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Correlation of Photosynthetic Products of Symbiotic Chlorella

      with  the Mating Reactivity Rhythms  in a  Mutant Strain
                          of  Paramecium  bursaria
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Doparment  of BiotogJtL Ftaculty oi Science, lbarald University) Mito,lbaraki 310-85f2, Japan

ABSTRACT-Raramecium  bursaria shows  many  kjnds of circadian rhythms,  including a mating  reactivity

rhythm.  P. bursaria celIs normally  contain  several  hundred ChloreLLa in the cytoplasm  as  endosymbionts,  We
feund an  interesting mutant  strain (Ok2) from nature.  Chlore"a-contain green cells {Ok2) showed  a  normal

mating  reactivity rhythm  in aconstant  light condition  (LL) or constant  darkness (DD). However, Chlorella-free
white  cells (Ok2w) derived from Ok2  did not display a mating  reactivity rhythm  in LL, In DD, they showed  a

normal  mating  reactivity rhythm.  When  Ok2w  cells were  infected with  ChtoretLa isolated from green cells that

show  normal  mating  reactivity rhythms,  they exhibited a circadian mating  rhythm  in LL, The green Ok2 cells

reverted  to the non-reactjve  state  in LL by treatment with  the herbicide paraquat. Sugar components  in the
cytosol  of Ok2  and  Ok2w  were  analyzed  by HPLG, and  four kinds of sugars  were  identified in Ok2  cell$ of

day time. When  maltose  and  maltotriose  were  added  to Ok2w  ceil culture, the mating  reactivity rhythms

appeared  in white  cells in LL. These results  suggest  that the photosynthetic products of symbiotic  Chlorella
are  closely  related  to the expression of circadian rhythms  in a mutant  strain of P. buisaria.

INTRODUCTION

   Circadian rhythms  are  found in all levels of organisms,

including both eukaryotes  and  prokaryotes (Kondo et aL,

1993), as  basic adaptive  behavior to periodical changes  in

the global environment.  Circadian rhythms  are  controlled  by

one  or more  endogenous  oscillators, otten  called  the :`circa-

dian clock."  Circadian clock  mechanisms  have recently

been investigated in molecular  genetic studie$  (Gekakis
etat., t998; Rutila et al., 1998; Dunlap, 1998); however, the
essential  nature  ot the mechanisms  has not  yet been eluci-

dated.
   The unicellular  ciliate Paramecium butsaria is an  inter-
esting model  for the study of a coexisting system  in intracellu-
lar symbiosis. The  cells of P. bursaria collected  trom nature
normally  contain  seve  ral hundred cells of the green alga  Chto-
re"a  established  in the cytoplasm  as  endosymbionts  (Loefer,
1936). Chtorella-free white  cells can  be produced easily  from
natural green cells by rapid  growth in constant  darkness (DD).
Chlore"a can  be isolated from host cells and  re-infected  eas-

ily to ChloreILa-free white  cells. Cloning culture of endsymbiotic

algae isolated from P, bursatia was  already  accomplished

(Nishihara et aL, 1998). Since both green and  white  cells di$-

play many  kinds of circadian rhythms, including mating  reac-
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tivity and  photoaccumuiation rhythms  (Miwa et al., 1987;
Johnson etaL,  1989), they are  also  suitable  materials  to ana-
Iyze the cellular mechanisms  of biological rhythms.

   The  sexual  interaction of Paramecium,  cailed  mating  re-

action, occurs  upon  mixing  of cells of complementary  mating

types when  they are  in the stationary  phase and  are  sexually

mature  <Sonneborn, 1957; Hiwatashi, 1981). P. bursaria cells
exhibit high mating  reactMty  in the light period and  low reac-
tMty in the dark period when  they were  exposed  to a  lighV
dark cycle  (LD 12:12 hr). This rhythm  is endogenously  gener-
ated  and  continues  for several  days as  a  circadian  rhythm  in

constant light (LL) {Ehret, 1953; Miwa et aL, 1987). However,
ChioretLa-containing green cells of some  strains show  a nor-

mal  mating  reactivity rhythm  in LL but a low mating reactivity

in DD  (Tanaka and  Miwa, 1996).

   We  previously reported  that symbiotic  Chlorella forced

the Raramecium cells to lengthen the period and  to shift the

phase of photoaccumulation rhythms  in LL <MLwa et aL , 1996).
Furthermore, symbiotic  Chloreha rescued  the mating  reactiv-

ity rhythms  of arrhythmic  mutant  cells in LL but not  in DD

(Tanaka and  Miwa, 1996). In thi$ study,  we  found another

interesting mutant  strain (Ok2) from nature and  their mating
reactivityrhythmswerecharacterized.Chlorela-freewhitecel1$

(Ok2w) did not show  a mating  reactivity rhythm  in LL. When
Ok2w  cells were  infected with  ChioreLta isolated from green
cells that showed  normal  mating  reactivity rhythms,  they ex-
hibited a  circadian  mating  rhythm  in LL. We  discuss the rela-
tionship between photo$ynthetic products of symbiotic  Chlo-
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reila and  the expression  of circadian  rhythms  of Ok2w  cells in
LL,

MATERIALS  AND  METHODS

Strains and  Culture
  Two  strains of  Paramecium  butsaria (syngen 1) were  used  in

the experiments.  Strain Ok2 (mating type  111, collected  in Okazaki,

Japan) and  Sj2 (mating type 1, collected  in Shimane, Japan} contain
Chlorella symbionts  and  are  thus designated green, Chloretla-free
white  cells, Ok2w  and  Sj2w cells, were  induced from natural  green

cells of Ok2  and  Sj2, respectively, by rapid  growth in DD.

  AII strains were  cultured in a 1,25% fresh lettuce juice medium  in
K-DS  solution  (O.6 mM  KH2P04, 1 .4 mM  Na2HP04, 2 mM  NagC6HsOT,

1.5 mM  CaC12, pH 7,O}, that had been inoculated vvith Kiebsiella

pneumoniaeone  day before use  (Hiwatashi 1968). Cultures were  kept
at 250C under  a  light/dark cycle  {LD 12:t2 hr, 1,500 lux of cool-white
fluorescentlight),

Test of mating  reactivity

  The mating  reactivity  ot green Ok2 cells was  tested by mixing
them  with  white  

`ftestee'

 cells  of a  complementary  mating  type. When
the white  cells  (Ok2w) were  tested, green cells  were  used  as 

:ftesterf'
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Fig. 1 , Mating reactivity rh)tthms of strain Ok2. Mating reactMties  of green Ok2 cells and  ChloreiLa-free white ceHs  (Ok2w) were  tested in LL (A)
and  DD  (B) every  3 hr by mixing them  with 

`ftestee
 cells oi a  complementary  mating  type, Ok2 cells {e) showed  circadian mating  reactivity

rhythms  in LL and  DD, but Ok2w cells (O) showed  almost  no expression  of maling  reactMty  in LL, (C): When  Ok2w cells were  given a dark pulse
tor9 hr, they showed  one  cycle of mating  reactivity  rhythm.
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cells. Mating reactMty  in cell populations was  measured  every  3
hr as  follows: 1O cells were  placed in each  of  6 different wells  of  a

depressionglassplate,andabout1OOhighlyreactivetestercellswere
added  to each  well,  Atter 5 min, the percentage of  mating  reactive

cellsclumpingwithtesterceliswascountedunderabinocularmicro-

scope.

   To  prepare tester cells with high reactivity, four groups of green
and  white  cells  were  entrained  to four lighttdark cycles (LD 12:12 hr,
staggered  by 6 hr). Each greup of tester cells was  used  twice in the
mating  reactivity  tests conducted  at 3-hr consecutive  intervals, Since
each  group of tester ceils showed  high reactivity tor at least 6 hr in a
day, tester cells were  always  highly reactive in every  test,

Re-infection ot  Chlorella
   Chlore{la cells  were  prepared for re-infection  into Ok2w cells a$

follows. Green Sj2 cells  in a  1OO-ml culture were  concentrated  by low
speed  centrifugation.  One  ml  of cell suspension  was  put into a  micro

test tube and  then sonicated  with an  ultra-senicator  for 1 O sec, Chlo-
relta  cells were  collected  through a  15-pm opening  nylon  mesh  and

washedwithK-DSselution.About4 × 107Chlorelacellsimlweremixed
with  about  2× 103 lml of  Ok2w  cells.

Treatment with  an  innibiter

   Five pgtml of  the herbicide paraquat (1,1`-Dimethyl-4,4'-
bipyridinium; methyl  viologen) was  added  to the culture of green Ok2
cells to inhibit the photosynthetic activity  of  symbiotic  Chloretla. The

same  amount  of paraquat was  added  to the culture  of white  cells

(Sj2w) as  control.  The cells  treated with  paraquat were  tested for
mating  reactivity rhythms  over  a  period of about  60 hr in LL,

Sugaranalysis
   Homegenates  made  from Ok2 and  Ok2w cells by ultra-sonica-
tion were  analyzed  for their sugar  components,

   Each sample  was  centrifuged at 14,OOO rpm,  40C for 2Q min to
separatefree-Chloretlaandcellfragments.Thesupernatantwasdried

under  vacuum  at 40eC, and  then a dried powder was  dissolved in a
little uitra-pure  water,  Afler centrifugation again  at 1,4000  rpm,  40C

for 20 min, the extract wa$  separated  from nucleic acid, polysaccha-
rides  and  free-peptides by an  ultrafiltration. Finally, it was  lyophilized,

The lyophilized fractionation was  analyzed  forsugar components  by
HPLC  using an  amidosilica column.

Treatment  with  maltose

   To  investigate the effects  of  photosynthetic products of symbi-
otic Chiorella, cells  were  treated with  maltose  and  maltose-type  $ug-

ars, Ok2w  cells in a 20-ml culture were  added  O.5 ml of 1O'2 M  sugar

every  3 hr during 12 hr of  subjective  day phase (O-12, 24-36  and

48-60  hr) in LL, Sugar amount  is calculated  at 3 mM  final concentra-
tion after  60 hr. The same  amounts  of glucose were  also tested as
controls,  Treated cells  were  assayed  tor mating  reactivity  rhythms  in
LL
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Fig. 2. Effects of  infected Chlorella on  the expression  of  mating  reactjvity  of  Ok2w  cells  in LL. (A) Mating reactivity  rhythms  of  Ok2w  cells  (O)
and  OkwS  cells (e} intected with Chtorena isolated from Sj2. 0k2w  cells showed  almost  no expression  of mating  reactivity in LL. OkwS  cells

infected with  Chlorella showed  mating  reactivity  thythm in LL. {B) Mating reactivity  of Ok2w  cells  mixed  with  sonicated  Sj2w cells,  They  showed

no  mating  reactivity in LL.
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RESULTS

Characteristics of a  mutant  strain

   lt is generally thought that Chioreila-free white  cells

derived from natural  green cells show  a normal  mating  reac-

tjvity rhythm  in LL or DD  and  that Chlorela-containing green
cells of many  strains  also  show  a normal  mating  reactMty

rhythm  in LL but a  low mating  rea ¢ tMty  in DD. In the strain

Ok2 corrected from nature,  unusual  mating  reactivity rhythms

were  observed.  White Ok2 cells (Ok2w> showed  no  circadian

rhythm  of mating  reactivity in LL except tor the first cycie (Fig,
IA) and  green Ok2  cells  showed  a normai  mating  reactivity

rhythm  in DD  <Fig, IB). After the Ok2w  cells had  been  ex-

posed to a  dark pulse for 9 hours, they expressed  one  cycle

of mating  reactivity rhythm  (Fig. 1C).

Mating reactivity  rhythms  appeared  by infection with  Chlo-
re1la

   Ok2w cells were  infected with  Chiorella isolated from

natural  green cells (Sj2> that exhibited  a normal  rhythm  in LL

The cells that had become  green (OkwS cells) were  tested

for mating  reactivity every  3 hr, lt has been reported that a

period ot about  five days is needed  for infected Chtorella to

be established  as  endosymbionts  (Nishihara et aL, 1998}. How-
ever,  we  previously showed  that infected Chloretla affected
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Fig. 3. Effeets ot  a  photosynthesis inhibitor on  the expression  ot mating  reactivity  in Ok2. <A) Mating reactivity  of  Ok2  cells  (e) and  cells treated
with  5 pglml of  paraquat (0). Mating reactivity  of  the treated cells declined gradually and  finally disappeared, as was  seen  in Ok2w  cells. (B)
Mating reactivity  of Sj2w cells  that show  a  normal  mating  reactivity  rhythm  in LL treated with  paraquat. These cells showed  a normal  mating

reactivity  rhythm  in LL. Thus, paraquat itself has no  effect on  the expression  of mating  reactivity.

Table1. Sugar components  in the cytosols  of  Ok2  and  Ok2w  cells  analyzed  by HPLC.

Saccharide

Samples Glucose
      Tri- Tetra-

Maltose saccharide  saccharide

Green cells (Ok2 day cells)
Green cells  COk2 night  cells)

White cells  (Ok2w day cells)

+++ + + +
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Fig. 4. Mating reactivity rhythms  of Ok2w  cell$ treated with  sugars. To  20 ml cell suspensions  were  added  O,5 ml ot 1O'2 M  sugars  every  3  hr

during subjective day phases (O-12, 24-36 and  48-60 hr> in LL. The  lower  bar indicates subiective day and  night  phases that are  the  lighttdark

cycle given in previous to LL. Closed ci rcles (e) show  mating  reactivity rhythms  of Ok2w cells treated with  glucose (A), maltose  (B), maltotriose  (C)
and  maltotetraose  (D). Open circles (O) show  mating  reactivity  fh  ythms of  untreated  Ok2w  cells  as  controls.  Mattose and  maltotriose  induced a

mating  reactivity rhythm  in Ok2vv cells, Glucose and  maltotetraose  had no  effect$ on  the expression  of  mating  reactivity.
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the expression  of circadian  photoaccumulation rhythms  in P.

bursaria at three days after infection (Miwa etaL,  1996). More-

over,  the effects  of infected Chioretla on  expression of mating

reactivity rhythms  appeared  24 hr atter infection (Tanaka and

Miwa, 1996). Therefore, Ok2w  cells were  infected with  Chlo-
retla one  day before the beginning of measurements  in this
experiment,  On  the following day, the cells contained  many

Chlorella cells and  were  clearly designated green, and  they

were  assayed  for mating  reactivity rhythms.  It was  observed

that cells of Chlorella began  to propagate in the host cells

two days after infection. The  OkwS  cells expressed  a  circa-

dian rhythm  of mating  reactMty  in LL (Fig. 2A). To  exclude

the possibility that the expression  of mating  reaction  was

caused  by sonicated  cytoplasm  and  nuclei of donorcells {Sj2),
Ok2w  cells were  infected with  sonicated  white  cells (Sj2w),
As seen  in Fig. 2B, they did not  show  a  mating  reactivity rhythm

in LL. These results show  that the expression  of a  mating

reactivity rhythm  in the recipient  cells is caused  by infected
Chlorella,

lnhibition of photosynthetic activity  in symbiotic  Chlo-
re1la

   To  determine  whether  the photosynthetic activity of Chlo-

re"a is related  to the expression  of a mating  reactivity rhythm,

Ok2  cells were  treated with  paraquat. Their mating  reactivity

rhythms  disappeared in LL, as  was  the case  with  Ok2w  cells

(Fig. 3A). In a  previous study  (Miwa et aL, 1996), DCMU  was

used  to inhibit the effects of Chlorella on  the period length of

photoaccumulation rhythm.  However, it was  found that DCMU
was  toxic for expression  a  mating  reactivity  in P. bursaria.
Therefore paraquat was  used  in thi$ experiment.  Paraquat
forms free radical in plant cells and  destroys chloroplast. Thu$
it was  used  as  photosynthetic inhibitor in this experiment.  To
confirm  that paraquat has no  effects  on  the ability of mating
reaction  in P. butsaria, ChloreIta-free white  cells {Sj2w) that

showed  normal  mating  reactivity rhythm  in LL were  treated

with  paraquat. As  shown  in Fig. 3B, they showed  a  normal

mating  reactivity  rhythm  in LL. Paraquat, therefore, affects

only  the photosynthetic actMty  of symbiotic  Chioreila. These

results suggest  that the photo$ynthetic activity of symbiotic

Chlorella in Ok2  cells has relation to the expression  of mating

reactMty  rhythms  of Ok2w  cells in LL.

Sugar  analysis  in the cytosol

   lt is known that symbiotic  Chioretla affects the circadian

rhythms  in many  natural  strains and  mutant  strain {MCIw) in
LL  but not  in DD  {Miwa et aL,  1 996; Tanaka  and  Miwa, 1 996).

This fact suggest$  that the photosynthesis ot symbiotic Chio-
rella is related  to the expression  of circadian  rhythms, To clarify

that symbiotic  Chlorella cells release  photosynthetic products
in the cytoplasm  of Ok2  cells, sugar  components  in the cyto-
sol were  analyzed  by HPLC, For the analysis,  the following
three kinds of samples  were  prepared: 1) Ok2 cells in light

phase (day ceHs),  2) Ok2  cells in dark phase (night cells), 3)

Ok2w cells  in 1ight phase (day cells}. The results are  shown  in

Table 1 . Glucose, maltose, and  unidentified tri-saccharide and

tetra-saccharide were  detected in the cytosol  of Ok2 day cells,
while  only  glucose was  detected in Ok2  night  cells and  Ok2w

day cells. These results suggest  that symbiotic  Chtorella cells

release  maltose  in Ok2 cells according  to the LD cycle. Uni-

dentified tri-saccharide and  tetra-saccharide were  thought
to be maltose-type  $ugars,  maltotriose  and  maltotetraose,

respectively.  These sugars  were  also  released  in Owa  cells in
the light phase,

Effects of maltose  on  the expression  ot  mating  reactivity

rhythm

   The  effects  of  sugar  components  in Ok2  cells on  the ex-

pression ot mating  reactMty  rhythms  were  investigated, Glu-
cose,  maltose,  maltotriose  and  maltotetraose  were  added  to
a culture  medium  of Ok2w  cells every  3 hr during the subjec-
tive day phases (O-12, 24-36,  and  48-60 hr), and  their mat-

ing reactivity  rhythms  were  as$ayed  in LL. The results are

shown  in Fig, 4, Mating reactMty  rhythms  of Ok2w cells were

induced by the supply  ot both maltose and  maltotriose in LL,
However, the other  sugar$,  gluco$e and  maltotetraose,  had

no  effects on  the induction of mating  reactivity in Ok2w. Thus,
the secretion  of maltose  and  maltotriose  from symbjotic  Chlo-
rella has close  connection  with  the expression  of circadian

rhythms  in Ok2w  cells.

DISCUSStON

   P. bursaria shows  many  kinds of circadian  rhythms,  in-

cluding mating  reactivity and  photoaccumulation (Miwa etaL,
1 987; Johnson et al., 1 989). In this study,  we  showed  the cor-

relation of photosynthetic products of symbiotic  Chtoreila,

maltose and  maltose-type sugar, with the expression of mat-
ing reactivity  rhythms  in a mutant  strain (Ok2) of  P. bursaria.

   Ok2  is an  interesting natural  strain, Chloreila-containing
Ok2  cells showed  a normal  mating  reactivity rhythm  in LL or

in DD. Chlorella-free Ok2w  cells displayed normal  mating

reactivity rhythms  in DD  but they did not show  mating  reactiv-

ity in LL. This fact indicates that Ok2w  cells  have  a  normal

circadian  oscillator and  that it shows  ordinary  functions irre-

spective  of the presence of symbiotic  ChtoreLLa, A continuous

light condition  may  inhibit the output  route  from a  circadian

oscillator to the expression  of mating  reactivity rhythms.  On
the other  hand, Ok2w  cells displayed a normal  mating  reac-

tivity rhythm  in LL after infection of Chlorella. Thus, it was

suggested  that infected Chlorella could  affect the output  pro-
cess  in the circadian  system$  of Ok2w  cells. Ok2w  cells could

besuitablematerialsforinvestigatingtheoutputsystemsfrom

acircadian oscillator. Nishihara etaL  (1 998) reported  a  method

for establishing cloned  culture of algae from heterogeneous

symbiotic  algae  in P. bursaria cells, and  they did their infec-
tion experiments  using  cloned  symbiotic  algae.  In the present
study,  we  used  uncloned  Chiore"a forthe re-infection  experi-

ments.  It is important to investigate whether  cloned  symbietic

Chiorella induce a  mating  reactivity rhythm  in Ok2w  cells in
LL.

   1n our previous paper, we  reported that green cells of two
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strains (T316 and  Sj2) showed  low or ne  mating  reactMty  in

DD  <Tanaka and  Miwa, 1996), lt was  thought that these
results were  due to the digestion of endosymbiotic  Chlorelta
in DD, ln the present study,  however, Owa  ceHs  displayed nor-
mal  mating  reactMty  rhythms  in DD. It is possible that the
interaction between host cells and  symbiotic  Chlorela varies
according  to the strain. When  the mating  reactivity rhythm  of

Ok2 cells was  observed  after 60 hr in DD, their mating  reac-

tivity became  to low graduaily. It would  be interesting to clarify
the transition of density of symbiotic  ChloreLLa of Ok2 in DD.

   When  Ok2  cells were  treated with  paraquat, their mating
reactivity disappeared in LL. It has been reported  that $ymbi-

otic Chlore"a was  destroyed and  that green cells changed
into Chlorella-free white  cells when  green cells were  treated

with  paraquat for a  period ot 4-1O days (Hosoya et al., 1 995).
However, in the present study, Ok2 cells treated with  pa raquat

remained  green during the period of measurement  of mating

reactivity (about 60 hr>. Furthermore, paraquat itself had no

effect on  the expression  of mating  reactivity in Chlore"a-free
white  cells (Sj2w). It is thought that the disappearance of

mating  reactivity in Ok2 cells is caused  by interruption of the
supply of photosynthetic products from  symbiotic Chloreha.

   It has been reported  that symbiotic  Chiorella cells pro-
vjde  their photosynthetic product$, maltose,  to the host cells
as  living energy  (Weis, 1979, 1980). We  analyzed  the sugar

components  in the cytosol  of Oxa  and  Owaw  cells by HPLC,

and  we  found maltose  and  maltose-type  sugar$  in Ok2 day
cells. These sugars  were  not  detected in the cytosoi  ot Ok2
night  cells and  Oxaw  day cells, When  the Ok2w  cells were

exposed  to malto$e  or  maltotriose,  they showed  mating  reac-

tivity rhythms  in LL, However, glucose and  maltotetraose  had
no  effect on  the expression  of mating  reactivity rhythms.  These
results  are possibly due to the recognition  range  of sugar

receptors in P. bursaria. It is generally thought that the sugar
receptor  (lectin) on  cell-surface  recognizes  disaccharide and

trisaccharide but that it is difficult for the receptor  to recognize
monosaccharide,  tetrasaccharide. 1n the present study,  since

Ok2w  cells induced mating  reactMty  after intection of Chlo-
rella in LL, it is considered  that the cells also have  a  sugar

receptor  like a  lectjn in cytopla$m. It is interesting to make

sure  the receptor  of sugars  in P. bursaria cells,

   The circadian  system  jn higher organisms  may  involve
several  oscillators, as  a hierarchical combination  of a master

andslaveoscillators,orascoupledcircadianoscillators,each

of which  drives different rhythms (Plttendrigh, 1981), Further-
more,  it has been repo  rted that the unicellular alga  Gonya ulax

potyedlra has two oscillators (Roenneberg and  Morse, 1 993),
Analysis of the effects of intracellular interaction between  P.
bursaria and  their symbiotic  ChtoretLa on  the expression  of

circadian  rhythms  is valuable  as  a model  for the coupling  sys-

tem  of plural oscillators  in higher organisms.  In a  previous
paper  (Tanaka and  Miwa, 1996), we  proposed  that symbiotic
Chlorella might  regulate  the mating  reactivity rhythms  via

mitochondria  in P, bursaria, On  the basis of  the results  of the

present study,  we  propose another  hypothesis that maltose
and  maltotriose  released  from symbiotic  Chlorella might  be a

trigger to express  a mating  reactivity rhythm  in Ok2w  cells.

However, we  have no  evidence  how  the sugar  signal  is rec-

ognized  in Ok2w  cells. Further experiments  are  needed  to
cleartheprocessofintracel1u1arsignaltransductionofsugars

in P.bursaria cells.
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