, du.,dng the measurement, the 
, ~ - ,  ch~ges  appreciably in the intermediate stage of shrinkage or swelling. 

Light-s,:~lering cross-seadiomd area. The light-scattering cross-sectional a r e a s  o f  

chloroplasts were determined with a Caw .recording spectrophotomete~ model t4M. 
The rectilinear attenuance g a toe's . sure  o f  the attenuation oi light through a particle 
suspension pertaining to the parallel :-:msmitted light, and was defin~l as pep = 
log. ldl  p, where I o and 11, are the intensitt,~s of the parallel incident ano t r a n s ~ i t t ~  
light beams, respectively. Two long and narrow slits were set, one between a tO-all 
cuvette and the monochromator and the other between the cuvette and the photo- 
multiplier to eliminate almost all of the light scattered by ehioropla.~ts in ~ n .  
.mL~ i!hL~.r~_ted pre~6ously a. the folk~mng relationship Is obeyed for the rectilinear 
attenuation of light: ,d~, = o-434 ~.'.'s" - 0 -434  d~'Q.S (~} 
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where d and S* are the thickness of the cuvette and the light--~:,- ttt r!ng cro.~---~-ctionai 
area of the chloroplast, respectively. The ratio, Q~ of s* t,, '~he gt-ometrical projected 
area, S, has been called the efficiency factor. In general, Q :.. a o~1:lplicattd function 
of the wavelength ot the measuring light, the size and .hape of the particle~ and 
refractive indices, of the particles and the suspending m~xlium, esp:.cialh" when the 
particle raditt~ is comparable to the wavelength. %'~x DE Ht'l.sT 11 l:.~s re.de . ct.m 
prehensive survey of the theories and numerical results in this field. It was predicted 
by the.~ theories that,  when the radius is c~mparab!e to the wavelength of the 
measuring light and when the refractive index i~- n,~t widely diffe:-cnt from that  of 
the suspending medium, the value of Q is roughly 2 and may vary somewhat around 
this value. Previous observations 6 of Q fer Chlorella and yeast cell.- showed that the 
values are fairly constant on the level of ttw tJworetical value in the visible region, 
and the variations due to the selective scattt-ri:ag 12, ~ are at m,,.t  2o %. If th,' value 
of Q is assumed to be exactly equal to 2.0, one can calculate the value ,,t .~ itom die 
observed values of pep and N. To minimize, the effect ol selective scattering, the ob- 
~rva t ions  were made at the wavelen,~h. ~5o mt~, where chloroplast pigrn,,;~t- show 
no perceptible light absorption. The t%t,r's law was obeyed below 0Eo--= o.55 :it 
ti:~s wavelength with a zo-cm cuvette, .,, that dilute suspensions of t,Ep == 0.35--0.55 
wert used for the measurements of S* or S. Roughly speaking, S* measures the pro- 
jected area of the particle, since tim light wbLh has hit the particles is almost totally 
eliminated in the measurement. Therefore, the value of S* should increase eitiler 
when the pa t tk le  swells .:r when it is elongated. 

Electron micrographs. Chloroplasts in suspension were preincuhated in the dark 
or in the light for I h, av.d were fixed with 1.25 °o OsO~ at p i t  7.2 fi~r 2 h m~d~.r tilt' 
same light conditions. After dehydration, the specimen~ were embedded m a nfixture 
of styrene and n-butyl methac~vlate (4: 6) by the mvtht~ of Kt'Snll,.O ~ Thin ~ections 
were cut on a Por t e r -B lum ultramicrotome (Ivan Sorvall, Inc.), and tilt' micro- 
graphs were taken with a .JEM-T6 eh,ctron microsc~pe (Japan F.h,ctron Ot,tk.C,~. ). 

Packed voh~n'e. Chh,r~,plasts fi.xrd as above w~'r~' sedimentcd in a hat,mat~writ 
at 27oo • g for 4 ° mit~. The packed volume thus measured was divided by tt-e 
number of chloroplast> in tht, suspension to estimat,, the. avrrag~, pack~,d volu,,a,_' 
l'p, per chloroplast. 

RESULTS 
Th# effect of illumination 

The volume-distr ibution curve of tile chloroplasts (Samplc No. , in Tahh, 1 
incubated in the dark for 2. h is shown by Curve A in Fi~:. z. which iadicates a sharp 
distr ibution peak at log. l'm.x ---- 1.95 or I "m~1 = 8~ i,L This sample, when il lunfinated 
wi th white light for 3 O min. under, vent a marked change of distribution. As seen from 
Curve B in the same figure, the distribution peJk was shifted by illumination to 
log.  V m u  = 1.65 9r  l ' m t x  ~= 45 ~,1 The relative change of the w)lurne depend.~ 
considerably on the sample of chloroplasts. The measurements of several different 
preparations o|  chloropl&sts showt~l the shrinkage to 5x--78 % of the volume in the 
dark. The pH optimtml for the vohmm change wa,, fl:und to be 7.o-7.6 in pl~rsplmte 
buffers o|  o.e4 M. All of the experintents in the p~..~nt study were, therefore, per- 
formed at  pH 7.z. 

The process of the ~olume change can be followed ~ , ~ i v e l ' ¢  and rapidly by 
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measuring the number, N*, of the chloroplasts having a volume greater than the 
value of Fro== in the dark. For example, this number, Xo*, for Sample No. x before 
illumination decrea.~s to Nt* after illumination, as illustrated in Fig. x. The time 
course of the change of N* upon illmhination is shown by Curve A in Fig. 2, which was 
observed for the same sample of No. t. The value of N* dropped rapidly in the first 
5 rain of iUumination, and then gradually to approach a lower and constant level. 
Repeated experiments showed that the time required for obtaining : constant reading 
of N* varies from z5-5o rain, depending upon the activity of the ~omple. This pheno- 
menon of shrinkage is almost completely reversible. When the light was turned off, 
the value of N* increa:~d gradually, but the rate of reversion was so slow that  it 
usually took roughly 2 h to obtain the original reading of N* before illumination. 
The shrinkage and swelling ,vele tel~:atedly observ,tble at least several times. 

1 
A 

B 
i i ! ; 

I 
12 14 16 ,8 2": ~-. 24 

log V ( in p3 ) 

Fig. I. The volunze di.,;tribution tur;c,s F:g. -. Thv time course of th:" shrinkage of chioro- 
o! whole chloroplasts in the (lark plasts in the light and the swelling in the dark as  
(Curve A) and in the light (Curve ; ; ~ .  measured in t e rms  of N* (Curve A) and pEp a t  

75o ml~ (Curve B). 
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The chh,r,,plast suspension ,,1 No.." was dividtd into two parts. One part was 
i!! : '~;na:"t  fer x h and fixed with O*O~ a l~  in the light, and the other part was 
treated ,::milarly but in the dark. The average packed v,,lumes, Vp. per chloroplast 
of these fixed samples showed ai¢4, a considerable change due to illumination as 
listed in Table I. This fact agrees q, ,Ji tat ively with the result obtained with the 
Coulter counter. The value of Vp is h~,..,ever, appreciably greater than the value 
of Vt=m for both samples in the dark and ,,. the light. This is, probably, dee to a 
certain space left between chloroplasts in their packed states. From the volmee- 
distribution curves of these samples before and after the fixation with OsO a, the 
.~hrinkage of chloroplasts dee to the fixation was eslimated to be less than zo %, 
and the ~ l u n ~  distributions of the fixed samples w~re unaffected b)" illumination. 

The value of rectilint~ar attenuance at 750 mp of a c h ~ t  ~mpenskm res~-mds 

Bac~'/*fm. Btop&yL .4c~. ~ {Icp),~ 31~ 3.1:7 
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also to illumination. The value increased in the light and this change was rever~q-d 
when the light was talrnpd off (Cu~'e B in Fig. 2). T.~,e dire . . . .  m of thi~ change i.- 
opposite to that  of the volt, a'o.e change. As br iery  introduced in the experimental 
part ,  the attenuanee value should increase either on tk~ swelling of chlo-opla~tg 
or on the deformation accompanied by an increase of the ay.ial ratios. Since it is 
certain from the changes of both Vmx and Vp ti.at chloroplasts shrink o.. ilia ... .  ~, : :,, 
the increase of the attenuance value in the light is interpreted as due to a considerable 
change o|  tae  axial ratios, which would compensate and overcome the drop of the 
attenuance due to the shrinkage. From the observed values of pep and N, the geo- 
metrical and projected areas (S in Table I) in the dark and in the light were calcu]atod 
to be 29 and 3z/~z respectively, assuming that the value of Q is equal to z.o. Another 
different feature of this attenuance change is that the change on illumination as 
well as the reversion in the d , , k  is completed witl:in a period of zo min, which is 
considerably shorter than the time required for the shrinkage observed in terms 
of N*. This suggests that  the deformation reflected in the attenuance change is com- 
pleted before the volume change proceeds to completion. 

T A B L E  1 

THK SIZE AND SHAPE PARAMETERS OF CHLOROPLASTS IN THE DARK AND IN THE LIGHT 

I~max, t h e  v o l u m e  a t  t h e  d i s t r i b u t i o n  m a x i m u m ;  I'p, t h e  p a c k e d  v o l u m e  p e r  chh~roplas t ;  pep ,  
t h e  r e c t i l i n e a r  a t t e n u a n c e ;  S, t he  g e o m e t r i c a l  a n d  p r o j e c t e d  a rea  t a l c u ; a t e d  f rom the  l igh t -  
s c a t t e r i n g  c r o s s - s e c t i o n a l  a r e a ;  a n d  R, t h e  a v e r a g e  of t h e  a x i a l  r a t i o s  of c h l o r o p l a s t  s e c t i o n s  as 

m e a s u r e d  b y  e l e c t r o n  m i c r o s c o p y .  

.gample No. i'aramctc~ Dark Ltekt 

! "rnax!p'~) ~9 45 

2 1 "m,x(ID) ~9 "3  
]'p(jia~ IO 4 cho 
~,Ep o .39o  o 4  ~ 5 
~'(p2~ -'9 3 z 

3 l 'max(t la) 56 3 (.' 
R z.96 2.34 

The electron micrc%,rapbs of the chk.r,~plasts fixed in tile (lark and in tile light 
showed a significant difference in shape (Fig. 3). The ellipsoidal chloroplasts m the 
dark are flattened by illumination, and some M the sections of illuminated chloro- 
plasts look like a hmg spindle or the crescent. "[he axial rat;os ot one bundre~l such 
sections of the chloroplasts fixed in the dark v, in the light were avzraged. As listed 
in the line of R in Table I, the change due to illumination is appreciable and is 
more than the errors, .~: o.o 5. due to random sampiings, i t  has to be noted here 
that  the average of the ratios of the thin sections cut at random is by no means equal 
to and should be smaller than the ratio t..tween the long~t  and the shortest axes 
of the chloroplast. Therefore, the change of the average ratio from z.96 to 2.34 is 
an indication of a much greater change of the true axial ratio. Tb. ;.~ diff.erence in shape 
would result Irom or result in a change in the internal ,~tructures, Closer coronation 
b e t ~ n  the pktures  of the chh~ropla.sts fixed in the light and those fixed in c, map!ete 
darkness seeras to. i~,~c~.'-- ~ a ~tro,-taral charge of grana. The osmiophilic layers appear 



32,4 M. 11"01[[, S. IZAWA, K. SHIBATA 

t . . . . . l  

Fig. 3- FAectron m i c ~  o! the  thin sectioem ol the c ~  fixed with l , z $ ' ~  OIO, in 
0,0 4 M phosphate bullet" (pH 7.~), after  ! h of pcelegubsglon ta the  daurk (l~ctm~e A}. and 

6zed similarly after ! b o~ il lumination (Picture 18). 
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to he more closely situated with each other in the light than in the dark. This suggests 
a slight expansion of each lameUa after a sufficient time of incubation in the dark  
The results obtainable in the more detailed observations will be reported in future. 

The effect of ATP on the sizes of chloroplasts was studied boil. in ,he ,a, rl< hd 
in the light by measuring the change cf N*. As shown by Curve A in Fig. 4, the value 
of N* dropped instantaneously upon addition of 2 mM ATP in tL_, dark, and no further 
change occurred after the addition. However, when this sample with ATP was 
i!luminated, the value decreased further in the same manner as obser~'ed without 
ATP. Curve B in the san~e fi&mre sho~;~ the result obtained with 3 mM ATP 
added to the chloroplasts in the light. Here again, the drop of N* due to the addit,on 
occurred instantaneously. The slow decrease of N* after addition of ATP in the light is. 
probably, a residual change by light, which might occur without ATP. An increase 
of ATP concentration to more than those u s ~  in the above experiments did not 
increase the drop of N*. It is evident from these results that the addition of ATP 
lowers the volume both in the dark and in the light. This effect is different from the 
effect of light in that the drop of N* with ATP occurs instantaneously while the 
drop due to ilhmdnation proceeds with an observable rate. 

Ammonium ion is known to be an uncoupler of photos)mthetic phosphorylation. 
Chloroplasts in suspension were incubated with 3-3 m.M NH,CI for z5 rain iti the dark. 
and the effect of illumination on this sample was examined. Curves A and B in Fig. 5 
show the results obtained for the samples with and witho~,* the ;,~coup!er. re-I.~:~ t i,'ely. 
and indicate that .~H,Ci of the above concentration inhibits the shrinkage completeiy 
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Fill. 4- The effect o! ATI" on the ,Ihrinka41e of 
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Fig. ~. EffeCl ol NH4CI and o-phemmlhroline 
on the ~ri~k~e o| chloroph~U; Curve A. 
chiorophutts pfeinculmted ~ri~l ~.~ mM NHtCI 
in the dare for 15 rain; Carve I], the control 
without lahibi t~r:  Curve C, lweincubated ~ith 
2 mM o.ph~nthroline [of J 5 rain. and Cur~e D. 
z mM o-phenanthrolin,, added aftra" 3 _,nm of 

l l ]uminatkm. 
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The rectilinear attenua~ce of the same sam~rde with NH,CI r ~  also ~ by 
i~-~m=~n~ticn. At thi~ coocentmfion. N H ~ I  did not inb-ibit the Hill reaetkm at all 
as mea~m~l with z . 6 - d / ~ l h ~ l o p h e n o l  as the elec~on accept,,,, m" rather 
sightly "S~mmlnt~ "~ the reaction as observed by GOOD ss. 

A s~n~r  ~ . r i n m s t  was conducted with a mM o-phenanthroline. The treatn~at 
with rids ~ t  for x$ rain in~b~ted completely the shrinkage of the chlorophmts 
with a low activity. However. the inh/bition was incomplete for a different smmple 
with a h i ~  activity of ,brinhase. An example of the latter case is ,bown by Curve C 
in Fig. 5. which indicates a drop of N '  once lowered in the earl/er stage of illumination 
goes up to the value close to the level before illumination. The same concentration 
of ~ - ~ e  was added to the s~_~ s~.~i?le, but after 3 min of ilium/nation 
(~n anow in Fig. $). The initiation in ~ case s,:arted almost ~ t e l y  after the 
addition of the reagent. Hydroxylamine is _i _oss_ effective as the inhibitor of the Hill 
reaction tba_n o-pbenanthroline. The same sample of chloroplasts as used for the 
measurement of Curve B was treated with z m g  hydroxylmnine for x5 rain. The ra~e 
of the decrease of N* by light was reduced by this treatment to 75 % of the contro! 
without the inhibitor, the rate being sreater than that observed with the same molar 
concentration of o-phenanthro "line. In this case ~ain ,  the value of N" rose gradu~Uy 
after a certain time of illmnination. By contrast, the treatment with aw.M KCN showed 
no effect, and the value of N" dropped with the same rate as that observed for the 
controL In a previous study', it was demonstrated that chloroplasts are swollen to 
the maximal extent by treatment with o.a m g  dodecyibenzel~ s~for~te for 5 rain 
and the Hill activity is completely lost on the swelling. The volume d / s t ~  of 
the chlo~o~ts treated with the same concentration of dodecylbenzene sulfonate 
was unaffected by illumination. The data obtained with these inhi~itors indicate 
a close parallelism between the shrinkage and photophosphorylation. 

DISCUSSION 

It was established from the measurements of both Vm,z and Fp that chloroplasts 
shrink reversibly upon illumination. On the other hand. the rectilinear attenuance 
increased also rever~bly in the light.. This phenomenon was interpreted as due to 
a deformation of chl~oplmts accoml~nied by an increase of the axial ratios, which 
was coedirmed by electr~-micrmcopic o t ~ . r ~ n s .  As discussed above, the change 
of the average of the axial ratios of thin sections from x.96 to a.34 would be an 
indication of a much Fes ter  change of the true ~ ratim. ~-~-~lins to the most 
~ obr,~'vations by PAr.ram w. the 9 ° .  scatterin4j of light by chloroplast f r q m m t s  
i ~ e d  in the light snd 4ecressM in the ds~L In omr mm~r~m~ts  M t ~  rectiliamr 
attemmes, the lisbt scattered by c ~ ~  w u  alnz=t t rol ly elimlmtsd, .o that 
the Inamm of ~ ,  by mum/nat~ indlcatm an iucmsm of the total ~ wtdch 
so0m~k wlth,:he rmalt olmdned by ~ J ~  11ds q m m m t  m m e m  t l ~  ~ 
f a m m ~  sl,o m m ~  s ~ ~ b r ~ e  ,~a  d e l m t ~  m ~ 
, in ruSh  be ~ m t  d ~ m ,  the ~ c b m q ~  ~, t r a m  d ,Ira ~ d  , b s ~  

cache o b . m ~ ,  ck~ pmumm ~ , m .  ew ~ chmp  . ~  pkm- 
~ A ~ l~ add~km d A~? has Imm dmwlwl J~ n~. 
~ ~l ~ t ~  ~ ~ tkm ~ A ~nbr d~ct d AYP 
,ms ohem~'fm o~ .=pm~msm m ~ Basm~. tl~ ~ , m s  dbce/~ 
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both  m tl-~ dark  and in the light, and the change on the addition occurs instantane- 
ously while the change by  illumination proceeds with an observable rate. This may  
or m a y  not be accounted for by  a simple mechanism that  ATP is the substance 
direct ly responsible for the shrinkage. Apar t  from the mechanism involved, the 
shrinkage seems to have a close connection with the photophosphorylation hy chloro- 
plasts, since it was inhibited by  ammonium ion, o-phenanthroline ~.:td ~ dr~..yi;,:,t .... 
but  not  by  cyanide. 

A parallelism exists between the time required for the shrinkage of chloroplasts 
and the time of induction to at tain a s teady rate of photosynthesis by  higher plains 
and  algae. The shrinkage is nearly completed within IO rain in the light, and the in- 
duction period of photosynthesis  is usually ~vera l  minutes or more as summarized 
by  RABINOWITCH 17. The iaduction period is, of course, dependent on the prehistory 
of the sample before illumination, and a sample once illuminated requires I h or so 
to return back to the completely dark state. Approx. 2 h required for completion of 
the swelling of chloroplasts in the dark may  be related to the time of the reversion 
to  the dark state as measured by the induction period of photosynthesis. 
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