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   The  light-induccd ]'ecovery  of  cell  divislon and  chlureplast  dex,elopni{/nt ill ["giant;',

'`bleached",

 cells  of  the  Emerson  strain  of  Chlorel.la takeK place  wlthout  any  increast'
in DNA  and  is rclatively  insensitive to mitomycin  C  and  5-brornouracil, 5-Fluorouracil

inhibits cell  division only  when  it is supplied  during the  early  stages  ot' recovery,  per-
haps by inte]fering i･vith that phase ef  RNA  synthesis  whlch  occurs  during the first
6 hr ofrecevery,  This early  burst of  RNA  synthesis  is more  sensitive  to chloramphcnicol

than  is the secend  phase of  RNA  synthesis,  suggesting  that  a  significant  propertion  of

it may  originate  in the chleroplast.  Evidence is presented  which  suggests  that  5-fiuo-
reuracil  interferes ",ith  chloroplast  developinent primarily through  an  efllect on  chloro-

phyli synthesis.  The  possiblc significance  ol' these  observations  in relation  to nuclear-

chloroplastic  interractions is discusscd.

    [Fhe various  systems  that have been used  in studies  of  the  re-greening  of
`tbleached"

 algal  cells  show  varying  dcgrees ofinterdependence  between  cell  division
and  chleropiast  development, At one  extreme  is the situation  represented  by
`Cbleached"

 Eorgtena cells  which  dividc as  they are  re-grecning  and  which  have to be
provided with  a special  medium  to prevent cell division (1). [I]his suggests  that
although  under  normal  circumstances  (in the  light on  a  complete  medium),  the

division ofEu.fflena  chloroplasts  is linked to celi  division in such  a  way  as  to maintain
the  chloroplast  number  more  or less constant  from generation to generation, the
}ink is a  fairly loose one.  Most other  systems  show  a  greater degree ofinterdepend-
ence  between  the  two  processes. Thus, during the re-greening  of  a  dark-grown
mutant  of  enlamp,dbmonas (2), there  is no  cell  division until  two  to four hr after  com-

pletion of  chloroplast  development. A  similar  situation  is encountered  in zhe

re-greening  of  
`[glucose-bleached"

 cells  of  (]hloreltaProtothecoicles where  cell  divisien
is delayed until  after  the  24th hr of  recovery,  when  the  chloroplast  has reached  an

advanced  stage  of  recover>,  (3), It is clear,  theretbre, that  in Chlaaydbmonas and

in thtorella Prototheeoides, the  pace of  nuclear  division is more  firm}y geared to that of
piastid development than  is the case  in Eugtena, However,  with  the  {]hloreltaproto-
thecoides system,  at  least, it is possible, by  varlous  treatments,  to  bring about  a

separation  of  cell  division and  chloroplast  development  <4, 5) ; indeed, the so-called
"etiolated';

 cells  of  this alga  represent  a  system  in which  re-greening  takes  place
in the  absence  of  cell  division (B).
    In this paper, the  general qnestion of  the  linkage between  cell  division and
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chloroplast  development is further examincd  using  a  system  based on  the  recovery

of  
`Cgiant':,

 
``bleached''

 cells of  ihe  Emerson  strain  of  ChloreUa, The  
`Cgiant"

 cells

are  produccd ",hen  synchronous  cultures  are  maintained  under  carefully-controlled

heterotrophic conditions  (6). They  result  from  a  failure of  cel]  division and  are

c;haracterized  by their abnormaliy  largc size  and  by their severely  dcgraded chloro-

plasts (i'"). When  the  
[[giant''

 cells  are  returned  to autotrophic  conditions,  there  is
a  simultaneous  r ¢ covery  of  cell  division and  chloroplast  development (8, 9), although,
by  the  use  af  certain  antibiotics  (particularl>, chloramphenicol),  the two  processes
can  be separated  (10). The  

`[gianti'
 cells therefore  represent'  a  systern  in which

both  cell  division and  chlc)roplast  development are  temporarily  held in check,  and

thcir  light-induced rec.overy  is clearly  particularly suitable  for studies  of  the inter-
relationshlps  b¢ twccn  nuglear  and  ehlQToplastic  development.  [I]he work  to be

described here explores  this problem  through  an  investigation of  the  nucleic  acid

metabolism  associatecl  with  the  recovery  of`[giant':  c;ells.  This is attempted  firstly,
by testing the  eff'ect upon  recovery  ot' certain  substances  known  to interfere with

various  aspeets  of  nuc!eic  acid  metabolism  and  secondly,  by  analysis  of  changes  in
DNA  and  RNA  levels di.!ring the course  of  recovery.

                        Materials  and  methods

    
'I'he

 organism  usecl  in this investigation is a  strain  of  entoreUa originally  isolated

by Emerson and  designatecl in the  Cambridge  collectien  o//' a]gae  and  protozoa as

211/11 n, The  strainwas  formerly named  C. vuigaris,  Beij'erinck 211!11 n,  Emerson

and  ]isted as  being possibly the  same  as  C. nFrenoidosa, Chick, Emerson  No, 8

(211!8 h). In view  of  this confusion,  thc specific  name  has now  been  disregarded

and  the erganism  ret'errcd  to as  the Emerson  strain  of  enlorella.

    A  homogeneous population of"giant"  cclls was  prepared  as  previousiy dcscribed

(IJ). Recovcry  ofthe  
`Cgiant"

 cells  foHowing  their return  to autotrophic  conditions

was  monitored  in terms  of  cell  growth  and  cell  division ((),oulter counter,  Model  B),

pigm ¢ nt  synthesis  (spectrophotometric estimation  from acetone  extracts),  and

phetosynthetic capacity  (in terms  of  oxygen  evoiution  at  saturating  light intensity,

measured  at  25MC  by  means  ofan  oxygen  electrode).  C,hanges in DNA  and  RNA

levels during recovery  were  estimated  by  the  method  of  Schrnidt and  Thannhauser

(12) as  modified  by  Aoki  and  Hase  (3) and  the results  expressed  as  opticai  density
at 260 nm  (OD26o), corrected  for absorbance  at  320  nm.  In geneTal the  various

parameters are  expressed  per ml  of  culture,  in order  to give a  clear  indicatiQn of  the

overall  increase of  that  particular component  during  recovery.

                                Results

T)ee cz7i?ct of mitoi7n,cin  C  and  5-bromouracil zipon recowec?,

    The  levels of  recovery  achieved  at  the  end  ofa  24 hr period in the  presence o £

various  concentrations  of  mitomycin  C  and  5-bremouracil, respectiveiy,  are  shwon

in Fig. Ia and  b. Mitomycin C  is an  antibiotic  known  to suppress  DNA  synthesis

in C711oretla (4) whilst  5-bromouracil is a  thymine  analogue  which  interferes with

DNA  replication  in various  micro-organisms  and  which  has been shown  to becomc
incorporated into the DNA  of  enlorella (IS).
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Fig, l. Tl-e Poputation density (-e-), chloropdyll  eontent  (-M-) and  copacity  jbr PhotoEynthetic o!ngen

eveguiion  (-A-) of culiures  subjected  to a 24hr Periodoflight recovev  in thepresence ofz,arious concentrations

ofL-(a)-mitenp'cin C: (b)-5-bromourttcil. The results  are  exprcssecl  as  a  percentage of  the  cerresponding

contrel  values,

    It can  be seen  that  in ord ¢ r  to achieve  a  50%  inhibition of  the  photosynthetic
capacity,  and  a  30?,S inhibition of  chlorophyll  synthesis  and  cell division, mitomvcin

C must  be  present at  a  concentration  of  500 
,uglml,

 This is well  in excess  of  the 6on-
centration  previously shown  te  ¢ oMplctely  inhibit cel] division during the  re-greening

of  glucose-bleached cells  of  entorella Protothecoides (4). Moreover,  since  at  this
highest concentration,  the mitomycln  C  solution  is slightly  coloured,  it is possible
that some  of  the observed  inhibitory effect  may  be attributed  to an  interference
with  the  availability  and  quality of  light. However, there  is no  doubt that  the
development of  a  photosy, nthetic  capacity  is thc aspect  of  recover}r  which  is most
sensitive  to mitomycin  C, with  ceil division as  the  least sensitive,

    None of  the  concentrations  of  5-bromouracil tested produced  any  marked

eflfk]ct on  any  aspect  of  recovery,  even  though  the  concentrations  used  are  vastly  in
excess  of  those which  have been previously shown  to  intcrfere with  the  DNA  metabol-

ism ef  various  microorganisrns  (14, J5),

Fig. 2. T?te pqPulation density (--e-), ahlorqt)hptll

content  {-N-) and  ca.bacit-y for Photosynthetic oveen

ei,olution (-A-) qf cuttztres  suijiected  to a  24 hr

Period of tight recover.v in lhe presence of t'ariou.;  cotz-

centrations  of' .51fluorottracit. The  results  are  ex-

presse[l as  a  percentage of  the centrel  values.

The  figures in bracket$ adjacent  to the triangles

denotc the  rate  of  photosyntheiic oxygen  evolu-

tion  per ing  ol' chlorophyll,  cxpressed  as  a

pcrcentage of  the  corresponding  control  value.
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7Vie efiZrct of 5:XZuorouracil uPon  
･recovez;p

    5-Fluorouracil (5Fu), an  analogue  of  uracil,  aflects  diflerent aspects  of  the

light recovery  of  
C`giant"

 cells  to difl}:rent extents  (Fig. 2). Thus, a  conc ¢ ntration

of  500 paglml completely  inhibits cell  division but has a  significantly  less drastic
eflle}ct upon  chlorophyll  synthesis  and  the  development  ofa  photesynthetic capaclty.
When  photosynthetic oxygen  production is expressed  as  a  function of  the chlorophyll
content,  the values  obtained  with  all concentratiens  of  5Fu are  consistently  higher
than  the controi  values  (Fig. 2). CIearly, the primary  eflbct  of5Fu,  as far as  photo-
synthesis  is concerned,  is upon  ch]orophyll  synthesis  rather  than  upen  the synthesis

of  photosynthetic enzymes.

    Fig. 3 shows  the eflbct  of  supplyi'ng  5Fu (500 ,ug/ml)
 to cultures  at  diflk]rent
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Fig. 3. The el7bct of spuorouracil C500 ptg/inl) stipPlied  at  dZff/erent stages  of the light recovewPeriod  tipon  cegl

division, chloropilyll  synthesis and  the dee/elopment afa Photesynthetie copacity.  The  development of  these three

aspects  of  the  recovery  process in control  cultures  is shown  by the  open  circles,  squares  and  triangles,

respectively.  The  tiine of  addition  ot' the  inhibitor is indicated by  the  arrows  and  the  closed  circles,

squares  and  triangles at  the  point of  each  arrow,  show  the  respective  values  after  a  24 hr exposure  to

the  inhibitor. The  control  corresponding  to each  treatment  can  be located by  pairing the  letters

(eg, A', 24 hr exposure  to 5-fiuorouracil staning  at  the  beginning ofthe  recovery  per'iod ; A, correspond-

ing untreated,  control  culture).
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stages  of  the  recovery  period. The  samples  were  taken  24 hr after  application  ofthe
analogue  and  various  aspects  of  recovery  compared  with  that  which  had  occurred

in corresponding  control  cultures.  Application of  5Fu  duTing the  first l5hr  oi'

recovery  strongly  suppresses  autospore  production. However,  lf treatrnent  with  the

analogue  is delayed until  after  the l5th hr ofrecevery,  the  level of  autospore

production is unaffected.  Chlorophyll synthesis  and  the  development  of  a  photo-
syntheticcapacity  are  both aflbcted  in a  similar  way  except  that, with  these

parameters, early  application  of  the analogue  was  slightly  less disruptive. Expressing

photosynthetic oxygen  production as  a  function of  chlorophyll  content  again

gave values  suggesting  that  the  major  efll:ct  of  the  analogue  on  phetosynthesis is
through  its eflect  en  chlorophyll  synthesis.  The  eflect  of  5P"u on  carotenoid

synthesis  fbllows the  same  pattern as  its efi'ect on  chlorophyll  synthesis.

    The  eflect  of  5Fu  on  recovery  could  not  be reversed  by the  simultaneous

application  efuracil,  even  when  the  uracil  was  supplied  at  a  concentration  exceeding

that  ofits  ana!ogue  by a  factor of  ten. This sugge$ts  that  the  disappearance of  the

suppressive  efllects  of  5Fu  when  applied  late in the recovery  period (after 15 hr),

probably cannot  be explained  by  assuming  that  uracil  (or its derivative) is formed
in the cells  as  this time  in suMcient!y  high conceRtrations  to alleviate  cempletely

the  eflt]cts of  5Fu  (5).

Changes in DiM4  andRIVL4  content  during the course  ofrecoverp,
    In 

"giantP

 cells, the optical  density value  corresponding  to DNA  is almost

identical with  that  corresponding  to RNA  (Fig. 4). This is quite difflerent from
the  situation  (not described fully in this paper) in s}rnchronous  autotrop,  hica]ly-grown
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Fig, 4･. C7ia,rges in tetal DIVA  <-[I]-) and  RALEt (-O･-) during a 24 hr Period of tight recovety.  The
closed  circles  (-e-) show  the RNA  levels after  a  -04hr period of  exposure  to ch]oramphenicol

(100 pagfml) supplied  at  the time  indicated by  the arrows.  The  figures adjacent  to the closed  circles

show  the RNA  levels of  the chloramphenico]-treated  eultures  as  a  percentage of  the corresponding

control  value,
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cultures  ",here,  during the  early  stages  of  the growth phase, the  RNA  value  exceeds

the DNA  value  by a  factor of  6 to 7. Comparison  of  the  values  corresponding  to

RNA  on  a cellular  basis shows  that  the  
`:giant''

 cells are  much  lower in RNA  than

the autospores  frorn which  they are  derivc}d. Clearly, the seven  day period ei'

het¢ rotrophic  growth  has been accompanied  by  a  significant  degradation of  RNA.

    During  the 24 hr peried of  recovery  fbllowing transfer  of  the 
"giant"

 cells  to

autotrophic  conditions,  there  is an  appreciable  increase in the absorbance  value

corresponding  to RNA,  whilst,  durin.cr the  same  period, the value  corresponding

to DNA  remains  virtually  constant  (Fig, 4). RNA  synthesis  during light recovery
takes place in two  distinct phases, an  carly  phase marked  by an  eight  to nine-fold

increase in absorbance  value  and  a  later phase coinciding  Nvith  autospore  production
Ccompare with  Fig, 3). It is interesting to note  that  by the eltd  of  the  initial burst
ofRNA  synthesis,  the ratio  ofR.NA,JDNA  has been restered  to a  value  (appreximatcly
7) which  is typical  ot- autetrophically-grown  ceils  in the early  stagcs  of  their growth
phase.

    Chloramphenicol, an  antibiotic  previously shown  to selectively  inhibit chloro-

plast.ic protein synthcsis  in our  system  (10), has a  markedly  inhibitory eflect  on  the

early  burst of  RNA  synthesis,  
'I'hus,

 if chloramphenicol  (at a  concentration  of

1Oe ,zaglml)  i$ added  during the  earl>r  stages  of- recovery,  the total RNA  production
is reduced  by  approximatcly  40 per cent  <Fig. 4), If addition  ef  the antibiotic  is
delayed until  the l2th to l5th hr of  recovery,  there  is almost  no  reduction  in the
level of  RNA  finally attained.  Clearly the  second  burst of  RNA  synthesis  which

coincides  with  autospore  production, is not  affected  by chioramphenicol.

Discussion

    In the re-greening  system  dcscribed in this  paper, the  production of  green,
phetosynthetically active  autospores  from the  

`Cbleached",
 

"giant",
 cells, takes

place without  any  increase in DNA.  Clearly, the  
"giant"

 ce}ls  contain  DNA  levels
adequate  for autospore  production and  it is hardly surprising,  therefbre, that  recovery

is relatively  insensitive to those  substances  knewn  to interfere viiith  DNA  replicatien.

In this respect,  our  systern  differs from  the  C. Protothecoides system  used  by Aeki ancl
Hase (4), where  a  cencentration  of  rnitomycin  C  (200 "g,Xml) which  is without  eflect

on  the  re-greening  of  glucose-bleached cells, nevertheless  suppresses  cell  division
completely,  

rlihis
 was  interpreted by  them  as  indicating that whilst  cell  division was

dependcnt  upon  the synthesis  ofnew  DNA,  greening was  controlled  by chloroplastic

DNA  which  was  already  present in the glucose-bleached ce]ls. In our  system,  all

aspccts  ofrecovery  appear  to be virtually  independent of  the  synthesis  ofnew  DNA.

    Under  heterotrophic conditions,  autosporc  production is obviously  held in
check  at  a step  subsequent  to DNA  replication  but which  is overcDme  when  the
``giant"

 ce]ls  are  returned  to autotrophic  conditions.  The  suppression  ofautospore

production by 5Fu  presumably refiects  an  eflect of  that  analogue  upon  RNA
metabolism.  It is interesting to note  that  if treatment  with  5Fu  is delayed until

after  the first 12 hr of  recovery,  its inhibitory eflt]ct on  cell  division completely

disappears. CIearly, some  preparatory steps  for cell  division, sensitive  te 5Fu,  take

place during the ear]y  hours of  expesure  to light. The  initiai burst of  RNA
syRthesis  whieh  occurs  during the first 6 hr of  recovery  is perhaps  an  important
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component  of  this preparatory phase. In the  greening of  dark-grown cells  of

Eztglena, 5Fu  has been  shown  to int'erfere specifically  with  riboseme  production
and  to be ineflective when  supplied  after  ribosome  production has been completed

(16). According  to ultrastruetural  evidence  previously published (8), the  first
6 hr period of  recovery  in our  system  is also  the time  efmost  rapid  ribosome  forma-
tien, particularly within  the  chloroplast,  Thc  sensitivity  to chloramphenicol  of

the early  burst of  RNA  synthesis  is a  further indication that  it may  have  a  significant

component  of  chloroplastic  origin  (perhaps as  ribosomal  RNA).

    When  5Fu  is supplied  at  the  start  ofthe  recovery  period, it aflects  cell  division
more  drastically than  it does chloroplast  development. Perhaps  some  of  the  RNA
associated  with  chloroplast  development  is already  partiaJly present at  the start  of

the recovery  period, presumably  represented  by the  rather  low  optical  densities
recorded  fbr this  fraction at  that  time.  When  the photosynthetic capaeity  of  5Fu-
treated  cultures  is expressed  as  a  function of  the  chlorophyll  concentration,  it is clear
that  thc  major  eflbct  of  the  analogue  is upon  chlorophyll  synthesis,  It has been
shown  that  in our  system  (10), as  in various  other  re-greening  systems  (17, IS),
chlorophyll  synthesis  is partially dependent upon  protein synthesis  centered  on  the

cytoplasmic  ribosomes.  This suggests  either  that  the  RNA  associated  with  the

synthesis  of  photosynthetic enzymes  is immune  to t)Fu  or,  more  probably, that  it is
already  partially present in the 

CCgiant''
 ceH  chloroplast  at  the start  ofrecovery.  The

Iatter interpretation would  certainly  be in ]in¢  with  results  based on  the  rc-greening

of  dark-grown c ¢ 11s of  Euglena (16) where  it has been suggested  that  while  the

ribosomal  RNA  essential  for cell  greening is ibrmed  during the first ] 9 hr of  exposure

to  light (and is therefbre  sensitive  to 5Fu), that  associated  with  the synthesis  of

cytochrome  552 is less sensitive  to 5Fu  and  is presumably  already  present before
re-greenmg  starts,

    In conclusion,  it can  be said  that  one  of  the most  interesting features of  our

re-greening  system  is that  it involves chloroplast  development and  cell  division but
without  any  net  DNA  synthesis.  Whilst there  are  other  re-grcening  systems,  such

as  that  using  
"eitolated"

 cells  of  C. Protothecoides (4), which  do not  involve DNA
synthesis,  they  diflbr from  ours  in that  they  are  non-dividing  systems.  This feature
of  our  recovery  system  allows  us  to explain  an  inhibition of  ce!1  division (as occurs
fo11owing early  application  of  5Fu)  as  seme  efll  ct  other  than  an  interference with

DNA  replication  (in the  case  of  5Fu, presumably  through  an  efllect on  ribosomal

RNA  synthesis).  The  evidence  presented here that  a  significant  proportion of

the  early  burst ofRNA  synthesis,  which  is clearly  essential  fbr autospore  production,
may  be asseciated  with  the  chloroplast,  could  perhaps be interprcted in terms  ofa

possible control  of  nuclear  division by the  chloreplast.  It must  be emphasized,

however,  that  in view  ef  the  possible non-specific  eflbcts  ofsuch  a  high concentration
of  chloramphenicol  (100 pg/ml) as  was  used  here, and  of  the known  immunit>, of

cell  division to lower concentrations  of  the  antibiotic  (10), thls  suggestion  can  be no

more  than  a  very  t¢ ntative  one  at  this stage.

   L.V.  Thinh  holds a  La  Trobe  Vniversity postgraduatc scholarship,
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