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   The  re-addition  of  phosphate  to tobacco BY-2  cells

deprived of phosphate  for 3d  induced cells  to semi-syn-

chronously  re-enter  the cell  cycle  from a  static  state.

Though  the addition  of auxin  to auxin-starved  tobacco

BY-2 cells also induced cell diyision (Ishida et  al.  1993),

some  major  differeilces were  observed  between these two
systems.  BY-2  cells lost the ability to re-enter  the cell cycle

after prolonged periods of  auxin  depriyation, but in con-

trast retained  this ability after longer periods in the absence
of  phosphate. By  differential cDNA  screening  we  identMed
a  phosphate-induced gene phi-1. phi-1 was  rapidly  in-
duced  by  the addition  of  phosphate with  transeript levels

starting to decrease by the start of  DNA  synthesis.  phi-I
does not  share  any  significant homology with  any  gene with

known  functions oyer  its fu]1 length. However, the N-ter-
minus  shared  some  homology  with  plasma  membrane

ATPases  suggesting  that it may  be inyolved in some  process
of  phosphorylation. Immunolocalization  of the phi-1

gene product revealed  that  it rapidly  accumulated  in the
cytoplasm  prior to the start  of  plastid and  nuclear  DNA
synthesis.  These resutts  are  discussed in relatioil  to the role

of phosphate  in inducing plant cell  division.
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   Phosphate is a major  plant nutrient  required  for the

biosynthesis of  macromolecules,  such  as  nucleic  acids  and

phospholipids. In fungi, phosphate  utilization  by the PHO
system  has been well  characterized,  In this system,  acid  and

alkaline  phosphatase  activities are repressed  at high phos-
phate concentrations  and  induced upon  depletion of
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phosphate  in the culture  media  (Oshima 1991). In contrast,
however,  phosphate  utilization by higher organisms  is
poorly understood.  The  presence of  high and  low aMnity
systems  for phosphate  uptake  in cultured  plant cells has

been  shown  by kinetic studies  (Furihata et al. 1992,

Schachtman  et  al.  1998). However,  the  fate of  phosphate
taken up  into these  cells  has not  been  examined  in detail.

Several genes up-regulated  under  phosphate-limiting con-
ditions have been identified. Acid  phosphatases  induced
underphosphate-lirnitingconditions,weresecretedintothe

soil to facilitate the remobilization  of  phosphate  (Goldstein
et al. 1988). RNases have also  been reported  to play a  role

under  phosphate-limiting conditions  (Bariola et al, 1994),
Phosphate  transporters  have been identified in Arabi-
dQpsis thaliana  roots  cultured  under  phosphate-limiting
conditions  (Muchhal et  al, 1996, Smith  et  al. 1997). The

over-expression  of  these  phosphate  transporter  genes in
tobacco BY-2  cells resulted  in increased phosphate  uptake

and  a  subsequent  increase in growth  rate  (Mitsukawa et al.

1997). Phosphate is a  limiting factor for the growth  of

Catharanthus roseus  cells in culture,  The  re-addition  of

phosphate  to the medium  induced cell division in these  cells

(Amino et al, 1983). A  correlation  was  found between the
phosphate  concentration  at  the  start of  culture  and  the
number  of  cells  attained  at  the  stationary  phase,

   The growth, eell  biology and  biochemistry of  tobacco
BY-2  cells have been more  extensively  studied  than  in any

other  established  plant cell  Iine, In addition,  the  BY-2  cell

cycle  can  be synchronized  to a  high level using  the  ehemi-

cal  inhibitors aphidicolin  and  propyzamide,  making  it

particularly suitable  for cell cycle studies  (Nagata et  al.

1992). The  affect  of  withdrawing  and  subsequently  re-add-

ing auxin  to tobacco  BY-2  cell division has been previous-
ly described (Ishida et al, 1993). The removal  of  auxin

resulted  in cells arrested  in static  state  and  the subse-

quent re-addition  of  auxin  resulted  in a  semi-synchro-

nous  re-entry  of  cells back into the cycle.  An  auxin-re-

sponsive  gene, arct4,  up-regulated  upon  the re-addition  of

auxin  has been isolated (Ishida et al, 1993).
   The consumption  of  phosphate  by BY-2  cells from the
culture  medium  is exceptionally  rapid  compared  to other

major  inorganic constituents  and  sucrose  (Kato et  al.

1977). However,  little is known  about  the  role  of  phos-
phate in the  proliferation  of  tobaeco  BY-2  cells  at  either the
cellular  or  molecular  level. In this study,  we  show  that the

addition  of  phosphate  to phosphate-starved cells  induced
them  to semi-synchronously  re-enteT  the cell cycle, We
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2 Phosphate as cell division factor for plant cells

also  identified a  gene, phi-1, which  was  rapidly  induced by

the  addition  of  phosphate  to phosphate-starved cells.

These  results  are  discussed in terms of  resolving  the  rela-

tionship between phosphate availability and  plant cell

division.

Materials and  Methods

   Plant materials  and  culture  conditions-Tobacco  BY-2  cells

(Nicotiana tabacum L, cv, Bright Yellow  2) were  maintained  by

weekly  subculture  in modified  Linsmaier and  Skoog medium

(1965), as  described (Nagata et al. 1992).

   Phosphate-starvation  was  attained  by incubating 10 ml  aliq-

uots  of  8 d-old cell  suspension  in phosphate-free medium  for 3 d.
Subsequently, concentrated  KH?P04  (100 mg  ml-t, pH  5,8) was

added  to the culture  medium  to give a  final eoncentration  of  370

mg  liter'i, while  control  cells  were  continually  cultured  in the

phosphate-free  medium,

   Auxin starvation  and  re-addition  was  carried  out  as  de-
scribed  by Ishida et al. (1993). In brief, 10 ml  of  8 d-old cell sus-

pension was  washed  with  10-volumes of  culture  medium  with-

out  2,4-D and  incubated in medium  without  2,4-D fer 3d,
Subsequently, 2,4-D was  re-added  to  the  culture  medium  to give a
final concentration  of O.2 mg  liter i,

   Synchronization of  tobacco  BY-2 cells was  carried out  as

described by Nagata et al. (1992). In brief, 7 d-old cell suspen-
sion  was  transferred to fresh medium  containing  5ug  ml-i  of

aphidicolin (Sigma Chemical  Co., St, Louis, U,S,A.) and  incu-
bated  for 24 h. After washed  with  fresh meclium,  cell synchrony

starting  from  S phase  was  obtained.

   Determining DAL4  synthesis and  celt  division of the Br2
cetls-Cell  division percentages  were  determined  by counting  MI

after  staining  the cells with  4',6-diamidino-2-phenylindole  (DAPI)
and  viewing  under  a  fiuoreseence microscope  (BH-2, Olympus
Optical Co., Tokye, Japan), as  deseribed in Yasuda et al. (1988).
   DNA  synthesis  was  detected after  the incorporating of  5-
bremo-2'-deoxyuridine (BrdU) into eells for 30min  using  a  Cell
Proliferation Kit, RPN20  (Amersham, Buckinghamshire, U.K.),
by staining the cells with  an  antibody  against  BrdU  (Amersham)
under  fiuorescence microscopy  (Miyake et al, 1997). After incer-

porating BrdU, cells were  fixecl with  3.7%  formaldehyde  in
PMEG  buffer (50mM PIPES, 2mM  MgS04,  5 mM  EGTA  and

2%  glycerol, pH  6.8) for overnight  at 40C, After fixation, cells

were  digested in an  enzyme  selution  [1% Cellulase Onozuka  RS

(Yakult Honsha  Co., Tokyo,  Japan), O.1%  Pectolyase Y-23 (Sei-
shin  Co,,  Tokyo,  Japan)  and  O,4 M  mannitol  in PMEG  buffer] for
5min  and  then  incubated with  1%  Nonidet P-40 (Sigma) in

phesphate-buffered  saline  (PBS) (20 mM  Na-phosphate and  150
mM  NaCl,  pH  7.0)] for 15 min.  After treatment  with  a  blocking
solution  (O.1 mM  glycine and  l%  bovine serum  albumin in PBS)
for 10 min,  cells were  incubated with  an  anti-BrdU  monoclonal

antibody  (Amersham) for 1 h, according  to  the manufacture's

pretocol, After washing  with  PBS,  cells  were  incubated  with  a

fluorescein isothiocyanate (FITC)-cenjugated sheep  anti-mouse

IgG  antibody  (Sigma) for 30 rnin.  The  cells  in which  all the cell

nucleus  was  stained  were  scored  as  S phase  cells.

   isolation of RNt4-Cells were  harvested by  eentrifugation

(1,OOO× g for 1 min)  and  frozen in liquid nitrogen.  Cell pellets

were  greund  to a  fine powder with  a  pestle and  a  mortar,  which

was  suspended  in a denaturing solution (4M guanidium thio-
cyanate,  100  mM  Tris, O.5%  Sarcosyl and  l40 mM  2-mercapto-
ethanol,  pH7.0)  and  mixed.  Total RNAs  were  extracted  with

phenol-chloroform-isoamylalchol  (25 : 24 : 1) and  ethanol  precip-
itated. Poly(A) F RNAs  were  prepared  using  Oligo(dT) Cellulose
columns  according  to  the manufacture's  protocol  (Life Technol-
ogies,  Gaitherburg,  U.S.A.).

   DtObrential  ptaque hybridization-Deuble  stranded  cDNAs

were  synthesized  from poly(A)-  RNA  isolated from cells cul-

tured for 2h  after  the re-addition  of phosphate  using  a  cDNA

synthesis  kit aceording  to the manufacture's  protocol (Amer-
sham).  A  cDNA  library was  then  constructed  in the Agt10 vector

(Amersham). Differential screening  of  this cDNA  library was

carried  out  on  Nylon membranes  (Biodyne B, Pall BioSupport,
East Hills, U.S.A.), which  were  hybridized with  

32P-labeled

cDNA  probes prepared from poly<A)' RNA  isolated frem cells
cultured  for 2h  in the presence  or  absence  of  phosphate. Puta-
tive clenes  were  subcloned  into pUC18  vector  and  sequenced  with

the Thermo  Sequenase fluorescent labeled primer  cycle  sequencing

kit with  7-deaza-dGTP accerding  to the  manufacture's  protocol

(Amersham).
   RALtl gel blot analysis-Total  RNAs  were  separated  on  O.8%

formaldehyde-agarose  gels, blotted on  to Biodyne  B  membranes

and  hybridized to 32P-labeled  cDNA  probes in 6 ×  SSC  alld O.1%

SDS  at  650C for 16 h, Membranes  were  washed  for 30 min  three
times with  2 × SSC  and  O,1%  SDS  at  65eC and  exposed  to an  X-
ray  film (X-OMAT, Kodak, Rochester, U.S.A.).

   Apteparation ofpolyctonal antibodies-The  phi-i cDNA  was

subcloned  into the pET30  vector  (Noyagen Inc., Madison,
U.S.A.), Te  do this, an  EcoRI site was  created  at  position ef  388
by PCR  using  the primer: 5'-GGGAATTCCTTTCACTCTAT-
TTGGGC-3'  and  a  Sall site was  created  at  positien 1074 using
the primer:5LGGGTCGACATTCACTACACTAGATTA-3'.  The

resulting  700  bp  PCR  product was  ligated into the  pET30  vector

and  the protein  was  expressed  in E. coli  strain  BL21  (DE3). The
protein was  purified with  an  Ni-NTA-agarose  column  (Qiagen,
Hilden, Germany)  and  injected into a  mouse  to produce  anti-

phi-1 antiserum.

   AMnity-purifieation  of  antiserum  was  carried  out  according

to the method  described in Olmsted et al, (1981) with  some  mod-

ifications. The purified phi-1 protein described above  was  sepa-

rated  on  10%  polyacrylamide  gel and  it was  transferred to a

PVDF  membrane,  The  transferred portion  of the protein was  eut

out  and  incubated with  anti-phi-1  antiserum  for 30 min  at 30"C,
After  washed  with  PBS  containing  O.5%  Tween-20 for S min  five
times, the antibody  was  eluted  by incubating with  O.2M  giycine
buffer (pH 2.6) for 2 min,  The  purified antibody  was  used  after

neutralization  with  2 M  Tris-HCI  (pH 8,O).
   Ihimunoblotting  and  immunolocalization-Cells were  har-
vested  by centrifugation,  frozen by liquid nitrogen  and  homoge-
nized  to a  fine powder  with  a pestle and  a  mortar.  This powder
was  suspended  in SOmM  Tris-HCI buffer (pH7,O) containing

10%  glycerol and  2%  SDS, mixed  and  centrifuged  for 10min  at

10,Oooxg.  The  resulting  supematant  was  considered  to be the
vvhole  protein extract,  The  whole  protein extract  was  separated  on

10%  polyacrylamicle gel and  transferred to a PVDF  membrane

(Pall BioSupport).  The  blotted membrane  was  blocked with  5%
skim  milk  and  washed  with  Tris-bufferd-saline. After  incubated

with  the  afinity-purified  anti-phi-1  antibody  for overnight  fol-
lowed  by alkaline  phosphatase-conjugated  anti-mouse  antibody

(Tago Inc,, Burlingame,  U.S.A.) for 1 h, phi-1 protein was  de-
tected using  an  alkaline  phosphatase substrate  kit (Vector Labo-
ratories  Inc., Burlingame,  U,S.A.).

   To  examine  the localization of  the phi-1 protein, cells

were  pretreated with  250 "M  m-maleimidobenzoyl-NLhydroxysuc-

cimide  ester  (MBS) (Pierce Chernical Co,, Rockford,  U.S.A.)  in
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PMEG  buffer prior to fixation for 30min. After treatment  with

the enzyme  selutien  to degrade the  cell walls,  Noniclet P-40  and

the bloeking solutien  as  described above,  cells were  incubated
with  the aMnity-purified  anti-phi-1  antibody  for 1 h followed by
FITC-conjugated sheep  anti-mouse  IgG antibody  (Sigma) for 30
min.

Results

   Phosphate re-addition  to phosphate-starved tobacco

BYL2 cells induces cell division-When 8 d-old stationary
BY-2 cells were  transferred to phosphate-free medium,  an

increase of  MI  (4.8±O.7%) was  observed  1 d after trans-
fer, By  3 d after  transfer,  however,  the  MI  was  almost  O%.

Microscopic observation  of  3 d-old cells  revealed  that  they

were  in a  static  state.  At  this stage,  a  percentage of  cells

(8.9± O.9%)  were  binucleate suggesting  that phosphate
starvation  caused  aberrant  cell plate formation. Thus, it
took  3 d of  culture  in phosphate-free medium  for tobacco

BY-2  cells  to become  static  state.

   After the re-addition  of  phosphate  to phosphate-
starved  BY-2  cells changes  in MI  were  followed by staining
the cells with  DAPI  and  viewing  them  under  fluorescence
microscopy.  As shown  in Fig. 1, MI  began to increase 12h
after  the  addition  of  phosphate, reaching  a  maximum  of

26.0± 1.5%  at  16h.  To  determine at  what  stage  cells were

in the  cell  cycle  under  phosphate-limiting conditions,  DNA

synthesis  was  examined  by  measuring  the incorporation of

BrdU  into nuclei, which  was  assessed  by staining  with  an

antibody  against  BrdU  and  viewed  under  fluorescence mi-

croscopy,  Four  hours after  the  addition  of  phosphate, S-

phase  cells  began to be observed  reaching  a  maximum  of

18,3% 8h after the addition  of  phosphate (Fig. 1), This

result showed  that the addition  of  phosphate  to the phos-
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Fig. 1 After the addition  of  phosphate  to phosphate-starved
cells,  MI  (---) was  determined by fluorescence microscopy  after

staining  with  DAPI  and  the percentages of  S phase  cells (-<>-) were

calculated  after  incorporation  of  BrdU  into nuclei  was  assessed

under  fiuorescence microscopy  by  staining  with  anti-BrdU  anti-

body.

phate-starved cells  resulted  in cells  re-entering  the  cell  cycle

from  static  state  and  semi-synchronously  progressing
through  S-phase into mitosis,

   Comparison ofphosphate-starved cells  with  auxin-

starved  cells-We  have preyiously shown  that the addition

of  auxin  to auxin-starved  BY-2  cells induced a  semi-

synchronous  cell division (Ishida et al. 1993), In this

case,  DNA  synthesis  also  preceded mitosis  (Nagata et  al.

1998). Thus, like the addition  of  phosphate  to phosphate-
starved  cells, the addition  of  auxin  to auxin-starved  BY-2
cells caused  to progress through  the cell cycle  from static

state to mitosis.  Although both these semi-synchronous  cell

division systems  are  similar,  we  went  to characterize  the

diffbrences between  the  two.

   When  phosphate  was  added  to  the  phosphate-
starved  eells  cultured  in phosphate-free medium  for 3 d, we

could  see the semi-synchronous  cell  division. When  the

phosphate-starvation was  prolonged  for up  to 13d, a

semi-synchronous  cell  division upon  the re-addition  of

phosphate  was  still observed  (Fig. 2). However,  the start of
mitosis  was  delayed. When  the phosphate-starvation was

prolonged for 20 d, though  MI  increased to 4%,  no  ap-

parent semi-synchronous  cell division was  observed.  In
contrast,  when  auxin-starvation  was  prolonged for more
than 4d,  the re-addition  of  auxin  did not  recover  the in-
crease  of  MI  and  under  this condition,  the cells became
deteriorated. Therefore, periods of  auxin-deprivation  lon-

ger than  4d  was  detrimental to cells,

   To  examine  the morphological  differences between the
phosphate  and  auxin-starved  eells, cells were  stained  with

DAPI  and  viewed  under  fiuorescence microscopy  (Fig. 3).
In phosphate-starved cells,  although  50 to 60 plastids could

be observed  in a cell,  the fluorescence intensity of  the

plastid nucleoids  was  very  weak,  indicating a  low amount
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Fig. 2 Effect of  different phosphate-starvation periods  on  the
change  in MIs  after  the addition  ofphosphate,  After 8 d-old BY-2
cells were  transferrecl to the  culture  medium  without  phosphate
for3d  (-e-),7d (-O-), 13 cl (-A-) and  20  d  (-O-), phosphate  was

added  to the  culture  medium  and  the  changes  in MIs  were

followed after  staining  with DAPI,
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4 Phosphate as  cell diyision factor for plant cells

Fig. 3 Morphology of  tobacco  BY-2 cells under  different conditions.  Cells were  observed  under  fluorescenee microscopy  after  staining

with  DAPI.  (A) Phosphate-starved cells. (B) Cells 4h  after  the addition  of  phosphate, (C) Cells 10h after  the addition  of  phos-
phate. (D) Auxin-starved  cells. The scale  bar represents  10"tn,

of  plastid DNA  (Fig. 3A), However, 4 h after the addition
of  phosphate, an  increase in the fluorescence intensity of

the plastid nucleoids  was  observed  around  the  nuclei

(Fig.3B), and  by 10h, plastids with  high fluorescence in-
tensities were  also  observed  in the cytoplasmic  strands

(Fig. 3C). In contrast,  the fiuorescence intensity of  plastid
nucleoids  in auxin-starved  cells was  strong  not  only  around

the nuclei, but also  in the  cytoplasrnic  strands  and  the size
of  plastids was  larger than in phosphate-starved cells

(Fig. 3D). Therefore, although  both phosphate  and  auxin-

starved  cells  were  in static  state,  differences between the
physiological states  of  phosphate and  auxin-starved  cells

were  conspicuous  at the subcellular  level.

   lsolation ofphosphate-induced genes-To  examine

the early  molecular  changes  induced by the addition  of

phosphate  to phosphate-starved BY-2 cells,  we  searched

for phosphate-induced genes by differential cDNA  screen-

ing.

   A  cDNA  library was  constructed  from mRNA  isolat-

ed from BY-2  cells 2h  after the re-addition  of  phos-
phate. This library was  hybridized with  cDNA  probes pre-
pared from  phosphate-starved cells cultured  for 2 h with  or

without  phosphate. Ninety cDNA  clones  were  isolated that

hybridized preferentially with  the cDNA  probes from cells
cultured  with  phosphate. After further characterization  by
repeated  Northern hybridization, one  cDNA  clone  was

isolated that unambiguously  hybridized to RNA  from cells

cultured  with  phosphate. Sequeneing of  this cDNA  clone
revealed  that  it was  1, 166 bp in length with  a putative open

reading  frame (ORF) 942bp in length, encoding  a  pro-
tein 314 amino  acids  long with  a molecular  rnass  of 34 kDa.
   The  gene encoding  this cDNA  was  named  phos-
phate-induced gene (phD-1. The predicted full length phi-1
protein showed  no  significant homology with  anything  in
the databases, indicating that phi-1 may  belofig to a  novel

class of  proteins. However, the N-terminal region  has some
homology  with plasrna membrane  H'-ATPases of  fungi
and  plants (Fig. 4). The  Lys-Gly-Ala  sequence  at position
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Fig. 4 Comparison  of  the deduced amino  acid  sequence  of  the N-terminal region  of phi-1 gene product with  the p!asma membrane

H'-ATPases  of N, crassa (Harger et al. 1986), S. cerevisiae  (Serrano et al. 1986), S,pombe  (Ghislain et al, 1987), Arabidopsis  <Harper
et al, 1989) and  tobacco  (Nlcotiana plumbagintfolia)  (Perez et  al,

residue is indicated by an  asterisk.

1992), Dots represent identicai amino  acids, The conserved  lysine

of  42 to 44 of  the phi-1 gene  product was  conserved  among

the reported  plasma membrane  H+-ATPases  and  the con-

served  lysine residue  at position 42 in the phi-1 gene prod-

uct is suggested  to be the ATP-binding residue  of  these

plasma membrane  H+-ATPases  (Farley et al. 1984),

   Mode  of expression of phi-1 gene-RNA  gel blot
analysis  revealed  that phi-1 expression  could  be detected 20
rnin  after the addition  of  phosphate, continuing  to increase

until  2 h. Six hours after the addition  of  phosphate, when

DNA  synthesis  was  increasing (Fig.1), phi-1 expression

started to decrease (Fig. 5).

   To  examine  whetherphi-1  expression  is dependent on
cell cycle, RNAs  were  prepared from cells  synchronized  by
aphidicolin  treatment. Although removal  of aphidicolin

resulted  in synchronous  progression of  cell cycle  in BY-
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               E =

+Pi  e9ggr  pt  st to

phi-f

/

ee ew.'

EFIct
.ee

Fig. 5 Time  course ofphi-1  gene expression  after  the addition  of

phosphate, After the  addition  of  phosphate to phosphate-
starved  BY-2  cells, RNAs  were  isolated from cells cultured for O,
10, 20 and  30 min  and  1, 2, 4 and  6 h. Total RNA  (20 "g  per lane)
was  separated on  O,8%  formaldehyde-agarose gels, transferred to
a  Nylon membrane  and  hybridized with  radiolabeled phi-l and

EF1a  (Kumagai et  al. 1995) cDNA  probes. EF1a cDNA  probe was

used  as  a  contro!.

2 cells starting  from S phase, phi-1 expression  was  not

significantly  changed  through the cell cycle  progression

(Fig.6),
   To  determine the relationship  between the phos-
phate-induced genephi-1 and  the  auxin-induced  gene arct4.

phi-1 expression  was  examined  in auxin-starved  cells  and

aratl expression  in phosphate-starved cells (Fig, 7). phi-1
expression  was  detected ar similar  levels in both  auxin-

starved  cells  and  in cells after auxin  re-addition  (Fig. 7A)

and  arcttl expression  was  also  detected in both  phos-

phate-starved cells  and  cells after phosphate re-addition

(Fig. 7B). When  cells  were  deprived of  both phosphate  and

auxin,  after the addition  of  phosphate  and  auxin,  the start

of  cell division was  observed  at  21 h, reaching  a peak MI  of

11.9± 1.4%  at 25h  . Though the start of  mitosis  was

delayed compared  to a single starvation,  phi-1 was  in-

duced at least 2 h after the addition  of  phosphate and  au-

xin,  and  arcA  was  induced  4h  (Fig. 8), which  was  the same

expression  pattern in auxin-starved  condition.

    Accumulation and  intracellular localization of the

phi-7

EFI ct

 Time  after  aphidicolin removai  (h)
O 2 4 6 8 GO l2 14 16

Fig. 6 phi-1 gene expression  in synchronized  cells. After
tobacco  BY-2  eells were  synchronized  by aphidicolin  treatment,

cells were  collected  every  hour until  16 h, during which  cell cycle

progressed from S phase to G1  phase, Total RNA  (20 "g  per lane)

was  separated  on  O.8%  formaldehyde-agarose gels, transferred to
a Nylon membrane  and  hybridized with  radiolabeled  phi-1 and
EFIa  cDNA  probes. EFIa  cDNA  probe  was  used  as a control.
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Fig. 7 Effect of  auxin  (A) and  phosphate  (B) onphi-l  and  aiot

gene expression,  respectively.  After  the acldition  of  O,2mg
liter-i 2,4-D to auxin-starved  tobacco  BY-2 cells (Ishida et al,

1993) (A), and  after  the addition  of  phosphate  to phos-
phate-starved tobacco  BY-2  cells (B), RNAs  were  isolated from
cells cultured  for O, 2 and  4 h, respectively.  Total RNA  (20 ptg per
lane) was  separated  on  O.8%  formaldehyde-agarose gels, trans-
ferred to a  Nylon  membrane  and  hybridized with phi-1, arcA  and

EFIa  cDNA  probes. EFIa  cDNA  probe  was  used  as  a  control,

phi-1 protein-Accumulation  of  the phi-1 gene product
was  followed by immunoblotting using  an  aMnity-puri-

fied antibody  raised  against  the phi-1 polypeptide pro-
duced in E. coli. The  phi-1 gene product was  almost unde-

tectable in phosphate-starved BY-2  cells. Levels had

+Pi+2,4ewes
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Fig. 9 Immunoblot analysis  of  phi-1 protein  accumulation  after

phosphate addition.  Phosphate-starved tobacco  BY-2  cells were

cultured  for O h (lanes 1 and  S), 2 h (lane 2 and  6), 4 h (lanes 3 and
7) and  6 h (lane 4 and  8) after  the addition  of phosphate, Whole
pretein extract  (50ug per lane) was  separated  by SDS-PAGE.  The
protein was  stained  with  Coomassie brilliant blue (lane 1 to 4) or
blotted onto  a  PVDF  membrane  and  incubated  with  arnnity-pu-
rified  anti-phi-1  antibody  (lanes 5 to 8). The arrow  indicates the

position of  the phi-1 protein and  molecular  mass  markers  are
indicated on  the left.

increased by 2 h after the addition  of  phosphate  and  re-

mained  high until  6 h (Fig, 9), when  phi-1 gene expression

started  to be decreased,

   Staining of  the  phosphate-starved cells with  the phi-1
antibody  revealed  that there was  no  specific staining  in
these  cells (Fig.10A), Six hours after the addition  of

phosphate, conspicuous  staining  was  detected on  the nu-

clear surface  and  staining  patterns in the  cytoplasm  rev-

ealed  a network-like  structure  (Fig, 10B). When  these cells
were  observed  at the mid  plane, the  staining  on  the cortex
was  observed,  suggesting  that the network  was  localized on

the cortex. Fibrous structures  resembling  cytoplasmic

strands  that  connected  the nucleus  with  the network  in the
cytoplasm  were  also  observed  (Fig, 10C). Thus, the phi-1
gene product rapidly  accumulates  in the  cytoplasm  after

the re-addition  of  phosphate to phosphate-starved cells,

Discussion

areA  
"
 ee

EMa  tweeee
Fig. S phi-I and  arct4  gene expression  after  the  addition  of

phosphate and  auxin. After the addition  of  370mgliter-]
KH2P04  and  O,2 mg  liter-i 2,4-D to the cells cultured  in a  medi-

um  deprived both phosphate  and  auxin  for 3 d, RNAs  were  iso-
lated from cells cultured  for O, 2 and  4 h. Total  RNA  (20pg per
lane) was  separated  on  O,8% formaldehyde-agarose gels, trans-
ferred to a Nylon membrane  and  hybridized with  radiolabeled

phi-1. ara4  and  EFIa  cDNA  probes. EFIa  cDNA  probe was

used  as  a  control,

   It was  shown  in this study  that the addition  of  phos-
phate to phosphate-starved tobacco  BY-2  cells  induces a

semi-synchronous  mitosis,  which  was  preceded by DNA
synthesis. Thus, it has been explicitly demonstrated  that

phosphate-starvation of  stationary-phase  cells caused  cells

to bring static  state  after  3 d. In this context,  it is intriguing
to speculate  on  why  under  normal  batch culture  condi-

tions, phosphate-starvation is not  attained  4d  after the
subculture  of  cells  into fresh culture  medium,  when  phos-

phate in the culture  rnedium  has been shown  to be con-
sumed  (Kato et al, 1977), This could  be explained,  by the
utilization  of  phosphate  stored  in the vacuoles  upon

NII-Electronic  
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fig. 10 Intracellular localization of phi-1 protein in a phos-
phate-starved cell (A) and  in a  cell 6h  after  the addition  of

phosphate  (B, C), The focus was  on  the cell surfacc  (B) and  at the
mid  plane of  the cell (C). The phi-1 protein was  detected by
staining with  aifinity-purified anti-phi-1  antibody  and  obseryed  by
fiuorescenee microscopy.  So that fluorescence intensities were

comparable,  the exposure  time was  fixed at 3 min,  The scale bar
represents 10pm.

depletion of  the phosphate in the medium.  The storage  of

phosphate  in the vacuoles  of  sycamore  cells (Rebeille et al,

1983) and  tobacco BY-2  cells  (Nagata et al. 1992) has been
shown  to  occur  by  

3tP-NMR.
 Therefore, upon  transfer of

the cells to phosphate-free medium,  the  stored  phosphate
takes 3 d to be cornpletely  consumed  and  a  state of  phos-

phate-starvation attained.

   The phi-1 gene isolated 2h  after the  addition  of

phosphate to phosphate-starved tobacco  BY-2  cells was

rapidly  expressed  after the addition  of  phosphate, before
the  onset  of  plastid and  nuclear  DNA  synthesis.  From  the

expression  pattern of  phi-l gene during the cell cycle

progression of  BY-2 cells, phi-1 does not  act  as a cell cycle

regulator  but act  to cause  phosphate-starved cells to re-

enter  the cell cycle, The  search  for phi-1 gene homolo-

gues in the  data base did not  allow  us  to identify any

known function for phi-I gene, suggesting  that phi-1 be-
longs to a  novel  family of  genes. However,  N-terminal

region  of  the phi-1 gene product had limited homology
with  plasma  membrane  H'-ATPases of  fungi and  plants.
In this context,  Farley et al. (1984) showed  that the con-

served  lysine residue  was  labeled by FITC,  that inhibited
the  ATP  hydrolytic activity  completely  and  irreversibly.
This inhibition of activity was  prevented in the presence of
ATP,  suggesting  that  FITC  reacted  at  the  ATP-binding

site. Thus, the conserved  lysine residue  at position 42 of  the

phi-1 gene product is likely to be an  ATP-binding site,
Although phi-1 is not  an  ATPase  in overall  structure,  phi-
1 may  have some  role  in phosphorylation. Based  on  the

report  by Ashihara  and  Ukaji (1986), the addition  of

phosphate  to  phosphate-starved Catharanthus  roseus  cells

resulted  in a  steady  increase in ATP  levels in cells  for up  to

4 h. It may  be speculated  that under  accumulated  levels of

ATP,  the phi-1 gene product may  play a  role  in the phos-

phorylation of  certain  substrates.  Although Wilson et al.

(1998) reported  the phosphate-induced  cell  cycle  re-entry  of

tobacco BY-2  cells and  showed  the transient activation  of  a

MAP  kinase activity  by  re-feeding  of  phosphate, the  sig-

nificance  of  their observation  to this study  remains  to  be
clarified.

   Although both the addition  of  phosphate to phos-
phate-starved cells and  the addition  of  auxin  to auxin-

starved  cells  induces tobacco  BY-2 cells  to re-enter  the cell

cycle from static state, several fundarnental differences be-
tween  these  two  systems  were  identified in this study.

Firstly, a  difference was  observed  at the subcellular  level, as

the plastid DNA  level between the two  was  conspicuously

different, Secondly, in the case  of  auxin-starved  condi-

tion, if starvation  was  prolonged for longer than 3 d, the
cells deteriorated, while  phosphate-starvation could  be

prolonged  for at least 13d.  Although  prolonged phos-
phate-starvation increased the  time  taken  for cells  to reach

mitosis.  Thirdly, the expression  pattern ofphi-1  which  was

induced by the  addition  of  phosphate, was  completely

different to that of  arcA  which  was  induced by the addition

of  auxin  to auxin-starved  cells. From  these observations,

phosphate-starved cells and  auxin-starved  cells  are  staying

in diffeTent physiological conditions  in static state and

phosphate signaling  seems  to be different from auxin  sig-

naling  to re-enter  the cell cycle,

    In conclusion,  the addition  of  phosphate to the phos-
phate-starved tobacco  BY-2 cells induced cells to semi-
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synchronously  re-enter  the  cell  cycle  from  static  state,

Upon  this re-entering  of  the  cell  cycle,  expression  of  a

novel  gefle phi-1 which  is supposed  to play a role in
phosphorylation is involved. Further elucidation  of  the

function of  phi-1 gene and  search  for otheT  phosphate-
regulated  genes under  this condition  should  help us in un-

derstanding the role  of  phosphate  in inducing cell divi-
sion  of plant cells.
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